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Abstract

Prolonged maternal deprivation leads to long-term alterations in hypothalamic—pituitary—adrenal (HPA) axis activity, disturbances of auditory
information processing and neurochemical changes in the adult brain, some of which are similar to that observed in schizophrenia. Here we
report the adult behavioural effects of maternal deprivation (12 h on postnatal days 9 and 11) in Wistar rats on paradigms of auditory information
processing (prepulse inhibition), sensitivity to dopamimetics (amphetamine-induced hyper-locomotion) and cognition (T-maze delayed alternation
and Morris water-maze). In addition, we examined the long-lasting effect of chronic 21-day corticosterone treatment during the post-pubertal
period (i.e., postnatal days 56—76) on each of these behavioural paradigms in maternally deprived and control rats. Behavioural testing commenced
2 weeks after the termination of corticosterone treatment. Maternal deprivation led to a significant reduction in PPI and impaired spatial learning
ability in adulthood, but did not affect the behavioural response to amphetamine. Post-pubertal chronic corticosterone treatment did not have any
major long-lasting effects on any of the behavioural measures in either maternally deprived or control rats. Our findings further support maternal

deprivation as an animal model of specific aspects of schizophrenia.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The early environment has a profound effect on the devel-
oping brain. Adverse experiences early in life can lead to
permanent alterations in neural systems [25,44] and may
increase vulnerability to the development of major men-
tal disorders [15,48,57]. Animal studies have shown that
the quality of maternal care affects the development of the
hypothalamic—pituitary—adrenal (HPA) axis and leads to altered
stress reactivity in adulthood [23,27,33]. Generally speaking,
rat pups separated from the mother for prolonged periods of
time during the neonatal period display an enhanced endocrine
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response to stress and increased anxiety-like behaviour in adult-
hood [18,23].

In addition to altering behavioural and neuroendocrine
responses to stress, prolonged periods of maternal deprivation
can lead to other neurobiological changes in the offspring that
persist into adult life, including alterations in monoaminer-
gic neurotransmitter systems [1,53,57]. Recently, a single 24-h
period of maternal deprivation on postnatal day 9 in Wistar
rats has been shown to lead to several abnormalities related
to schizophrenia, which do not emerge until after puberty
[10,11,46]. These abnormalities include disturbances in auditory
information processing (i.e., prepulse inhibition (PPI), startle
habituation and auditory sensory gating) and neurochemical
changes in the hippocampus of adult rats; specifically, a reduc-
tion in the expression of brain-derived neurotrophic factor
(BDNF) and two NMDA receptor subunits [46]. BDNF, along
with other neurotrophic factors, regulates neuronal survival, dif-
ferentiation and plasticity and thus has an important role in
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the development and maintenance of neuronal networks. Both
BDNF and NMDA receptors are known to play an important
role in spatial working memory [38,39], however, few stud-
ies have investigated the effect of this maternal deprivation
paradigm on cognitive functioning in adulthood. Maternal depri-
vation has also been shown to lead to altered regulation of BDNF
expression in response to acute stress [46], suggesting that early
deprivation may result in a reduced ability to adapt, at least at
the molecular level, to conditions of stress in adulthood.

Chronic exposure to stress can have detrimental effects on
brain structure and function. In rats, repeated restraint stress
or corticosterone administration for 21 days causes atrophy of
apical dendrites and decreased dendritic branching of CA3 pyra-
midal neurons in the hippocampus [60,61], and suppression of
neurogenesis in the dentate gyrus [36]. Other effects of chronic
corticosterone administration include alterations in PPI [16,58]
and spatial working memory impairment [28,37]. Chronic expo-
sure to elevated levels of corticosterone has also been shown to
reduce hippocampal mRNA and protein levels of BDNF and
neurotrophic factor 3 (NT-3) [4,52]. Given the long-term effects
of prolonged maternal deprivation described above, it seems rea-
sonable to postulate that maternally deprived rats may be more
sensitive to the effects of chronic stress or corticosterone treat-
ment during adulthood.

The present study aimed to further characterize the long-term
behavioural consequences of maternal deprivation on a range of
measures of relevance to schizophrenia, including the following:
(1) amphetamine-induced locomotor hyperactivity (a measure of
subcortical dopamine release), (2) PPI, a model of sensorimotor
gating mechanisms in the brain, (3) performance on the T-maze
delayed alternation task, a measure of spatial working memory
most associated with the medial prefrontal cortex and (4) per-
formance on the Morris water-maze task, as a measure of spatial
learning ability. Furthermore, we aimed to investigate whether
maternal deprivation leads to an increased vulnerability of the
brain to chronic corticosterone treatment during young adult-
hood, resulting in the expression of more severe behavioural
deficits.

2. Methods and materials
2.1. Animals

Male and female Wistar rats were obtained from Animal Services of Monash
University, Victoria, Australia or Animal Resources Centre, Canning Vale, WA,
Australia. Animals were housed in plastic cages (32 cm x 42 cm X 21 cm) with
wire lids in a temperature-controlled room (224+2°C) on a 12h light—dark
cycle (light period 6:00 a.m.—6:00 p.m.). Food and water was provided ad libi-
tum and cages were cleaned on a weekly basis. Following a minimum period
of 1 week after arrival at the laboratory, breeding groups of two females to
one male were formed. Eight days later, males were removed and females
were housed separately. Inspection for newborn litters was performed twice
daily at 9:00 a.m. and 5:00 p.m. Litters found before 5:00 p.m. were consid-
ered born that day. The day of birth was labelled pnd 0. Litters found before
9:00 a.m. were labelled pnd 1. All litters were culled to a maximum of 12 pups
shortly after birth. Litters containing fewer than five pups were omitted from the
experiment.

The maternal deprivation protocol was modelled on the 24-h separation
protocol used by Ellenbroek and colleagues on pnd 9 [9,11]. However, it has
been previously documented that a single 24-h deprivation period can cause some

mortality among pups [24]. A protocol consisting of two 12-h deprivation periods
was therefore used in the present study. The maternal deprivation procedure
consisted of separating the entire litter from the dam at approximately 9:00
a.m. for a 12-h period on pnd 9 and 11 (DEP). Non-deprived (NDEP) control
pups were left undisturbed with the dam until weaning (pnd 21). Maternally
deprived litters were removed from the dam on the appropriate postnatal day
and placed in plastic cages (14.5 cm x 30 cm x 12 cm) containing bedding from
the home cage. Litters were then placed on a heat pad (30°C) in a separate
room maintained at 22-25 °C. Neither food nor water was available during the
deprivation period. After an initial period of explorative activity, the mothers and
pups would spend most of the separation time sleeping in their cage. At the end
of the deprivation period pups were placed back with the dam. To minimise the
potential confounding effect of litter [21], each experimental group consisted of
rats derived from at least three different litters. The total number of litters used
for the NDEP group was 7 (male:female 40:42, ratio 0.95:1). The total number
of litters used for the DEP group was 7 (male:female 51:32, ratio 1.6:1). The
average sex ratio of all litters combined was thus 1.2:1 (M:F). After weaning,
the male animals were housed in groups of two or three per cage and their body
weights were measured twice weekly. Female animals were not used in these
experiments.

2.2. Corticosterone pellet implants

Previous studies have shown that maternal deprivation-induced behavioural
changes do not emerge until after pnd 60. To investigate the interaction between
maternal deprivation-induced changes and chronic corticosterone treatment, cor-
ticosterone was therefore administered from pnd 56 to 76. On pnd 56, rats (mean
body weight =276 £ 5 g) received a 100 mg corticosterone (Cort) or cholesterol
(Con) pellet implant for 21 days. This period (i.e., pnd 56-76) corresponds to the
post-pubertal/young adult period in the rat [55]. Based on previous experiments
in our laboratory [12], a 100 mg corticosterone pellet implant produces circu-
lating levels of corticosterone that correspond approximately to those observed
during moderate to high levels of stress [50,51]. Specifically, during the 21-day
pellet implant, mean plasma (am) corticosterone levels were 245 £ 21 ng/ml in
corticosterone-treated rats compared to 109 =27 ng/ml in cholesterol-treated
rats [12].

Pellet implants were made using a protocol adapted from Meyer et al. [35].
These authors have shown the time-course of elevated circulating corticos-
terone levels after pellet implantation. Briefly, corticosterone (Sigma, Castle
Hill, NSW, Australia) or cholesterol powder (Sigma, Castle Hill, NSW, Aus-
tralia) was heated in a mould to 180 °C until molten. A small amount of peanut
oil was added to render the pellets less brittle. Once cooled, pellets were weighed
and trimmed to 100 mg. On the day of the surgery, rats were anaesthetised with
an intra-peritoneal injection of sodium phenobarbitone (Nembutal, 60 mg/kg;
Merial Australia, Rhone Merieux, QId., Australia). The back of the neck was
shaved and a small incision was made at the nape of the neck. Connective
tissue was separated from the skin to create a small pocket. The pellet was
then placed under the skin at least 2 cm caudal to the incision, which was then
suture-closed with either individual box stitches or one to two surgical sta-
ple clips. Twenty-one days after implantation, the pellet implant was removed
using a similar procedure. In order to avoid the direct consequences and to
selectively investigate the long-lasting effects of chronic corticosterone treat-
ment and its interaction with maternal deprivation-induced changes, behavioural
measurements were conducted 2 weeks after removal of the corticosterone pellet
implant.

2.3. Behavioural testing

At approximately 90 days of age, behavioural testing commenced. The first
cohort of rats was tested for amphetamine-induced hyperactivity and prepulse
inhibition of acoustic startle, in a randomised, cross-over design. The number
of animals per experimental group was as follows: NDEP Con n=12; NDEP
Cort n=11; DEP Con n=10; DEP Cort n=10. The second cohort of rats was
tested for performance on the T-maze delayed alternation task, followed by the
Morris water-maze task approximately 1 week later. The number of animals per
experimental group was as follows: NDEP Con n=6; NDEP Cort n=5; DEP
Con n=6; DEP Cort n=5.
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2.4. Locomotor activity

Locomotor activity was monitored using eight automated photocell cages
(Blem x 43cm x 43cm, h x w x [, ENV-520, MED Associates, St. Albans,
VT, USA). The position of the rat at any time was detected with 16 infrared
sources and sensors on each of the four sides of the monitor. Distance moved
in centimetres was calculated from the ambulatory counts, which consisted of a
consecutive interruption of at least four beams within a period of 500 ms. Rats
were allowed to habituate to the novel environment for a period of 30 min, after
which each rat was injected subcutaneously in a randomised fashion with either
saline (0.9%) vehicle or 0.5 mg/kg p-amphetamine (Sigma Chemical Co., St.
Louis, MO, USA). p-Amphetamine was dissolved in 0.9% saline and adminis-
tered at an injection volume of 1 ml/kg. Locomotor activity was assessed for a
further 90 min after which the animals were returned to their home cage. Loco-
motor activity tests were performed with 3—4-day intervals to allow clearance
of amphetamine. To assess pre-test habituation of locomotor activity, the aver-
age distance moved during the initial 30 min of the locomotor sessions was
analysed in 5-min blocks. To assess amphetamine-induced locomotor hyperac-
tivity, the total distance moved during the 90 min following injection of saline
or amphetamine was analysed. One animal (NDEP, Cort) did not receive an
amphetamine injection and was therefore removed from the locomotor analysis.

2.5. Prepulse inhibition of the acoustic startle response (PPI)

PPI experiments were performed using a four-unit automated SRLab startle
system (San Diego Instruments, San Diego, CA, USA). Rats were placed indi-
vidually into 9 cm diameter Perspex cylinders that were closed at either end.
These cylinders were placed on a sensitive motion-detecting platform inside a
sound-attenuating box with a background sound level of 70 dB. Sound stimuli
were delivered through speakers in the ceiling of the box and responses were
measured using the SRLab software (San Diego Instruments). Movement of
the rats was measured during 100 ms after startle stimulus onset. Rats were
allowed to habituate to the background noise for 5 min after being placed into
the chambers. The protocol was adapted from methods developed by the group
of Geyer and Swerdlow [14]. A total of 100 trials were delivered with an aver-
age (but not constant) interval of 25s. The first and last 10 trials consisted of
single 40 ms 115 dB startle stimuli. The middle 80 trials consisted of random
delivery of twenty 115 dB startle stimuli, 10 trials during which no stimuli were
delivered and 50 prepulse trials. The prepulse trials consisted of a single 115 dB
startle stimulus preceded by 100 ms by a 20 ms non-startling prepulse stimulus
of 2,4, 8, 12, or 16 dB over baseline (i.e., 72, 74, 78, 82, or 86 dB). The entire
session lasted approximately 45 min. The acoustic startle response (ASR) was
determined as the mean startle amplitude (measured in arbitrary units) of all star-
tle (115 dB) trials. PPI was determined according to the formula: 100 — (startle
amplitude at prepulse trial)/(mean startle amplitude) x 100%. To facilitate data
interpretation, we will only present average PPI here (i.e., the average of all five
prepulse intensities).

2.6. T-maze delayed alternation

To increase motivation for food, rats were maintained at 90% of their pre-
experimental body weight by feeding a limited amount of food until the end of
the T-maze test. Food was distributed and body weights were taken on a daily
basis. Rats were allowed free access to water at all times. The rats were initially
habituated to the T-maze (dimensions: start box 26 cm length (L) x 26 cm width
(W) x 15 cm height (H); stem arm 68 cm (L) x 12cm (W) x 15 cm (H); branch
arms 52 cm (L) x 12 cm (W) x 15 cm (H) each) for 4 days, until they were readily
eating food rewards at each end of the branch arms. After habituation, rats were
trained and tested on a delayed alternation task based on a method described
previously [40]. Rats were given daily training sessions consisting of 11 con-
secutive trials in which the rat was required to alternate between the left and
right arm in order to obtain a food reward consisting of a single Kellogg’s Fruit
Loop. On the first trial (forced trial), access to one of the two arms was blocked,
forcing the rat to enter the other arm that contained a food reward; the direction
of the forced trial was alternated daily. On the subsequent 10 trials, the rat was
rewarded only for entering the arm not chosen on the previous trial (free-choice
trial). A correct trial ended with the rat eating the food reward. An incorrect trial

ended with the rat reaching the empty food cup. If the rat did not enter into the
arm within 2 min, the trial was not counted and the rat was given another attempt.
After each trial, the rat was removed from the branch arm and placed in the start
box ready for the next trial. The criterion for successful completion of training
was defined as >80% correct turns averaged over two to three consecutive days.
Once the criterion was reached, spatial delayed alternation was tested by inter-
posing a 30- or 60-s delay period between the trials. During this time the rat
was confined to the start box. Each delay period was tested for two consecutive
days. The number of errors made and latency to find the food were recorded and
averaged over the 2 days. The number of errors made (response accuracy) was
taken as a measure of spatial working memory. The latency to reach the food
reward was used to assess possible motivational or motor impairments.

2.7. Morris water-maze test

Spatial learning ability was assessed using the Morris water-maze test. The
water-maze consisted of a large plastic pool (diameter 160 cm, height 62 cm)
filled with water (24°C) and 100ml of non-allergenic, water-soluble black
paint. A square, black platform (13.5 cm x 13.5 cm) was placed 2 cm beneath the
opaque water and was therefore hidden from the animal’s view. Rats were given
four consecutive trials per day for 4 days in which to find the hidden platform
using spatial cues on the wall. The spatial cues consisted of several different
geometric shapes made of coloured cardboard. Rats were placed into the water,
facing the wall of the tank, sequentially into four different entry points that were
set equally around the pool (N, S, W and E). Thus, the rat was not able to predict
the location of the platform from the point at which it was placed in the pool. The
order of the four entry points was randomized between animals and days. The
rat was then allowed to search for the platform for 60 s. Once the rat located the
platform, it was permitted to remain on it for 20 s to allow orientation to visual
cues in the room. If the platform was not located within the 60-s trial, the rat was
guided to the platform by the experimenter. After each trial, rats were briefly
dried with a towel (10s) and the next trial began immediately. Upon completion
of the last trial, rats were thoroughly dried (i.e., towel dried and placed under a
heat lamp) and returned to their home cages. A video camera was mounted above
the centre of the water-maze. The distance travelled (pathlength) and time taken
(escape latency) to reach the hidden platform during the trials and the velocity
(swim speed) were recorded by a computerized video tracking system (Etho-
vision, Noldus, The Netherlands). The pathlength and escape latency to reach
the hidden platform was averaged over the four consecutive trials to give the
mean pathlength and mean escape latency per day. The mean pathlength and
mean escape latency over the four test days were taken as a measure of spatial
learning ability. In order to assess motor, sensory or motivational deficits, on day
5, the platform was moved to a different quadrant and was made visible, rising
1 cm above the water surface. Rats received four consecutive trials in which
to escape to the visible platform. Time taken to reach the visible platform was
recorded.

2.8. Data analysis

The factorial design of the study was 2 (maternal deprivation: NDEP,
DEP) x 2 (treatment: corticosterone, cholesterol). All data were analysed with
analysis of variance (ANOVA) with repeated measures where appropriate, using
the statistical software package SYSTAT 9.0 (SPSS Inc., Chicago, IL, USA).
Where p <0.05, group differences were considered to be statistically significant.
‘Maternal deprivation’ and ‘corticosterone treatment’ were between-subject fac-
tors. Within-subject factors included ‘drug’ (saline or amphetamine; locomotor
activity test), ‘delay period’ (T-maze) and ‘day of testing’ (Morris water-maze).
In case of a significant interaction, independent -tests were performed to deter-
mine differences between groups.

3. Results
3.1. Body weight

Table 1 shows the effect of maternal deprivation and chronic
corticosterone treatment on body weight. There was a slight, but
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Table 1
Body weight (g) at weaning age (pnd 21) and at the start of behavioural testing
(pnd 90) and amount of body weight gain during the pellet implant period (pnd
56-76)

Age (pnd) NDEP DEP
Con Cort Con Cort
21 47+1 44+1
56 278 +8 277+£10 281+£10 267412
BW gain 8745 73 4+ 5¢ 79 4 4° 47 4 9%b
during 56-76
90 417412 412412 402+14  374+17

Data are presented as mean £ S.E.M. NDEP = non-deprived; DEP = maternally
deprived; Con=cholesterol pellet; Cort=corticosterone pellet; BW =body
weight; pnd = postnatal day.

2 p<0.01 compared to NDEP.

Y p<0.001 compared to cholesterol treated.

non-significant effect of deprivation on pnd 21 (F=2.5;d.f.=1,
63; p=0.1), reflecting lower body weights in DEP rats compared
to NDEP rats. On pnd 56 (prior to the pellet implant), there
was no difference in body weight between NDEP and DEP rats.
There was no deprivation by treatment interaction on the amount
of body weight gain during the pellet implant period, but there
was a main effect of treatment (F=15.3;d.f.=1,61; p<0.001),
and a main effect of deprivation (F=8.2;d.f.=1, 61; p=0.006).
As expected, corticosterone treatment reduced the amount of
body weight gain during the pellet implant period. In addition,
DEP rats, regardless of the type of pellet implant received, gained
less body weight during the pellet implant period than NDEP
rats. At pnd 90, at the start of the behavioural experiments,
again there was a slight, but non-significant effect of deprivation
(F=2.5;d.f.=1, 61; p=0.07), reflecting lower body weights in
DEP rats compared to NDEP rats.

3.2. Locomotor activity

3.2.1. Pre-test habituation

As expected, there was a significant main effect of time on
locomotor activity during the initial 30 min of testing (F=161;
d.f.=5,190; p <0.001), indicating habituation to the novel envi-
ronment (Fig. 1). There were no three-way or two-way interac-
tions and no main effect of deprivation on locomotor activity;
a main effect of treatment did not reach significance (F'=4.0;
d.f.=1, 38; p=0.052), but suggested slightly lower locomotor
activity in corticosterone-treated rats.

3.2.2. Amphetamine-induced locomotor hyperactivity
Locomotor activity after injection of saline vehicle
or amphetamine is illustrated in Fig. 1. Treatment with
amphetamine significantly increased locomotor activ-
ity compared to vehicle treatment as shown by a main
effect of drug (F=141; df.=1, 38; p<0.001). There
was no drug x deprivation X treatment interaction and no
drug x deprivation interaction, but there was a trend for a
drug x treatment interaction on locomotor activity (F=3.7;
d.f.=1, 38; p=0.06) (Fig. 1). This non-significant interaction
reflected a tendency for corticosterone-treated rats to have lower
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Fig. 1. Top graph: pre-test habituation of locomotor activity calculated as the
average distance moved (cm) in 5-min blocks during the first 30 min of the
locomotor sessions. Bottom graph: total distance moved during the 90 min
after injection of saline vehicle (open bars) or 0.5 mg/kg of D-amphetamine
(hatched bars). Data are presented as mean £ S.E.M. NDEP = non-deprived;
DEP =maternally deprived; Con = cholesterol pellet; Cort = corticosterone pel-
let.

and higher activity after injection of saline and amphetamine,
respectively, compared to cholesterol-treated rats.

3.3. Prepulse inhibition of acoustic startle

3.3.1. Acoustic startle response (ASR)

There was no deprivation x treatment interaction and no main
effect of corticosterone treatment or deprivation on the ASR
(Fig. 2).

3.3.2. Prepulse inhibition of startle (PPI)

There was no deprivation X treatment interaction on PPI,
however, there was a significant main effect of deprivation
(F=6.0;d.f.=1,39; p=0.019). DEP rats had significantly lower
PPI compared to NDEP rats (Fig. 2). There was no main effect
of treatment on PPI. There were significant effects of prepulse
intensity, but no interactions with either treatment or deprivation
(not shown).

3.4. T-maze delayed alternation

3.4.1. Training sessions
Fig. 3 shows the number of sessions required in order to
reach the criterion for successful completion of training (defined
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Fig. 2. Top graph: mean startle amplitude (arbitrary units) to a 115dB startle
stimulus. Bottom graph: mean percentage of prepulse inhibition of startle (PPI).
Data are presented as mean &= S.E.M. NDEP =non-deprived; DEP = maternally
deprived; Con = cholesterol pellet; Cort = corticosterone pellet. “p <0.02 indi-
cates main effect of deprivation, i.e., significant difference between combined
DEP groups compared to NDEP groups.

as more than 80% correct entries on two to three consecutive
days). There was a significant deprivation x treatment interac-
tion (F=7.5; d.f.=1, 18; p=0.01), but no main effect of depri-
vation or treatment on the number of training sessions required
to reach the criterion. Further analysis revealed a trend for the
NDEP corticosterone-treated group to require a higher num-
ber of training sessions compared to the NDEP control group
(»p=0.054). There was no significant difference between DEP
corticosterone-treated and DEP control rats in the number of
training sessions required to reach the criterion.

3.4.2. Percentage of correct arm entries

Fig. 3 shows the percentage of correct arm entries for each of
the delay period conditions. As expected, the percentage of cor-
rect arm entries decreased with increasing delay period between
the trials, as shown by a main effect of delay period (F'=25.3;
d.f.=2, 36; p<0.001). Both the 30s delay period (F=31.1;
df.=1, 18; p<0.001) and the 60s delay period (F=54.4;
d.f.=1, 18; p<0.001) significantly reduced the percentage of
correct arm entries compared to the no delay period condition.
There was no overall delay period x deprivation x treatment
interaction, no significant two-way interactions and no main
effect of treatment on the percentage of correct arm entries. How-
ever, there was a trend for a main effect of deprivation (F=4.1;
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Fig. 3. Top graph: number of training sessions required for successful com-
pletion of training, defined as more than 80% correct entries on two to three
consecutive days. Bottom graph: performance on the T-maze delayed alterna-
tion test: the percentage of correct arm entries are shown for the 0-, 30- and 60-s
delay period trials. Data are presented as mean &= S.E.M. NDEP = non-deprived;
DEP =maternally deprived; Con = cholesterol pellet; Cort = corticosterone pel-
let.

d.f.=1, 18; p=0.059), suggesting a lower percentage of correct
arm entries in DEP rats (Fig. 3, bottom graph). Thus, in the com-
bined NDEP controls and NDEP corticosterone-treated groups,
the 30-s delay period reduced the number of correct entries
by 1.1£0.3, whereas in the combined DEP controls and DEP
corticosterone-treated groups, this change was 1.7 4= 0.4 correct
entries. Similarly, in the combined NDEP controls and NDEP
corticosterone-treated groups, the 60-s delay period reduced the
number of correct entries by 1.5+ 0.3, whereas in the com-
bined DEP controls and DEP corticosterone-treated groups, this
change was 2.4 £ 0.4 correct entries.

3.4.3. Latency to reach food reward

Table 2 shows the mean latency to reach the food reward
for each of the delay period conditions. There was no main
effect of delay period between trials on the latency to reach
the food reward, indicating that the delay period did not affect
the rats’ motivation to find the food reward. There was no
delay period x deprivation X treatment interaction, no signifi-
cant two-way interactions and no main effects on latency to
reach the food reward, indicating that there were no moti-
vational or motor impairments in any of the experimental
groups.
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Table 2
Latency to reach the food reward in the T-maze delayed alternation test of spatial
memory

Delay period (s) NDEP DEP
Con Cort Con Cort
0 234+02 30+ 04 38+ 1.2 23+0.2
30 2.6 £ 0.1 25+02 30£03 29 +0.2
60 29 +0.2 29 +£0.3 30£03 34+09

NDEP = non-deprived; DEP=maternally deprived; Con =cholesterol pellet;
Cort = corticosterone pellet.

3.5. Morris water-maze

3.5.1. Pathlength to reach the hidden platform

Fig. 4 shows the mean pathlength to reach the hidden plat-
form over the four testing days. There was a main effect
of day on mean pathlength (F=29.1; d.f.=3, 54; p<0.001),
reflecting a reduction in the mean pathlength taken to reach
the hidden platform over the four testing days. There was no
day x deprivation x treatment interaction, no significant two-
way interactions and no main effect of treatment, but there was a
main effect of deprivation on mean pathlength (F=11.3;d.f.=1,
18; p=0.003). DEPrats, on average, swam a significantly greater
distance to reach the hidden platform compared to NDEP rats
(Fig. 4).

3.5.2. Escape latency

Fig. 4 shows the mean escape latency to reach the hid-
den platform over the four testing days. Mean escape latency
decreased over the four testing days, as shown by a main
effect of day (F=24.3; d.f.=3, 54; p<0.001). There was no
day x deprivation x treatment interaction, no significant two-
way interactions and no main effect of treatment, but there was
a main effect of deprivation on mean escape latency (F=9.3;
d.f.=1, 18; p=0.007). DEP rats, on average, spent significantly
more time searching for the hidden platform compared to NDEP
rats (Fig. 4).

3.5.3. Mean velocity

Fig. 4 shows the mean velocity (i.e., swim speed)
on each of the four testing days. There was no day x
deprivation X treatment interaction, no significant two-way
interactions and no main effect of deprivation or treatment on
mean velocity, indicating that swim speed was not affected by
deprivation or corticosterone treatment. There was a main effect
of day on mean velocity (F=3.3; d.f. =3, 54; p=0.03). This was
due to a significantly higher mean velocity on day 2 compared to
day 4 (p=0.01). There were no significant differences in mean
velocity between any of the other days.

On the visible-platform training day, all mean escape laten-
cies were under 10 s and there were no significant differences in
escape latency between any of the experimental groups (data not
shown), indicating that there were no sensory, motor or motiva-
tional impairments.
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Fig. 4. Mean pathlength (top panel), mean escape latency (middle panel) and
mean velocity (bottom panel) to reach the hidden platform over the four testing
days in the Morris water-maze test of spatial learning ability. Data are pre-
sented as mean = S.E.M. NDEP =non-deprived; DEP = maternally deprived;
Con = cholesterol pellet; Cort=corticosterone pellet. There was a significant
difference in pathlength and escape latency in DEP rats compared to NDEP rats
(p <0.007).

4. Discussion

Previously, it has been demonstrated that neonatal maternal
deprivation can reproduce, in the adult rat, some of the features
observed in schizophrenia patients and thus may represent an
interesting animal model of certain aspects of schizophrenia.
Specifically, maternal deprivation has been shown to lead to a
disruption of prepulse inhibition (PPI) and startle habituation,
reduced latent inhibition (a measure of selective attention) and
a reduction in levels of neurotrophic factors in the hippocam-
pus of post-pubertal, but not pre-pubertal rats [7,10,11,46]. Our
data verifies and extends upon this literature by demonstrating
a reduction in PPI, impaired spatial learning ability and a ten-
dency for impaired spatial working memory (trend level only) in
adult maternally deprived rats. Impaired cognitive performance
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is a core feature of schizophrenia [42] and thus, the present find-
ings further support maternal deprivation as an animal model of
aspects of schizophrenia. Contrary to our hypothesis, however,
chronic corticosterone treatment during the post-pubertal period
(i.e., pnd 56-76) did not produce, or exacerbate, any behavioural
deficits in maternally deprived rats.

4.1. Neonatal maternal deprivation

Consistent with previous findings [10,11], maternal depriva-
tion resulted in a small, but significant reduction in PPI in adult
Wistar rats. This reduction in PPI appeared to be slightly smaller
in magnitude to that reported by Ellenbroek and colleagues,
which may be due to differences in the maternal deprivation
paradigm (i.e., a 12-h deprivation on pnd 9 and 11 versus a
single 24-h deprivation period on pnd 9). Indeed, the effects
of maternal deprivation are known to be highly dependent on
the timing, duration and frequency of the deprivation period
[21,57]. Mechanisms underlying the disruption of PPI caused
by maternal deprivation remain to be identified. However, based
on indirect evidence, it has been suggested that hyperactivity
of the dopaminergic system may underlie the disruption in PPI
in maternally deprived rats [11]. The PPI disruption caused by
maternal deprivation appears to be similar to that produced by
systemic administration of dopamine receptor agonists, such as
apomorphine, and both are reversed by prior treatment with
typical or atypical antipsychotic drugs [8,11,13,57]. In addi-
tion, alterations of the nigrostriatal dopamine pathway have
been reported in maternally deprived rats [7,47]. In the present
study, we found that maternal deprivation did not significantly
alter amphetamine-induced locomotor hyperactivity (Fig. 1).
Amphetamine-induced locomotor hyperactivity is mediated via
release of dopamine in the nucleus accumbens [19] and thus our
findings suggest that alterations in the mesolimbic dopamine
system may not be primarily involved in the disruption of PPI
observed in maternally deprived rats, although further studies are
required to confirm this. To our knowledge, no other studies have
examined the effect of a prolonged (>8 h) maternal deprivation
on behavioural responses related to the mesolimbic dopamine
system in adulthood.

Maternal deprivation also led to delayed acquisition of the
Morris water-maze task, indicating an impairment in spatial
learning ability, as well as a tendency for reduced performance
on the T-maze delayed alternation task (a measure of spatial
working memory), in adult rats. Few studies to date have inves-
tigated the effect of prolonged maternal deprivation on cognitive
functioning in adulthood. Consistent with our findings, a single
24-h maternal deprivation on pnd 3 has been shown to lead to an
impairment of spatial learning ability in the Morris water-maze
task at 3 and 12 months of age [41]. However, a tendency for
an improvement in water-maze learning in maternally deprived
(24-h on pnd 9) adult rats, has also been reported [22].

Alterations in the expression of hippocampal BDNF levels
and NMDA-R subunits may underlie, in part, the impairment in
spatial learning ability observed in maternally deprived rats. As
mentioned earlier, maternal deprivation (24-h on pnd 9) leads to
decreased expression of BDNF and two NMDA receptor sub-

units in the hippocampus of adult rats [46], both of which have
an important role in learning and memory processes [38,39].
In contrast, adult rats that have received a high level of mater-
nal care (i.e., licking and grooming) during the neonatal period
display an increased expression of NMDA receptor subunits in
the hippocampus, which is accompanied by enhanced spatial
learning and memory [26].

It is interesting to note that while a significant impairment
in spatial learning ability was observed in the hippocampus-
dependent Morris water-maze task in maternally deprived rats,
only a small reduction (trend level) in spatial working mem-
ory was observed on the medial prefrontal cortex-associated
T-maze delayed alternation task. This may reflect the relative
anatomical specificity of maternal deprivation-induced changes
in the hippocampus (a brain region that is particularly vul-
nerable to early environmental insults) compared to prefrontal
brain regions. For example, while changes in the expression of
BDNF and NMDA receptor subunits were evident in the PFC
of maternally deprived rats, they were less consistent than in the
hippocampus [46]. In future, it would be interesting to determine
whether the deprivation-induced deficit in spatial learning abil-
ity only emerges after puberty, similar to that observed with the
deprivation-induced changes in hippocampal BDNF and NMDA
receptor expression [46]. As spatial learning ability has been
shown to be indicative of performance in other spatial mem-
ory tasks and cognitive abilities [49], future studies should also
determine whether maternally deprived rats display impairments
on other memory-related tasks.

4.2. Post-pubertal chronic corticosterone treatment

In the present study, we were primarily interested in the sus-
tained effects of chronic corticosterone treatment and its inter-
action with maternal deprivation-induced changes. Therefore, a
2-week recovery period was allowed following the termination
of corticosterone treatment. Chronic corticosterone treatment
did not cause a long-lasting (i.e., >2 weeks) disruption of PPI
in non-deprived (control) rats and did not significantly worsen
the PPI deficit observed in maternally deprived rats. Previous
studies have reported a reduction in PPI in mice treated with a
corticosterone pellet implant [16,56-58], however there appears
to be no studies to date that have investigated the long-lasting
effects of chronic corticosterone treatment (i.e., days/weeks fol-
lowing termination of the treatment) on PPI.

Likewise, chronic corticosterone treatment did not have a
long-lasting effect on spatial learning ability or spatial working
memory, although there was a tendency for chronic corticos-
terone treatment to impair acquisition of the T-maze delayed
alternation task in non-deprived, but not maternally deprived
rats (Fig. 3). While this tendency was not statistically signifi-
cant, it is possible that a larger group size may reveal significant
differences. Nevertheless, these findings are consistent with two
previous studies that reported no effect of chronic (4 or 8 weeks)
corticosterone treatment on spatial learning and memory per-
formance on the Morris water-maze 2 weeks after termination
of corticosterone treatment [3,29]. Given that previous studies
have demonstrated impaired performance on the Morris water-
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maze in rats immediately after chronic corticosterone treatment
[45], our results, together with the studies mentioned above,
suggest that the effect of corticosterone on spatial learning and
memory performance may be reversible, at least in the adult
brain, following the cessation of treatment. Indeed, previous
studies suggest that stress- or corticosterone-induced functional
changes reflect changes at the anatomical level [5,20,28,31]
and stress-induced structural changes have been shown to be
reversible within 14 days following the termination of treatment
[6,54].

A limitation of the present study is that plasma corticos-
terone levels were not determined during the pellet implant
period and therefore we cannot be certain that the pellet implant
resulted in elevated levels of corticosterone in the blood. How-
ever, in a separate cohort of rats, we have previously demon-
strated elevated plasma corticosterone levels during the 3-week
pellet implant that approximate to that observed during expo-
sure to moderate levels of stress [12]. Furthermore, in the
present study, the corticosterone pellet implant significantly sup-
pressed body weight gain during the 3-week implantation period
(Table 1), suggestive of elevated levels of circulating corticos-
terone.

The timing, nature and duration of the environmental insults,
as well as the opportunity for recovery between insults, is likely
to dictate the nature and extent of the behavioural deficits.
While stress- or corticosterone-induced structural and functional
changes in the adult rat appear to be reversible, there is some
evidence that chronic stress during the peri-pubertal or juvenile
period (i.e., pnd 28—-60) may have more enduring effects on both
hippocampal structure and learning and memory processes [17].
Juvenile (pnd 28) rats exposed to 4 weeks of chronic, variable
stress displayed hippocampal volumetric changes and memory
impairment, 3 weeks (but not 24 h) following the cessation of the
stress paradigm. These changes in hippocampal volume were
thought to result from an arrest of the normal developmental
growth of this region that occurs during the transition into young
adulthood. It is possible that chronic exposure to corticosterone
during the peri-pubertal period may have had a greater effect
on the developing brain, leading to more persistent behavioural
effects.

Due to a growing body of evidence that brain volume changes
in schizophrenia may be progressive over the course of the illness
(for a review, see [43]), the two-hit hypothesis of schizophrenia
has gained increasing attention [32]. According to this model,
the development of schizophrenia requires two or more adverse
events or ‘hits’ over the life span. The first ‘hit’ may con-
sist of genetic risk and/or an environmental insult during a
critical period of early brain development, which renders the
brain vulnerable to adverse environmental events later in life
(second ‘hit’), particularly during adolescence, which subse-
quently leads to the development of schizophrenia [2,30,34,59].
Exposure to stress has been suggested as one such risk fac-
tor that may act as a second ‘hit’ [34]. In the present study,
we observed no interaction between neonatal maternal depri-
vation (an experimental paradigm known to affect early brain
development) and post-pubertal chronic corticosterone treat-
ment on adult behaviour. While maternal deprivation resulted in

persistent behavioural deficits, chronic corticosterone treatment
during young adulthood did not produce any further long-lasting
behavioural effects. These findings possibly reflect the relative
vulnerability and resiliency of the developing and adult brain,
respectively.

Acknowledgements

This study was supported by the National Health and Medi-
cal Research Council of Australia. The Mental Health Research
Institute is a Stanley Research Centre, supported by the Stanley
Medical Research Institute. Dr. Wood is supported by a Clinical
Career Development Award from the NHMRC and a NARSAD
Young Investigator Award.

References

[1] Andersen SL, Lyss PJ, Dumont NL, Teicher MH. Enduring neurochemical
effects of early maternal separation on limbic structures. Ann NY Acad Sci
1999;877:756-9.

[2] Bayer TA, Falkai P, Maier W. Genetic and non-genetic vulnerability factors
in schizophrenia: the basis of the “two hit hypothesis”. J Psychiatr Res
1999;33:543-8.

[3] Bodnoff SR, Humphreys AG, Lehman JC, Diamond DM, Rose GM,
Meaney MJ. Enduring effects of chronic corticosterone treatment on spa-
tial learning, synaptic plasticity, and hippocampal neuropathology in young
and mid-aged rats. J Neurosci 1995;15:61-9.

[4] Chao HM, McEwen BS. Glucocorticoids and the expression of mRNAs for
neurotrophins, their receptors and GAP-43 in the rat hippocampus. Brain
Res Mol Brain Res 1994;26:271-6.

[5] Conrad CD, Galea LA, Kuroda Y, McEwen BS. Chronic stress impairs rat
spatial memory on the Y maze, and this effect is blocked by tianeptine
pretreatment. Behav Neurosci 1996;110:1321-34.

[6] Conrad CD, LeDoux JE, Magarinos AM, McEwen BS. Repeated restraint
stress facilitates fear conditioning independently of causing hippocampal
CA3 dendritic atrophy. Behav Neurosci 1999;113:902-13.

[7] Ellenbroek BA, Cools AR. Maternal separation reduces latent inhibi-
tion in the conditioned taste aversion paradigm. Neurosci Res Commun
1995;17:27-33.

[8] Ellenbroek BA, Cools AR. The neurodevelopment hypothesis of
schizophrenia: clinical evidence and animal models. Neurosci Res Com-
mun 1998;22:127-36.

[9] Ellenbroek BA, Cools AR. The long-term effects of maternal depri-
vation depend on the genetic background. Neuropsychopharmacology
2000;23:99-106.

[10] Ellenbroek BA, de Bruin NM, van Den Kroonenburg PT, van Luijtelaar EL,
Cools AR. The effects of early maternal deprivation on auditory information
processing in adult Wistar rats. Biol Psychiatry 2004;55:701-7.

[11] Ellenbroek BA, van den Kroonenberg PT, Cools AR. The effects of an
early stressful life event on sensorimotor gating in adult rats. Schizophr
Res 1998;30:251-60.

[12] Garner B. An investigation of the two-hit neurodevelopmental hypothesis
of schizophrenia: animal and clinical studies. Melbourne: Department of
Psychiatry, The University of Melbourne; 2004. p. 236.

[13] Geyer MA, Krebs-Thomson K, Braff DL, Swerdlow NR. Pharmaco-
logical studies of prepulse inhibition models of sensorimotor gating
deficits in schizophrenia: a decade in review. Psychopharmacology (Berl)
2001;156:117-54.

[14] Geyer MA, Swerdlow NR. Measurement of startle response, prepulse inhi-
bition, and habituation. In: Crawley JN, Skolnick P, editors. Current pro-
tocols in neuroscience. New York: John Wiley & Sons; 1998. p. 8.7.1-15.
Unit 8.7.

[15] Heim C, Nemeroff CB. The impact of early adverse experiences on brain
systems involved in the pathophysiology of anxiety and affective disorders.
Biol Psychiatry 1999;46:1509-22.



B. Garner et al. / Behavioural Brain Research 176 (2007) 323332 331

[16] Ingram N, Martin S, Wang JH, van der Laan S, Loiacono R, van den Buuse
M. Interaction of corticosterone and nicotine in regulation of prepulse inhi-
bition in mice. Neuropharmacology 2005;48:80-92.

[17] Isgor C, Kabbaj M, Akil H, Watson SJ. Delayed effects of chronic vari-
able stress during peripubertal—juvenile period on hippocampal morphol-
ogy and on cognitive and stress axis functions in rats. Hippocampus
2004;14:636-48.

[18] Kalinichev M, Easterling KW, Plotsky PM, Holtzman SG. Long-lasting
changes in stress-induced corticosterone response and anxiety-like behav-
iors as a consequence of neonatal maternal separation in Long—Evans rats.
Pharmacol Biochem Behav 2002;73:131-40.

[19] Kelly PH, Seviour PW, Iversen SD. Amphetamine and apomorphine
responses in the rat following 6-OHDA lesions of the nucleus accumbens
septi and corpus striatum. Brain Res 1975;94:507-22.

[20] Kitraki E, Kremmyda O, Youlatos D, Alexis MN, Kittas C. Gender-
dependent alterations in corticosteroid receptor status and spatial perfor-
mance following 21 days of restraint stress. Neuroscience 2004;125:47—
55.

[21] Lehmann J, Feldon J. Long-term biobehavioral effects of maternal sep-
aration in the rat: consistent or confusing? Rev Neurosci 2000;11:383—
408.

[22] Lehmann J, Pryce CR, Bettschen D, Feldon J. The maternal separation
paradigm and adult emotionality and cognition in male and female Wistar
rats. Pharmacol Biochem Behav 1999;64:705-15.

[23] Lehmann J, Russig H, Feldon J, Pryce CR. Effect of a single maternal
separation at different pup ages on the corticosterone stress response in
adult and aged rats. Pharmacol Biochem Behav 2002;73:141-5.

[24] Lehmann J, Stohr T, Schuller J, Domeney A, Heidbreder C, Feldon J.
Long-term effects of repeated maternal separation on three different latent
inhibition paradigms. Pharmacol Biochem Behav 1998;59:873-82.

[25] Levine S, Mody T. The long-term psychobiological consequences of inter-
mittent postnatal separation in the squirrel monkey. Neurosci Biobehav Rev
2003;27:83-9.

[26] Liu D, Diorio J, Day JC, Francis DD, Meaney MJ. Maternal care, hip-
pocampal synaptogenesis and cognitive development in rats. Nat Neurosci
2000;3:799-806.

[27] Liu D, Diorio J, Tannenbaum B, Caldji C, Francis D, Freed-
man A, et al. Maternal care, hippocampal glucocorticoid recep-
tors, and hypothalamic—pituitary—adrenal responses to stress. Science
1997;277:1659-62.

[28] Luine V, Villegas M, Martinez C, McEwen BS. Repeated stress causes
reversible impairments of spatial memory performance. Brain Res
1994;639:167-70.

[29] Luine VN, Spencer RL, McEwen BS. Effects of chronic corticosterone
ingestion on spatial memory performance and hippocampal serotonergic
function. Brain Res 1993;616:65-70.

[30] Maynard TM, Sikich L, Lieberman JA, LaMantia AS. Neural develop-
ment, cell—cell signaling, and the “two-hit” hypothesis of schizophrenia.
Schizophr Bull 2001;27:457-76.

[31] McEwen BS, Sapolsky RM. Stress and cognitive function. Curr Opin Neu-
robiol 1995;5:205-16.

[32] McGrath JJ, Feron FP, Burne TH, Mackay-Sim A, Eyles DW. The neurode-
velopmental hypothesis of schizophrenia: a review of recent developments.
Ann Med 2003;35:86-93.

[33] Meaney MJ, Aitken DH, Viau V, Sharma S, Sarrieau A. Neonatal han-
dling alters adrenocortical negative feedback sensitivity and hippocampal
type II glucocorticoid receptor binding in the rat. Neuroendocrinology
1989;50:597-604.

[34] Mednick SA, Watson JB, Huttunen M, Cannon TD, Katila H, Machon R, et
al. A two-hit working model of the etiology of schizophrenia. In: Lenzen-
weger M, Dworkin R, editors. Origins and development of schizophre-
nia. Washington, DC: American Psychological Association; 1998. p. 27—
66.

[35] MeyerJS, Micco DJ, Stephenson BS, Krey LC, McEwen BS. Subcutaneous
implantation method for chronic glucocorticoid replacement therapy. Phys-
iol Behav 1979;22:867-70.

[36] Mirescu C, Gould E. Stress and adult neurogenesis. Hippocampus
2006;16:233-8.

[37] Mizoguchi K, Yuzurihara M, Ishige A, Sasaki H, Chui DH, Tabira T.
Chronic stress induces impairment of spatial working memory because
of prefrontal dopaminergic dysfunction. J Neurosci 2000;20:1568-74.

[38] Mizuno M, Yamada K, He J, Nakajima A, Nabeshima T. Involve-
ment of BDNF receptor TrkB in spatial memory formation. Learn Mem
2003;10:108-15.

[39] Mizuno M, Yamada K, Olariu A, Nawa H, Nabeshima T. Involvement
of brain-derived neurotrophic factor in spatial memory formation and
maintenance in a radial arm maze test in rats. J Neurosci 2000;20:7116—
21.

[40] Moran PM. Differential effects of scopolamine and mecamylamine on
working and reference memory in the rat. Pharmacol Biochem Behav
1993;45:533-8.

[41] Oitzl MS, Workel JO, Fluttert M, Frosch F, De Kloet ER. Maternal depriva-
tion affects behaviour from youth to senescence: amplification of individual
differences in spatial learning and memory in senescent Brown Norway
rats. Eur J Neurosci 2000;12:3771-80.

[42] Pantelis C, Maruff P. The cognitive neuropsychiatric approach to investi-
gating the neurobiology of schizophrenia and other disorders. J Psychosom
Res 2002;53:655-64.

[43] Pantelis C, Yucel M, Wood SJ, Velakoulis D, Sun DQ, Berger G, et al.
Structural brain imaging evidence for multiple pathological processes at
different stages of brain development in schizophrenia. Schizophrenia Bull
2005;31:672-96.

[44] Plotsky PM, Meaney MIJ. Early, postnatal experience alters hypothalamic
corticotropin-releasing factor (CRF) mRNA, median eminence CRF con-
tent and stress-induced release in adult rats. Brain Res Mol Brain Res
1993;18:195-200.

[45] Radecki DT, Brown LM, Martinez J, Teyler TJ. BDNF protects against
stress-induced impairments in spatial learning and memory and UP. Hip-
pocampus 2005;15:246-53.

[46] Roceri M, Hendriks W, Racagni G, Ellenbroek BA, Riva MA. Early mater-
nal deprivation reduces the expression of BDNF and NMDA receptor
subunits in rat hippocampus. Mol Psychiatry 2002;7:609-16.

[47] Rots NY, de Jong J, Workel JO, Levine S, Cools AR, De Kloet ER. Neonatal
maternally deprived rats have as adults elevated basal pituitary-adrenal
activity and enhanced susceptibility to apomorphine. J Neuroendocrinol
1996;8:501-6.

[48] Sanchez MM, Ladd CO, Plotsky PM. Early adverse experience as a devel-
opmental risk factor for later psychopathology: evidence from rodent and
primate models. Dev Psychopathol 2001;13:419-49.

[49] Sandi C, Cordero MI, Merino JJ, Kruyt ND, Regan CM, Murphy KJ. Neu-
robiological and endocrine correlates of individual differences in spatial
learning ability. Learn Mem 2004;11:244-52.

[50] Sapolsky RM. A mechanism for glucocorticoid toxicity in the hippocam-
pus: increased neuronal vulnerability to metabolic insults. J Neurosci
1985;5:1228-32.

[51] Sapolsky RM, Krey LC, McEwen BS. Prolonged glucocorticoid exposure
reduces hippocampal neuron number: implications for aging. J Neurosci
1985;5:1222-7.

[52] Schaaf MJ, de Jong J, de Kloet ER, Vreugdenhil E. Downregulation of
BDNF mRNA and protein in the rat hippocampus by corticosterone. Brain
Res 1998;813:112-20.

[53] Sibug RM, Oitzl MS, Workel JO, de Kloet ER. Maternal deprivation
increases 5-HT 4 receptor expression in the CA1 and CA3 areas of senes-
cent Brown Norway rats. Brain Res 2001;912:95-8.

[54] Sousa N, Lukoyanov NV, Madeira MD, Almeida OF, Paula-Barbosa MM.
Reorganization of the morphology of hippocampal neurites and synapses
after stress-induced damage correlates with behavioral improvement. Neu-
roscience 2000;97:253-66.

[55] Spear LP. The adolescent brain and age-related behavioral manifestations.
Neurosci Biobehav Rev 2000;24:417-63.

[56] Stevens KE, Bullock AE, Collins AC. Chronic corticosterone treat-
ment alters sensory gating in C3H mice. Pharmacol Biochem Behav
2001;69:359-66.

[57] van den Buuse M, Garner B, Koch M. Neurodevelopmental animal
models of schizophrenia: effects on prepulse inhibition. Curr Mol Med
2003;3:459-71.



332 B. Garner et al. / Behavioural Brain Research 176 (2007) 323—-332

[58] van den Buuse M, Morris M, Chavez C, Martin S, Wang J. Effect of [60] Watanabe Y, Gould E, McEwen BS. Stress induces atrophy of apical

adrenalectomy and corticosterone replacement on prepulse inhibition and dendrites of hippocampal CA3 pyramidal neurons. Brain Res 1992;588:
locomotor activity in mice. Br J Pharmacol 2004;142:543-50. 341-5.

[59] Velakoulis D, Wood SJ, McGorry PD, Pantelis C. Evidence for progression [61] Woolley CS, Gould E, McEwen BS. Exposure to excess glucocorticoids
of brain structural abnormalities in schizophrenia: beyond the neurodevel- alters dendritic morphology of adult hippocampal pyramidal neurons. Brain

opmental model. Aust NZ J Psychiatry 2000;34(Suppl):S113-26. Res 1990;531:225-31.



	Early maternal deprivation reduces prepulse inhibition and impairs spatial learning ability in adulthood: No further effect of post-pubertal chronic corticosterone treatment
	Introduction
	Methods and materials
	Animals
	Corticosterone pellet implants
	Behavioural testing
	Locomotor activity
	Prepulse inhibition of the acoustic startle response (PPI)
	T-maze delayed alternation
	Morris water-maze test
	Data analysis

	Results
	Body weight
	Locomotor activity
	Pre-test habituation
	Amphetamine-induced locomotor hyperactivity

	Prepulse inhibition of acoustic startle
	Acoustic startle response (ASR)
	Prepulse inhibition of startle (PPI)

	T-maze delayed alternation
	Training sessions
	Percentage of correct arm entries
	Latency to reach food reward

	Morris water-maze
	Pathlength to reach the hidden platform
	Escape latency
	Mean velocity


	Discussion
	Neonatal maternal deprivation
	Post-pubertal chronic corticosterone treatment

	Acknowledgements
	References


