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Recent studies suggest that newly generated neurons play a role 
in learning and memory of olfactory information. Manipulations 
that alter the levels of neurogenesis affect olfactory behavior, but the 
effects depend on the nature of the manipulation as well as on the 
tasks used to assess olfactory function. For instance, rearing mice in 
an odor-enriched environment – a manipulation that doubles the 
number of newly arriving neurons in the OB but not the hippoc-
ampus – results in a longer-lasting odor memory (Rochefort et al., 
2002). On the other hand, reducing or blocking olfactory neuro-
genesis affects behavior in a task-dependent manner: while olfac-
tory discrimination ability seems to be unaffected (Imayoshi et al., 
2008; Breton-Provencher et al., 2009; Lazarini et al., 2009), deficits in 
either long or short-term odor memory have been reported (Breton-
Provencher et al., 2009; Lazarini et al., 2009; Valley et al., 2009; Sultan 
et al., 2010). In addition, in both perceptual and associative learning, 
newly generated neurons are differentially recruited to OB areas 
responsive to the odors learned (Alonso et al., 2006; Moreno et al., 
2009; Sultan et al., 2010), suggesting that these neurons could con-
tribute to changes in odor representations during learning.

A deeper understanding of the functional role of adult neuro-
genesis could come from studying the physiological conditions 
in which this process is regulated; such a modulation has been 

IntroductIon
Adult neurogenesis is conserved in a variety of animals, ranging 
from insects to humans (reviewed in Lindsey and Tropepe, 2006; 
Gould, 2007), suggesting that this phenomenon is important to 
brain function. In the mammalian brain, two regions have been 
shown to receive neurons during adulthood: the olfactory bulb 
(OB) and the dentate gyrus (DG) of the hippocampus (reviewed 
in Alvarez-Buylla and Garcia-Verdugo, 2002; Li et al., 2009). 
Adult-born neurons that reach the olfactory system originate 
from neural precursors in the subventricular zone (SVZ) and 
migrate to the OB, where they differentiate into periglomeru-
lar and granule cells (PGs and GCs, respectively), two types of 
bulbar interneurons that are primarily GABAergic (Lledo and 
Saghatelyan, 2005). These newly generated neurons are func-
tionally integrated into the OB circuitry, as demonstrated by 
recording the activity evoked by their synaptic partners (Carleton 
et al., 2003; Whitman and Greer, 2007), and by measuring their 
responses to odor stimulation (Magavi et al., 2005). Moreover, 
these adult-born granule cells also show unique properties: they 
exhibit enhanced synaptic plasticity (Nissant et al., 2009) and 
increased responsiveness to odors (Magavi et al., 2005), when 
compared to older granule cells.
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recently described in relation to reproductive behavior. In a study 
by Shingo et al. (2003) proliferation of neuronal precursors in the 
SVZ was shown to increase in female mice during the first week 
of both pregnancy and lactation, resulting in augmented levels of 
neurogenesis in the OB. This modulation of neurogenesis seems 
to be mediated solely by prolactin (PRL), a mammalian hormone 
essential to maternal behavior (Mann and Bridges, 2001). Other 
conditions regulate the levels of neurogenesis: exposing female 
mice to male pheromones produces an increase in neurogenesis 
in the females’ OB. Such male pheromone exposure also impacts 
female behavior: it is correlated with an advanced onset of mater-
nal behavior (Larsen et al., 2008), and it is required for the estab-
lishment or expression of females’ preference for a dominant 
male (Mak et al., 2007). In addition, a recent study showed that 
neurogenesis in male OB is upregulated during the interaction of 
male mice with their offspring (Mak and Weiss, 2010). Notably, 
the increase of olfactory neurogenesis in all these settings is medi-
ated by PRL.

Reproductive behaviors rely heavily on the use of odor cues. 
For instance, anosmic female mice are unable to distinguish nor-
mal from castrated males (Lin et al., 2005; Keller et al., 2006), and 
show abnormal hormonal cycles and impaired mating behavior 
(Vandenbergh, 1973). Olfaction is also fundamental to the estab-
lishment of maternal behavior, at least in certain species includ-
ing sheep (Lévy et al., 1995) and mice (Gandelman et al., 1971; 
Vandenbergh, 1973). Ewes use odor cues to discriminate their 
own lambs from others, and provide selective care to their own 
progeny (Brennan and Kendrick, 2006). Mice, on the other hand, 
form communal nests and provide maternal care to own and alien 
pups. Nevertheless, mice are able to discriminate the odor of their 
pups from others (Ostermeyer and Elwood, 1983), and they have 
been shown to form nests preferentially with related individuals 
(Manning et al., 1992); moreover, the interaction with pups during 
the perinatal period seems essential for progeny recognition (Mak 
and Weiss, 2010). Signatures that identify different individuals are 
proposed to be provided by candidate molecules such as MHC pep-
tides (Boehm and Zufall, 2006) or major urinary proteins (MUPs; 
Hurst, 2009). While MHC peptides are detected by both the main 
and accessory olfactory systems, MUPs are thought to act through 
activation of the vomeronasal organ (Morè, 2006; Chamero et al., 
2007). Differences in MHC loci result in changes in the profile of 
peptides found in the urine (Singer et al., 1997). Notably, mice 
can even discriminate pups that differ only in a single MHC locus 
(Penn and Potts, 1998; Yamazaki et al., 2000).

Given the importance of olfactory cues to both mate and off-
spring recognition, it is intriguing that pregnancy and lactation, 
interaction with pups, and exposure to potential mating partners 
are all accompanied by the addition of new neurons to the olfactory 
circuit. Because adult neurogenesis results in a new set of bulbar 
interneurons, thought to be more responsive than preexisting cells 
(Magavi et al., 2005), and because interneurons are thought to 
play an important role in the discriminability of odors (Yokoi 
et al., 1995; Abraham et al., 2010), we hypothesized that the addi-
tion of newly generated neurons that are reaching maturity at the 
time of parturition could be important for the formation of the 
maternal bond and recognition of the progeny, both for provid-
ing maternal care and for avoiding inbreeding (Gandelman et al., 

1971; Barnard and Fitzsimons, 1988; Potts et al., 1991; Manning 
et al., 1992; Pusey and Wolf, 1996). Here, we sought to investigate 
the contribution of adult olfactory neurogenesis to both mater-
nal behavior and pup recognition. Using focal irradiation of the 
SVZ, we disrupted adult bulbar neurogenesis in female mice. We 
then compared maternal behavior between irradiated and non-
irradiated females by daily recording mother–pup home cage 
interactions, and determining their maternal responsiveness in a 
retrieval test. To assess the contribution of new neurons to young 
and adult offspring recognition, we used habituation/dishabitua-
tion and social interaction tests. We show that disruption of bulbar 
neurogenesis resulted in abnormal social interaction patterns with 
adult males. By contrast, reduced olfactory neurogenesis neither 
affected maternal behavior nor the ability of female mice to dis-
criminate between their own and alien pups. Thus, adult olfactory 
neurogenesis does not seem to be essential to the normal establish-
ment or expression of  maternal behavior, but our results point to 
a role of adult neurogenesis in social interaction, and possibly in 
gender discrimination.

MaterIals and Methods
anIMals
C57BL/6J mice (Janvier, France) were used in this study. Animals 
were housed in groups of four until mating, and maintained in a 
12:12 h light–dark cycle and at constant temperature (23°C). Food 
and water were available ad libitum. All procedures complied with 
the European Communities Council directives (86/609/EEC) and 
European guidelines, and were approved by the Institut Pasteur’s 
Institutional Animal Welfare Committee.

Focal IrradIatIon oF sVZ
Seven- to eight-week-old female mice were irradiated using a medi-
cal Alcyon irradiator (gamma rays 60Co) as described (Lazarini 
et al., 2009). Briefly, mice were anesthetized with a ketamine (75 mg/
kg, Merial) and medetomidine (1 mg/kg, Pfizer) mixture admin-
istered intraperitoneally (i.p.) before being placed in a stereotaxic 
frame (Stoelting) for cranial irradiation. Focal irradiation of the 
SVZ was achieved by exposing to the rays only a small column 
comprising the mouse SVZ (3 mm × 11 mm window centered at 
bregma AP: 1.5 mm), and shielding the rest of the brain and body 
using lead sheets (Figure 1A). Radiation was delivered at a rate of 
1 Gy/min in three sessions of 5 Gy each, equally spaced over the 
course of 5 days (a total of 15 Gy). After gamma-ray exposure, mice 
were woken up by an i.p. injection of atipamezole (1 mg/kg, Pfizer). 
Control female mice underwent the same procedure, except that 
no radiation was delivered.

Mice were allowed to recover from the treatment for 6–8 weeks 
to ensure that the brain recovered from potential inflammation 
damage occurring shortly after irradiation (Monje et al., 2002), 
before mating and behavioral experiments. Two groups of animals 
were used; in each group, one half of the animals was irradiated 
and the other half was used as controls. Only those animals that 
carried a successful pregnancy were included in the experiments 
(Group A, n = 7, Group B, n = 10, of an initial count of 20 and 
16 respectively). The time course of the experiments is shown in 
Figure 2. Briefly, mice in group A were tested for maternal behavior 
and pup retrieval. The effect of the irradiation was analyzed in these 
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IMMunohIstocheMIstry
Mice were deeply anesthetized with sodium pentobarbital 
(100 mg/kg, Sanofi). Brains were dissected out after transcar-
diac perfusion with 0.9% NaCl containing heparin (5 × 103 U/
ml) followed by a solution of paraformaldehyde (PFA, 4% in 
phosphate buffer) to fix the tissue. After dissection, brains were 
stored at 4°C in 4% PFA for a week, and then transferred to 
phosphate buffer saline (PBS) containing 0.2% sodium azide. 
Forty-micron thick coronal sections were made using a vibrating 
microtome (VT1000S, Leica). For doublecortin (DCX) immuno-
histochemistry, brain sections were first washed in PBS, incubated 
for 20 min in citrate buffer 0.1 M pH 9.0 at 80°C, and then treated 
with 0.2% Triton during 2 h. Sections were then incubated with 
rabbit polyclonal anti-DCX primary antibody (1:2000, Abcam 
ab18723) in 0.2% Triton, 4% bovine serum albumin (BSA, Sigma) 
and 2% goat serum overnight at 4°C. Labeled cells were detected 
using a donkey biotinylated secondary antibody (anti-rabbit IgG, 
1:200; 711-065-152, Jackson) and developed using the ABC sys-
tem (Vector Laboratories) and 3,3′-diaminobenzidine (0.05%, 
Sigma) as chromogen. Sections were mounted in Depex medium. 
Reconstructed images of the OB were taken using an Olympus 
BX51 microscope with a 20× objective and Compix Imaging soft-
ware (Hamamatsu Photonics).

Doublecortin expression was used to assess the levels of neuro-
genesis, as DCX is considered a marker of young neurons (Brown 
et al., 2003). DCX staining was quantified by measuring optical 
density (OD) using custom-written QUIA software (http://www.
bioimageanalysis.org) as previously described (Lazarini et al., 
2009). For each animal, six sections 320 μm apart were selected, 
using the accessory OB as landmark, and quantified. Density was 
defined as pixels/surface area.

MatIng
Prior to mating, virgin female mice (group A, n = 20; group B, 
n = 16) were exposed to soiled-bedding from male cages for 3 days 
in order to induce estrous cycle synchronization (the so-called 
Whitten effect; Whitten, 1966) and increase the chances of simul-
taneous pregnancy. At the end of the third day, each female was 
transferred to a new cage and paired with a male of the same 
strain for 3 days. At the end of this period, females were single-
housed in clean cages until 3–4 days before estimated parturi-
tion, when they were transferred to clean observation cages (see 
below) in a separate room. Females were checked every 12 h to 
determine the day of pup birth (postnatal day 0, or P0). Because 
exposure to male pheromones induces an increase in SVZ neu-
rogenesis (Mak et al., 2007; Larsen et al., 2008), we took care that 
all females were exposed to male pheromones or odorants for the 
same amount of time.

VIdeo recordIng
Video was recorded using custom-made software that allows recording 
video from eight cameras (Fire-i™ digital camera) simultaneously.

obserVatIon oF Maternal behaVIor In the hoMe cage
Pregnant females were single-housed in transparent cages 
(15 cm × 30 cm × 30 cm) for observation, and were relocated to 
a separate room with controlled light and temperature (12:12 h 

mice by immunochemistry 6.5 months after treatment, at the time 
of the last behavioral experiment. Group B animals were tested for 
maternal behavior, pup retrieval, habituation/dishabituation, social 
interaction, object investigation, and open field.
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Figure 1 | reduced OB neurogenesis in SVZ-irradiated female mice. 
(A) Left, targeted irradiation was achieved by exposing a brain area 
encompassing the SVZ and protecting the rest of the brain with lead shields (see 
Materials and Methods and Lazarini et al., 2009) SGZ, subgranular zone; RMS, 
rostral migratory stream. Right, autoradiographic film showing the window of 
reach of irradiation (black staining). The film was positioned in the irradiator at the 
same place where mice were placed for irradiation. As shown by the film, 
irradiation was focal and restricted to a window of 3 mm × 11 mm. A, anterior; P, 
posterior; L, left; R, right. The scale is indicated. (B) Doublecortin (DCX) 
immunoreactivity in OB slices of IRR (right panel) and CTRL (left panel) females, 
6.5 months after SVZ irradiation. rmsOB, rostral migratory stream at the OB; 
GCL, granule cell layer; GL, glomerular layer. Images are centered in the rmsOB. 
Scale bar, 100 μm. (C) DCX staining was quantified as optical density (OD; see 
Materials and Methods). Data are expressed as mean OD across mice in each 
treatment (IRR, n = 6; CTRL, n = 6), 6.5 months after irradiation, and for the 
different OB regions. For each mouse, OD was calculated for six slices and an 
average value was assigned to that mouse. Error bars represent SEM. *p < 0.05; 
**p < 0.01 (Mann–Whitney test, see Table A1 in Appendix).
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retrIeVal test
Retrieval tests were conducted daily from P1 to P7 (Figure 2), using 
a protocol adapted from previous studies (Myers et al., 1989; Lucas 
et al., 1998; Lonstein and Fleming, 2002). Tests took place in the 
afternoon (light phase), after the home cage observation session. 
Each day, cages were transferred to a test room, and pups were 
removed from the nest and kept warm by placing them on a heat 
pad. After 15 min of separation from their mothers, four pups were 
put back at the end of the cage opposite to the nest. We recorded 
the latency of the female to retrieve each pup. It is important to 
note that mothers were at the nest at the moment when pups were 
reintroduced in the cage.

dIscrIMInatIon oF own Vs. alIen pups
To assess the ability of females to discriminate their own pups 
from alien pups (pups coming from a different litter), we used a 
protocol similar to the habituation/dishabituation paradigm but 
where pups served as stimuli (Ostermeyer and Elwood, 1983). 
Two litters were removed from the cages and kept warm on a heat 
pad. Mothers were then left alone in the home cage for 15 min. 
Pups were sequentially presented in 3-min sessions, separated 
by 3 min of rest. The first four presentations consisted of pups 
belonging to the test female (O1–O4, Figure 7); in the fifth pres-
entation, a pup from a different litter (alien, A) was introduced. 
Lastly, a pup belonging to the test female was presented (O5). 
All presentations were video-recorded and analyzed offline. The 
investigation time, defined as the amount of time spent sniffing or 
licking, of each pup was determined. The habituation/dishabitu-
ation test was performed on day 11 after  delivery (P11; Figure 7 
and Supplementary Video).

light–dark cycle, 23°C). A red, transparent “shelter” was  provided to 
encourage females to build the nest in a fixed location (Figure A1A 
in Appendix). An observer assessed maternal behavior at the home 
cage during two 1-h sessions in the “light” phase (10–11 am; 
2–3 pm). Observations were carried out during the light phase 
since mothers, at least in the case of rats, are more likely to nurse 
their litters during this phase of the day (Champagne et al., 2003). 
In each session, the behavior of each mother was recorded every 
2 min. Observations began the day when birth was detected (P0), 
and continued until postnatal day 8 (P8) (Figure 2). The recorded 
behaviors were divided in two main categories, based on previous 
studies (Myers et al., 1989): behaviors occurring at the nest, or 
outside the nest. Behavior at nest was further classified as: mother 
in a nursing posture, regardless of whether pups were attached to 
the nipples or not, and which could be either active – the mother 
was arched over the pups in a position that could be considered 
to require some “effort,” i.e., with the abdomen actively elevated 
from the floor – or passive – lying on the pups or sideways – ; 
pups lactating, when at least half of the pups were attached to 
the nipples; mother licking or grooming the pups; mother self-
grooming; mother performing nest maintenance; eating or resting 
(Figure A1B in Appendix illustrates some examples). The frac-
tion of time (observations) that mice were engaged in each type 
of behavior was determined, and is expressed as the fraction of 
observed events of a given category relative to the total number 
of observations (30 in a 1-h session), or relative to the number of 
observations in which the female was at the nest (fraction of AT 
NEST time). Because maternal behavior is influenced by litter size 
(Lonstein and Fleming, 2002), we culled litters to seven to eight 
pups per mother.
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Figure 2 | experimental timeline. Timeline showing the sequence of 
events and behavioral testing the animals underwent. Color boxes 
represent behavioral testing; arrows indicate punctual events such as the 
time of irradiation, mating, birth, and weaning. Two groups of animals 

were used: all animals in Group B were included in the behavioral testing; 
for Group A, only a subset of animals was included in the behavior, and the 
whole group was sacrificed 6.5 months after irradiation for 
immunohistochemical analysis.
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pup deVelopMent
To assess the impact of variations in maternal care on pup develop-
ment, a few measurements that relate to pup growth and develop-
ment were determined. Body weight and tail length were recorded 
daily from P1 to P14, immediately after the pups were separated 
from their mothers in preparation for the retrieval test; pups 
were then left undisturbed until testing. Eye opening day was also 
recorded.

statIstIcal analyses
Data are expressed as mean ± SEM in bar graphs or time courses, 
unless otherwise stated. Boxplots represent median and interquar-
tile ranges. Statistical analyses were performed using Statistica 
(StatSoft) or custom-written software (Matlab, MathWorks). 
Non-parametric tests were chosen when the data did not follow 
the assumptions for parametric tests. Density of DCX staining 
in control vs. irradiated brains was compared using a Mann–
Whitney U test. For observations at the home cage and retrieval 
test, two-way repeated measures ANOVA (rmANOVA) was used 
to compare behavior between treatments (control vs. irradiated), 
and evaluate changes of behavior across days. p-values for the age 
factor were corrected for violations of sphericity (correlations 
in the repeated measures) using the Greenhouse–Geisser (G–G) 
correction. For interaction with own vs. alien pups, two-way 
rmANOVA was used to evaluate differences between treatments 
and stimulus type. For all other behavioral tests, non-paramet-
ric tests were used for comparing unpaired (Mann–Whitney or 
Wilcoxon unpaired) or paired samples (Wilcoxon matched-pairs 
signed-rank test) as described in the text or the corresponding 
figure legends. For pup weight and tail length, we used a two-way 
rmANOVA (with treatment and age as factors); for eye opening 
time, we used a Kolmogorov–Smirnov test. Statistical significance 
was set at p < 0.05. All statistical results are shown in detail in 
Tables A1 and A2 in Appendix.

results
IrradIatIon oF the sVZ as a Model to study the contrIbutIon 
oF adult-generated neurons to Maternal behaVIor and 
recognItIon
To assess the contribution of adult neurogenesis in the olfactory 
system to maternal behavior and social recognition, we evalu-
ated different aspects of these behaviors when neurogenesis is 
disrupted. To decrease the level of adult-born neurons reaching 
the OB, we selectively exposed the SVZ of female mice to gamma 
irradiation, while sparing other brain regions (see Materials and 
Methods and Figure 1A; Lazarini et al., 2009). The effect of this 
treatment on olfactory neurogenesis was corroborated in a sub-
set of animals (Group A) 6.5 months after irradiation by quan-
tifying the expression of DCX. As previously shown (Lazarini 
et al., 2009), SVZ irradiation resulted in a marked reduction 
of newly generated neurons in the OB (Figures 1B,C; p < 0.05, 
Mann–Whitney U test, see Table A1 in Appendix). DCX immu-
noreactivity in the rostral migratory stream of the OB (rmsOB) 
of irradiated females was 23% of that of control, non-irradiated 
females; overall, there was a 63% reduction of neurogenesis in 
the OB after irradiation.

socIal InteractIon and oFFsprIng recognItIon
Female mice were subjected to three sessions of social recognition/
interaction at different time points after weaning: 30 min, 3 weeks 
and 3 months after weaning of their pups. In all cases, the test was 
carried out in the home cage of the test female and each presenta-
tion lasted 3 min. In the first session, we assessed the differential 
interaction of females with a juvenile (separated 30 min before) 
male of their own litter compared to an alien juvenile male that 
were simultaneously introduced in the cage. In the other two ses-
sions, mice coming from the test female’s litter or from a different 
litter were introduced sequentially (in a balanced order) in ses-
sions separated by a 4-min interval. In these latter seassions, both 
female and male mice were used as stimuli. All sessions were video-
recorded and analyzed offline. Interaction was defined to include 
behaviors of the test mouse directed toward the stimulus mouse, 
including olfactory investigation, allogrooming, pursuit, and sit-
ting in close proximity (Winslow, 2003), and it was determined 
using a stopwatch. To control for differences in solicitation from the 
stimuli mice, we also determined their interaction directed toward 
experimental females (Figure A4 in Appendix).

urIne collectIon
Urine was collected from four to five unrelated adult males and 
females by gently massaging the pelvic region. The urine was col-
lected with a plastic pipette as soon as it was spontaneously voided 
above a glass Petri dish. Same-sex urine samples were subsequently 
pooled and stored at −20°C until the experiment.

object/odor InVestIgatIon
Exploration of an odorless object, male urine, female urine, and 
a non-social odorant was evaluated at the end of the experiment, 
7.5–8 months after irradiation. A marble (object), a marble scented 
with male urine (20 μl), a marble scented with female urine (20 μl), 
and a marble scented with (-)-carvone (pure, 20 μl, Sigma) were 
used as stimuli. The different stimuli were presented on different 
days, and in the same order for each mouse. All tests were carried 
out in the home cage, and consisted of the presentation of the 
stimuli during 3 min. Behavior was video-recorded and analyzed 
offline. The time spent investigating the stimulus was measured 
using a stopwatch.

open FIeld
Locomotor activity and anxiety-related behavior were evaluated in 
this paradigm, in 40-min sessions. Open field arenas were dark-gray 
plexiglass boxes measuring 40 cm × 40 cm, and were placed in a well-
lit room. Mouse activity was video-recorded, and x–y position was 
extracted at a sampling rate of 5 Hz using the mouse-tracking feature 
of QUIA software. For analysis, the arena was virtually divided in 
16 equally sized squares. The four central quadrants were defined 
as the center, an area approximately 11 cm away from all walls. Total 
traveled distance, number of quadrant crossings, time spent in the 
center (defined as the number of samples in the center divided by the 
total number of sampling points) and distance traveled in the center 
were determined. Distance was defined as the Euclidean distance 
between two sampling points and was calculated in relative units. 
Speed at each time point was calculated as distance/time.
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(see Materials and Methods and Figure A1B in Appendix) did not 
differ between CTRL and IRR females (p > 0.05 for all compari-
sons, rmANOVA; see Table A1 in Appendix). However, the longer 
presence of IRR females at the nest resulted in longer total time 
that their pups were observed lactating (Figure 5, compare A and 
B), although this difference did not reach statistical significance 
(p = 0.0506, rmANOVA).

To determine the possible influence of differences in nurs-
ing behavior on pup growth and development, we investigated 
a few parameters related to the latter. Body growth, measured as 
weight (Figure A3A in Appendix) and tail length (Figure A3B in 
Appendix), did not differ between litters of CTRL and IRR mothers, 
neither did the time of eye opening (Figure A3C in Appendix).

Overall, we observed little change in spontaneous maternal behav-
ior when OB neurogenesis was reduced. Irradiated females spent 
longer time at the nest, and consequently they tended to spend more 
time nursing their litter; this difference, however, did not result in 
obvious changes in the development of the pups.

pup retrIeVal dId not dIFFer between control and IrradIated 
FeMales
We next asked whether behavior in a pup retrieval test was affected 
in females with reduced OB neurogenesis. Retrieval behavior is an 
important component of maternal behavior, and retrieval tests have 
been widely used to evaluate it. Rodent models with altered maternal 
behavior show changes in the latency to retrieve pups to the nest, or 
in the time to complete the retrieval of all pups (Lucas et al., 1998; 
Bridges et al., 2001). We performed retrieval tests daily from days 
P1 to P7. Few females failed to retrieve their pups to the nest on the 
first day of testing, and the proportion of sessions with no retrievals 
did not differ between CTRL and IRR females (Figure 6A; IRR: one 
out of nine, CTRL; one out of seven, p ( 0.05 two-sided difference 
of proportions test). Latencies to retrieve the first and last (fourth) 
pup – the latter a measure of task completion – were unaffected in 
IRR females (Figures 6B,C; p = 0.4815, p = 0.2418, first and last pups, 
respectively; rmANOVA, see Table A1 in Appendix) in all tested days. 
Both groups showed shorter retrieval times with repeated testing 
(p = 0.0392 and 0.0105, first and last pups respectively; rmANOVA, 
see Table A1 in Appendix). Thus, reduced olfactory neurogenesis did 
not affect the rate at which pups were retrieved to the nest.

dIscrIMInatIon oF coMplex socIal odors Is unaltered In 
Irr FeMales
Both the maternal behavior at nest and the retrieval tests, although 
commonly used in studies of maternal behavior, are primarily 
related to motivational aspects in the establishment and main-
tenance of maternal behavior (Stern and Lonstein, 2001). We 
hypothesized that the  addition of newly generated neurons during 
pregnancy could play a role in aiding the learning and discrimina-
tion of pup odors. In the next set of experiments, we tested the abil-
ity of IRR females to discriminate pups, as well as their differential 
interaction with own vs. alien pups or young adults.

The ability of female mice to spontaneously discriminate pups 
was tested at P11 in a protocol analogous to a habituation/dishabitu-
ation test but using pups as stimuli (Ostermeyer and Elwood, 1983). 
Pups belonging to the female’s litter were introduced sequentially. 
In each presentation, females immediately retrieved the pup to 

FeMales wIth reduced ob neurogenesIs spent More tIMe 
at the nest
We compared the undisturbed, spontaneous maternal behavior at the 
home cage of irradiated and control females, from the day of pup birth 
(postnatal day 0, or P0; Figure 2) until postnatal day 8 (P8). Irradiated 
females spent significantly longer time at the nest compared to con-
trols (Figure 3A; p = 0.0196; see Table A1 in Appendix). For both 
groups, the amount of time spent at the nest decreased as pups grew 
older (p = 0.0096, rmANOVA); importantly, the time course of this 
decrease in control females resembled that observed in other studies 
(Kimchi et al., 2007). The tendency of IRR females to stay longer at the 
nest was also evidenced by a decreased number of transitions in and 
out of the nest, as compared to CTRL females (Figure 3B; p = 0.0222). 
This apparent stillness observed in IRR females cannot be attributed 
to locomotor deficits or differences in anxiety levels, as the behavior 
of the IRR and CTRL groups was undistinguishable when tested in 
an open field (Figure A2 and Table A2 in Appendix).

We examined the behavioral repertoire of these mice in more 
detail, focusing our analysis on how much time mothers spent 
engaging in different behaviors while at the nest (Figure 4). The 
proportion of time allocated to each of the behaviors recorded 
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Figure 3 | irradiated females spent more time at the nest. (A) The fraction 
of time spent at the nest (number of observations at nest/total number of 
observations) was determined for eight consecutive days, starting at pup birth 
(P0). For each mouse, daily data is calculated as the average of two sessions. 
Data are represented as the mean across mice in each treatment (IRR, 
black, n = 10 mice; CTRL, blue, n = 7 mice). Error bars represent SEM. 
p(IRR vs. CTRL) = 0.0196, p(days after delivery) = 0.0096 with a 
two-way rmANOVA. (B) Control mice shuttle more in and out of the 
nest. The number of transitions into or out of the nest was determined 
from P0 to P8. Data represent mean across mice, computed as in 
(A). p(IRR vs. CTRL) = 0.0222, p(days after delivery) > 0.05 with a  
two-way rmANOVA.
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However, because IRR female mice spent more time at the nest (Figure 3A) they 
tended to show a net increase in total lactation time (B) compared to controls. p(IRR 
vs. CTRL) = 0.0506, p(days after delivery) = 0.0397, with a two-way rmANOVA.
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Figure 4 | irradiated and control females displayed indistinguishable 
behavioral repertoires while at the nest. Behavior at nest was further classified 
as: mother in a nursing posture, which could be an active or passive nursing 
posture, grooming and licking pups, doing nest maintenance, self-grooming or 
eating; and pups lactating (see Materials and Methods for a more detailed 
description of the behavioral categories and Figure A1B in Appendix for examples). 

Note that each behavior is scored as a fraction of the time the female was at the 
nest (number of observations of behavior/number observations at nest). 
Data represent mean across mice in each group; for each mouse, data is 
the average of two daily sessions. IRR (black), n = 10 mice; CTRL (blue), n = 7 mice. 
For none of the behaviors the time allocated (while at nest) differed between IRR 
and CTRL mice (p > 0.05 for all treatment comparisons, two-way rmANOVA).

the nest, and engaged in sniffing and licking the retrieved pup (see 
Supplementary Video). As observed in habituation protocols, inves-
tigation time decreased after the first presentation in CTRL females 
(Figure 7; blue boxes, compare O1 and O2; p = 0.04, Wilcoxon 
matched-pairs test). These females were also able to discriminate 
between pups from their own or different litters, as evidenced by 

a large increase in investigation time when females were presented 
with an alien pup (Figure 7; blue boxes, compare O4 and alien; 
p = 0.04, Wilcoxon matched-pairs test), as previously shown for 
outbred mice (Ostermeyer and Elwood, 1983). Importantly, the 
habituation and discrimination ability in IRR females were indistin-
guishable from that of controls (Figure 7; compare blue and black 
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Figure 7 | irradiated females showed intact ability to discriminate pups 
in a habituation/dishabituation paradigm. Females were subjected 
sequentially (top scheme) to four 3-min presentations of a pup from their 
own litter (O1–O4, habituation phase), followed by a 3-min presentation of a 
pup from a different litter (alien, A, dishabituation), and another presentation 
of their own pup (O5). Presentations were separated by 3-min intervals. 
Investigation time is shown in boxplots (central line shows median 
investigation time; outliers are omitted). The time spent investigating own 
pups decreased after the first presentation for both CTRL (blue, n = 5) and 
IRR (black, n = 5) females (p < 0.05, Wilcoxon matched-pairs test). 
Presentation of an alien pup resulted in a marked increase in investigation 
time in females in both groups – compare alien to O4 (*p < 0.05, Wilcoxon 
matched-pairs test).

boxes; O4 vs. alien (IRR): p = 0.04, Wilcoxon matched-paired test). 
Thus, decreased olfactory neurogenesis in irradiated females did 
not impair their ability to perform a fine, complex discrimination 
(that of offspring vs. non-offspring).

IrradIated FeMales showed enhanced socIal InteractIon 
wIth Male conspecIFIcs
Having shown that both CTRL and IRR females can discriminate 
between pups, we next asked whether this ability would result in a 
preferential interaction with own compared to alien pups in a test of 
social interaction, and whether there could be differences in prefer-
ence between treated and untreated females. At the day of weaning, 
females were exposed simultaneously to two male pups, one of their 
own and one coming from another litter. Neither CTRL nor IRR 
females showed preferential interaction with own compared to alien 
pups (Figure 8; p(pupID) = 0.605, with a two-way rmANOVA). 
However, IRR females spent overall almost twice as much time as 
controls engaged in interaction with the pups introduced (Figure 8; 
p(IRR vs. CTRL) = 0.027, two-way rmANOVA).

We next asked whether social interaction would also be altered at 
later times. Experimental females were tested again for social interac-
tion 3 weeks and 3 months (when they had become sexually mature 
adults) after they were separated from their pups (Figure 2). Females 
were exposed sequentially to both males and females from their litter 
(own) and unrelated litters (alien). As observed at  weaning day, IRR 
females spent far more time in contact with the mice introduced, 
and this was true at both time points. Interestingly, this difference 
arose from an increased interaction of IRR mice with male adults 
(Figures 9A,B; p < 0.05), compared to the interaction of CTRL 
females with such subjects. It is important to note that the increased 
interaction of IRR females with male conspecifics did not result from 
a change in solicitation from part of the males, as the interaction of 
the latter with control and irradiated females was indistinguishable 
(Figure A4 and Table A2 in Appendix). Neither CTRL nor IRR 
females showed differential interaction with own vs. alien juveniles 



Frontiers in Behavioral Neuroscience www.frontiersin.org December 2010 | Volume 4 | Article 176 | 9

Feierstein et al. OB neurogenesis and social behavior

therefore be important for pup recognition. Disruption of bulbar 
neurogenesis in female mice, however, did not affect their ability 
to discriminate their own pups from others. Thus, the addition of 
neurons in the olfactory system was not required for the establish-
ment and expression of maternal behavior or pup discrimination, 
but rather played a role in social interaction.

Maternal behaVIor was largely unaFFected In FeMales wIth 
IMpaIred neurogenesIs
A growing number of studies shows that the levels of neurogenesis 
are modulated in the context of reproductive and social behavior, 
providing a framework for studying neurogenesis in ethologically 
relevant situations (Shingo et al., 2003; Mak et al., 2007; Larsen 
et al., 2008; Mak and Weiss, 2010).

(data not shown), and thus the data is pooled together; this is in con-
trast with a recent study where male mice were shown to investigate 
differentially own vs. alien progeny, a difference that was dependent 
on intact neurogenesis (Mak and Weiss, 2010).

To ensure that the differences we observed in the social behavior 
paradigms were due to social aspects of the test, and not differ-
ences in general exploration or odor investigation, we performed 
a series of tests to evaluate investigation of objects and odorants. 
The exploration/investigation time was determined for different 
“objects”: an unscented glass marble (to assess pure “object” inves-
tigation), or a marble scented with female urine, male urine, or a 
monomolecular odorant ((-)-carvone). Investigation time did not 
differ between IRR and CTRL females in any of the four conditions 
tested (Figure 10; p > 0.05 Mann–Whitney U test). It is important 
to note that changes in exploration time across days are probably 
due to habituation to the object or the testing procedure; never-
theless, this does not affect our comparisons as we focused on the 
differences between groups. This suggests that the differences we 
observe in the social interaction tests may be related to social odors 
(although a subset not present in the collected urine) or other aspect 
of the social encounter, but cannot be attributed to an increase in 
general object or odor exploration.

Altogether, the social interaction experiments show that IRR 
females display altered interaction with male, but not female, 
subjects. This suggests that IRR females may have a deficit in the 
detection or processing of male-related odors, which could result 
in altered gender recognition.

dIscussIon
In the present study we tested the effect of reducing the levels of 
adult neurogenesis on maternal behavior, offspring recognition, 
and social interaction. Females with impaired neurogenesis showed 
abnormal social interaction patterns with male conspecifics when 
compared to controls. When maternal behavior was evaluated, we 
observed that the reduction of olfactory neurogenesis had little 
effect on the behaviors analyzed. We further hypothesized that adult 
neurogenesis contributes to fine odor discrimination, and could 
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Figure 9 | increased social interaction persists at later times, and is the 
result of altered interaction with males. Social interaction of experimental 
females toward male and female adults was evaluated in 3-min sessions, 
3 weeks (A) and 3 months (B) after weaning. IRR (black), n = 5 mice; CTRL 
(blue), n = 5 mice. (A) Irradiated females showed increased interaction with a 
male mouse when compared to controls (*p = 0.0367, IRR vs. CTRL, 
Mann–Whitney U test). However, interaction with a female intruder did not 
significantly differ between control and irradiated mice. Data represent the 
mean across experimental females; for each female, investigation times of 
own and alien pups did not differ (data not shown) and are averaged together. 
(B) Irradiated females showed significantly longer interactions with male 
stimuli compared to controls (*p < 0.05, Bonferroni). Note also that CTRL 
females showed a shorter interaction time with males than with females 
(#p < 0.05, Bonferroni). Data represent the mean across experimental females; 
for each female, investigation times of related (own) and unrelated (alien) 
young adults were averaged together.
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us to target the SVZ without affecting the hippocampus (Lazarini 
et al., 2009), a potential caveat of this method is its chronic nature: 
olfactory neurogenesis is reduced chronically, which could result in 
the appearance of compensatory mechanisms. In addition, despite 
the fact that the levels of neurogenesis were drastically reduced in 
irradiated females, it is possible that the remaining neurogenesis 
was sufficient to sustain normal behavior.

dIscrIMInatIon oF socIal odors
Upon birth, mothers are exposed for the first time to the odor of 
their offspring. Ewes, for instance, learn the odor of their lambs 
during the first hours after birth, and provide selective care to their 
progeny, rejecting others (Brennan and Kendrick, 2006). Female 
mice, despite forming communal nests and caring for own and 
alien pups, nest preferentially with other closely related females 
(Manning et al., 1992). We hypothesized that learning and discrimi-
nating the odors of a female’s own pups from pups coming from 
different litters could be important, at least in the wild. We further 
hypothesized that the addition of newly generated neurons during 
pregnancy could play a role in aiding the learning and discrimi-
nation of pup odors, and thus contribute to the recognition of a 
female’s own progeny. Indeed, a recent study shows that interaction 
with pups results in an increase of neurogenesis in male mice (Mak 
and Weiss, 2010), and that increase seems to be important for pup 
recognition by fathers.

However, we show here that the ability of female mice to dis-
criminate their pups from alien pups did not depend on intact 
levels of olfactory neurogenesis, as irradiated females preserved 
their discrimination capacity. Because neurogenesis was not com-
pletely ablated using our irradiation protocol it is possible that the 
remaining fraction of newly generated neurons arriving at the OB 
could suffice to perform this discrimination. Alternatively, and 
although discrimination of individuals is believed to be medi-
ated by olfactory cues (Hurst et al., 2001; Brennan and Kendrick, 
2006), females could use other cues to discriminate pups, such as 
ultrasound vocalizations, although this seems unlikely. Ultrasound 

Based on those studies, it has been hypothesized that adult-gen-
erated neurons in the olfactory system could play a role in paren-
tal behavior. To investigate whether a direct causal link between 
neurogenesis and maternal behavior exists, we evaluated the effect 
of reducing OB adult neurogenesis on several aspects of maternal 
behavior. Similarly, a recent study examined how maternal behav-
ior is affected when surges of PRL, together with the concomitant 
increase in neurogenesis, are blocked during pregnancy (Larsen 
and Grattan, 2010). As in our study, the authors reported no dif-
ference in a retrieval test between low-PRL (i.e., low neurogenesis) 
and control females when the mothers were tested in their home 
cage. Our results extend these findings by showing that irradiation 
of the SVZ (a manipulation that specifically disrupts prolifera-
tion of neuronal progenitors) of female mice not only does not 
lead to deficits in pup retrieval, but also leaves overall maternal 
care unaffected.

The only difference we observed in irradiated mice was an 
increase in the time irradiated females spent at the nest with their 
litters. This observation is intriguing, as it does not seem to arise 
due to a lack of exploration or increased anxiety. It is possible that 
irradiated mice are less “interested” in exploring the environment 
due to an olfactory deficit, or that they are less sensitive to food 
odors and therefore less motivated to leave the nest; however, this 
seems unlikely given that both irradiated and control mice showed 
similar levels of odor exploration (as observed in the marble and 
habituation/dishabituation tests).

Altogether, disruption of olfactory neurogenesis had little effect 
on maternal behavior, at least for the behaviors evaluated. These 
observations could be explained by the fact that the behaviors tested 
are primarily related to motivational aspects of maternal care, and 
not necessarily require olfactory neurogenesis, although OB func-
tion is important for the normal establishment of maternal behavior 
in primiparous female mice (Gandelman et al., 1971). Alternatively, 
it is possible that the absence of a strong effect is related to limitations 
of the manipulation used. Although the irradiation protocol used 
has the important advantage of being highly focal, which allowed 
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with ablated neurogenesis (Breton-Provencher et al., 2009). The 
increased interaction that we observed in females with reduced 
neurogenesis is in contrast with manipulations that render mice 
anosmic; such manipulations result in decreased investigation 
of opposite-sex conspecifics (Yoon et al., 2005) or odorants 
(Keller et al., 2006).

One interesting observation when comparing social interaction 
3 weeks and 3 months after weaning was that control animals 
maintained an elevated interaction with female “intruders” but 
reduced their interaction with males. It is important to note that 
3 weeks after weaning mice are still considered juveniles and are 
still sexually immature, whereas 3 months after weaning male mice 
have become fully mature and therefore constitute potential mates. 
Thus, as expected, control females develop a differential interac-
tion with male or female stimuli when the stimuli are sexually 
mature subjects. However, the pattern observed in control females 
was altered in irradiated females, who spent similar amounts of 
time interacting with male and female conspecifics, suggesting 
that the processing of male odors involved in mate recognition is 
impaired in irradiated females (Hurst, 2009). In a previous study 
(Lazarini et al., 2009), some of us reported that SVZ-irradiated and 
control males spent a similar amount of time investigating male 
conspecifics; however, the interaction of male mice with females 
was not evaluated. In the present study, irradiated females showed 
an altered pattern of interaction with male conspecifics, but not 
with conspecifics of their same sex. Thus, it would be interesting 
to explore whether the deficits observed in the interaction are 
restricted to opposite-sex interactions, or is a deficit specific to 
female mice.

Notably, irradiated and control females did not differ in the 
investigation of urine from male conspecifics (Figure 10). This 
suggests that the differences observed in the interaction are likely to 
arise due to deficits in the detection or discrimination of social cues 
not present in urine, and points to the importance of other signals, 
and perhaps sensory modalities, available to the mice when inter-
acting with the whole animal. Alternatively, some relevant volatile 
components in the urine could have been lost, although this seems 
unlikely as we froze the urine immediately after collection. Several 
substances have been implicated in mediating sex recognition and 
opposite-sex attraction in mice, acting on both the main and acces-
sory olfactory systems (Ramm et al., 2008). Although most of the 
components characterized so far are present in the urine (Lin et al., 
2005; Baum and Kelliher, 2009), other social cues important for sex 
recognition and sexual interaction are found in other body secre-
tions, such as those from the lachrymal and submaxillary glands 
(Kimoto et al., 2005; Haga et al., 2010).

By ruling out differences in the investigation of urine (the mar-
ble-urine test) our observations narrow down the possible factors 
that could be involved in the differential interaction with males 
observed in irradiated females. Thus, it would be interesting to test 
whether newly generated neurons are responsive to candidate phe-
romones, and whether fewer neurons respond to this molecule in 
irradiated females. Although our results do not provide conclusive 
evidence for a deficit in gender discrimination in irradiated females, 
they are consistent with this hypothesis, and they point to this 
as an intriguing line for future experiments. Such an impairment 
in the processing of male-related odors could have consequences 

calls emitted by pups when removed from the nest did not differ 
qualitatively among litters (data not shown), arguing against a 
contribution of these signals to pup discrimination. Moreover, 
this mouse strain suffers from age-related hearing loss (Nemoto 
et al., 2004).

Social recognition studies suggest that there exist two types of 
discriminations: the fine discrimination of individuals within a 
strain, and the coarser discrimination of individuals belonging to 
different strains and thus genetically diverse (Macbeth et al., 2009b). 
It is important to note that here we used genetically identical mice, 
and therefore tested the discrimination within a strain, and showed 
that the ability of irradiated females to perform such a fine dis-
crimination remained intact. However, we cannot rule out that 
irradiation could have affected the ability of mice to discriminate 
across strains. Although this discrimination seems at first glance an 
easier one, it is possible that irradiation compromised specifically 
the ability to discriminate among the genetically varying molecular 
profiles, such as those determined by MHC molecules or MUPs 
(Singer et al., 1997; Hurst, 2009), leaving odor discrimination intact. 
Intra and inter-strain discrimination could also rely on different 
neuronal circuits, which could have been differentially affected by 
our irradiation protocol.

Recognition of individuals and mating preferences are assessed 
behaviorally as a differential investigation of conspecifics (Barnard 
and Fitzsimons, 1988; Krackow and Matuschak, 1991; Macbeth 
et al., 2009a). Despite being able to discriminate their pups from 
others, females did not show a differential interaction with alien 
compared to own pups or juveniles when tested in a social interac-
tion assay. This was true both for irradiated and control females. 
Although one would expect, in the light of inbreeding avoidance 
(Pusey and Wolf, 1996; Sherborne et al., 2007), that females would 
show some preference in the interaction with related vs. unrelated 
individuals, the lack of such a difference in our interaction test 
does not imply that, given the choice, female mice would mate 
indiscriminately with either male mouse. This remains an open 
question, as we did not test mating preferences, and the interaction 
test may be insufficient to uncover those. It is also possible that 
differences in social behavior would have been evident if we used 
wild-derived or outbred mice. Our results are in contrast with a 
recent study (Mak et al., 2007) that shows that male mice exposed to 
their pups are able to recognize their progeny later in adulthood, a 
recognition that is PRL-dependent and correlated with an increase 
in neurogenesis. The difference with our study could arise from 
differences in paternal vs. maternal interaction with progeny.

Remarkably, irradiated females spent more time engaged in 
social interaction, independently of the identity of the individual 
introduced. This increased investigation could be interpreted as 
irradiated females requiring longer investigation time to process 
information about the subject’s identity. However, this cannot be 
attributed to a general increase in exploration of odor stimuli 
(Figure 10). A possible caveat of this last experiment is that testing 
was done last in the series of behavioral experiments, at a point 
(7.5–8 months after IRR, that is, 9.5–10 months of age) where the 
difference in neurogenesis between CTRL and IRR could be lower 
due to the age-related decline of neurogenesis (Luo et al., 2006). 
However, our result is consistent with other studies that show 
that object investigation and recognition is unaffected in mice 
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conclusIons
Several lines of evidence have suggested a link between olfactory 
neurogenesis and maternal behavior. However, our experiments 
show that reduction of adult neurogenesis neither affects the estab-
lishment and expression of maternal behavior – to the extent of 
the parameters analyzed – nor does it compromise the ability of 
female mice to distinguish among pups. Rather, adult olfactory 
neurogenesis is important for normal social interaction. Our results 
suggest a possible role of adult neurogenesis in sex recognition, 
consistent with previous studies implicating neurogenesis in mate 
preference (Mak et al., 2007), and opens up new ends to tackle the 
contribution of adult neurogenesis to reproductive behavior.
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for the recognition of potential mating partners, and therefore for 
reproductive behavior. Further experiments are required, however, 
to explain the interaction pattern observed in irradiated females 
and elucidate the underlying mechanism.

dIsruptIon oF the ob network: Fewer plastIc cells or altered 
selectIon?
What is the effect of irradiation on the OB network? Both in this 
study in female mice, and in a previous study from our laboratory 
using male mice (Lazarini et al., 2009), we showed that SVZ irradia-
tion results in a substantial reduction of young (DCX+) neurons 
reaching the OB. Because DCX is expressed transiently in immature 
neurons, determining DCX levels provides only a snapshot of the 
population of newly born neurons arriving in the OB. However, an 
important component of adult neurogenesis is the selection, integra-
tion and survival of adult-generated neurons (Lledo et al., 2006). 
In our previous study (Lazarini et al., 2009), we observed that the 
adult-generated neurons that did reach the OB in irradiated animals 
did not undergo the selection/survival process that normally occurs 
in control animals. In this scenario, the behavioral consequences that 
result from SVZ irradiation could be due to the lack of a popula-
tion of neurons with specific properties (young, more plastic neu-
rons; Nissant et al., 2009), or to the lack of selective pressure on the 
neurons that arrive in the bulb, or both. Further experiments are 
required to distinguish between these different hypotheses. In either 
case, we show here that disruption of normal adult neurogenesis in 
female mice results in altered social behavior.
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appendIx

A

B Passive nursing Active nursing

Grooming & Licking Nest maintenance

Figure A1 | Observation of maternal behavior. (A) Animals were provided 
with a red transparent shelter, where they preferentially built their nest. Left, 
lateral view of the observation cages. Right, top view of the cage. (B) 
Representative frames depicting some of the behaviors recorded (see 
Materials and Methods for definition).
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Figure A2 | irradiated mice showed normal locomotor activity and no 
signs of anxiety-related behaviors in an open field test. Locomotor activity 
(A–C) and anxiety-related behaviors (D,e) did not differ between control (blue) 
and irradiated (black) female mice (p < 0.05 for all comparisons; Mann–
Whitney U test). Data are presented as mean ± SEM for each treatment (n = 5 
mice per group). (A) Total traveled distance, in arbitrary units (see Materials 
and Methods for detailed description). (B) The arena was virtually divided in 
sixteen quadrants, and the number of quadrant crossings was determined. 
(C) Mean speed (session average of instantaneous speed; see Materials and 
Methods). (D) Fraction of time spent in the center of the arena (number of 
observations in center/total number of observations). (e) Distance traveled in 
the center of the arena, in arbitrary units.
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Figure A3 | Pup development did not differ between litters from irradiated 
and control mothers. (A,B) Body growth was indistinguishable in litters from 
IRR and CTRL mothers. The total litter weight (A) and tail length (B) were 
determined from days P1 to P14. For each treatment, data show mean across 

litters; error bars represent SEM. p > 0.05 for both comparisons. (C) Fraction of 
pups with open eyes in litters from IRR (black) and CTRL mothers (blue) at 
different times after birth. Eye opening time did not differ between litters 
(p > 0.05, Kolmogorov–Smirnov test for the distributions of pups with open eyes).
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Figure A4 | “intruders” behave equally toward irradiated and control 
females. Social interaction was evaluated 3 months after weaning. 
Interactions from the male (A) and female (B) conspecifics introduced as 
“stimuli” subjects did not differ when the interactions were directed 

to irradiated or control females (p > 0.05, IRR vs. CTRL, Mann–Whitney U test). 
Note that this analysis is complementary to that of Figure 9B. Data represent 
the mean across “stimuli” of the same sex. IRR (black), n = 10 mice; CTRL 
(blue), n = 10 mice.
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Table A1 | Statistical table.

DCX – optical density rMS-OB gCL gL Total OB Statistical test

Z p Z p Z p Z p Mann–Whitney 

U testIRR vs. CTRL Figure 1C −2.802 0.0051 −2.802 0.0051 −2.482 0.0131 −2.802 0.0051

n = 6 slices/animal, 6 animals treatment.

Home cage behavior

        Treatment (irr vs. 

               control)

Age Age × treatment

Statistical test 
F df p F df p (G–G 

corrected)

F df p (G–G 

corrected)

At nest Figure 3 7.244 1 0.0196 3.775 8 0.0096 0.505 8 0.7219 two-way rmANOVA

Transitions in 

/out nest

Figure 3 6.845 1 0.0222 0.869 8 0.4757 0.454 8 0.7382 two-way rmANOVA

Nursing  

posture

Figure 4 1.710 1 0.2154 2.632 8 0.0434 0.636 8 0.6448 two-way rmANOVA

Active  

nursing

Figure 4 0.575 1 0.4630 1.466 8 0.2188 0.713 8 0.6058 two-way rmANOVA

Passive  

nursing

Figure 4 0.601 1 0.4532 3.726 8 0.0124 0.588 8 0.6560 two-way rmANOVA

Lactating  

(of nest time)

Figure 4 0.783 1 0.3935 5.887 8 0.0018 0.397 8 0.7658 two-way rmANOVA

Lactating  

(of total time)

Figure 5 4.717 1 0.0506 2.815 8 0.0397 0.253 8 0.8945 two-way rmANOVA

Grooming  

and licking

Figure 4 2.797 1 0.1203 7.725 8 0.0000 0.869 8 0.5066 two-way rmANOVA

Nest  

maintenance

Figure 4 4.328 1 0.0596 1.738 8 0.1691 0.956 8 0.4305 two-way rmANOVA

Self-grooming Figure 4 0.184 1 0.6759 2.094 8 0.0777 0.509 8 0.7698 two-way rmANOVA

Eating (at nest) Figure 4 0.1619 1 0.6939 n/a n/a n/a n/a n/a n/a two-way rmANOVA

n (IRR) = 10; n (CTRL) = 7.

retrieval

        Treatment (irr vs.  

               control)

Age Age × treatment

Statistical test
F df p F df p (G–G 

corrected)

F df p (G–G 

corrected)

No retrievals Figure 6A – – 0.8487 – – – – – – Difference of 

proportions

First pup Figure 6B 0.531 1 0.4815 5.028 6 0.0392 0.715 6 0.4338 two-way 

rmANOVA

Last pup Figure 6C 1.357 1 0.2418 5.53 6 0.0105 1.640 6 0.2226 two-way 

rmANOVA

n (IRR) = 9; n (CTRL) = 7.

                       Habituation/dishabituation Treatment p Statistical test

O1 vs. O2 Figure 7 IRR 0.0432 Wilcoxon matched-pairs signed-rank test

O1 vs. O2 Figure 7 Control 0.0432 Wilcoxon matched-pairs signed-rank test

04 vs. alien Figure 7 IRR 0.0432 Wilcoxon matched-pairs signed-rank test

04 vs. alien Figure 7 Control 0.0432 Wilcoxon matched-pairs signed-rank test

Alien IRR vs. alien control Figure 7 IRR. vs. control 1.0000 Mann–Whitney U test

n (IRR) = 5; n (CTRL) = 5.
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Table A2 | Statistics for appendix figures.

Open field Comparison Z p Statistical test

Total traveled distance Figure A2A IRR vs. CTRL −0.6267 0.5309 Mann–Whitney U test

Quadrant crossings Figure A2B IRR vs. CTRL −0.4178 0.6761 Mann–Whitney U test

Mean speed Figure A2C IRR vs. CTRL −0.4178 0.6761 Mann–Whitney U test

Fraction of time in center Figure A2D IRR vs. CTRL 0 1.0000 Mann–Whitney U test

Distance traveled at center Figure A2e IRR vs. CTRL −1.0445 0.2963 Mann–Whitney U test

n (IRR) = 5; n (CTRL) = 5.

Social interaction

        Treatment (irr vs.  

                control)

Pup identity            Pup identity × 

               treatment Statistical test

F df p F df p F df p

At weaning day Figure 8 8.547 1 0.0265 0.2981 1 0.6048 0.1862 1 0.6812 two-way rmANOVA

n (IRR) = 5; n (CTRL) = 5.

Social interaction Comparison Z p Statistical test

Three weeks after weaning Figure 9A* IRR vs. control Male 2.089 0.0367 Mann–Whitney U test

Figure 9A IRR vs. control Female 1.253 0.2101 Mann–Whitney U test

Three months alter weaning Figure 9B* IRR vs. control Male – 0.0323 Bonferroni, post hoc test

Figure 9B IRR vs. control Female – 1.0000 Bonferroni, post hoc test

Figure 9B# Female vs. male Control – 0.0004 Bonferroni, post hoc test

Figure 9B Female vs. male IRR 0.0530 Bonferroni, post hoc test

n (IRR) = 5; n (CTRL) = 5. *,# show these comparisons in the corresponding figures.

                 Object/odor investigation Comparison Z p Statistical test

Object Figure 10A IRR vs. CTRL −0.209 0.8345 Mann–Whitney U test

Object + male urine Figure i0B IRR vs. CTRL    1.044 0.2963 Mann–Whitney U test

Object + female urine Figure 10C IRR vs. CTRL    0.836 0.4034 Mann–Whitney U test

Object + carvone Figure 10D IRR vs. CTRL    0.000 1.0000 Mann–Whitney U test

n (IRR) = 5; n (CTRL) = 5. 

           intruder → resident Comparison Z p Statistical test

Three weeks after 

weaning

Figure A4A IRR vs. control Male   0.189 0.8501 Mann–Whitney U test

Figure A4B IRR vs. control Female −1.323 0.1903 Mann–Whitney U test

n (IRR) = 5; n (CTRL) = 5.

Pup development
    Treatment (irr vs. 

             control)

Age Age × treatment

Statistical test

F df p F df p (G–G corrected) F df p (G–G corrected)

Total litter 

weight

Figure A3A 0.056 1 0.8183 348.4 13 0.0000 0.190 13 0.7059 two-way rmANOVA

Tail length Figure A3B 0.021 1 0.8824 513.7 13 0.0000 0.212 13 0.1405 two-way rmANOVA

Eye opening Figure A3C – – 0.9969 – – – – – – Kolmogorov–Smirnov

n (IRR) = 5 litters; n (CTRL) = 5 litters.




