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Abstract
Throughout life the subventricular zone (SVZ) is a source of new olfactory bulb (OB)
interneurons. From the SVZ, neuroblasts migrate tangentially through the rostral migratory stream
(RMS), a restricted route ~5 mm long in mice, reaching the OB within 10-14 days. Within the OB
neuroblasts migrate radially to the granule and glomerular layers where they differentiate into
granule and periglomerular (PG) cells and integrate into existing synaptic circuits. SVZ
neurogenesis decreases with age, and may be a factor in age-related olfactory deficits. However,
the effect of aging on the RMS and on the differentiation of interneuron subpopulations remains
poorly understood. Here, we examine RMS cytoarchitecture, neuroblast proliferation and
clearance from the RMS, and PG cell subpopulations in 6, 12, 18 and 23 months of age. We find
that aging affects the area occupied by newly generated cells within the RMS and regional
proliferation, while the clearance of neuroblasts from the RMS and PG cell subpopulations and
distribution remain stable.
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1. Introduction
Neurogenesis occurs in the mouse subventricular zone (SVZ) throughout life and is a source
of new interneurons in the olfactory bulb (OB) [11,32,33,68]. Neuroblasts migrate
tangentially to the OB via the rostral migratory stream (RMS), a restricted route that is
approximately 5 mm in length in mice [34,66]. During migration neuroblasts retain the
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ability to divide but have a longer cell cycle than proliferative cells in the SVZ (17.3 vs
12.5-14 hr), while maintaining an average migration rate of 23 μm/h [39,44,48,53,59].

The outer border of the RMS is defined by astrocytes that give the RMS the appearance of a
tube-like structure [35,66]. The vasculature is pervasive within the astrocytic tube, and
longitudinally oriented in parallel with the migrating neuroblasts [66]. Together, the RMS
vasculature and astrocytic scaffolding form a permissive environment for neuroblast
migration [6,16,66,68]. The RMS can be divided into three distinct anatomical regions (Fig.
1A): 1) The vertical arm (VA) extends from the SVZ and includes the descending region
underlying the white matter of the corpus callosum; 2) The elbow is composed of the rostral
curve towards the OB at the base of the VA; and 3) The horizontal arm (HA) is the final
rostral extension into the OB [10].

Neuroblasts from the SVZ reach the OB 10-14 days following cell division, where they
migrate radially to the OB granule and glomerular layers, differentiate, and become
integrated into synaptic circuits [8,26,69]. Activity-dependent processes can modulate
survival of newly arrived cells, but under normal housing conditions ~50% are integrated
into the OB circuitry and the remaining are lost [31,40,49,62]. Most of the surviving neurons
differentiate into granule cells, although ~5% become periglomerular (PG) cells [31].

With only a few exceptions, the most numerous interneurons found in the OB, granule cells
are a molecularly homogeneous population [23,60]. However, PG cells, which surround the
OB glomeruli, are a heterogeneous population of interneurons. PG cells are categorized
molecularly by neurotransmitter type (dopaminergic or GABAergic) and the expression of
calcium binding proteins including parvalbumin, calbindin and calretinin [28,29,67]. PG
cells receive synapses from olfactory sensory neuron axons, establish reciprocal
dendrodendritic synapses with mitral and tufted cells, and send axons to neighboring
glomeruli [3,25,27]. PG cells thus modulate both intra- and inter-glomerular circuits and
affect patterns of odorant-induced activity [19,57].

With age, deficits have been reported in olfactory discrimination and sensitivity that may
reflect a decline in SVZ neurogenesis [12,14,41,52,54,64]. Experimentally induced
reduction of adult neurogenesis results in a loss of innate olfactory responses as well as a
diminished ability to learn olfactory related tasks [47,56,65]. Age-related decreases in SVZ
neurogenesis may be due in part to a decrease in the number of dividing cells as well as
diminished expression of growth factors or their signaling pathways [14,24,43,58,64].

Here, we assessed age-dependent changes in the organization of the RMS and the effects of
age-related decreases in neurogenesis on subpopulations of PG cells. Cell division continues
within the RMS but is affected by age in a regional manner. We have established that
neuroblast migration capability is unaffected by age, although there is a decrease in the area
of the RMS occupied by migrating neuroblasts resulting from a decrease in neurogenesis.
Despite the age-related decline in neurogenesis, the number and distribution of PG cells
remains stable.

2. Materials and methods
2.1 Animals and BrdU administration

C57 mice (National Institute on Aging – CRL) from each age group (6 months (mo), n = 8;
12 mo, n = 8; 18 mo, n = 8; 23 mo, n = 8) received 2 intraperitoneal injections of 5-
bromo-2′-deoxyuridine (BrdU, 50 mg/kg) 2 hrs apart. Mice were euthanized 2 hr or 14 d
(for the RMS study) or 28 d (for the PG cell study) after BrdU injection. Mice were
anesthetized with pentobarbital and perfused transcardially with 0.1 M phosphate buffer
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saline (PBS) with 1 unit/mL heparin, followed by 4% paraformaldehyde (PFA). Brains were
post-fixed in 4% PFA for 2 hr following dissection, rinsed in PBS overnight, cryoprotected
in 30% sucrose in PBS, transferred to OCT and rapidly frozen in a slurry of dry ice and
ethanol and stored at −80o C until used.

2.2 Immunohistochemistry
Brains were sectioned on a cryostat into 20μm coronal sections and mounted on Superfrost
Plus slides, or 50μm free floating sagittal sections were collected in 48 well tissue culture
plates (Becton Dickinson Labware, NJ) in anti-freeze solution (30% sucrose, 30% ethylene
glycol, 1% polyvinyl pirrolidone in 0.1 M phosphate buffer) and stored at −20 °C. Slides of
coronal sections were dried in a 37°C oven for 15 min. All sections were incubated in 0.025
M HCl at 65 °C for 30 min, 0.1M borate buffer for 10 min and then PBS for 5 min. For PG
cell immunostaining, sections were incubated in TBS-0.3% Triton X-100 (TBS-T) for 15
min and blocked for 1 hr in TBS-T with 3% bovine serum albumin (BSA) and 5% normal
donkey serum (NDS; cat. #017-000-121; Jackson ImmunoResearch, West Grove, PA). For
RMS immunostaining, free floating sections were blocked for 30 min in 3% BSA PBS-T.

Incubation with primary antibody in PBS-T (free floating) or TBS-T (slides) with 3% BSA
and 5% NDS was overnight at 4 °C with the following primary antibodies: mouse
monoclonal anti-BrdU (cat. #346580, 1:200; Becton Dickinson, San Jose, CA); rabbit
polyclonal anti-Ki67 (cat. # NB110-89719SS, 1:1000; Novus Biologicals, Littleton, CO);
rabbit polyclonal anti-tyrosine hydroxylase (TH; cat. #AB152, 1:2000; Millipore, Temecula,
CA); rabbit polyclonal anti-calbindin D28K (CB; cat. #AB1778, 1:1000; Millipore); mouse
monoclonal anti-calretinin (CR; cat. #MAB1568, 1:800; Millipore); mouse monoclonal anti-
neuronal nuclei (NeuN; cat. #MAB377, 1:700; Millipore); goat anti-doublecortin (DCX; cat.
#sc-8066, 1:500; Santa Cruz Biotechnology, Inc, Santa Cruz, CA); rat anti-platelet
endothelial cell adhesion molecule (PECAM; cat. # 553370, 1:50; BD Pharmingen, San
Diego, CA); rabbit anti-GFAP (cat. # M0761, 1:1000; DAKO, Carpinteria, CA); rabbit anti-
cleaved caspase-3 (cat. #9661, 1:100; Cell Signaling Technology, Danvers, MA). Secondary
antibodies were applied for 1 hr at room temperature in 3% BSA PBS-T or TBS-T (cat.
#A21121, A21124, A21240, A31573, A31573; 1:1000; Invitrogen, Eugene, OR) with the
nuclear marker DRAQ5 (cat. # DR71000, 1:1000; Biostatus Limited, Leicestershire, UK) or
DAPI (cat. #D1306, 1:500; Invitrogen). For double labeling with two mouse primary
antibodies, slides were fixed with 2% PFA in PBS for 15 min following the first primary and
secondary antibody staining. The second primary and secondary antibodies were then
applied as described. Lipofuscin fluorescence was reduced by staining with 1% Sudan Black
in 70% ethanol for 1 min, clearing in 70% ethanol, and rinsing with PBS or TBS-T. Slides
were coverslipped using Fluoro-Gel with Tris Buffer (cat. #17985-10; EMS, Hatfield, PA).

2.3 Image acquisition and analysis
Confocal images were captured on a Leica DMRXE microscope as either z-stacks with a
1μm step between optical sections or single plane images. Images of DCX and cleaved
caspase 3 labeling were captured on an Olympus BX52-epi-fluorescent microscope from
coronal sections of each RMS region (n = 3 images/region/animal, n = 3 animals/age group).
Sagittal sections of the SVZ and RMS were analyzed with ImageJ Cell Counter for the
number of DCX, BrdU and Ki67+ cells within each region (SVZ and VA, elbow and HA of
the RMS (n = 3 images/region/animal, n = 4 animals/age group). To exclude any labeling of
glia, BrdU+ cells were counted only if they were also DCX+. The length of the counted area
and the elbow angle was measured in ImageJ. To analyze the average area of the RMS
vasculature and glial surround, the thresholds for PECAM and GFAP images were
determined by eye and the percentage of PECAM or GFAP staining within the DCX+ area
was quantified (Photoshop CS2). RMS area was measured as the pixel area of DCX staining
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and averaged across images from the same region (Photoshop CS2). Apoptosis was
measured from cleaved caspase 3 staining as positive cell density (ImageJ). Data sets were
analyzed by one-way or two-way ANOVA with Bonferroni post tests (GraphPad Prism 4).
Nonparametric data were analyzed by Kruskal-Wallis test with Dunn’s Multiple
Comparison post test.

Analyzed images of PG immunostaining were captured on an Olympus BX51 epi-
fluorescent microscope. The ventral, dorsal, medial, and lateral regions of the OB from two
different rostral, middle, and caudal sections were analyzed using ImageJ Cell Counter (n =
6 images per area/animal, n = 3 animals/age group). The area of the glomerular layer (GL)
was measured, and counts were obtained within the bounded GL area. Counting standards
were developed for each PG cell marker that allowed consistent discrimination between
positive and negative cells. Data sets were analyzed by one-way ANOVA with Bonferroni
post tests.

3. Results
3.1 Cell proliferation in the SVZ and RMS

To assess age-dependent changes in SVZ cell proliferation, 6, 12, 18 and 23 month (mo)
mice were injected with a non-toxic dose of BrdU (50 mg/kg) and sacrificed 2 hr later
[2,13,17,64]. There was a significant age-dependent decrease in the density of BrdU+ cells
in the SVZ (Fig. 1B; one-way ANOVA, F3,30 = 2.878, p < 0.05; Bonferroni post test 6 mo
vs 23 mo, p < 0.05). The most precipitous drop in BrdU+ density occurred from 6 – 12
months, with a 44% reduction, after which BrdU+ cell density was relatively stable through
23 months. Since BrdU incorporation is limited to the S-phase of the cell cycle, we stained
for Ki67 which labels cells throughout the cell cycle in order to sample the entire population
of cycling cells. Ki67 cell density showed a similar decreasing trend with age (data not
shown).

Doublecortin (DCX) staining reveals all migrating neuroblasts from the SVZ to the OB via
the RMS (Fig. 1A) [15,20]. We found BrdU+/DCX+ cells throughout the length of the
RMS, consistent with the notion that proliferative cells are also within the RMS. The density
of BrdU+ cells throughout the RMS showed a decreasing trend with aging (Fig. 1C). A
similar trend was found for Ki67 labeling (data not shown).

The division of the RMS into 3 primary regions is readily seen with DCX labeling: the VA,
the elbow, and the HA (Fig.1A) [10]. In sagittal sections the VA can be clearly identified as
a narrow chain of DCX+ cells running along the edge of the striatum. The elbow is defined
by its bend at the ventral/rostral edge of the striatum. The HA is a wider chain of DCX+
cells that widens further as DCX+ cells disperse around the caudal OB. Proliferation may
occur preferentially in a specific region of the RMS. To determine the distribution of cell
division along the RMS we utilized antibodies against BrdU, Ki67 and DCX on sagittal
brain sections, and then separately analyzed the three RMS regions. Our caution to limit data
collection to each region resulted in an average VA length of 636.21 +/− 33.32 μm across
ages. The average angle of the elbow was 134.9 +/− 1.59 degrees. The average distance
analyzed towards the VA from the elbow focal point was 297.47 +/− 21.32 μm and 269.95
+/− 15.44 μm towards the HA for a total average elbow length of 567.42 +/− 30.66 μm. The
average HA length measured was 322.86 +/− 34.01 μm. Within each region and across ages
DCX+ neuroblasts were evident (Fig. 2A-C). We then measured the density of both BrdU+
and Ki67+ cells within the RMS delineated by DCX staining. At two hours (hrs) post-
injection there is frequent colocalization between BrdU and Ki67. In the VA (Fig. 2D) BrdU
+ cell density decreased significantly during aging (BrdU, one-way ANOVA, F3, 44 =
3.929, p < 0.05; Bonferroni post test 6 mo vs 23 mo, p < 0.05. Ki67 labeled more cells than
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BrdU in the VA and had a decreasing trend with age (data not shown). In contrast, in the
elbow and HA the density for both Ki67+ (data not shown) and BrdU+ cells (Fig. 2E-F) did
not differ across aging. The age-dependent decrease in cell division in the SVZ and VA
suggests that the VA may be more similar to, or an extension of, the SVZ than the elbow,
where proliferation decreases were not significant or the HA where uniform proliferation
occurred across ages.

3.2 Cell death in the RMS
To address the possibility that the decrease in BrdU+ or Ki67+ cell density during aging was
due to an increase in cell death, we used the apoptotic marker cleaved caspase 3. However,
we did not find any significant differences in cleaved caspase 3 cell density across age
groups, within the SVZ or in DCX-delineated regions of the RMS (data not shown, one-way
ANOVA for each region, p > 0.05).

3.3 Cytoarchitecture of the RMS
Changes in the frequency of cell division in the SVZ and in the VA of the RMS may predict
changes in the area occupied by immature migrating neuroblasts or in the architecture of the
RMS. Using coronal sections we measured the area (μm2) from each RMS region, as
defined by DCX labeling (Fig. 3A-C). Both the elbow and HA showed significant decreases
in the area occupied by DCX+ cells with aging, while the VA showed a decreasing trend
(Fig. 3D-F). These data suggested that changes to the cytoarchitecture of the RMS might
occur with age. However, when the average areas of PECAM+ and GFAP+ labeling were
measured within the DCX-defined RMS, no significant differences were found across ages
(PECAM: 6 mo, 9.87+/−1.09; 12 mo, 11.94+/−1.79; 18 mo, 11.68+/−1.87; 23 mo, 10.33+/
−0.71: GFAP: 6 mo, 33.03+/−7.24; 12 mo, 26.10+/−1.97; 18 mo, 32.08+/−2.65; 23 mo,
25.46+/−1.68), suggesting that despite the lower number of migrating neuroblasts, the
vascular and astrocytic scaffolding are preserved during aging. Thus, the age-dependent
decrease in neuroblast number is not due to a decrease in cytoarchitectural support from the
vasculature and astrocytes.

3.4 Migration in the RMS
Neuroblast migration in the RMS occurs in longitudinally oriented chains (eg. Fig. 2A-C)
[35]. A reduction in the RMS area occupied by DCX+ neuroblasts may reflect changes in
the number of neuroblasts exiting the SVZ or the capability to migrate through the RMS. To
address these issues, we compared the density of BrdU+ cells in the SVZ or RMS at 2 hr and
14 d post BrdU injection in mice from each age group (Fig. 4). At 14 d post BrdU injection
there is no significant difference in the density of BrdU+ cells across ages in the SVZ
(Bonferroni post test 14 d, p > 0.05). A Kruskal-Wallis test on the percentage of reduction
across ages was not significant. Two-way ANOVA revealed that the effect of age was
dependent on the post injection time point (Age, F3, 45 = 4.480, p < 0.01; Time post
injection, F1, 45 = 29.800, p < 0.0001; Bonferroni post test 2 hr, 6 vs 12 and 23 mo, p <
0.001 and 6 vs 18 mo, p < 0.05; Interaction, F3, 45 = 6.620, p < 0.001). Thus, although SVZ
proliferation is higher at 6 mo, as seen at the 2 hr time point (as shown in Fig.1B), by 14 d
post injection the density of labeled cells is equivalent across all ages. These data suggest
that regardless of age, neuroblasts successfully exit the SVZ within 14 days.

Next, we examined neuroblast migration through the RMS. Two-way ANOVA found that
age was not a significant factor in a comparison of BrdU+ cell density across ages between 2
hr and 14 days within the RMS (F3, 12 = 3.13, p > 0.05) and there was no significant
interaction with time post injection (F3, 12 = 1.28, p > 0.05) suggesting that the capability of
neuroblast migration does not change with age (Fig. 5). Only time post-injection was a
significant factor (F3,12 = 33.50, p < 0.0001) describing the decrease of BrdU+ neuroblasts
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between 2 hr and 14 days. A comparison of the percent reduction across ages was not
significantly different (Kruskal-Wallis, p > 0.05). Collectively, these data suggest that age
does not significantly affect neuroblast migration capability through the RMS.

3.5 PG cell fate and aging
We next sought to understand how a decrease in cell proliferation and neuroblast migration
through the RMS into the OB translates into the composition of OB interneurons. We had
previously shown that the population of PG cells as a whole was not affected by aging, but
did not address the possibility that subpopulations may be differentially affected [55] The
cells generated in the SVZ and RMS are fated for two different populations of interneurons
in the OB, the granule cells and the PG cells [9,38,71]. The former constitutes the largest
population of cells in the OB and are a predominately homogeneous population [23,60]. In
contrast, although PG cells are fewer in number they consist of multiple subpopulations
based on the expression of calcium binding proteins and neurotransmitters [29,67]. We first
asked if PG cell subpopulations in the glomerular layer (GL) are differentially affected by
aging. We labeled OB sections for NeuN, calretinin, calbindin and tyrosine hydroxylase in
6, 12, 18 and 23 mo mice (Fig. 6A-D). NeuN accounted for the majority of PG cells (Fig.
6E) [70]. The fewest cells were labeled by calbindin and tyrosine hydroxylase while
calretinin labeled an intermediate number of PG cells. For each subpopulation of PG cells,
there were no age-dependent differences in mean cell density (Fig. 6E). This stability across
aging is confirmed when each OB region is analyzed separately (data not shown; same
regions as in Fig. 7C).

We then determined the density of BrdU+ cells in the GL 28 days after BrdU injection at 6,
12, 18 and 23 mo (Fig. 7A-A”). Overall BrdU+ cell density in the GL significantly
decreases during aging (Fig. 7B; one-way ANOVA, F3, 8 = 25.59, p < 0.001). More
precisely, GL BrdU+ cell density is stable between 6-12 mo, decreases from 12 to 18 mo
and stabilizes thereafter through 23 mo (Bonferroni post test 6 and12 vs 18 and 23 mo, p <
0.01). At 23 mo overall BrdU+ density is 72% lower than at 6 mo. At each age, BrdU+ cells
were distributed evenly throughout the GL regions (Fig. 7C). We observed a similar pattern
of BrdU+ cell density decrease with age for each anatomical region analyzed (two-way
ANOVA, age, not region, is a significant factor, p < 0.001, Bonferroni post test compared to
6 or 12 mo, p < 0.05 indicated by black or red asterisk, respectively). These data suggest that
newly generated cells fated for the GL of the OB distribute equally across all OB regions
regardless of age, and contribute to a stability of the PG cell population.

4. Discussion
Here we present several important findings on the effect of aging on the SVZ and RMS.
First we confirmed an age dependent decrease in the SVZ, and extended that research to the
RMS where cell proliferation decreased with age non-uniformly within the 3 RMS regions.
The change in RMS proliferation was not due to a decrease in neuroblast exit from the SVZ,
neuroblast migration capability or alterations to vascular and glial cytoarchitecture, although
the area of the RMS occupied by migrating neuroblasts was decreased. Finally, we measured
an overall stability in PG cell subpopulations across ages, despite the reduction in newly
generated PG cells with age.

4.1 Neurogenesis during aging
The decrease in cell division in the SVZ seen with both BrdU and Ki67 is consistent with
earlier reports [14,54,64]. The abrupt decrease in labeling from 6 to 12 months may reflect
an increase in the number of quiescent progenitor cells or an overall decrease in the number
of progenitor cells [1,5,37]. From 12 to 23 months the density of proliferating cells (BrdU+
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or Ki67+) in the SVZ remained relatively stable. While discussions of olfactory related
neurogenesis most often focus on the SVZ, dividing precursors (i.e. neuroblasts) are also
found throughout the RMS [21,53]. The short 2 hr interval between BrdU injection and
sacrifice and because Ki67 labels cells within the cell cycle at the time of sacrifice, both
markers strongly suggest that proliferating neuroblasts are present within the RMS and not
restricted solely to the SVZ. The BrdU analyses of the RMS showed an age-dependent
decline in the density of labeled cells that was more gradual compared to the SVZ. This
decrease was not due to changes in neuroblast exit from the SVZ, as measured by the
reduction in BrdU+ cell density in the SVZ from 2 hr to 14 days post-injection. Of further
interest, the BrdU analyses of the three primary regions of the RMS established that cell
division within both the elbow and HA were stable during aging, while the VA showed a
significant decline over the course of 6 to 23 months. Thus, it seems reasonable to suggest
that the proliferation decline noted in the RMS is largely a function of the decline in the VA
(cf. Figures 1C and 2D). The data further suggest that proliferation in the RMS, beyond 6
months, occurs predominately within the elbow, with fewest labeled cells found in the HA
and declining numbers found in the VA. Longer cell cycles have been reported with aging
[22,64]. If the average migration rate of 23 μm/h is maintained with aging, neuroblasts with
a longer cell cycle may migrate through the VA before dividing, supporting our data
showing decreased proliferation in the VA and stable proliferation in the elbow and HA
[39,48,59,64].

4.2 Structural integrity of the RMS during aging
We found that the area of the RMS occupied by DCX+ migrating neuroblasts decreased
significantly during aging. DCX labels all migrating neuroblasts and immature neurons,
regardless of birthdate [20]. Therefore, with the decrease in cell proliferation in both the
SVZ and the RMS, a decrease in the area occupied by migrating DCX+ cells was predicted.
Specifically, decreased proliferation in the SVZ and VA (Figs. 1B and 2D) manifests as
fewer neuroblasts migrating through the elbow and HA resulting in a decreased DCX+ area
(Fig. 3E-F). To pursue the cellular organization of the RMS further we used PECAM and
GFAP to characterize the vasculature and glial surround in the RMS. The vasculature in the
RMS is longitudinally organized, occurs at a higher density than in areas outside of the RMS
and has been implicated in the dynamics of migratory cells within the RMS [6,66]. There
has also been a suggestion that like the SVZ, the specialized vascular niche within the RMS
may locally influence progenitor proliferation [50,63]. However, we found no differences in
the average area of PECAM or GFAP labeling density suggesting that neither PECAM nor
GFAP area is a factor in the proliferation changes measured by BrdU and Ki67.

4.3 RMS migration during aging
In spite of the significant decrease in proliferation, neuroblasts exited the SVZ and migrated
through the RMS within 14 days regardless of age. The significant decrease in the number
of BrdU+ cells in the RMS is consistent with a migration of labeled cells out of the RMS, as
we established that cell death in the RMS (cleaved caspase 3 labeling) was not increased
with aging.

4.4 Periglomerular cell fate
To establish the effects of a decrease in neurogenesis in the SVZ and RMS on cell
populations within the OB, we examined PG cells because they are neatly divisible into
subpopulations based on the expression of neurotransmitter and calcium binding proteins.
We show here that the density of PG cells surviving 28 days after BrdU injection in the GL
decreases significantly in an age-dependent manner, consistent with the decrease in
neurogenesis in the SVZ. Of particular interest, the decline in the number of adult born PG
cells is nonlinear. There is an accelerated decline in middle aged mice with negligible
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changes in young adult and elderly mice, suggesting that the decreased proliferation in the
SVZ between 6 and 12 mo has only a modest initial effect on new PG cells. The rostral
RMS (HA) is a neurogenic niche for new PG cells [18,45]. Because we observed no
significant changes in the density of proliferating cells within the HA, these data suggest a
larger role for the RMS in new PG cell production. Changes in 28 days old PG cells might
result from a reduction in newborn cell survival within the GL layer as previously reported
for newborn granule cells [54]. In broader terms, these data are consistent with results from
the accessory olfactory bulb, where a significant decrease in interneurons, originating in the
SVZ, was observed with age [51]. Neurogenesis in the peripheral olfactory system also
declines with age, but maintains a robust regenerative capacity to produce new neurons after
insult [7,36].

We showed previously that the total number of PG cells is not affected by aging [55]. We
extend these data by showing here that the density of PG cell subtypes is uniform throughout
the OB with aging. Moreover, at each age all PG cell subtypes are evenly distributed in the
GL. It is important to note that within a month after BrdU administration, ~50% of newly
generated cells will undergo cell death while an additional ~25% fail to incorporate into
synaptic circuits in the following two weeks [31,68,69]. Because we found no changes in
cleaved caspase 3 density throughout aging, the long-term survival of PG cells is likely
extended [61]. The arrival of newborn cells may be important for the acquisition of new
odor-related behaviors [29,41,45].[30,42,46]. Consequently, the decrease in new PG cells
may influence aspects of odor information processing. Further, there is a significant
decrease in synaptic density specific to the GL with aging; the loss of dendrodendritic
glomerular synapses between mitral/tufted cells and PG cells is greater than the loss of
axodendritic synapses between olfactory sensory neuron axons and mitral/tufted cells [55].
Additional studies are required to determine whether PG cell stability and increased life
length is sufficient to counteract the loss of synapses which may compromise olfactory
circuitry and therefore, behavior related to odorant processing.

In summary, we have demonstrated that with age the RMS remains a supportive
environment for migrating neuroblasts. These data have implications for studies undertaken
to increase SVZ neurogenesis in aging or disease models. Our data suggest a correlation
between decreased neurogenesis and an adaptive mechanism that increases PG cell life
length [4,40,61]_ENREF_1. Further studies are needed to determine the effects from a
decline in new OB interneurons on the olfactory system and relevant behaviors.
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Figure 1.
Cell proliferation decreases with age in the SVZ and RMS. A, The SVZ and RMS were
delineated by DCX labeling to the beginning of the OB (VA, vertical arm; HA, horizontal
arm; OB, olfactory bulb). Scale bar = 100 μm. Inset, diagram of the brain, lateral ventricle
(LV) and regions of the RMS (CB, cerebellum; CTX, cortex). B-C, BrdU+ cell density in
the SVZ and RMS 2 hr after BrdU injection (n = 4/age group). B, SVZ, One-way ANOVA,
F3, 30 = 3.855, p < 0.05; Bonferroni posthoc tests, 6 vs 23 mo, p < 0.05, indicated by
asterisk. C, RMS showed a decreasing trend; One-way ANOVA, p > 0.05.
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Figure 2.
Age-dependent effects on cell proliferation are region-specific within the RMS. A-C, RMS
regions labeled with BrdU (red), DCX (green) and Ki67 (blue) in the VA (A), elbow (B) and
HA (C); 2 hr post BrdU-injection; n = 4 animals/age group. Scale bar = 50 μm. Inset is an
enlargement of the dashed box; scale bar = 50 μm. Bottom insets in B are single color
images for top inset; scale bar = 20 μm. D, BrdU+ cell density in the VA significantly
decreases with age (one-way ANOVA, F3, 44 = 3.929, p < 0.05; Bonferroni posthoc test 6
mo vs 23 mo; p < 0.05, indicated by asterisk). E-F, BrdU+ cell density does not significantly
change with age in the elbow (E) and HA (F), although the elbow has a decreasing trend.
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Figure 3.
The RMS area significantly decreases with age in a regional manner. A-C, Coronal sections
through the VA (A), the elbow (B) and the HA (C) labeled with DCX (green), PECAM (red)
and GFAP (blue). Scale bar = 20 μm. D, No age-related changes in the VA area. E, Age-
related decrease in the elbow area, one-way ANOVA, F3, 172 = 6.339, p < 0.0001,
Bonferroni posthoc test, 6 mo vs 18 and 23 mo, p < 0.001, indicated by asterisks. F, Age-
related decrease in the HA area, one-way ANOVA, F3, 173 = 3.865, p < 0.0001, Bonferroni
posthoc test, 6 mo vs 12, 18 and 23 mo, p < 0.001, indicated by asterisk.
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Figure 4.
The capability of neuroblasts to exit the SVZ is unaffected by age. At 14 days post-BrdU
injection there is no significant difference across ages in BrdU+ cell density, suggesting that
neuroblasts successfully exit the SVZ regardless of age. Results from two-way ANOVA
show that only time post injection was a significant factor (F1, 12 = 19.66, p < 0.001). Age
was not a significant factor and there was no significant interaction (p > 0.05).
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Figure 5.
Neuroblast migration capability through the RMS is unaffected by age. At 14 days post-
BrdU injection there is no significant difference across ages in BrdU+ cell density,
suggesting that neuroblasts successfully exit the RMS regardless of age. Results from two-
way ANOVA show that only time post injection was a significant factor (F1, 12 = 33.50, p <
0.0001). Age was not a significant factor and there was no significant interaction p > 0.05).
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Figure 6.
PG cell populations are stable with aging. A-D, Subpopulations of PG cells in the GL of the
OB stained for NeuN (A), calretinin (B), calbindin (C) and tyrosine hydroxylase (D). Scale
bar = 10 μm. E, PG cell markers show no statistically significant changes in density with
age.
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Figure 7.
The density of BrdU+ PG cells declines significantly with age in all regions of the GL. A,
BrdU (green) colocalized with a calretinin+ (red) PG cell. A’ calretinin. A” BrdU. Scale bar
= 5 μm. B, Density of BrdU+ PG cells across ages (one-way ANOVA p < 0.001, Bonferroni
posthoc test 6 and 12 mo vs 18 and 23 mo, p < 0.01, indicated by asterisk). C, Histogram
showing BrdU+ cell density in each region of the OB for each age group. Each region
significantly decreased with age (one-way ANOVA, p < 0.05; Bonferroni posthoc test, p <
0.05, asterisk indicates significant difference from 6 mo (black *) or 12 mo (red *) animals).
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