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Early life experience alters response of adult

neurogenesis to stress

Christian Mirescu, Jennifer D Peters & Elizabeth Gould

Maternal deprivation produces persistent abnormalities in behavioral and neuroendocrine functions associated with the
hippocampus, a brain region that shows considerable structural change in response to experience throughout life. Here we show
that adverse experience early in life affects the regulation of adult neurogenesis in the hippocampus. More specifically, a
decrease in cell proliferation and immature neuron production are observed in the dentate gyrus of adult rats that are maternally
separated as pups. Although maternally separated rats show normal basal levels of corticosterone, the suppression of cell
proliferation in these rats can be reversed by lowering corticosterone below the control value. In addition, normal stress-induced
suppression of cell proliferation and neurogenesis, despite normal activation of the hypothalamic pituitary adrenal (HPA) axis, is
not observed in maternally separated rats. Our results suggest that early adverse experience inhibits structural plasticity via
hypersensitivity to glucocorticoids and diminishes the ability of the hippocampus to respond to stress in adulthood.

Early life stress is associated with changes in behavior, physiological
responses to stress and susceptibility to psychopathology in adults!.
Maternal separation is a well-characterized model of early life stress
in rodents>*. Prolonged maternal separation is sufficiently adverse to
result in activation of the HPA axis during the stress hyporesponsive
period®, a neonatal time characterized by blunted glucocorticoid
responses to most adult stressors®.

Prolonged maternal separation during the early postnatal period
does not affect basal measures of HPA function in adulthood, but dis-
tinct differences in regulation of the HPA axis emerge after exposure
to stressful experiences. As adults, rodents previously subjected to
extended maternal separation show protracted increases in corti-
cotropin-releasing factor (CRF), adrenocorticotropin (ACTH) and
corticosterone in response to stress”8. By contrast, brief maternal sep-
aration (referred to as neonatal handling) results in reduced CRF
mRNA, ACTH and corticosterone in response to stress” 10, In addi-
tion to these hormonal changes, maternal separation and neonatal
handling are associated with behavioral differences in later life.
Maternal separation increases measures of anxiety'!, impairs mater-
nal care!? and diminishes spatial navigation learning®. By contrast,
neonatal handling generally alters these behaviors in directions oppo-
site to those reported in maternally separated rodents.

The hippocampus has been implicated in many of the functions
that are altered by early adverse experience. First, the hippocampus
mediates negative feedback of the HPA axis. Lesions of the hippocam-
pus or the fornix, its efferent hypothalamic projection, result in a
slower restoration of basal measures of the HPA axis after stress!3~1°.
Second, the hippocampus is an important structure in regulating
behavioral measures of anxiety. Rats with hippocampal lesions appear
to be less anxious when behaviors such as exploration of a new envi-
ronment, social interaction and neophagia are measured'®!”. Third,

the hippocampus has a well-described role in spatial navigation learn-
ing!®. Because all of these processes in the adult are influenced by
maternal separation during early life, abnormal hippocampal develop-
ment may underlie some, if not all, of these differences.

The hippocampus shows a remarkable degree of structural and
functional plasticity in adulthood. One of the most fundamental
forms of structural plasticity is adult neurogenesis, because the gener-
ation of new neurons leads to the growth of dendrites, axons and
synapses'®. In the dentate gyrus of adult rats, several thousand new
granule cells are produced per day®’, suggesting that these new neu-
rons participate in hippocampal function. Because adult neurogene-
sis is regulated in part by adrenal steroids?1?2, it is possible that this
phenomenon may be related to maternal contact, through the persist-
ent influence that this experience has on HPA axis function.

To investigate the possibility that early life events have a lasting
effect on adult neurogenesis, we have examined the number of new
cells in the hippocampus of adult rats exposed to different durations
of maternal separation and stress in adulthood. We report that rats
exposed to prolonged, but not brief, bouts of maternal separation
show a long-lasting suppression of adult neurogenesis and dimin-
ished plasticity in this parameter after exposure to stress. Maternally
separated rats do not show basal or stress levels of corticosterone that
differ from those of control rats; rather, the reduction in cell prolifer-
ation associated with maternal separation results from a hypersensi-
tivity to normal levels of corticosterone.

RESULTS

Effects of early experience on adult neurogenesis

Adult rats subjected to 180 min of maternal separation daily
(HMS180) from postnatal day 1 (P1) to P14 showed significantly
fewer BrdU-labeled cells in the dentate gyrus 2 h after bromod-
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eoxyuridine (BrdU) injection (F,,; = 8.47, P = 0.002) than did age-
matched controls subjected to 15 min of maternal separation daily
(HMSI15, P = 0.004) or animal facility rearing (AFR, P = 0.003)
(Fig. 1). This effect seemed to be specific to the dentate gyrus, as
BrdU-labeled cell counts in the subventricular zone did not differ sta-
tistically across groups (F, 1, = 0.46, P = 0.64).

A week after BrdU injection, HMS180 rats had fewer BrdU-labeled
cells in the dentate gyrus (F,;, = 8.27, P = 0.004) than both the
HMS15 (P=0.04) and AFR (P = 0.003) groups. In all groups, most of
these cells (AFR, 76.8 £ 6.4%; HMS15, 64.8 £ 2.3%; HMS180, 74.4 £
5.7%; mean * s.e.m.) expressed Tujl (Fig. 2), a marker of immature
and mature neurons. There were no differences in the percentage of
BrdU-labeled cells that expressed Tuj1 across the groups (F, ;, = 1.53,
P = 0.256), suggesting that the decrease in BrdU-labeled cells repre-
sents, at least in part, a decrease in the number of immature neurons
(Fig. 1). At 1 week, a relatively low percentage of BrdU-labeled cells
expressed the mature neuronal marker NeuN (AFR, 15.0 = 1.9%;
HMS15,16.0 £ 2.3%; HMS180, 19.0 = 5.0%). This proportion did not
differ significantly across groups (F, g = 0.38, P = 0.69).

By 3 weeks after BrdU labeling, however, the difference in the num-
ber of BrdU-labeled cells between HMS180 and control rats was no
longer apparent (F, 15 = 0.12, P = 0.90). At this time point, all groups
had similar numbers of BrdU-labeled cells (Fig. 1). In all groups, most
BrdU-labeled cells expressed NeuN at 3 weeks (AFR, 87.0 £ 2.5%;

Figure 2 Prolonged maternal separation results in a reduction in immature
neurons in the dentate gyrus. (a,b) Confocal laser scanning microscopic
images of BrdU-labeled cells (arrows) showed a significant difference
between control AFR (a) and HMS180 (b) adult rats, 1 week after BrdU
administration. gcl, granule cell layer. (c—e) At this time, most cells
examined, in AFR, HMS15 and HMS180 rats showed morphological
characteristics of granule cells and were immunoreactive for Tujl (c), a
marker of immature neurons. By 3 weeks, most BrdU-positive cells were
colabeled with NeuN (d), a marker of mature neurons, but not GFAP (e), an
astroglial marker. Left panels, BrdU-labeled cells (red; c—e). Middle panels,
TuJ1- (c), NeuN- (d) and GFAP-labeled (e) cells. Right panels, these images
merged (BrdU-labeled cells are indicated by arrows).

Figure 1 Suppression of baseline cell proliferation and immature neuron
production by prolonged perinatal maternal deprivation. Top, on P60-P70
rats received a single injection of BrdU (200 mg/kg i.p.) and were perfused
after 2 h, 1 week or 3 weeks. Bottom, as compared with AFR and HMS15
rats, HMS180 rats had fewer numbers of BrdU-positive cells in the dentate
gyrus at 2 h (AFR, n=10; HMS15, n=9; HMS180, n= 7). At 1 week,
significantly lower numbers of BrdU-positive cells were found in HMS180
(n=7), relative to both AFR (n=5) and HMS15 (n = 5) rats. However, no
difference in the numbers of BrdU-labeled cells was evident by 3 weeks
(AFR, n=4; HMS15, n=5; HMS180, n = 4). Error bars indicate the
s.e.m. *P< 0.05.

HMS15, 85.0 + 3.0%; HMS180, 84.0 £ 1.6%; Fig. 2). By contrast, a low
proportion of BrdU-labeled cells were colabeled with the astrocyte
marker GFAP at this time point (AFR, 8.0 = 1.6%; HMS15, 7.0
1.9%; HMS180, 7.0 + 1.9%; Fig. 2).

No relationship between basal plasma corticosterone and cell prolif-
eration was observed in HMS180, HMS15 and AFR rats. As previously
reported by others’, we found no differences in circulating corticos-
terone between AFR and HMS180 rats under undisturbed conditions.

Effects of decreasing glucocorticoid levels in adulthood

In all groups, plasma corticosterone was significantly reduced by
adrenalectomy followed by low-dose corticosterone in the drinking
water, as compared with sham-operated controls (Fig. 3). No differ-
ences in BrdU-labeled cell counts were observed among AFR and
HMS15 adult rats with lowered corticosterone levels and those with
control corticosterone levels. In HMS180 rats, however, lower corti-
costerone resulted in a significant increase in the number of BrdU-
labeled cells (P < 0.05, Fig. 3). In HMS180 rats, adrenalectomy
followed by low-dose corticosterone replacement resulted in BrdU-

a

842

VOLUME 7 | NUMBER 8 | AUGUST 2004 NATURE NEUROSCIENCE



I@ © 2004 Nature Publishing Group  http://www.nature.com/natureneuroscience

ADX/Sham Brdu
HMS15/HMS180 /A\ Cort replacement
| |
P1 P14 P60-70 1 week
= Sham
5,000 —— ADX+Cort 257
2 *
3 i |
S 4000 20
°
2 o
© - T
I 3,000 o 15
3 el
@ 5
-
o
5 i _
o 2,000 10
[
o)
£ *
=] —
Z 1,000 5]
*
| L e
AFR HMS15 HMS180 AFR

labeled cell counts that were not significantly different from those in
AFR and HMS15 rats, suggesting that lowering total corticosterone
has a restorative effect on cell proliferation.

Effects of stress in adulthood

In all groups, exposure to fox odor resulted in significant increases in
circulating corticosterone after 30 min. Fox odor exposure decreased
the number of BrdU-labeled cells in the dentate gyrus in HMS15 and
AFR rats at both 2 h (F;5, = 28.77, P < 0.001) and 1 week
(Fy 5, =14.03, P <0.01) after BrdU injection (Fig. 4). These differences
were comparable to those observed in a previous study using control
(AFR) rats?3. Double-labeling with BrdU and Tuj1 revealed no differ-
ences in the percentage of new cells that expressed this neuronal
marker among groups, suggesting that the decrease in BrdU-labeled
cell number reflects diminished adult neurogenesis.

Fox odor exposure did not result in a significant decrease in BrdU-
labeled cell number in HMS180 rats at either time point (Fig. 3).
Thus, an inverse relationship between corticosterone and cell prolif-
eration was observed in HMS15 and AFR rats, but this relationship
was not observed in HMS180 rats.

DISCUSSION

Reduced cell proliferation and neurogenesis occur in the hippocam-
pus of adult rats after stressful experiences?>~26. Evidence suggests
that the stress-induced suppression of neurogenesis is dependent on
adrenal steroids?®. The reduction in basal numbers of proliferating
cells and immature neurons that we observed in the dentate gyrus of
HMS180 adults is similar to the decreases in cell proliferation
observed in control rats after acute stressor exposure. No differences
in basal corticosterone were found across rearing groups, however,
despite different basal levels of cell proliferation. Thus, these data sug-
gest that glucocorticoids are not directly responsible for the reduced
adult neurogenesis associated with early adverse experience. Instead,
the persistent suppression of cell proliferation in maternally deprived
rats resembles the state observed in adult rats that show learned help-
lessness to inescapable stress, namely, reduced cell production in the
absence of increased corticosterone?®. No differences between AFR
and HMS15 rats were observed under control or stressed conditions,

HMS15 HMS180
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Figure 3 Reversal of suppressed baseline cell
proliferation in maternally deprived rats by lowering
corticosterone (Cort) in adulthood. Top, on

2h P60-P70 rats underwent bilateral surgical removal
of the adrenal glands (ADX) or were sham-operated.
All ADX-treated rats were given drinking water
containing Cort (25 pg/ml in 0.9% saline). A week
after surgery, all rats received a single injection of
BrdU (200 mg/kg, i.p.) and were killed 2 h later.
Bottom, ADX plus Cort had no effect on cell
proliferation in AFR (sham, n = 3; ADX + Cort,
n=3)or HMS15 (sham, n=4; ADX + Cort, n=5)
rats, but enhanced cell proliferation in HMS180
rats (sham, n=5; ADX + Cort, n=4) to a level
comparable to that seen in the AFR and HMS15
groups. To verify that ADX plus Cort replacement
results in a decrease in plasma Cort on the day of
death, trunk blood was collected from ADX plus
Cort-treated (AFR, n=5; HMS15, n=6;
HMS180, n=5) and sham-operated (AFR, n=5;
HMS15, n=6; HMS180, n= 6) rats. In all rearing
groups, ADX plus Cort resulted in significantly
lower but detectable concentrations of circulating
Cort. Error bars indicate the s.e.m. *P < 0.05.
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suggesting that only extreme changes in mother-pup contact produce
lasting alterations to adult neurogenesis.

This apparent dissociation of cell proliferation and basal corticos-
terone does not eliminate the possibility that maternal separation
renders the adult rat hypersensitive to relatively normal levels of cir-
culating glucocorticoids. In support of this view, we found that lower-
ing corticosterone below normal levels reversed the effect of maternal
separation on cell proliferation. This hormone manipulation did not
increase cell proliferation in AFR or HMS15 adult rats, but it did
increase the number of BrdU-labeled cells in HMS180 rats to values
similar to those in non-deprived rats. Because maternal separation is
known to decrease corticosteroid-binding globulin?’, cell prolifera-
tion may be suppressed by higher levels of circulating free corticos-
terone in HMS180 rats than in AFR and HMS15 rats.

Despite this hypersensitivity to normal levels of circulating gluco-
corticoids, HMS180 rats did not show a further decrease in neuron
production when exposed to stress levels of glucocorticoids in adult-
hood. In fact, these rats completely lacked a stress-induced suppres-
sion of cell proliferation and neurogenesis, despite a normal
corticosterone response to predator odor. Given the suppression of
cell proliferation in HMS180 rats, the absence of a further decrease in
response to stress suggests that there is a floor effect in the proportion
of progenitor cells that can be inhibited at a given time. The inability
of stress to suppress adult neurogenesis further may be an adaptive
mechanism that prevents this form of structural plasticity from being
completely abolished. Alternatively, the lack of a further decrease in
new neuron production in HMS180 rats exposed to stress may repre-
sent a maladaptive response that contributes to abnormal functioning
of the hippocampus.

Notably, maternal deprivation decreased the number of immature,
but not mature, neurons added to the dentate gyrus in adulthood. In
HMS180 rats, fewer BrdU-labeled cells were observed at the 1-week
time point. This difference did not persist to a time when most new
cells express markers of mature neurons (3 weeks), however, indicat-
ing that the functional consequences of early adverse experience may
involve a diminished pool of nascent neurons. Some evidence sug-
gests that immature neurons have a unique and relatively potent role
in the functioning of the adult hippocampus.
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Figure 4 There is no significant stress-induced

suppression of cell proliferation and ey
neurogenesis in maternally deprived adult rats, ‘ v
despite normal activation of the HPA axis to fox Pt P14
odor. Top, on P60-P70 rats were exposed to fox
odor or sham odor, injected with BrdU (200
mg/kg, i.p.) after 1 h, and killed 2 h or 1 week
later. Exposure to fox odor suppressed cell
proliferation in AFR (sham odor, n = 6; fox odor,
n=>5)and HMS15 (sham odor, n = 6; fox odor,
n=6) but not HMS180 (sham odor,

n=7; fox odor, n=7) rats. At 1 week, numbers
of BrdU-labeled cells were also reduced by fox
odor exposure in AFR (sham odor, n = 4; fox
odor, n=4) and HMS15 (sham odor, n = 4; fox
odor, n = 4) but not HMS180 (sham odor, n =
5; fox odor, n = b5) rats. To verify that early
rearing conditions do not affect the efficacy of
fox odor in eliciting a corticosterone response,
separate groups of adult rats were exposed to
either fox odor (AFR, n = 3; HMS15, n=3;
HMS180, n = 3) or sham odor (AFR, n=4;
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HMS15, n=3; HMS180, n = 4) and then rapidly decapitated after 30 min, a time point when stress-induced corticosterone increases are maximal. In
all rearing groups, exposure to fox odor resulted in a significant rise in circulating corticosterone. Error bars indicate the s.e.m. *P < 0.05.

First, young neurons appear to make new connections very rapidly;
within a week of mitosis, immature neurons possess dendrites and
extend axons into the distal CA3 region?%?8, Second, immature neu-
rons in the adult dentate gyrus lack inhibitory responses to GABA??-31,
Last, new neurons show more robust associative TP that can be
induced at a lower threshold as compared with mature neurons?-3!.
These characteristics may render new neurons capable of influencing
the hippocampus to a greater extent than the same number of mature
neurons. Because immature neurons may make disproportionately
large contributions to the overall function of the hippocampus,
decreases in their number may underlie some behavioral and neuroen-
docrine changes associated with early adverse experience.

Along these lines, maternal deprivation has been shown to alter
behaviors that may be associated with immature neurons in the hip-
pocampus. Evidence suggests that immature granule neurons may be
involved in anxiety regulation® as well as learning3~3¢. HMS180 rats
show heightened anxiety>!! and diminished capacity to learn some
tasks>—functions that involve the hippocampus!'®~18. Maternal dep-
rivation also alters negative feedback of the HPA axis”8, a lesser
known function of the hippocampus!®>~15. The decrease in adult-gen-
erated immature neurons associated with maternal deprivation may
also contribute to impaired hippocampal function in HPA feedback.

Stress-related neuropsychiatric disorders such as depression have
been associated with reductions in hippocampal volume®’=3°. Adult
women who have been sexually abused as children also show a
decrease in hippocampal volume***! as compared with women with
no history of abuse. This suggests that not only are existing depres-
sive disorders associated with reduced hippocampal volume but
traumatic events in early life trigger lasting structural changes in
this brain region.

The validity of maternal separation as a model for studying the
interaction between early adverse experience and the development of
psychopathology is strengthened by findings that some of the abnor-
malities associated with maternal separation—namely, heightened
anxiety and altered responsiveness of the HPA axis—can be reversed
with antidepressant treatment!'!. Although it is unclear whether
stress-induced adaptations of hippocampal structure underlie the eti-
ology of depression, observations that adult neurogenesis in the hip-

pocampus is decreased by stress and is requisite for some behavioral
effects of chronic antidepressants suggest that this process may be
involved in the modulation of mood disorders?2.

METHODS

Rat treatments. All experiments were done in accordance with Princeton
University guidelines and with the US National Institutes of Health (NIH)
Guide for the Care and Use of Laboratory Animals.

Early life experience. The maternal separation and handling procedures were
based on standardized protocols’, except that Sprague-Dawley rather than
Long Evans rats were used because substantial baseline data on adult neuro-
genesis has been obtained from this strain in our laboratory?>2%33 Litters
bred in-house were cross-fostered and culled on P1, the day after birth. Litter
composition was standardized to 10 pups (5-6 males, 4-5 females). We
assigned whole litters to one of three rearing conditions from P1-P14: AFR,
handled with brief maternal separation (HMS15) or handled with prolonged
maternal separation (HMS180). During this period, regular cage cleaning was
ceased to avoid disturbing home cage nests. Rats were maintained on a 12
h/12 h light/dark cycle (lights on 07:00) and provided with ad libitum access
to food and water.

For HMS15 and HMS180 litters, dams were first removed and placed in
an adjacent cage. Litters were then transferred to a plastic container lined
with bedding from the home cage and placed in an incubator maintained at
roughly 34 °C, a temperature consistent with nest measurements. After the
separation period, HMS15 and HMS180 pups were returned to their home
cage, where they were reunited with the dam. We treated rats in both groups
identically except for the duration of maternal separation. HMS15 litters
were separated from the dam for 15 min, which corresponds to the average
amount of time that mother rats reportedly leave the nest in the field*2.
HMS180 litters were separated for a period of 180 min. AFR litters were left
undisturbed until P14, at which time normal cage cleaning resumed. On
P22, all rats were weaned and housed as whole litters until P45. At this stage,
rats were housed as same-sex and same-litter groups of two or three
per cage. All experiments were carried out on sexually mature male rats
beginning at P60—P70.

Lowering glucocorticoid levels. To determine whether the suppression of cell
proliferation could be reversed by reducing levels of circulating corticosterone,
rats from each group were either bilaterally adrenalectomized or sham-oper-
ated under deep sodium pentobarbital anesthesia on P60-P70.
Adrenalectomized rats were given a low dose of corticosterone in the drinking
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water (25 pig/ml in 0.9% saline; Sigma) to reduce levels of adrenal steroids while
maintaining normal plasma electrolytes and preventing granule cell death®3.

Fox odor exposure in adulthood. To examine the influence of a natural
stressor on adult HMS15, HMS180 and AFR rats, groups of rats were
exposed to trimethyl thiazoline (Pherotech), a main component of fox
feces**. Before odor exposure, rats were placed into clean cages in one of
two separately ventilated experimental rooms and acclimated to this envi-
ronment for at least 2 h. A vial containing gauze and 150 pl of saline (sham
odor) or trimethyl thiazoline was then placed in the middle of the cage.
Some of these rats were injected with BrdU after 1 h and perfused 2 h or 1
week later. Other groups were exposed to either sham or fox odor and rap-
idly decapitated after 30 min for blood measures of corticosterone. Blood
was not collected from rats injected with BrdU because of the potential
stress associated with this procedure.

BrdU administration. To determine whether early life experience affects base-
line cell proliferation and neurogenesis in the hippocampus, HMS15, HMS180
and AFR rats were injected with BrdU (200 mg per kg body weight, intraperi-
toneally (i.p.), in saline plus 0.007 M NaOH; Sigma), and perfused after 2 h, 1
week or 3 weeks. We used the 2-h time point because it is sufficient for uptake
of BrdU but not for mitosis, migration or differentiation?®. The 1-week time
point was used because by this time most BrdU-labeled cells in the dentate
gyrus are located in the granule cell layer and express Tuj1, a marker of imma-
ture and mature neurons?>?3. The 3-week time point was used because by this
time most BrdU-labeled cells express NeuN, a marker of mature neurons>.

To determine whether group differences in baseline cell proliferation were
related to adrenal steroid levels, rats from each rearing group were subjected to
either adrenalectomy or sham-surgery in adulthood. After recovery, all rats
were injected with BrdU and killed after 2 h.

To determine whether early life experience alters cell proliferation and neu-
rogenesis in response to adult stress, rats from all three rearing groups were
exposed to fox odor or sham odor, injected with BrdU after 1 h and perfused 2 h
or 1 week later. In a previous study, this regimen of fox odor exposure yielded a
significant decrease in the number of BrdU-labeled cells in the dentate gyrus of
control rats at both time points?®. All rats injected with BrdU were deeply anes-
thetized with an overdose of sodium pentobarbital- (Nembutal; 100 mg/kg,
i.p.) and transcardially perfused with 4.0% paraformaldehyde in 0.1 M phos-
phate buffer (pH 7.4). Brains were post-fixed for 3 d.

BrdU immunohistochemistry. For each brain, we cut 40-pm unilateral sec-
tions through the whole dentate gyrus into a bath of 0.1 M PBS (pH 7.5) with
an OTS-4000 oscillating tissue slicer (Electron Microscopy Sciences).

For BrdU peroxidase staining, sections were mounted onto glass slides,
dried and heated in 0.1 M citric acid (pH 6.0). After being rinsed, the slides
were incubated in trypsin (1 mg/ml in Tris buffer plus 10 pl/ml of 10% cal-
cium chloride). Sections were denatured in 2 M HCl in PBS for 30 min, rinsed
and incubated with mouse antibodies to BrdU (diluted 1:200 with 0.5%
Tween-20; Vector). The next day, the slides were rinsed, incubated with
biotinylated anti-mouse (1:200; Vector) for 60 min, rinsed, incubated with
avidin-biotin complex, rinsed and reacted with diaminobenzidine and H,0O,
(Sigma-Aldrich). Slides were counterstained with cresyl violet, dehydrated,
cleared and covered with a coverslip under Permount (Fisher Scientific).

For BrdU immunofluorescence, sections were denatured in 2 M HCl in TBS
for 30 min, rinsed and incubated with rat anti-BrdU (1:200 with 0.5% Tween-
20; Accurate Chemical) plus mouse anti-NeuN (1:500; Chemicon), mouse
anti-Tujl (1:500; Covance) or guinea-pig anti-GFAP (1:500; Advanced
Immunochemical) for 2 d. Then sections were rinsed, incubated with biotiny-
lated anti-rat (1:250; Vector) for 90 min, rinsed, and incubated for 30 min in
the dark with streptavidin-conjugated Alexa 568 (1:1,000; Molecular Probes)
to visualize BrdU and with goat anti—-mouse Alexa 488 or goat anti—guinea-pig
Alexa 488 (1:500; Molecular Probes) to visualize Tujl, NeuN or GFAP. We
counterstained some sections with the DNA dye Hoechst 33342 (1:1,000;
Molecular Probes). The sections were rinsed, mounted onto slides, and cov-
ered under TBS and glycerol.

Data analysis. All slides were coded before analysis, and the code was not bro-
ken until each analysis was complete.
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BrdU peroxidase. BrdU-positive cells on every twelfth unilateral section
through the whole dentate gyrus were counted at X1,000 magnification, avoid-
ing cells in the outermost plane of focus. The number of BrdU-labeled cells
per dentate gyrus was then multiplied by 24 to estimate the total number of
BrdU-positive cells through the dentate gyrus. The numbers of BrdU-positive
cells in the caudal subventricular zone of HMS15, HMS180 and AFR rats were
counted and expressed as the number of cells per mm?>. We calculated volumes
from cross-sectional area measurements obtained with Neurolucida
(MicroBrightField, Williston, VT) by using Cavalieri’s principle.

BrdU immunofluorescence. For each cell type marker, 25 BrdU-labeled cells
in the granule cell layer of each rat were randomly selected and examined by
confocal microscopy (Axiovert 510 LSM; lasers, Argon 458/488 and HeNe 543;
Zeiss). Optical stacks of 1-pm-thick sections were obtained through putatively
double-labeled cells. To verify double-labeling throughout their extent, cells
were examined in orthogonal planes.

Corticosterone radioimmunoassay. To determine whether there was a rela-
tionship between corticosterone and BrdU cell counts, we obtained measures
of corticosterone from trunk blood collected from decapitated unanesthetized
rats in all three rearing conditions under basal conditions and after exposure
to either sham or fox odor. Trunk blood was also analyzed from adrenalec-
tomized, corticosterone-treated rats and sham-operated rats to verify that
adrenalectomy plus corticosterone treatment resulted in reduced circulating
corticosterone as compared with that in sham-operated rats. Circulating corti-
costerone (free plus bound) was determined by radioimmunoassay using a
Coat-a-Count Rat Corticosterone kit (detection limit, 5.7 ng/ml; cross-reac-
tivity, <3.0% for 11-deoxycorticosterone and <1.0% for all other steroid hor-
mones; Diagnostics Product Corporation).

Statistical analysis. The mean * s.e.m. was determined for each group, and the
data were subjected to one- or two-way (early life experience X stress in adult-
hood, early life experience x surgical procedure) analysis of variance and
Tukey-HSD post hoc comparisons.
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