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Abstract: To observe the effect of progesterone (PROG) on blood-brain barrier (BBB) permeability, brain tissue water 
content and dynamic changes of aquaporin-4 (AQP-4) in neonatal rats with hypoxic-ischaemic brain damage (HIBD). 
72 neonatal Wistar rats, aged 7 days old, were randomly divided into control, hypoxic-ischaemic (6, 24 and 72 h, 
and 7 d subgroups) and drug groups (6, 24 and 72 h, and 7 d subgroups). The HIBD animal model was established. 
BBB was detected via an Evans blue tracer. Brain water content was determined by the dry/wet method. The AQP-4 
expression in the cerebral cortex was observed through immunohistochemistry and Western blot. BBB permeability 
in the cerebral cortex of the neonatal rats, brain water content and AQP-4 expression in the hypoxia-ischaemia group 
were significantly higher than those of the control group after hypoxia for 6 h (P < 0.05), continued to rise within 24 h 
and then reached the peak at 72 h. BBB permeability in the cerebral cortex of the neonatal rats, brain water content 
and AQP-4 expression in the drug group were significantly lower than those of the hypoxia-ischaemia group after 
hypoxia for 6, 24 and 72 h (P < 0.05). Moreover, BBB permeability and BBB expression were positively correlated 
with the AQP-4 expression. In conclusion, PROG protects the brain of HIBD neonatal rats by alleviating the damage 
of BBB and cerebral oedema. The protective effect of PROG may be related to the down-regulation of AQP-4 expres-
sion in the cerebral cortex of neonatal rats.
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Introduction

Neonatal hypoxic-ischaemic brain damage 
(HIBD) is the main disease that causes neona-
tal death or subsequent neurological develop-
ment disorders [1-3]. The consequences of 
hypoxic-ischaemic brain damage are devastat-
ing and permanent, but its pathogenesis is not 
entirely clear, and no specific treatment is avail-
able. Therefore, effective treatment strategies 
should be urgently identified and developed [4, 
5]. Cerebral oedema is the most prominent his-
tological change during hypoxia-ischaemia. The 
occurrence, development and severity of cere-
bral oedema are closely related to the progno-
sis of the disease.

Aquaporins (AQPs) are groups of proteins relat-
ed to the transmembrane transport of water, 
and their discovery provides the molecular 
basis for this transport. A total of 13 kinds of 

AQPs are cloned in mammals. The AQP family 
performs an important function in regulating 
water homeostasis in brain tissue, cerebrospi-
nal fluid (CSF) formation, and cerebral oedema 
[6]. AQP-4 is an important member of the AQP 
family. Its main function is to participate in met-
abolic balance regulation in brain, and its 
expression is closely related to the occurrence 
and development of cerebral oedema [7, 8].

A large number of previous studies showed that 
progesterone (PROG) functions in protecting 
brain tissue in HIBD [9, 10]. However, the 
dynamic changes of AQP-4 in the brain tissue of 
neonatal HIBD rats and the mechanism of  
cerebral oedema alleviation by PROG have yet  
to be reported. This experiment aimed to fur-
ther explore the mechanism of PROG in the 
treatment of cerebral ischaemic injury from 
AQP-4 expression encephaloedema and BBB 
permeability.
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Materials and methods

Animals and grouping

Seventy-two 7-day-old Wistar rats, which inc- 
lude an unlimited number of males and fe- 
males, were randomly divided into control, 
hypoxia-ischaemia (HI), and drug groups. The HI 
and drug groups were also divided into 6, 24 
and 72 h, and 7 d subgroups. The rats in the 
control group were not treated with ischaemia 
and hypoxia. The rats in the HI group were treat-
ed according to the animal model method. 
Finally, the rats in the drug group were treated 
according to the animal model method and 
intraperitoneally injected with 0.5 g/L PROG 
solution at a dosage of 8 mg/kg 30 min before 
hypoxia. The rats in the control and HI group 
were injected with normal saline solution. This 
study was carried out in strict accordance with 
the recommendations in the Guide for the Care 
and Use of Laboratory Animals of the National 
Institutes of Health. The animal use protocol 
has been reviewed and approved by the 
Institutional Animal Care and Use Committee 
(IACUC) of Xinxiang Medical University.

Model establishment

The neonatal rats were fixed on the test bed in 
a supine position after inhalation of anaesthe-
sia with anhydrous ether. The skin in the middle 
of the neck was sliced open after alcohol disin-
fection. The left common carotid artery was 
separated from the deep layer in the medial 
sternocleidomastoid, ligated with silk thread 
and snipped from the middle. The wound was 
then sutured. The animals recovered at room 
temperature for 2 h to 3 h. Then, the animals 
were placed in a 37°C homothermal closed 
container ventilated with 8% O2 and 92% N2 at 
1.5 L/min for 2.5 h to prepare the hypoxia-
ischaemia animal models [11, 12].

BBB permeability detection

BBB permeability was detected through the 
Evans blue (EB) content. The skin and eyes of 
the rats turned blue after their heart chambers 
were injected with 20 g/L EB saline solution 
(20 mg/kg). The rats were sacrificed and imme-
diately decapitated after 1 h. The left brain tis-
sue was weighed. Two volumes of formamide 
were added. The sample was incubated for 72 
h in a water bath, and the supernatant was sep-

arated afterwards. Absorbance was detected 
by spectrophotometry. The EB content was cal-
culated in the measurement sample. The 
results are shown with the EB content in wet 
brain tissue (μg/g).

Determination of water content

The neonatal rats were decapitated at different 
times after HIBD, and the brains were quickly 
removed. Approximately 80 mg cortical tissue 
was removed and placed in a glass bottle. 
Then, the wet weight was weighed. The brain 
tissue was placed in an electrothermal 110°C 
constant-temperature dry box to bake for 48 h. 
Dry weight was measured after a constant 
weight was achieved. The brain tissue water 
content by the dry-wet method was calculated 
according to the following formula: brain water 
content = [(wet weight-dry weight)/wet weight] 
× 100%.

Immunohistochemistry 

The experimental animals were killed at differ-
ent times after hypoxia-ischaemia treatment. 
The brain was rapidly removed, segmented 
behind the optic chiasma, fixed overnight in 
10% formalin, routinely dehydrated, transpar-
entised, embedded in paraffin, cut into 5 μm 
sections, dewaxed, baked and preserved in a 
4°C refrigerator. AQP immunohistochemical 
staining was performed according to kit instruc-
tions (Beijing Zhongshan Bio Technology Co., 
Ltd., Beijing, China). Instead of a primary anti-
body, a phosphate buffer was added into the 
negative control group, and other steps were 
same. Positive cells were expressed in the AQP 
protein. The cytoplasm and membrane were 
brown-yellow. The positive cell count method 
involved observations under 400 × light micro-
scope, analysis by an image analysis system 
and calculation of the average optical density.

Western blot

The experimental animals were killed at differ-
ent times after HI treatment. The brain was 
removed and placed on ice. The partial cortex 
in the injured side was used to detect proteins. 
Protein lysate was added, and the protein was 
extracted by centrifugation. The supernatant 
was considered as the total protein. Protein 
concentration was detected by using bicin-
choninic acid method. The target protein was 
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separated through polyacrylamide gel electro-
phoresis. Proteins were transferred on a nitro-
cellulose membrane and closed. Rabbit anti-rat 
AQP-4 antibody and β-Actin primary antibody 
were added. The kit was provided by Beijing 
Zhongshan Biotechnology Co., Ltd. (Beijing, 
China). The sample was incubated overnight at 
4°C. Then, the secondary antibody was added 

All experimental data were shown using 
SPSS13.0 statistical analysis. The measure-
ment data were presented as mean ± standard 
deviation (

_
x  ± s). The comparison between  

different groups was carried out using single-
factor variance analysis. Pairwise comparison 
was presented using t-test. The comparison 
between different indexes was carried out 

Figure 1. Expression of AQP-4 was detect-
ed using immunohistochemistry. 

Table 1. Effect of PROG on expression AQP-4 in brain tissue of neonatal rats (_x  ± s)
Immunohisochemistry Western blot

Control HI PROG Control HI PROG
6 h 0.15 ± 0.02 0.31 ± 0.04* 0.26 ± 0.03 0.13 ± 0.01 0.23 ± 0.04 0.18 ± 0.03
24 h 0.57 ± 0.06* 0.42 ± 0.05Δ 0.12 ± 0.03 0.45 ± 0.05* 0.32 ± 0.06Δ

72 h 0.86 ± 0.32* 0.51 ± 0.08Δ 0.13 ± 0.02 0.75 ± 0.13* 0.35 ± 0.12Δ

7 d 0.18 ± 0.05 0.16 ± 0.03 0.14 ± 0.02 0.20 ± 0.07 0.13 ± 0.08
Note: *P < 0.05 vs. control group; ΔP < 0.05 vs. hypoxic-ischaemic group at the corresponding times.

Figure 2. Expression of AQP-4 was detected using western blot.

and incubated. The film was 
scanned using a gel or film 
transient display system. The 
optical density (OD) value of 
the target band was analysed 
using an image software, and 
the relative content was 
shown with the grey-level ratio 
of the target and reference 
protein bands.

Statistical analysis 
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using the correlation analysis. P < 0.05 was 
used to indicate statistical significance.

Results

Immunohistochemistry

Immunohistochemical results showed that 
AQP-4 positive cells were round or oval. The 
cytomembrane and cytoplasm were coloured. 
AQP-4 expression in the cerebral cortex of the 
HI group was significantly higher than that of 
the control group after hypoxia for 6, 24 and 72 
h (P < 0.01). AQP-4 expression in the cerebral 
cortex of the drug group was significantly lower 
than that of the HI group after hypoxia for 6, 24 
and 72 h (P < 0.05, Figure 1; Table 1).

Western blot

Western blot analysis showed low AQP-4 
expression in the brain tissues of the control 
group. The grey-scale ratio of AQP-4 band and 
β-actin reference in the HI group was signifi-
cantly higher than that of the control group 
after hypoxia for 6, 24 and 72 h, presenting a 
statistically significant difference (P < 0.05). 
AQP-4 protein expression in the drug preven-
tion group was significantly decreased in com-
parison with that of the HI group (P < 0.05) 
(Table 1; Figure 2). This result was basically 
similar to the obtained immunohistochemistry 
results.

BBB permeability and brain tissue water con-
tent

BBB permeability and encephaloedema began 
to rise in the HI group at 6 h, continued to rise 
within 24 h and reached the peak at 72 h. 
Compared with those in the control group, BBB 
permeability and cerebral oedema were signifi-
cantly increased (P < 0.01). Compared with 

those in the HI group, BBB permeability and 
cerebral oedema in the PROG group were sig-
nificantly decreased (P < 0.05, Table 2).

Correlation analysis

Correlation analysis was performed with AQP-4 
expression as the dependent variable and EB 
and WC as the independent variables. AQP-4 
was positively correlated with the contents of 
EB and WC (r = 0.535, 0.738, P < 0.05).

Discussion

The most evident histological and pathological 
changes during hypoxia-ischaemia include cer-
ebral oedema and cerebral necrosis, with cer-
ebral oedema being the most prominent. 
Cerebral oedema is mainly divided into vaso-
genic cerebral oedema and cytotoxic cerebral 
oedema. Cytotoxic cerebral oedema occurs in 
early ischaemia. Capillary endothelial cells in 
the ischaemic area and surrounding glial cells 
begin to swell within several minutes. The per-
sistent swelling can induce BBB disruption and 
increase capillary permeability. At this moment, 
cytotoxic oedema is transited to vascular oede-
ma. BBB is a diffusion barrier located between 
the peripheral blood and brain tissue. It is com-
posed of cerebral capillary endothelial cells, 
perithelial cell and astrocyte foot plates. BBB 
damage is one of the most important patho-
physiological mechanisms of ischaemic brain 
damage. Traumatic cerebral oedema is a type 
of mixed oedema that is closely related to the 
increase in BBB permeability [13, 14]. The cur-
rent study shows that EB and brain water con-
tents in the brain tissue of HI group were signifi-
cantly higher than those of the control group 
after hypoxia for 6, 24 and 72 h. Meanwhile, 
brain tissue water content was significantly 
increased compared with that in the control 
group. This finding suggests that the BBB struc-

Table 2. Effect of PROG on BBB permeability and brain tissue water content in brain tissue of neona-
tal rats (_x  ± s)

EB (μg/g) WC (%)
Control HI PROG Control HI PROG

6 h 15.68 ± 5.31 48.56 ± 5.84* 33.22 ± 7.08* 85.67 ± 7.02 88.64 ± 5.26 87.49 ± 5.73
24 h 95.47 ± 12.76* 45.71 ± 6.27Δ 92.75 ± 7.24* 88.05 ± 8.43Δ

72 h 122.76 ± 8.90* 96.08 ± 5.36Δ 99.67 ± 8.07* 91.19 ± 5.68Δ

7 d 23.64 ± 6.43 21.94 ± 4.82 87.15 ± 6.37 86.49 ± 6.58
Note: *P < 0.05 vs. control group; ΔP < 0.05 vs. hypoxic-ischaemic group at the corresponding times.
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ture was damaged after HI for 6, 24 and 72 h, 
and the permeability was increased, resulting 
in cerebral oedema. EB content and brain tis-
sue water content in the PROG group were sig-
nificantly lower than those in the HI group, sug-
gesting that PROG can perform a neuroprotec-
tive function by reducing brain oedema.

AQP is a group of cell membrane transport pro-
teins that are related to water permeability and 
perform a key function in water-mediated water 
transmembrane flow. AQP-4 is the main water 
channel protein. It is distributed in the central 
nervous system, mediates water molecule flow 
in brain tissue and is involved in the regulation 
of water channel activity. AQP-4 performs a cru-
cial function in CSF metabolism and the regula-
tion of water balance in brain. Studies have 
indicated increased AQP-4 expression in cere-
bral oedema caused by cerebral infarction, cer-
ebral haemorrhage, brain tumour, inflamma-
tion, and brain injury in others’ reports [15, 16]. 
AQP-4 may constitute the second diaphragm of 
BBB and adjust water transportation. The 
change in microenvironment results in the up 
regulation of AQP-4 expression after brain inju-
ry, changes the structure of the cell membrane, 
increases the permeability of BBB and enhanc-
es the water permeability [17]. This experiment 
also confirmed that AQP-4 protein expression 
in the cerebral cortex was increased in the HI 
group, and brain oedema was obvious. These 
results suggest that HIBD may increase the 
permeability of BBB through the up regulation 
of AQP-4 and, consequently, cause cerebral 
oedema. Verkman et al. also proved that AQP-4 
gene knockout can significantly alleviate cere-
bral oedema caused by acute water intoxica-
tion or ischaemic stroke, suggesting that AQP-4 
performs a key function in brain tissue oede-
ma, restrains AQP-4 expression, and inhibits or 
alleviates cerebral oedema induced by AQP-4 
[18]. Thus, inhibiting the expression of AQP-4 is 
the key to alleviating cerebral oedema.

Neurosteroid PROG is a type of steroidal com-
pound produced by the central, peripheral 
nerve systems and glands and performs an 
important function in regulating the central 
nervous system. The protective effect of PRGO 
on brain injury and its mechanism is gradually 
being researched [19-22], but the molecular 
mechanism and pathway of PROG in alleviating 
cerebral oedema are unclear.

The experimental results show that AQP-4 
expression in the brain tissue of rats increased 
after cerebral ischaemia. The AQP-4 expres-
sion and brain water content in the ischaemia 
group were higher than those in the control 
group. Both expression and water content 
began to increase after ischaemia for 6 h and 
reached the peak at 72 h. Brain oedema was 
the most obvious after ischaemia for 6 h to 72 
h. The AQP-4 expression and brain water con-
tent decreased after PROG intervention. PROG 
was suggested to be possibly capable of allevi-
ating ischaemic cerebral oedema through 
inhibiting AQP-4 expression after ischaemic 
cerebral damage. That is to say, AQP-4 expres-
sion, BBB and cerebral oedema in the brain tis-
sue of neonatal rats were increased significant-
ly after ischaemia for 6 h, continued to increase 
in 24 h, reached the peak at 72 h and recov-
ered approximately to the level of the control 
group. Correlation analysis results show that 
the AQP-4 expression was synchronous with 
the process of cerebral oedema and that the 
two were positively related. PROG can relieve 
cerebral oedema by reducing the AQP-4 expres-
sion in the most evident stage of brain injury. 
This action may be one of the protective mech-
anisms of PROG on HIBD.
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