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During normal and diseased aging, it is thought the capacity for tissue regeneration and repair in neuronal tissues diminishes. In the
peripheral olfactory system, stem cell reservoirs permit regeneration of olfactory and vomeronasal sensory neurons, a unique capacity
among neurons. Following injury, a large number of new neurons can be regenerated in a young animal. However, it is unknown whether
this capacity for renewal exists in aged proliferative populations. Here, we report that neuronal replacement-associated proliferation
continues in the vomeronasal organ of aged (18 –24 months) mice. In addition, the potential for the aged stem cell to yield a mature
neuron persisted at the same rate as that observed in young animals. Furthermore, the robust regenerative capacity to respond to both
acute and sustained injury following olfactory bulbectomy remains intact even in very old animals. Hence, the neuronal epithelium lining
the vomeronasal organ is unique in that it contains stem cells capable of generating functional neurons throughout life and in the aged
animal in particular. This persistent regenerative capacity provides hope for neuronal replacement therapies in the aged nervous system.

Introduction
Stem cell technology and therapy present particular difficulties in
the nervous system since virtually all stem cell activity ceases
relatively early in the brain’s development. There are a few excep-
tions, including the subgranular and subventricular proliferative
zones that supply new neurons to the hippocampus and the ol-
factory bulb, respectively (Whitman and Greer, 2009). However,
the cells in these regions of the brain are difficult to purify and
manipulate; they may have diminished future therapeutic value
because of their apparently programmed identity. In addition to
these regions, the epithelium that lines the vomeronasal organ
(VNO) contains cells capable of lifelong proliferation.

During normal and diseased aging, it is thought the capacity
for regeneration and repair in neuronal tissues diminishes
(Mimeault and Batra, 2009) due to impairments in gene expres-
sion and the function of the stem cell population (Bailey et al.,
2004; Ahlenius et al., 2009; Wagner et al., 2009). Olfactory epi-
thelia are unique in that stem cell reservoirs permit regeneration
of olfactory and vomeronasal sensory neurons and that the gen-
erated cells are excitatory projection neurons (Graziadei and
Monti Graziadei, 1983; Halpern and Martínez-Marcos, 2003).
Until recently, studies of the effects of aging and neuronal regen-
eration have generally been limited to animals no older than 2–3
months of age with little attention given to aged adult animal
models. It is likely that stem cell therapies will require isolation

from an aged system, as the onset of most neurodegenerative
diseases is during later life stages. It is therefore desirable to un-
derstand how the proliferative capacity of stem cells is altered
with aging.

The epithelium of the VNO is an especially favorable system to
investigate these issues. The VNO is a bilaterally symmetrical
tubular structure located at the base of the septum containing a
pseudostratified columnar epithelium composed of basal cells,
intermediate neuronal precursors, mature sensory neurons, and
sustentacular cells. The sensory neurons are CNS Golgi type I
neurons with a long axon and glutamatergic synapses in the ol-
factory bulb (Firestein, 2001). The olfactory and vomeronasal
epithelia are highly similar in the cell types represented (Men-
doza, 1993). Basal cells are adult stem cells that retain the capacity
to regenerate new neurons throughout life and are the primary
cell type labeled by thymidine analogs (Schwartz Levey et al.,
1991; Huard and Schwob, 1995; Halpern and Martínez-Marcos,
2003). The basal cell population gives rise to MASH1� progeni-
tors and subsequently Neurogenin-1� immediate neuronal pre-
cursors. In the VNO, precursors migrate both horizontally and
vertically to become mature sensory neurons, which express both
olfactory marker protein (OMP) and neural cell adhesion mole-
cule (Calof et al., 2002; Halpern and Martínez-Marcos, 2003).
Two types of stem cells have been indentified in the VNO. Cells
found in the marginal zone are largely responsible for growth,
whereas cells found in the central zone are associated with neu-
ronal replacement (Weiler et al., 1999; Martínez-Marcos et al.,
2000a,b; Weiler, 2005; De La Rosa-Prieto et al., 2009). We
therefore sought to determine the capacity for neuronal growth
and regeneration in the two stem cell populations in an aged
environment. In particular, we asked whether and to what
extent neuronal stem cells found in the aging vomeronasal
system retain their capacity to regenerate in the face of dimin-
ishing tissue growth.
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Materials and Methods
Animal care and sources. C57BL/6 mice, aged 1–24 months, were ob-
tained from the National Institute on Aging Aged Rodent Colony. All
experiments were performed in compliance with the Columbia Univer-
sity Institutional Animal Care and Use Committee.

Immunohistochemistry. Mice were anesthetized by intraperitoneal in-
jection with a mixture of ketamine/xylazine (18 mg/ml and 2 mg/ml,
respectively, in 0.05– 0.15 ml) and perfused transcardially with heparin-
ized (2– 4 U/ml) PBS, pH 7.4, followed by 4% paraformaldehyde (Elec-
tron Microscopy Sciences) in 0.1 M phosphate buffer (PB), pH 7.4.
Vomeronasal epithelia were dissected, decalcified, cryoprotected (30%
sucrose), and frozen in OCT. Cryosections (12 �m) were incubated in
blocking solution containing 0.5% Triton X-100 and 5% normal donkey
serum in 0.1 M PB for 1 h at room temperature. Primary antibody incubation
was performed overnight at 4°C against OMP (goat polyclonal; 1:1500;
Wako), 5-bromo-2�-deoxyuridine (BrdU; mouse monoclonal; 1:30; GE
Healthcare Biosciences), and active caspase-3 (rabbit polyclonal; 1:200; Cell
Signaling Technology). Sections were then incubated with Alexa Fluor 488-
and 594-conjugated secondary antibodies (1:750; Invitrogen) for 2 h at room
temperature. TOTO-3 (1:10,000; Invitrogen) was added in a wash step after
secondary incubation for visualization of nuclei. Sections were mounted
in Vectashield (Vector Laboratories) to prevent photobleaching. Optical
sections (1 �m) were taken through the depth of the section with an
Olympus FluoView 600 confocal microscope and analyzed with ImageJ
(NIH) software. Figures were assembled with Adobe Photoshop and
Illustrator software.

Olfactory bulbectomy. Olfactory bulbectomy (OBX) was performed
according to standard methods. Briefly, mice were anesthetized by intra-
peritoneal injection with a mixture of ketamine/xylazine (18 mg/ml and
2 mg/ml, respectively, in 0.05– 0.15 ml). A small hole was cut in the
frontal bone over the right olfactory bulb with a dental drill, and the bulb
was removed by aspiration. The cavity was filled with Gelfoam (Pfizer
Pharmacia and Upjohn) to control bleeding, and the skin over the wound
was sutured closed with Vetbond (3M).

Proliferation assay. Proliferation was as-
sessed by BrdU (Sigma) injection and was de-
tected with an antibody recognizing BrdU (see
above). For acute labeling experiments, 100
mg/kg BrdU was injected 2 h before death. For
maturation studies (see below), two injections
2 h apart of 50 mg/kg BrdU were given; the
animals were then killed 30 d following injec-
tion. For olfactory bulbectomy studies, 100
mg/kg was injected 2 h before death 5 or 30 d
after OBX was performed.

Maturation assay. Cryosections were pre-
pared as described above (see Immunohisto-
chemistry, above). In all animals, at least 15
coronal sections throughout the VNO were ex-
amined to yield a minimum of 20 cells exam-
ined per animal. Optical sections (1 �m) were
taken with a 40� objective through the depth
of the section with an Olympus FluoView 600
confocal microscope and analyzed with ImageJ
software. Complete overlap in all visual planes
with a nuclear marker TOTO-3 was required to
verify that examination was of a single BrdU-
labeled cell. Z-projections through the middle
of BrdU/TOTO-3-positive nuclei were then
made to verify that OMP labeling surrounded
the entire nucleus. Cells that exhibited partial
labeling with OMP or those in which the plane
of cryosection bisected the nucleus were not
included in the analysis.

Stereology and quantification. Thin cryosec-
tions (12 �m) were prepared as described
above (see Immunohistochemistry, above). In
all animals, every fifth section (60 �m incre-
ments) of vomeronasal epithelia was processed

for BrdU and OMP immunohistochemistry, counted immediately with a
Leica DMR microscope (Leica Microsystems) to minimize effects of pho-
tobleaching, and photographed with a SPOT digital camera (Diagnostic
Instruments). Adjacent sections were processed for active caspase-3 and
OMP immunohistochemistry. The area of OMP immunoreactivity was
used to define the reference space and was measured with ImageJ soft-
ware to allow for normalization of counts. Counts were performed with
the trained experimenter blind to condition in an unbiased, random
manner with systematic sampling. Total number of BrdU-positive cells
was not calculated but rather the number of BrdU-positive cells per unit
area, as BrdU labeling observed at the dosages used herein is a rare event.

Reconstruction. The rostral and caudal extent of the VNO was deter-
mined in each animal. Cell counts were made for each position (see
Stereology and quantification, above) and each position was normalized
to the total length of the VNO, such that the rostral end of the epithelium
corresponded to 0% and the caudal end to 100%. For each 5% increment
of VNO length, cell counts were pooled and averaged for each animal, as
more than one section was counted for the range of each 5% increment.
For each age group, cell counts were again averaged across all animals
in that age group according to 5% increments in position. Finally, as
absolute cell numbers labeled by BrdU decline with age in the mar-
ginal zone, for each position the percentage contribution to the total
BrdU-positive cell count along the length of the VNO was deter-
mined. Data were graphically represented as heat maps with Math-
Works MatLab software.

Statistical analysis. All statistical analyses were performed with Graph-
Pad Prism software (GraphPad Software). For analysis of basal prolifer-
ation levels, all data were analyzed for statistical significance by one-way
ANOVA and Student Newman–Keuls (SNK) pairwise multiple compar-
ison between age groups. Where raw data did not pass Bartlett’s test for
equal variances, data were log transformed and subsequently analyzed by
ANOVA as stated above (all zones and marginal zone). For reconstruc-
tion studies, percentage contribution at a given position was analyzed for
statistical significance with a two-way ANOVA for the effects of age and

Figure 1. Organization and zones of the vomeronasal organ. A, Schematics depicting the location of the VNO in the sagittal
plane (left) and the coronal plane (right). The VNO is a bilaterally symmetrical tubular structure; shown here is one half of a coronal
plane as it would appear through the depth of this structure. The marginal zones (M) are found at the extreme dorsal (D) and ventral
(V) regions of the VNO. Adjacent to the marginal zones are the intermediate zones (I). In between the two intermediate zones is the
central zone (Ce). Adapted with permission from Firestein, 2001 and Mombaerts, 2004. OB, Olfactory bulb; OE, olfactory epithe-
lium; B, blood vessel; C, caudal; L, lumen; R, rostral. B, Incorporation of BrdU (green) in the VNO of a 2-month-old mouse is shown.
TOTO-3 is a nuclear marker (blue) and OMP delineates the neuronal area of the VNO (red). Scale bar, 100 �m.
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position, followed by Bonferroni post hoc tests
for the effect of position in all age groups. For
maturation studies, data were expressed as a
ratio defined by the number of cells that were
both OMP-positive and BrdU-positive divided
by the number of BrdU-positive cells, regard-
less of OMP status. As maturation ratio data
were not normally distributed, they were arcsin
transformed and analyzed with a one-way
ANOVA and SNK pairwise multiple compari-
son between age groups. For olfactory bulbec-
tomy studies, lesion and nonlesion control
measurements were performed in the same tis-
sue section to control for effects of position. As
variances between lesion and nonlesion con-
trols were unequal in all age groups, raw data
were normalized to lesion values and trans-
formed with an arcsin transformation. Normal-
ized data were analyzed with two-way repeated-
measures ANOVA for the effects of age and
lesion, followed by Bonferroni post hoc tests be-
tween lesion and nonlesion controls for each
age group.

Results
To assess how proliferation is affected by
age, we used BrdU as a marker of cell pro-
liferation. BrdU is a thymidine analog that
is incorporated into the DNA of prolifer-
ating cells during the S-phase of the cell
cycle, and provides a reliable, quantifiable
immunoreactive signal. We chose BrdU
instead of other proliferative markers
such as Ki-67 or proliferating cell nuclear
antigen because they are not specific to the
phase of the cell cycle, exhibit nonspecific
persistence beyond proliferation, or are
subject to variability with fixation (Ohta
and Ichimura, 2000; Muskhelishvili et al.,
2003; Taupin, 2007). We injected 100
mg/kg BrdU 2 h before death in mice in
nine age groups, ranging from 1 to 24
months of age. The C57BL/6 mouse lifes-
pan ranges up to an extreme of �30
months of age (Konen et al., 1973). A non-
saturating dose of BrdU was chosen to
avoid experimental confounds of toxicity
(Cameron and McKay, 2001; Taupin,
2007). In coronal sections, the VNO was
subdivided into three zones, as follows:
the marginal zone, the intermediate zone,
and the central zone (Fig. 1A, right panel;
B, merge) (Giacobini et al., 2000). Utiliz-
ing stereological quantification of cells
incorporating BrdU, we observed that the majority of immuno-
reactivity was in the basal cell layer. In addition, a minor level of
proliferation occurred in the sustentacular (or supporting) cell
region, clearly recognizable due to the elongated nuclei of susten-
tacular cells relative to the compact circular nuclei of the neurons
found along the periphery of the epithelium. Proliferation in the
sustentacular layer remained constant throughout the life of the
animal (data not shown; p � 0.05). In all age groups, a large
proportion of BrdU incorporation was in the marginal zone
(Figs. 1B; 2A,C). When counts from the basal cell layer in all
zones were considered together, we observed that proliferation

decreases sharply following 2 months of age, and plateaus from 3
to 24 months of age (one-way ANOVA, p � 0.0001) (Table 1).
When data were analyzed separately by zone, proliferation de-
creased sharply with age in the marginal (one-way ANOVA, p �
0.0001) (Fig. 2A,C; Table 1) and intermediate (one-way
ANOVA, p � 0.0002) zones (Table 1). However, in the central
zone, proliferation remained constant throughout life (one-way
ANOVA, p � 0.05) (Fig. 2B,D; Table 1). In tissue sections adja-
cent to those analyzed for BrdU immunoreactivity, cell death was
also quantified. In both the marginal (Fig. 3B) and central (Fig.
3C) zones, the number of cells immunoreactive for active

Figure 2. Proliferation decreases in the marginal zones but remains constant in the central zone of the VNO with age. A,
Incorporation of BrdU (asterisks; green) in the marginal zone of the VNO of a 6-month-old (top) and a 24-month-old (bottom)
mouse is shown in the merge of TOTO-3 (nuclear marker; blue) and OMP (red). B, Same as in A but in the central zone of the VNO.
C, Quantification of BrdU-positive cells per square millimeter in the marginal zone. *p � 0.0001. D, Quantification of BrdU-positive
cells per square millimeter in the central zone. All data were analyzed for statistical significance by one-way ANOVA and SNK
pairwise multiple comparison between age groups. n � 5– 8 animals per group. Scale bar, 50 �m.
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caspase-3 (aCasp3) (Fig. 3A) was not different across all age
groups ( p � 0.05). Interestingly, all aCasp3 immunoreactivity
observed was localized to the mature neuronal layer and not ob-
served in the basal cell compartment.

We next calculated the ratio between proliferation (BrdU-
positive cells) and death (active caspase-3-positive cells) in both
the marginal and central zones for each animal in each age group.
In young animals (1–2 months), the ratio was highest in the mar-
ginal zone, and this value was significantly different from that in the
central zones. In adult and aged animals (6–24 months), the ratios in
the two zones were not different (Fig. 3D). These data and the ob-
served decline in growth-associated proliferation are consistent with
the fact that horizontal migration from the marginal zones de-
creases by 2 months of age (Halpern and Martínez-Marcos, 2003)
and is similar to the timing of the growth-associated decline ob-
served in the olfactory epithelium (Hinds et al., 1984). The con-
sistent level of cell death observed in all age groups further
indicates the initial elevated amount of BrdU-incorporating cells

in the marginal zone is due to growth dur-
ing a restricted early postnatal period.
Other factors, such as the microenviron-
ment that supports these progenitor cells,
may cause the growth-associated decline in
neurogenesis seen with age (Morrison and
Spradling, 2008). Therefore, beyond the
postnatal growth period, the level of con-
stant proliferation and cell death observed
in all age groups in the central zone likely
results from vertical migration of new re-
placement neurons.

We next asked whether the distribu-
tion of BrdU incorporation throughout
the rostral– caudal length of the VNO ex-
hibited age-dependent changes. To do
this, we reconstructed the pattern of label-
ing in the VNO following an acute 100
mg/kg BrdU injection from mice aged
from 1 to 24 months. Across all age groups
and all zones of the epithelium, the major-
ity of BrdU incorporation was at the most
rostral and caudal extents of the VNO
(Fig. 4). Hence, the number of cells incor-
porating BrdU is highest at the extremities
of the VNO, regardless of zone, and this
pattern does not change with age ( p �
0.05, two-way ANOVA for the effects of
age and position).

As progenitor cells undergo prolifera-
tion, they generate more daughter cells
than will mature into functional sensory
neurons (Martínez-Marcos et al., 2005). It
is not clear whether age affects the poten-
tial for newly generated cells to become
functional neurons. To further probe this
question, we injected mice, ranging in age
from 1 to 24 months of age, with two
doses of 50 mg/kg BrdU 2 h apart on d 0.
Mice were then killed 30 d following BrdU
injection. Single cells (as verified by the
nuclear marker, TOTO-3) incorporating
BrdU were subsequently examined with
confocal microscopy for colocalization of
OMP, a marker of neuronal maturity (Fig.

Figure 3. Cell death is constant in both the marginal and central zones of the VNO with age. A, Two cells expressing aCasp3
(green), a marker of cell death, in the VNO of a 1-month-old mouse are marked with asterisks. Also shown is OMP (red), TOTO-3
(nuclear marker; blue), and the merge of the three images (right panel). Scale bar, 20 �m. B, C, Quantification of aCasp3-positive
cells per square millimeter in the marginal (B) and the central (C) zones revealed no significant difference in the amount of cell
death across all age groups. Data were analyzed for statistical significance by one-way ANOVA and SNK pairwise multiple compar-
ison between age groups. p � 0.05; n � 5– 8 animals per group. D, The ratio of proliferating cells to dying cells in the marginal
zone (filled squares) is significantly different (denoted by asterisks) from that in the central zone (open squares) in young mice (1
month, p � 0.001; 2 month, p � 0.005) but not in aged mice (6 –24 months, p � 0.05). The ratio of BrdU-positive to active
Caspase-3-positive cells was calculated for each animal in the marginal and central zones and analyzed for statistical significance
by a paired Student’s t test.

Table 1. Proliferation across all zones of the vomeronasal organ as it varies with
age (BrdU � cells/mm 2)

Age (months) All zones*§
Marginal
zone*§

Intermediate
zone† Central zone

1 (n � 6) 195.9 � 19.2 160.7 � 19.3 24.4 � 4.3 10.8 � 1.1
2 (n � 7) 181.6 � 24.9 145.9 � 20.2 23.6 � 4.5 7.5 � 1.4
3 (n � 5) 95.8 � 12.6 74.0 � 9.0 13.2 � 3.1 8.6 � 2.7
4 (n � 5) 83.7 � 4.2 66.6 � 4.6 11.4 � 1.5 5.8 � 1.0
5 (n � 5) 85.4 � 11.4 68.8 � 8.3 11.4 � 2.6 5.2 � 1.6
6 (n � 7) 74.3 � 13.4 56.6 � 9.9 10.6 � 2.3 7.1 � 2.4
12 (n � 6) 91.7 � 11.8 72.3 � 8.2 10.3 � 2.4 9.1 � 3.0
18 (n � 8) 87.9 � 11.3 74.3 � 10.2 8.8 � 1.3 4.7 � 1.1
24 (n � 6) 48.0 � 7.5 37.7 � 4.7 6.8 � 2.1 3.5 � 1.3

Values are presented as mean � SEM. All data were analyzed for statistical significance by one-way ANOVA and SNK
pairwise multiple comparison between age groups. *p � 0.0001; †p � 0.0002.
§Raw data did not pass Bartlett’s test; data were log transformed and analyzed by ANOVA as stated above.
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5B). No significant differences were ob-
served between age groups ( p � 0.05, one-
way ANOVA), with approximately with
one-third of the BrdU� cells having become
mature sensory neurons (Fig. 5A).

Since the proportion of mature sen-
sory neurons does not decline with age, we
next asked whether the regenerative ca-
pacity of this neural stem cell was retained
in aged animals after injury. The regener-
ative capacity of both the olfactory epithe-
lium and the vomeronasal epithelium of
young animals has been studied exten-
sively with several paradigms, including
target ablation (unilateral olfactory bul-
bectomy), sensory deprivation (unilateral
naris occlusion), axotomy, and chemical
ablation of the epithelium (for review, see
Halpern and Martínez-Marcos, 2003). Le-
sion of the axons extending from the olfac-
tory epithelium and VNO to the olfactory
bulb by OBX results in a wave of apoptotic
cell death that selectively targets all neurons
in the epithelium within 5 d of the lesion.
However, the robust regenerative capacity
of the basal cells repopulates the epithelia
with �8–10 million new neurons within
3–4 weeks (Costanzo and Graziadei, 1983;
Schwartz Levey et al., 1991; Caggiano et al.,
1994; Kastner et al., 2000; Yoshida-
Matsuoka et al., 2000; Matsuoka et al., 2001,
2002; Carter et al., 2004).

Since previous lesion experiments were
conducted in young animals, we asked
whether this remarkable regenerative ca-
pacity in response to injury is lost with
age. We first performed unilateral OBX in
mice aged 2, 6, and 24 months. Five days
after surgery, mice were injected with 100 mg/kg BrdU 2 h before
death and their vomeronasal epithelia were examined for BrdU
incorporation. In all age groups, we observed that proliferation in
the basal cell compartment increased following lesion through-
out all areas of the VNO (Fig. 6C,D) over that of the nonlesioned
controls (Fig. 6A,B). Following stereological quantification, we
observed that proliferation significantly increased in all zones in
all age groups after OBX over the nonlesioned controls VNO
( p � 0.01 for the effect of surgery, p � 0.05 for the effect of age,
two-way repeated-measures ANOVA for the effects of age and
surgery) (Fig. 7A–C). These data demonstrate that, although
the normal pace of proliferation slows over age, the capacity
for robust proliferation remains latent and unchanged when
challenged.

The olfactory bulbectomy lesion model requires the removal of
the olfactory bulb and thus the target for the regrowing neurons is
absent. In younger animals, this sustained lesion results in the con-
tinuous turnover of sensory neurons as the newly generated cells
fail to find a target and die. We were therefore interested in these
continuing effects in the aged epithelium. To test this, we again
performed unilateral OBX in mice aged 1, 2, 6, 12, and 18
months. We then waited 30 d postsurgery before injecting mice
with 100 mg/kg BrdU before death. In both young (2 month) and
aged (18 month) mice, proliferation was increased throughout
the lesioned VNO (Fig. 6G,H) over that of nonlesion controls

(Fig. 6E,F). When data were analyzed by zone, a significant in-
crease in proliferation following lesion was observed in all zones
of the VNO and in all age groups ( p � 0.0001 for the effect of
surgery; p � 0.05 for the effect of age, two-way repeated-
measures ANOVA for the effects of age and surgery) (Fig. 7D–F).
These data show that the capacity for long-term neuronal regen-
eration from adult stem cells is undiminished even in very old
animals.

Discussion
Regeneration and proliferation of neurons in adults and particu-
larly aged organisms could have significant clinical implications
for restoring brain function due to injury or pathology. Although
the young brain has limited regenerative capacity, it has been
thought that in the aged brain this capacity is further diminished.
We have shown here that, among a population of excitatory pro-
jection neurons, this is not the case.

The phenomenon of neurogenesis has been most commonly
investigated with thymidine analogues such as BrdU to label pro-
liferative cell populations. The loss of BrdU immunoreactivity
following high doses of irradiation (Taupin, 2007; Valley et al.,
2009) suggests that BrdU incorporation does not typically reflect
DNA repair. In addition, a study examining the specificity of
BrdU incorporation following three well characterized models of
injury (irradiation, olfactory bulbectomy, and kainic acid-

Figure 4. Distribution of proliferating cells does not change with age. BrdU (100 mg/kg) was injected 2 h before death. A–D,
BrdU counts were averaged for each 5% increment along the normalized length of the VNO for each animal in each age group (n �
5–7 per group), with position 0% corresponding to the most rostral extent and position 100% corresponding to the most caudal
extent of the VNO. Percentage contribution of each position to the total number of BrdU-positive cells in each animal was calcu-
lated. The color represents percentage contribution values as shown in the scale bar, with red corresponding to high percentage
contribution and blue corresponding to low percentage contribution. Incorporation of BrdU is highest at the rostral (0%) and
caudal (100%) extents of the VNO when data were analyzed either as all zones together (A) or separated by the marginal zone (B),
the intermediate zone (C), or the central zone (D). No effect of age was observed in any of the zones. All normalized data were
analyzed for statistical significance by two-way ANOVA for the effect of age (not significant) and position (A, B, D, p � 0.0001; C,
p � 0.005).
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induced seizure) provides additional evi-
dence that BrdU is not significantly
incorporated during DNA repair. BrdU in-
corporation occurred principally in cells
undergoing DNA synthesis. In particular, in
the olfactory epithelium following olfactory
bulbectomy in young adult animals, dying
cells were positive for TUNEL (Tdt-
mediated dUTP-biotin nick end labeling),
a cell death marker, but rarely incorpo-
rated BrdU (Bauer and Patterson, 2005).
These data suggest that postmitotic dying
neurons do not reenter the cell cycle fol-
lowing lesion and that BrdU administra-
tion is an appropriate experimental
approach to monitor proliferation in the
olfactory system.

A decline in neurogenesis with normal
aging has been observed in the rare popu-
lations of adult neurogenic cells in the
nervous system. In the CNS, the age-
related decline in neurogenesis has been
demonstrated in the subgranular zone
(SGZ) that supplies new neurons to the
dentate gyrus of the hippocampus (Rao et
al., 2006) and the subventricular zone
(SVZ) that supplies new neurons to the
olfactory bulb (Ahlenius et al., 2009). The
observed decline is due to a loss of progen-
itor populations in the SGZ (Olariu et al.,
2007) but neurons generated from these
remaining progenitors exhibit normal
spine density in mice up to 10 months of
age (Morgenstern et al., 2008). Although
maturation of progenitors derived from
the SGZ was retarded, the migration, sur-
vival, and neuronal fate choice was nor-
mal in the aged rat (Rao et al., 2005). A
similar result was observed in the SVZ,
where the numbers (Luo et al., 2006) and
potential of neuronal stem cells were di-
minished in aged mice (Maslov et al.,
2004).

In the olfactory epithelium, several
studies have demonstrated that neurogen-
esis continues into adulthood (Farbman,
1990; Mackay-Sim and Kittel, 1991; Fung
et al., 1997). In general, although these stud-
ies do not examine neurogenesis in aged an-
imals, a decline in the rate of neurogenesis
has been observed with increasing postnatal
age. For example, proliferation was exam-
ined up to 3 months of age in mice (Mackay-
Sim and Kittel, 1991), and 11 months of
age in rats (Weiler and Farbman, 1997,
1998). In addition, age affects the expres-
sion of regulators of the cell cycle in the
olfactory epithelium (8.5-month-old mice)
(Legrier et al., 2001). Similar to our find-
ings in the mouse VNO, proliferation in
the guinea pig olfactory epithelium was
decreased by 4 months of age and was
maintained at a constant level from 4 to

Figure 5. Cells incorporating BrdU become mature sensory neurons at the same rate in both young and aged VNO. Mice were
injected twice with 50 mg/kg BrdU 2 h apart, killed 30 d following injection, and cells incorporating BrdU were analyzed for the
coexpression of OMP, a marker of vomeronasal sensory neuron maturity. A, The percentage of cells incorporating BrdU that reach
maturity (OMP-positive) is consistent across all age groups tested (1, 2, 6, 12, and 24 months of age; one-way ANOVA, n � 3–5
animals per group, p � 0.05). A horizontal line represents the mean for each group. B, Representative confocal images of a
BrdU-positive cell (green) surrounded by OMP (red). Z-projections of all BrdU-immunoreactive cells were made (projection, P) and
examined for overlap with OMP and TOTO-3 (blue, nuclei) to verify that OMP immunoreactivity surrounded a single BrdU-positive
nucleus. Scale bar, 20 �m.

Figure 6. Acute and sustained unilateral OBX lesion induces increased proliferation in the VNO in young and aged mice. BrdU
was administered 2 h before death on d 5 (OBX5; A–D) or d 30 (OBX30; E–H ) following OBX. A, BrdU (green) and OMP (red) in
nonlesioned control (Ctrl) 2-month-old VNO. B, As in A but for control 24-month-old VNO. C, BrdU and OMP in lesioned (OBX5)
2-month-old VNO. D, As in C but for lesioned 24-month-old VNO. E, BrdU and OMP in nonlesioned control 2-month-old VNO. F, As
in E but for control 18-month-old VNO. G, BrdU and OMP in lesioned 2-month-old VNO. H, As in G but for lesioned (OBX30)
18-month-old VNO. Note the increase in BrdU incorporation throughout all zones of the VNO (arrows) in all age groups. Scale bars,
100 �m.
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24 months. Interestingly, proliferation levels dropped after 24
months of age (Nakamura et al., 1998). However, this report
only examined the guinea pig up to 36 months of age and the
lifespan of this rodent ranges up to 72 months of age. Addition-
ally, it is difficult to separate the difference between growth and
cell replacement in the olfactory epithelium.

In the accessory olfactory system, including the VNO, there is
a lack of data regarding the effects of aging on its regenerative
capacity. The presence of proliferative cells in the normal snake
(Holtzman, 1998), mouse (Martínez-Marcos et al., 2005), and
lesioned mouse (Wakabayashi and Ichikawa, 2007) VNO is es-
tablished, but the rodent studies use young (2–5-month-old)
adult animals and therefore do not query age as a specific vari-
able. A report in rat VNO presents evidence of declining prolif-
eration with age, but its oldest group was 24 months of age in a
rodent with a typical lifespan of 36 months, and it did not assess
the response to injury (Weiler et al., 1999).

The response to injury of aged neuronal tissue is of intense
interest for both basic research and clinical intervention. The
brain is particularly sensitive to damage at advanced ages follow-
ing injury, such as ischemia, and it is not understood why this is
the case, nor how to alleviate this sensitivity (Popa-Wagner et al.,
2009). One possible solution is that the regenerative potential of
neuronal stem cells may be exploited to repair damage inflicted
by injury. However, to date, variable results have been observed
following injury in the neurogenic regions of the nervous system.
Stroke resulted in an increase in new neurons in the striatum, but
not in the subgranular zone (Darsalia et al., 2005). In the SVZ, the
intrinsic differentiation potential of neuronal stem cells in young
adult rats was not altered following stroke; however, the response
of aged adults was not examined (Liu et al., 2009). A postmortem
analysis of aged human SVZ indicated that neuronal progenitors

increase following ischemia, but it is difficult to assess cell dy-
namics or neuronal maturation in postmortem brain tissue
(Macas et al., 2006). Our finding that an easily accessible neuro-
nal stem cell population is able to robustly respond to a severe
injury paradigm is in contrast to recent work in the hippocampus
that has demonstrated that aged neuronal stem cells in the SGZ
do not retain their capacity for neurogenesis following deafferen-
tation by kainic acid (Shetty et al., 2010). However, we cannot
draw conclusions about whether neurons born in response to
injury in aged animals are able to extend their axons to the acces-
sory olfactory bulb, as the lesion method requires removal of the
target of these axons. However, newly generated neurons in very
old animals do reach maturity, as shown by expression of the
marker OMP.

Several lesion models have been used to probe the prolifera-
tive capacity of olfactory and vomeronasal epithelia. In the olfac-
tory epithelium, 6-month-old mice were able to recover function
following zinc sulfate lesion, which disrupts the structure of the
epithelium, indicating that the neural stem cells were able to
successfully reconstitute the tissue at this young adult stage
(Ducray et al., 2002). Here, we performed olfactory bulbectomy,
a lesion that severs the axons of the vomeronasal and olfactory
sensory neurons and induces programmed cell death specifically
in the sensory neuron population (Schwartz Levey et al., 1991;
Carr and Farbman, 1992). Within a day of lesion, macrophages
were recruited to remove dying cell debris (Suzuki et al., 1995).
Macrophages secrete leukemia inhibitory factor, which causes an
increase in basal cell proliferation (Nan et al., 2001; Getchell et al.,
2002). At the same time, loss of sensory neurons results in the
decrease of growth and differentiation factor 11 (GDF11), a
member of the TGF� superfamily and secreted negative regulator
of neurogenesis (Wu et al., 2003). GDF11 likely controls the rep-

Figure 7. Acute and sustained unilateral OBX lesion induces increased proliferation in all zones of the VNO in young and aged mice. A–F, BrdU was administered 2 h before death on d 5 (OBX5;
A–C) and d 30 (OBX30; D–F ) following OBX. A–C, Quantification of BrdU incorporation reveals a significant increase in proliferation in the VNO following acute OBX (black bars) over that in the
nonlesion control (white bars) in all zones (A, **p � 0.003), marginal zone (B, ***p � 0.0003), and central zone (C, *p � 0.01), regardless of age (n � 3 per group). D–F, Quantification of BrdU
incorporation reveals a significant increase in proliferation in the VNO following sustained OBX (black bars) over that in the nonlesion control (white bars) in all zones (D), marginal zone (E) and
central zone (F ) (***p � 0.0001) regardless of age (n � 3–7 per group). All data were analyzed by two-way repeated-measures ANOVA for the effects of surgery ( p values noted above) and age
(not significantly different).
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lication probability of immediate neuronal precursors (Lander et
al., 2009). These factors, in concert with other secreted factors
and cell cycle proteins, induce proliferation and cell maturation
to result in the rapid repopulation (within 10 d) of the epithelia
with new sensory neurons (Kastner et al., 2000). To the best of
our knowledge, the expression of GDF11 has not been examined
in aged mice. However, it is likely that it is acting similarly in the
aged epithelium; normally, neurogenesis is kept at a low level, but
is permitted to increase when needed to mount an injury
response.

It has been suggested that the exposure of sensory neurons to
environmental damage may require their regular replacement
(Gaskell, 1990; Dahl and Lewis, 1993; Upadhyay and Holbrook,
2004; Yankner et al., 2008). However, we find here that stem cells
of the more protected vomeronasal epithelium undergo regular
neuronal proliferation, maturation, and cell death as is observed
in the more exposed olfactory epithelium. Additionally, we and
others have noted the difference between growth and replace-
ment of damaged neurons, and this replacement is a very slow
process under normal conditions. Nonetheless, the proliferative
capacity in response to damage remains robust even with ad-
vanced age. Furthermore, the response to injury can be sustained;
in the absence of a target tissue, the subsequent death of maturing
neurons appears to provide a signal to the stem cells that prolif-
eration should continue at a high rate. Similarly, a recent descrip-
tive report of nestin expression in human olfactory epithelium of
aged individuals exhibiting hyposmia and/or anosmia suggests
that aged humans may also retain the regenerative capacity de-
scribed here (Minovi et al., 2010). The search for the signal, or
signals, involved in the reconstitution of the olfactory epithelia
must now be expanded to include aged animals. Interestingly,
p53, a gene best known for its role in tumor suppression, controls
the regenerative capacity of neuronal precursors in the subven-
tricular zone (Medrano et al., 2009). It is possible that the mech-
anism governing proliferation of neuronal stem cells in the
peripheral olfactory system includes p53 or its family members.

Although the remarkable proliferative capacity of the olfac-
tory system has been known for some three decades, the regula-
tory mechanisms, and indeed the functional purpose, have
remained obscure. The studies described here extend this robust
and nearly unique phenomenon to a population of very old ani-
mals. The potential for neuronal replacement through an adult
stem cell population is now also extended into an aging neuronal
population.
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