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Abstract

Rationale Stress elicits functional and structural changes
in the hippocampus. Early life stress is one of the major
risk factors for stress-related pathologies like depression.
Patients suffering from depression show a reduced
hippocampal volume, and in women, this occurs more
often when depression is preceded by childhood trauma.
However, the underlying mechanisms that account for a
reduced hippocampal volume are unknown.

Objective We examined the effects of maternal absence on
structure and function of the hippocampus in female
offspring.

Methods We studied whether 24 h of maternal deprivation
(MD) on postnatal day 3 altered adult neurogenesis,
individual neuronal morphology and dentate gyrus (DG)
structure in young adult female rats. In addition, functional
alterations were addressed by studying synaptic plasticity in
vitro, and spatial as well as emotional learning was tested.
Results Adult females that were subjected to MD revealed
significant reductions in DG granule cell number and
density. In addition, DG neurons were altered in their
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dendritic arrangement. No effects on the rate of adult
neurogenesis were found. Furthermore, MD did not alter
synaptic plasticity in vitro, neither under normal nor high-
stress conditions. In addition, spatial learning and contex-
tual fear conditioning were comparable between control and
MD animals. However, MD animals showed an improved
amygdala-dependent fear memory.

Conclusion Although early life stress exposure did not
impair hippocampus-dependent functioning in female
offspring, it irreversibly affected DG structure by reducing
cell numbers. This may be relevant for the reduced
hippocampal volume observed in depression and the
increased vulnerability of women to develop depression.

Keywords Rats - Females - Maternal deprivation - Stress -
Dentate gyrus - Hippocampus - Adult neurogenesis -
Long-term potentiation - Learning and memory

Introduction

Epidemiological studies suggest that major depression is
more prevalent in women than in men (Bland 1997;
Kessler et al. 1993; Ustun 2000). However, the exact
neurobiological mechanisms that may account for this
selective vulnerability remain unknown. The hippocampus,
a brain region involved in learning and memory, is
susceptible to the effects of stress and shows a reduced
volume in depressive patients (Axelson et al. 1993;
Bremner et al. 2000; Campbell et al. 2004; Janssen et al.
2004; Sheline et al. 1999; Videbech and Ravnkilde 2004).
Interestingly, hippocampal volume reduction particularly
occurred in women who were exposed to early childhood
trauma (Vythilingam et al. 2002). This suggests that early
life stress—possibly via changes in hippocampus structure
and function—forms a risk factor for the development of
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stress-related disorders in adult individuals (Heim and
Nemeroff 2001; Heim et al. 2000; McEwen 2003; Rao et
al. 2010) and particularly in women.

Early life stress in rodents can be induced by maternal
separation (MS) or maternal deprivation (MD), i.e. the
removal of the dam for a given period of time (>3 or
24 h, respectively) during the first two postnatal weeks
(Lehmann and Feldon 2000; Levine et al. 1991). MS and
MD were shown to increase corticosterone levels during
the early postnatal period (Rosenfeld et al. 1992; Schmidt
et al. 2004; Stanton et al. 1988) and can programme
hypothalamic—pituitary—adrenal axis function later in life
(Lehmann et al. 2002; Plotsky and Meaney 1993; Workel
et al. 2001). Interference during the first two postnatal
weeks may therefore be of particular relevance for the
maturation of the dentate gyrus, a sub-region of the
hippocampus that develops for the larger part postnatally
(Altman and Bayer 1990a, b). In addition to this, the
dentate gyrus exhibits lifelong structural plasticity in the
form of adult neurogenesis, a process that has been
implicated in hippocampus-dependent learning and
memory (Deng et al. 2010; Dupret et al. 2007;
Kempermann 2005; Leuner and Gould 2010). These
young, adult-born granule cells contribute significantly
to behavioural functions such as contextual fear memory,
spatial pattern separation and spatial learning (Clelland et
al. 2009; Kitamura et al. 2009; Saxe et al. 2006). The role
of neurogenesis in stress-related pathology is still under
debate (Lucassen et al. 2010a; Sahay and Hen 2007), but
neurogenesis seems required for the behavioural effects of
(certain) antidepressants in animal studies (Santarelli et al.
2003; Surget et al. 2008).

Surprisingly—given the relevance of structural changes
in conjunction with early life stress for depression in
women—Ilittle is known on how exposure to early life
stress affects DG structure and function in (adult) female
offspring (Andersen and Teicher 2004; Petersen et al.
2008). Recently, it was reported that adult female rats
suffer from memory impairments and depressive-like
behaviour in adulthood after early life stress, indicating
that females are affected functionally by these stressors
(Aisa et al. 2008). In a previous study from our group, we
found that early maternal deprivation (24 h at postnatal
day (PND) 3) reduces the number of immature neurons in
the dentate gyrus of the hippocampus in young (PND 21)
female, but not male rats (Oomen et al. 2009). This
suggested that females apparently respond strongly to a
severe early life stressor, which may render them sensitive
to hippocampal dysfunction in adulthood. Here, we tested
if hippocampal function and structure in female rats
exposed to MD is indeed compromised at an adult age.
Therefore, we examined the effects of 24 h MD on PND 3,
a critical time point in dentate gyrus maturation (Altman
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and Bayer 1990a, b), on adult neurogenesis and granule
cell morphology. Furthermore, we addressed lasting
functional consequences of MD during development, by
studying spatial and emotional learning in vivo and
synaptic plasticity in vitro, both under stressful and neutral
conditions.

Materials and methods
Animals and breeding procedure

All animal procedures presented in this paper were in
compliance with the principles of laboratory animal care
and were approved by the animal ethics committee of the
University of Amsterdam, The Netherlands. To minimise
variation and to avoid stress in the perinatal environ-
ment, all animals were bred in-house. Wistar rats were
purchased from Harlan (Zeist, The Netherlands), kept
under standard housing conditions (dark/light phase
12:12, lights on at 8 a.m., humidity 55+15%, tempera-
ture 20-22°C) and habituated to the animal facilities for
10 days. For breeding, one male rat was put together
with two females for a period of 1 week.

After mating, females were pair-housed until the
beginning of the third gestational week. Then, females
were individually housed with extra bedding material and
monitored for birth each morning at 9 a.m. If a litter was
found, the previous day was designated PND 0, day of
birth. Dams with litters were left undisturbed until PND
3 and then randomly assigned to one of the two
experimental (MD or control (CON)) groups, making
sure that litters from the same father were not in the
same experimental group.

Maternal deprivation procedure

On the morning of PND 3 (9 a.m.), litters were separated
from their mother as a whole, shortly handled, culled to
four males and four females, and placed back into their
home cage. The cage was placed on a heating pad in
another room to avoid disturbance by vocalisation in the
breeding room. The dam was housed in a novel cage and
returned to the breeding room. Litters were kept warm by
placing them on a heating pad set at a temperature of
32°C during the 24-h deprivation period. Litters were,
with the exception of two litters of six pups, larger than
or equal to eight pups, with an average of 1142 pups.
Due to large litter size, culling to four males and four
females was usually possible. In this study, we repeated
the exact same experimental procedure as in our previous
study (Oomen et al. 2009). No pups were lost during the
MD procedure.
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At 9 am. on PND 4, cages were cleaned by replacing
some of the sawdust, after which the dam was returned
to the nest. Litters from the CON group were culled and
partially cleaned at the moment of disturbance on PND 3
(11 a.m.). Cages were placed back into the breeding
room and left undisturbed until weaning, with the
exception of PND 14, when some of the sawdust was
replaced. On PND 21, pups were weaned and housed in
groups of four same-sex littermates for experiments I, II,
IIT and IV, or in pairs for experiment V. Only results
obtained with the female offspring were analysed for the
present study.

Experiment I. Baseline and stress-induced
corticosterone levels

To investigate effects of early life stress on baseline
corticosterone levels, 8- to 13-week-old CON (n=30) and
MD (n=23) rats were sacrificed by rapid decapitation
between 9 and 10 a.m. Trunk blood was collected in
EDTA-covered tubes, centrifuged (5,000 rpm for 20 min)
and blood plasma was stored at —20°C until further
processing. To investigate the effects of early life stress
on stress-induced corticosterone levels, we induced stress
by (1) exposing animals to an adverse novel situation
and (2) by exposing them to swimming in a water maze
setup. Both these stressors bear relevance to the
behavioural tasks in experiment IV. In detail, stress-
induced corticosterone levels were measured in a
different cohort of CON (n=8) and MD (n=9) rats of
14-16 weeks of age by means of the following procedure.
In the morning (between 9 and 10 a.m.), rats were brought
to a novel room where a baseline blood sample was
collected by tail bleeding from a small incision made
halfway along the tail (Fluttert et al. 2000). Blood was
collected in an EDTA-covered capillary tube. Thirty
minutes later, rats were brought to the same room to
collect a second sample by means of tail bleeding, which
was taken as the stress-induced blood sample. Blood was
processed and stored as described above.

Two weeks later, plasma corticosterone levels were
determined 1 h after swim stress in the same animals in
order to gain more information about the speed of recovery
from a stressor. For this reason, rats were placed into a
water maze (22°C, 150 cm in diameter, no platform
present) for 2 min between 9 and 10 a.m. After this, rats
were taken out of the water and placed back into their home
cage. One hour after swim stress, rats were decapitated and
trunk blood was collected and processed as described
above. Plasma corticosterone concentrations from all three
experiments were measured in duplicate using a commer-
cially available radioimmunoassay kit (MP Biochemicals,
Amsterdam, The Netherlands).

Experiment II. Adult neurogenesis and granule
cell morphology

In order to determine lasting effects of early MD on the
different stages of the adult neurogenesis process, eight
CON and eight MD females (from four CON and four
MD litters) were injected with bromodeoxyuridine
(BrdU; Sigma-Aldrich, 200 mg/kg body weight, intra-
peritoneally) on PND 51 and sacrificed 18 days later. At
that day, animals were anaesthetised in the morning by
an injection of pentobarbital sodium salt (Nembutal,
1 mg/kg bodyweight; A.U.V. Cuijk, The Netherlands)
and perfused transcardially with saline followed by 4%
paraformaldehyde in phosphate buffer (PB; 0.1 M;
pH 7.4). To prevent pressure artefacts, brains were
post-fixed overnight in the skull at 4°C after which they
were carefully removed, washed and cryoprotected by
20% sucrose in phosphate-buffered saline. Frozen sec-
tions (30 um thick) were cut using a sliding microtome
and collected in PB with azide.

Different stages of neurogenesis were studied as described
previously (Mayer et al. 2006; Oomen et al. 2007).
Immunohistochemistry for BrdU (monoclonal murine anti-
BrdU; Roche Diagnostics, The Netherlands, 1:2,000) was
used to primarily assess newborn cell survival. The marker
Ki-67, a cell cycle-related protein identifying all cells
actively engaged in the cell cycle (polyclonal rabbit x-Ki-
67; Novocastra, Newcastle, UK, 1:2,000), was used to assess
cell proliferation. In addition, the number of young,
differentiating neurons was identified with an antibody
against the microtubule-associated protein doublecortin
(DCX; polyclonal goat x-DCX, Santa Cruz, 1:800). Ampli-
fication was performed with a biotinylated secondary
antibody (sheep anti-mouse (1:200; GE Healthcare), goat
anti-rabbit (1:200; Vector) and donkey anti-goat (1:500;
Jackson), respectively) and avidin—biotin complex (ABC kit;
Elite Vectastain, Brunschwig Chemie, Amsterdam, The
Netherlands, 1:1,000) in combination with tyramide (1:500;
0.01% H,0, kindly provided by Dr. 1. Huitinga, Netherlands
Institute for Neuroscience). Subsequent chromogen develop-
ment was done with diaminobenzidine (20 mg/100 ml TB,
0.01% H,0,).

All histological quantification procedures described
below were performed in a stereological approach in a
one-in-ten series of coronal sections taken along the entire
rostrocaudal axis in a total of nine sections per animal. The
total number of DG granule neurons and DCX-positive
cells were quantified by systematic random sampling
performed with the Stereolnvestigator system (Microbright-
field, Germany). The optical fractionator settings were as
follows: for DCX cell count, grid size 140x80, counting
frame 50x50, which resulted in 300-500 markers per
animal; for total granule cell count, grid size 150%150,

@ Springer



252

Psychopharmacology (2011) 214:249-260

counting frame 15x 15, which resulted in 300—500 markers
per animal.

Because of the relatively sparse occurrence and frequent
clustering of Ki-67-positive and BrdU-positive cells, these
cells were counted manually by means of a modified
stereological procedure using a Zeiss microscope (%200
magnification) and multiplied by 10 to estimate the total
number of Ki-67-positive and BrdU-positive cells in the
DG (Oomen et al. 2007; van Praag et al. 1999). Dentate
gyrus granule cell layer (GCL) and molecular layer surface
area and volume measurements were performed according
to Cavalieri’s principle using the appropriate tools for this
in the Stereolnvestigator system.

Effects of maternal deprivation on the individual
granule cell morphology were determined by analysing
the dendritic tree of Golgi-stained neurons using 3D
reconstruction software. For this purpose, 8- to 13-week-
old CON (n=7) and MD (n=7) animals were decapitated
in the morning between 9 and 10 a.m., and trunk blood
was collected in EDTA-covered tubes (experiment I).
Immediately after decapitation, brains were rapidly
removed and cut into two hemispheres. One hemisphere
was used for Golgi—Cox impregnation and the other for
electrophysiological recordings (experiment IV).

For Golgi—Cox impregnation, a similar procedure was
used as described previously (Bagot et al. 2009; Boekhoorn
et al. 2006; Champagne et al. 2008). Immediately after
decapitation, brains were incubated in a Golgi—Cox solution
(5% K,CrOy4, 5% HgCl and 5% K,Cr,0) for 28 days, after
which they were imbedded in celloidin and cut into 200-
um-thick sections. From each animal, Z-stacks (step size
1 pum) from five to seven dentate granule cells were
generated using a confocal microscope (LSM510, Zeiss,
Germany) in bright field mode (x20 objective) and
reconstructed in ImagePro in combination with the Neuro-
draw toolbox (kindly provided by G. Ramakers, J. van
Heerikhuize and C. Pool, Netherlands Institute for Neuro-
science, Amsterdam). Criteria for inclusion were as
follows: (1) only neurons from the supra-pyramidal blade
of the rostral dentate gyrus, from bregma —2.5 to —4.0
(Paxinos and Watson 1986), were selected; (2) cells had to
be evenly filled, without any severed dendrites exiting the
section; and (3) only cells from the middle third of the
granular cell layer were chosen to avoid the inclusion of
relatively young or newborn granule cells residing in the
inner part of the cell layer, or cells formed early in
ontogeny (E21-22) which reside in the outer third part of
the cell layer (Altman and Bayer 1990a, b). Total dendritic
length, number of branch points and the number of
primary dendrites were analysed for every neuron. In
addition, spine density was determined in two segments of
dendrites at a distance of 90—-110 um (proximal) and 190—
210 pum (distal) from the soma.
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Experiment III. Electrophysiological properties
of the dentate gyrus

To determine the effects of maternal deprivation on
electrophysiological properties of the DG network, 59 8-
to 13-week-old female rats (n=7 or eight per group) were
decapitated in the morning between 9 and 10 a.m. For these
experiments, stress from individual housing was avoided by
decapitating the last two animals from the same cage
simultaneously. Immediately after decapitation, the brain
was rapidly removed and cut into two hemispheres. The left
hemisphere was collected for Golgi-Cox impregnation
(experiment III) and the right hemisphere was collected
for electrophysiological recordings in ice-cold artificial
cerebrospinal fluid (aCSF) containing 120 mM NaCl,
3.5 mM KCl, 1.3 mM MgSO,-7H,0, 1.25 mM NaH,POy,,
2.5 mM CaCl,:2H,0, 10 mM glucose and 25 mM
NaHCOs;, oxygenated with 95% O, and 5% CO,. Coronal
slices (400 pum) were cut using a vibratome (Leica
VT1000S) at 5°C and then kept in oxygenated aCSF at
room temperature for at least 2 h prior to recording.
Sections containing the rostral part (bregma —2.5 to —4.0;
Paxinos and Watson 1986) of the hippocampal dentate
gyrus were placed in a recording chamber maintained at
30-32°C with a constant flow of oxygenated aCSF.

Field excitatory postsynaptic potentials (fEPSPs) were
recorded as previously described (Bagot et al. 2009; Pu et
al. 2007) in the absence or presence of the GABAergic
antagonist bicuculline methiodide (Tebu-bio, 10 puM).
fEPSPs were evoked using a stainless steel bipolar
stimulation electrode (60 um diameter, insulated except
for the tip) positioned in the medial perforant pathway and
recorded through a glass electrode (2-5 MQ impedance,
filled with aCSF) positioned in the middle third of the
molecular layer of the upper blade. A stimulus—response
curve was generated by gradually increasing the stimulus
intensity to define a level that generated the half-maximal
response which was used for the remainder of the
experiment. Once the input—output curve for each recording
was established, baseline synaptic transmission was
monitored (0.017 Hz) during 20 min.

When recordings were stable, theta burst stimulation
(TBS; four pulses of 100 Hz followed by a 200-ms
interval, followed by another four pulses) was applied.
This sequence was repeated five times with a 30-s
interval. After TBS, the degree of potentiation was
determined by recording the fEPSP every minute during
1 h (0.017 Hz). The magnitude of the fEPSP was
assessed by analysing the slope of the signal. To
determine whether the presence of the stress hormone
corticosterone during stimulation modulates the degree of
long-term potentiation (LTP), corticosterone (Sigma-
Aldrich, The Netherlands; 100 nM, dissolved in 0.01%
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ethanol) or vehicle (0.01% ethanol) was added to the
aCSF during the second half of baseline recordings
(t=—10 to 0 min), co-terminating with TBS (Bagot et al.
2009). This concentration of corticosterone was shown
before to occupy both MR and GR and is therefore
comparable and relevant to mimic in vivo stressful
situations (Champagne et al. 2008; Karst et al. 2000).

Experiment IV. Spatial and emotional learning

One cohort of animals (ten CON and ten MD rats) was
used for three behavioural tasks described in the following
section. Animals were housed in pairs. During testing, rats
from the same home cage were tested on different days to
avoid effects of acute stress. Before and in between tasks,
rats were handled every other day, starting 2 weeks before
the start of the first experiment. The order of testing was
as described below, and the time in between tasks was at
least 1 week.

To study potential changes in basal exploration and
anxiety levels after maternal deprivation, CON (n=10)
and MD (»=10) rats were tested in an elevated plus maze
at the age of 11 weeks. For this, each rat was transferred
from its home cage to the experimental setup in an
adjacent room. In this testing room, animals were put on
the centre of a plus maze (100 cm from the ground), facing
one of the two open arms. The plus maze was made of
black plastic and shaped like a cross with two opposite
open arms (10x40 cm) and two opposite closed arms
(10x40 cm, 25-cm-high walls) connected to an open
centre. Animals were placed in the centre and allowed to
freely explore the open and closed arms for 5 min.
Exploration patterns were recorded by a video camera
coupled to a computer and processed by Ethovision
(Noldus, Wageningen, The Netherlands). Total time,
frequency and latency to first appearance in all compart-
ments of the maze were analysed to determine the
exploration pattern.

To determine spatial learning ability of MD rats, animals
were trained in a Morris water maze (Morris 1984). CON
(n=10) and MD (n=10) animals (13 weeks old) were
trained in 2 days, during which they received four trials per
day with an inter-trial interval of 15 min. The water maze
(150 cm in diameter) was situated in a room adjacent to
where animals were housed and filled with opaque water
(22°C, with added non-toxic paint). In one quadrant (NW),
a transparent platform (12 c¢cm in diameter) was hidden
0.5 cm under the water surface. During training, trials were
started in one of the three quadrants without platform (i.e.
NE, SW or SE quadrant) and starting position alternated
between trials, rats and days. At the start of each trial, rats
were placed in the water facing the wall of the pool.
Animals were allowed to swim in the maze until they had

reached the platform or until a maximum time of 2 min had
passed. When rats were unable to find the platform, they
were guided there manually. Animals were left on the
platform for an additional 20 s. Trials were recorded and
analysed for latency, swim distance and time in the platform
quadrant (Ethovision; Noldus).

To assess hippocampus- and amygdala-dependent
emotional memory, rats were subjected to contextual
and cued fear conditioning (Phillips and LeDoux 1992;
Zhou et al. 2009). During fear conditioning, 15-week-old
rats (CON=10; MD=10) learned to associate a fearful
stimulus (foot shock) with a context (conditioning box)
and a cue (tone). The strength of fear-associated memory
was determined by measuring the amount of freezing
behaviour. Scoring was done manually, every 2 s, by two
observers blinded to the experimental group. Rats were
habituated to the experimental room starting 2 days before
conditioning. Animals were trained by placing them in the
fear conditioning box (30%X26x24 cm, walls made of
black and transparent plastic with metal grid floor) in
which they were allowed to explore freely for 3 min. After
that, a 30-s tone was played (100 dB, 2.8 kHz) that co-
terminated with a foot shock (12 s, 0.4 mA). On the
second day at the same time, animals were put into the
conditioning box for 3 min under identical circumstances
(i.e. the same cleaning solvent, lighting conditions, gloves
and lab coats). Contextual memory was evaluated by
scoring freezing behaviour. Two hours later, cued
memory was tested by placing rats in a different box,
with a solid white floor and light-coloured walls under
changed circumstances (i.e. different cleaning solvent,
lighting conditions, gloves and lab coat). Again, rats
were allowed to explore the box freely for 3 min, after
which the tone was presented for 30 s. Rats remained in
the box for an additional 60 s to determine the
behavioural response to the cue.

Statistical analysis

Statistical analysis was performed using SPSS 16.0. All
data are presented as average=SEM. Differences between
CON and MD animals concerning body weight, corticoste-
rone levels, levels of neurogenesis (all expressed per
hemisphere), morphological parameters and water maze
probe trial were tested for significance using a two-tailed
Student’s ¢ test with a probability level of 5%, after
determining equality of variances using Levene’s test (all
data p>0.05).

Differences in acquisition of the water maze, context-
dependent freezing and cue-dependent freezing were
tested with a single-factor repeated measures ANOVA
using early life treatment as a between-subjects factor.
Within-subjects factors were used: trial (water maze),
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consecutive time interval (contextual fear conditioning)
and before-tone vs. after-tone interval (cued fear condi-
tioning), respectively.

Effects of corticosterone treatment on baseline synap-
tic transmission were tested by comparing the average
slope of the fEPSP of the first baseline (—20 to —10 min)
with the average of the second baseline (=10 to 0 min)
using a three-factor repeated measures ANOVA (be-
tween-subjects factors: early life treatment and drug
treatment; within-subjects factor: baseline). To determine
the effects of early life stress and application of the stress
hormone corticosterone on the degree of LTP, a three-
factor repeated measures ANOVA was performed using
early life treatment and corticosterone treatment as
between-subjects factors and pre- or post-TBS as
within-subjects factor. We compared the second baseline
(—10 to 0 min) with early LTP (0—30 min post-TBS) and
total LTP (0—60 min post-TBS). When significant, a post
hoc LSD test was performed to compare treatment
groups.

Results

Experiment 1. Body weight and basal corticosteroid
levels are reduced by MD

On PND 51, MD females had significant (p=0.003) lower
bodyweights (171£3 g, n=8) compared to CON females
(194+6 g, n=8). Although we have no explanation for the
lasting reduction in body weight, it is possible that
24-h maternal deprivation at PND 3 programmes metabo-
lism in such a way that body weight is persistently reduced.
In addition, basal corticosterone levels were significantly
lower in MD (47411 ng/ml) than in CON (127423 ng/ml)
animals (p=0.002). Thirty minutes after a moderate stressor
(tail nick), corticosterone levels were elevated in both
groups. Although at that time point plasma corticosterone
levels were higher in CON than MD animals (639+129 ng/ml
(n=8) vs. 373+101 ng/ml (n=9), respectively), this differ-
ence did not reach significance (p=0.2). One hour after swim
stress, both CON (482487 ng/ml, n=10) and MD (302+
102 ng/ml, n=10) rats showed similar elevations in
corticosterone level (p=0.2).

Experiment II. Maternal deprivation only mildly affects
neurogenesis, cell morphology and dentate gyrus
architecture

Stereological quantification of several phases of adult
neurogenesis in the dentate gyrus revealed no significant
effects of MD on the total numbers of proliferating cells
(Ki-67+), on the number of 18-day-old newborn (BrdU+)
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Table 1 Effects of MD on adult neurogenesis

CON (n=8) MD (n=8)
Proliferation (Ki-67) 2,843+264 2,661+206
Cell survival (BrdU) 1,703+120 1,588+103
Neuronal differentiation (DCX) 32,769+2,594 29,343+2,143

Absolute cell numbers per hemisphere were not significantly different
between CON and MD animals (p>0.1)

cells and on the number of young neurons (DCX+)
reflecting neurogenesis (Table 1). Further detailed analysis
was performed by comparing total cell numbers according
to their distribution along the rostrocaudal axis, between
the supra- and infra-pyramidal blade and as a percentage
of total cells. This also did not reveal any significant
differences.

While neurogenesis was not affected by maternal
deprivation, stereological quantification of the number of
DG granule neurons revealed that maternal deprivation
significantly reduced the total cell number (p=0.04) and
cell density (p=0.03) in the GCL by about 12% (Fig. 1a, b),
without affecting granular cell layer volume (CON 1.03+
0.03 mm’; MD 1.05+0.02 mm>, p=0.51) or the volume of
the molecular layer (CON 3.26+0.16 mm?®; MD 3.25+
0.08 mm’, p=0.94).

Morphological analysis of the Golgi-stained individual
neurons revealed a change in the dendritic arrangement,
but not total dendritic length, number of branch points or
spine density in females subjected to MD (Table 2). The
average number of primary dendrites extending from the
soma was increased (p=0.02) in MD animals when
compared to controls.
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Fig. 1 Effects of MD on the granule cell layer of the hippocampal
dentate gyrus. a MD treatment caused a significant reduction in absolute
granule cell numbers (p=0.04) as well as b cell density (p=0.03; both
groups n=38)
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Table 2 Effects of MD on granule cell morphology

CON (n=7)  MD (n=17)
Dendritic length (pm) 1,560+130 1,592+121
Number of branch points 8.6+0.6 7.0+0.6
Spine density (number of spines/pm) 0.63+0.04 0.59+0.06
Number of primary dendrites 2.3£0.2 3.1£0.2%

MD treatment resulted in an increased average number of primary
dendrites per cell (»=7 animals per group, values based on five to
seven granule cells per animal)

£p<0.05

Experiment V. Maternal deprivation does not alter
synaptic plasticity

To examine whether morphological changes in the
dentate gyrus affected hippocampal synaptic function,
we examined LTP in the dentate gyrus using TBS. TBS
in the absence of bicuculline did neither in CON nor in
MD animals result in synaptic potentiation (data not
shown). In addition, the presence of the stress hormone
corticosterone prior to and during TBS did not change
this (repeated measures ANOVA baseline vs. post-TBS
(1-60 min), F;16=0.9; p=0.36; CON and MD animals
pooled). This is not unprecedented since GABAergic
innervation is known to drive dentate granule cells in
vitro away from their firing threshold (Coulter and
Carlson 2007; Wisden et al. 1992). Therefore, we applied
TBS in the presence of the GABAergic antagonist
bicuculline, which resulted in an overall significant
induction of LTP (pooled data from CON and MD rats;
repeated measures ANOVA F ,3=18.3; p<0.001). In all
experiments described below, bicuculline was present. We
found no differences between CON and MD animals in
the maximum amplitude of the fEPSP (CON —2.49+
0.26 mV; MD —2.46+0.23; p=0.50) nor in the stimulation
intensity that yielded the half-maximal amplitude (CON
1.93+£0.01; MD 1.91+0.02; p=0.49) as determined from
the input—output curve.

The effects of corticosterone on the degree of LTP was
determined by perfusion of 100 nM corticosterone during
the second half of baseline recordings, co-terminating with
the end of TBS. Corticosterone application in itself had
no effect on the magnitude of the signal during the
second half of baseline recordings, as revealed by a
repeated measures ANOVA comparing baseline 1 (=—20
to —11 min) with baseline 2 (#=—10 to 0 min; baselinex
drugx group, F,5=2.3, p=0.14; drugxgroup, F,3=2.4,
p=0.14). For LTP, no significant effects were found on the
degree of potentiation of group (CON vs. MD; Fj 5=
0.03; p=0.86) and drug treatment (F; ,3=0.04; p=0.84),
nor an interaction effect between these two (£} 23=0.002;
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Fig. 2 Effects of MD on synaptic plasticity. a LTP measured under
vehicle conditions (CON n=7, MD n=7). There was no effect of
maternal deprivation on the degree of LTP in the dentate gyrus after
theta burst stimulation (CON vs. MD; Fj,3=0.03; p=0.86) when
comparing the second half of baseline recordings (r=—10 to 0 min)
with post-TBS recordings. b Long-term potentiation after acute
corticosterone application. The degree of LTP was not affected by
corticosterone application, and there was no difference between CON
(n=7) and MD (n=7) animals (F,3=0.04; p=0.84), interaction
group X treatment (F; ,5=0.002; p=0.96)

p=0.96), when comparing the second half of baseline
recordings (¢=—10 to 0 min) with post-TBS recordings
(=0-60 min; Fig. 2a, b).

Experiment V. MD specifically increases
cued fear conditioning

Spatial acquisition of the Morris water maze was not
changed by maternal deprivation (Fig. 3; F; ;3=2.15; p=
0.16). Furthermore, CON and MD animals showed similar
performance in memory retention after 7 days, as
measured by the total time spent in the platform quadrant
during the probe trial (CON 20.5+£12.1 s (n=10), MD
28.5£16.2 s (n=10), p=0.68).

Baseline anxiety, determined in the same groups of
animals by elevated plus maze exploration, was also not
affected by maternal deprivation. There were no significant
differences concerning latency to enter (CON 39.0+15.1 s;
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Fig. 3 Effects of MD on water maze acquisition. Travel distance to
the hidden platform was similar in both CON and MD animals (both
groups n=10; p=0.16)

MD 42.5+12.8 s, p=0.70), frequency (CON 6.7+1.4 times;
MD 6.6+1.2 times, p=0.70) and/or percentage of time
spent in the open arms of the maze (CON 38.4+6.0%; MD
48.7+7.0%; p=0.37).

Fear conditioning did not reveal any effects of MD on
baseline freezing behaviour nor on freezing behaviour
during training (data not shown), supporting the notion
that MD does not affect overall anxiety in female rats later
in life. Twenty-four hours later—during the contextual test
—both groups showed comparable freezing behaviour
(F135=0.92, p=0.35; Fig. 4a). While contextual fear
conditioning was not affected by MD, exposure to a novel
environment 24 h after the cue-shock training did result in
elevated levels of freezing in MD compared to CON
animals (p=0.002; Fig. 4b). Subsequent exposure to the
earlier cue in this novel environment caused extensive
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Fig. 4 Effects of MD on fear conditioning. a MD does not affect the
amount of freezing behaviour in response to the context (p=0.35). b
During cued fear conditioning, MD animals (n=10) show increased
freezing in response to the novel environment (p=0.002) and an
increased freezing behaviour in response to the tone when compared
to controls (both groups, n=10, p<0.05)
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freezing behaviour, which also differed significantly
between MD and CON animals (p<0.05; Fig. 4b).

Discussion

In the present study, we show that a history of early maternal
deprivation exerts irreversible effects on hippocampal struc-
ture and function in adult female offspring. Adult female
rats exposed to MD early in life showed a lower cell number
and cell density in the GCL and significant dendritic
re-arrangement of DG neurons. No effects of MD at PND 3
were found on hippocampal neurogenesis in adult female rats,
indicating that the decreased neurogenesis after MD reported
earlier at PND 21 (Oomen et al. 2009) does not last into
adulthood. We also observed surprisingly little effect of MD
on synaptic plasticity in the DG and on hippocampal-
dependent learning tasks. While we have no indication that
MD alters general anxiety in adult female rats, amygdala-
dependent fear memory after MD was improved.

Effects of maternal deprivation on structural
parameters of the dentate gyrus

In our current MD model of early life stress, rat pups
experienced elevated levels of corticosterone (Oomen et al.
2009) during a period that is normally characterised by low
corticosterone levels (Levine 2001). This coincides with a
crucial period in DG development (Altman and Bayer
1990a, b) as around this time, extensive migration of the
secondary matrix takes place that gives rise to the inner two
thirds of the GCL. Previously, we have shown that 24 h of
MD on PND 3 decreases the number of doublecortin-
positive cells, i.e. immature neurons, in 3-week-old females
(Oomen et al. 2009). Others have shown that MD increases
cell death in the infant rat hippocampus, independent of sex
(Llorente et al. 2009; Zhang et al. 2002). In addition, on
PND 12, a modest increase in DG glia cell number was
found after MD on PND 9 (Llorente et al. 2009).
Interestingly, neuroprotective effects of calcium-binding
proteins in infant rats subjected to MD were only found
in male but not female offspring (Lephart and Watson
1999). These cellular effects of MD on the infant female
hippocampus during a crucial phase in DG development, in
combination with the apparent lack of protective mecha-
nisms in females, may explain the irreversible decrease in
GCL number after MD in this study.

Another prominent finding, in addition to the reduction
in GCL number and density, is the altered dendritic
morphology of the individual DG neuron after early life
stress. Females subjected to MD in infancy showed an
increased number of primary dendrites extending from the
soma, without effects on the total dendritic length. Other
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studies have reported effects of the early life environment
on dendritic complexity in various hippocampal sub-fields,
but this was mainly done in males and compared either
natural levels of maternal care (Bagot et al. 2009;
Champagne et al. 2008) or studied low maternal care
induced after chronic stress (Brunson et al. 2005). In these
studies, a reduction in dendritic mass, dendritic complexity
and spine density was found. The results from the present
study do not reveal an overall dendritic atrophy or loss of
complexity but rather a higher number of primary dendrites,
which is usually a sign of more mature neurons (Claiborne
et al. 1990). Our results therefore suggest that a surge in
postnatal corticosteroid levels due to MD—even though
basal hormone levels are lower in adult females—yields
fewer granular cells in female offspring. Yet, these cells do
have a more mature phenotype.

Functional consequences of maternal deprivation

Chronic early life stress and low levels of maternal care are
known to impair LTP in area CA3 (Brunson et al. 2005),
CA1 (Champagne et al. 2008) and in the DG (Bagot et al.
2009). MD also impairs stress-induced late-phase LTP
reinforcement in the DG (Gruss et al. 2008). However, all
these studies were performed in males. In the present study,
no effects of MD were found on LTP in the DG of female
rats, nor did corticosterone application affect LTP in control
or MD animals. This indicates that a reduced GCL number
and density and an altered dendritic complexity do not
necessarily influence the ability to elicit synaptic plasticity.
In this study, we stimulated the medial perforant path and
recorded the fEPSP from the molecular layer. A possible
explanation for the lack of MD-induced effects on LTP
could be that putative effects on synaptic transmission are
only expressed at other (presently not investigated) synaptic
inputs to the DG. An alternative explanation could be that
the changes in DG cell number are compensated for by the
changes in dendritic morphology.

In the present study, females exposed to 24 h MD on
PND 3 were not altered in their performance in the water
maze, a spatial learning task dependent on an intact
hippocampus (Schenk and Morris 1985). Other studies
have shown an impairment of water maze acquisition after
MD, but these were mostly carried out in males (Aisa et
al. 2007; Choy et al. 2008; Garner et al. 2007; Mello et al.
2009; Oitzl et al. 2000; Uysal et al. 2005). One study
regarding the effects of MD on spatial learning in females
found an enhanced acquisition (Pryce and Feldon 2003),
as opposed to an impairment in males. In our model, we
also found such a differential, sex-dependent effect of MD
on spatial acquisition since water maze learning was
impaired in male offspring after MD (Oomen et al.
2010), but not in females as shown in the current study.

In addition to the water maze data, we found that the
memory of a fearful context was unchanged after MD. Our
combined electrophysiological and behavioural data
therefore suggest that, in female rodents, 24 h MD at
PND 3 does not profoundly alter hippocampal function
later in life despite the changes in total cell number and
primary dendrites per cell in the DG.

MD females did show an enhanced freezing response to
the tone when tested for retention in a cued fear
conditioning paradigm. Remarkably, freezing behaviour
was already elevated before the tone. This indicates that,
after MD, females show overall higher anxiety levels, but
this was not confirmed by data on the training phase of fear
conditioning, contextual fear conditioning nor by their
behaviour in the elevated plus maze. The differences in
cue fear conditioning may therefore reflect a specific
increase in the memory of emotional events. Fear condi-
tioning can be modulated (to some extent) by changes in
the corticosteroid level (Cordero et al. 1998; Pugh et al.
1997), and for this reason, we measured corticosterone
levels after exposure to an adverse novel environment in
experiment [. Yet, it seems unlikely—although it cannot be
ruled out completely—that the effects of MD on cued fear
conditioning are mediated by MD-dependent differences in
circulating levels of corticosterone at the time of training or
retention since we did not observe significant effects of MD
on stress-induced corticosterone levels. Instead, we
observed decreased basal levels of corticosterone after
MD, both at PND 21 and in 2- to 3-month-old female rats.
An alternative explanation is that MD may have altered
dendritic complexity of principal neurons in the basolateral
amygdala, which is believed to be critical for cued memory
(LeDoux et al. 1988; Rodrigues et al. 2009).

We here showed that a severe model of early life
stress reduces GCL number and density and induces an
altered neuronal morphology in the DG of female
offspring. This indicates that, although the prominent
changes in neurogenesis at 3 weeks after MD (Oomen et
al. 2009) normalise, it may eventually have long-lasting
consequences for total neuron numbers. Whether similar
changes occur with respect to hippocampal volume
reduction in depressive patients remains to be shown
(Czeh and Lucassen 2007). Analysis of postmortem
hippocampus tissue of depressed patients has revealed
minor structural alterations at the level of astrocyte
(Muller et al. 2001), cytogenesis (Boldrini et al. 2009;
Lucassen et al. 2010b) and neuron (Stockmeier et al.
2004) density, but possible changes in total neuron
numbers have not been addressed. Such studies are required
to reveal a relationship between our observation that early
stress in rodents is able to produce irreversible changes in cell
numbers of the hippocampus in female offspring and the
notion that depressed women—in particular those with a
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history of early stress—were found to have a reduced
hippocampal volume (Vythilingam et al. 2002). Also, it
should be noted that depressed patients were often exposed
to a combination of stress during early life and adulthood;
the latter one was not the case in our animal model.

The DG is a filter for incoming information into the
hippocampus and is thought to separate (spatial) informa-
tion input that is highly similar in content, which, in
rodents, contributes to (among others) spatial navigation
(Scharfman 2007). Changes in DG structure and function
may therefore affect downstream processing by the hippo-
campus; in accordance, alterations in structural plasticity,
e.g. adult neurogenesis, have been shown to affect
hippocampus-dependent learning and memory also in
relation to its functional role as pattern separator (Clelland
et al. 2009; Creer et al. 2010). Despite these findings, the
structural changes in adult female rats with a history of MD
as seen in this study seem to have no major consequences
for DG synaptic plasticity or for hippocampus-dependent
learning and memory processes, at least not in the presently
used tasks. Whether additional challenges at an adult age
would induce such deficits awaits future research. Rather,
concurrent with the structural changes in the hippocampus,
amygdala function may be altered in these females as a
consequence of MD. Excessive amygdala activation to
fearful situations is a consistent finding in depressed
individuals (Abercrombie et al. 1998; Drevets et al. 1992;
Leppanen 2006). We therefore speculate that a change in
HPA levels due to early life stress may contribute to
structural changes in limbic areas. This could eventually
cause behavioural dysfunction, particularly the processing
of emotional (rather than neutral) events.
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