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A b s t r a c t

Introduction: Maternal hypoxia induces an adverse uterine environment and may induce long-term effects in offspring. 
This study investigated whether maternal hypoxia increases hippocampal cell vulnerability and exacerbates neurologi-
cal impairments in adult rat offspring following ischemia.
Material and methods: Pregnant Sprague-Dawley rats were randomly assigned to no maternal hypoxia or maternal 
hypoxia treatment groups. Adult male rat offspring were subjected to middle cerebral artery occlusion (MCAO). There 
were four groups: maternal + sham (MH + Sham), sham (Sham), maternal hypoxia + MCAO (MH + MCAO), and MCAO 
only (MCAO). Neurological deficits were evaluated. Hippocampal cell damage was observed by hematoxylin and eosin 
(HE) staining. Cell apoptosis in the hippocampus was detected by TdT-mediated dUTP-biotin nick-end labeling (TUNEL) 
staining. Caspase-3, cytochrome c, Bax, and bcl-2 expression in the hippocampus was detected by Western blot.
Results: More severe hippocampal cell damage was found in the MH + MCAO group than in the MCAO group. Addi-
tionally, neurological deficits, percentage of TUNEL positive cells, and expression of caspase-3, cytochrome c, and Bax 
in the hippocampus were significantly higher (p < 0.05), whereas bcl-2 expression was significantly lower (p < 0.05) 
in the MH + MCAO group compared to the MCAO group.
Conclusions: These findings suggest that maternal hypoxia may exacerbate hippocampal cell apoptosis in rat off-
spring after MCAO via alterations in the expression of cytochrome c, caspase-3, Bax, and bcl-2, which ultimately 
affects ischemic stroke prognosis. To our knowledge, this is the first study demonstrating that maternal hypoxia 
increases hippocampal cell susceptibility to ischemia in adult rat offspring.
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Introduction

Stroke is caused by the loss of circulation to 
a  portion of the brain, which results in a  sudden, 
focal deficit of neurological function. It is the leading 
cause of disability and death worldwide [14]. After 
a  stroke, approximately 50-70% of survivors are 

unable to take care of themselves, whereas 15-30% 
of survivors remain permanently disabled. Stroke 
is a  common disease that has destructive effects 
on patients and their families; thus, it is extremely 
important to predict the prognosis and identify the 
factors that affect stroke outcome. Our previous stud-
ies have demonstrated that maternal hypoxia leads to 
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low birth weight [18] and pathologic changes of leu-
koaraiosis in adult offspring rats [17]. Since low birth 
weight is associated with an increased risk of stroke 
[12] and leukoaraiosis is associated with functional 
outcome after ischemic stroke [11], we might specu-
late that the maternal hypoxia predisposes adult rat 
offspring to more severe cerebral damage in response 
to ischemic stroke. To study that, two animal models, 
maternal hypoxia and focal cerebral ischemia, were 
used to determine the underlying mechanisms and 
impact of maternal hypoxia on infarct volume, neu-
rological deficits, and hippocampal cell apoptosis in 
rat offspring after ischemia. To our knowledge, this is 
the first study to clarify the effects of maternal hypox-
ia on hippocampal cells after middle cerebral artery 
occlusion (MCAO) in adult rat offspring.

Material and methods

Animals and maternal hypoxia protocol

All experimental procedures were approved 
by the Animal Care and Use Committee of Fujian 
Medical University, China and adhered to the Chi-
na National Institutes of Health guidelines (approval 
number: SYXK (Min) 2013-001; 17 January 2013). 
Virgin female Sprague-Dawley rats, which weighed 
200-250 g, were purchased from the Shanghai SLAC 
Laboratory Animal Center, China. The animal room 
was maintained at a controlled temperature (22 ± 
1°C) with free access to water and food; the lights 
were turned on from 07:00 to 19:00 h. Female rats 
were mated with mature males, and vaginal smears 
were collected each morning. Pregnancy was con-
sidered when sperm-positive vaginal smears were 
present (day 0). Twenty pregnant rats were random-
ly assigned to maternal hypoxia treatment (n = 10) 
or no maternal hypoxia treatment (n = 10) groups.

Maternal hypoxia was induced as previously 
described [17]. In brief, pregnant rats were put into 
a Plexiglas chamber (140 l vol.) for 3 h per day from 
days 7 to 21 of pregnancy. Compressed air and nitro-
gen were infused into the chamber continuously to 
maintain the oxygen concentration at 10 ± 1%, which 
was monitored by a portable gas analyzer (S-450, 
IST-AIM). The expired CO2 and water were elimi-
nated as previously described [17]. Maternal arte-
rial blood gas analysis was performed to verify the 
hypoxic rat model by drawing blood samples from 
three randomly selected rats in each group. Control 
pregnant rats were placed in an identical chamber, 

in which only compressed air was infused, for the 
same time during gestation. After birth, the litters 
of the rats were adjusted to eight pups per dam 
to standardize postnatal nutrition. The pups were 
weaned at 21 days, and only male offspring (three to 
four males per litter) were evaluated in subsequent 
experiments.

Rat MCAO model

Adult male offspring rats (250-270 g) underwent 
transient focal cerebral ischemia using MCAO as pre-
viously described [9]. Briefly, the rats were anesthe-
tized with 10% chloral hydrate (400 mg/kg) via intra-
peritoneal injection. The right common carotid, right 
external carotid, and internal carotid arteries were 
subsequently separated and exposed. A 4-0 mono-
filament with poly-L-lysine coated blunt end was 
gently inserted into the right internal carotid artery 
through the external carotid artery to block the ori-
gin of the right MCA. After 60 min, the filament was 
slowly removed to enable reperfusion. The body tem-
perature was maintained at 37.0-37.5°C throughout 
the surgery with a heating blanket. Adult male rats in 
the sham group were subjected to the same opera-
tion procedures with the exception of MCAO. The rats 
were randomly divided into four groups: maternal 
hypoxia + sham (MH + Sham); sham (Sham); mater-
nal hypoxia + MCAO (MH + MCAO); and MCAO only 
(MCAO) (n = 10 per group).

Neurological assessment

After 24 h of reperfusion, neurological examina-
tions were performed by an observer blind to the 
study using a five-point scale [9] as follows: 0 – no 
apparent neurological defect; 1 – unable to extend 
left forelimb; 2 – circling to the left; 3 – falling to 
the left; and 4 – failure to spontaneously walk and 
a depressed level of consciousness.

Tissue collection and infarct volume 
measurement

After neurological assessment, five rats per group 
were transcardially perfused with saline, followed by 
4% neutral-buffered paraformaldehyde under deep 
anesthesia. The brains were placed in 10% forma-
lin overnight following removal from the skulls and 
processed in graded alcohols and xylene. Finally, the 
brains were embedded in paraffin for sectioning.
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Infarct size was measured by hematoxylin and 
eosin (HE) staining as previously described [3]. Brief-
ly, five coronal brain sections, each approximately  
2 mm apart, were stained with HE. Images were cap-
tured with a camera and quantified with NIH Image J 
software (http://rsb.info.nih.gov/nih-image/download 
html) by a blinded observer. Infarct volumes were cal-
culated and presented as a percentage of the ipsilat-
eral hemisphere to correct for brain swelling. Brain cell 
damage was examined using light microscopy under 
400 × magnification.

TdT-mediated dUTP-biotin nick-end 
labeling (TUNEL) labeling

An in situ cell death detection kit (Roche, Mann-
heim, Germany) was used for TUNEL staining 
according to the manufacturer’s instructions. Cells 
that contained dark brown nuclei were considered 
TUNEL-positive cells. TUNEL-positive cells and all 
cells were counted in the hippocampal cornu ammo-
nis 1 (CA1) regions of each group using light micros-
copy under 400 × magnification. TUNEL-positive cells 
were presented as a percentage of the total cells and 
used for statistical analyses. 

Western blotting

After neurological assessment, five rats per 
group were deeply anesthetized and the brains were 
rapidly removed. The hippocampus ipsilateral to the 
occluded side was separated and flash-frozen in liq-
uid nitrogen. The hippocampal tissues were homog-
enized in RIPA buffer (Biosynthesis Biotechnology 
Company, Beijing, China). The crude homogenates 
were centrifuged for 15 min at 10,000 × g, and the 
supernatant protein concentration was determined 
using the BCA method (Pierce Chemical Co., Rock-
ford, IL, USA). The supernatant was mixed with load-
ing buffer and boiled for 3 min. Protein (50 μg) was 
separated by electrophoresis and transferred onto 
nitrocellulose membranes. After a 1 h block in 5% 
bovine serum albumin at room temperature, the 
membrane was incubated with primary antibodies 

against caspase-3 (Cell Signaling Technology, Bever-
ly, MA, USA, 1 : 500), cytochrome c (Santa Cruz Bio-
technology Inc., CA, USA, 1 : 1000), Bax (Cell Signaling 
Technology, Beverly, MA, USA, 1 : 500), Bcl-2 (Santa 
Cruz Biotechnology Inc., CA, USA, 1 : 200), and β-ac-
tin (Biosynthesis Biotechnology Company, Beijing, 
China, 1 : 2000). The membranes were subsequently 
incubated with peroxidase-conjugated secondary 
antibody (Santa Cruz Biotechnology Inc., CA, USA,  
1 : 5000), and protein bands were visualized using  
an ECL kit (Biosynthesis Biotechnology Company, Bei-
jing, China). The bands were digitized and quantified 
using Quantity One software (Bio-Rad, Hercules, CA, 
USA). The protein signals were normalized to β-actin.

Statistical analysis

All statistical analyses were conducted using 
SPSS 16.0 software (SPSS Inc., Chicago, IL, USA). Neu-
rological deficit scores are expressed as the median 
values (quartile range 25-75%), and the Mann-Whit-
ney U test was used for the analysis. Other data are 
presented as the mean ± standard error of the mean 
(SEM). Unpaired Student’s t test was used when 
only two groups were involved. One-way analysis 
of variance (ANOVA) was used for comparisons of 
data with more than two groups, followed by the 
Student-Newman-Keuls (SNK) post hoc test. P < 0.05 
was considered statistically significant.

Results

Maternal arterial blood gas analysis

Maternal blood PaO2 and SaO2 were significantly 
lower in the maternal hypoxia treatment group than 
in the no hypoxia treatment group (p < 0.05; Table I).  
There was no significant difference in blood PH or 
PaCO2 between the maternal hypoxia treatment 
group and no hypoxia treatment group (Table I).

Behavioral scores

No neurological impairment was observed in the 
Sham or MH + Sham group. After 24 h of reperfusion, 

Table I. Results of maternal arterial blood gas analysis

Group (n = 3) PaO2 (kPa) SaO2 (%) pH PaCO2 (kPa)

Maternal hypoxia treatment group 7.37 ± 0.69* 74.11 ± 0.12* 7.37 ± 0.01 6.36 ± 1.65

No hypoxia treatment group 11.20 ± 0.57 97.01 ± 1.23 7.42 ± 0.03 5.71 ± 0.97

Values are expressed as mean ± SEM. 
*p < 0.05 compared with no hypoxia treatment group.
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neurological symptoms were apparent in the MCAO 
and MH + MCAO groups. Furthermore, maternal 
hypoxia significantly increased the neurological defi-
cits in the MH + MCAO group. The median (25-75% 
quartile range) neurological deficit in the MCAO group 
was 2 (1.75-2.25) compared with 3 (2.00-3.00) in the 
MH + MCAO group (p < 0.05).

Infarct size

Representative HE stained coronal brain sections 
are shown in Figure 1. Infarction was identified in the 
MCAO and MH + MCAO groups, but not in the Sham 

and MH + Sham groups. The rats in the MCAO group 
and MH + MCAO group both exhibited cortical and 
subcortical infarction, as well as striatal and hippo-
campal infarctions (Fig. 1A). The infarct volume was 
significantly higher in the MH + MCAO group (30.4 
± 3.2%, n = 5) than the MCAO group (19.0 ± 2.0%,  
n = 5; p < 0.05) (Fig. 1B).

Brain cell damage and apoptosis

In the MCAO rats, brain cell damage was histo-
logically identified in the hippocampal CA1 region; 
however, there was no brain cell damage in the 

Fig. 1. Representative photographs of HE stained brain sections obtained from experimental groups after 
transient middle cerebral artery occlusion (MCAO). A) HE staining of infarction in MH + Sham, MCAO, and MH 
+ MCAO groups. B) Quantified data showing a significant increase in the infarct area in the MH + MCAO group 
compared to the MCAO group. No infarct area was identified in the MH + Sham group. Data are expressed  
as mean ± SEM *p < 0.05 vs. the MCAO group. C) MCAO resulted in brain cell damage in the hippocampal CA1 
region ipsilateral to ischemia, and maternal hypoxia exacerbated brain cell damage in the hippocampal 
CA1 region and the dentate gyrus.
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Sham and MH + Sham groups. Furthermore, the 
MH + MCAO group exhibited more extensive brain 
cell damage than the MCAO group (Fig. 1C and D). 
Few TUNEL-positive apoptotic cells were observed  
in the hippocampal CA1 region in the Sham and  
MH + Sham groups (Fig. 2A-D). The MCAO group 
(42.0 ± 3.8%, n = 5) had a significantly higher per-
centage of TUNEL-positive cells in the hippocampal 
CA1 region compared with the Sham group (2.5 ± 
0.9%, n = 5; p < 0.05). The percentage of TUNEL- 
positive cells was significantly higher in the MH + 
MCAO group (60.0 ± 5.6%, n = 5) than in the MCAO 
group in the hippocampal CA1 region (p < 0.05;  
Fig. 2E).

Caspase-3, cytochrome c, Bax,  
and Bcl-2 expression

Expression of cytoplasmic caspase-3, cytochrome c, 
and Bax in the hippocampal CA1 region was signifi-
cantly up-regulated in the MCAO group compared 
with the Sham group (p < 0.05). Moreover, the levels 
of cytoplasmic cytochrome c, caspase-3, and Bax 
were significantly higher in the MH + MCAO group 
compared with the MCAO group (p < 0.05; Fig. 3A). 
Bcl-2 expression in the hippocampal CA1 region of the 
MCAO group was significantly downregulated com-
pared to the Sham group (p < 0.05). Furthermore, Bcl-2 
expression was lower in the MH + MCAO group com-
pared with the MCAO group (p < 0.05; Fig. 3B).

Fig. 2. TUNEL staining in the ipsilateral hippocampal CA1 region after transient middle cerebral artery occlu-
sion (MCAO). A-D) Representative photomicrographs of TUNEL-positive cells obtained from four experimen-
tal groups. A) MH + Sham group; B) Sham group; C) MCAO group; and D) MH + MCAO group. E) Quantitative 
analysis identified an increased percentage of TUNEL-positive cells in the MCAO group compared to the 
Sham group. The MH + MCAO group exhibited a significantly increased percentage of apoptotic cells com-
pared to the MCAO group. *p < 0.05 vs. the Sham group; #p < 0.05 vs. the MCAO group.
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Discussion

The results of maternal arterial blood gas analy-
sis indicated that there was significant hypoxemia 
without retention of CO2 and acidosis, and it was 
a suitable model for the study of maternal hypo-
xia. Moreover, our data demonstrated that the MH 
+ MCAO group exhibited more severe neurological 
deficits and a larger infarct size compared to the 
MCAO group. These findings indicate that the effect 
of maternal hypoxia persists postnatally and increas-
es vulnerability to cerebral ischemia-reperfusion.

Blood supply to the hippocampus originates from 
several arteries, in particular the posterior cerebral 
and anterior choroidal arteries. Therefore, the hippo-
campus is considered a penumbra type of injury in 
the rat model of MCAO [7]. Apoptosis is one of the 

major cell death patterns in this ischemic penum-
bra [4]. Consistent with a previous finding [20], our 
results demonstrated that MCAO contributed to cell 
apoptosis in the ipsilateral hippocampal region fol-
lowing ischemia. Furthermore, our data also showed 
that maternal hypoxia did not directly lead to obvi-
ous hippocampal cell apoptosis, but it exacerbated 
brain cell damage and intensified apoptosis in the 
hippocampus of rat offspring exposed to cerebral 
ischemia. Since apoptosis plays a crucial role in cell 
death after cerebral ischemia and focal ischemia 
leads to remarkable tissue loss because of apoptotic 
cells, we speculate that increased apoptosis explains 
why maternal hypoxia results in deteriorated neuro-
logical outcomes after MCAO in rat offspring.

Following cerebral ischemia, cytochrome c is re- 
 leased from mitochondria into the cytosol, which 

Fig. 3. Cytochrome c, caspase-3, Bax, and Bcl-2 expression after transient MCAO. A) Densitometry analysis 
shows that cytochrome c and caspase-3 expression was upregulated in the MCAO group compared to 
the Sham group. Maternal hypoxia significantly increased cytochrome c and caspase-3 expression in the 
MH + MCAO group compared to the MCAO group. B) MCAO significantly upregulated Bax expression and 
downregulated Bcl-2 expression in the ischemic rats. Bax expression was significantly increased in the MH 
+ MCAO group compared to the MCAO group, and Bcl-2 expression was significantly decreased in the MH 
+ MCAO group compared to the MCAO group. *p < 0.05 vs. the Sham group; #p < 0.05 vs. the MCAO group.
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subsequently triggers caspase-3 activation and caus-
es cytoskeleton degradation, ultimately resulting in 
DNA fragments and cell death [2]. The cytochrome c/
caspase-3 apoptotic pathway, which is considered an 
energy-dependent active process, occurs only in the 
ischemic penumbra because of the residual blood sup-
ply [1]. Thus, we measured caspase-3 and cytochrome c 
expression in the hippocampus ipsilateral to ischemia. 
Previous studies have demonstrated that caspase-3 
expression increases after stroke [20]. Deletion or inhi-
bition of caspase-3 induces neuroprotective effects via 
a reduction in cerebral infarct size and prolongs the 
therapeutic window [6,13,20]. In the present study, 
we demonstrated that MCAO increased the levels of 
caspase-3 and cytochrome c in the rat hippocampus. 
Moreover, maternal hypoxia significantly upregulated 
cytochrome c and caspase-3 expression in rat offspring 
following ischemia. Thus, it is possible that maternal 
hypoxia exacerbates apoptosis via promoting cyto-
chrome c release and caspase-3 expression, and the 
increased apoptosis contributes to the development of 
ischemic infarct with DNA fragmentation.

After stoke, affected cells may antagonize apop-
tosis via a pro-survival pathway. Bcl-2 is regarded as  
an important anti-apoptotic protein [16]. Bcl-2 resides 
on the outer mitochondrial membrane oriented toward 
the cytosol, and it prevents the release of cytochrome 
c from the mitochondria by reducing permeabilization 
of the mitochondrial outer membrane [15]. Thus, Bcl-2 
increases cell survival by inhibiting apoptosis. Stud-
ies have shown that decreased Bcl-2 expression is 
related to apoptosis in the cerebral ischemic region 
[10], and over-expression of Bcl-2 in rat cortical 
neurons inhibits caspase-3 activation and defends 
against apoptosis-mediated cell death caused by 
ischemia [2]. In contrast, Bax promotes the release 
of cytochrome c. Thus, Bax is considered an apopto-
sis-promoting factor [18]. As two upstream apopto-
sis factors, the balance between anti-apoptotic Bcl-2 
and pro-apoptotic Bax is crucial in the regulation of 
apoptotic cell death. In our study, ischemia signifi-
cantly decreased Bcl-2 expression and increased Bax 
expression in the MCAO rat group, which was con-
sistent with a previous study [8]. Moreover, maternal 
hypoxia downregulated Bcl-2 and upregulated Bax 
expression in the rat offspring exposed to MCAO. 
These findings indicate that maternal hypoxia pro-
motes apoptosis by changing the Bcl-2/Bax balance.

There are several limitations in the present study. 
First, we only assessed one time point after MCAO. 

Identifying changes in neurological function and 
apoptosis at different time points prior to or after 
MCAO may be helpful to clarify the effects of mater-
nal hypoxia on neurodevelopment and cerebral isch-
emia over time, and may also facilitate determining 
a therapeutic window. Second, detailed neurobehav-
ioral scoring, including memory function, should be 
evaluated in future studies.

Conclusions

We found that maternal hypoxia is a risk factor for 
stroke prognosis. Specifically, we found that mater-
nal hypoxia increased hippocampal cell susceptibility 
to ischemia in adult rat offspring exposed to MCAO, 
with a resultant increase in apoptosis. This increased 
apoptosis may ultimately result in increased infarct 
volume and severe neurological impairment after 
stroke. The underlying mechanism for enhanced 
apoptosis may be associated with alterations in 
expression of cytochrome c, caspase-3, Bax and  
Bcl-2, pointing towards important interventional tar-
gets to improve the functional outcome after ische-
mia in maternal hypoxic offspring.
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