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Abstract
The vomeronasal system (VNS) participates in the detection and processing of pheromonal
information related to social and sexual behaviors. Within the VNS, two different populations of
sensory neurons, with a distinct pattern of distribution, line the epithelium of the vomeronasal
organ (VNO) and give rise to segregated sensory projections to the accessory olfactory bulb
(AOB). Apical sensory neurons in the VNO project to the anterior AOB (aAOB), while basal
neurons project to the posterior AOB (pAOB). In the AOB, the largest population of neurons are
inhibitory, the granule and periglomerular cells (GCs and PGs) and remarkably, these neurons are
continuously born and functionally integrated in the adult brain, underscoring their role on
olfactory function. Here we show that behaviors mediated by the VNS differentially regulate adult
neurogenesis across the anterior-posterior axis of the AOB. We used immunohistochemical
labeling of newly born cells under different behavioral conditions in mice. Using a resident-
intruder aggression paradigm, we found that subordinate mice exhibited increased neurogenesis in
the aAOB. In addition, in sexually naive adult females exposed to soiled bedding odorized by
adult males, the number of newly born cells was significantly increased in the pAOB; however,
neurogenesis was not affected in females exposed to female odors. In addition, we found that at
two months of age adult neurogenesis was sexually dimorphic, with male mice exhibiting higher
levels of newly born cells than females. Interestingly, adult neurogenesis was greatly reduced with
age and this decrease correlated with a decrease in progenitor cells proliferation but not with an
increase in cell death in the AOB. These results indicate that the physiological regulation of adult
neurogenesis in the AOB by behaviors is both sex and age dependent and suggests an important
role of newly born neurons in sex dependent behaviors mediated by the VNS.
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1. INTRODUCTION
The ability to find potential mates and properly identify social status among conspecifics is
essential for species survival and largely relies on the detection and recognition of social
chemosensory cues by the concerted activity of the main olfactory and vomeronasal systems
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(Baum and Kelliher, 2009). Sensory neurons in the main olfactory epithelium and in the
vomeronasal organ (VNO) send their axons to specific regions of the olfactory bulb (OB),
the main and the accessory olfactory bulb (MOB and AOB, respectively), where they
establish their first synapse onto principal neurons, the mitral and tufted cells (MCs herein).
In addition, in the VNO, sensory neurons exhibit differences in pheromone receptor
expression and segregated axonal projection to the AOB, giving rise to anatomical and
functional subdivisions in the AOB (Halpern et al., 1995; Jia and Halpern, 1996; Sugai et
al., 2006). Thus, neurons in the apical layer of the VNO express V1R receptors and project
to the anterior AOB (aAOB), while neurons in the basal layer express V2R receptors and
project to the posterior AOB (pAOB, Fig 2A) (Herrada and Dulac, 1997; Rodriguez et al.,
1999). This particular arrangement of sensory inputs into the AOB has suggested that these
functional subdivisions are involved in the processing of pheromonal information related to
species-specific behaviors. For instance, in male mice, presentation of a diestrus female
activates neurons in the aAOB (Kumar et al., 1999), whereas male aggressive behavior,
exposure of males to females volatile odors, and the exposure of females to male major
urinary proteins induces activation of cells in the pAOB (Brennan et al., 1999; Kumar et al.,
1999; Yoshikage et al., 2007).

The most salient physiological mechanism in olfactory processing in the OB is the precise
regulation of MCs activity by inhibitory interneurons. These inhibitory neurons are broadly
classified as periglomerular and granule cells (PG and GCs, respectively). A large
population of these neurons correspond to GCs, which produce recurrent and lateral
inhibition of MCs through dendrodendritic synapses, shaping their output and thereby
playing a fundamental role in olfactory processing (Arevian et al., 2008; Schoppa and
Urban, 2003). Remarkably, unlike most neurons in the adult mammalian brain, these
inhibitory neurons are continuously born throughout life in a process known as adult
neurogenesis (Altman and Das, 1965b; Lois and Alvarez-Buylla, 1993, 1994). Neurons born
during development and in the adult originate from progenitor cells located in the
subventricular zone (SVZ) of the brain, from where they migrate to the OB and become
functionally integrated within the OB neuronal network. More importantly, the rate of adult
neurogenesis can be greatly regulated by a number of factors including olfactory stimuli and
the activity of afferent modulatory systems, suggesting that adult neurogenesis is regulated
in the context of olfactory behavioral experience (for review see Lledo and Lazarini, 2007).

The Vomeronasal system (VNS) plays an important facilitating role in several social
behaviors including mating and aggression (Bean, 1982; Clancy et al., 1984; Leypold et al.,
2002; Maruniak et al., 1986; Mugford and Nowell, 1970; Norlin et al., 2003; Stowers et al.,
2002). Notably, chemosensory information associated with these behaviors recruits the
activity of inhibitory neurons in the AOB, suggesting that these behaviors can regulate adult
neurogenesis (Sugai et al., 2006; Yoshikage et al., 2007). Here, we use
immunohistochemical labeling of newly born cells to show that social behaviors relying on
the activation of the VNS regulate adult neurogenesis in the mouse AOB. We found that
adult neurogenesis can be differentially modulated across the anterior-posterior axis of the
AOB depending of the type of social stimulus. The induction of aggressive behavior in
males, via a resident-intruder paradigm, significantly increased neurogenesis in the aAOB of
the intruder. In contrast, naive females exposed to male urine exhibited increased adult
neurogenesis in the pAOB. Interestingly, we found that the generation of new neurons in the
AOB is sexually dimorphic at one month of age, with males having greater numbers of
newly born neurons compared to females. However, this sexual difference is not maintained
at later ages and adult neurogenesis dramatically decreases with age in both sexes.
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2. EXPERIMENTAL PROCEDURES
2.1 Animals

All experiments were performed on C57/BL6 female and male mice (1–6 moths old)
obtained from breeding pairs housed in the animal colony of the Biology Department of the
University of Maryland or obtained from Jackson Laboratories (Bar Harbor, MA). For
behavioral experiments, male and female mice were housed either singly or in groups of 3–4
and allowed to acclimate for at least one week prior to the behavioral experiments. Animals
were kept on a 12 hr light/dark cycle with food and water ad libitum. All experiments were
conducted following the guidelines of the IACUC of the University of Maryland, College
Park.

2.2 Bromodeoxyuridine (BrdU) injection and fixation
To visualize mature newly born cells in the OB, adult mice were injected three times
intraperitoneally, every two hours, with 5-bromo-2 -deoxyuridine (BrdU, 100 mg/kg)
prepared in phosphate-buffered saline (PBS, 10 mg/ml). One month after the BrdU
injections, mice were deeply anesthetized with isofluorane (Halocarbon) and the brains fixed
by transcardial perfusion with cold PBS, followed by a 4% paraformaldehyde solution
(PFA, Electron Microscopy Science) in PBS pH 7.4. To study neuronal proliferation in the
SVZ, animals received a single dose of BrdU (100 mg/Kg) and were sacrificed 2 hours later.
The brains were dissected carefully to avoid any damage to the olfactory bulbs, post fixed in
PFA 4% for 4 hrs at 4 °C, and then cryoprotected overnight with a solution of 30% sucrose
in PBS. The brains were then embedded in Tissue-Tek O.C.T. (Electron Microscopy
Science) and sagittal sections (20 μm) from a randomly chosen hemisphere were obtained
using a Leica CM1850 cryostat. The sections were mounted on frozen tissue slides (Fisher)
and stored at −20 °C until use.

2.3 Double labeling immunofluorescence
Sagittal sections of the olfactory bulb containing the accessory and main olfactory bulbs
(AOB and MOB, respectively) were used for immunolabeling. First, the slides were warmed
at 55 °C for 10 min, hydrated in PBS for 5 min (two times), and rinsed quickly with ddH2O.
To denature the DNA, the sections were treated with HCl 2N at 37 °C for 1 hr, followed by
neutralization with three washes of Na+ tetraborate buffer (0.1 M, pH 8.5) for 10 minutes.
The slides are then washed with PBS, two times for 10 min, and one time with 0.1% Triton
X-100 (Sigma Aldrich) in PBS (PBS-T) for 10 minutes. Nonspecific sites were blocked with
10% donkey serum (Sigma Aldrich) in PBS-T for 2 hrs at room temperature (RT). The
slices were then incubated with rat anti-BrdU at a dilution of 1:30 (ABD Serotec,
MCA2060) or 1:50 (Abcam, ab6325), and mouse anti-NeuN diluted 1:200 (Chemicon
International, MAB377) prepared in PBS-T with 2.5% of donkey serum overnight at 4°C.
After the incubation with antibodies the samples were washed with PBS-T four times for 10
min and incubated with the secondary antibodies; donkey anti-Rat Alexa-594 (Invitrogen,
A-21209) and donkey anti-Mouse Alexa-488 (Invitrogen, A-21202) both diluted at 1:750 in
PBS-T with 2.5% of donkey serum, for 2 hrs at RT. The sections were then washed with
PBS-T for 10 min followed with three washes with PBS for 10 min. The samples were
mounted with Vectashield (Vector Laboratories), visualized with a Leica SP5 X confocal
microscope and the images analyzed offline.

2.4 TUNEL Staining
To detect cell apoptosis we performed deoxynucleotidyl transferase-mediated dUTP nick
end-labeling (TUNEL) assay using the Apoptag fluorescein in situ apoptosis detection kit,
following standard protocols (S7110, Millipore, Billerica, MA). The same brains used to
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quantify the number of BrdU positive cells in the AOB and MOB were used in the TUNEL
assay.

2.5 Resident-intruder paradigm
To determine the effect of male aggression on adult neurogenesis we used the resident-
intruder paradigm. The resident and control groups of male mice were housed individually,
while subordinate mice were housed in groups of four. At day 1, residents and subordinates
were injected with BrdU. The bedding of the resident s cage was not changed for at least one
week prior to the first presentation of the intruder. Fifteen days after the BrdU injection, a
randomly chosen intruder was placed into the resident s cage once a day for 15 min, for five
consecutive days. Each day, the intruder was exposed to two different residents within an
hour period. A group of control mice was housed individually throughout the 30-day period.
The interaction was videotaped and analyzed offline. Biting, tail rattling, chasing, cornering,
and tumbling were considered as aggressive behaviors while crouching, retreating and
freezing were considered submissive behaviors. The aggressive behavior was quantified
using different parameters such as attack and defensive posture frequency.

2.6 Stress by restraint
To determine the effects of stress on adult neurogenesis, male mice were housed
individually for at least one week before the BrdU injection. Two weeks after the BrdU
injection, a cylindrical acrylic tube was placed in the cage and the animal was allowed to
walk inside. Once the mouse was inside, the tube s gate was closed and the animal was
confined inside the restrainer for 15 min, once a day, for 5 days. After the 15 min period, the
mouse was allowed to back out of the tube. The restrainer allowed back and forth movement
but not head to tail turns. As a control we used the same individually housed animals as in
the resident-intruder paradigm. Mice exposed to restraint showed increased values of serum
corticosterone, which has been shown to correlate with stress (control, 106 ± 17 ng/ml, n =
6; restraint, 208 ± 5 ng/ml, n = 3; t-test, p < 0.006) (Heinrichs and Koob, 2006).

2.7 Exposure of males to social odors
To determine the effect of male social odors on the integration of new neurons, we exposed
males to male social odors (urine and bedding). Similar to the resident intruder paradigm
(see above) mice were housed individually (“resident or dominant group”) or in a group of
four (“intruder or subordinate group”). The resident group was exposed to urine extracted
from a group of four different males housed also in a group. This was the urine donor group.
A cotton swab was embedded in urine from a different male every day and hung from the lid
of the cage for 15 min each day for 5 days. Mice from the intruder group were placed alone
for 15 min twice a day (for 5 days) in a cage previously soiled by a mouse housed in
isolation for at least one week. Each time the subordinate mouse was exposed to a cage
soiled by a different male.

2.8 Exposure of female to social odors
To determine the effect of social odor exposure on adult neurogenesis, a group of female
mice was exposed to male odors for 7 days through the use of soiled bedding (Mak et al.,
2007). Briefly, two days prior to the beginning of the experiments, a male mouse was placed
into a cage with clean bedding and the cage bedding was changed every two days. To
expose females to male pheromones, on day 1 the female group was placed into a cage that
contained the soiled bedding that had been previously odorized for two days by a male as
described above (Fig 4A). Every other day the bedding of the cage housing the females was
replaced by the bedding soiled by the same male and this procedure was repeated until the
end of day 7; on this day, control and experimental mice were injected with BrdU. The
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control group consisted of females exposed to clean cage bedding (i.e. not odorized) that
was replaced every other day as in the experimental group. Another group of females was
exposed to cage bedding soiled by a female, following the same schedule of exposure as the
one used for the male odor exposure. Only females that presented regular estrous cycles
were chosen for these experiments (18 out of 19 females). The estrus cycle was determined
by microscopic inspection of vaginal smears obtained daily between 9 and 11 am.

2.9 Quantitative and Statistical analysis
One in six serial sagittal sections containing the AOB were used for quantification and three
to six sections were counted per animal. The numerical density was calculated using the
optical dissector method (Mayhew and Gundersen, 1996). Confocal Z-stack images were
captured at 3 μm optical steps using a 63X oil immersion objective. For each section we
obtained 2 to 4 Z-stack images of the granule cell and glomerular layers (GCL and GL,
respectively) in the AOB and MOB. All images were blindly analyzed and only BrdU
positive (BrdU+) cells in which the nucleus was clearly labeled were included in our
analysis. For TUNEL quantification, the sections were co-stained with anti-Dioxigenenin-
Fluorescein antibody and the nuclear staining TOPRO, and only cells that exhibited
colocalized labeling were considered for analysis. For each region (total and subdivisions of
the AOB) data are expressed as the mean number of BrdU+ cells normalized to the area of
the Z-stack in mm3 (BrdU+ cells/ mm3) ± S.E. (standard error). Total cell density was
calculated manually using sections stained with the nuclear dye TOPRO-3 (Invitrogen). The
AOB volume was estimated through the Cavalieri principle using the following formulas;
Vol(i) = T*ΣAi with A(i) = ΣP*d2 where T= number of slices*t (Mandarim-de-Lacerda,
2003). For these calculations we used low magnification sections (10X) with a thickness (t)
of 20 μm. The area (A) was measured by placing over the sections a grid of squares with
distance (d) between lines and then counting the total number of points (P, intersections) that
fell inside the region of interest. To quantify proliferation in the subventricular zone, four
coronal sections were collected from a region of 1420 μm that started at the opening of the
left ventricle and continued towards the caudal end. Values shown correspond to the average
of all the BrdU+ cells counted in all four sections. To test for statistical significance, we
used the t-test and one-way ANOVA, followed by the Bonferroni and Tukey s multiple
comparison tests (SPSS 18.0 software). One animal (out of 84) was excluded from the
analysis as the value of BrdU+ cells/ mm3 exceeded the value of the mean ± 2SD (standard
deviation) of its respective group.

3. RESULTS
3.1 Adult neurogenesis in the accessory olfactory bulb in juvenile mice is sexually
dimorphic

Anatomical and physiological evidence indicate that in several species the VNS is sexually
dimorphic (Dawley and Crowder, 1995; Herrada and Dulac, 1997; Peretto et al., 2001;
Segovia et al., 2006; Segovia et al., 1999), suggesting that adult neurogenesis could be
differentially regulated in the AOB of male and female mice. To address this possibility we
first determined the level of adult neurogenesis in the AOB of sexually mature and juvenile
mice. To this end, one-month old mice were injected with BrdU, a marker that is
incorporated into the DNA of dividing cells, and labeled neurons in the AOB were
quantified 30 days after the BrdU injection. Previous studies have indicated that after one
month, newly born neurons have already differentiated into mature GCs and PGs within the
MOB (Belluzzi et al., 2003; Carleton et al., 2003; Lledo et al., 2006; Petreanu and Alvarez-
Buylla, 2002).
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In sagittal sections of the mouse brain, the AOB is located in the dorso-posterior region of
the OB and can be clearly distinguished from the MOB (Fig 1A). In the AOB, the mitral/
tufted cell layer (MC) and the GC layer (GCL) are separated by fibers of the lateral olfactory
tract (LOT), whereas the glomerular layer (GL) faces the ventral prefrontal cortex (Fig 1A,
top right). Mature neurons were recognized by detecting the presence of NeuN, a nuclear
marker that is present in post-mitotic and terminally differentiated neurons (Mullen et al.,
1992). As shown in Fig 1B we found abundant NeuN staining in the AOB and MOB,
especially in the dense GCL. Confocal imaging analysis revealed abundant BrdU positive
(BrdU+) cells throughout the GCL and GL in the AOB and MOB (Fig 1C). The pattern of
nuclear staining with BrdU was variable; some cells exhibited a punctuated pattern while
other cells exhibited a more uniform staining pattern (Fig 1C). Nevertheless, confocal
analysis revealed that at all ages the majority of the new cells present in the adult AOB were
indeed neurons, since most of the cells that were BrdU+ also stained for NeuN (2, 3 and 7
months; 94 ± 3%; 92 ± 4%, 93± 8%, respectively; n=3 per group, Fig. 1D). Similarly, as
previously described most cells in the MOB also exhibited an overlapping staining pattern
for BrdU and NeuN at all ages tested (2, 3 and 7 months; 94 ± 2%; 96 ± 1%, 91± 2%,
respectively; n=3 per group) as previously reported (Alonso et al., 2006; Mak et al., 2007;
Mouret et al., 2009; Rochefort et al., 2002; Veyrac et al., 2009).

Interestingly, at two months of age the level of adult neurogenesis was significantly different
between male and females (Fig 2B). We found that the total number of BrdU+ cells in the
AOB was ~40 % higher in males than in females (males, 2782 ± 373, n = 5; females 1704 ±
186, BrdU+ cells/mm3, n = 6; t-test, p < 0.03). Sensory projections from the VNO exhibit a
divergent pattern of distribution across the anterior-posterior axis of the AOB, suggesting
that these regions may process different chemosensory information (Fig 2A). Therefore, we
determined whether the sexual dimorphism in adult neurogenesis observed at this age was
also expressed along the anterior-posterior axis. As shown in Fig 2B, two-month old male
mice exhibited a significantly higher number of BrdU+ cells in the posterior AOB (pAOB)
compared to females (males, 2748 ± 406, n = 6; females, 1493 ± 135 BrdU+ cells/mm3, n =
6; t-test, p < 0.02). The number of newborn neurons found in the anterior AOB (aAOB) was
also higher in males compared to females, but this difference did not reach statistical
significance within our sample (males, 2817 ± 507; females, 1914 ± 307 BrdU+ cells/mm3;
t-test, p < 0.15). In contrast, we did not observe gender differences in the number of BrdU+
cells in the MOB (males, 6171 ± 406, n = 5; females, 5965 ± 380 BrdU+ cells/mm3, n = 6;
Fig 2B). The observed gender difference in neurogenesis along the anterior-posterior axis of
the AOB could be due to other factors including differences in the number of cells or
volume in these two regions. However, as shown in Fig 2C, the total number of cells was
not different between males and females (males, aAOB, 529x103 ± 18x103, pAOB, 517x103

± 32x103 cells/mm3; females, aAOB, 614x103 ± 47x103; pAOB, 564x103 ± 27x103 cells/
mm3, n = 3 both). Likewise, the sexual dimorphism in adult neurogenesis is not due to
differences in volume between the anterior and posterior subdivisions of the AOB (males,
aAOB, 58x106 ± 2x106, pAOB, 52.7x106 ± 2x106; females, aAOB, 57.7x106 ± 12x106;
pAOB, 57.7x106 ± 11x106 μm3; n = 3 both).

3.2 Adult neurogenesis in the AOB decreases with age
Olfactory dysfunction is a common pathology reported by the elderly population and is one
of the first symptoms manifested by people suffering from neurodegenerative diseases
(Kovacs, 2004). The decline in the number of new neurons arriving to the MOB has been
suggested as a possible mechanism underlying the decrease in olfactory discrimination
related with aging (Enwere et al., 2004), yet a similar age-dependent decrease in adult
neurogenesis in the AOB has not been examined. Accordingly, we determined the number
of BrdU labeled cells at two, three and seven months of age, in male and female mice,
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injected one-month earlier. As shown in Fig 3A, we found a significant decrease in the
number of BrdU+ cells at three and seven months compared to the number of cells at two
months. At three months the number of BrdU+ cells in males was decreased by 70%, while
at seven months it was decreased by 90% (two months, 2782 ± 373, n = 5; three months, 825
± 194, n = 6; seven months, 258 ± 102 BrdU+ cells/mm3, n = 5; ANOVA, F(2,13)= 27.9 p <
0.001; Tukey HSD two vs. three months and two vs. seven month p < 0.001). In females, at
three months the number of BrdU+ cells was decreased by 63%, while at seven months it
was decreased by 99% (two months, 1704 ± 186, n = 6; three months, 640 ± 140, n = 6;
seven months, 22 ± 22 BrdU+ cells/mm3, n = 5; ANOVA, F(2,14)= 34.6 p < 0.001; Tukey
HSD two vs. three months and two vs. seven month p < 0.001). Nevertheless, despite this
age-dependent decrease in neurogenesis, the total cell density in the AOB was higher at
seven months than at two months in both males and females (male, two months, 523x103 ±
25x103; seven months, 808x103 ± 14x103 cells/mm3; female, two months 589x103 ±
36x103; seven months, 813x103 ± 52x103 cells/mm3, n = 3 both; t-test, p < 0.025, see
methods). However, we did not observe sex differences in the total number of cells at these
ages. Similarly, the volume in the AOB was not different at these ages or between sexes
(males, two months, 111x106 ± 3x106; seven months, 94x106 ± 11x106 μm3; females, one
month, 117 x106 ± 24x106 μm3; seven months, 88x106 ± 7x106 μm3). Interestingly, the
sexual dimorphism in adult neurogenesis at two months was not preserved in older animals
(Fig 3A), suggesting that sexual dimorphism in juvenile mice could arise from an age-
dependent physiological process rather than simple anatomical differences among sexes.
Furthermore, in agreement with previous studies, we found an age-dependent decrease in
adult neurogenesis in the MOB which affected both genders (males, two months, 6171 ±
406, n = 5, three months, 2796 ± 503, n = 6, seven months, 1041 ± 306 BrdU+ cells/mm3, n
= 5, ANOVA, F(2,13)= 34.7 p < 0.001; Tukey HSD two vs. three months and two vs. seven
month p < 0.001; females, two months, 5965 ± 380, n = 5, three months, 2848 ± 459, n = 6,
seven months, 1036 ± 261 BrdU+ cells/ mm3, n = 5; ANOVA, F(2,14)= 40.3 p < 0.001;
Tukey HSD two vs. three months and two vs. seven month p < 0.001). To determine
whether the decline in the number of new neurons in the adult AOB was due to a decrease in
neuronal integration or a diminished number of neuroblasts being generated in the SVZ, we
studied neuronal proliferation at 2 and 6 month of age, which coincides with the time when
the animals used in our studies received the BrdU injections. As shown in figure 4A (top
panel), we found that the SVZ of 6-month-old mice exhibited a 30–40% decrease in the
number of BrdU+ cells compared to the 2 month-old animals. The quantification (Figure
4A, bottom panel) showed a significant decreased in the number of BrdU+ cells in both
males (two months, 521 ± 27; six months 352 ± 45 BrdU+ cells; n=4, t-test, p<0.03) and
females (two months, 597 ± 80; six months 367 ± 50 BrdU+ cells; n=4, t-test, p<0.05). The
age-dependant decreased in adult neurogenesis could also be due to an increase in cell death
of cells arriving into the AOB in older mice. To explore this possibility, we quantified the
number of apoptotic cells in the OB one month after BrdU injection using the TUNEL assay
(Figure 4B, top panel). We found no difference in the number of apoptotic cells between
males and females at 3 and 7 months of age in the AOB (males, three months, 1045 ± 118, n
= 4, seven months, 774 ± 238, n = 4; females, two months, 992 ± 105, n = 4, seven months,
962 ± 158 TUNEL+ cells/mm3, n = 4) or in the MOB (males, three months, 843 ± 114 cells,
n = 4, seven months, 620 ± 261, n = 4; females, two months, 906 ± 334, n = 4, seven
months, 847 ± 339 TUNEL+ cells/mm3, n = 4).

3.3 Adult neurogenesis in the AOB can be differentially regulated by behavior
The activity of the VNS is crucial for social behaviors such as identifying and attracting
mates and discerning the social status of conspecifics (Dulac and Torello, 2003). Several of
these behaviors involve olfactory learning, which is thought to result from synaptic plasticity
within the neuronal network of the OB, and adult neurogenesis provides an exciting
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mechanism for this plasticity (Keverne, 1995; Lledo and Lazarini, 2007). To explore the
possibility that activation of the AOB circuitry during aggressive behaviors could regulate
integration of adult-born neurons, we subjected male mice to a resident-intruder paradigm
two weeks post injection of BrdU (Figure 5A, top panel). Offline analysis of the videotaped
interactions indicated that all mice exhibited the expected dominant (resident) and
subordinate (intruder) behavior throughout the entire experiment. However, as previously
described (Mitra et al., 2006; Rodriguez-Alarcon et al., 2007), resident mice showed a
significant decrease in the attack frequency over the 5 days of the trials (day 1, 13 ± 2; day
5, 8 ± 2; n = 6, t-test, p < 0.05), while the intruders showed a decrease in defensive posture
frequency (day 1, 13 ± 3. s; day 5, 6 ± 2 s; n = 4, t-test, p < 0.05). Nevertheless, we found
that male mice exposed to aggression exhibited a region-specific increase in neurogenesis
that was limited to the aAOB. As shown in Fig 4A, male intruders had a significant increase
in the number of new neurons in the aGCL compared to individually-housed controls
(intruder, 2594 ± 209, n = 4; control, 1210 ± 346, BrdU+ cells/ mm3, n = 4; t-test, p<0.015).
The number of new neurons in the aGCL of the residents was higher than in control mice,
but within the sample analyzed this difference was not statistically significant (resident,
2289 ± 365 BrdU+ cells/ mm3, n = 6; t-test p < 0.08). Surprisingly, the resident-intruder
paradigm also induced changes in neurogenesis in the MOB (Fig 5C). Likewise the AOB,
the increase in neurogenesis was circumscribed to the GCL, however, unlike the AOB, both
subordinates and dominant males exhibited a significant increase in neurogenesis (control,
5340 ± 268, n = 4; resident, 7158 ± 595, n = 6; intruder, 7448 ± 409 BrdU+ cells/ mm3, n =
4; t-test control vs. intruder p < 0.05, control vs. resident p < 0.05). Recently it has been
shown that a protein component in urine promotes male-male aggression (Chamero et al.,
2007), therefore we wondered whether the exposure of males to male odors such as male
bedding or urine would be a sufficient stimulus to promote adult neurogenesis in the AOB.
To examine this possibility we exposed intruders to bedding soiled by a dominant male and
resident males to urine collected from group-housed males. Interestingly, we found that in
the intruder mice, but not the resident, these odor stimuli increased the integration of new
neurons in both regions of the AOB GCL compared to controls (intruder, aGC, 3777 ±
1032;n=3, t-test, p<0.04; pGC, 3286 ± 534 BrdU+ cells/ mm3; n=3, t-test, p<0.009; resident,
aGC 1070 ± 837; n=3, t-test, p=0.87; pGC, 1301 ± 163 BrdU+ cells/ mm3, n=3; t-test,
p=0.78). Surprisingly, the same stimulus did not affect the integration of newly born neurons
in the MOB of the resident or the intruder mice (intruder, 5955 ± 2146;n=3, t-test, p=0.075;
resident, 5613± 1775 BrdU+ cells/ mm3; n=3, t-test, p=0.87).

The resident-intruder paradigm has also been used to elicit stress in mice (Yap et al, 2006),
therefore stress could have affected adult neurogenesis in our aggressive behavior paradigm.
To explore this possibility, male mice were exposed to stress by restraint, using a similar
exposure regime as was used in the aggression protocol (Fig 5B, top panel). Noticeably, the
stress paradigm did not influence adult neurogenesis in the GCL of the AOB (Fig 5B
bottom; control, aGCL, 1210 ± 346, pGCL, 1228 ± 173 BrdU+ cells/ mm3, n = 4; stressed,
aGCL, 1502 ± 329, pGCL, 730 ± 204 BrdU+ cells/ mm3, n = 6). Similarly, there was no
difference in adult neurogenesis in the GCL of the MOB in mice subjected to the stress
paradigm (Fig 5C; control, 5340 ± 268, n = 4; stressed, 4241 ± 397 BrdU+ cells/ mm3, n =
6).

Hormonal changes associated with pregnancy and male odor exposure, regulate the
proliferation of new neurons in the SVZ (Larsen et al., 2008; Mak et al., 2007; Segovia et
al., 1999; Shingo et al., 2003). Thus, to further support our hypothesis that social odors
known to influence the activity of the AOB can regulate adult neurogenesis, by increasing
proliferation, we exposed naïve females to male odors. Females were exposed to soiled
bedding odorized by a male (Fig 6A, top) for seven days, and subsequently injected with
BrdU. A group of control females was exposed only to clean bedding. After the odor-
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exposure paradigm, animals were injected with BrdU and BrdU+ cells were quantified at
day 30 (Fig 6A, bottom). We found that a seven days exposure to male odors greatly
enhanced neurogenesis in the AOB of females in a region specific manner. As shown in Fig
6B, females exposed to male odors exhibited a differential increase in the number of new
neurons in the GCL of the pAOB compared to control females (odor-exposed, 2583 ± 154, n
= 8; control, 1456 ± 240 BrdU+ cells/ mm3, n = 7; ANOVA pGCL F(2,15)= 8.23 p < 0.005;
Dunnett p < 0.004). In contrast, the increase in neurogenesis was not present in females
exposed to female odors, suggesting that this effect was gender specific (Fig 5B; 1576 ± 597
BrdU+ cells/ mm3, n = 3). Interestingly, as previously shown (Mak et al., 2007) a similar
effect was observed in the MOB, where females exposed to male but not to female odors
exhibited an increase in the number of BrdU+ cells in the GCL (control, 6563 ± 574, n = 7;
females exposed to male odors, 8463 ± 252, n = 8; females exposed to female odors, 7710 ±
1213 BrdU+ cells/ mm3, n = 3; one-way ANOVA MOB GCL F(2,15)= 4.99 p < 0.03;
Dunnett p < 0.02).

4. DISCUSSION
The generation of new neurons in the adult persists throughout life in two areas of the brain,
the OB and the hippocampus (Altman and Das, 1965a; Lledo et al., 2006; Lois and Alvarez-
Buylla, 1994; Ming and Song, 2005). In the MOB, the generation of neurons in the adult
plays an important role in olfactory-dependent behaviors, although the mechanisms
underlying the replacement of neurons has not been fully elucidated (Gheusi et al., 2009;
Lledo et al., 2008; Lledo and Saghatelyan, 2005; Zhao et al., 2008). Adult neurogenesis is
regulated by several physiological conditions and behaviors, including odor enrichment,
mate choice, pregnancy and aging (Bovetti et al., 2009; Lemasson et al., 2005; Mak et al.,
2007; Rochefort et al., 2002; Shingo et al., 2003). Here we show that adult neurogenesis is
regulated by social behaviors in the AOB, a region of the OB involved in pheromonal
communication. Aggressive behavior in males and exposure of females to male odors
increased adult neurogenesis in a zone-specific pattern in the AOB. In addition, we found
that neurogenesis is sexually dimorphic in juvenile mice; male mice exhibit higher levels of
newly born cells in the AOB than females. However, in addition to a gradual age-dependent
decrease in neurogenesis, this sexual dimorphism was not maintained in older animals.
These results indicate that adult neurogenesis in the AOB is influenced by behaviors and it
can be differentially regulated in a sex and age-dependent manner.

Neuroblasts born in the SVZ migrate tangentially and reach the OB within a week, where
they begin to migrate radially to specific layers within the OB. Within a month they have
already matured into GC and PG neurons (Petreanu and Alvarez-Buylla, 2002).
Accordingly, four weeks after the BrdU injections we identified abundant labeled cells in
the GCL and GL of the AOB and most of these cells corresponded to mature GCs and PGs
as they were also positive for NeuN. Furthermore, two-month old male mice exhibited a
larger number of adult born cells than females in the AOB, and this difference was mainly
attributed to increased neurogenesis in the pAOB. The observed difference in neurogenesis
was not due to differences in cell density or volume along the anterior axis of the AOB
ruling out the possibility that these factors contributed to the sex differences observed. Thus,
it is possible that the difference in the number of BrdU+ cells between male and female,
might not be large enough to significantly alter the much larger number of total cells in the
AOB. The physiological relevance of this sexual dimorphism is unknown but it is tempting
to speculate that a larger availability of newly born neurons in juvenile males may correlate
with an increase in neuronal activity in the AOB. For example, at this age male mice begin
to establish dominance hierarchy and engage in sexual activity for which the circuitry of the
AOB is actively recruited. The sexual dimorphism in neurogenesis reported here is in
agreement with previous studies showing anatomical sexual dimorphism in the AOB and
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other regions of the VNS (Segovia et al., 2006; Segovia et al., 1999; Suarez and Mpodozis,
2009) and with a study showing sexual dimorphism in neurogenesis in rat AOB (Peretto et
al., 2001). Interestingly, a recent report by the latter group did not find significant
differences in neurogenesis between sexes in mice (Oboti et al., 2009). The nature of the
difference between the present work and that of Oboti et al (2009) is not known; however,
we note that the strain of mice used in these versus the present study is different (BL/C57 vs.
CD-1), and significant differences in adult neurogenesis have been reported for different
strains of mice in the adult hippocampus (Kempermann et al., 1997). Nevertheless, the
density of newly born neurons in the adult AOB reported here is comparable to those
recently reported for mice and rat (Oboti et al., 2009; Peretto et al., 2001). Intriguingly, the
sexual dimorphism in neurogenesis observed in younger mice was not preserved in older
animals; instead we observed a steady decline in neurogenesis with age (see below). Thus,
the hormonal and/or behavioral influences that lead to marked differences in basal
neurogenesis in juvenile mice of different sex are not pronounced at later ages.

We found a consistent decline, with similar time course, in the number of newly born
neurons in the AOB and MOB with aging. Furthermore, this decline in OB neurogenesis
corresponded with a reduction in the number of proliferating neuroblasts in the SVZ as we
found a significant decrease in the number of labeled cells in the SVZ of older mice after an
acute injection of BrdU. In addition, the decline in adult neurogenesis was not due to an
increase in cell death, since no difference in the number of apoptotic cells was found
between sexes and, more importantly, across ages. The latter results are in agreement with
studies showing that the number of newly born neurons in the MOB greatly decreases within
the first two months postnatally and at older ages, resulting mainly from a decrease in SVZ
proliferation and not from an increase in cell death (Ahlenius et al., 2009; Enwere et al.,
2004; Lemasson et al., 2005; Mirich et al., 2002). The decline in MOB neurogenesis has
been correlated with the decline in olfactory function with aging, suggesting that a similar
decline in function may occur in the AOB (Enwere et al., 2004). In the MOB, newly arrived
neurons integrate into the existing neuronal network and participate in inhibition, an
essential component of olfactory processing (Belluzzi et al., 2003; Carleton et al., 2003;
Schoppa and Urban, 2003). Consequently, the generation of new neurons and their
programmed death in the MOB greatly influences olfactory processes, including odor
discrimination and odor learning (Alonso et al., 2006; Moreno et al., 2009; Mouret et al.,
2008; Mouret et al., 2009; So et al., 2008). Further studies are necessary to determine if the
decline in neurogenesis affects these processes in the AOB.

Interestingly, and in accordance with other studies (Oboti et al., 2009; Peretto et al., 2001),
the density of adult born neurons in the AOB was lower than in the MOB at all ages tested.
The lower number of new cells in the AOB is not due to differences in total number of cells
compared to the MOB, suggesting that adult neurogenesis of inhibitory neurons in these two
regions is under different regulation and/or has a different physiological role. In the VNS,
sensory axons synapse onto multiple glomeruli and MCs send primary dendrites to multiple
glomeruli and have shorter lateral dendrites. This anatomical arrangement suggests that
lateral and recurrent inhibition by GCs and PGs in the AOB may have a different function.
For example, it has been proposed that the connectivity in the AOB is more suited for the
analysis of blends of social odors (Wagner et al., 2006). Thus, neurogenesis of inhibitory
neurons in these two regions could be under different regulatory mechanisms of
proliferation and/or integration, resulting in different turnover rates. In agreement with this
possibility, recent studies indicated that the neurogenic pool in the SVZ that gives rise to
cells in the MOB is heterogeneous (for review see Lledo et al. (2008). For example,
neuronal stem cells located in the dorsal regions of the SVZ give rise to PGs that contain
tyrosine hydroxylase and to GCs that integrate into the superficial layers of the MOB. On
the other hand, neuronal progenitors located in the ventral SVZ give rise to PGs that contain
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calbindin and to GCs that integrate within deep layers of the GCL (Merkle et al., 2007). In
addition, the complexity of the neurogenic pool is greater than expected because it can give
rise to excitatory cells as has recently been described in the MOB (Brill et al., 2009). Thus,
different pool of neuronal progenitors in the SVZ could give rise to neurons to the AOB and
MOB.

The detection and recognition of pheromones by the VNS is crucial for the proper execution
of aggressive behaviors in mice. Removal of the VNO dramatically abolishes aggressive
behavior in males (Clancy et al., 1984; Maruniak et al., 1986). Mice lacking the TRPC2
channel, which is thought to be a critical component of signal transduction in the VNO,
show impaired male-male aggression (Leypold et al., 2002; Stowers et al., 2002). The
proliferation of progenitor cells in the SVZ and the differentiation and integration into the
circuitry of the MOB are regulated by social behaviors or social stimuli in several species,
suggesting that the activity of newly integrated neurons is recruited in the processing of
relevant odors that mediate these social encounters (Gheusi et al., 2009). Aggressive
behavior in male mice increased the number of new neurons in the aAOB of the intruder in a
resident-intruder behavioral assay. Similarly, the number of cells in the aAOB was also
higher in the resident, although this value did not reach significance; therefore, we cannot
rule out the possibility that both groups of mice, if exposed for longer times to aggression,
could exhibit increased neurogenesis in the AOB. Nevertheless, the localized increase in
newly born neurons in the aAOB suggests the involvement of activity of sensory neurons in
the apical layer of the VNO, which projects to this region. Aggression in males is triggered
mainly by cues present in urine, which are detected by the VNO. Two fractions of urine, one
of low and one of high molecular weight (LMW and HMW), can be isolated and produce
localized activation in the AOB. Noteworthy, the HMW fraction has been recently identified
as a member of the major urinary protein (MUP) family, for a long time suspected to
mediate pheromonal effects in the VNS (Chamero et al., 2007; Mugford and Nowell, 1970).
Surprisingly, both the HMW and LMW fractions activate the aAOB, while the pAOB is
activated by the HMW fractions only (Brennan et al., 1999; Papes et al.), however, these
observations are in agreement with previous studies showing that chemosensory cues
hastening aggression can activate either of these two regions of the AOB (Kumar et al.,
1999; Sugai et al., 2006). Furthermore, in agreement with our findings, mice lacking Gαi2, a
G protein subunit expressed by apical neurons in the VNO which project to the aAOB, also
show diminished aggressive behavior (Norlin et al., 2003). Together, these findings suggest
that complementary chemosensory cues (i.e. of LMW and HMW) can trigger the expression
of aggressive behaviors by producing activation of both subdivisions of the AOB, which in
turn could promote the integration of newly born neurons. Interestingly, we found that
exposure to only the bedding soiled by the resident was sufficient to increase integration of
neurons in the intruder, suggesting that that physical contact or the presence of the
antagonistic male was not necessary and that the resident odor was sufficient stimulus.
Moreover, this stimulus increased in integration throughout the whole GCL of the AOB.
This can be beneficial in the wild, where subordinate males needs to detect dominant males
perimeters even when they are not physically present in a determine area. Resident mice on
the other hand, failed to show upregulation of adult neurogenesis when they were presented
with male urine, indicating that perhaps this stimulus needs a physical contact. These
findings indicate that the regulation of adult neurogenesis in the resident AOB requires the
physical act of aggression, perhaps acute hormonal changes triggered by aggression. It is
also possible that pheromones from other secretions (i.e. lacrimal or salivary gland) might
also add to promote neurogenesis in the context of aggressive behaviors (Thompson et al.,
2007).

Our results also indicate that the increase in the integration of new neurons induced in the
resident-intruder assay was not due to the stress resulting from social conflict generated
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between the males (Heinrichs and Koob, 2006; Koolhaas et al., 1997). Mice subjected to
stress did not exhibit a significant change in adult neurogenesis in the AOB or in the MOB.
These results are in contrast to observations in the hippocampus where social stress, induced
by a similar paradigm to that used in our studies, decreased the rate of adult neurogenesis
(Mitra et al., 2006; Yap et al., 2006). Thus, our data provides further evidence to the notion
that neurogenesis can be differentially regulated by behavior and/or physiological conditions
in different parts of the brain (Fowler et al., 2002; Kaneko et al., 2006; Larsen et al., 2008).

Several studies have indicated that pheromonal cues from males can influence adult
neurogenesis in females. For example, estrous induction in females by exposure to males
increases cell proliferation in the SVZ of prairie voles (Smith et al., 2001). In female mice,
exposure for 7 days to male odors prior to BrdU injections (Larsen et al., 2008; Mak et al.,
2007), also promotes an increase in the number if BrdU+ cells in the SVZ and in the MOB.
In agreement with these observations, we found that exposure to social odors for the same
period of time increased adult neurogenesis in the AOB; females exposed to male but not
female odors had a greater density of labeled cells in the pAOB. Interestingly, exposure to
male odors produce changes in prolactin levels in the female mice, and these changes in
prolactin can be related to an increase in neuronal proliferation in the SVZ (Larsen et al.,
2008; Mak et al., 2007). Thus, hormonal changes driven by a particular social stimulus,
could affect the proliferation rate of a specific neurogenic pool in the SVZ (see above),
which may lead to the integration of neurons in a particular region of the AOB.
Alternatively, selective activation of sensory neurons in the basal layer of VNO, during the
stimulation period by the signals from the male, could induce hormonal changes that induce
a delayed increase in the number of newly born neurons in the pAOB. Future experiments
are needed to determine the mechanisms by which male odors induce differential increases
in the anterior-posterior axis of the AOB.

The differential increase in neurogenesis between the AOB sub-regions observed with male
aggression and male odor exposure in females is consistent with the prevalent notion that
segregated projections from the sensory neurons in the VNO allow for chemosensory stimuli
to differentially regulate the activity of the aAOB and pAOB in the VNS pathway (Tirindelli
et al., 2009). However, the primary region of the AOB activated by sexual stimuli remains
controversial; activation of the aAOB, pAOB or both has been described in rodents
(Brennan et al., 1999; Dudley and Moss, 1999; Halem et al., 2001; Inamura et al., 1999;
Kimoto and Touhara, 2005; Kumar et al., 1999; Sugai et al., 2006; Yamaguchi et al., 2000;
Yoshikage et al., 2007). In addition, a recent study indicated that exposure of female mice to
male odors increased the number of new neurons in both subdivisions of the AOB (Oboti et
al., 2009). As suggested above, the differences between these and our studies could be due
to differences in the strain, age and/or BrdU injection protocol. In addition, a recent report
indicated that behavior can be greatly influenced by environmental conditions, making
comparison across behavioral studies more difficult (Oliva et al., 2010). Nevertheless,
further studies are necessary to determine whether activation of V2R sensory neurons in the
VNO by social odors and concomitant activation of the pAOB promotes neurogenesis. It
should be noted, however, that an increase in the number of new neurons in a particular
region does not need to result from a local increase in neuronal activity; instead, other
regulatory mechanisms can trigger the increase in integration/survival of new neurons, a
possibility that needs to be further explored.

Surprisingly, in addition to changes in the level of neurogenesis in the AOB, induced by
behavior, adult neurogenesis was also increased in the MOB of males, irrespective of their
hierarchical status in the resident-intruder assay, and in females exposed to male odors. One
possibility is that the large quantity of chemicals found in urine may provoke a general
activation in the MOB leading to increased neurogenesis, which has been extensively shown
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to be affected by olfactory enrichment in the MOB (Bovetti et al., 2009; Moreno et al.,
2009; Rochefort et al., 2002; Veyrac et al., 2009). The dual activation of these regions of the
bulb during olfactory-guided behaviors has been only occasionally described (Fiber and
Swann, 1996; Guo et al., 1997; Huang and Bittman, 2002; Martel and Baum, 2007; Xu et
al., 2005); however, our results are in agreement with several pieces of evidence that support
the emerging notion of a complementary role for the main olfactory system (MOS) and the
VNS in mate recognition and aggression in rodents (Baum and Kelliher, 2009; Keller et al.,
2009; Tirindelli et al., 2009). In females, activation of the VNS is necessary for the proper
execution of behaviors elicited by pheromonal cues such as acceleration of puberty
(Vandenbergh, 1975), estrous induction (Whitten, 1959) and pregnancy block (Bruce, 1959),
while activation of the MOS is necessary for the processing of chemosensory information
that conveys social attraction and social recognition (Baum and Kelliher, 2009; Keller et al.,
2009; Spehr et al., 2006). Thus, removal of the VNO in male mice elicited normal sexual
discrimination among conspecifics but decreased male preference for the urine of estrous
females (Pankevich et al., 2004), while ablation of the main olfactory epithelium (MOE)
reduced females sexual behavior and olfactory investigation (Keller et al, 2006). Similarly,
genetic modifications of sensory neurons in the MOE also support the critical role of the
MOS in social behaviors. Mice deficient in CNGA2, a cyclic nucleotide-gated channel that
participates in signal transduction, exhibit impaired individual recognition (Mandiyan et al.,
2005). In addition, male mice lacking the adenylate cyclase type 3 (AC3), another
component of the canonical transduction pathway in the MOS, exhibit impaired sexual and
male-male aggressive behaviors (Wang et al., 2006). Furthermore, integration of olfactory
information at the level of the amygdala, principally through reciprocal connections with
olfactory cortices, greatly contributes to the complementary role between the MOS and VNS
(Dulac and Torello, 2003; Kang et al., 2009; Keller et al., 2009). Further studies are
necessary to determine the function of newborn neurons in the adult OB within the context
of complementary olfactory cues and the contribution of adult neurogenesis in the
generation, maintenance and extinction of olfactory-guided social behaviors. Differential
regulation of adult neurogenesis in the AOB along the anterior-posterior axis may be crucial
for social and sexual behaviors that require the generation of selective odor memories that
are necessary to maintain an adequate social behavior.
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Abbreviations

AOB accessory olfactory bulb

aAOB anterior accessory olfactory bulb

aGCL anterior granule cell layer

BrdU 5-bromo-2 -deoxyuridine

GC granule cell

GCL granule cell layer

HMW High molecular weight
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LMW Low molecular weight

LOT lateral olfactory tract

MC mitral/tufted cell

MOB main olfactory bulb

OB olfactory bulb

PBS phosphate-buffer-saline

pAOB posterior accessory olfactory bulb

PFA paraformaldehyde

PG periglomerular cell

SVZ subventricular zone

VNO vomeronasal organ

VNS vomeronasal system
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Figure 1.
Adult neurogenesis in the AOB. (A) Top, experimental design used to quantify adult
neurogenesis; immunoreactive cells were counted in sagittal sections of the olfactory bulb
(OB) one month after the BrdU injections (see methods). Left picture, reconstruction of an
OB slice stained with TOPRO-3 nuclear staining to show the cellular distribution in the
accessory olfactory bulb (AOB) and main olfactory (MOB), using low magnification
confocal images (10x). The AOB is located in the dorso-posterior region of the OB (dotted
line). Right pictures, higher magnification of the AOB (top) and MOB (bottom) showing the
distinct cellular layers analyzed for the presence of BrdU positive (BrdU+) cells (GCL,
granule cell layer; GL, glomerular layer). In the AOB the lateral olfactory tract (LOT)
separates the mitral/tufted cell (MC) layer from the GCL (dotted line). (B) Low
magnification confocal image (10x) of a section double labeled with BrdU (red) and NeuN
(green) antibodies (scale bar, 100μm). The AOB and MOB exhibit abundant NeuN labeling
in the GCL with scattered BrdU labeling. (C) Orthogonal view of higher magnification
images of the GCL and GL in the AOB (left) and in the MOB (right) in double stained
sections (63x; scale bar, 20 μm). Left top panel, representative section of the GCL in the
AOB showing a cell positive for both BrdU and NeuN (filled white arrow) and a cell
positive for BrdU only (empty arrow, see also inset). Similar labeling pattern is observed in
the MOB (right panels). (D) Summary graph showing the quantification of the total number
of BrdU+ cells that were also positive for NeuN in the AOB and MOB at different ages. At
all ages tested, most of the BrdU+ cells are also NeuN positive. In the AOB, the total
number were: at 2 months, 104; 3 months, 21 and at 7 months, 8 BrdU+ cells respectively.
In the MOB the total number of BrdU+ cells were at 2 months, 360; 3 months, 107; 7
months, 47 BrdU+ cells (n = 3).
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Figure 2.
Adult neurogenesis in the AOB is sexually dimorphic. (A) Diagram showing the sensory
projections from the vomeronasal organ (VNO) to the AOB. Apical sensory neurons in the
VNO (light gray) project their axons to the anterior AOB (aAOB) while basal sensory
neurons project their axons to the posterior AOB (pAOB, dark gray); in the AOB sensory
neurons make their first synapse onto dendrites of MCs (unfilled cell). Adult-born neurons
are found in the GCL and in the GL and they are shown in black. (B) Graph bar showing the
total number of BrdU+ cells in the AOB, and its subdivisions, in two-months old male
(black) and female (grey) mice. The number of BrdU+ cells is significantly higher in the
pAOB of males compared to female mice (t-test,*,p<0.03,**,p<0.02). The total number of
BrdU+ cells in the MOB is not different between male and female mice. (C) The total
number of cells (cells/mm3) and total tissue volume (μm3) is not different between genders
or in the anterior-posterior axis of the AOB.
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Figure 3.
Adult neurogenesis in the AOB decreases with age. (A) Number of new neurons in the AOB
and MOB in mice injected at one, two or six months of age and analyzed one month post-
injection. In male (black circles) and female (grey triangles) mice the number of BrdU+ cells
is significantly decreased at 3 and 7 months compared with 2 months (Females, one-way
ANOVA, F(2,14)=34.6 p<0.001; Tukey HSD two vs. three months and two vs. seven month ;
males, ANOVA, F(2,13)= 27.9 p<0.001; Tukey HSD two vs. three months and two vs. seven
month ;**, P< 0.001). In the MOB the number of BrdU+ cells is not different between male
and female mice at any age group. (B) Total number of cells (cells/mm3) and total tissue
volume (μm3) in the AOB of male (black bars) and female (gray bars) at 2 and 7 months.
The number of cells at 7 months is significantly higher in both male and females (t-test; *,
p<0.025) but there is no difference in AOB volume.
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Figure 4.
The age-dependent decline in adult neurogenesis is due to a decrease in SVZ proliferation
and not an increase cell death in the OB. (A) Top panel, coronal sections immunolabeled
with BrdU antibody. The SVZ of older mice (left) exhibited significantly fewer BrdU+ cells
than younger mice (right). Bottom panel, the decline in BrdU+ cells was significant in
females and males (t-test;*, p<0.05). (B) Top panel, TUNEL staining of an apoptotic cell in
the GCL of the AOB. Bottom panel, number of TUNEL+ cells/mm3 in male and female
mice at different ages in the AOB and MOB; there was not a significant difference between
ages in the OB.
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Figure 5.
Aggression and male odors, but not stress increases adult neurogenesis in the AOB of male
mice. (A) Top panel, experimental design used for the resident-intruder aggression
paradigm. Male mice are injected with BrdU at day 0 and from day 15 to day 20 the resident
is exposed to a daily encounter of 15 minutes with an intruder. Neurogenesis is quantified 10
days later. A control group of male mice is singly housed but not exposed to any intruder.
Bottom panel, number of BrdU+ cells in the GCL of the AOB in control (black), resident
(dark grey) and intruder males exposed to aggression or male odors. The intruder showed a
significant higher number of BrdU+ cells in the anterior GCL (aGCL) when exposed to
aggression and throughout the GCL when exposed to bedding soiled by a male (t-test;*,
p<0.05). (B) Top panel, experimental design used for the stress by restraint paradigm. At
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day 0 male mice were injected with BrdU and from day 15 to day 20, each animal was
restrained daily for 15 min and neurogenesis was quantified at day 30. Bottom panel, stress
by restraint did not produce a significant change in the number of BrdU+ cells in the GCL of
the AOB (anterior and posterior). (C) Males exposed to aggression (resident and intruders)
showed an increased number of BrdU+ cells in the GCL of the MOB (t-test *, p < 0.05).
This increase in BrdU+ cells was not observed in resident or intruders exposed to male
odors. As in the AOB animals exposed to stress showed no significant difference between
the control and treated group.
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Figure 6.
Adult neurogenesis in the AOB increases in females exposed to male odors. (A) Diagram of
the experimental paradigm used for odor exposure. Female mice are placed for seven days in
a cage containing bedding previously soiled by a male. Every other day the soiled bedding is
changed for new soiled bedding from the same male to continuously expose females to male
odors. Mice are injected with BrdU on the last day of the odor exposure (day 7) and
neurogenesis quantified at day 30. (B) Representative confocal images of BrdU+ cells in the
GCL of the pAOB. Female mice exposed to male odors (right) show a larger number of
BrdU+ cells in the GCL of the pAOB (white arrows) than control females that were exposed
only to clean bedding (left). (C) Number of BrdU+ cells in the GCL of the aAOB and pAOB
in female exposed to male (dark grey) or female odors (light gray). A group of control
females was exposed only to clean bedding (back). Female mice exposed to male-soiled
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bedding exhibit a significantly greater number of BrdU+ cells in the anterior GCL (ANOVA
pGCL F(2,15)=8.23 p<0.005; Dunnett,**, p<0.004).
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