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Development/Plasticity/Repair

Aging Results in Reduced Epidermal Growth Factor Receptor
Signaling, Diminished Olfactory Neurogenesis, and Deficits
in Fine Olfactory Discrimination

Emeka Enwere,* Tetsuro Shingo,* Christopher Gregg, Hirokazu Fujikawa, Shigeki Ohta, and Samuel Weiss
Genes and Development Research Group, Department of Cell Biology and Anatomy, University of Calgary Faculty of Medicine, Calgary, Alberta T2N 4N1,
Canada

Previous studies demonstrating olfactory interneuron involvement in olfactory discrimination and decreased proliferation in the fore-
brain subventricular zone with age led us to ask whether olfactory neurogenesis and, consequently, olfactory discrimination were
impaired in aged mice. Pulse labeling showed that aged mice (24 months of age) had fewer new interneurons in the olfactory bulb than did
young adult (2 months of age) mice. However, the aged mice had more olfactory interneurons in total than their younger counterparts.
Aged mice exhibited no differences from young adult mice in their ability to discriminate between two discrete odors but were signifi-
cantly poorer at performing discriminations between similar odors (fine olfactory discrimination). Leukemia inhibitory factor receptor
heterozygote mice, which have less neurogenesis and fewer olfactory interneurons than their wild-type counterparts, performed more
poorly at fine olfactory discrimination than the wild types, suggesting that olfactory neurogenesis, rather than the total number of
interneurons, was responsible for fine olfactory discrimination. Immunohistochemistry and Western blot analyses revealed a selective
reduction in expression levels of epidermal growth factor (EGF) receptor (EGFR) signaling elements in the aged forebrain subventricular
zone. Waved-1 mutant mice, which express reduced quantities of transforming growth factor-c, the predominant EGFR ligand in
adulthood, phenocopy aged mice in olfactory neurogenesis and performance on fine olfactory discrimination tasks. These results suggest
that the impairment in fine olfactory discrimination with age may result from a reduction in EGF-dependent olfactory neurogenesis.
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Introduction

Neural stem cells (NSCs) of the basal forebrain subventricular
zone (SVZ) (Reynolds and Weiss, 1992) are thought to be the
precursors of new neurons (both granule and periglomerular
cells) in the adult olfactory bulb (OB) in a process of neurogenesis
that continues throughout the life of most adult mammals (Alt-
man and Das, 1966; Altman, 1969; Luskin, 1993; Lois and
Alvarez-Buylla, 1994; Kornack and Rakic, 2001). In the OB, the
periglomerular cells surround the glomeruli, which are circular
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bundles of neuropil present in the periphery of the bulb. Granule
cells are present in large numbers in the deepest layer of the OB,
known as the granule cell layer. Both types of GABAergic inter-
neurons form dendrodendritic synapses with mitral and tufted
cells, which are the primary projection neurons of the bulb (Scott
et al., 1993; Shipley and Ennis, 1996; Isaacson and Vitten, 2003).
Olfactory receptor neurons, which convey primary olfactory in-
formation from the olfactory epithelium (OE) in the nose, form
excitatory synapses with periglomerular cells but not with gran-
ule cells (Schoppa et al., 1998; Kasowski et al., 1999). Most olfac-
tory interneurons are produced postnatally, such that their num-
bers increase steadily with age (Mirich et al., 2002), and studies
have only recently shown that neurons produced in adulthood
are physiologically functional in the OB (Carlen et al., 2002; Bel-
luzzi et al., 2003; Carleton et al., 2003).

The functions of granule and periglomerular interneurons,
and the reasons for their ongoing postnatal genesis, are poorly
understood. Various studies on the intrabulbar ramifications of
interneuronal processes suggest that the dendrodendritic inter-
actions of olfactory interneurons with the projection neurons
may constitute the olfactory equivalent of lateral inhibition cir-
cuits seen in the eye, indicating a possible role for these interneu-
rons in olfactory discrimination (Laurent, 1999; Urban, 2002;
Aungst et al., 2003; Egger et al., 2003). Furthermore, Gheusi et al.
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(2000) showed that mice with reduced neurogenesis exhibit im-
paired discrimination between discrete odors. However, they did
not determine whether the impairment was attributable to the
reduced neurogenesis or the associated decrease in the number of
interneurons in the OB. In humans, olfactory discrimination
abilities decline with age (Stevens and Cain, 1987; Hulshoff Pol et
al., 2000; Kaneda et al., 2000). Thus, if mice show a similar age-
dependent decline in olfactory discrimination, it is reasonable to
suggest that this impairment might arise because of either the
increase in number of olfactory interneurons with age (Mirich et
al., 2002) or the decrease in number of new neurons in the OB,
the latter of which presumably arises from the markedly de-
creased SVZ proliferation seen in aging animals (Tropepe et al.,
1997).

In this study, we found that in mice, fine, rather than dis-
crete, olfactory discrimination is impaired with age, and this
impairment correlates with a profound decrease in neurogen-
esis. We also found that the aged SVZ exhibits significant
decreases in the expression of epidermal growth factor (EGF)
receptor (EGFR) signaling components. An examination of
waved-1 mutant mice, which are transforming growth fac-
tor-a (TGFa) hypomorphs with reduced EGFR signaling, in-
dicated that they phenocopy aged mice in neurogenesis and fine
discrimination capabilities, suggesting that reduced EGF-dependent
neurogenesis contributes to the decline in olfactory discrimination
that occurs with age.

Materials and Methods

Animals. Adult C57BL/6, BALB/c, CBA, and DBA mice were obtained
from the National Institute on Aging (Bethesda, MD). Waved-1 mutant
mice (B6.Cg-Tgfa"*!/]), which have a spontaneous mutation resulting in
decreased TGFa levels, were obtained from Jackson Laboratories (Bar
Harbor, ME). Mice homozygous for the Tgfa™*! mutation (Tgfa"*"/*")
can be identified at 2 or 3 d of age by their curly whiskers and fur.
Leukemia inhibitory factor receptor heterozygote (Lifr */ ) mice, gen-
erated on the B6.129/] background, were also obtained from Jackson
Laboratories. Heterozygosity of mice carrying Lifr mutations was per-
formed by PCR amplification as described previously (Shimazaki et al.,
2001) of the neo insert. Because mice homozygous for the Lifr mutation
do not survive beyond birth, primers for Lifr detection were unnecessary.
Primers for neo detection were: 5'-CTTGGGTGGAGAGGCTATTC-3’
(sense strand) and 5'-AGGTGAGATGACAGGAGATC-3’ (antisense
strand). These amplified a 280 bp product. All animals were maintained
on a 12 hr light/dark cycle with food and water ad libidum unless other-
wise indicated.

Neural stem cell culture. The procedures used to generate neurospheres
from the adult forebrain were adopted as described previously (Weiss et
al., 1996; Shimazaki et al., 2001; Shingo et al., 2001). Briefly, adult mice
were killed by cervical dislocation, and the removed brains were placed
into Petri dishes containing PBS. Tissue was dissected from a defined
region surrounding the lateral ventricles, extending from the rostral tip
to the crossing point of both ventricles (without contamination of the
cortex and hippocampus). Dissected tissues were transferred into a de-
fined media-hormone mixture containing 1.33 mg/ml trypsin, 0.67
mg/ml hyaluronidase, and 0.2 mg/ml kynurenic acid (all from Sigma, St.
Louis, MO) and then incubated for 20 min at 37°C. After complete
trituration with a micropipette, the suspension was transferred into the
same volume of media containing 0.7 mg/ml trypsin inhibitor (Sigma).
This suspension was spun down at 600 rpm for 5 min, resuspended, and
then plated at a density of 1000—-2000 cells/ml in a six-well plate in EGF-
containing media.

Bromodeoxyuridine labeling and detection. Mice were injected with
bromodeoxyuridine (BrdU (120 mg/kg, i.p., dissolved in 0.007% NaOH
in phosphate buffer; Sigma) every 2 hr for 10 hr and were deeply anes-
thetized with pentobarbitol 0.5 hr or 4 weeks after the last injection.
Brains were processed for immunohistochemistry as described below.
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Rat monoclonal anti-BrdU (1:50; Cedarlane, Hornby, Ontario, Canada)
and biotinylated-donkey anti-rat (1:200; Jackson ImmunoResearch,
West Grove, PA) with streptavidin-cyanine 3 (Cy3) (1:2000; Jackson
ImmunoResearch) were used for BrdU detection.

EGF and cytosine arabinsoside infusion. Adult C57BL/6 mice were
anesthetized with sodium pentobarbital (120 mg/kg, i.p.) and im-
planted with an osmotic pump (Alzet 1003D; Alza, Palo Alto, CA).
For EGF and cytosine arabinsoside (AraC) infusions, the cannula was
located in the right lateral ventricle (anteroposterior, +0.2 mm; lat-
eral, +0.8 mm to bregma; dorsoventral, —2.5 mm below dura with
the skull leveled between A and bregma). Human recombinant EGF
(16.5 wg/ml) or AraC (2%) was dissolved in 0.9% saline containing 1
mg/ml mouse serum albumin (Sigma). Each animal was infused for
three consecutive days at a flow rate of 1.0 ul/hr, resulting in a deliv-
ery of ~0.4 ug/EGF/d.

Immunohistochemistry. Animals were deeply anesthetized and per-
fused transcardially with 30 ml of PBS and 30 ml of 4% paraformalde-
hyde in PBS, pH 7.2. Brains were postfixed in the perfusing solution
overnight at 4°C and then cryoprotected for at least 24 hr in 20% sucrose
in PBS. The brains were coronally cut at the anterior tip of the corpus
callosum to provide for sagittal or coronal sections of the OB and rostral
migratory stream (RMS) and coronal sections of the SVZ and then em-
bedded in Tissue Tek OCT compound (Sakura Finetek, Torrance, CA)
before they were cryosectioned at 14 um. The following primary anti-
bodies (final dilution and source) were used for tissue staining: sheep
anti-EGF receptor (1:50; BioDesign, Saco, ME), goat anti-CNTF receptor
(CNTEFR; 1:50; Santa Cruz Biotechnology, Santa Cruz, CA), rabbit anti-
tyrosine hydroxylase (TH; 1:200; Pel-Freez, Rogers, AR), rabbit anti-
Ki67 (1:200; Novocastro Laboratories, Newcastle upon Tyne, UK),
mouse anti-mammalian achaete-schute homolog 1 (MASH1; 1:5; pro-
vided by Dr. D. Anderson, Caltech, Pasadena, CA), mouse anti-
neuronal-specific nuclear protein (1:100; Chemicon, Temecula, CA),
and rat anti-polysialic acid (PSA)-neural cell adhesion molecule
(NCAM) IgM (1:100; BD Biosciences, Franklin Lake, NJ). For BrdU
staining, tissues were pretreated with IN HCI for 30 min at 60°C to
denature cellular DNA. Sections were incubated for 24 hr at 4°C in pri-
mary antibody diluted in 0.3% Triton X-100/PBS containing NGS,
washed with PBS, and then incubated with regular secondary antibodies
conjugated to FITC, rhodamine, or biotinylated secondary antibodies for
1 hr at room temperature followed by incubation with streptavidin-Cy3
for 1 hr at room temperature together with Hoechst 33258. After rinsing
with water, sections were mounted with Fluorsave and viewed or photo-
graphed with a Zeiss Axiophot fluorescence microscope (Zeiss, Thorn-
wood, NY).

Terminal deoxynucleotidyl transferase-mediated biotinylated UTP nick
end labeling staining. To detect cells undergoing apoptosis, an In Situ
Death Detection kit (Roche Diagnostics, Hertfordshire, UK) was used. In
brief, tissue sections were permeabilized with 0.001 mg/ml proteinase K
in Tris-HCI for 10 min at room temperature and then incubated with
fluorescein-positive terminal deoxynucleotidyl transferase-mediated bi-
otinylated UTP nick end labeling (TUNEL) reaction mixture for 90 min
at 37°C. Labeled cells were counterstained and counted in the SVZ and
OB as described below.

Quantification. Quantification of immunoreactive cells was per-
formed as described previously (Shingo et al., 2001) and summarized
briefly here. For the SVZ, a one-in-eight series of coronal sections (14
um) from the rostral tip of the lateral ventricle to a distance of 980 wm
caudal (total of 10 sections) was performed. BrdU-, Ki67-, MASH1-, and
PSA-NCAM-positive cells were counted in the defined ependymal—sub-
ependymal layer or dorsolateral corner of the SVZ, which could be visu-
alized by Hoechst staining. For the OB, a one-in-eight series of coronal
sections (14 wm), including the anterior extent of the accessory olfactory
bulb, and all tissue 1020 wm rostral (total of 10 sections) was collected.
Every eighth section was selected for quantification. TH- and BrdU-
positive cells were counted in the granule and glomerular cell layers of the
OB. Analysis of significant differences was performed using the Student’s
t test to compare values within experiments.

Western blot analysis. After mice were killed by cervical dislocation, the
defined tissue surrounding the lateral ventricles was dissected away. Tis-
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sues were homogenized in radioimmunoprecipitation assay buffer (1%
Nonidet P-40, 0.5% sodium deoxycholate, 0.1% SDS in PBS) with a
protease inhibitor mixture (Roche). Equivalent amounts of extracted
proteins (20 ug) were loaded on each lane of a 7.5% polyacrylamide gel
for CNTFR and EGFR (or 12% for the TGFa blots) and transferred to a
nitrocellulose membrane (Bio-Rad, Cambridge, MA). Membranes were
blocked for 2 hr with 5% skim milk in TBS-T (10 mm Tris-HCI, 150 mm
NaCl, 0.1% Tween 20) and incubated with primary antibody overnight at
4°C and then with a secondary antibody conjugated with peroxidase for
1 hr at room temperature. After extensive washing, immunoreactivity
was developed by enhanced chemiluminescence (Amersham Bio-
sciences, Arlington Heights, IL). Membranes were stripped with strip-
ping buffer (Pierce, Rockford, IL) and reprobed with anti-actin antibody.
Primary antibodies used were sheep anti-EGFR (1:1000; BioDesign),
goat anti-CNTFRe (1:500; Santa Cruz Biotechnology), goat anti-TGFa
(1 pg/ml; R & D Systems, Minneapolis, MN), and goat anti-actin (1:
1000; Santa Cruz Biotechnology). Secondary antibodies conjugated with
peroxidase were donkey anti-goat or donkey anti-sheep IgG (1:5000;
Jackson ImmunoResearch). The intensity of the bands was measured
using NIH imaging software.

Olfactory discrimination. Mice were separated into individual cages
and water-deprived for 48 hr. All testing was conducted in the home cage,
and trial sessions consisted of the following two stages: a training stage
and a testing stage. For the very first training stage, 12 ul of double-
distilled water was placed in a sterile 35 X 10 mm tissue culture dish, and
1 ul of coconut extract (COC) was applied to the surface of the water.
This initial combination of double-distilled water and COC served as a
reward for response and was designated [+ ]. The dish was placed at one
end of the cage, and the mouse was allowed 2 min to find and drink the
[+]. Once the mouse finished drinking, the dish was removed and re-
placed with a fresh [+] solution after a 30 sec inter-trial interval. The
amount of COC was increased with each trial until it reached 8.5 ul per
dish per trial. From here, five trials were conducted using [+]. For the
sixth trial, we presented the mice with culture dishes containing 8.5 ul of
almond extract (ALM) applied to the surface of 12 ul of a 1% solution of
denatonium benzoate (DB) (Sigma). This combination of ALM and DB
was designated [—]. Because DB is extremely bitter, the mice found it
extremely aversive and learned to associate the bitter taste with the smell
of ALM. They subsequently avoided drinking the [—]. We conducted
four additional trials with [ —] to ensure that the mice had indeed learned
to avoid the [—] and with this concluded each training stage. In the
testing stage, we presented the animals with two dishes, one of which
contained [+ ], whereas the other contained [ —]. The mice thus had the
option of selecting which dish to drink from, again within the 2 min time
limit. A successful discrimination was one in which the mouse tasted or
drank the [+]. There were three criteria for failure: (1) if the mice chose
the [—] rather than the [+]; (2) if the mice chose the [+ ] but within 30
sec of that selection went on to select the [ —], indicating that they could
not effectively discriminate between the two; (3) if the mice made no
selections in the 2 min allocated to each trial. In a failed discrimination,
both dishes were immediately removed from the cage, concluding the
trial. This continued for a total of 10 trials per testing stage. We alternated
the positions of [+] and [—] at random from trial to trial to prevent the
mice from making selection decisions based on location. Furthermore,
two extra error-checking (unrecorded) trials in which both dishes con-
tained only [+] were inserted within the body of the testing stage. The
function of this subtask was to prevent a high-performing animal from
ignoring the second dish after successfully sampling the first. The mice
were thus placed on a variable reinforcement schedule whereby they were
trained to believe that there were always two possible solutions to any
discrimination trial and ensured that they would sniff at the [—] even
after correctly selecting the [+] in a trial. Thus, the theoretical minimum
performance per session (percentage of successful discrimination tri-
als of the total number of trials) became 0% instead of the 50% success
rate expected at chance levels, and the power of the task was thus
increased. In additional sessions (specifically in the generalization
gradient), the COC and ALM in the [+] and [—], respectively, were
replaced with various mixtures of both COC and ALM. In each case,
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an appropriate training stage using the new [ +] and [ —] preceded the
testing stage.

Results

Aged mice demonstrate impairment in fine

olfactory discrimination

Pathology within the OE may be considered the most obvious
and distinctive origin of age-related olfactory dysfunction. The
OE is susceptible to significant levels of cellular apoptosis and
injury caused by its direct contact with the external environment
(Conley et al., 2003). Consequently, it is normally capable of
regenerating the olfactory receptor neurons lost through these
processes. This regenerative capacity is lost with age, leading to
eventual permanent degradation (Loo et al., 1996; Weiler and
Farbman, 1997; Rosli et al., 1999; Conley et al., 2003). Demon-
stration of a role for the aged OB in olfactory discrimination,
therefore, requires elimination of the OE as a possible confound.
To this end, we devised a test (supplemental material, available at
www.jneurosci.org) to reliably measure subtle differences in the
ability to perform olfactory discriminations between animal
groups while ensuring that the discriminants are present in suf-
ficient quantities to overcome sensory deficits. Briefly (see Mate-
rials and Methods for details), mice were water-deprived for 48 hr
and presented with sterile plastic dishes containing 8.5 ul of COC
as odorant in 12 ul of double-distilled water. An important point
of note is that training was started with 1 ul of odorant per sam-
ple, which all animals could detect, with the quantity gradually
increased to an excess of 8.5 ul per sample. The combination of
COC and water was designated [+]. After five presentations of
[+], the mice were then offered dishes containing 8.5 ul of ALM
in 12 pl of 1% denatonium benzoate, which is extremely bitter.
This combination was designated [—]. Typically, the mice sam-
pled this solution only once or twice; nevertheless, they were
presented with [—] for five trials lasting a maximum of 2 min
each. Ten trials followed in which [+] and [ —] were presented
to the mice side by side. Because both solutions were colorless
and visually identical, the mice could only discriminate be-
tween them by smell. Trials were scored as successful if the
mice drank the [+] and did not go on to drink the [ —] within
30 sec of making this choice. To ensure that observed effects
were not caused by innate preferences for one odor over the
other, ALM and COC were used in reversed situations (i.e.,
ALM in [+] and COC in [—]). In those cases, the results were
similar to those seen in the experiments described here (data
not shown).

To determine whether aged mice demonstrated olfactory dis-
crimination deficits, not because of degradation of the OE, we
trained and evaluated youngadult (2 months of age) and aged (24
months of age) male C57BL/6 mice on the discrimination test as
described. Both young and aged mice were equally adept at olfac-
tory discrimination between COC and ALM, averaging 80-90%
success rates (Fig. 1). These results showed that aged mice were
not impaired at detecting the discrete odors present at excess in
both solutions, thus eliminating any differences in sensitivity that
may arise from the degenerating OE in the aged mice. However,
the test as described could not resolve subtle or fine differences in
discrimination. To achieve this, the mice underwent additional
series of retraining and retesting with [+] and [—] that were
increasingly similar (by creating mixtures of COC and ALM in
[+] and [—]) to produce a graph of performance against odor
concentration known as a generalization gradient. Thus, for each
gradient, mice were required to discriminate between solutions
containing ratios of COC:ALM of 100:0, which is a basic discrim-
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Figure 1.  Olfactory discrimination generalization gradient, with male 2-month-old (2M)

and 24-month-old (24M) (57BL/6 mice. Ratios along the abscissa represent COC:ALM concen-
tration ratios usedin [+] (top line) andin [—] (bottom line). The number of successful discrim-
inations per trial session was expressed as a percentage of total trials per session. *p << 0.05and
¥¥¥p < 0.001 versus the 2-month-old animals; Student’s t test.

ination between discrete odors, as well as 60:40, 58:42, and 56:44
(all ratios hereinafter refer to the COC:ALM ratio in [+]; the
corresponding [—] ratios can be inferred to be the inverse, i.e.,
COC:ALM 0:100, 40:60, etc.). At 60:40, the performance of the
24-month-old mice declined sharply, such that they succeeded at
only 20% of the discriminations, compared with a performance
of 88% with the 2-month-old mice (Fig. 1) (n = 4; p < 0.05). The
differences persisted through 58:42, where the 24- and 2-month-
old mice succeeded at 5 and 65% of the discriminations, respec-
tively (p < 0.001). At 56:44, the performances of the 2-month-
old mice declined (21%) such that they were no longer different
from those of the 24-month-old mice (7%; p > 0.05). These
results show that aged mice are impaired at fine, but not discrete,
olfactory discriminations, likely because of deficits arising in the
CNS aspect of the olfactory pathway.

The impairment of fine olfactory discrimination with age is
associated with a reduction in the number of new neurons in
the OB

We next asked whether changes in neurogenesis in the OB were
responsible for the poor performance of the aged animals at fine
olfactory discrimination. As stated in Introduction, we hypothe-
sized that this impairment might result from either an increase in
the total number of interneurons, which a previous study has
suggested to occur in both the granule and glomerular layers with
age (Mirich et al., 2002), or a decrease in the number of new
neurons in the OB. To first confirm that there is an increase in the
total number of interneurons that occurs with age, we focused on
the glomerular layer and labeled periglomerular cells in 2- and
24-month-old OBs with an antibody against TH. The 24-month-
old mice had 44% more periglomerular cells than the 2-month-
old mice (Table 1; p < 0.05; n = 3). To address the possibility that
impaired discrimination arose from a corresponding reduction
in the number of new periglomerular interneurons in the aged
OB, we administered injections of BrdU to 2- and 24-month-old
mice, perfused them 4 weeks later, and labeled OB sections with
antibodies against BrdU and TH. The aged animals had 71%
fewer BrdU and TH double-labeled neurons in the glomerular
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Table 1. Aged mice exhibit decreases in neurogenesis but increases in number of
olfactory interneurons

Age
Cells/structure 2 Months 24 Months
TH-positive periglomerular cells 1710 =153 2455 =+ 258*
BrdU/TH double-labeled cells in the OB 193 =15 56 + 2%*
TUNEL-positive cells in the 0B 5+1 Mn=*5

The numbers of immunoreactive cells in the OB. Data presented represent the mean = SEM. *p << 0.05 versus 2
months; **p < 0.01 versus 2 months.

layer of the OB than the younger mice (Fig. 2, Table 1) ( p < 0.01;
n = 3). A similar analysis of BrdU and calretinin double-labeled
periglomerular neurons (Fig. 2), which represents a nonoverlap-
ping population in the glomerular layer (Kosaka et al., 1998),
showed that aging animals had a 59% ( p < 0.05; n = 3) reduc-
tion. This suggests that the reduction in neurogenesis is not
restricted to one periglomerular neuron phenotype. Although
there was a clear decrease in BrdU throughout the OB of 24-
month-old mice (Fig. 2), we wanted to unambiguously establish
that the reduction in new interneurons was a phenomenon that
occurs in both principal interneuronal layers. To do this, we la-
beled OB sections with antibodies against BrdU and GABA and
examined the relative numbers in both the granule and glomer-
ular layers of 2- and 24-month-old mice (Fig. 2). Aged mice had
55% (p < 0.05;n = 3) and 41% ( p < 0.05; n = 3) fewer BrdU
and GABA double-labeled neurons in the granule and glomerular
layers, respectively, compared with the younger mice. These re-
sults suggest that reduced neurogenesis, as is the case for in-
creased total cell number (Mirich et al., 2002), is observed in both
the granule and glomerular layers of the aged OB. Moreover,
there was no difference in the number of TUNEL-positive cells
(Table 1), indicating that increased cell death in the aged mice
OBs was not responsible for the difference in number of new
neurons.

To determine whether the age-related deficit in olfactory dis-
crimination resulted from the increase in olfactory interneuron
number or from a decrease in the level of neurogenesis, we exam-
ined leukemia inhibitory factor receptor heterozygote (Lifr ™' )
mice, which have fewer olfactory interneurons and less neuro-
genesis than their Lifr */* littermates as described previously
(Shimazaki et al., 2001). We hypothesized that if it is the increase
in total number of interneurons that is responsible for the im-
pairment in fine olfactory discrimination in aged mice, then the
Lifr*'~ mice, which have fewer interneurons than the Lifr /™"
mice, should perform better on the olfactory discrimination gen-
eralization gradient. If reduced neurogenesis was responsible for
the impairment, then the Lifr "’ mice should surpass the
Lifr '~ mice at olfactory discrimination. We trained and evalu-
ated age-matched 6- to 7-month-old Lifr*’~ and Lifr *'* (when
both neurogenesis and interneuron numbers are significantly re-
duced) (T. Shimazaki and S. Weiss, unpublished observations)
on the olfactory discrimination generalization gradient. There
was no difference in performance between Lifr*/~ and Lifr /™"
groups at 100:0 (Fig. 3) or at 60:40. However, the Lifr "/~ mice
performed more poorly than their Lifr /* counterparts at 58:42
(7.5 vs 35%, respectively; p < 0.05; n = 4) and at 56:44 (0 vs 20%,
respectively; p < 0.05). Collectively, these data suggest that fine
olfactory discrimination is impaired by reduced neurogenesis,
rather than by the absolute number of olfactory interneurons
present in the OB.
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| 2 month | | 24 month

BrdU

Figure2.  Aged mice have fewer newly generated olfactory interneurons than younger mice.
A, B, In2-month-old mice, 4 weeks after BrdU administration, a large number of BrdU-positive
cells (red) was located throughout the OB, whereas a dramatic decrease in the number of
BrdU-positive cells was observed in the OB of 24-month-old animals. (, D, An analysis of the
interneuronal subpopulations of the OB revealed a decrease in the number of TH plus BrdU
periglomerular neurons in 24-month-old versus 2-month-old mice; nevertheless, the glomer-
ular layer was considerably larger in the 24-month-old mice than the 2-month-old mice. £-H,
Decreases in the number of calretinin plus BrdU (£, F) and GABA plus BrdU (G, H) cells were also
observed in the glomerular layer of aged versus young mice. /, J, This decrease in neurogenesis
was not restricted to the glomerular layer, because a decrease in the number of GABA plus
BrdU-expressing cells was observed in the granule cell layer of aged animals as well. For corre-
sponding data, see Results and Table 1. Scale bars: A, G, 100 m; (in £) £-J, 50 wm. Arrows
indicate examples of double-labeled cells.

Reduction of olfactory neurogenesis with age results from a
decrease in the number of forebrain NSCs and associated

SVZ proliferation

The results to this point suggest that, despite an increased num-
ber of interneurons in the OB, aged mice have decreased levels of
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Figure3. Lifr™/~ mutantmice areimpaired at fine olfactory discrimination. Six-month-old
to 7-month-old Lifr */* and Lifr */ ~ mice were assessed for olfactory discrimination on a
generalization gradient. *p < 0.05 with respect to the Lifr ™ mice; Student's ¢ test.

neurogenesis relative to younger mice. We went on to determine
the physiological basis of this discrepancy by evaluating neuro-
genesis at the level of the SVZ. Two- and 24-month-old mice were
given six injections of BrdU over the course of 10 hr and were
perfused one-half hour after the last injection. Immunohisto-
chemistry against BrdU revealed a reduction of 75% in the total
number of BrdU-positive cells in the SVZs of aged mice (Fig. 4,
Table 2) (p < 0.01; n = 4). However, Tropepe et al. (1997), who
performed similar experiments, suggested that the reduction in
proliferation detected with BrdU might result from alengthening
of the cell cycle rather than from a bona fide reduction in the
number of progenitor cells. In such an instance, the labeling par-
adigm that captures most of the proliferating cells in 2-month-
old animals would underestimate the number of proliferating
cells in 24-month-old animals. Therefore, to confirm the results
of the BrdU experiments, we also counted the number of cells
immunoreactive for Ki67, which is a cell cycle-related protein
expressed in the nuclei of proliferating cells (Giardino et al., 2000;
Ohta and Ichimura, 2000). The 24-month-old mice exhibited an
83% loss of Ki67-positive cells compared with the 2-month-old
mice (Table 2; p < 0.01; n = 3), thus verifying the results of the
BrdU experiments.

We also asked whether the reduction in number of proliferat-
ing cells in the SVZ was reflected in a decrease in number of
neuronal progenitors. To this end, we analyzed the dorsolateral
corner of the SVZ from which neuronal progenitors depart for
the OB. Immunohistochemistry, using an antibody directed
against the SVZ progenitor cell marker PSA-NCAM (Doetsch et
al., 1997), also labeled neuronal progenitors. Although the 24-
month-old animals showed a small but significant decrease in the
number of PSA-NCAM-positive cells in the SVZ, not including
the dorsolateral corner (Table 2) (26%; p < 0.05; n = 4), the
number of PSA-NCAM-positive cells in the dorsolateral corner
itself was reduced by 66% ( p < 0.05; n = 4). In a previous study,
we showed that an antibody against MASH1 protein labels a
population of neuronal progenitors that are restricted to the
dorsolateral corner of the SVZ (Shingo et al., 2003). Here, in
the 24-month-old SVZ, the number of MASH1-positive cells
was reduced by 79% with respect to the 2-month-old SVZ
(Fig. 4, Table 2) (p < 0.01; n = 4). The absolute number of
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the changing properties of NSCs with age,

I BrdU ] PSA-NCAM ] Mash1 |
| . . .
o
| . . .
=
o
Figure4. The number of proliferating cellsin the SVZand dorsolateral corner decreases with age. There are fewer proliferating

cells (BrdU labeled) seen in 2-month-old (2M) SVZs than in those of 24-month-old (24M) SVZs. Similarly, the numbers of neuronal
progenitors immunoreactive for PSA-NCAM and MASH1 in the dorsolateral corner of the SVZ, seen in 2-month-old mice, are

we used this sphere-forming assay to de-
termine the numbers of EGF-responsive
NSCs present in the adult forebrain SVZ.
We derived ~900 spheres from the fore-
brain of each 2-month-old male C57BL/6
mouse. In contrast, forebrains from the
24-month-old mice produced only ~200
spheres each (Table 2) (p < 0.01;n = 4).
This constituted a reduction of 77% in the
number of NSCs in the aged SVZ, a figure
that is virtually identical to the reduction
in the numbers of BrdU-positive cells.
Given that the genetic background of the
mice used in this study differ from that
studied by Tropepe et al. (1997), we fur-
ther examined the effects of age on three
other mouse strains with different genetic
backgrounds (Table 3). Although there
were some differences in the absolute
numbers of neurospheres generated, all
three other mouse strains examined
showed a virtually identical, significant,
age-dependent reduction in the numbers
of forebrain NSCs. Together, these results
suggest that a reduction in forebrain NSC
number results in a proportional reduc-
tion in the numbers of neuronal progeni-
tors and, in turn, new neurons migrating
to the OB.

significantly reduced in their 24-month-old counterparts. The corresponding quantitative data are in Table 2. Scale bars: (in

bottom left) top left, bottom left, 100 m; (in bottom right) middle and right, 50 um.

Table 2. Comparison of NSC proliferation and neurogenesis in the young versus
aged forebrain SVZ

Age

Cells/structure 2 Months 24 Months
Number of forebrain NSCs 881 = 60 189 =+ 38**
BrdU cells in the SVZ 1516 = 76 371 £ 2%
Ki67-positive cells in the SVZ 1738 =123 303 £ 96**
PSA-NCAM-positive cells in the SVZ 670 £ 27 498 = 41*
PSA-NCAM-positive cells in the dorsolateral corner

of the SVZ 506 =+ 47 174 £ 21%
MASH1-positive cells in the dorsolateral corner of

the SVZ 535+ 25 110 £ 17*%*
BrdU-positive cells in the RMS 400 = 11 89 =+ 7**

The numbers of immunoreactive cells in the adult forebrain SVZ or RMS were determined as described in Materials
and Methods. Data presented represent the mean = SEM. *p << 0.05 versus 2 months; **p << 0.01 versus 2 months.

BrdU-positive cells migrating along the rostral migratory
stream was similarly diminished by 77% (Table 2) (p < 0.01;
n=4).

Studies from our laboratory and others (Shimazaki et al.,
2001; Machold et al., 2003) suggest that there is a correlation
between the numbers of NSCs present in the SVZ and the extent
of neurogenesis in the same region. Therefore, we asked whether
the decrease in the number of proliferating neural progenitors in
the forebrain SVZ was attributable to a reduction in the number
of NSCs with age in the same region. Adult NSCs can proliferate
in vitro in the presence of EGF and/or FGF-2 to form clusters of
multipotent proliferating cells known as neurospheres (Reynolds
and Weiss, 1992; Weiss et al., 1996). Accordingly, in our study of

Selective reduction of EGFR signaling

components in the aged forebrain SVZ
results in reduced SVZ proliferation potential, whereas the
intrinsic proliferative-regenerative capacity of the SVZ
is unchanged
We next asked which mechanisms were responsible for the de-
crease in NSC numbers and SVZ neurogenesis with age. Previous
studies from our laboratory and others suggest that EGFR signal-
ing is necessary for the proliferation of adult forebrain SVZ NSCs
and their progeny (Reynolds and Weiss, 1992; Weickert and
Blum, 1995; Weiss et al., 1996; Tropepe et al., 1997). Further-
more, we recently found that the EGFR and CNTFRa/LIFR/
gp130 signaling systems may cooperatively regulate NSC prolif-
eration and self-renewal (Shimazaki et al, 2001) by
synergistically enhancing Notchl expression and activation
(Chojnacki et al., 2003). We thus asked whether the levels of
expression of the receptors in these signaling systems changed
during the aging process. We examined the expression of both
EGFR and CNTFRa in vivo by immunohistochemistry (Fig. 5A).
There appeared to be fewer cells expressing high levels of EGFR in
the aged SVZ. This was particularly apparent in the lateral and
dorsolateral aspects of the SVZ, which are the principle sources of
neuronal progenitors. In contrast, expression of CNTFRa ap-
peared identical between the age groups. To confirm these obser-
vations, we dissected out the SVZs of 2- and 24-month-old mice
and isolated total protein for Western blot analysis. Here, we
again examined expression levels of EGFR and CNTFRa as well
as those of TGFa, which is the EGFR ligand that predominates in
the adult CNS (Kaser et al., 1992). We found no differences in
CNTFRa expression levels between the 2- and 24-month-old
animals (Fig. 5B,C). In contrast, levels of EGFR and TGFa ex-
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pression were reduced by ~50 and 70%, respectively. Prelimi-
nary studies have also found that expressions of other compo-
nents of the CNTFR/LIFR/gp130 signaling system are not
reduced in the aged SVZs (Shingo and Weiss, unpublished obser-
vations). Together, these findings indicate that age results in sig-
nificant and selective reductions in critical components of EGFR
signaling in the forebrain SVZ.

The decreased EGFR signaling should result in a reduction in
the capacity of EGF to expand the constitutively proliferating
population of the SVZ. To test whether
this might be the case, we infused EGF into A
the lateral ventricles for 3 d and used BrdU
injections to count the numbers of prolif-
erating cells in the adult SVZ (Fig. 6A). In
2-month-old mice, EGF induced an 82%
increase in the numbers of proliferating
cells, whereas the same infusion resulted in
only a 38% increase in the 24-month-old
mice. These results suggest that the expan-
sion potential of NSC progeny may be re-
duced because of a reduction in EGF re-
ceptor signaling. In a previous study
(Morshead et al., 1994), we found that af-
ter ablation of the constitutively prolifer-
ating population of the SVZ, EGEF-
responsive  NSCs were necessary and
directly involved in replenishing the con-
stitutively proliferating cells. Thus, we
next asked whether aging animals would
show a reduction in the capacity to replen-
ish the constitutively proliferating popula-
tion in the SVZ. We used AraC infusion
into the lateral ventricle, which has been
shown to result in a complete depletion of
constitutively proliferating cells in the SVZ B

EGFR

CNTFRa
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Table 3. Reduction in forebrain NSC numbers in the adult mouse is independent of
genetic background

Mouse strain

Age BALB/c (BA DBA
Number of neurospheres

2 Months 8342 1158 = 147 749 £ 4

24 Months 218 + 16** 363 £ 46** 231 £ 10%*

The total number of neurospheres from the entire adult SVZ was determined as described in Materials and Methods.
Data presented represent the mean = SEM (n = 4 animals in each group). **p << 0.01 versus 2 months.

SVZ DLC

24M 2M 24M

O

(Doetsch et al., 1999), and we then exam- 1.0 4 -
ined the reappearance of BrdU-IR cells
over time (Fig. 6B). In the case of EGFR TGFa CNTFRa . g
2-month-old animals, 40% of the consti- oM 24M oM 24M oM 24M ‘; S
tutively proliferating population was re- arg— [ —— N 3R .
stored after 4 d, and repopulation was — = %% 0.5
. . o
complete 8 d after the termination of AraC & . 5 £ 2
infusion. This is very similar to our previ- - - _ M 28 ‘g 3 ==
ous studies using intranuclear radiation to actin actin actin c S
kill the constitutively proliferating cells
(Morshead et al., 1994). In the 24-month- EGFR TGFa CNTFRa
old animals, complete repopulation was
also observed; however, the time course Figure5. Aging results in decreased levels of expression of the EGFR and the EGFR ligand, TGFc, within the adult SVZ. A,

for repopulation was markedly different.
At both 4 and 8 d after AraC infusion, the
percentage of recovery was significantly
lower (p < 0.05; n = 3) than that for
2-month-old animals, and complete re-
covery was not seen until 14 d. The latter is
likely attributable to, at least in part, the
longer cell cycle times in the aged consti-
tutively proliferating population (Tropepe
etal., 1997).In contrast, lengthening of the
cell cycle is unlikely to underlie the reduced expansion in re-
sponse to EGF (Fig. 6 A), given that proliferation caused by both
EGF and vehicle control infusions is measured in the same way in
24-month-old animals. In other words, both measures would
have the same change in cell cycle time. Together, these findings

animals per group.

Immunohistochemical analysis of EGFR and CNTFRc expression in the SVZ of 2-month-old (2M) and 24-month-old (24M) mice.
There are fewer cells expressing EGFR (red) in the SVZs of older mice (D, dorsal; M, medial). This becomes more apparent in a
close-up of the dorsolateral corner (DLC) of the SVZ, where corresponding nuclear Hoechst staining (blue) illustrates the reduction
in SVZ thickness. CNTFRcx expression levels (red) were not different in the SVZs of 2-month-old and 24-month-old animals. Scale
bars: SVZ panels (left), 100 pum; DLC panels (right), 50 wm. B, Western blot analysis of EGFR, TGFc, C(NTFRey, and actin using
protein isolated from the SVZs of 2- and 24-month-old mice. C, NIH imaging analysis (and normalization to the corresponding
expression of actin) revealed that, in 24-month-old mice, EGFR expression levels were ~50% lower than those in the younger
mice ( p < 0.05), TGF« levels were ~70% lower ( p << 0.05), and C(NTFR« levels were unchanged. In all experiments, n = 3

further support the contention that expansion of the constitu-
tively proliferating population of the SVZ is significantly com-
promised in the aged forebrain, likely as a result of reduced EGFR
signaling, whereas the intrinsic regenerative capacity of the SVZis
unchanged.
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Figure 6.  Aged neural stem cells and their progeny display a decreased capacity to respond to EGF infusion and a complete but

slower time course for repopulating the SVZ. A, After a 3 d infusion of EGF, the number of BrdU-expressing cells in the SVZ of
2-month-old (2M) mice increased by 82% [compared with corresponding vehicle (VEH) controls; p << 0.05], whereas BrdU cellsin
the SVZ of 24-month-old (24M) mice were increased by 38% ( p << 0.05). B, Aftera 3 d AraCkill, which destroyed the entire BrdU
population, 2-month-old mice repopulated after 8 d, whereas 24-month-old mice required 14 d for complete repopulation. *p <
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experiments, we used waved-1 (Tgfa"*""**')

mice, which have spontaneous mutations
that impart them with decreased levels of
postnatal TGFa expression (Berkowitz et
al., 1996; Burrows et al., 2000). These
mice, like the aged mice, also have signifi-
cantly reduced SVZ proliferation (Weick-
ert and Blum, 1995). We asked whether
the Tgfa" """ have a reduced number of
NSCs. We dissected out the SVZs of
2-month-old Tgfa™*""*! mice and their
phenotypically wild-type heterozygote
(Tgfa"*''*) littermates for neurosphere
cultures. Tgfa"*"**! mice contained fewer
forebrain NSCs (329 * 121 neurospheres
per brain; p < 0.05, n = 4) (Fig. 7A) than
their Tgfa"** counterparts (811 * 187

0.0.5 compared with 2-month-old mice at the same time point. Cont., Control.
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neurospheres per brain). These differ-
ences are very similar to those seen be-
tween 2- and 24-month-old wild-type
mice. The findings further demonstrate
that EGFR signaling regulates the numbers
of forebrain NSCs and likely underlies the
reductions in numbers of NSC progeny
seen in the aged SVZ. Consequently, we
hypothesized that the Tgfa”*"""*! mice
might phenocopy the aged mice in neuro-
genesis and number of olfactory interneu-
rons in the OB. Tgfa**"* and Tgfa"*"""!
mice were given injections of BrdU and per-
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fused 4 weeks later. The Tgfa™*™**' mice
had 59% fewer BrdU/TH double-labeled
cells in the OB than the Tgfa**"* mice
(Fig. 7B) ( p < 0.05). As for the aging mice,
we confirmed that the reduction in the
genesis of TH interneurons is representa-
tive of a general OB interneuron phenom-
enon. First, we found that there were 57%
(p < 0.01; n = 3) fewer BrdU/calretinin
double-labeled neurons in the glomerular
layer of Tgfa**'"**! mice. Second, there
were 61% (p < 0.01;n=3)and 44% (p <
0.01; n = 3) fewer BrdU/GABA double-
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Figure 7. Waved-1 (Tgfa"“"**") mice exhibit NSC, OB, and behavioral characteristics similar to the 24-month-old mice. 4,
There were fewer NSC-derived neurospheres produced from the Tgfa"“"**" mouse forebrains (n = 4) than from those of the
heterozygous littermates (Tgfa““" ") (n = 4). B, The Tgfa*“"**” mice have more TH-positive periglomerular cells than their
counterparts. , Tgfa"*"**" mice have fewer BrdU and TH double-labeled neurons in the OB 4 weeks after BrdU
administration than the Tgfa"“”* mice. D, The Tgfa"“"**" mice demonstrated poorer performance at fine olfactory discrimina-
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tion than the Tgfa"*"™* mice. *p < 0.05; **p << 0.01; ***p << 0.007; Student’s t test.

Decreased EGFR signaling is sufficient to impair fine
olfactory discrimination

Our data show that aging results in an impairment in fine olfac-
tory discrimination, possibly because of a decrease in neurogen-
esis and EGFR signaling in the forebrain. Thus, in a final series of
experiments, we asked whether a reduction in EGFR signaling
alone could mimic the reduction in NSC numbers, SVZ prolifer-
ation, and olfactory discrimination seen in aged mice. For these

60:40
40:60

labeled neurons in the granule and glomer-
ular layers, respectively, in the Tgfa""""!
mice compared with their Tgfa"*"’* coun-
terparts. Conversely, we found that the
Tgfa"*""**! mice had 5.5 times more TH-
positive neurons in the glomerular layer
than their Tgfa"*"”* counterparts (Fig. 7C)
(p < 0.001; n = 3). The phenotypes for
both ongoing neurogenesis and total inter-
neuron number in Tgfa**"**! mice, there-
fore, were again very similar to those of the
24-month-old mice. Finally, we asked
whether fine olfactory discrimination was similarly compro-
mised in the Tgfa”™**! mice. On the olfactory discrimination
generalization gradient, the Tgfa™** and Tgfa"*”**! mice per-
formed identically at 100:0 and 60:40 concentration
ratios (Fig. 7D). However, at 58:42, although the Tgfa**"* aver-
aged 77% success rates, the Tgfa"*"**' mice, averaging 30%, per-
formed significantly more poorly ( p < 0.01; n = 4). From these
results, we concluded, along with the previously presented data,

58:42
58:42

56:44
56:44
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that the EGFR signaling-mediated reduction in neurogenesis led
to impaired olfactory discrimination in aged and Tgfa"*/**!
mice, despite the overall increase in number of olfactory inter-
neurons present in the OB in both animal models.

Discussion

Localization of olfactory discrimination to the olfactory bulb
It is necessary to resolve essential differences in function between
the OE and OB to specify that one structure, rather than the
other, is responsible for a particular behavior. Under natural con-
ditions, animals can be expected to face odors for which concen-
trations and purity vary widely from those experienced at initial
presentation. Accurate detection of odors, therefore, requires
sufficient olfactory sensitivity and discrimination capabilities on
the part of the animal. A critical point of note with olfactory
discrimination is that it depends to a significant extent on sensi-
tivity, as discrimination becomes impossible if the sample is un-
detectable. This particular application of sensitivity to discrimi-
nation has been ascribed to the OE in previous studies
(Youngentob et al., 1997; Duchamp-Viret et al., 2000; Kawai and
Miyachi, 2001; Lansky and Getz, 2001; Kelliher et al., 2003). In
the present study, by starting with 1 ul of odorant per sample and
increasing this value by 750% during testing, we provided enough
of the odorants in each sample, either alone or in mixture, to
ensure that all animals could detect them without difficulty. This
leaves the central olfactory pathway as a possible mediator of fine
olfactory discrimination. Although other aspects of this pathway
may indeed be involved, the results from the olfactory dis-
crimination generalization gradient run with aged mice,
Lifr*’~ and Tgfa**"*! models collectively point to the OB,
and specifically to the effects brought about by a reduction in
levels of neurogenesis.

The evidence suggesting a role for neurogenesis in olfactory
discrimination arose from such studies as that by Gheusi et al.
(2000) comparing the olfactory behavior of NCAM mutant mice
to that of their wild-type counterparts. They reported that the
NCAM mutant mice were impaired at discrete olfactory discrim-
inations. Surprisingly, in the present study, using three separate
phenotypically analogous animal models, we saw no evidence of
differences between groups in this form of discrimination. It is
possible that the reason for this discrepancy lies in the method-
ological differences in the approach used, because our tasks fo-
cused more on the responses of the mice to various odors than to
their locomotor behavior over time with respect to the odors, as
was the case in the study by Gheusi et al. (2000). Furthermore,
olfactory learning plays a significant role in assessment of olfac-
tory discrimination, because the animals must learn and remem-
ber the odors, particularly when they are similar, before they can
effect discrimination in either task. The olfactory discrimination
generalization gradient required that the animals meet certain
base criteria for learning before data were recorded from trials.
The task used by Gheusi et al. (2000) did not have this require-
ment, raising the possibility that NCAM mutant mice may have
had an uncharacterized learning deficit that affected their perfor-
mance on the discrimination task. In fact, the role of NCAM in
learning and memory has been documented extensively (Arami
etal., 1996; Mileusnic et al., 1999; Cremer et al., 2000; Ronn et al.,
2000; Stork et al., 2000).

NSC numbers and neurogenesis show a parallel reduction
during aging

In the present study, we found that NSC numbers in the murine
forebrain SVZ do in fact decrease profoundly with age, possibly
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impairing neurogenesis and, eventually, olfactory discrimina-
tion. In a previous study, although Tropepe et al. (1997) reported
an age-dependent reduction in proliferation in the SW/COBS
mouse forebrain SVZ, they found no reduction in the number of
NSCs. These differences in reported findings may be attributable
to variations in the ability to obtain NSCs from the adult SVZ.
The likelihood that genetic background is important is largely
ruled out by our analysis of four different mouse strains, each of
which showed a virtually identical reduction in NSC number. In
a related study, the same group (Morshead et al., 1998) used in
vivo clonal lineage analysis to determine that there are 1200-1300
NSCs in the adult murine rostral forebrain SVZ. Our forebrain
NSC cultures yield ~900 neurospheres per brain for a clonal
efficiency of ~75%, whereas Tropepe et al. (1997) generated
~130 neurospheres per brain for a clonal efficiency of ~10%.
Furthermore, a very recent study has found (using both a new
marker for forebrain NSCs and the neurosphere assay) that
there is a reduction with age (Maslov et al., 2004). Together,
this reinforces the conclusion that aged mice demonstrate re-
ductions in NSC number.

The concept that NSCs directly or indirectly control the extent
of olfactory neurogenesis suggests that neurogenesis will increase
when NSC numbers increase and vice versa. Our results demon-
strate that adult forebrain mouse NSC numbers, SVZ prolifera-
tion, and the numbers of neuronal progenitors in the dorsolateral
corner of the SVZ and RMS are proportionally reduced (up to
75% in 24-month-old mice) with age. These findings further
confirm our position, again based on our previous studies
(Morshead et al., 1994; Shimazaki et al., 2001) that NSC num-
bers determine, to the largest degree, the absolute extent of
adult forebrain neurogenesis. Interestingly, the number of TH
interneurons in the OB increases significantly (44%) over the
same time period. Although Mirich et al. (2002) reported a
general increase in the size of the glomerular layer, they found
that TH immunoreactivity (measured by semiquantitative
densitometry) was unchanged between 6- and 24-month-old
C57BL/6] mice, the same principal strain used in this study.
The difference may be attributable to the differences in assess-
ment or the possibility that changes in total TH number occur
between 2 and 6 months of age. Nevertheless, the fact that they
also observed a reduction in neurogenesis with an increase in
total cell number during aging raises the possibility, which has
been addressed previously (Jankovski et al., 1998; Kirschen-
baum et al., 1999; Rochefort et al., 2002), that the OB exerts a
level of feedback control on neurogenesis at the level of the
NSC, which may only manifest over extended periods of time.
The reduction in EGF signaling, without an apparent reduc-
tion in the intrinsic regenerative capacity of the SVZ, suggests
that the feedback act at the level of the specific signals that
regulate the size of the olfactory precursor pool.

The effect of reduced EGFR signaling with age on

NSC numbers

Previous work from our laboratory implicates EGF and CNTF
receptor signaling in regulating NSC population and progenitor
proliferation in vitro and in vivo (Reynolds and Weiss, 1992; Mor-
shead et al., 1994; Shimazaki et al., 2001). We observed no reduc-
tion in the expression levels of CNTFR« in the SVZ with age,
suggesting that this signaling pathway was unlikely to be respon-
sible for the observed age-related changes. In contrast, the aged
forebrain SVZ did exhibit significant reductions in the expression
of both EGFR and TGFa. Furthermore, the TGFa hypomorphic
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mice, Tgfa”*"""*!, demonstrated many phenotypic similarities to
the aged mice. Tgfa"*"**! and aged mice exhibited similar reduc-
tions in the numbers of forebrain NSCs and in SVZ proliferation
compared with Tgfa"*"* or young adult mice, respectively. Re-
markably, both Tgfa"*"**' and aged mice also displayed in-
creased numbers of olfactory interneurons relative to Tgfa**"/*
or young mice, respectively. The increase in the number of inter-
neurons with age is likely attributable to the accumulated effect of
neurogenesis over time. However, this phenomenon is more dif-
ficult to explain in the age-matched Tgfa**'"**! and Tgfa"*"/*
mice. There is evidence that under certain conditions, EGFR sig-
naling can increase cellular apoptosis (Gulli et al., 1996; Smida
Rezgui et al., 2000; Yoshimoto and Imoto, 2002; Purdom and
Chen, 2003; Kamer et al., 2004; Tikhomirov and Carpenter,
2004). It is possible that the reduction in EGFR signaling in
Tgfa™ '™ mice acts to promote survival of the olfactory inter-
neurons at the level of the bulb. Nevertheless, the evidence pre-
sented here supports our position that EGFR signaling is critical
in maintaining NSC numbers and, consequently, in the produc-
tion of new neurons in the OB.

The necessity of olfactory neurogenesis in control of fine
olfactory discrimination

It seems reasonable to propose that a role for new olfactory neu-
rons in fine olfactory discrimination may have arisen to allow for
dynamic control over the sense of smell. For animals that rely
principally on their sense of smell to perform their various life
functions of feeding, mating, and predator evasion, it may be
critical to identify and resolve novel odors through enhanced
odor discrimination. In turn, it follows that these needs, and the
physiological mechanisms that subserve them, likely diminish
over time. Nevertheless, certain situations may call for plasticity
in the neural circuitry mediating these behaviors; one such situ-
ation is pregnancy, which triggers a sudden increase in neurogen-
esis (Shingo et al., 2003). The influx of new neurons to the OB
during parturition may improve olfactory discrimination, allows
for the establishment of new engrams, and thus enables the
mother to identify her young. Experiments with sheep show that
parturition induces the release of oxytocin (Levy et al., 1995)
(which in itself was sufficient to increase levels of GABA), which,
based on the principles of lateral inhibition (Urban, 2002; Aungst
et al., 2003; Egger et al., 2003; Schoppa and Urban, 2003), may
also increase discrimination capabilities. Also, recent reports that
novel odors enhance the survival of new olfactory interneurons
(Petreanu and Alvarez-Buylla, 2002; Rochefort et al., 2002) and
that these neurons become physiologically active soon after ar-
rival in the OB (Belluzzi et al., 2003; Carleton et al., 2003) consti-
tute additional evidence that these new neurons may play func-
tionally important roles. Given that newly generated granule cells
of the adult hippocampus display specific ion channel properties
that endow them with enhanced synaptic plasticity (Schmidt-
Hieber et al., 2004), it may be that newly generated adult olfactory
interneurons have similar advantages for the performance of fine
olfactory discrimination.

In conclusion, it would appear that ongoing adult neurogen-
esis forms part of a system that is adaptable to the needs of the
animal, responsive to the conditions of the environment, and
receptive to highly variant stimuli. These capabilities may dimin-
ish with age, and it seems tempting to speculate that this may
underlie reported deficits in olfactory discrimination observed
with human aging (Stevens and Cain, 1987; Hulshoff Pol et al.,
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2000; Kaneda et al., 2000). However, although recent evidence
indicates that NSCs are present in the SVZ of the adult human
forebrain, adult humans apparently lack a RMS (Sanai et al.,
2004). This unexpected finding is inconsistent with evidence
from studies with primates considered to be analogous to hu-
mans until now (Kornack and Rakic, 2001). Because both NSCs
and new neurons are apparently present in the human OB (Pa-
gano et al., 2000; Liu and Martin, 2003), it seems possible that
different mechanisms apply to produce the same effect in both
humans and mice. In vitro assays and postmortem analyses com-
paring neurogenesis in the SVZ and OB of young and aged mice
and humans may shed additional light on these remarkable
functions.
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