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cerebral ischemia through down-regulation of  
aquaporin-4
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Abstract: Objective: Limb remote ischemic preconditioning (LRP) represents a new strategy for stroke treatment, 
but its mechanism is still unclear. Here, we studied whether aquaporin-4(AQP4) was involved in the neuroprotection 
induced by LRP against ischemia. Method: Adult SD male rats were subjected to either LRP or sham surgery and 
then subsequently underwent 1 h middle cerebral artery occlusion (MCAo). Animals underwent MR T2FLAIR/DWI 
imaging 48 h after stroke and then neurological behavior evaluation and TTC staining were carried out. Western 
blot and immunofluorescence staining were used to investigate the expression of AQP4. Result: LRP improved the 
behavioral outcomes and reduced the infarct size. MRI results indicated that LRP ameliorated brain edema after 
cerebral ischemia. Western blot and immunostaining analysis showed that LRP down-regulated protein expression 
of AQP4. Conclusion: LRP executed protective effects against stroke and might ameliorate brain edema by inhibiting 
expression of AQP4.
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Introduction

Stroke is one of the leading causes of death 
and disability worldwide, and it is difficult to 
treat. Ischemic preconditioning (IPC) is an 
attractive strategy that makes the brain and 
other visceral organs relatively such as heart 
[1], retina [2] and skeletal muscle [3] resistant 
to tissue injury. More recently IPC has been 
shown to not only protect the targeted organ 
itself but interestingly other distant organs as 
well. This phenomenon of protection afforded 
to an organ subsequent to sub-lethal ischemic 
insults to remote parts of the body is referred 
to as remote preconditioning (RPC) [4]. Various 
combinations of the anatomic site receiving the 
preconditioning stimulus and that subjected to 
“index ischemia” have been studied, affording 
protection of the latter organ [4]. Many studies 
have demonstrated RPC can protect wide-
spread organs including the heart [5], kidney 
[6], stomach [7] and lung [8]. Furthermore, RPC 
is currently an emerging concept for experimen-
tal stroke. As a less-invasive method, LRP, 
which is performed in hind limbs, is one of the 

most frequent remote preconditioning methods 
used to protect against heart and brain isch-
emia [9]. The protection of LRP against stoke 
have been demonstrated by several studies 
[10-14]. LRP executed both short-term [10] and 
long-term [9] protective effects against stroke. 
Ren et al [10] compared protection of LRP with 
different parameters, and eventually proved 
that rapid preconditioning with 3 cycles of 15 
minutes performed immediately before stroke 
played neuroprotection best. These evidence 
illustrated the undoubtedly value of LRP toward 
stroke patients in future, but not far enough. 
More studies are needed to explore the under-
lying neuroprotective mechanisms mediated by 
LRP. 

Cerebral edema, which is triggered after an 
ischemic insult, is believed to be the most com-
mon cause of neurological deterioration and 
mortality during acute cerebral ischemia [15]. 
Thus, it would be an effective approach for 
stroke recovery by alleviating cerebral edema. 
For ischemic brain edema, there are two major 
types of brain edema: cytotoxic and vasogenic 
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[16], both of which can be observed with 
Magnetic resonance imaging (MRI) in vivo. 
Cytotoxic edema results from the subtle distur-
bance in BBB permeability, which is associated 
with cellular disruptions in ionic homeostasis 
[17]. Swelling of brain cells, especially the 
enlargement of astrocytic end-feet is the main 
feature of cytotoxic edema. Diffusion-weighted 
imaging (DWI), as a sequence of MRI can be 
used to detect cytotoxic edema [18]. Whereas 
the vasogenic edema formation results from a 
dramatic increase in BBB permeability and 
reflects an increase in T2-Weighted Resonance 
Imaging (T2WI) values [19]. 

AQP4 is a water-channel protein expressed 
strongly in the brain [20] and it is involved in the 
transport of water from the astrocytic/extracel-
lular compartments into the lumen of the ves-
sel [21]. Increasing evidence shows that AQP4 
plays an essential role in the pathogenesis of 
cerebral edema. Nevertheless, the actual role 
of AQP4 playing in stroke is more complicated. 
In cytotoxic edema, AQP4 deletion slows the 
rate of water entry into brain, whereas in vaso-
genic edema, AQP4 deletion reduces the rate 
of water outflow from brain parenchyma [20]. 
That is, AQP4 plays a dual role in the formation 
and resolution of both vasogenic and cytotoxic 
edema. Besides, AQP4 also plays a major role 
in processes that unrelated to brain edema, 
including astrocyte migration and neuronal 
excitability [20]. It’s inferred that regulation of 
AQP4 after cerebral ischemia would be a poten-
tial target for the treatment of cerebral edema.

The molecular mechanism underlying LRP-
induced neuroprotection against ischemia is 
very intricate and still not clear, it may involve 
the effects of neural pathway [11], humoral fac-
tors [22] and immune system as well [23, 24]. 
Our previous study demonstrated that LRP 
reduced brain edema in stroke rat [9], in the 
present study, we evaluated whether LRP could 
reduce cerebral edema through inhibiting AQP4 
expression in a transient focal cerebral isch-
emia rat model.

Materials and methods

Animals and groups

This study was performed in strict accordance 
with the recommendations of the National 

Institutes of Health Guide for the Care and  
Use of Laboratory Animals. This protocol was 
approved by the Animal Experimental Com- 
mittee of FuJian Medical University, China 
(Permit Number: SYXK2012--0001). All efforts 
were made to minimize animal suffering. Adult 
male Sprague-Dawley rats (250 to 330 g) were 
randomly assigned into 3 groups: control isch-
emia, LRP and sham.

Transient focal cerebral ischemia and remote 
preconditioning

Anesthesia was induced by 5% isoflurane and 
maintained with 2-3% isoflurane during surgery. 
Core body temperature was monitored with a 
rectal probe and maintained at 37°C during the 
entire experiment. Protocols for inducing focal 
ischemia and LRP are shown in Figure 1. Focal 
ischemia was induced as described previously 
[9] with a little modification. Animals in control 
ischemic group received 90 min of the expo-
sure of the left femoral artery before stroke 
onset. The right common carotid artery (CCA) 
and the external carotid artery (ECA) were 
exposed via a midline neck incision and a 
suture was circle around each artery. The distal 
middle cerebral artery (MCA) was then exposed. 
For ischemia induction, firstly the CCA was 
occluded by a aneurysm clip. Then the dis-
talend of the ECA was ligatured and cut off. A 
2% heparin coated, 4-0 monofilament suture, 
whose tip had been rounded near a flame was 
inserted into the ECA and gently advanced into 
the internal carotid artery (ICA) until it reached 
the proximal anterior cerebral artery thereby 
occluding the opening of the middle cerebral 
artery. The aneurysm clip was then released 
immediately and the monofilament suture was 
extracted 1 hour later. Local cerebral blood 
reperfusion was detected using Laser Doppler 
Flowmetry (PERIMED AB, PeriFlux System 
5000, Stockholm, Sweden). A minimum initial 
reduction of 75% in the laser Doppler reading 
after the MCA was occluded was considered a 
successful model of experimental stroke 
(Figure S1). Limb remote preconditioning was 
induced as previously described [10], the left 
femoral artery was separated, occluded for 15 
minutes and released for another 15 minutes, 
and repeated for 3 cycles. Stroke was per-
formed immediately after remote precondition-
ing. Sham group suffered the same surgical 
procedure without left femoral artery or MCA 
occlusion.
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MRI

MR imaging was conducted with a 3.0T (GE, 
Discovery MR750) using a dedicated four-chan-

nel phased array rat head coil assembly 
(WK602, Magtron Inc). Anesthesia method was 
the same as above. Rats were placed supinely 
into a plastic holder. T2-FLAIR images were 

Figure 1. LRP reduced infarct size after focal ischemia. A. The diagram shows the protocol for performing ischemic 
preconditioning, which was conducted in the left limb by 3 cycles of 15 minutes occlusion/reperfusion. Brain isch-
emia was induced immediately after preconditioning. B. TTC staining from rats receiving focal ischemia with or 
without LRP. C. LRP reduced infarct size after stroke. Infarct size of each slice was measured and normalized to non-
ischemia hemisphere as a percentage. An average value from the five levels was calculated and presented. Control 
ischemia, n = 5; LRP, n = 5. ***P < 0.001, vs. Control ischemia.
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obtained using the following parameters: TR = 
8450 ms, TE = 145 ms, field of view (FOV) = 
100 mm, image matrix = 256 × 256, echo train 
length (ETL) = 32, slice thickness = 2 mm, slice 
interval = 0 mm, NEX = 1, Flip angle = 111°, 
bandwidth = 62.5 kHZ. Diffusion-weighted 
images were obtained using the following 
parameters: TR = 3000 ms, TE = 83.7 ms, field 
of view (FOV) = 50 mm, image matrix = 128 × 
128, slice thickness = 2 mm, slice interval = 0 
mm, NEX = 2, bandwidth = 166.7 kHZ and at 
two different ‘b’ values (0, 1000 s/mm) were 
applied. Trace-weighted apparent diffusion 
coefficient maps were generated. The entire 
MRI protocol approximately lasted for 15 min 
for each animal. All rats were scanned with  
MR imaging at 48 h after MCA occlusion. The 
ADC and T2WI values were measured in each 
slice of lesions and relevant ROI of mirror sym-
metry in contralateral hemisphere. The percent 
change was calculated using following equa-
tion: (ipsilateral value-contralateral value)/con-
tralateral value × 100%.

Evaluation of neurological behavior

The neurologic findings were scored on all rats 
48 h following MCAo on a five-point scale: a 
score of 0 indicated no neurologic deficit, a 
score of 1 (failure to extend left forepaw fully) a 
mild focal neurologic deficit, a score of 2 (cir-
cling to the left) a moderate focal neurologic 
deficit, and a score of 3 (falling to the left) a 
severe focal deficit; rats with a score of 4 did 
not walk spontaneously and had a depressed 
level of consciousness [25].

Infarct size measurement

The rats were re-anesthetized with chloralic 
hydras (10%) intraperitoneally (300 mg/kg) 48 
hours after stroke, perfused intracardially with 
100 ml of cold 10 mM sodium phosphate buff-
ered saline (PBS; pH 7.4). The rats were then 
decapitated and the brains rapidly removed 
and sectioned coronally at 2 mm intervals,  
generating a total of 5 sections. All slices  
were incubated in 2% 2,3,7-triphenyltetrazoli-
um chloride (TTC) solution for 20 minutes at 
room temperature, fixed by immersion in 4% 
paraformaldehyde solution overnight. Using a 
computerized image analysis system Image pro 
plus (Version 6.0, Media Cybernetics), the area 
of infarction of each section was measured. 
Infarct size of the ischemic hemisphere was 

normalized to the non-ischemic contralateral 
hemisphere and expressed as a percentage, 
and an average value from the 5 slices was 
presented.

Western blot

Rats were randomly assigned into 2 subgroups, 
euthanized at 48 hours (n = 3/group), and  
rat brains were harvested for immunostaining 
and western blot respectively. For Western  
blot, samples were lysed with RIPA buffer  
kit (Biyuntian, China, P0013B). Extracts were 
homogenized and insoluble debris removed by 
centrifugation at 6000 g for 10 minutes at  
4°C. Protein concentration in the resulting 
supernatants was calculated using a BCA pro-
tein assay kit according to the manufacturer’s 
instructions (Kangweishiji, China, CW0014). 
Equal amounts of protein samples (13 ml)  
were loaded, separated using 4-15% SDS-
polyacrylamide gel (Kangweishiji, China, CW- 
0027) electrophoresis and then transferred 
onto polyvinylidene difluoride (PVDF) mem-
branes (Bio-Rad). The blot was then incubated 
overnight at 4°C with either a polyclonal anti-
body against AQP4 (1:1300; Santa Cruz Bio- 
technology; SC-20812) or a monoclonal anti-
body against β-actin (1:2000, immunoway.
YT0099) in TBST (10 mmol/L Tris, pH 8.0, 150 
mmol/L NaCl, 0.05% Tween 20) containing 5% 
skimmed milk. After washing, the membrane 
was incubated with horse radish peroxidase 
labeled antibody (1:1000, Zhongshan, China, 
ZB-2306) for 1 hour at room temperature. The 
membrane was incubated in ECL solution, and 
the gel image was captured using an imaging 
camera Bio-Rad and analyzed using gel image 
system (Quantity one) to estimate the integral 
optical density of the protein bands. 

Immunofluorescence staining and confocal 
microscopy

Rats were trans-cardiac perfused with ice-cold 
PBS (pH 7.4) and 4% PFA solution. Brains were 
post-fixed in 4% PFA solution and cytoprotected 
in 20% sucrose at 4°C overnight. We stained 
cryostat sections (40 mm) with antibodies 
against AQP4 (1:100; Santa Cruz Biotechno- 
logy; SC-20812). Astrocyte cells were stained 
with GFAP (1:100; Santa Cruz Biotechnology, 
SC-56395). Vascular endothelial cells were 
stained with CD31 (1:100; Santa Cruz Biotech- 
nology, SC-46694). Double staining of GFAP 
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and AQP4, CD31 and AQP4 were perform- 
ed consecutively with their primary and sec-
ondary antibodies, respectively. Fluorescent 
stained sections were analyzed by confocal 
microscopy.

Statistical analysis

Statistical analysis was performed using SPSS 
for Windows, version 20.0. Data are presented 
as means ± SEM. One-way analysis of variance 
(ANOVA) followed by post hoc Fisher’s LSD tests 
was used for within-group comparisons. Un- 
paired t-tests were applied for between-group 
comparisons of the infarct size, neurological 
deficits, T2 values, rADC. P < 0.05 was consid-
ered to indicate statistical significance.

Results

LRP reduced infarct size

Results of infarct size showed that limb-precon-
ditioning with 3 cycles of 15 minutes occlusion/
reperfusion of the femoral artery significantly 
reduced infarct size. Animals subject to LRP 
showed infarct size (29.015 ± 23.619%, n = 5) 
that was significantly smaller than ischemia 
(68.042 ± 13.244%, n = 5) (P < 0.001) (Figure 
1).

increased less when compared with the control 
group (32.712 ± 5.877% vs. 54.639 ± 7.294%, 
P < 0.001) (Figure 3B). Although ADC value 
means not so important for vascular edema, 
we did detect more decreased ADC values of 
ipsilateral hemisphere in LRP group than con-
trol (-28.325 ± 1.775% vs. -24.612 ± 2.085%,  
P < 0.05), which might offer us some messages 
for underlying the potential mechanism of LRP 
induced neuroprotection. 

LRP down-regulated the protein expression of 
AQP4

We then investigated whether AQP4, which is 
involved in the transport of water from the 
astrocytic/extracellular compartments into the 
lumen of the vessel, was affected by LRP. 
Results by Western blot suggested that the 
expression of AQP4 was down-regulated by LRP 
compared with the control group or sham 
group, but there was no statistical significance 
of AQP4 expression between ischemia control 
group and sham group (Figure 4A, 4C). In con-
trol group, the AQP4 expression in ipsilateral 
hemisphere was higher than contralateral, 
whereas in LRP group there was no statistical 
significance of AQP4 expression between the 
two sides (Figure 4B, 4D). There was no statisti-
cal significance of AQP4 expression in contra-

Figure 2. LRP improved neurological behavior. 48 h following MCAo, the neu-
rologic findings were scored. Limb-preconditioning treated animals showed 
neurological scores of 2.1 ± 0.567 (n = 10), that were significantly better 
than ischemic control animals (3.2 ± 0.422, n = 10), ***P < 0.001, vs. con-
trol.

LRP improved neurological 
behavior 

LRP treated animals showed 
neurological scores of 2.1 ± 
0.567 (n = 10), that were sig-
nificantly better than ischemic 
control animals (3.2 ± 0.422, 
n = 10), (P < 0.001) (Figure 2).

LRP ameliorated brain edema 
after cerebral ischemia

The lesion size of LRP group 
was much smaller than control 
group (Figure 3A), which was 
correspond with TTC result.  
In vascular cerebral edema 
stage (2 d after experimental 
stroke), the T2 values of the 
ipsilateral hemisphere were 
increased in both LRP group 
and ischemia control group. 
T2 values of the LRP group 
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lateral hemisphere between LRP group and 
control group although there was less level of 
AQP4 expression in LRP group reflected by 
Figure 4E. The percent change between two 
sides of both LRP and control groups were than 
calculated, LRP group present less percent 
change compared with control group (Figure 
4E).

Discussion

In this study, we confirmed that LRP improved 
the behavioral outcomes and reduced the 
infarct size induced by ischemia, we also used 
MRI to observe the effectiveness of LRP on the 
reduction of brain edema. Western blotting 

analyses and immunofluorescence were fur-
ther used to confirm that LRP could down-regu-
late the expression of AQP4 after ischemia. 
Therefore, LRP might alleviate brain edema 
induced by ischemia by down-regulating the 
expression of AQP4.

Remote preconditioning has been studied for 
more than 18 years [26], although priming the 
brain prior to index ischemia and its role in neu-
roprotection has been investigated extensively, 
the ability of the brain to protect itself from 
ischemic injury in response to a priming isch-
emic insult to a distant organ, however, remains 
unexplored to a large extent [11]. Remote isch-
emic preconditioning can be explained like this: 

Figure 3. LRP ameliorated brain edema after cerebral ischemia. A. T2FLAIR images and ADC maps of each group 
at 48 hour after MACo. The lesion was smaller in LRP group. B. The percent change of T2 value and ADC value was 
calculated using following equation: (ipsilateral value-contralateral value)/contralateral value × 100%. T2 values 
of the LRP group increased less when compared with the control group, whereas the ADC values of the LRP group 
decreased more. *P < 0.05, vs. control. ***P < 0.001, vs. control.
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Figure 4. LRP down-regulated the protein expression of AQP4. (A) Western blot of AQP4 expression in sham, control 
and LRP group. (B) Western blot of AQP4 expression in bilateral hemisphere of both control and LRP group. (C-E)
Semi-quantitative analysis of AQP4 expression upon Western blot, rIOD was calculated as AQP4 IOD/β-actin IOD. Re-
sults suggested that the expression of AQP4 was down-regulated by LRP compared with the control group or sham 
group, but there was no statistical significance of AQP4 expression between ischemia control group and sham group 
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an ischemia performed in one organ (could be 
kidney, limb, mesentery, skeletal muscle, liver 
or lung) protects against a subsequent pro-
longed ischemia in another distant organ. In 
the early experimental studies, some invasive 
operative procedure was used to apply the pre-
conditioning ischemia, which was of course 
restricted in clinical application. Since the limb 
ischemia, which was introduced by Oxman et al 
[27], as a less invasive method of remote pre-
conditioning stimulus was thereby widely used 
in experimental studies. Varied types of limb 
preconditioning induction were researched, for 
example, 3 cycles of 10 minutes occlusion of 
the bilateral femoral arteries followed with 10 
minutes reperfusion [13], 30 minutes of a sin-
gle occlusion [8], or 2/3 cycles of 5/15 minutes 
occlusion/reperfusion [10]. In this study, we 
used a LRP model according to Ren C’s discov-
ery mentioned above, and we showed remote 
preconditioning conducted in single hind limb 
ipsilateral protected against transient focal 
cerebral ischemia in rats based on the proof of 
brain injury measurement and behavioral tests, 
which was consistent with previous researches 
[10-14]. 

What’s more, as shown in Figure 3, LRP amelio-
rated brain edema with smaller infarct size and 
less increased T2 values when compared with 
the control group, whereas the ADC values of 
the LRP group decreased more. In ischemic 
stroke, edema is commonly observed within 
the first week, reaching a peak 24-72 h follow-
ing the ischemic event [28], it can be differenti-
ated pathophysiologically into an early cytotoxic 
form, arising a few minutes following ischemia 
and a later vasogenic type appearing as a result 
of blood-brain barrier (BBB) breakdown after 
around 4-6 h [29]. As mentioned above, both of 
these two edema types can be observed with 
Magnetic resonance imaging (MRI) in vivo. In 
stroke, the apparent diffusion coefficient (ADC), 
as the quantitative diffusion-weighted imaging 
parameter, decreases within minutes and then 
T2 slowly increases within 24 h to days, by 

which time the ADC has normalized [30]. Under 
pathological conditions, decreased ADC values 
are thought to reflect decreased extracellular 
space due to cellular swelling whereas the com-
puted T2 value is representative of water con-
tent within brain tissues where increased T2 
values correspond to late water accumulation 
[31]. In current study, we found that T2 values 
of the LRP group increased less when com-
pared with the control group, it meant LRP ame-
liorated brain vasogenic edema efficiently. 
What’s more, we found the ADC values of the 
LRP group decreased more than control group, 
as we mentioned above, the ADC should be nor-
malized accompanied by T2 slowly increasing 
within 24 h to days after stroke. Therefore, it 
not only further confirmed LRP could amelio-
rate brain edema but also implied LRP might 
delay the development of brain edema that still 
need to be further verified. 

Western blotting analyses and immunofluores-
cence showed that LRP could decrease the 
expression of AQP4 after ischemia. Aquaporin-4 
(AQP4) is a hydro-selective membrane trans-
port protein which is expressed in glial cells of 
the brain particularly at the borders between 
the brain parenchyma and major fluid compart-
ments [17]. It is predominantly localized in 
astrocyte perivascular end-feet and glial limit-
ing membranes, at the border between the 
brain parenchyma and subarachnoid CSF and 
beneath the ependyma bordering the brain 
parenchyma and ventricular CSF [20, 32]. AQP4 
plays a key role in brain water balance in cen-
tral plasma osmolarity and cerebral edema for-
mation and regression in pathological disease 
[33]. Our results showed that the expression of 
AQP4 was down-regulated by LRP compared 
with the control group or sham group, what’s 
more, within LRP group, there was no statistical 
significance of AQP4 expression between the 
two cerebral hemispheres, which meant LRP 
could make the expression of AQP4 in ipsilat-
eral hemisphere normalize. This might be one 
of the reasons that account for the more 

(A, C). In control group, the AQP4 expression in ipsilateral hemisphere was higher than contralateral, whereas in LRP 
group there was no statistical significance of AQP4 expression between the two sides (B, D). There was no statistical 
significance of AQP4 expression in contralateral hemisphere between LRP group and control group although there 
was less level of AQP4 expression in LRP group reflected by (E). The percent change between two sides of both 
LRP and control groups were than calculated, LRP group present less percent change compared with control group 
(E). (F) Results from confocal microscopy indicated that AQP4 was decreased in LRP group. Scale bar, 50 μM. (G) 
Double staining of GFAP and AQP4, CD31 and AQP4 suggested that AQP4 was expressed in astrocyte and vascular 
endothelial cells. Scale bar, 25 μM. *P < 0.05.
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decreased ADC values in LRP group that we 
detected above, actually, it was reported that 
the reduction in ADC values was correlated with 
a decrease in AQP4 to some extent [21, 30]. On 
the other hand, we found the AQP4 expression 
in ipsilateral hemisphere was higher than con-
tralateral in control group, but there was no  
statistical significance of AQP4 expression 
between ischemia control group and sham 
group. Actually, the spatiotemporal up-regula-
tion of AQP4 is multi-factorial and dependent 
on differences between stroke model and type, 
species and age, and severity of the insult [29], 
so we insist the comparison between bilateral 
in one group is more reliable. The expression of 
AQP4 after stroke changes over time. In a tran-
sient MCA occlusion model, AQP4 expression is 
rapidly upregulated in astrocyte end-feet in 
contact with blood vessels, peaking at 1 h  
after stroke onset, and a second peak of which 
has been observed at 48 h that correlated  
with brain vasogenic edema [30, 34, 35], but 
the early increased AQP4 expression is not 
observed in models of more severe stroke, 
such as permanent occlusion of the distal 
branch of the MCA [36]. Thereby, in order to 
obtain stable data, we choose 48 h after stroke 
for detection. It is of interest that AQP4 medi-
ates bidirectional water flux, facilitating water 
influx in the evolution of cytotoxic edema and 
water efflux during edema elimination [20]. In 
cytotoxic edema, AQP4 channel limits the rate 
of brain water accumulation by attenuating 
water flux from the vasculature into the brain 
parenchyma in the presence of an intact BBB 
[37, 38], whereas in vasogenic edema, it plays 
an opposing role. Its increased expression at 
astrocyte end-feet allows for polarization of 
function such that influx in one domain is  
associated with efflux in another [39]. Besides, 
AQP4 is also found to play a major role in pro-
cesses unrelated to brain edema, including 
astrocyte migration and neuronal excitability 
[20]. Anyhow, AQP4 is a critical component reg-
ulating water movement during edema forma-
tion and resolution although the role of AQP4 in 
ischemia is still unclear and debated, and inhi-
bition of AQP4 up-regulation, offers a possible 
therapeutic avenue to minimize brain edema. It 
was reported that pretreatment with an AQP4 
inhibitor significantly reduced the severity of 
cerebral edema associated with brain ischemia 
[40]. In a focal ischemia model produced by 
MCAO, it was confirmed that AQP4-deficient 
mice had decreased cerebral edema and 

improved neurological outcomes [41]. Our find-
ings showed that, in LRP group, AQP4 down-
regulation accompanied an obvious reduction 
of cerebral edema.

It is well known that ischemia-induced neuronal 
injury is the result of complex, sometimes irre-
versible, mechanisms which come into play 
within minutes of the ischemic insult and con-
tinue to cause neuronal cell loss for days to 
weeks after the initial ischemic episode has 
passed [42]. The phenomenon of RPC has also 
been investigated in various models of isch-
emic injury and several mechanisms of protec-
tion have been proposed, including the activa-
tion of humoral and neuronal pathways [4]. But 
the actual mechanism through which an epi-
sode of brief ischemia and reperfusion in an 
organ or tissue exerts protection against a sub-
sequent sustained insult of ischemia-reperfu-
sion injury in a remote organ or tissue is cur-
rently unclear [43], not mention the mechanism 
of neuroprotection. In the present study, we 
found that LRP down-regulated AQP4 expres-
sion and ameliorated brain edema. AQP4 is a 
downstream mediator of hypoxia induced fac-
tor 1 alpha (HIF-1α) [44]. HIF-1α, as a transcrip-
tion regulatory protein, has be extensively stud-
ied as a response to low oxygen conditions and 
thus ischemic preconditioning in brain [45, 46]. 
HIF-1α is widely acknowledged to play a role in 
ischemic tolerance in brain, although its role in 
brain neuroprotection following remote precon-
ditioning has not been established [22]. It can 
be hypothesized that LRP may change the level 
of HIF-1α and thus, down-regulate the expres-
sion of AQP4. Besides, in preconditioning (PC), 
the exposure to a wide range of stressors acti-
vates inflammatory pathways and leads to 
upregulation of inflammatory molecules simi-
larly to those induced by stroke through toll-like 
receptors (TLRs) and tumor necrosis factor 
receptor (TNFR) signaling, which can then  
activate nuclear factor-κB (NF-κB) resulting in 
upregulation of inflammatory molecules, such 
as TNF-α, IL-1β, CCL2, iNOS and COX-2 [24]. 
These inflammatory responses and gene 
expression returns to basal levels when the 
stressor subsides. However, when the subse-
quently severe ischemia occurs, it may repro-
gram inflammatory pathways to respond differ-
ently, for instance favoring the expression of 
anti-inflammatory cytokines IL-10, tumor growth 
factor-(TGF)-β and interferon-(IFN)-β that induc-
es ischemic tolerance [24], thus the inflamma-
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tory molecules mentioned above such as  
IL-1β and TNF-α, both of which have the ability 
to up-regulate the expression of AQP4 [47,  
48], are thereby downregulated. Thus, further 
study is needed to investigate the underlying 
mechanism of LRP down-regulating the AQP4 
expression.

Conclusions

From the results of AQP4 protein studies and 
brain edema detected with MRI, LRP could  
alleviate the ischemic brain edema and down-
regulate the AQP4 expression, suggesting that 
LRP may inhibit the brain edema formation 
through down-regulating the AQP4 expression. 
This study demonstrated that LRP can delay or 
ameliorate the development of ischemic brain 
edema and it may be achieved by down-regulat-
ing the expression of AQP4. That is, the neuro-
protective effects of LRP may result, in part, 
from its anti-AQP4 mechanisms. This study pro-
vides further evidence that LRP can be an 
effective therapy for stroke.
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Figure S1. Brain perfusion was monitored by Laser Doppler Flowmeter. The picture upper showed that the cerebral 
blood perfusion was reduced to 79% after the MCA was occluded.


