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The long-term response to chronic stress is variable, with some
individuals developingmaladaptive functioning, althoughother “resil-
ient” individuals do not. Stress reduces neurogenesis in the dentate
gyrus subgranular zone (SGZ), but it is unknown if stress-induced
changes in neurogenesis contribute to individual vulnerability. Using
a chronic social defeat stressmodel,we exploredwhether the suscept-
ibility to stress-induced social avoidancewas related to changes in SGZ
proliferationandneurogenesis. Immediately after social defeat, stress-
exposedmice (irrespectiveofwhether theydisplayedsocial avoidance)
had fewer proliferating SGZ cells labeled with the S-phase marker
BrdU. The decrease was transient, because BrdU cell numbers were
normalized 24 h later. The survival of BrdU cells labeled before defeat
stresswasalsonotaltered.However,4weeks later,micethatdisplayed
social avoidancehadmoresurvivingdentategyrusneurons. Thus, den-
tate gyrus neurogenesis is increased after social defeat stress selec-
tively in mice that display persistent social avoidance. Supporting a
functional role for adult-generated dentate gyrus neurons, ablation
of neurogenesis via cranial ray irradiation robustly inhibited social
avoidance. These data show that the time window after cessation of
stress is a critical period for the establishment of persistent cellular and
behavioral responses to stress and that a compensatory enhancement
in neurogenesis is related to the long-term individual differences in
maladaptive responses to stress.
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Acentral component of optimal functioning and survival is
allostasis, or an individual’s dynamic response to internal and

external sources of stress required to maintain physiological and
behavioral homeostasis (1). For some individuals, exposure to
chronic stress leads to a pathologically enhanced allostatic response
(“allostatic overload”) (2), which ultimately results in disease states
like major depressive disorder or posttraumatic stress disorder.
Interestingly, the vast majority of stress-exposed individuals do not
develop stress-related psychopathology (3, 4). Recently, neuro-
adaptations in the mesolimbic reward system were identified that
contribute to the susceptibility to stress (5), raising thequestion as to
whether neuroadaptations occur in other brain regions that also
influence individual responses to stress. Because stress potently
modulates learning andmemory, and thehippocampus is intimately
linked to these processes, it is critical to evaluate how hippocampal
structure and function are altered by stress.
One notable stress-induced hippocampal neuroadaptation is in-

hibition of cell proliferation in the subgranular zone (SGZ), a region
that gives rise to adult-generated dentate gyrus granule neurons (1, 6).
This inhibition generalizes across species and stress paradigms and
may represent a long-lasting maladaptive response to stress (1, 6).
Previous attempts to link SGZ proliferation to a stress-induced
behavioral response have failed (7, 8). However, neurogenesis is a
complex multistage and multiweek process involving proliferation;
neuronal differentiation; and, ultimately, survival and integration into
circuitry (9–11). Because previous studies have focused on short-term

effects of stress on proliferation, it is unclear if there are longer lasting
stress-induced changes in neurogenesis that may influence behavior.
To examine the behavioral significance of stress-induced changes

in hippocampal neurogenesis, we employed a social defeat stress
paradigm that produces cohorts of mice that can be classified as
“susceptible”or “unsusceptible” to stress (5). Susceptiblemice show
long-lasting social avoidance behavior and a depressive-like phe-
notype (anhedonia, social anxiety, heightened sensitization to psy-
chostimulants, and circadian changes) that suggests a maladaptive
phenotype (5). In contrast, unsusceptiblemice are indistinguishable
from controls in these measures and are interpreted as being resil-
ient in the face of social adversity. Because both susceptible and
unsusceptible mice experience the same degree of stress, it is not
surprising that they both exhibit some similar stress-related phys-
iological responses like elevated corticosterone (CORT).
Given the persistent changes in social behavior 1 month after

social defeat stress (5, 12), we wondered whether the proliferation
and survival of adult-born hippocampal neurons contributed to
this phenotype. Here, we show that independent of susceptibility
to stress, there is a robust and transient reduction in SGZ pro-
liferation immediately after stress with no change in long-term
survival of cells that were born before stress. However, examina-
tion of neuronal survival after cessation of stress reveals that sus-
ceptible mice have enhanced dentate gyrus neurogenesis.
Moreover, ablation of neurogenesis shows that adult hippocampal
neurogenesis is required for stress-induced social avoidance,
highlighting a unique functional role for newly born neurons.

Results
Chronic Social Defeat Stress Leads to Specific Avoidance of a
Potential Aggressor. Mice were categorized as susceptible or
unsusceptible to defeat stress based on the interaction ratio obtained
from the social interaction test, as previously described (5, 12).
Twenty-fourhours after 10daysof social defeat, stressed (susceptible
and unsusceptible) and control mice spent comparable time
exploring the corners or interaction zone in the absence of a social
target (Fig. 1A). However, in the presence of a social target, sus-
ceptible mice spent significantly more time in the corners and less
time in the interaction zone (Fig. 1B). Thus, susceptible mice had a
significantly reduced interaction ratio (ratio of time spent in inter-
action zone in the absence vs. presence of social target; Fig. 1C and
Fig. S1).Oneday of defeat stress did not reduce the interaction ratio,
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but 5or10daysdid (Fig. 1D).Because10daysofdefeat stress reliably
produced ∼50% susceptible mice, this protocol was used for
remaining studies. Moreover, because the susceptible phenotype
occurs in 50% of the stressed populations, there was no significant
difference in interaction ratio for the control vs. stressed (susceptible
and unsusceptible combined) mice [t(41) = 1.43, P = not significant
(ns); n= 10–33 mice per group].
We previously demonstrated that avoidance behavior is asso-

ciated with depression- and anxiety-like behavioral abnormalities,
and thus can be interpreted as maladaptive (5). The avoidance
behavior also generalizes to nonaggressor mice and is reversed by
antidepressants (5, 12). However, another interpretation is that
avoidance is adaptive and may be associated with enhanced
learning ormemory to avoid a potential threat.We tested whether
susceptible mice were different from controls in avoidance of a
nonsocial adverse stimulus, social interaction, or memory. The
lack of difference in passive avoidance behavior (Fig. 1E) sug-
gested that susceptible mice do not have specific differences in
avoidance of nonsocial stimuli or alterations in short-term mem-
ory. There was also no difference in social interaction between the
groups as assessed in the juvenile interaction test (Fig. 1F). Thus,
avoidance of the aggressormouse is a specific behavior that occurs
in susceptiblemice in the presence of othermaladaptive behaviors

and does not generalize to deficits in avoidance, social interaction,
or short-term memory.

Stress Transiently Reduces the Number of S-Phase SGZ Cells in
Susceptible and Unsusceptible Mice. The number of cells in S-phase
of the cell cycle in dentate gyrus subregions (Fig. S2) was exam-
ined by quantifying BrdU-immunoreactive (IR) cells immediately
[+1 min-proliferation (P)] and 24 hr (+24 hr-P) after stress (Fig.
2A and SI Text). The frequency of susceptible mice was 52% and
44% for the +1 min-P and +24 hr-P groups, respectively (Fig. S3).
Both susceptible and unsusceptible mice had fewer BrdU-IR SGZ
cells immediately after stress, which normalized 24 hr later (Fig. 2
B and C). The reduction occurred across the septotemporal axis of
the SGZ but not in other dentate gyrus regions (Figs. S2 and S4
A–D), emphasizing the restriction of this significant decrease to
this neurogenic region. There was also no correlation between
BrdU-IR cell number and interaction ratio in +1 min-P (r = 0.28,
P = ns) or +24 hr-P (r = 0.07, P = ns) mice.
Although stress resulted in an immediate decrease in S-phase

SGZ cells (Fig. 2C), there was surprisingly no difference in the
total number of proliferating cells between groups as measured by
Ki67-IR SGZ cell number (13, 14) (Fig. 2D). To assess if stress

Fig. 1. Chronic social defeat stress produces specific social avoidance of an
aggressor. (A) In the presence of an empty enclosure, time (sec) spent in corners
opposite the interactionzone (F(2,37)=1.8,P=ns)and interactionzone(F(2,37)=2.6,
P =ns). (B) In the presenceof a social target, time spent in corners (F(2,37) = 4.8, P<
0.05)and interactionzone (F(2,37) =7.5,P<0.005). (C) Interactionratiodetermined
by proportion of time in presence vs. absence of social target (F(2,39) = 6.6, P <
0.005) (n=18–31micepergroup inA–C). (D) Proportionofmicewitha susceptible
phenotype with an interaction ratio <100 after 1, 5, or 10 days of defeat stress
(F(3,9) = 8.0, P< 0.05;n= 5–36miceper group). (E) Passive avoidance performance
expressed as latency (sec) to enter the dark punished compartment at training
andtesting (group:F(2,36)=1.4,P=ns; time:F(1,36)=11.4,P<0.005;n=6–8miceper
group). (F) Social behavior expressed as time (sec) interacting with a juvenile
during thefirst exposure (training) andexposure to the same juvenile 3days later
(test) (group: F(2,84) = 0.7, P = ns; time: F(1,84) = 77.4, P < 0.001; n = 6–8 mice per
group). *P < 0.05; #P < 0.05 compared with control and unsusceptible mice in a
Bonferroni post hoc test, respectively (mean ± SEM).

Fig. 2. Defeat stress results in a transient decrease in the number of BrdU-IR
cells regardless of susceptibility. (A) Schematic of study groups. The “+1min-P”
group received BrdU immediately after the last defeat episode (n = 9–18mice
per group). The “+24 hr-P” group received BrdU 24 hr after the last defeat
episode (n = 7–12 mice per group). sac, sacrifice. (B) BrdU-IR cells in stressed
mice (susceptible and unsusceptible) compared with control mice (+1 min-P).
(Scale bar: 100 μm.) (C) BrdU-IR cell number in SGZ (F(2,54) = 4.3, P < 0.05). (D)
Ki67-IR cell number in SGZ (F(2,51) = 0.9, P = ns). (E) IHC reveals BrdU-IR cells
(open arrowhead), Ki67-IR cells (closed arrow), and cells that were both BrdU-
IR and Ki67-IR (open arrow). (Scale bar: 25 μm.) (F) Percentage of Ki67-IR cells
that are BrdU-IR in +1 min-P group (F(2,29) = 5.1, P < 0.05; n = 7–13 mice per
group). (G) CORT levels inmice30min (+1min-P) after last defeat stress (F(2,26) =
23.2, P<0.001;n=6–13mice per group). *P<0.05 comparedwith controlmice
in a Bonferroni post hoc test (mean ± SEM).
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altered cell cycle dynamics, the colocalization of Ki67-IR and
BrdU-IR cells was used to determine the percentage of total
cycling cells that were in S-phase (13) (Fig. 2E). Susceptible and
unsusceptible mice had a significantly lower proportion of cells in
S-phase immediately after the last stress (Fig. 2F), an effect that
was normalized 24 hr later (Fig. S4E). This suggests that the
transient stress-induced decrease in BrdU-IR cell number reflects
a decreased S-phase cohort but not a general decrease in the
number of proliferating cells.
When CORTwas assessed immediately after stress, there was a

significant increase in CORT in both susceptible and unsuscep-
tible mice (Fig. 2G). In agreement with the findings of other
investigators (15), CORTwas negatively correlated with BrdU-IR
SGZcell number (r=−0.43,P< 0.05 for control and stressedmice
in +1 min-P). However, 24 hr after stress, CORT levels normal-
ized in both susceptible and unsusceptiblemice relative to controls
(Fig. S4F). Thus, an increase in CORT was concurrent with fewer
cells in S-phase immediately after stress irrespective of behavioral
phenotype, and these changes did not distinguish the mice based
on their susceptibly to stress.

Mice with Long-Term Susceptibility to Stress Have Enhanced Dentate
Gyrus Neurogenesis. To determine if susceptibility to stress was
related to neurogenesis, cell survival was measured for cells “born”
before stress [BrdU given 12 hr before stress initiation (−12 hr-
survival [S])] and cells born after 10 days of stress [BrdU given 24 hr
after cessation of stress (+24 hr-S)] (Fig. 3A). Fifty-eight percent
and 46% of the −12 hr-S and +24 hr-S mice were susceptible to
defeat stress, respectively (Fig. 3B and Fig. S5). As with previous
results (5), avoidance behavior in susceptible mice was stable and
persistent, with a positive correlation between interaction ratios
24 hr and 4 weeks following stress (r = 0.5, P < 0.05; Fig. S5).

When S-phase cells were labeled with BrdU before initiation of
stress (a time when BrdU labels equivalent number of cells in all
groups) and examined 4 weeks after completion of the 10 days of
defeat stress, there was no difference in surviving BrdU-IR cells
(−12 hr-S; Fig. 3 A and C). In sharp contrast, when S-phase cells
were labeled with BrdU 1 day after cessation of stress (at which
time the stress-induced decrease in proliferation is normalized;
Fig. 2), susceptible mice had significantly more surviving BrdU-IR
cells 4 weeks later compared with both control and unsusceptible
mice (+24 hr-S; Fig. 3 A and C). BrdU-IR cell number was also
increased in the dentate gyrus molecular layer and trended toward
an increase in the outer granule cell layer (Fig. S6).Differentiation
was not grossly influenced, because over 75% of surviving BrdU-
IR cells in stressed and control mice expressed the neuronal
marker NeuN (Fig. 3 D and E).

Enhanced Dentate Gyrus Neurogenesis in Susceptible Mice Is Associated
with Altered Number of Transient Amplifying Progenitors but Not with
Altered BDNF Signaling or Cell Death. One potential mechanism for
the increased survival of adult-generated dentate gyrus neurons in
susceptible mice is increased hippocampal levels of BDNF (16).
Regional hippocampal dissections and subsequent immunoblot-
ting revealed no change in protein levels between controls and
either group of stressed mice for BDNF, its receptor TrkB (full
length or truncated), or downstream signaling molecule ERK (Fig.
S7). Thus, the increased neurogenesis in susceptible mice is not
caused by grossly altered hippocampal BDNF signaling.
Todetermine if theenhanced survival ofBrdU-IRcellswas related

to either cell death or the number of cells at the different stages of
maturation at the timeofBrdU labeling (+24hr-P), both thenumber
of activated caspase-3 (AC3-IR) SGZ cells and the phenotype of
BrdU-IR cells were determined. There was no significant difference
in AC3-IR cell number in +24 hr-P mice (susceptible: 227 ± 33,

Fig. 3. Increased neurogenesis in susceptible mice after cessa-
tion of stress. (A) Schematic of experiments in which “−12 hr-S”
(Top)miceweregivenBrdU12hrbefore thefirst defeat episode
(n = 7–14 mice per group). The “+24hr-S” mice (Bottom) were
givenBrdU24hr after the last defeat episode (n=8–15miceper
group). Bothgroupswereperfused4weeksafter the lastdefeat
stress. sac, sacrifice. (B) Interaction ratios 24 hr and 4weeks after
stress (group: F(2,97) = 24.8,P<0.001; time: F(3,97) = 0.3,P=ns). (C)
Numberof survivingBrdU-IR cells in SGZ (F(1,39) = 61.7,P<0.001).
(D) BrdU-IR cells were classified as neurons [BrdU-IR (green) and
NeuN-IR (red), closed arrow], glial [BrdU-IR (green) and GFAP-IR
(blue), openarrow], orundefined (BrdU-IRonly, arrowhead). (E)
Phenotypic analysis of surviving BrdU-IR cells (F(2,81) = 228.3, P <
0.001; n = 7–15 mice per group). *P < 0.05; #P < 0.05 compared
with control and unsusceptible mice in a Bonferroni post hoc
test, respectively (mean ± SEM).
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unsusceptible: 230± 31, control: 242± 28; F(2,17) = 0.07, P=ns; n=
5–7mice per group). To assess the proportion of SGZcells in distinct
stages of neurogenesis (9, 17), BrdU-IR cells were phenotyped based
on colocalization of BrdU with an immature neuron marker dou-
blecortin (DCX) andGFP in nestin-GFPmice.Usingmorphology of
DCX- and GFP-IR cells, four distinct cell types were identified that
represent stages andapotential lineageofhippocampalneurogenesis
(Fig. S8A, S9, and SI Text). Briefly, stem-like cells (Type-1: GFP+/
DCX−, radial glial-likemorphology) and early progenitors (Type-2a:
GFP+/DCX−, compact morphology) give rise to late progenitors
(Type-2b: GFP+/DCX+, compact morphology) and then to matur-
ing progenitors/neuroblasts (Type-3: GFP−/DCX+). Susceptible and
unsusceptible mice did not differ in the proportion of BrdU-IR
cell that were Type-1 (Fig. S8B), in the number of Type-1 cells
(Fig. S8C), or in the percentage of BrdU-IR cells that were Type-3
(matureprogenitor;Fig. S8B).Notably, susceptiblemicehadahigher
proportion of BrdU-IR cells that were Type-2a and a lower pro-
portion that were Type-2b (Fig. S8B). These data suggest that the

enhanced neurogenesis in susceptible mice is, in part, attributable to
greater numbers of transient-amplifying progenitors immediately
after stress.

X-Ray Irradiation Before Social Defeat Attenuates the Percentage of
Mice that Have a Susceptible Phenotype. To explore the hypothesis
that enhanced neurogenesis might contribute to behavioral suscept-
ibility to stress, we ablated neurogenesis via cranial x-ray irradiation
4 weeks before social defeat and assessed effects on behaviors rele-
vant to social interactionand short-termmemory (Fig. 4A). Irradiated
mice displaying severe deficits in BrdU-IR, Ki67-IR, and DCX-IR
cells were compared with controls (Fig. 4 B and C), as previously
shown (18).X-ray irradiatedmice displayed no significant differences
in social avoidance, passive avoidance, or juvenile interaction
behavior (Fig. 4 A andD–F). Thus, cranial irradiation reduced SGZ
proliferation and neurogenesis without overt changes in key behav-
ioral measures.
Sham- and x-irradiated mice underwent 10 days of social defeat

stress and were tested for social interaction 1 day or 4 weeks later

Fig. 4. Ablationof neurogenesis before stress reduces susceptibility to social avoidancebehavior. (A)Mice received5-Gy x-ray or sham treatment 4weeksbefore
assessment of social interaction and number of BrdU-IR cells present 2 hr following injection (n = 6 mice per group) (Top) or passive avoidance and juvenile
interaction testing (n = 12mice per group) (Bottom). sac, sacrifice. (B) DCX-IR cells in the dentate gyrus of shamand x-ray-irradiatedmice 4weeks postirradiation.
(C) DCX-IR cell number in SGZ (t(8) = 4.4, P< 0.01). (D) Social interaction analysis expressed as interaction ratio (t(9) = 0.5, P =ns). (E) Passive avoidance performance
expressed as latency (sec) to enter the dark punished compartment at training and testing (group: F(1,44) = 0.1, P = ns; time: F(1,44) = 17.8, P < 0.001). (F) Social
behavior expressedas time (sec) interactingwith a juvenile during thefirst exposure (training) andexposure to the same juvenile 3days later (test) (group: F(1,44) =
0.3, P =ns; time: F(1,44) = 78.4, P< 0.001). (G)Mice received 5-Gy x-ray or sham treatment 28 days before 10 days of social defeat (n= 8–11mice per group). (H) Time
in interaction zoneduring social interaction testing completed24hr (day11) following10daysof social defeat stress in thepresenceof either theemptyenclosure
ora social target (maineffect group: F(1,61) = 8.3,P<0.01;maineffectwith/without: F(3, 61) = 0.59,P=ns; groupwith/without: F(3,61) = 2.2,P=ns). (I) Interaction ratio
from social interaction testing completed 24 hr (day 11) and 4weeks following 10 days of defeat stress (F(3,61) = 3.2, P< 0.05). (J) DCX-IR (green), Ki67-IR (red), and
BrdU-IR (blue) cells 4 weeks after sham or x-ray exposure. (Scale bar: 50 μm.) *P < 0.05 compared with sham/defeat day 11mice; #P < 0.05 comparedwith control
4-week mice in a Bonferroni post hoc test (mean ± SEM).
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(Fig. 4G). Surprisingly, irradiated mice were unsusceptible to defeat
stress and did not display social avoidance, resulting in a significantly
increased interaction ratio when compared with sham-irradiated
defeatedmice (Fig. 4Hand I).Thepercentageof irradiatedmice that
displayed social avoidance following defeat stress was 25% and 37%
at day 11 and 4weeks, respectively. Importantly, control nondefeated
mice that were sham- or x-ray irradiated had no significant difference
in interaction ratios, supporting our previous finding that x-ray irra-
diation did not alter social interaction behavior (Fig. 4 D, H, and I).
Four weeks after defeat, irradiated mice had very few SGZ cells
labeledwithBrdU,Ki67,orDCX(Fig. 4J) andhad significantly fewer
BrdU-IRcells surviving 4weeks later comparedwith sham-irradiated
mice (sham/defeat: 249 ± 42, x-ray irradiated/defeat: 23 ± 9; t(10) =
4.4, P < 0.005; n = 5–7 mice per group). Thus, ablation of adult
neurogenesis via x-ray irradiation decreased the proportion of mice
susceptible to stress-induced avoidance.

Discussion
The social defeat paradigm is a robust model of stress-induced social
avoidance that produces multiple features of stress susceptibility in
approximately one-half of subjects (5). As such, it is an ideal model in
which to probe the neural mechanisms contributing to an organism’s
response to chronic severe stress. Here, we explore the potential links
betweenadulthippocampalneurogenesis and the“memory”of severe
stress. It is well known that stress decreases SGZproliferation, andwe
show that social defeat stress significantly but transiently reduces SGZ
proliferation immediately after the last stress independent of a
mouse’s susceptibility. Surprisingly, we show that mice susceptible to
defeat stress have significantly enhanced survival of dentate gyrus
neurons that were generated after but not before defeat stress com-
pared with either unsusceptible mice or controls. Thus, increased
hippocampal neurogenesis is related to the long-termmaintenance of
social avoidance.When neurogenesis was ablated by x-ray irradiation,
significantly fewer mice displayed social avoidance. Thus, hippo-
campal neurogenesis appears to be involved in the persistent social
avoidance behavior. These data suggest that a compensatory en-
hancement in hippocampal neurogenesis is related to the long-term
individual differences in maladaptive responses to stress.
Stress is generally associated with decreased SGZ proliferation,

leading to decreased survival and neurogenesis (1, 6). Our current
results concur with the preponderance of literature demonstrating
decreased cell proliferation during or immediately after stress (e.g.,
10, 19, 20) and with reports of no change in survival when cells are
labeled with BrdUbefore stress (21). In contrast, whenwe label cells
withBrdU1dayafter stress,wefindenhancedcell survival,mirroring
the enhanced survival seen postischemia (e.g., 22). Importantly, we
find that enhanced neuronal survival is associated with sustained
behavioral alterations poststress: The number of surviving BrdU-IR
cells is increased only inmicewith persistent social avoidance.When
we analyze all defeatedmice in this study, regardless of susceptibility
to stress, there is no difference in BrdU-IR cell survival postdefeat.
The lackof decrease in neurogenesis poststress between stressed and
control mice is consistent with no change in cell survival 1 day after
chronic unpredictable stress in rats (21) and the normal granule cell
layer volume reported in many stress studies (23–25). However, by
analyzing the susceptibility to stress through behavioral outcomes,
we have uncovered a striking significant increase in surviving BrdU-
IR cells in mice specifically susceptible to stress. These findings urge
the use of a similar behavioral analysis in other stress models to
clarify the neuroadaptations associated with the diverse behavioral
coping mechanisms used after stress.
Mechanistically, we hypothesized that the increased cell survival

in susceptible mice might be mediated by BDNF because this
neurotrophic factor is linked to enhanced dentate gyrus neuro-
genesis (16) and plays a critical role in the nucleus accumbens of
susceptible mice (5). However, hippocampal levels of key com-
ponents of BDNF signaling were not different from those in
controls at any time point postdefeat. These data highlight the

regional specificity of BDNFactionswithin the nucleus accumbens
following defeat. Because few factors are known that alter the
survival of adult-generated hippocampal neurons independent of
changes in proliferation, ongoing studies with gene profiling will
likely provide previously undescribed mechanisms that could
account for increased survival in mice susceptible to defeat stress.
Unlike the specific increase in neurogenesis observed solely in

mice susceptible to stress, there was a transient decrease inBrdU-IR
cell number immediately postdefeat in allmice (either susceptible or
unsusceptible to stress). This decrease was restricted to the neuro-
genic SGZ, suggesting a region-specific mechanism for this regu-
lation. This finding agrees with most of the literature showing fewer
BrdU-IR cells immediately after chronic stress paradigms (e.g., 23,
24, 26, 27). The reduction inBrdU-IR cell number immediately after
stress does not generalize to an overall decrease in the total number
of proliferating cells, as assessed by immunoreactivity of the
endogenous cell cycle proteinKi67.AlthoughBrdU-IRandKi67-IR
cell numbers are often used as interchangeable indices of pro-
liferation (14, 28), our current data and other work (29) caution
against this, because cells in discrete phases of the cell cycle can be
differentially influenced by stimuli (13, 30) and cells in S-phase may
be particularly susceptible to certain stimuli (e.g., 31). Future work is
warranted to explore the hypothesis that the decrease in BrdU-IR
cell number without a corresponding decrease in Ki67 cell number
could result from selective cell death of S-phase cells and/or a lack of
movement of cells into S-phase as a result of local signals (e.g., 31).
Our further analysis of BrdU-IR cells in nestin-GFP mice revealed
that susceptible mice had a specific increase in the proportion of
BrdU-IR cells that were early progenitors (Type-2a) compared with
unsusceptible mice 1 day poststress. A reasonable hypothesis to test
in the future is that the increased proportion in the putatively
“younger”Type-2a cells with a decrease in “older”Type-2b cellsmay
reflect a stalling of some Type-2a cells in this early stage of devel-
opment andmay result in a long-termandnear-exponential decrease
in neurogenesis. Although nestin-GFP mice have been used to
determine the neurogenic stage affected by stimuli like running or
drugs of abuse (e.g., 9, 31), the current data reveal how stress affects
different stages of dentate gyrus neurogenesis. Because the pop-
ulations of stem-like Type-1 and mature progenitor Type-3 cells
appear to be largely unaffected by chronic stress, our data are con-
sistent with previous work that manipulation of the rapidly dividing
Type-2 population is a prime and robust way to modulate neuro-
genesis (9, 31).
Ablation of neurogenesis before social defeat inhibited social

avoidance, which could be interpreted as an antidepressant-like
effect (12). It seems counterintuitive that both antidepressants,
which enhance neurogenesis, and ablation of neurogenesis inhibit
stress-induced social avoidance (5). Perhaps the effect of anti-
depressants on social avoidance is mediated via other neural circuits
(12). Alternatively, regulation of neurogenesis may be required for
hippocampal-based plasticity, whether adaptive or maladaptive in
nature. Social avoidance behavior appears to be mediated by situa-
tional encoding of information, because avoidance occurs in the
presence of an awake but not anesthetized aggressor mouse (5, 12).
The avoidance behavior in susceptible mice is also specific to
potentially threatening stimuli, because avoidance did not generalize
to passive avoidance, social interaction, or short-term memory. A
role for hippocampal neurogenesis and learning and memory in
stress-induced social avoidance is consistent with the naturally
important role of strong memory formation in the presence of a
threatening stimulus (32). However, stress does not consistently
enhance learning and memory, which is likely attributable to the
various types and durations of stress as well as its predictability (33).
We show that ablating neurogenesis via x-ray irradiation de-

creased social avoidance in defeatedmice but did not change basal
levels of social interaction in nondefeated controls. Although our
data agree with work showing that ablation of neurogenesis does
not alter behavioral measures associated with memory (34–37),
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they uniquely suggest that alterations in hippocampal neuro-
genesis provide the synaptic plasticity required for social avoid-
ance. Our work also highlights the fact that the period after
cessation of stress is a critical period for the establishment of
persistent cellular and behavioral responses to stress, and thus is
likely amenable to therapeutical intervention.

Methods
Mice, Social Defeat, and Social Interaction Protocol. Adult (5–8 weeks of age)
male mice expressing GFP under the control of the nestin promoter (17) were
the subjects, and CD1 retired breeders (Charles River) were the aggressors.
Social defeat (SI Text) was performeddaily for 10days similar toprotocols used
in previously published reports (5, 12, 38). Social interaction testing (SI Text)
comprised two trials for 150 sec each (5, 12, 38). Briefly, for interaction testing,
in the first trial, a mouse is placed into an open-field box and allowed to
explore a plastic enclosure placed within the predefined interaction zone. In
the second trial, the mouse is returned to the open-field arena containing a
plastic enclosure now holding an awake CD1 aggressor mouse. An interaction
score is calculated for each mouse (ratio of time spent in the interaction zone
with the aggressormousepresent to time spent in interaction zonewithout an
aggressor present). Control mice tend to interact with a social target and
generally have an interaction ratio >100; susceptible mice are defined asmice
having undergone social defeat with an interaction ratio <100.

Ablation of Neurogenesis Using X-Ray Irradiation. Ionizing radiation (SI Text)
was carried out using the X-RAD 320 self-contained irradiation system
(Precision X-Ray, Inc.).

BrdU Injection, Tissue Collection, and Processing.Mice received an i.p. injection
of BrdU (150mg/kg; BoehringerMannheim) before being euthanized to label
proliferating cells in the S-phase of the cell cycle. The time between BrdU
injection and death varied across experimental groups (+1 min-P, +24 hr-P,
−12 hr-S, +24 hr-S; Fig. 3A, Fig. 4A, and SI Text). Using stereological assess-
ment (39, 40), BrdU-, Ki67-, DCX-, and GFP-IR cells were counted in every
ninth section of the hippocampus at 400× magnification (SI Text). Colocali-
zation of fluorescence was determined via confocal microscopy (630×
magnification) using multitrack scanning. Colocalization was verified by 3D
reconstruction (SI Text).
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