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The purpose of the present study was to characterize the
expressions of phosphorylated Ca21/calmodulin-depen-
dent protein kinase II (p-CaMK-II), total CaMK-II, and
L-type Ca21 channel in offspring hippocampus that was
induced by prenatal restraint stress. Pregnant rats were
divided into two groups: the control group and the prena-
tal stress (PNS) group. Pregnant rats in the PNS group
were exposed to restraint stress on day 14–20 of preg-
nancy three times daily for 45 min. Adult offspring rats
were used in this study. The results demonstrated that
prenatal restraint stress induced a significant increase in
the expression of p-CaMK-II, total CaMK-II, and L-Ca21

channel by western blot analysis in offspring hippo-
campus. The immunohistochemistry results revealed that
PNS increased the expressions of CaMK-II and L-Ca21

channel in the hippocampal CA3 of offspring rats. These
data suggest that PNS can have long-term neuronal effects
within hippocampal structure involved in the feedback
mechanisms of the hypothalamo-pituitary-adrenal axis.
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Introduction

Chronic or repeated stress during human prenatal brain
development has been associated with various learning, be-
havioral, and/or mental disorders in later life [1]. In studies
using the animal model, stress exposure during pregnancy
can program adult behavior and hypothalamo-pituitary-
adrenal (HPA) axis stress responsiveness [2,3]. The hippo-
campus has the highest density of glucocorticoid receptors
in the brain. It involves in the regulation of the HPA and the
behavioral response to stress. Studies in non-human pri-
mates and rodents have demonstrated the alteration in the

structure and function of the hippocampus as a consequence
of prenatal stress (PNS) [4,5]. PNS in mid-pregnancy also
affects the spine density and basal dendrites of pyramidal
neurons of hippocampus [6].

Our previous studies have demonstrated that PNS can
increase the expression of extracellularsignal-regulated
kinase and p38 mitogen-activated protein kinase in off-
spring hippocampus neurons [7,8]. Recent data have indi-
cated that PNS can increase glutamate concentration in the
hippocampus and cause apical dendritic atrophy of pyrami-
dal neurons of hippocampal CA3 in offspring rats [9]. It has
been reported that restraint stress promotes the phosphoryl-
ation of CaMK-II in the hippocampus [10]. A previous
study also showed that p-CaMK-II was enhanced shortly
after swim stress [11]. Whether PNS causes the changes of
L-Ca2þ channel and CaMK-II in offspring hippocampus
neurons is unknown. In the present study, western blot
analysis and immunohistochemistry were carried out to
examine the effects of PNS on the expression of L-Ca2þ

channel and CaMK-II in offspring hippocampus.

Materials and Methods

Animals and procedure
A total of 15 female (230–250 g) and five male
(2802350 g) Sprague–Dawley rats were used. The
animals were provided by the experimental animal center
of Tianjin University of Traditional Medicine. The rats
were housed in an animal room with controlled temperature
(22+28C) and controlled humidity (60%) on a 12 h light/
dark cycle (with the light on from 8 a.m. to 8 p.m.) with
free access to food and water throughout the experiment.
Virgin female rats were placed overnight with adult male
rats (3:1) for mating. Vaginal smears were examined on the
following morning. Pregnancy was determined by the pres-
ence of vaginal plugs (embryonic day 0, E0). Each preg-
nant rat was then housed separately. A total of 12 pregnant
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rats were randomly assigned to the PNS group (n ¼ 6) and
the control group (n ¼ 6). The pregnant rats in the PNS
group were exposed to restraint stress three times daily for
45 min during the last week of pregnancy (E14–E21) as
previously described [7]. The pregnant rats of the control
group were left undisturbed. On Day 21, all offspring were
weaned, then male and female pups were separated and
every four pups were housed in one cage, respectively,
until being tested at 1 month of age.

Western blot analysis
Six adult offspring rats in each group were deeply anesthe-
tized with chloral hydrate and decapitated immediately.
The hippocampus was dissected out on the petri dish filled
with ice and immediately frozen in liquid nitrogen, then
kept in an 2808C freezer until later experimental use.
Each hippocampus was homogenized with a glass tissue
grinder in 500 ml cold phosphate-buffered saline (PBS)
buffer containing protease inhibitors (2 mg/ml aprotinine,
1 mg/ml leupeptine, and 1 mmol/l PMSF). The samples
were centrifuged at 12000 g for 20 min at 48C after hom-
ogenization. The total protein concentration in each sample
was determined using the bicinchoninic acid protein assay
reagent kit (Pierce, Rockford, USA). The sample proteins
of hippocampus (50 mg/lane) were separated by electro-
phoresis performed on 10% sodium dodecyl sulfate–poly-
acrylamide gels (SDS-PAGE, Bio-Rad, Barcelona, Spain)
at room temperature. The primary antibodies against L-type
Ca2þ channel (Santa Cruz, USA, 1:1000), p-CaMK-IIa
(Thr 286)-R (Santa Cruz, 1:1000), and total CaMK-II
(Santa Cruz, 1:1000) were used. After washing three times
(10 min each) with 75 ml TBST buffer, the membranes
were incubated for 1 h with horseradish peroxidase conju-
gated secondary antibody (Promega, Madison, USA,
1:5000) in TBST buffer. After washing three additional
times with TBST buffer, and three times with tris-buffered
saline (TBS) [20 mM Tris–HCl (pH 7.5), 150 mM NaCl],
the enhanced chemiluminescence detection kit (Amersham
Biosciences, Buckinghamshire, UK) was used for signal
detection. b-actin was detected with mouse anti-rat b-actin
antibody (Santa Cruz) as the control. For the densitometric
analysis, the protein bands on the blot were measured by
Gel Doc200 systems and software.

Immunocytochemistry staining
Six adult offspring from each group were dissected for
immunocytochemistry as previously described [7]. Under
deep anesthesia with chloral hydrate, the rats of each group
were perfused transcardially with �200 ml of 0.1 M PBS
(pH 7.4), followed by approximately cold 400 ml of 4%
paraformaldehyde in phosphate buffer (PB) (pH 7.4). The
brains were removed, cut into blocks containing the hippo-
campus, and post-fixed in the same solution for 24 h at

48C. Subsequently, the tissue blocks were dehydrated, pro-
cessed for paraffin embedding, and then cut into frontal
sections (4 mm thickness). Brain sections were deparaffi-
nized in xylene and hydrated through graded alcohols to
TBS, washed with TBS three times (5 min each time).
They were then treated with freshly made 3% H2O2 in
TBS for 30 min. After being washed several times in TBS,
they were then treated with 0.1% Triton X-100.
Non-specific binding sites were blocked by incubation with
normal goat serum 1 h at 378C. The sections were incu-
bated with polyclonal antibodies of anti-total CaMK-II
(Santa Cruz, 1:200) and L-type Ca2þ (Santa Cruz, 1:1000)
in 0.1 M TBS containing 0.5% bovine serum albumin
(BSA), and 0.05% sodium azide at 48C. After overnight
incubation, sections were rinsed and incubated with bioti-
nylated secondary antibody at a dilution of 1:200 in 0.1 M
PBS containing 0.5% BSA for 1 h at room temperature.
After rinsing, the sections were incubated with ABC
reagent diluted at 1:50 in TBS for 1 h at room temperature,
and then rinsed with TBS followed with 0.1 M PB.
Finally, sections were incubated in SIGMA FAST DAB kit
(Sigma-Aldrich, St. Louis, USA), until the desired stain
intensity developed. Sections were rinsed with 0.1 M PB
and then mounted on gelatin-coated slides, and dehydrated
through alcohols and xylene. The optical density (OD)
analysis was performed on high resolution and analyzed
with Scion Image Software based on NIH image (NIH
Image, Bethesda, USA). OD value was calculated as
described: OD value ¼ average of OD values of sample-
average of OD of background values. Background values
were obtained from the neighboring white matter. The
average values from three sections for each subject were
used for statistical analysis.

Statistical analysis
Results were presented as meanþSE. Statistical analysis
was performed using SigmaStat 3.5 Statistical Software
(Jandel Scientific, San Rafael, USA). The data were ana-
lyzed by two-way analysis of variance. When multiple
comparisons were indicated, the Student2Newman2Keuls
test was applied. Differences were considered to be signifi-
cant at the P , 0.05 level.

Results

The effects of PNS on the expression of p-CaMK-II
and total CaMK-II in offspring hippocampus
Phosphorylated CaMK-II and total CaMK-II activation in
total hippocampal extracts were analyzed by western blot
using specific antibodies. The levels of p-CaMK-II and
total CaMK-II were normalized to the expression level of
b-actin. Quantitative analysis showed that the level of
p-CaMK-II in the PNS female offspring rats was

Prenatal stress on expression of CaMK-II and L-Ca2þ channel in offspring hippocampus

Acta Biochim Biophys Sin (2011) | Volume 43 | Issue 8 | Page 602

D
ow

nloaded from
 https://academ

ic.oup.com
/abbs/article/43/8/601/1015 by guest on 10 April 2024



significantly increased (0.3393+0.0138, n ¼ 6) compared
with that in the control female offspring rats (0.2528+
0.016, n ¼ 6, P , 0.01). There was no significant differ-
ence in the level of p-CaMK-II between the male control
group and PNS offspring rats (0.2597+0.0186 and
0.2753+0.0239, respectively) [Fig. 1(A)].

The specific signals for total CaMK-II were quantified
and plotted. As shown in Fig. 1(B), there was no signifi-
cant difference in the level of CaMK-II between the male
control and PNS male offspring rats (0.5284+0.0126 and
0.5465+0.0155, n ¼ 6). The level of total CaMK-II in
female PNS offspring group was significantly increased
compared with that in the female control group (0.5185+
0.0265 and 0.6288+0.0128, respectively, P , 0.01).

The effects of PNS on the expression of L-Ca21

channel in offspring hippocampus
The level of L-Ca2þ channel in the hippocampus was
detected by western blot [Fig. 2(A)] and quantitatively ana-
lyzed [Fig. 2(B)]. The results showed that the level of
L-Ca2þ channel in the PNS female offspring rats was sig-
nificantly increased (0.2465+0.0854, n ¼ 6) compared
with that in the control female offspring rats (0.1719+
0.0874, n ¼ 6, P , 0.01). Western blot analysis also
revealed that there was significant difference in the level of
L-Ca2þ channel between the male control and PNS off-
spring rats (0.1721+0.0856, 0.2070+0.0739, respect-
ively, P , 0.05) [Fig. 2(B)].

The effects of PNS on the CaMK-II-positive expression
in the CA3 regions of offspring hippocampus
Immunohistochemistry was used to demonstrate the
CaMK-II immunoreactive cells in the principal pyramidal

neuron layer of hippocampus. Figure 3(A) showed the
representative photographs of CaMK-II staining in control
and PNS offspring hippocampus. We analyzed the pyrami-
dal cell layer in CA3. The OD of CaMK-II was signifi-
cantly increased in PNS female offspring hippocampus
(68.4517+2.6422, P , 0.01, n ¼ 6) compared with that
in the female control (59.9350+2.9755, n ¼ 6)
[Fig. 3(B)]. The OD of CaMK-II in the CA3 region of the
male PNS groups was significantly higher than that in the
male control group (65.5967+2.3877, 60.9667+2.2574,
respectively, P , 0.05) [Fig. 3(B)].

Figure 2 Effects of PNS on the expression of L-Ca21 channel in
offspring hippocampus (A) Western blot analysis. Cytosolic fractions

(80 mg protein/lane) from control female (lane 1), PNS female (lane 2),

control male (lane 3), and PNS male offspring hippocampus (lane 4).

Representative immunoblot for b-actin to control protein loading (low

lane). (B) Quantitative analysis of L-Ca2þ channel levels in the

hippocampus. CON F, control female; PNS F, PNS female; CON M,

control male; PNS M, PNS male.

Figure 1 Effects of PNS on the expression of p-CaMK-II and total CaMK-II in offspring hippocampus (A) Effects of PNS on the expression of

p-CaMK-II. Cytosolic fractions (50 mg protein/lane) from control female (lane 1), PNS female (lane 2), control male (lane 3), and PNS male offspring

hippocampus (lane 4). CON F, control female; PNS F, PNS female; CON M, control male; PNS M, PNS male. (B) Effects of PNS on the expression of

total CaMK-II in offspring hippocampus. Cytosolic fractions (50 mg protein/lane) from control female (lane 1), PNS female (lane 2), control male

(lane 3), and PNS male offspring hippocampus (lane 4). CON F, control female; PNS F, PNS female; CON M, control male; PNS M, PNS male.
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The effects of PNS on the L-Ca21 channel-positive
expression in the CA3 regions in offspring
hippocampus
Immunohistochemistry results demonstrated that L-Ca2þ

channel immunoreactive cells existed in the principal pyra-
midal layer of hippocampus. Figure 4(A) showed represen-
tative photographs of L-Ca2þ channel staining in control
and PNS offspring hippocampus CA3 region. The OD of
L-Ca2þ channel was significantly increased above female
control (43.6017+1.5084, n ¼ 6) in PNS female offspring
hippocampus (51.5283+2.5070, P , 0.01, n ¼ 6)
[Fig. 4(B)]. The OD of L-Ca2þ channel in the CA3 region
of male PNS groups was significantly higher than that in
the male control group (42.2933+2.3541, 46.3683+
1.9768, respectively, P , 0.05) [Fig. 4(B)].

Discussion

The current study demonstrated that the prenatal restraint
stress induced a significant increase in the expression of
p-CaMK-II, total CaMK-II, and L-Ca2þ channel by
western blot analysis in offspring hippocampus. The immu-
nohistochemical results revealed that the exposure of

pregnant rats to restraint stress during the last week of ges-
tation resulted in an increase of CaMK-II and L-Ca2þ

channel levels in the hippocampal CA3 of offspring.
Previous work from our laboratory has demonstrated the

effects of PNS on the capability of learning and memory and
the levels of corticosterone. Corticosterone level was signifi-
cantly higher in the stress group than in the control group
[12]. The mechanisms by which PNS can program neuronal
development with long-term consequences are not well
understood. Within the developing brain, the limbic system
(primarily the hippocampus) is particularly sensitive to
endogenous and exogenous corticosterone during the devel-
opment. PNS can increase the plasma levels of cortisol and
corticotrophin releasing hormones in the mother and fetus,
which may contribute to insulin resistance and behavior dis-
orders in their offspring such as attention and learning defi-
cits, generalized anxiety, and depression. The changes in
behavior can be induced by PNS in laboratory rodents and
non-human primates. The appearance of such changes is
associated with structural changes in the hippocampus.

It can be assumed that the effects of PNS on the disturb-
ance in the HPA axis activity could result in changing the
density of glucocorticoid receptors in specific brain

Figure 3 Effects of PNS on the expression of CaMK-II in offspring hippocampal CA3 region (A) Representative photographs of CaMK-II staining

in offspring hippocampal CA3 region. a: control female; b: PNS female; c: control male; d: PNS male. Or, oriens layer; Py, pyramidal layer; rad,

radiatum layer. The scale bars¼50 mm. (B) Quantitative analysis of the expression of CaMK-II in hippocampal CA3 area. CON F, control female; PNS

F, PNS female; CON M, control male; PNS M, PNS male.

Figure 4 Effects of PNS on the expression of L-Ca21 channel in offspring hippocampal CA3 region (A) Representative photographs of L-Ca2þ

channel staining in offspring hippocampal CA3 region. a: control female; b: PNS female; c: control male; d: PNS male. Or, oriens layer; Py, pyramidal

layer; rad, radiatum layer. The scale bars¼25 mm. Six animals from each group were dissected for immunohistochemistry. (B) Quantitative analysis of

the expression of L-Ca2þ channel in hippocampal CA3 area. CON F, control female; PNS F, PNS female; CON M, control male; PNS M, PNS male.
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regions, most probably in the hippocampus. The corticos-
terone level of offspring and dam induced by PNS is posi-
tively correlated [13]. Several plausible mechanisms by
which PNS up-regulates the phosphorylation of CaMKII
can be considered. It is well known that the elevation of
intracellular Ca2þ levels induces Ca2þ-dependent phos-
phorylation of CaMK-II, and subsequently leads to autop-
hosphorylation of CaMK-II, Ca2þ-independent activation.
A previous study has shown that PNS cannot significantly
change the expression of p-CaMK-II, while the acute chal-
lenge reduces p-CaMK-II (Thr286) levels in antenatally
stressed rats at hippocampal level [14]. This result is incon-
sistent with our study. Such discrepancy could be because
of specific experimental conditions of PNS as well as the
different time-point for examining (i.e. 80 days of rat age
in Fumagalli’s study versus 30 days of rat age in our
study), which may contribute to specificities of
p-CaMK-IIa expression.

In this study, we showed the prenatal restraint stress
induced a significant increase in the expression of
CaMK-II and L-Ca2þ channel in female offspring hippo-
campus. PNS females had a higher overall adrenocortico-
tropic hormone response to restraint stress than female
controls, whereas PNS males showed faster recovery of
stress-induced elevations in adrenocorticotropic hormone
than non-stressed males [15]. It was reported that there is a
phase shift toward peak secretion of corticosterone in the
light cycle in both sexes after PNS. Only female had sig-
nificant elevations of corticosterone during all phases of
the light/dark cycle [16]. One of the mechanisms that could
explain the differential effects in prenatally stressed males
and females could be the gender difference in placental
transport of glucocorticoids from the mother to the female
fetus. Higher baseline serum corticosterone concentrations
were found in female fetuses than in male fetuses, which is
due to a greater transport of corticosterone from maternal
blood across the placenta of females and a greater binding
of corticosterone in the placenta of male fetuses [17].
Pivina et al. found that prenatal social stress increased the
basal level of corticostcrone in prenatal stressed female rats
that have high stress reactivity of the HPA axis, as well as
a more profound effect on anxiety level and oestrous cycle
[18]. These reports indicated that effects of PNS on the
HPA axis may be more pre-dominant in female than in
male offspring.

In summary, the present results showed that the prenatal
restraint stress induced a significant increase in the
expression of CaMK-II and L-Ca2þ channel in offspring
hippocampus, especially, in offspring hippocampus CA3.
These data suggest that PNS can have long-term neuronal
effects within the hippocampal structure involved in the
feedback mechanisms of the HPA axis. Further studies are
needed to elucidate the mechanism by which the activation

of CaMK-II and L-Ca2þ channel leads to PNS-induced
memory alteration, which may promote our understanding
of stress-related disorders.
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