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a b s t r a c t

It is known that early life stress has profound effects in early developing hippocampus. Reelin is a large
protein that regulates neuronal migration during embryonic development. The expression of reelin per-
sists in brain, but its function is little known. The aim of the present study was to investigate the effects of
maternal deprivation (MD) on early neurobehavioral development of rats, and the role of reelin and the
potential mechanism underlying regulation of its expression in hippocampus. Rat pups were removed
from mothers during the postnatal day (PND) 2–15 for 3 h a day. Reflex developments including grasping,
gait, righting, cliff avoidance, auditory startle, hot-plate test and negative geotaxis, were tested during
the first 3 weeks. The level of reelin mRNA and reelin gene methylation in the hippocampal formation
NA methylation were determined using real-time PCR analysis. As expected, some differences appeared in the measure
of neurobehavior and expression of reelin in rat pups. Several significant deficiencies were observed in
bodyweight, auditory startle and grasping reflex while a great enhancement in hot-plate test in rat pups
suffering from MD. On PND 22, the expression of reelin mRNA reduced in the hippocampus followed by
MD. Meanwhile, the changes of DNA methylation showed an opposite trend compared with the reelin
expression. The results suggest that MD in early life has harmful effects on neurobehavioral development,

ulatio
and causes the down-reg

. Introduction

Early-life stress is well-known to cause various short and long-
erm disturbances in cognitive, emotional and other behavioral
erformances [1]. Animal models of early-life stress, such as peri-
dic infant–mother separation during early postnatal life, might
nfluence neurobehavioral development during the infancy [2].

aternal deprivation (MD) has been accepted to be a stressful
tatus in rodents, presumably resulting in disturbance in normal
rain development. Moreover, the exposure to stressor during the
eriod of neurodevelopment has harmful effects on the quality of

hysical and mental health [3,4]. Both human and animal studies
lso suggest that early-life stress has profound effects on neuronal
unction and emotion. The hippocampus is known as one of the
egions of brain which is vulnerable to stress [5]. Exposure to vari-

Abbreviations: ELS, early life stress; MD, maternal deprivation; PND, postnatal
ay; RT, reverse transcription; MI, methylation index.
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oi:10.1016/j.bbr.2010.10.018
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ous forms of repeated stress in laboratory animals has deleterious
effects on the hippocampus, such as impaired neurogenesis [6] and
long-term potentiation [7], decreased dendritic complexity within
CA3 pyramidal cells and dentate granule cells [8,9], and altered gene
expression [10–12]. Other investigations indicate that MD during
the critical periods of brain development can lead to disruption of
hippocampus cytoarchitecture, contributing to learning disability
and behavioral abnormalities [13,14].

There are notable interactions between the hippocampal pro-
cesses affected by exposure to repeated stress and the biological
activities of the extracellular matrix protein reelin. Reelin is syn-
thesized and released by specific GABAergic interneurons in the
adult hippocampus, where it enhances cell migration and integra-
tion, synaptogenesis, dendritic arborization and spinedensity, and
synaptic plasticity [15–17]. It is also critically important for the
induction and maintenance of long-term potentiation [18]. So, the
deficits in reelin signaling pathway have negative consequences for

hippocampal functioning. For example, heterozygous reeler mice
with approximately 50% of normal levels of reelin show impaired
hippocampal-dependent learning and hippocampal plasticity [19].
Interestingly, postmortem analysis indicates that patients with
depression have general decreases in reelin in hippocampal tis-

dx.doi.org/10.1016/j.bbr.2010.10.018
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DNA purification (DNeasy Blood & Tissue Kit, Qiagen) was performed
on hippocampus tissue from animals. Purified DNA was then processed
for bisulfite modification (EZ DNA Methylation-GoldTM Kit, Zymo Research
Corp). Quantitative real-time PCR was used to determine the DNA methyla-
tion status of reelin gene. Methylation-specific PCR primers were designed
L. Qin et al. / Behavioural Br

ue [20,21]. Therefore, hippocampal reelin expression could be
own-regulated by exposure to MD and this might be related to
nxiety, depression and memory impairment. To our knowledge,
he impact of MD on neurobehavioral development or reelin dur-
ng the infancy have not been extensively studied, although some
esearches have been done about the role of reelin in reeler mice
22,23]. Epigenetic regulation of gene expression allows the inte-
ration of intrinsic and environmental signals in the genome [24].
ome environmental insults may result in pathological methylation
ith corresponding alteration of gene expression patterns [25]. As
entioned above, exposure to stress during the period of neurode-

elopment has harmful effects on the quality of physical and mental
ealth [3,4]. However, the understanding about the delayed neu-
obehavioral development or the induction of reelin expression in
he hippocampus induced by early life stress is relatively poor.

In this study, the impact of MD on the neurobehavioral devel-
pment of young rats was examined. Firstly, it’s hypothesized
hat MD, as an early life stressor, would lead to the retardation
f neurobehavioral development given prior association of MD
nd neurobehavioral development. Secondly, it’s speculated that
own-regulation of reelin gene expression by MD is probably reg-
lated by up-regulation of reelin DNA methylation. Therefore, the
ethylation status of the reelin gene and the expression of reelin
RNA in the hippocampus of rat pups with MD can be investigated.

. Experimental procedures

.1. Animals and maternal deprivation

Primiparous pregnant female Wistar rats were individually housed in stan-
ard polypropylene cages containing 2.5 cm of wood chip bedding material. They
ere kept at a constant temperature room (23 ± 1 ◦C) and maintained on a 12/12 h

ight/dark cycle (lights on at 8:00). Food and water were available at will.
Birth was designated as postnatal day 1. On PND2, pups were culled to six males

nd two females to ensure the presence of both sexes in the litters [26]. Only the
ale offspring was used. Whole litters were randomly assigned to control group

nd MD group.
According to the previously described method [27,28], MD mission was per-

ormed daily for three consecutive hours (from 9:00 to 12:00), during which rat pups
ere removed from their home cage and kept alone in temperature-controlled cages

t 28 ± 1 ◦C, where bedding was renewed every day. This procedure was applied
etween postnatal days 2 and 15. All pups of the control group were left undis-
urbed with their mother until weaning. Litter was not cleaned although some clean
awdust was added from the top of the cage.

Groups of rats were weaned and sacrificed on PND22. All experimental protocols
escribed in this study were approved by the Local Institutional Animal Care and
se Committee. These experiments were designed to minimize the number, and
iscomfort, of the animals used.

.2. Examination of neurobehavioral development

Examinations of neurobehavioral development started on PND 4 and were
arried out once every other day between 9 am and 12 pm until PND 22. Neurobe-
avioral testing was performed in a blinded fashion. Neurobehavioral development
as tested based on earlier descriptions [29–34]. Body weight was recorded once

very other day until PND22. Rat pups were tested for the following neurobehavioral
evelopment reflexes once every other day until PND20: (1) Surface righting reflex:
he time in seconds to turn over to prone position and place all four paws in contact
ith the surface after rats were placed in supine position, was recorded from PND4

o PND12. (2) Air righting reflex: the time of standing on four feet after subjects were
ropped head down onto a bed of shavings from a height of 50 cm three times with
he ground full of the bedding of sawdust, were recorded from PND12 to PND20.
3) Negative geotaxis: animals were placed head down on an inclined grid (45◦) of
0 cm. The hind limbs of the rat pups were placed in the middle of the grid. The time

n seconds they began to turn around and climb up the board with their forelimbs
eaching the upper rim, was recorded. In cases the animal did not turn around and
limb up the board within the observed 30 s, the test was considered to be negative.
4) Fore limbs grasp: the fore limbs were touched with a thin rod, and the time in
econds to grasp onto the rod was recorded. (5) Gait: the animals were placed in the

enter of a white paper circle of 13 cm in diameter, and the time in seconds to move
ff the circle with both forelimbs was recorded. In cases the animal did not leave the
ircle within 30 s, the test was considered to be negative. Within the time 10 s was
ated as 3 scores, the time 10–20 s was 2 scores, and the time 20–30 s was one score.
6) Auditory startle: the noise of whistle was given to the rats three times, the times
f the startle response to a whistle sound was observed and recorded. (7) Hot-plate
search 217 (2010) 142–147 143

test: the rats were placed in a beaker, then put the beaker in 52 ± 1 ◦C water-bath
pot. The time in seconds of the hind foot response to the high temperature was
observed. (8) Cliff avoidance: animals were placed head and forelimbs down on a
high board with a height of 30 cm from the ground full of the bedding of sawdust.
The forelimbs and the head of the rat pups were placed out of the edge of the board.
The time they began to turn back their heads and the forelimbs was observed. In
cases the animal did not turn back from the edge of the board within the observed
60 s, the test was considered to be negative.

2.3. Sample collection

Animals were brought into a separate room and sacrificed on PND22 by decapi-
tation, the brain was rapidly removed and hippocampus were immediately dissected
from the brain, then frozen in −70 ◦C. The hippocampus was used for the following
experiments.

2.4. Real-time reverse transcription quantitative PCR

RNA was isolated from hippocampus tissue and purified using RNAqueous Kit
(Part Number AM1912, Ambion). RT-PCR was performed by commercially available
reagents (High-Capacity cDNA Reverse Transcription Kits, Applied Biosystems). For
a 20 �l reaction mixture, the following reagents were used: 2 �l of 10× RT buffer,
0.8 �l of 100 mM 25× dNTP Mix, 1 �l of MultiScribeTM Reverse Transcriptase. 1 �l
of RNase inhibitor (40 unit/�l), 2 �l 10× RT Random Primers, 3.2 �l of RNase-free
water and 10 �l of sample RNA. Reverse transcription was carried out at 25 ◦C for
10 min, followed by 37 ◦C for 120 min and 85 ◦C for 5 min, then stored at −80 ◦C.
Real-time quantitative PCR was performed using commercially available reagents
Power SYBR® Green PCR Master Mix (Applied Biosystems) for reelin. All primers
were designed to span exon boundaries, ensuring amplification of only mRNA. The
following forward and reverse primers were used in the present study. For reelin for-
ward (5′-GAGTCCACTATACAACCA GA-3′) and reverse (5′-TGATCGAAAGCAGAGAC
GTC-3′). Product purity was confirmed by melting curve analysis and agarose gel
electrophoresis in the presence of ethidium bromide. Relative gene expression
comparisons were made using 18S RNA as an invariant endogenous control. The
calculations of the initial mRNA copy numbers in each sample were performed
according to the ��CT method [35,36]. The data are expressed as CT values and used
to determine �CT values (�CT = CT of the target gene − CT of the housekeeping gene).
This value is calculated for each sample. The control sample was used as the baseline
for each comparison to be made. The last step in quantitation is to transform these
values to absolute values. The formula for fold changes in gene expression is 2−��CT.
Statistical analysis was performed with �CT values. Reactions were carried out in a
20 �l volume with 5 �l of the cDNA, 10 �l of SYBR Green Supermix (Applied Biosys-
tems), 1 �l of primer, and 4 �l of Depc H2O. The amplification protocol consisted of
one cycle at 95 ◦C for 10 min followed by 35 cycles at 95 ◦C for 15 s, 60 ◦C for 15 s,
72 ◦C for 20 s, and 90 ◦C for 2 s. Detection of the fluorescent products was carried out
at the end of the 90 ◦C extension period. All qRT-PCR reactions were performed in
triplicate.

2.5. DNA methylation assay
Fig. 1. The changes of body weight in control and rat pups with MD. The rat
pups were weighed, respectively on PND22. There are significant differences found
between control and rat pups with MD versus control group. *P < 0.05. All results
are expressed as mean ± S.E.M.
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Fig. 2. The differences of neurobehavioral development in control and rat pups with MD. (A) The negative geotaxis reflex in control and rat pups with MD. P > 0.05 versus
control group. (B) The cliff avoidance reflex in control and rat pups with MD. P > 0.05 versus control group. (C) The surface righting reflex in control and rat pups with MD.
P > 0.05 versus control group. (D) The air righting reflex in control and pups with MD. P > 0.05 versus control group. (E) The gait reflex in control and rat pups with MD. P > 0.05
versus control group. (F) The fore limbs grasp reflex in control and rat pups with MD. *P < 0.05 versus control group. (G) The auditory startle reflex in control and rat pups
with MD. *P < 0.001 versus control group. (H) The hot-plate test in control and rat pups with MD. *P < 0.001 versus control group. All the data of neurobehavioral development
are expressed as median P25, P75.
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Fig. 3. The expression of reelin mRNA in the hippocampus of rat pups. The value
for reelin mRNA was normalized by that for the internal standard 18S mRNA. Each
column represents the mean ± S.E.M. (n = 6–8 rats per group). *P < 0.05 versus the
control group.
L. Qin et al. / Behavioural Br

sing Methprimer software (available at www.urogene.org/methprimer/).
etection of unmethylated reelin DNA was performed using the following
rimer: forward (5′-AAGGTGGGAGTATTTGTATAGAGTGA-3′) and reverse (5′-
CAAAACAACATAAAAAAAACAAT-3′). Detection of methylated reelin DNA was
erformed using the following primer: forward (5′-GCGGGAGTATTTGTAATG-
GTCG-3′) and reverse (5′-CCAAAACAAACAATAAAAAAAGCTA-5′). PCRs were per-

ormed in a total volume of 20 �l, consisting of 5 �l of bisulfite-modified DNA, 10 �l
f SYBR Green Supermix (Applied Biosystems), 1 �l of primer, and 4 �l of Depc H2O.
eactions were performed in a Cycler real-time PCR system (Applied Biosystems).
uantitative PCR was run three times with each sample. The amplification protocol
onsisted of one cycle at 95 ◦C for 10 min followed by 35 cycles at 95 ◦C for 15 s,
8 ◦C for 15 s, 72 ◦C for 20 s, and 90 ◦C for 2 s. Detection of the fluorescent products
as carried out at the end of the 90 ◦C extension period. The reelin methylation was

ssessed by the comparative threshold cycle (MI) method [37–39]. The methylation
ndex (MI; percentage) in a sample was calculated according to the equation:
concentration of methylated reelin sequence/concentrations of methylated plus
nmethylated reelin sequence) × 100.

.6. Statistical analysis

The data are expressed as mean ± S.E.M. while the data of neurological reflexes
s median P25, P75. Greenhouse–Geisser test were used in body weight and neu-
ological reflexes. The tests were also used to assess reelin mRNA levels, as well
s changes in the methylation state of reelin. Significance was set at P < 0.05 for all
ests. The statistical analysis was done using the SPSS Statistical Software version
6.0.

. Results

.1. Somatic development

Rat pups were weighed, respectively once every other day from
ND4 to PND22. The average body weight of MD rat pups was
ound lower than that of control animals. There were significant
ifferences between control and MD rat pups (t = 4.272, P < 0.05)
Fig. 1).

.2. Neurological reflexes

The effects of MD on neurological development may be pre-
ented by different neurological reflexes. As a result, MD group
howed a significant delay of forelimb grasp reflex (F = 4.317,
< 0.05) (Fig. 2F) and auditory startle reflex (F = 57.308, P < 0.001)

Fig. 2G). Hot-plate test were observed significantly different
etween groups MD and control (F = 15.886, P < 0.001) (Fig. 2H). A
endency of spending more time in the hot-plate could be observed
n control rats rather than MD groups. There is not significant dif-
erence of negative geotaxis reflex (F = 0.122, P > 0.05) (Fig. 2A), cliff
voidance reflex (F = 2.357, P > 0.05) (Fig. 2B), surface righting reflex
F = 0.142, P > 0.05), air righting reflex (F = 3.158, P > 0.05) and gait
eflex (F = 1.858, P > 0.05) (Fig. 2C–E) between the control and MD
roup.

.3. Variation of reelin mRNA expression in hippocampus

To evaluate the impact of reelin on early neurobehavioral
evelopment, total reelin gene expression in rat hippocampus
as performed using quantitative real-time PCR. The reelin gene

xpression values are expressed as the comparative threshold cycle
2−��CT). Thus, the smaller the Ct is, the greater the gene expres-
ion is. That is to say, the gene expression is consistent with 2−��CT
nd the greater the 2−��CT, the greater the gene expression. The
esults of the 2−��CT of reelin are shown in Fig. 3. There was a
ignificant reduction in MD group compared to control rat pups
t = −2.662, P < 0.05).
.4. Changes of reelin gene DNA methylation

The reelin methylation was assessed by the comparative thresh-
ld cycle (MI) method. The methylation index (MI; percentage) in
Fig. 4. Altered reelin DNA methylation with maternal deprivation. There are signif-
icant changes in methylation between MD and control groups. Data are presented
as means ± S.E.M. (n = 6–8 rats per group). *P < 0.01. versus the control group.

a sample was calculated according to the equation: (concentration
of methylated reelin sequence/concentrations of methylated plus
unmethylated reelin sequence) × 100. The results of MI of reelin are
shown in Fig. 4. The high methylation was seen in the MD group. In
addition, there was a significant difference between MD and control
group (t = 4.542, P < 0.01). An interesting finding from these exper-
iments is that changes of reelin gene DNA methylation showed an
opposite trend to the level of reelin mRNA.

4. Discussion

The early neurobehavioral effects of MD have been studied pre-
viously by others. A single 24-h-period paradigm showed delayed
eye opening, reduced body weight, delayed emergence of walking
and rearing, increased latency in negative geotaxis and retarded
emergence of the behavioral response to amphetamine [40]. How-
ever, a recent study presented that a 3-h-long daily maternal
separation did not lead to remarkably delay or enhancement in
reflex development and motor coordination [34]. The present study
carried out the further investigation on the impact of repeated
episodes of MD on neurobehavioral development in rats. The
results revealed that a 3-h-long daily maternal separation led to
some changes in neurobehavioral development. MD rats displayed
a notable reduction of body weight and a significant delay in fore-
limb grasp and auditory startle reflexes, and a slightly delayed
emergence of walking and retarded emergence of the behavioral
response to early-life stress. However, the rat pups of MD per-
formed with a relatively increasing reaction in hot-plate test. These

results suggest that MD has harmful effects on the early neu-
robehavioral development of rat pups, and the phenomenon is
consistent with Weaver’s work [41]. The results in the present study
were partially in accordance with previous studies. In fact, so far
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here have been many ambivalent conclusions about the impacts of
aternal separation on the neurobehavioral development of young

ats because of different protocols used by the different investi-
ators in many researches. Animal studies have proven that the
ffects of MD depend on both separation conditions, such as time
f day, length of separation, genetic background and gender of rat
ups, and environmental conditions such as ambient temperature
34,42–45].

One relevant question raised by our observation is whether
eelin expression is associated to MD. Reelin has been shown to
ontribute to normal brain development and neuronal activity-
ependent processes [46,47]. Reduced levels of reelin expression
ay be deleterious for human brain development. For example,

eelin expression is down-regulated in inhibitory cortical neu-
ons of patients with schizophrenia and psychotic bipolar disorder
20,48], suggesting that a dysfunction in reelin-regulated neuronal

aturation and synaptic activity in the postnatal brain may con-
ribute to these disorders. Our previous study demonstrated that
epeated predatory stresses might result in a pattern of intensive
ehavioral and endocrinal responses, and lead to the neuronal cell

oss in hippocampus [49]. However, other studies indicated that
ats separated from mothers for 3 h a day during PND 10–15 showed
o significant changes in the total number of neurons in the hip-
ocampus [50,51]. In the present study, young rats with MD had
ignificant reductions of level of reelin mRNA in the hippocampus.
he results suggest that the down-regulation of reelin mRNA in
ostnatal hippocampus of young rats is associated with MD. The
ajority of mRNA transcripts that showed group differences in

xpression were for those that encoded signal transduction pro-
eins involved in the pathways that regulate brain formation and
unction [52]. Therefore, reelin may regulate developmental pro-
esses such as synaptogenesis and axon pruning as well as synaptic
lasticity through life.

In addition, it is well known that epigenetic regulation of gene
xpression allows the integration of intrinsic and environmental
ignals in the genome [24]. DNA methylation may lead to marked
hanges in the structure of chromatin that ultimately result in
ignificant down-regulation of transcription, and directly inter-
ere with the ability of transcription factors to bind to regulatory
lements. Treatment of NT2 cells with DNA methyltransferases
DNMT) inhibitors prior to differentiation or induction of differ-
ntiation with RA resulted in significant increases in reelin mRNA
xpression and loss of methylation at the reelin promoter, consis-
ent with the hypothesis that DNA methylation plays a significant
ole in the regulation of reelin expression [53]. Other studies indi-
ated that the lower expression of reelin mRNA in MD group might
e responsible for an epigenetic methylation of reelin gene [54–59].

t is suggested that epigenetic regulation through DNA methylation
s responsible for reelin down-regulation in the brain. Interestingly,

ith the reductions of reelin mRNA, methylation levels of the reelin
ene in hippocampus tended to increase in MD rats as well. Thus,
ased on our results, it has been proven that MD, as a special envi-
onmental factor, may cause the reductions of reelin mRNA through
he epigenetic mechanism of further DNA methylation of reelin
romoter regions in the hippocampus.

. Conclusion

The effects of MD on the neurobehavioral development of young
ats, and the role of reelin and the potential mechanism underly-

ng regulation of its expression in hippocampus were investigated
y neurobehavioral observation and real-time PCR. The results

ndicate that the delayed neurobehavioral development and the
own-regulation of reelin mRNA in postnatal hippocampus of
oung rats are associated to MD. Meanwhile, it has been proven

[

search 217 (2010) 142–147

that MD could cause the down-regulation of reelin mRNA through
further DNA methylation.
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