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Abstract
Hippocampal function and plasticity differ with gender, but the regulatory mechanisms underlying
sex differences remain elusive and may be established early in life. The present study sought to
elucidate sex differences in hippocampal plasticity under normal developmental conditions and in
response to repetitive, predictable versus varied, unpredictable prenatal stress (PS). Adult male
and diestrous female offspring of pregnant rats exposed to no stress (control), repetitive stress (PS-
restraint), or a randomized sequence of varied stressors (PS-random) during the last week of
pregnancy were examined for hippocampal proliferation, neurogenesis, cell death, and local
microenvironment using endogenous markers. Regional volume was also estimated by stereology.
Control animals had comparable proliferation and regional volume regardless of sex, but females
had lower neurogenesis compared to males. Increased cell death and differential hippocampal
precursor kinetics both appear to contribute to reduced neurogenesis in females. Reduced local
interleukin-1beta (IL-Iβ immunoreactivity (IR) in females argues for a mechanistic role for the
anti-apoptotic cytokine in driving sex differences in cell death. Prenatal stress significantly
impacted the hippocampus, with both stress paradigms causing robust decreases in actively
proliferating cells in males and females. Several other hippocampal measures were feminized in
males such as precursor kinetics, IL-Iβ-IR density, and cell death, reducing or abolishing some sex
differences. The findings expand our understanding of the mechanisms underlying sex differences
and highlight the critical role early stress can play on the balance between proliferation,
neurogenesis, cell death, and hippocampal microenvironment in adulthood.
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Introduction
The generation of new neurons (neurogenesis) in the adult hippocampal subgranular zone
(SGZ) is hypothesized to maintain plasticity in the hippocampus, supporting both structure
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and function (Gould et al. 1999; Hastings and Gould 2003; Kempermann and Gage 1999;
Markakis et al. 2004; van Praag et al. 2002). Adult hippocampal neurogenesis and
hippocampus-dependent behaviors differ in males and females of various species (Einon
1980; Falconer and Galea 2003; Galea and McEwen 1999; Perfilieva et al. 2001; Roof and
Stein 1999; Sutcliffe et al. 2007; Tanapat et al. 1998; Westenbroek et al. 2004; Williams et
al. 1990). Mechanisms underlying sex differences in hippocampal neurogenesis are not fully
understood, but increasing evidence indicates that both adrenal (stress) and gonadal (sex)
hormones are involved (for a recent reviews see (Galea 2007; Hajszan et al. 2007)). For
example, stress experienced in adulthood decreases proliferation and neurogenesis in males,
but not females (Falconer and Galea 2003; Westenbroek et al. 2004). Estrogen is thought to
protect the female hippocampus against stress-induced changes in hippocampal
neurogenesis, indicating the importance of estrous status in hippocampal plasticity (Falconer
and Galea 2003; Lee and McEwen 2001; Tanapat et al. 1999).

Sex differences in hippocampal neurogenic capacity and environment in adulthood may
underlie sex differences in neurogenesis in this region. Microenvironment factors can
modulate neurogenesis through direct or indirect regulation of SGZ precursors. For example,
females have higher hippocampal corticosteroid receptor labeling compared to males (Liu et
al. 2001; Richardson et al. 2006). A subset of SGZ precursors express GR (Garcia et al.
2004), and corticosteroid activation of hippocampal GR is pro-apoptotic via activation of
factors such as p53 and BcL-2 (Almeida et al. 2000; Crochemore et al. 2002; Hassan et al.
1996; Wang and Garabedian 2003). Conversely, glucocortiocoids also interact with
interleukin-1beta (IL-1β; (MacPherson et al. 2005; Schmidt et al. 1999)), a cytokine thought
to be anti-apoptotic and, unlike other cytokines, does not impair neurogenesis (Monje et al.
2002). The above findings altogether hint at a potential interplay between stress hormones
and neuroprotective cytokines in sex differences in hippocampal proliferation, neurogenesis,
and cell death (McEwen 2002).

Regulatory mechanisms underlying sex differences in hippocampal plasticity may be
established early in life. Adult males and females have differential sensitivity to stress
experienced during prenatal development (Weinstock 2007). Exposure to repeated restraint
stress during the last week of pregnancy in rats differentially alters the hypothalamic
pituitary adrenal (HPA) axis responses to a novel stressor in both male and female adulthood
offspring, enhancing the sex difference observed in control animals (Richardson et al. 2006;
Szuran et al. 2000). This same treatment elicits increases in anxiety-like behavior only in
females (Bowman et al. 2004; Richardson et al. 2006; Roussel et al. 2005). Furthermore,
prenatal restraint stress decreases hippocampal factors involved in learning and memory,
perhaps by promoting factors that produce oxidative stress, favoring a greater change in
female offspring (Li et al. 2006; Schmitz et al. 2002; Zhu et al. 2004). Thus, the
physiological and behavioral consequences of exposure to early stress differ greatly
depending on the sex of the offspring. While studies have demonstrated the negative effects
of prenatal stress on the development and survival of hippocampal neural precursors, this
work has primarily focused on males (Coe et al. 2003; Fujioka et al. 2006; Lemaire et al.
2000; Lemaire et al. 2006; Van den Hove et al. 2005).

The present study explored whether hippocampal neurogenic capacity and
microenvironment differed in adult males and females under normal developmental
conditions or in response to stress experienced during late prenatal development. Sex
differences were observed in several hippocampal measures in adult offspring of unstressed
dams including, neurogenesis, cell death, and key aspects of hippocampal
microenvironment. Prenatal stress significantly impacted hippocampal neurogenic capacity,
with a robust vulnerability in males. Feminization of hippocampal measures was
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predominant in adult male offspring, thereby resulting in the elimination or reduction of
some sex differences observed in controls.

Materials and Methods
Animals and tissue preparation

As previously described (Richardson et al. 2006), timed-pregnant rat dams (Crl:CD(SD)
rats; Charles River, Wilmington, MA) were assigned to one of the following three treatment
conditions for the last week of pregnancy (gestational days 14-21); (a) Control, which
received no stress, (b) Prenatal stress via repeated restraint (PS-restraint; three daily 45 min
sessions at 0900 h, 1200 h, and 1700 h under illumination by two 150 W bulbs;(Ward and
Weisz 1980), and (c) Prenatal stress via randomized stressors (PS-random; daily exposure to
either restraint stress (three 45 min sessions), foot shock stress, or saline injection stress).
Litters were culled to a maximum of 14 pups and left undisturbed after culling until weaning
at 21 d, when females and males were separated from their mothers and group housed with
same-sex littermates until adulthood (21-23 weeks old). To avoid litter effects, which can
interfere with data interpretation (Zorrilla 1997), only one to two animals (of each sex) per
litter were used in the present study. Sex ratio and litter size did not differ between groups.

Brains from adult male and female offspring (21-23 weeks old) were used for the present
study (n=5/Sex/Prenatal Treatment). Tissue was obtained from animals in which anxiety-
related behavior and gonadal steroids are reported elsewhere (Richardson et al. 2006). It
should be noted that the brains used in the present study were from a different subset of
animals from those used for glucocorticoid receptor expression in the previous report
(Richardson et al. 2006). Estrous cycles were synchronized in adult female offspring by
giving two doses of 2 μg of the potent gonadotropin releasing hormone (GnRH) agonist
([DTrp6,Pro9,Net]GnRH (sc) synthesized by solid phase methodology (Rivier et al. 1974),
generously provided by Dr. Jean Rivier, the Salk Institute, La Jolla, CA) at 0900 h and
1400h eleven days prior to perfusions (Rivier and Vale 1990). This procedure is used to
simulate the proestrous GnRH surge (Sisk et al. 2001), and females then proceed through the
rest of the cycle (estrus, diestrus I, diestrus II, proestrus…) and subsequent cycles thereafter
(Rivier and Vale 1990). Thus the treatment with the GnRH agonist does not induce
persistent diestrus, and in our experience and that of others, the females continue to cycle
regularly after this treatment. The advantage of this method is that females can be
investigated at the same stage of the cycle, which provides a much more robust comparison
with males by decreasing estrous status variability. Although males were not given the
GnRH analog because they do not naturally experience high levels of GnRH, it is unlikely
that synchronization of females significantly impacted hippocampal labeling by the various
endogenous markers or accounts for observed sex differences, as injections occurred 11 days
(almost 3 cycles) prior to perfusions. The day of synchronization was timed so that females
were in diestrus on the day of tissue collection, which was confirmed by vaginal smears.
Rats were deeply anesthetized with chloral hydrate (35%, 2 ml/kg, a drug that does not
affect stress-related immediate early genes or peptides mRNA levels (C. Rivier unpublished
results), and intracardially perfused with 4% paraformaldehyde/0.1 M borate buffer, pH 9.5.
All perfusions were done between 0830-1130h. Brains were post-fixed for 4 h, submerged in
20% sucrose solution for 24-48 h at 4°C, snap frozen in Isopentane (2-Methylbutane,
Sigma), and stored at -80°C until sectioning on a microtome into 30 μ coronal sections.
Tissue sections were then stored at -20°C in a cryoprotectant solution (50% 0.1 M phosphate
buffered saline, 30% ethylene glycol, and 20% glycerol) until immuohistochemistry (IHC).
All protocols were approved by the Institutional Animal Care and Use Committee of The
Salk Institute.
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Immunohistochemistry
To investigate whether prenatal stress altered actively proliferating cells, adult generated
neurons and cell death in the hippocampal SGZ, left and right hemisphere of every
eighteenth coronal section through the rat brain was slide mounted and dried overnight prior
to IHC. Slides were coded prior to IHC and the code was not broken until after analysis was
complete. All IHC incubations were performed at room temperature unless otherwise
indicated. Slide mounted sections were subjected to three pretreatment steps as described
previously (Mandyam et al. 2004). Slides were incubated with 0.3% H2O2 for 30 min to
remove endogenous peroxidase activity. Non-specific binding was blocked with 5% serum
and 0.5% Triton-X in 1XPBS for 30 min. Sections were then incubated with primary
antibody (in 5% serum and 0.5% Tween-20) for 18-20 h. For single labeling colorimetric
IHC (Ki-67, DCX, AC-3, and IL-1β), sections were then incubated with biotinylated
secondary IgG for 1 h (Vector Laboratories, Burlingame, CA; 1:200) and incubated in ABC
for 1 h (cat# PK-6100; Vector Laboratories, Burlingame, CA). Staining was visualized with
DAB (cat# 34065; Pierce Laboratories, Rockford, IL) and sections were counterstained with
Nuclear FastRed (Vector Laboratories, Burlingame, CA). For double labeling IHC (Ki-67/
DCX), in lieu of DAB staining was visualized via tyramide signal amplification (cat#
SAT704A; PerkinElmer Life Sciences, Boston, MA) and sections were counterstained with
DAPI. Omission or dilution of primary antibody resulted in lack of specific staining, thus
serving as a negative control for antibody experiments.

The following primary antibodies were used for IHC. To examine proliferation, we used an
antibody against Ki-67, an endogenous proliferation marker expressed in S, G2 and M
phases of the cell cycle (Gerdes et al. 1984). Rabbit polyclonal anti-Ki-67 (cat# NCL-
Ki-67p; Novocastra Laboratories, Norwell, MA; 1:500) was raised against prokaryotic
recombinant fusion protein corresponding to a 1086bp Ki-67 motif-containing cDNA
fragment. The pattern of Ki-67 staining was similar to that previously reported (Mandyam et
al. 2007). To examine neurogenesis, we used an antibody against doublecortin (DCX;
(Brown et al. 2003). Goat polyclonal anti-doublecortin (cat# sc-8066; Santa Cruz, Santa
Cruz, CA; 1:700) was raised against an 18 amino acid peptide 384-401 of human
doublecortin. This antiserum stains a single 40 kDa band on Western blot and the pattern of
staining was similar to that previously reported with almost all immunoreactive cells in the
SGZ (Brown et al. 2003). Two approaches were used to examine cell death: an antibody
against cleaved caspase-3 (AC-3; (Cooper-Kuhn and Kuhn 2002) and the presence of
pyknotic cells. Rabbit polyclonal anti-AC-3 (cat# 9661; Cell Signaling Technology,
Beverly, MA; 1:500) prepared against a synthetic peptide recognizing amino acids 167-175
of human caspase-3 was used to quantify apoptosis. The antiserum recognizes bands in the
17-19 kDa range on Western blot, representing cleaved, but not full-length, caspase-3
(Olney et al. 2002). The pattern of AC-3 staining was similar to that previously reported,
with most immunoreactive cells in the SGZ (Donovan et al. 2006). The presence and
quantification of pyknotic cells was performed on sections counterstained with FastRed
(Vector Laboratories, Burlingame, CA). Pyknotic cells were identified by their lack of a
nuclear membrane, pale or lucent cytoplasm, and condensed, darkly stained, spherical
chromatin visualized with nuclear FastRed staining (Harburg et al. 2007; Jortner 2006;
Mandyam et al. in press). To examine stress-induced alterations in factors that influence cell
death, we used a goat polyclonal antibody generated against IL-1β (cat# 500-P21BG;
PeproTech Inc, Rocky Hill, NJ; 1:500) prepared against human IL-1β. The pattern of IL-1β
staining was similar to that previously reported, with most immunoreactive cells in the hilus
of the hippocampal dentate gyrus (Cunningham et al. 2005).
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Microscopic analysis and quantification
To determine how prenatal stress alters proliferation, adult generated neurons and cell death,
the number of cells in the SGZ immunoreactive (IR) for Ki-67, DCX, AC-3 and pyknotic
cells was quantified via brightfield or epifluorescent microscopy using a Zeiss Axiophot
photomicroscope. Immunoreactive cells from the left and right hemispheres of each bregma
were quantified in the SGZ of the hippocampal dentate gyrus (bregma -1.8 to -6.3; (Paxinos
and Watson 1997) as previously described (Eisch et al. 2000). We used the optical
fractionator method in which every 18th section through the hippocampus was examined.
The total number of IR cells in the SGZ was multiplied by 18 and are reported as total
number of cells. Raw data for cell counts were subjected to statistical analysis.

DCX is a marker for young neurons, and the developmental stages of young neurons can be
further delineated using morphological and co-labeling strategies. Specifically immature
(early phase) DCX-IR cells can be differentiated from the mature (late phase) DCX-IR cell
types with careful morphological analysis, immature cells having short processes and mature
cells having long processes that extend into the molecular layer of the dentate gyrus (Fig 2d;
(Brown et al. 2003; Couillard-Despres et al. 2005; Kempermann et al. 2003; Kuhn et al.
2005; Rao and Shetty 2004; Seri et al. 2004)). The immature DCX-IR cells can be further
divided into two phenotypes: transiently amplifying (cycling) cells (“type I”) and non-
cycling cells (“type II”) by the presence or absence, respectfully, of colabeling with Ki-67
(Jessberger et al. 2007; Jessberger et al. 2005). To determine the phenotype of DCX-IR
cells, confocal analysis was performed on sections co-labeled with fluorescent tagged Ki-67
and DCX. Using a confocal microscope (BioRad LaserSharp 2000, version 5.2; emission
wavelengths 488, 568, and 647), cells were scanned and optically sectioned in the Z plane as
described previously (Mandyam et al. 2004). All analysis was done at a magnification of
1000X. For Ki-67/DCX analysis, every 27th section (3 coronal sections per rat) through the
hippocampus was mounted and all DCX cells in the SGZ from each rat were subjected to
confocal z scanning to determine colocalization of DCX and Ki-67. The total number of
DCX-IR cells that were Ki-67-IR was subjected to statistical analysis. Fluorescently labeled
confocal images presented here were taken from one 0.45 μm optical slice and imported into
Photoshop (Adobe Systems) for composition purposes.

IL-1β densitometry analysis
For analysis of IL-1β densitometry, every 27th section (3 coronal sections per rat) through
the hippocampus containing both the left and right hippocampal DG regions (including the
molecular layer, granule cell layer and the hilus) were captured at 200X magnification with
a Zeiss Axiophot photomicroscope fitted with a Zeiss ZVS video camera. Captured sections
were sorted by bregma according to Paxinos and Watson (Paxinos and Watson 1997). The
hilus was analyzed to determine qualitative changes in IL-1β IR by NIH Scion Image 4.03
Software. Density slice function was first applied to the captured image such that IL-1β IR
cells and fibers were highlighted, mean density values were then obtained from the hilus and
background region (molecular layer), and background levels were subtracted out to achieve
a final density of IL-1β IR expressed as pixels/μm2.

Stereological assessment of hippocampal, dentate gyrus, and granule cell volume
Sections analyzed for Ki-67 IR were then analyzed to assess volume of the hippocampus,
dentate gyrus and granule cell layer. Volumes were estimated based on surface area
measurements made from 7-8 coronal brain sections per rat. Sections were coded so the
experimenter was blind to the group of the animal until completion of analyses. All
measurements were obtained using StereoInvestigator software (MicroBrightField Inc.,
Williston, VT) with a Zeiss Axiophot photomicroscope. Cell proliferation and neurogenesis
were not quantitatively different between hemispheres in control and treatment groups.
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Therefore, unilateral (left hemisphere) volume estimates were measured according to the
Cavalieri principle (West and Gundersen 1990; West et al. 1991). All contours were drawn
at X50 magnification and a grid spacing of 150 μm was used to determine the X and Y
spacing between neighboring points in the array. A randomized rotation was used for
superimposing the grid on the contours to perform volume estimates according to the
Cavalieri principle. In each section the following three structures were outlined: the
hippocampus (including the CA regions and the dentate gyrus), the dentate gyrus (including
the molecular layer, granule cell layer and the hilus), or just the granule cell layer. The
number of sampling sites ranged from 25 to 280 (bregma -1.8 to -6.3) in the dentate gyrus
and granule cell layer and 40 to 600 (bregma-1.8 to -6.3) in the hippocampus. Mounted
section thickness of 18 μm (cut section thickness of 30 μm) was used for all three groups,
and every 18th section (7-8 coronal sections per rat) was used for the analysis.

Measurement of hippocampal dentate gyrus granule cell number
Quantitative analysis to obtain unbiased estimates of the total number of granule cells was
performed on a Zeiss Axiophot Microscope equipped with MicroBrightField Stereo
Investigator software, (MicroBrightField Inc, Colchester Vermont), a 3 axis Mac 5000
motorized stage (Ludl Electronics Products Ltd Hawthorne NY), a digital CCCD ZVS video
camera (Zeiss Inc, New York), PCI color frame grabber and PC workstation. Every 18th

section (cut section thickness 30 μm; measured mounted section thickness 18 μm) through
the dentate gyrus of the hippocampus counter stained with Nuclear FastRed were saved in
strict anatomical order for quantitative analysis. Systematic random sampling of the dentate
granule cell layer consisted of a 1/18 section analysis and 7-8 sections were analyzed for
each rat. Live video images were used to draw contours delineating the granule cell layer.
All contours were drawn at low magnification (Zeiss Plan-Apochromat X100, N/A 0.32)
and the contours were realigned at high magnification X630 oil objective N/A 1.4.
Following determination of mounted section thickness, Z plane values and selection of
contours, an optical fractionator analysis was used to determine unilateral estimates (left
hemisphere) of granule cell neuron number per granule cell layer of each dentate. A
counting frame of appropriate dimensions, denoting forbidden and non-forbidden
boundaries, was superimposed on the video monitor, and the optical fractionator analysis
was performed at X630 and a 1.4 auxillary condenser lens. Cells were identified as granule
cell neurons based on standard morphology and only neurons with a focused nucleus within
the non-forbidden regions of the counting frame were counted.

The total number of granule cells was calculated by multiplying the average density of the
granule cells and total volume of the granule cell layer of the hippocampal dentate gyrus
(Donovan et al. 2006). Volume was estimated on tissue counter stained with FastRed using
StereoInvestigator software that employs the Cavalieri method (West and Andersen 1980;
West et al. 1991). The average density of granule cells was determined by examining 7-8
sections from every rat, from rostral to caudal portions of the granule cell layer. Over 400
cells (X630) were counted at a 10- X 10- X 2-μm counting grid, and a 2-μm top and bottom
guard zone. The total number of cells were determined by multiplying the average density of
cells (cells/μm3) by the total volume of the granule cell layer (West et al. 1991). Granule
cell layer volume and cell number estimates were made by an observer blind to the study.

Data analysis and image presentation
Ki-67, DCX, AC-3, pyknotic, and IL-1β data were analyzed using between-subjects 2 (Sex)
X 3 (Prenatal Treatment) two-way ANOVAs, followed by Bonferroni post-hoc tests.
Bonferroni correction for multiple pairwise comparisons is generally used for a small
number of comparisons (5 or fewer is recommended (Altman 1991)). The correction is
appropriate for the present analyses, as alpha levels were adjusted only for the comparisons
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made (no more than 3). For clarity purposes, sex differences in control animals are first
presented separately as bar graphs in Fig 1, even though statistical analyses included all
groups as described above. Unless otherwise stated, differences were considered significant
when P<.05. Images presented here were collected on a Zeiss Axiophot photomicroscope
with a Zeiss ZVS video camera and imported into Photoshop (version, CS2, Adobe,
Carlsbad CA). Only the gamma adjustment in the Levels function was used.

Results
Sex differences in hippocampal neurogenesis, cell death, and microenvironment

The first objective was to determine whether hippocampal neurogenic capacity and
microenvironment differed in males and diestrous females under control conditions. Data
from all groups were first analyzed by two-way (Sex X Prenatal Treatment) ANOVAs,
followed by post-hoc pairwise comparisons between control males and females. Graphs
specifically from control animals are presented in Fig 1 to focus on sex differences in
untreated animals.

The proliferating population was evaluated by counting Ki-67-IR cells (Fig 1a), an
endogenous marker specific for precursors actively cycling in the cell division cycle (Bacchi
and Gown 1993; Endl et al. 2001; Kee et al. 2002; Peissner et al. 1999). The number of
Ki-67-IR cells was not significantly different in males and females, though there was a trend
towards an increase in females (Fig 1g; effect of Sex, F(1,23)=3.2, P=0.08, post-hoc
pairwise comparison between control males and females, P=0.14).

The number of young neurons was evaluated by counting DCX-IR cells, an endogenous
marker for cell differentiation and neurogenesis (Brown et al. 2003; Rao and Shetty 2004).
Consistent with previous studies (Couillard-Despres et al. 2005; Kuhn et al. 2005),
morphological analysis of DCX-IR cells revealed two distinct types of cells: 1) DCX-IR cell
bodies without processes or with very short processes extending parallel to the granule cell
layer (Fig 1b and Fig 2e-g, arrowhead); and 2) DCX-IR cell bodies with elongated processes
extending perpendicular from the granule cell layer into the molecular layer (Figs 1b, 2e,
and 2g arrows). The distinction between these two morphological cell types is thought to
reflect immature (early phase) and mature (late phase) young neurons, respectively. The
immature population of DCX-IR cells consists of both transiently amplifying cells (co-
localize with Ki-67 (type I, (Jessberger et al. 2007; Jessberger et al. 2005)) and cells that are
no longer dividing (do not co-localize Ki-67) but have not yet developed processes (type II).
The older, more mature DCX-IR cells have processes and proportion of these cells co-label
with the mature neuronal marker NeuN (Brown et al. 2003).

The first analysis indicated that the total number (mature + immature) DCX-IR cells was
greater in males compared to females (Figs 1h and 2b, total DCX-IR cells, males: 11331 ±
835, females: 8676 ± 532; effect of Sex, F(1,24)=17.2, P<0.01). Morphological analyses
indicated that the sex difference in total DCX-IR is coming from a greater number of mature
young neurons in males (Figs 1h and 2b, males: 3519 ± 259, females: 1701 ± 104; effect of
Sex, F(1,24)=188.5, P<0.01, post-hoc pairwise comparison between control males and
females, P<0.01, following a Sex X Prenatal Treatment interaction, F(2,24)=37.5, P<0.01).
Phenotypic analyses were next used to estimate sex differences on transiently amplifying
immature DCX-IR cell types (i.e., DCX/Ki67-IR or type I cells, Figs 1b and 2d). Females
had a higher number of type I transiently amplifying DCX-IR cells compared to males (Fig
2c control; effect of Sex, F(1,24)=21.4, P<0.01, post-hoc pairwise comparison between
control males and females, P<0.01, following a Sex X Prenatal Treatment interaction,
F(2,24)=5.2, P<0.01), indicating a sex difference in the time frame of SGZ precursors
residing in the cell cycle.
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Cell death in the hippocampal SGZ was evaluated by two approaches: pyknotic morphology
(Fig 1d), which reflects earlier and later stages of the apoptotic cascade, (Faherty et al. 1999)
and apoptosis (AC-3 immunoreactivity; Fig 1c). While pyknotic cells were identified by
their lack of a nuclear membrane, pale or lucent cytoplasm, and condensed, darkly stained,
spherical chromatin visualized with nuclear FastRed staining (Harburg et al. 2007; Jortner
2006; Mandyam et al. in press), apoptotic AC-3-IR cells were easily detected by the dense
small circle of immunoreactive staining (Donovan et al. 2006; Harburg et al. 2007). Cell
death in the hippocampus SGZ differed with sex. Pyknotic cell counts were significantly
higher in females (Figs 1j and 3a, post-hoc pairwise comparison between control males and
females, P<0.01, following a Sex X Prenatal Treatment interaction, F(2,20)=17.4,
P<0.0001). Apoptotic cell counts were also higher in females (Figs 1i and 3b, effect of sex
on apoptosis: F(1,24)=11.8, P=0.002; post-hoc pairwise comparison between control males
and females, P<0.01), suggesting an upsurge in cell death by apoptotic pathways in the SGZ
of females.

In vivo and in vitro evidence suggests that glucocorticoids act to stimulate apoptosis in part
by decreasing levels of IL-1β, a cytokine with anti-apoptotic actions (Almeida et al. 2000;
Crochemore et al. 2002; Hassan et al. 1996; Schmidt et al. 1999; Wang and Garabedian
2003). Thus, IL-1β density in the hippocampal dentate gyrus was next examined. IL-1β-IR
was mostly seen in the hilar region of the hippocampus, with immunoreactive cells evenly
distributed throughout the hilus and a few seen in the SGZ (Fig 1e). IL-1β density in the
hilus was significantly lower in females compare to males (Figs 1k and 3c; effect of Sex
(F(1,41)=31.9, P<0.0001; post-hoc pairwise comparison between control males and females,
P<0.01, following a Sex X Prenatal Treatment interaction, F(2,41)=3.3, P=0.04). This
finding in conjunction with the fact that females have higher basal and stress-induced
corticosterone levels and greater hippocampal GR-IR density in the granule cell neurons of
the hippocampal DG compared to males (Richardson et al. 2006), makes a strong argument
for decreased IL-1β as one mechanism for increased apoptosis in females.

We also estimated volume of the hippocampus, dentate gyrus, and granule cell layer, along
with the number of granule cells in the granule cell layer (GCL) of the dentate gyrus to
address the possibility that greater cell death in females may result in decreased volume or
cell number. No sex differences in volume or granule cells (Table 1) were detected
suggesting that an upsurge in hippocampal cell death in females does not yield measurable
changes in hippocampal structure.

Prenatal stress decreases cell proliferation in the hippocampal SGZ
The next goal of the study was to determine the impact of prenatal stress on actively
proliferating cells in the adult male and female hippocampal SGZ, a process regulated by
corticosterone levels (Gould et al. 1992; Rodriguez et al. 1998). Both PS-restraint and -
random significantly decreased Ki-67-IR cell counts in males and females (Fig 2a, effect of
prenatal treatment, F(2,23)=16.96, P<0.01). There was no interaction between Prenatal
Treatment and Sex on proliferating population of cells in the SGZ.

Prenatal stress alters DCX-IR cells in the hippocampal SGZ
Prenatal stress did not alter the number of total (immature + mature type) DCX-IR cells, but
significantly affected mature and immature type DCX-IR cells in a sex- and stress paradigm-
specific manner. Prenatal exposure to repeated restraint stress significantly increased the
number of mature DCX-IR cells in the hippocampal SGZ only in males (Fig 2b, post-hoc
pairwise comparisons between PS-restraint and control males, P<.0.01 following a
significant Sex and Prenatal Treatment interaction, F(2,24)=37.5, P<0.01). Furthermore, this
same prenatal treatment increased immature DCX-IR cells that were transiently amplifying
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(DCX+/Ki-67+ or type I immature DCX-IR cells) in both males and females (Fig 2c, post-
hoc pairwise comparisons between PS-restraint animals and same sex controls, Ps<.05,
following a significant Sex X Prenatal Treatment interaction, F(2,24)=5.2, P<0.01). PS-
random treatment also elevated the number of DCX-IR cells that were transiently
amplifying, but only in males (Fig 2c, P<0.05), thereby eliminating the sex difference in this
measure. Thus, prenatal stress had highly specific effects on differentiating cells depending
on the type of prenatal stress and the sex of the offspring.

Prenatal stress alters cell death in the hippocampal SGZ
There was a main effect of Prenatal Treatment (F(2,20)=7.67, P=0.003) and a Sex X
Prenatal Treatment interaction (F(2,20)=17.4, P<0.0001) on the number of pyknotic cells in
the SGZ (Fig 3a, b). Post-hoc analyses indicated that prenatal stress increased pyknotic cells
only in males (Ps<0.001 compared to control males). PS-random eliminated the sex
difference in cell death, primarily due to increases in males (Fig 3a, b). PS-restraint resulted
in such a robust increase in pyknotic cells in males that the sex difference was reversed
(males > females, P=0.005, Fig 3a, b). Prenatal stress elicited no measurable change in
pyknotic cells in females. Although there was not significant effect of Prenatal Treatment on
apoptosis, the pattern of change in AC-3 cells was similar to that of pyknotic cells (increase
in males exposed to prenatal stress). Consistent with observation, there was only a
significant sex difference in control animals (post-hoc pairwise comparisons between males
and female: control animals, P<0.01, PS-restraint and –random animals, Ps>.05).

Prenatal stress alters hippocampal microenvironment
Prenatal stress significantly reduced hilar IL-1β-IR densitometry in males (F(2,41)=4.9,
P=0.01), with a significant interaction between Sex and Prenatal Treatment on IL-1β
immunoreactivity (F(2,41)=3.3, P=0.04). Post-hoc analyses indicated that IL-1β was
significantly reduced in PS-restraint (P<0.05) and PS-random (P<0.001) males compared to
controls, eliminating the sex difference observed in controls. Prenatal stress had no
measurable effect on hilar IL-1β-IR densitometry in females.

Prenatal stress alters hippocampal and dentate gyrus volume
Because actively proliferating cells were decreased by PS-restraint and -random in both
males and females (Fig 2a), and cell death was increased in male PS-restraint and -random
groups (Fig 3a), we evaluated whether these changes were associated with decreased
hippocampal, dentate gyrus or granule cell layer volume (Table 1). While PS-restraint had
no effect on these hippocampal measure, PS-random decreased both hippocampal (Table 1,
effect of prenatal treatment, F(2,24)=3.3, P=0.05) and dentate gyrus volume (Table 1, effect
of prenatal treatment, F(2,24)=6.3, P=0.006). Thus, exposure to varied stress elicits long-
term changes in hippocampal structure.

Discussion
The current report demonstrates that under normal developmental conditions, male and
diestrous female adult rats have comparable levels of SGZ proliferation and hippocampal,
dentate gyrus and granule cell layer volumes, but males have a higher level of neurogenesis
and a lower level of cell death. Endogenous markers for proliferation and neurogenesis
identified possible mechanisms underlying sex differences in hippocampal neurogenic
capacity. Differential microenvironment, cytokine-cell death pathways, and kinetics of
proliferating and differentiating cells may all contribute to sex differences in hippocampal
neurogenesis. We also provide evidence for high sensitivity of the developing hippocampus
to early stress, dependent on both the sex of the offspring and type of stress experienced
during prenatal development. Prenatal stress (PS-restraint and –random) significantly
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impacted the hippocampus, with both stress paradigms causing robust decreases in
proliferation in males and females. Several other hippocampal measures were feminized
specifically in males, reducing or abolishing some sex differences. The findings augment
previously reported morphometric and physiological differences in the adult male and
female rat hippocampus (Bethus et al. 2005; Bowman et al. 2004; Falconer and Galea 2003;
Franklin and Perrot-Sinal 2006; Galea et al. 1996; Krasnoff and Weston 1976; Schmitz et al.
2002; Westenbroek et al. 2004). The data may also help explain differential effects of stress
on hippocampal-dependent behavior and neuroendocrine function in males and females (Li
et al. 2006; Richardson et al. 2006; Roussel et al. 2005; Zhu et al. 2004).

Gonadal steroids influence hippocampal plasticity and may contribute to sex differences
observed in the present study (for recent reviews see (Galea 2007; Hajszan et al. 2007)). Sex
differences in SGZ proliferation are robust when female rodents in the proestrous phase of
the estrous cycle (high estrogen; (Falconer and Galea 2003; Tanapat et al. 1999)). Proestrous
females have higher proliferation (2hr survival after injection of exogenous marker BrdU;
(Tanapat et al. 1999)), though the increase in proliferation does not extend to increases in
migration and differentiation of SGZ neural precursors (24hr-14d survival after injection of
exogenous marker BrdU; (Falconer and Galea 2003; Tanapat et al. 1999). Somewhat
consistent with the earlier findings, the current study shows that proliferation is not
significantly higher (albeit a trend) in females on diestrus, when estrogen levels are low.
Furthermore, diestrous females in the present study also had elevated pyknotic cell counts
compared to males, consistent with a trend observed in an earlier report (Tanapat et al.
1999). Proestrous females, on the other hand, have lower cell death than males (Falconer
and Galea 2003; Tanapat et al. 1999). Thus, estrogen appears to both enhances proliferation
and protects against cell death ((Falconer and Galea 2003; Tanapat et al. 1999), and present
report). The findings altogether demonstrate the proliferative environment fluctuates in
females depending on estrous status, which can have considerable influence on the extent to
which sex differences are observed in hippocampal plasticity, structure, and function.

Stress hormones may also contribute significantly to sex differences in hippocampal
plasticity either directly or indirectly through regulation of the local environment (Li et al.
2005). The hippocampal microenvironment may be reshaped by chronically elevated HPA
axis activity and partly responsible for both the sex difference in cell death (higher in
females). For example, cytokines such as IL-1β can enhance the hippocampal proliferative
environment and conversely elevated corticosterone activates hippocampal GR to induce
cell death (Almeida et al. 2000; Crochemore et al. 2002; Hassan et al. 1996; Wang and
Garabedian 2003), thereby decreasing the proliferative capacity of the hippocampus.
Furthermore, in vitro studies evidence indicates that the two pathways are interlinked
(Monje et al. 2002; Schmidt et al. 1999). Low to moderate levels of acute or chronic
glucocorticoid exposure are thought to be anti-inflammatory by decreasing IL-1β levels
(MacPherson et al. 2005), resulting in decreased proliferation and increased apoptosis. The
present data suggest this pathway contributes to higher cell death in females. Males have
higher IL-1β, supporting lower levels of cell death and increased neurogenic environment in
the male SGZ compared to females.

Sex differences in hippocampal neurogenesis may be partially attributable to differential
precursor kinetics. Morphological analysis and phenotype of DCX-IR cells show that males
have more DCX-IR cells that reached maturity compared to diestrous females, but females
had more transiently amplifying neuroblasts (Ki-67-DCX double labeled cells) compared to
males. Expression patterns of Ki-67 protein or kinetics of SGZ precursors signify delayed
exit from the cell cycle in females, potentially interfering with migration and differentiation
into a mature neuron and/or making the cells vulnerable to cell death. Either outcome could
lead to decreased neurogenesis in females.
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Prenatal stress significantly impacted a number of hippocampal measures, eliminating some
sex differences primarily by feminizing actions in males. Precursor kinetics, IL-1β density,
and cell death were all feminized in males by one or both prenatal stress paradigms. Greater
sensitivity of the hippocampus to prenatal stress in males differs from what is observed in
stress-related neuroendocrine and behavioral responses, where prenatal stress elicits the
most robust changes in females (McCormick et al. 1995; Palanza 2001; Richardson et al.
2006; Weinstock et al. 1992). The present data illustrate the critical influence early
environment has on establishing sex differences in certain neural structures provides insight
into possible mechanisms for the changes observed in males. During perinatal development,
gonadal hormones have organizational effects on the developing brain that lead to sexual
dimorphisms in neurochemistry, synaptic connections, and behavior in adulthood (for a
recent review, see (Weinstock 2007)). On gestational days 18-19 (the last third of pregnancy
in the rodent), a testosterone surge occurs in males that is critical for masculinization of
sexually dimorphic neural circuitry and behavior (McEwen et al. 1977; Ward and Weisz
1980; Ward and Weisz 1984). Prenatal restraint stress in the last week of pregnancy is
known to suppress the testosterone surge during prenatal development (Ward and Weisz
1980; Ward and Weisz 1984) and in the present study both PS-restraint and -random
reduced adult levels of testosterone (Richardson et al. 2006). Testosterone is known to
enhance hippocampal neurogenesis (Galea et al. 2006). Therefore, reduced organizational
(prenatal) and/or activational (adulthood) actions of testosterone may have lead to the
feminization of certain hippocampal measures in males in the present study, eliminating
some sex differences. Feminization of differentiation processes might translate into changes
in hippocampal function via PS-induced feminization of hippocampus-dependent behavior
in males (Bowman et al. 2004).

Prenatal stress reduced proliferation of SGZ precursors (Ki-67) in both males and females,
similar to what has been shown in males following restraint stress experienced in utero (Coe
et al. 2003; Fujioka et al. 2006; Lemaire et al. 2000). Stress hormones could contribute
significantly to altering proliferation capacity either by action early in development or in
adulthood. It is unlikely, however, that stress hormones in adulthood underlie the prenatal
stress effects observed here. Activity of the HPA axis (under basal and stressed conditions)
differs greatly in males and females and in response to the different prenatal treatments
(Richardson et al. 2006), but the pattern of change in proliferation does not reflect this
(present report). Instead, exposure to elevated glucocorticoid levels during prenatal
development more likely contributed to reduced proliferation in adulthood. Gestational
stress can affect developing pups despite enhanced protection against maternal
glucocorticoids by the enzyme β-hydroxysteroid dehydrogenase (Holmes et al. 2006;
Welberg et al. 2000). In rodents, corticosterone levels are elevated in maternal and fetal
blood several hours following restraint stress (Montano et al. 1991). In addition, a small but
significant number of actively dividing SGZ precursors express GR (Garcia et al. 2004), and
high concentrations of corticosterone can decrease proliferation in a glucocorticoid receptor-
dependent manner in prenatal day 16 hippocampal cultures and neonatal rat brain (Van den
Hove et al. 2006; Yu et al. 2004). Thus, exposure to elevated stress hormones early in
development may cause long-term changes in proliferative environment, resulting in
reduced neurogenic capacity in the hippocampus in adulthood.

The impact of prenatal treatment on neurogenesis (DCX-IR cells) was multifaceted. PS-
restraint resulted in increased DCX-IR cells that reached maturity in the SGZ in males.
While increased DCX-IR cell number indicates increased neurogenesis, this does not
necessarily result in more granule cell neurons. In fact, an earlier report shows that survival
of BrdU labeled cells is not increased, but rather decreased, following a similar treatment
(Lemaire et al. 2000). Furthermore, in the present report granule cell numbers were not
higher in PS-restraint males despite having higher DCX-IR cell numbers. Thus, instead of
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simply altering the number of neurons in the granule cell layer, prenatal stress may be
eliciting more specific changes in the differentiating cell population. For example, prenatal
stress specifically impacted the number of immature DCX-IR cells that were transiently
amplifying in the present study. Both PS-restraint and -random had feminizing effects in
males, prolonging the amount of time immature DCX-IR cells spend in active division.
Transiently amplifying DCX-IR cell number was also increased by prenatal stress in
females, but only with PS-restraint. Thus, stress experienced in utero may delay or prevent
hippocampal neuroblasts exiting from the cell cycle in a timely fashion, which could result
in a number of different outcomes such as alteration of the maturation process, vulnerability
to cell death, or synaptic integration and plasticity within the hippocampus.

The relationship between hippocampal cell death and stress is complex (Heine et al. 2004;
Lucassen et al. 2006; Montaron et al. 2003). Both prenatal stress treatments increased
pyknosis in the male SGZ, but caused no measurable changes in females. IL-1β was also
reduced in the two prenatal stress male groups, which may have contributed to increased cell
death. However, this should be reflected in a higher number of AC-3 IR cells (increased
apoptosis), which was not the case. This suggests perturbation in the GR- IL-1β-apoptotic
pathway (evidenced by an inverse correlation between AC-3 IR cell counts and IL-1β IR in
control animals but not prenatal stress groups, data not shown). Thus, elevated cell death is
likely driven by other mechanisms, such as reduced testosterone in adulthood (Galea et al.
2006; Richardson et al. 2006), as mentioned earlier.

Other environmental factors experienced throughout the lifespan could also contribute to
altered hippocampal neurogenesis following prenatal stress. For example, maternal behavior
can influence stress-related neural and behavioral systems in adult offspring, and adoption in
rats has been shown to reverse some of the effects of prenatal stress (Maccari et al. 1995;
Moore and Power 1986). Thus, while gross abnormalities in maternal behavior were not
observed in dams, it is possible that subtle changes in maternal behavior resulting from
stress during pregnancy may have also contributed to the changes in hippocampal
proliferative capacity in adult offspring.

In summary, the data described herein provide possible mechanisms for sex differences in
hippocampal plasticity and vulnerability of the hippocampus to early stress. Much remains
unknown regarding the interplay between microenvironment, cell cycle kinetics, and
neurogenesis. Future investigation of the vulnerability of the actively proliferating cells in
the adult brain to stress-induced alterations in adrenal and gonadal hormones, cytokine
levels, and gender-specificity of cellular events that maintain adult hippocampal
microenvironment could serve useful enhancing our understanding of neural plasticity and
behavior.
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Figure 1.
Sex differences in cell proliferation, immature neurons, immature neuron types, cell death,
and hippocampal microenvironment under control conditions. Photomicrographs of (a)
Ki-67, (b) DCX, (c) apoptotic (AC-3), (d) pyknotic cell (Pyk; main panel: arrowhead points
to a pyknotic cell with single blob of chromatin, inset: arrowhead points to a pyknotic cell
with many blobs of chromatin; arrow in main panel points to dark neurons that were not
included as pyknotic cells), (e) IL-1β – labeling in the dentate gyrus of a control male rat.
Arrowhead in each panel points to an immunoreactive cell. Ki-67-IR cells are seen as
clusters of cells. Two types of DCX-IR are observed: arrowhead in (b) points to an
immature DCX-IR cell, and arrow in (b) points to mature DCX-IR cell. Scale bar in (a) = 50
μm, applies to (a-d); = 100 μm, applies to (e). (f) Schematic of bregma -3.8 (Paxinos and
Watson 1997) depicting the subgranular zone (SGZ), hilus (Hil), granule cell layer (GCL)
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and molecular layer (Mol) used for analysis (see Methods). (g-k) Quantitative analysis of
male and female differences in (g) cell birth via Ki67-IR cells counts, (h) immature neurons
via DCX-IR cell counts, (i, j) cell death via AC-3-IR or pyknotic cell counts, and (k)
hippocampal microenvironment via densitometry of IL-1β. *sex difference, as indicated by
post-hoc pairwise comparisons between control males and females, Ps<.05. Data are shown
as mean ± SEM (n = 5 in each group).
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Figure 2.
PS-restraint and -random alter the endogenous levels of actively proliferating cells (Ki-67-
IR) and young neurons (DCX-IR). (a) Quantitative analysis of prenatal stress (both PS-
restraint and -random)-induced decreased the number of Ki-67-IR cells in the subgranular
zone of the dentate gyrus. Data are indicated as mean ± SEM (n = 5 per treatment group and
sex). (b-c) Prenatal restraint and random stress differentially influence the number of
doublecortin (DCX)-IR neurons. (b) Quantitative analysis of immature and mature DCX-IR
cells. (c) Quantitative analysis of number of immature DCX-IR cells that are Ki-67 positive
(“transiently amplifying young neurons,”. (d) Schematic representation of DCX cell types.
Open arrowhead (e, f, g) points to Ki-67-IR cells (green, FITC), closed arrowhead (e, g)
points to immature DCX-IR cells (red, CY3) that are along the SGZ with short processes.
Some immature cells are Ki-67 positive (indicated as type I in (d)) most others are Ki-67
negative (indicated as type II in (d)). Arrow (e, g) points to a mature DCX-IR cell in the
SGZ, these cells are Ki-67 negative. (e-g) Single Z scan (0.5um) of a confocal Z stack;
Ki-67 in green (FITC) and DCX in red (CY3). Open arrowhead in (g) points to a Ki-67+/
DCX- cell, closed arrowhead points to a Ki-67+/immature DCX+ (“transiently amplifying
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neuroblasts”) cell, short arrow points to a Ki-67-/mature DCX+ cell. Scale bar in (e) = 10
um, applies (e-g.) *sex difference compared to males, Ps<.05; #prenatal stress difference
compared to control group of same sex; Ps<.01. Data are shown as mean ± SEM (n = 5 per
treatment group and sex).

Mandyam et al. Page 21

Dev Neurobiol. Author manuscript; available in PMC 2013 June 12.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
Prenatal stress alters cell death and hippocampal microenvironment in adult male offspring.
Quantitative analysis of the number of pyknotic cells (a), and apoptotic (AC-3-IR) cells (b)
in the subgranular zone of the dentate gyrus. (c) Densitometry analysis of IL-1β
immunoreactivity. *sex difference compared to males, Ps<.05; #prenatal stress difference
compared to control group of same sex; Ps<.01. Data are shown as mean ± SEM (n = 5 per
treatment group and sex).
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