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Abstract

Brain edema is a grave complication of brain ischemia and is the main cause of hernia-

tion and death. Although astrocytic swelling is the main contributor to cytotoxic

edema, the molecular mechanism involved in this process remains elusive. N-myc

downstream-regulated gene 2 (NDRG2), a well-studied tumor suppressor gene, is

mainly expressed in astrocytes in mammalian brains. Here, we found that NDRG2

deficiency leads to worsened cerebral edema, imbalanced Na+ transfer, and astrocyte

swelling after ischemia. We also found that NDRG2 deletion in astrocytes dramati-

cally changed the expression and distribution of aquaporin-4 and Na+-K+-ATPase β1,

which are strongly associated with cell polarity, in the ischemic brain. Brain edema

and astrocyte swelling were significantly alleviated by rescuing the expression of

astrocytic Na+-K+-ATPase β1 in NDRG2-knockout mouse brains. In addition, the

upregulation of astrocytic NDRG2 by lentiviral constructs notably attenuated brain

edema, astrocytic swelling, and blood–brain barrier destruction. Our results indicate a

particular role of NDRG2 in maintaining astrocytic polarization to facilitate Na+ and

water transfer balance and to protect the brain from ischemic edema. These findings

provide insight into NDRG2 as a therapeutic target in cerebral edema.
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1 | INTRODUCTION

Brain edema, a serious consequence of cerebral stroke, trauma, infec-

tion, and tumor, is implicated in elevated intracranial pressure and

may lead to brain herniation and death (Wijdicks et al., 2014). In the

past few decades, the treatment of cerebral edema has been limited

to osmotherapy and surgical decompression (Cordonnier, Demchuk,

Ziai, & Anderson, 2018; Esquenazi, Lo, & Lee, 2017; Winkler, Minter,

Yue, & Manley, 2016). However, these treatments are based on symp-

toms and can lead to water-electrolyte imbalance and even craniot-

omy (Dharmasaroja, 2016).

As the largest cell population in the central nervous system (CNS),

astrocytes perform many housekeeping functions, including formation

of the blood–brain barrier (BBB), regulation of neuronal metabolism and

cerebral blood flow, and maintenance of water balance, ion homeostasis,

and osmotic pressure (Ransom & Ransom, 2012; Thrane, Rangroo

Thrane, & Nedergaard, 2014). Accumulating evidence shows that

changes in astrocytic structure and functional polarization are implicated

in the dynamic process of brain edema (Steiner et al., 2012; Wang &

Parpura, 2016). Every astrocyte has at least one process that encases a

microvessel and is called an astrocytic end-foot; the end-feet are

enriched inwater and ion channels, such as aquaporin-4 (AQP4), Na+, K+,

and Cl− ion channels and transporters, to maintain the water and ion bal-

ance. Astrocytic processes expand or retract from neurons and blood

vessels and dramatically regulate neural activity and the integrity of the

BBB (Nico & Ribatti, 2012). Furthermore, astrocytes also play an impor-

tant role in cerebral edema upon various brain injury challenges (Hertz

et al., 2014). Known as cytotoxic swelling, astrocytes swell rapidly in the

early stage of edema after acute pathological states, such as ischemia

and traumatic brain injury (Gorse, Lantzy, Lee, & Lafrenaye, 2018;

Jayakumar et al., 2014; Kimelberg, 2005).

N-myc downstream-regulated gene 2 (NDRG2), known as a tumor

suppressor gene (Hwang et al., 2011; Yao, Zhang, & Liu, 2008), was first

identified in 2003 to be highly expressed in the human brain (Deng

et al., 2003). NDRG2 is primarily and specifically expressed in astro-

cytes in various brain areas (Ma et al., 2014; Nichols, 2003; Takeichi

et al., 2011). Furthermore, NDRG2 was found to regulate astrocytic

activation and stabilize astrocytic morphology (Takeichi et al., 2011).

NDRG2 has even been identified as a unique marker for astrocytes

(Flügge, Araya-Callis, Garea-Rodriguez, Stadelmann-Nessler, &

Fuchs, 2014). In transient focal cerebral ischemia, the expression of

NDRG2 increases, and NDRG2 translocates from the cytoplasm to the

nucleus (Li et al., 2011). Recently, NDRG2 was reported to be involved

in maintaining the structure of the BBB after ischemia by down-

regulating matrix metalloproteinases (Takarada-Iemata et al., 2018).

BBB breakdown and leakage following stroke can cause brain edema.

However, the role of NDRG2 in ischemic brain edema remains unclear.

Here, we provide evidence to support the critical role of astroglial

NDRG2 in sustaining astrocytic polarization and regulating astrocyte-

associated water-sodium balance under physiological and pathological

conditions. NDRG2 is an endogenous neuroprotector and a promising

target for the intervention of ischemic brain edema.

2 | MATERIALS AND METHODS

2.1 | Animals

Animals were housed under a regular 12-hr light/dark cycle with

access to food and water ad libitum. Ndrg2flox/flox mice were crossed

to B6.C-Tg(CMV-cre)1Cgn/J mice (Jackson Labs) to generate

Ndrg2−/− mice. The line was backcrossed to C57BL/6J more than

20 times. pAAV-CAG-Cre-3flag virus was injected into the right lateral

cerebral ventricle of Ndrg2flox/flox mice to conditionally knock out the

expression of NDRG2 in astrocytes (referred to as Ndrg2GFAP cKO).

Young adult male (8 to 10 weeks old) mice were used in this study.

We made all efforts to minimize the number of mice used and their

suffering. The experimental protocols were reviewed and approved

by the Ethics Committee of the Fourth Military Medical University.

2.2 | Transient focal cerebral ischemia and
reperfusion

Transient focal cerebral ischemia was induced by middle cerebral artery

occlusion and reperfusion (tMCAO). Mice were anesthetized with 1.5%

isoflurane. Body temperature was continuously monitored and

maintained between 36.5 and 37.5�C with a thermostatic blanket. Sur-

gery was performed under a Zeiss surgical microscope. Cerebral cortical

perfusion was monitored by laser-Doppler flowmetry. Mice were

placed in the supine position, and the right carotid bifurcation was

exposed. Then, the right external carotid artery (ECA) and the right

internal carotid artery were exposed and carefully freed from the

adjacent vagus nerve. After occlusion of the common carotid artery

with a microclip, the right ECA was ligated. A small incision was

made in the ECA, and an 8-0 nylon thread with a silicone-coated tip

was inserted into the ECA and gently advanced through the internal

carotid artery until its tip occluded the origin of the middle cerebral

artery (MCA). Correct placement of the suture was indicated by a

sudden drop in the local cortical blood flow in the right MCA terri-

tory to approximately 15–20% of baseline as monitored by laser-

Doppler flowmetry. After successful occlusion, the monofilament

was secured in place by ligation, and the incision was closed with

microsurgical clips. After 60 min of occlusion, each mouse was
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reanesthetized to facilitate the removal of the occlusion and under-

went reperfusion for 24 hr.

2.3 | Brain water content

Mice were anesthetized, and their brains were rapidly dissected. An

investigator blinded to the experimental grouping weighed the iso-

lated cerebral cortices to obtain the wet mass and then processed the

brains concurrently in a vacuum oven (Savant Speed Vac SC110) for

12 hr at −1,000 mbar (Savant VP Two Stage Vacuum Pump) to

completely desiccate the cortices and obtain the dry mass. The per-

centage of brain water content was calculated as follows: (wet mass –

dry mass) × 100/(wet mass).

2.4 | Transmission electron microscopy and
immunoelectron microscopy

Mice were anesthetized and intracardially perfused with 0.1 M

phosphate-buffered solution (PBS) containing 4% paraformaldehyde

(PFA) and 2.5% glutaraldehyde. The penumbra of mice in the tMCAO

groups or corresponding tissues from mice in the sham groups were dis-

sected and postfixed overnight at 4�C. Tissues were cut along the coronal

plane at a thickness of 50 μm. Samples were processed as previously

described (Relucio, Menezes, Miyagoe-Suzuki, Takeda, & Colognato,

2012). For immunoelectron microscopy (IEM), brain tissues were fixed in

4% warm PFA for 6 hr. Subsequently, the tissues were sectioned and sta-

ined for AQP4 (1:200; Abcam) or Na+-K+-ATPase β1 (1:50; Sigma-Aldrich)

followed by incubation with Nanogold-conjugated secondary antibody

(1:100 Nanoprobes). Gold particles were enhanced with an HQ Silver

Enhancement Kit (Nanoprobes). Processed samples were examined and

photographed using a JEM-1230 transmission electronmicroscopy (TEM).

The astrocytic foot-process cross-sectional area-lumen perimeter ratio

was estimated using the ImageJ Processing and Analysis Program. All data

were analyzed and quantified by an investigator blinded to the experimen-

tal grouping.

2.5 | BBB permeability assays

BBB permeability was quantified by the permeability of tracers. A

45 mg/kg dose of 30 g/L Evans blue dye (Sigma-Aldrich) or 200 μL of

1 mg/ml dextran-tetramethylrhodamine (Invitrogen) injected via the

tail vein was circulated for 2 hr before animals underwent sham or

tMCAO operations. Then, mice were deeply anesthetized, perfused

and fixed with 4% PFA. For fluorescence measurements, brains were

frozen and embedded in TissueTek OCT. Frozen tissues were coronally

sectioned to a thickness of 12 μm and sealed in a light-tight container.

Evans blue dye was visualized using a fluorescence microscope

(BX-51; Olympus, Tokyo, Japan). The red-stained area was defined as

BBB permeable. The BBB-permeable area in the right hemisphere and

total area in the left hemisphere were measured using Adobe

Photoshop CS5 by an investigator blinded to the experimental group-

ing. The BBB-permeable area of the right hemisphere and total vol-

ume of the left hemisphere were calculated as follows: VR = R × slice

thickness (12 μm) and VL = L × slice thickness (12 μm). The Evans

blue-positive area was measured as follows: % VP = 100 × (VL −

VR)/VL.

Dextran-tetramethylrhodamine-injected mouse brain coronal

slices were subjected to immunofluorescence for CD31 to visualize

the blood vessels. Images were acquired by an investigator blinded to

the experimental grouping using a laser scanning confocal microscope

(Olympus FV-1000MPE).

2.6 | Morphometric analysis of vasculature

Mouse brain coronal sections (20 μm) were stained for the vasculature

marker CD31. The capillary density and diameter were imaged (Nikon Fluo

View FV1000 laser scanning confocal microscope) and quantified (maximal

projection images). Capillary densitywas quantified usingMetaMorph soft-

ware (Universal Imaging, Downingtown, Pennsylvania) by measuring the

area occupied by CD31-positive vessels per field. Themean capillary diam-

eter was measured from cross-sectional vascular profiles by the ImageJ

Processing andAnalysis Program.Quantificationwas carried out blindly.

2.7 | Primary astrocyte culture

Meninges-free mouse brain cortical tissue was dissected, mechanically

dissociated and trypsinized (0.25% in phosphate-buffered saline) to gen-

erate a cell suspension. The cells were cultured in poly-L-lysine high-

glucose Dulbecco'smodified Eagle's medium (Gibco) containing 10% fetal

calf serum at 37�C in 5% CO2 and 90% relative humidity. The medium

was changed every 3–4 days for 10–14 days to obtain mixed glial cul-

tures. Then, flasks were placed onto a thermostatic shaker at 37�C and

200 rpm/min for 16–18 hr to remove the oligodendrocyte progenitor

cells and microglia. More than 95% of the cultures were astrocytes, as

determined by immunofluorescent staining with glial fibrillary acidic pro-

tein (GFAP) and NDRG2 (Figure S1). Then, the cells were seeded onto

laser confocal-specific dishes for immunofluorescence assays.

2.8 | Immunofluorescence

Immunofluorescence studies were performed on frozen coronal sec-

tions of mouse brains or on primary cultured astrocytes plated on laser

confocal-specific dishes. Mice were subjected to cardiac perfusion with

0.1 M PBS followed by fixation with 4% PFA. Brains were removed,

and tissues were frozen and embedded in TissueTek OCT. Frozen tis-

sues were cryosectioned at a thickness of 12 μm. The primary cultured

astrocytes were plated at a density of 1 × 104 cells/dish. The cells were

fixedwith 4% PFA at room temperature for 15 min. Sections/cells were

washed with 0.1 M PBS and incubated at 4�C for 12 hr with the

following primary antibodies (Table S1): rabbit anti-NDRG2, mouse
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anti-NDRG2, mouse anti-GFAP, rat anti-CD31, rabbit anti-AQP4, or

mouse anti-Na+-K+-ATPase β1. Sections/cells were then washed with

0.1 M PBS, followed by incubation at room temperature for 2 hr with

the appropriate secondary antibodies as follows: anti-mouse fluores-

cein isothiocyanate (FITC)-tagged, anti-mouse CY3-tagged, anti-rabbit

CY3-tagged, or anti-rat FITC-tagged. Sections/cells were then washed

with 0.1 M PBS, and the nuclei were counterstained with 10 μg/ml

40,6-diamidino-2-phenylindole (DAPI) in 0.1 M PBS for 2 hr at room

temperature. The sections/cells were mounted with 50% glycerol and

photographed under a laser scanning confocal microscope.

2.9 | The length and number of astrocyte
processes

Image processing was performed using ImageJ software (Schindelin

et al., 2012) by an investigator blinded to the experimental grouping.

Primary cultured astrocytes were subjected to immunofluorescence

for GFAP to visualize the cytoskeleton with DAPI-stained nuclei.

Astrocytes were selected when they fulfilled the following criteria:

(a) GFAP staining along the entire arborization field and (b) relative

isolation from neighboring astrocytes to avoid overlap. The GFAP sig-

nal was segmented with the threshold tool and converted to a binary

mask with a skeletonize tool, which allowed us to obtain the segment

length and bifurcation of the skeletonized image for analysis with

ImageJ software. Then, the lengths and numbers of branches of

astroglial processes were measured with ImageJ. The length of the

branches was defined as the distance of major processes, which were

considered as the dendrites originate from the cell body (proximal) to

the tip of the main apical shaft (Pillai et al., 2012). The number and

length of the major processes were visualized and qualified using

ImageJ by an investigator blinded to the experimental grouping.

2.10 | AQP4 clusters along astrocytic end-feet

AQP4 clusters on primary astrocytes were detected on images follow-

ing intensity thresholding using the ImageJ Processing and Analysis

Program. Cluster areas were defined as areas of intense AQP4 immu-

noreactivity as determined by uniformly applied intensity

thresholding. The area occupied by these intensely AQP4 immunore-

active regions was calculated per astrocyte.

2.11 | Immunoblotting analysis

The expression of NDRG2, AQP4, Na+-K+-ATPase α1, and Na+-K+-

ATPase β1 was detected in mouse brain tissues or primary astrocytes

homogenized in RIPA lysis buffer (Beyotime, China) with ×1 Roche

complete protease inhibitor cocktail (Roche Diagnostics) and 1 mM

phenylmethylsulfonyl fluoride (Beyotime, China). Immunoblotting was

performed using the following primary antibodies (Table S1): mouse

anti-NDRG2, rabbit anti-NDRG2, mouse anti-Na+-K+-ATPase α1,

mouse anti-Na+-K+-ATPase β1, or rabbit anti-AQP4. Secondary horse-

radish peroxidase-conjugated goat anti-rabbit or goat anti-mouse anti-

body was used. Protein bands were visualized using a LI-COR

Odyssey System (LI-COR Biotechnology).

2.12 | Intracellular Na+

Astrocytes were washed twice in 0.1 M PBS, and then CoroNa Green

indicator (Invitrogen) and sulforhodamine 101 (SR 101, Med-

ChemExpress) were added at 1 μM by dilution of a concentrated stock

solution in DMSO. Cells were incubated for 30 min at 37�C. The loaded

cells were washed twice with 0.1 M PBS before fluorescence was mea-

sured. Subsequently, the CoroNa Green indicator was excited at

492 nm, and emissionwas recorded above 516 nm. SR 101was excited

at 586 nm, and emissionwas recorded above 605 nm. The images were

observed and captured using a laser scanning confocal microscope.

2.13 | Statistical analysis

All experiments were performed a minimum of three times. The data

were reported as the mean ± SD or mean ± SEM, and the analysis was

performed using GraphPad Prism 6.0 software. The significance of the

differences was determined using Student's two-tailed t test or one-

way analysis of variance (ANOVA). A p value <.05 was considered to

indicate statistical significance.

3 | RESULTS

3.1 | NDRG2 deficiency aggravates brain edema
and astrocytic swelling following ischemia

NDRG2, a previously known tumor suppressor, is mainly expressed in

astrocytes in mammalian brains, and its expression is increased

after ischemia. To investigate the role of NDRG2 in ischemic brain

edema, we constructed an adeno-associated virus (AAV), pAAV-CAG-

MCS-EGFP-3flag, as a control virus and pAAV-CAG-Cre-3flag to

conditionally knock out the expression of astrocytic NDRG2. pAAV-

CAG-MCS-EGFP-3flag or pAAV-CAG-Cre-3flag was injected into the

right lateral cerebral ventricle of Ndrg2flox/flox mice. Three weeks later,

NDRG2, GFAP, and EGFP were detected in different brain regions by

immunofluorescence staining and immunoblotting. NDRG2 (red) was

colocalized with EGFP (green) in the control groups, indicating that

the AAV virus is specifically enriched in NDRG2-labeled astrocytes.

NDRG2-positive astrocytes and NDRG2 protein were dramatically

reduced in brains from NDRG2 knockout mice (hereafter referred to

as Ndrg2GFAP cKO) compared with control mouse brains (Figure S2).

Ndrg2GFAP cKO mice and control mice underwent a 60 min middle

cerebral artery occlusion (MCAO) surgery followed by 24 hr reperfu-

sion, and the brain water content was then detected (Figure 1a). We

found that the percentage of brain water content was significantly
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elevated in the transient MCAO groups compared with the sham

groups. The percentage of brain water content in the Ndrg2GFAP cKO

mice was significantly increased compared with that in the control

mice after brain ischemia.

Disruption of the BBB is the main pathological basis of ischemic

brain edema, so we investigated the effects of NDRG2 deficiency on

the BBB structure. Using TEM, we detected the BBB ultrastructure in

two groups of mice. No obvious difference in the BBB ultrastructure

was observed between Ndrg2GFAP cKO mice and control mice under

physiological conditions (Figure S3a,b). However, striking differences

emerged after ischemic injury. Swollen astrocyte end-feet were clearly

detected in the ischemic penumbra of both groups, especially the

astrocyte end-foot area-to-capillary lumen cross length ratio, which

was significantly higher in NDRG2 knockout mice than in control mice

(Figure 1b,c). Magnified images showed that astrocyte processes

exhibited increased swelling, discontinuous plasma membranes, dis-

turbed gap junctions, broken organelles, swollen endothelial cyto-

plasm and rough basal membranes, which were indicators of a

severely compromised BBB in Ndrg2GFAP cKO mice (Figure 1d). These

data together suggest that NDRG2 deficiency aggravates brain

edema, astrocyte end-feet swelling and BBB disorganization after

ischemic brain injury.

3.2 | NDRG2 deletion exacerbates the destruction
of the BBB after stroke

A previous study reported that astrocyte end-feet cover more than

99% of brain capillaries, participating in BBB structural formation

and functional performance (Jukkola & Gu, 2015; Mathiisen, Lehre,

Danbolt, & Ottersen, 2010). We suspected that severe BBB leakage

is accompanied by swollen astrocytic end-feet and leads to an

increase in brain water content in Ndrg2GFAP cKO mice after tMCAO.

To address this hypothesis, brain vascular patterning and BBB per-

meability were examined in Ndrg2GFAP cKO and control mice after

tMCAO. No significant differences in vascular patterns were visual-

ized by immunofluorescence for the vascular marker CD31, including

vascular density and vascular diameter, under physiological

F IGURE 1 NDRG2 deficiency
exacerbates brain edema and
astrocyte swelling after stroke.
(a) Quantification of brain water
content in cortices isolated from
Ndrg2GFAP cKO mice (CreV-N2) and
control mice (ConV) in sham groups
and MCAO groups. Data are shown
as the mean ± SD (n = 5–6). *p < .05,

**p < .01 versus sham mice, ##p < .01
versus control mice.
(b) Representative transmission
electron micrographs showing the
swollen perivascular astrocytic end-
feet area (blue area). A: astrocyte
end-feet; B: basal lamina; E:
endothelial cell; L: lumen. Scale
bar = 2 μm. (c) Astrocyte end-feet
area-to-capillary lumen perimeter
ratio. Data are shown as the
mean ± SD (n = 5–6). *p < .05,
**p < .01 versus sham mice, ##p < .01
versus control mice. (d) High-
magnification images of
ultrastructural changes in MCAO
group mice. Red arrowheads indicate
disruption of the plasma membrane,
basal membrane, gap junctions,
organelles, accumulation of glycogen,
and swollen endothelial cytoplasm.
Scale bar = 0.5 μm [Color figure can
be viewed at wileyonlinelibrary.com]
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conditions (Figure 2a,b). However, a more seriously impaired BBB

was present in the ischemic penumbra of Ndrg2GFAP cKO mice com-

pared with that of control mice, as demonstrated by the permeation

of Evans blue dye from the bloodstream into the brain parenchyma

(Figure 2c–e).

To further observe the local disruption of the astrocyte-

endothelial cell interactions along vessels, we examined the leakage of

dextran-tetramethylrhodamine (MW, 10 kDa) from blood vessels. No

leakage was observed in the cortical areas of the sham groups. How-

ever, after tMCAO, the leakage of dextran-tetramethylrhodamine

from the vasculature in the ischemic penumbra was significantly

increased in Ndrg2GFAP cKO mice compared with control mice

(Figure 2f,g). The increased leakage of Evans blue dye and the 10-kDa

tracer into the brain parenchyma from the blood vessels in Ndrg2GFAP

cKO mice suggests that NDRG2 deficiency causes exacerbated BBB

structural impairment and functional integrity destruction after ische-

mia reperfusion injury.

3.3 | NDRG2 is required for maintaining astrocytic
polarity

Maintaining the appropriate morphology and polarity of astrocytes is

critical for astrocytic function and homeostasis (Etienne-Manneville,-

2008; Nagelhus & Ottersen, 2013; Wolburg, Noell, Wolburg-

Buchholz, Mack, & Fallier-Becker, 2009). Recent studies identified

that a loss of astrocyte polarization is a common feature in many neu-

rological diseases, including ischemic brain damage, mesial temporal

lobe epilepsy and Alzheimer's disease (Alvestad et al., 2013; Eid

et al., 2005; Frydenlund et al., 2006; Yang et al., 2011). Therefore, we

F IGURE 2 NDRG2 knockout causes a breakdown of the blood–brain barrier after MCAO. (a) Images of cortical vascular staining for CD31.
Scale bar = 30 μm. (b) No abnormalities were found in the cortical capillary density and diameter of Ndrg2GFAP cKO mice and control mice under
normal conditions. (c) The tracer, Evans blue dye, permeates into the brain parenchyma after MCAO (n = 3). (d) Representative images of coronal
sections from mice that underwent MCAO after injection of Evans blue dye; fluorescence-positive areas in Ndrg2GFAPcKOmice (bottom) and control
mice (top) observed by microscopy. Scale bar = 500 μm. (e) Evans blue-positive area percentage of the contralateral side. Data are shown as the
mean ± SD (n = 8). ##p < .01 versus control mice. (f) The 10-kDa molecular weight tracer was confined to vessels in sham mice, whereas it leaked out of
the vessels (white arrowheads) in the penumbra of mice that underwent MCAO. Green, CD31; red, tracer. Scale bar = 10 μm. (g) Quantification of
tracer fluorescence density (INT/mm2). **p < .01 versus sham mice, ##p < .01 versus control mice [Color figure can be viewed at wileyonlinelibrary.com]
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investigated the effects of NDRG2 on astrocyte morphology and

polarity in highly pure GFAP-positive astrocyte cultures, which were

more than 95% GFAP-positive (Figure S1). Primary cultured astro-

cytes from NDRG2 knockout (Ndrg2−/−) mice (Li et al., 2017)

exhibited fewer and shorter processes and lower levels of phalloidin

than primary cultured astrocytes from Ndrg2flox/flox mice (Figure 3a–

d). The water channel protein AQP4 is an important molecule that

reflects the polarization of astrocytes. AQP4 has been identified to

F IGURE 3 NDRG2 maintains the polarity of astrocytes under physiological conditions. (a) Primary cultured Ndrg2−/− astrocytes and control
astrocytes were fixed and subjected to immunostaining for GFAP (red) and DAPI (blue), scale bar = 20 μm. (b) Number/cell and length of the
major processes of at least 25 astrocytes. #p < .05 versus control astrocytes. (c) Primary cultured Ndrg2−/− astrocytes and control astrocytes were
fixed and subjected to immunostaining for phalloidin (green) and DAPI (blue), scale bar = 20 μm. (d) Green fluorescence intensity of phalloidin in
each group. Data are presented as the mean ± SEM of three independent experiments, each performed in five fields of view. #p < .05 versus
control astrocytes. (e) Immunofluorescence was used to detect NDRG2 (green) and AQP4 (red) in Ndrg2−/− astrocytes and control astrocytes, and
nuclei were labeled blue by DAPI. AQP4 assembled in clusters was detected in Ndrg2−/− astrocytes. Colorized AQP4 clusters (right, red) depict
regions where the AQP4 immunoreactivity intensity was above the threshold value. Scale bar = 20 μm. (f) Quantification of relative coverage by
AQP4 clusters in Ndrg2−/− astrocytes and control astrocytes. Data are presented as the mean ± SEM of three independent experiments, each
performed in 5 fields of view. ##p < .01 versus control astrocytes. (g) Representative Western immunoblots for NDRG2, AQP4 and tubulin of
Ndrg2−/−astrocytes and control astrocytes. (h) Densitometric quantification of NDRG2 and AQP4 protein expression is shown normalized to
tubulin. Data are expressed as the mean ± SEM of three independent experiments. ##p < .01 versus control astrocytes. (i) Representative

fluorescence images showing CoroNa Green (sodium indicator) and SR101 (Na+-insensitive fluorescent dye) trapped inside astroglial cytoplasm
and counterstained with Hoechst 33342. Scale bar = 50 μm. (j) Fluorescence intensity ratio of CoroNa Green to SR101 in each group shown in (i).
Data are presented as the mean ± SEM of three independent experiments, each performed in five fields of view. #p < .05, ##p < .01 versus control
astrocytes. (k) Representative Western immunoblots for NDRG2, ATP α1, ATP β1, and tubulin of Ndrg2−/− astrocytes and control astrocytes.
(l) Densitometric quantification of NDRG2, ATP α1, and ATP β1 protein expression is shown normalized to tubulin. Data are expressed as the
mean ± SEM of three independent experiments. ##p < .01 versus control astrocytes. (m) Primary cultured astrocytes were immunolabeled for
NDRG2 (red) and ATP β1 (green), and nuclei were labeled blue by DAPI. Scale bar = 30 μm [Color figure can be viewed at wileyonlinelibrary.com]
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form clusters, termed orthogonal arrays of particles (OAPs), in the

plasma membranes of astrocytes to enhance water transport through

the membrane and maintain astrocyte polarization (Nagelhus &

Ottersen, 2013). AQP4 plays a key role in the regulation of brain

water homeostasis, which is its primary role in the brain (Badaut,

Fukuda, Jullienne, & Petry, 2014; Haj-Yasein et al., 2011; Kitchen

et al., 2020; Nagelhus & Ottersen, 2013). A recent study showed that

brain edema is closely related to the incorporation of additional cyto-

plasmic AQP4 and the redistribution of AQP4 in the existing OAPs in

cultured astrocytes (Michael et al., 2014; Lisjak, Potokar, Rituper,

Jorgačevski, & Zorec, 2017). We examined the distribution of AQP4

and NDRG2 in cultured primary astrocytes. Uniform intensity

thresholding was used to determine the AQP4 cluster areas, and we

found intense AQP4 cluster immunosignals in Ndrg2−/− astrocytes

(Figure 3e,f). Immunoblotting analysis showed that AQP4 protein

expression was significantly increased in Ndrg2−/− astrocytes com-

pared to the control astrocytes (Figure 3g,h). Together, these results

indicate that NDRG2 deficiency may alter the polarization and water

balance of astrocytes.

Na+/K+ ATPase is present in all higher eukaryotes and participates

in the maintenance of membrane resting potential, cell volume regula-

tion and signal transduction (Dlouha et al. Dlouhá, Teisinger, &

Vyskocil, 1979; Quinton & Tormey, 1976; Robinson, 1975). Na+/K+

ATPase is considered one of the most important players in intracellular

Na+ signaling, with its prominent role in cellular (patho)physiology. The

increase in cytoplasmic sodium causes intracellular hyperosmolality,

which induces water influx and cytotoxic edema (Rungta et al., 2015).

Therefore, Na+ imaging is an essential technique for the visualization of

Na+/K+ ATPase function in vitro. Recent research indicates that an

increased intracellular Na+ concentration ([Na+]i) in astrocytes is associ-

ated with the development of brain edema under ischemic brain injury

(Minieri, Pivonkova, Harantova, Anderova, & Ferroni, 2015). Here, we

measured the fluorescence signals of CoroNa Green, a Na+ indicator

dye, to reflect Na+/K+ ATPase function in cultured astrocytes. SR

101, a Na+-insensitive fluorescent dye, was used to normalize the

CoroNa Green signals. Fluorescence imaging analysis revealed a sub-

stantial [Na+]i increase in NDRG2-deficient astrocytes (Figure 3i,j).

Ndrg2flox/flox astrocytes responded with a progressive accumulation of

CoroNa Green fluorescence after Ouabain (a Na+/K+ ATPase-specific

inhibitor) treatment, indicating an elevation of [Na+]i caused at least

partially by the inhibition of Na+/K+ ATPase function. Moreover, the

protein levels of Na+/K+ ATPase α1 and β1were quantified by immuno-

blotting. Na+-K+-ATPase β1 protein levels were significantly decreased

in Ndrg2−/− astrocytes compared with control astrocytes, whereas no

striking difference was observed in the protein level of Na+-K+-ATPase

α1 (Figure 3k,l). Double-labeling immunofluorescence showed that

Na+-K+-ATPase β1 (green) immunoreactivity was reduced in Ndrg2−/−

astrocytes compared with control astrocytes (Figure 3m). These data

are consistent with our previous report showing that NDRG2 inhibits

the degradation and prolongs the half-life of Na+-K+-ATPase β1 in

human salivary cells (Li et al., 2011). Together, these data suggest that

NDRG2 maintains, at least partially, the polarization and aquaporin

functional homeostasis of astrocytes under physiological conditions.

3.4 | Na+-K+-ATPase β1 rescues NDRG2
deficiency-mediated BBB disturbance and brain
edema following stroke

To investigate whether NDRG2 is required for maintaining the polar-

ity and function of astrocytes under pathological conditions, IEM was

used to visualize the subcellular distribution of AQP4 and Na+-K+-

ATPase β1 in perivascular astrocytes in the ischemic penumbra. Gold

particles indicated the presence of AQP4 and Na+-K+-ATPase β1

(Figure 4a). AQP4 was evenly distributed on the astrocytic membrane

facing the basal lamina of the capillaries in the sham groups. AQP4

was enriched in Ndrg2GFAP cKO mice compared with control mice.

After tMCAO, swollen astrocyte end-feet were accompanied by a

redistribution of AQP4 in the astrocyte membrane facing not only

the basal lamina but also the brain parenchyma. Na+-K+-ATPase

β1 is widely expressed in the cytoplasm of various types of cells.

Na+-K+-ATPase β1 particles localized in astrocyte end-feet were

noticeably reduced in Ndrg2GFAP cKO mice that underwent tMCAO

compared to the control mice, and astrocyte end-feet swelling was

more serious in the tMCAO groups. We also quantified the protein

levels of NDRG2, AQP4 and Na+-K+-ATPase β1 in the ischemic

penumbra of the tMCAO mice and the corresponding area of sham-

operated mice (Figure 4b,c). AQP4 protein levels increased signifi-

cantly in Ndrg2GFAP cKO mouse brains compared with control mouse

brains in the sham group or tMCAO group. In addition, AQP4 protein

levels were upregulated markedly in the MCAO groups compared to

the sham groups in both control and Ndrg2GFAP cKOmice. Na+-K+-ATPase

β1 protein levels were dramatically reduced in the Ndrg2GFAP cKO brains

relative to the control brains in both the sham group and tMCAO group.

These data indicate that NDRG2 is necessary for maintaining the polarity

and function of astrocytes, which contribute to the structural and func-

tional integrity of the BBB in ischemia.

Interestingly, under physiological conditions, NDRG2 deletion

had no significant effect on the astrocyte end-feet area. There may be

some reasons explaining this observation. First, NDRG2 was not

totally knocked out by the AAV, and the residual NDRG2 in astrocytes

still maintained the end-feet area. Second, in vivo experiments may

generally involve compensatory molecular signaling pathways and

mechanisms that could also maintain the end-feet area of astrocytes.

AQP4 and Na+/K+-ATPase are specific molecules that regulate the

water balance function of astrocytes. Therefore, we speculated that

downregulating NDRG2 expression may directly affect AQP4 and

Na+/K+-ATPase expression and some astrocyte functions, such as

maintaining water balance, but could not significantly affect the whole

end-feet area under physiological conditions.

Using a yeast two-hybrid system and coimmunoprecipitation

assay, we previously identified that NDRG2 interacts with Na+-K+-

ATPase β1 and regulates the activity of Na+-K+-ATPase β1 in astro-

cytes (Li, Yang, et al., 2011). To investigate the mechanism underlying

the regulation of NDRG2 on ischemic brain edema and the integrity

of the BBB, we constructed the AAV pAAV-CAG-MCS-3flag as a con-

trol virus and pAAV-CAG-3FLAG-ATP β1 to restore the expression of

astrocytic Na+-K+-ATPase β1 in Ndrg2GFAP cKO mice. Ndrg2GFAP cKO
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F IGURE 4 Na+-K+-ATPase β1 restoration rescues NDRG2 deficiency-mediated BBB disruption and brain edema after stroke.
(a) Representative immunoelectron microscopy images of cerebral vessels in the cortices of the sham groups or penumbra zones of the MCAO
groups. Red arrowheads indicate subcellular localization of silver-enhanced immunogold labeling of AQP4 or ATP β1 along the BBB. A: astrocyte
end-feet; B: basal lamina; E: endothelial cell; L: lumen. Scale bar = 1 μm. (b) Representative Western immunoblots for NDRG2, AQP4, ATP β1, and
tubulin using protein extracts from the cortices of the sham groups or penumbra zones of the MCAO groups of Ndrg2GFAP cKO mice or control
mice. (c) Densitometric quantification of NDRG2, AQP4 and ATP β1 protein expression is shown normalized to tubulin. Data are expressed as the
mean ± SEM (n = 4). **p < .01 versus sham mice, ##p < .01 versus control mice. (d) Quantification of brain water content in cortices isolated from
Na+-K+-ATPase β1-restored Ndrg2GFAP cKO mice (CreV-N2-β1), Ndrg2GFAP cKO mice (CreV-N2-ConV) and control mice (ConV) in the sham and
MCAO groups. Data are shown as the mean ± SD (n = 5–6). *p < .05, **p < .01 versus sham mice, ##p < .01 versus control mice, ΔΔp < .01 versus
Ndrg2GFAP cKO mice. (e) Representative transmission electron micrographs showing the swollen perivascular astrocytic end-feet area (blue area).
A: astrocyte end-feet; B: basal lamina; E: endothelial cell; L: lumen. Scale bar = 2 μm. (f) Astrocyte end-feet area-to-capillary lumen perimeter
ratio. Data are shown as the mean ± SD (n = 5–6). *p < .05, **p < .01 versus sham mice, ##p < .01 versus control mice, ΔΔp < .01 versus Ndrg2GFAP

cKO mice. (g) Representative images of coronal sections from mice that underwent MCAO after injection of Evans blue dye; fluorescence-positive
areas in Na+-K+-ATPase β1-restored Ndrg2GFAP cKO mice (bottom), Ndrg2GFAP cKO mice (middle), and control mice (top) observed by microscopy.
Scale bar = 500 μm. (h) Percentage of the area on the contralateral side positive for Evans blue staining. Data are shown as the mean ± SD (n = 8).
##p < .01 versus control mice, ΔΔp < .01 versus Ndrg2GFAP cKO mice. (i) The 10-kDa molecular weight tracer was confined to blood vessels in
sham mice, whereas it leaked out of the vessels (white arrowheads) in the penumbra of mice that underwent MCAO. Green, CD31; red, tracer.
Scale bar = 10 μm. (j) Quantification of tracer fluorescence density (INT/mm2). **p < .01 versus sham mice, ΔΔp < .01 versus Ndrg2GFAP cKO mice
[Color figure can be viewed at wileyonlinelibrary.com]

F IGURE 5 NDRG2potential therapeutic effects in ischemic brain edema. (a) Quantification of brainwater content in cortices isolated from
Ndrg2GFAP cKOmice injectedwithNDRG2-overexpressing lentivirus (LV-N2) to rescueNDRG2 expression in astrocytes and control virus (LV-Con) in
sham groups andMCAOgroups. Data are shown as themean ± SD (n = 5–6). *p < .05 versus shammice, #p < .05 versus control mice. (b) Representative
transmission electronmicrographs showing the swollen perivascular astrocytic end-feet area (blue area) in the NDRG2-rescued group (bottom) and
control group (top). A: astrocyte end-feet; B: basal lamina; E: endothelial cell; L: lumen. Scale bar = 2 μm. (c) Astrocyte end-feet area-to-capillary lumen
perimeter ratio. Data are shown as themean ± SD (n = 5–6). **p < .01 versus shammice, ##p < .01 versus control mice. (d) Representative images of
coronal sections frommice that underwentMCAOafter injection of Evans blue dye; fluorescence-positive areas inNDRG2-rescued group (bottom) and
control group (top) observed bymicroscopy. Scale bar = 500 μm. (e) Percent of the area on the contralateral side positive for Evans blue staining. Data are
shown as themean ± SD (n = 8). ##p < .01 versus control group. (f) The 10-kDamolecular weight tracer was confined to vessels in the shammice,
whereas it leaked out of the vessels (white arrowheads) in the penumbra of themice that underwentMCAO.Green, CD31; red, tracer. Scale bar = 10 μm.
(g) Quantification of tracer fluorescence density (INT/mm2). **p < .01 versus sham group, ##p < .01 versus control group [Color figure can be viewed at
wileyonlinelibrary.com]
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mice received right lateral cerebral ventricle injections of pAAV-CAG-

MCS-3flag or pAAV-CAG-3FLAG-ATP β1. Three weeks later, the pro-

tein levels of NDRG2 and Na+-K+-ATPase β1 in various brain areas

(hippocampus, cortex, and striatum) were analyzed (Figure S4a,b).

pAAV-CAG-3FLAG-ATP β1 significantly upregulated the protein

expression of Na+-K+-ATPase β1 in Ndrg2GFAP cKO mice. The percent-

age of brain water content, astrocyte end-feet swelling, and perme-

ation of Evans blue dye and dextran-tetramethylrhodamine (MW,

10 kDa) from the bloodstream into the brain parenchyma were signifi-

cantly decreased by pAAV-CAG-3FLAG-ATP β1 injection after

tMCAO (Figure 4d–j). These data showed that Na+-K+-ATPase res-

cued the impairment of the BBB under NDRG2 deficiency conditions.

Therefore, NDRG2 regulates the polarization and function of astro-

cytes to maintain the integrity of the BBB by interacting with the

Na+-K+-ATPase β1 protein under physiological and pathological

conditions.

3.5 | NDRG2 protects the brain from ischemic
brain edema

To assess the therapeutic potential of NDRG2 on ischemic brain edema,

we used a lentivirus that was identified in our previous study to specifi-

cally rescue NDRG2 expression in the astrocytes of Ndrg2GFAP cKOmice

(Figure S5). Five days after injection with an NDRG2 overexpression len-

tivirus in the right lateral cerebral ventricle, the percentage of brain water

content was significantly decreased after tMCAO (Figure 5a). TEM

showed that the swollen astrocyte end-feet area in the ischemic penum-

bra of NDRG2-rescued mice was obviously decreased after tMCAO

(Figure 5b,c). Barrier permeability was also significantly alleviated in the

ischemic penumbra of NDRG2-rescued mouse brains (Figure 5d–g).

Taken together, these results imply that NDRG2 has therapeutic poten-

tial for ischemic brain edema.

4 | DISCUSSION

NDRG2, a well-known tumor suppressor, is mainly expressed in astro-

cytes in mammalian brains and is upregulated in many neurological dis-

orders, such as ischemia (Li, Shen, et al., 2011), hemorrhage (Gao

et al., 2018), trauma (Takarada-Iemata et al., 2014), and Alzheimer's dis-

ease (Mitchelmore et al., 2004). Here, we report that NDRG2 defi-

ciency changes the expression and distribution of Na+-K+-ATPase β1

and AQP4, which are involved in the perivascular end-feet of astro-

cytes in the BBB. NDRG2 deficiency promotes astrocytic swelling and

aggravates BBB destruction and brain edema upon ischemic challenge.

Brain edema is a life-threatening consequence of stroke and other

cerebral diseases, such as trauma and tumors (Dharmasaroja, 2016;

Esquenazi et al., 2017; Jha, Kochanek, & Simard, 2019; Winkler

et al., 2016). Current treatments generally include intravascular

administration of osmotically active drugs, but such drugs may have

only transient effects (Deng et al., 2016; Walcott, Kahle, &

Simard, 2012). Thus, novel treatments for brain edema urgently need

to be developed. Brain edema is mainly differentiated into two stages:

cytotoxic edema and vasogenic edema. Cytotoxic edema is caused by

cerebral vascular occlusion and the subsequent loss of membrane

transporter functions, which causes astrocytes to take up more

sodium and water from the brain interstitial fluid. Cytotoxic edema is

a critical driving force for subsequent processes. Continuous ischemia

causes BBB leakage, allowing proteins and cells to intrude into the

brain parenchyma from the blood vessels, and vasogenic edema

occurs (Simard, Kent, Chen, Tarasov, & Gerzanich, 2007). The two

stages of edema could coexist or reciprocally transform, and together,

they form the brain edema associated with poor clinical prognosis (Jha

et al., 2019; Khanna, Kahle, Walcott, Gerzanich, & Simard, 2014). Pre-

vious studies have mainly focused on vasogenic edema, the late stage

of ischemic brain edema (Simard et al., 2007). However, interventions

targeting this stage did not block the edema source; therefore, these

treatments failed in clinical transformation (Cheripelli, Huang,

MacIsaac, & Muir, 2016; Sandoval & Witt, 2008). Thus, interventions

targeting the cytotoxic swelling stage might provide novel strategies

for ischemic brain edema. Astrocyte is one of the major cell types that

constitute the BBB (Abbott, Patabendige, Dolman, Yusof, &

Begley, 2010; Mathiisen et al., 2010; Zhao, Nelson, Betsholtz, &

Zlokovic, 2015). Highly selective channels and transporters, such as

AQP4, Na+, K+, and Cl− transporters, are enriched in the plasma mem-

brane of astrocytes and are implicated in water and ion fluxes

(Khanna et al., 2014). The imbalance of astrocytic fluid transport con-

tributes to brain edema; however, the specific molecular mechanism

for astrocyte-induced cytotoxic swelling is still not fully understood.

NDRG2 is considered a new marker of mature astrocytes (Flügge

et al., 2014; Ma et al., 2014; Okuda, Kokame, & Miyata, 2008; Shen

et al., 2008). We previously found that both NDRG2 mRNA and pro-

tein expression were increased in mouse brain infarction models (Li,

Shen, et al., 2011). Furthermore, we recently found that NDRG2 plays

a critical role in facilitating the uptake of glutamate by astrocytes from

the interstitial space (Yin et al., 2020), which may protect the brain

from glutamate excitotoxicity. NDRG2 was found to maintain the

morphology of astrocytes, as Ndrg2-silenced astrocytes had shorter

processes and lower levels of F-actin than wild-type astrocytes

(Takeichi et al., 2011). However, the function of NDRG2 in ischemic

brain edema remains to be revealed. Here, we constructed an AAV to

conditionally knock out the expression of astroglial NDRG2 and per-

formed transient MCAO in these animals. We found that Ndrg2

knockout mice exhibited aggravated astrocyte swelling and brain

edema after stroke. Astrocytic polarization included both morphologi-

cal and functional polarization. Maladaptive alterations of astrocytic

polarization are the major cause of ischemic brain edema (Gliem

et al., 2015; Wang & Parpura, 2016). In the present study, we found

that NDRG2 deficiency induced the expression and distribution turbu-

lence of the molecules maintaining astrocytic polarization, such as

AQP4 and Na+-K+-ATPase β1.

Na+-K+-ATPase is the primary transporter responsible for Na+, K+,

and water transfer in astrocytes (Rose & Karus, 2013). In the cell

membrane, Na+-K+-ATPase requires constant energy expenditure to

continuously pump out 3 Na+ in exchange for 2 K+ (Kaplan, 2002;
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Skou & Esmann, 1992; Sweadner, 1992). This process creates the

electric and osmotic neutrality of cells. However, in pathological

states, such as brain ischemia, energy depletion leads to Na+-K+-

ATPase failure and intracellular Na+ accumulation, generating an

osmotic force that drives water influx and cytotoxic cell swelling. The

activity of Na+-K+-ATPase reinforced by electroacupuncture main-

tains ionic balance and relieves cellular edema (Tian, Peng, Cui, Yao, &

Li, 2015). Additionally, a recent study showed that Na+-K+-ATPase

plays a critical role in the formation and maintenance of intercellular

junctions and transdimerization (Tokhtaeva et al., 2012). Our previous

study found that NDRG2 binds and stabilizes the β1-subunit of Na+-

K+-ATPase to facilitate Na+ transport in human salivary gland epithe-

lial cells (Li, Yang, et al., 2011). In astrocytes, NDRG2 interacts with

the β1 subunit of Na+-K+-ATPase and cooperates with this subunit to

promote astroglial glutamate uptake (Li et al., 2017). Therefore,

NDRG2 and Na+-K+-ATPase are tied to molecular transport. Here, we

further identified that NDRG2 is required to maintain the polarization

and function of astrocytes by regulating Na+-K+-ATPase β1.

Polarized AQP4 channels are primarily expressed in astrocytic

end-feet abutting brain microvessels and contribute to maintaining

the polarization of astrocytes and water exchange between brain

parenchyma and blood vessels. AQP4 mediates bidirectional water

flux, limiting water influx in cytotoxic edema and facilitating water

efflux during edema elimination (Saadoun & Papadopoulos, 2010).

AQP4 is a passive channel that is modulated by dynamic spatial distri-

bution and the osmotic gradient. AQP4 knockout mice show less brain

edema, smaller infarct size and reduced lesion volume after stroke

(Hirt et al., 2017). Lower mortality rates and better neurological per-

formance are also observed in these AQP4−/− mice (Hirt et al., 2017;

Manley et al., 2000; Yao, Derugin, Manley, & Verkman, 2015). Inter-

estingly, there is a significant increase in the protein levels of AQP4

but no change in mRNA levels in cultured astrocytes exposed to

mimic ischemia, suggesting a translational modification of AQP4 upon

ischemia (Morishima et al., 2008). In addition, AQP4 expression was

found to be changed in a temporal manner (Mogoanta et al., 2014;

Stokum et al., 2015; Xiong et al., 2014). In our study, AQP4 expression

was dramatically increased and redistributed in a disorderly manner

after anoxic and ischemic injury in brain tissues and cultured astro-

cytes. Therefore, these findings consistently indicated that the change

in AQP4 expression is an effect of the pathophysiological conditions

underlying edema formation rather than the cause of edema

formation.

In conclusion, we identified a protective role of NDRG2 in ische-

mic brain edema and demonstrated a unique function of NDRG2 in

maintaining astrocytic polarization and regulating the integrity of the

BBB. We also found that NDRG2 interacts with a key molecule, Na+-

K+-ATPase β1, to control brain water content, at least partially. This

work indicates that the NDRG2-Na+-K+-ATPase β1 signaling pathway

may be a new target for different pathological conditions involving

brain edema in the CNS, such as stroke, trauma, tumor, and infectious

diseases, and is required for the maintenance of astrocytic

polarization.
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