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Abstract 

A novel triple cell neurovascular unit (NVU) model co-culturing with neurons, brain microvascular 
endothelial cells (BMECs) and astrocytes was established in this study for investigating the cerebral 
diseases and screening the candidates of therapeutic drug. We have first performed the cell 
identification and morphological characterization, analyzed the specific protein expression and 
determined the blood-brain barrier (BBB) function of the co-culture model under normal condi-
tion. Then, we further determined the BBB function, inflammation, cell injury and the variation of 
neuroprotective factor in this model after anoxia-reoxygenation. The results suggest that this 
model exhibited a better BBB function and significantly increased expression of P-glycoprotein 
(Pg-P) and ZO-1 compared with BMECs only or co-culture with astrocytes or neurons. After 
anoxia-reoxygenation, the pathological changes of this model were basically resemblance to the 
pathological changes of brain cells and BBB in vivo. And nimodipine, an antagonist of calcium, could 
reverse those changes as well. According to our observations, we deduce that this triple cell 
co-culture model exhibits the basic structure, function and cell-cell interaction of NVU, which may 
offer a more proper in vitro system of NVU for the further investigation of cerebral diseases and 
drug screening. 

Key words: neurovascular unit; triple cell co-culture model; anoxia-reoxygenation; brain micro-
vascular endothelial cells; astrocytes; neurons. 

Introduction 
The brain vascular diseases, such as stroke, are 

characterized by high incidence, high mortality and 
high morbidity. Over the past decades, a large num-
ber of clinical trials of neuroprotective agents have 
been carried out with various drugs alone or in com-

bination. However, all the trails have been terminated 
finally as no significant improvement in clinical 
symptoms and life quality [1]. Further analysis re-
vealed that the key point for these failures may be due 
to only a single therapeutic target focused by re-
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searchers [2-3] and particularly ignoring the interac-
tion between the various components of neurovascu-
lar unit (NVU) [4-5]. 

Due to the facts mentioned above, researchers 
have to find a solution in view of multi-target, mul-
ti-level and combination therapy. In 2003, LO EH and 
his colleagues have proposed a concept of NVU [6], 
which refers to an overall structure and function unit 
consisting of brain neurons, BMECs, glial cells, even 
with pericytes, basement membrane, microglia cells 
and extracellular matrix [3,5-6]. This concept empha-
sizes the dynamic interactions among all of the com-
ponents and their important influence on the patho-
physiology of stroke [7]. This change and mechanism 
were stressed in the conference of American National 
Institutes of Neurological Disorders and Stroke 
(NINDS). Thereafter, simultaneous protection of dif-
ferent cell types in NVU was highlighted in the 
treatment of stroke [7-8]. 

Currently, however, there is no proper in vitro 
NVU model available for investigating the brain 
vascular diseases and subsequently screening thera-
peutic drug candidates, In this study, we drawn our 
inspiration from the previous reports concerning the 
triple cell co-culture for mimicking the blood brain 
barrier (BBB). We first established a triple primary cell 
co-culture model with rat BMECs, neurons and as-
trocytes as the NVU model in vitro. The morphology 
and function of this model were also characterized in 
our study. 

Materials and methods 
Animals 

Newborn Sprague-Dawley (SD) rats of indicated 
days were obtained from the Experimental Animal 
Center, Chongqing Medical University (Chongqing, 
China) and housed in the Experimental Animal Cen-
ter, College of Pharmaceutical Sciences & College of 
Chinese Medicine, Southwest University (Chongqing, 
China). All the experiments were performed in ac-
cordance with China’s Guidelines for Care and Use of 
Laboratory Animals. 

Materials  
DMEM-F12 medium was from GIBCO (Invitro-

gen Corporation, USA). Trypsin (1:250) and 
L-glutamine were from Amresco (USA). Fetal bovine 
serum (FBS) was from Hyclone (Thermo scientific, 
USA). EDTA and gelatin were from Genview 
(Gen-view scientific Inc., USA). Collagenase type II, 
bovine serum albumin (BSA), cytosine arabinoside 
(Ara-C), poly-L-lysine (MW: 70,000- 150,000), basic 
fibroblast growth factor (bFGF), sodium fluorescein 

(SF) and horseradish peroxidase (HRP) were form 
Sigma (Sigma-Aldrich Co. LLC., USA). All the anti-
bodies used in this study were from Santa Cruz (USA) 
except anti-GAPDH monoclonal antibody which was 
from ZSGB-BIO (Beijing, China). All the kits in this 
study were from ZSGB-BIO (Beijing, China). 

Isolation and purification of three kinds of rat 
cerebral cells  

Primary rat BMECs were prepared from the 
brain of 2-3 weeks old rats as described in previous 
reports [9-14]. Briefly, meninges, large vessels and 
white matter were removed carefully and the grey 
matter was minced into small pieces of approximately 
1.0 mm3 in ice-cold D-Hanks. After centrifuged at 
150(×g) for 3min, the precipitation layer was added 
with trypsin (2.5 mg/ml) and digested at 37 °C for 1.5 
h. Cold DMEM-F12 (1:1) medium with 10% FBS was 
added to terminate the digestion and then it was cen-
trifuged at 150(×g) for 5min. The precipitate was 
re-suspended in 25% BSA and centrifuged at 600 (×g) 
for 15 min. The microvessels obtained were then di-
gested in collagenase type II (1.0 mg/ml) and DNase 
(1.5 mg/ml) at 37°C for 1 h and the medium with 10% 
FBS was added to suspend it. This new suspension 
was filtered through a 10-mm-pore-size nylon mesh 
and washed with medium containing 10% FBS. After 
the filtrate was centrifuged at 150(×g) for 5min, the 
precipitate layer was re-suspended with a medium 
with 20% FBS, basic fibroblast growth factor (bFGF, 
1.0 ng/ml), heparin (100.0 mg/ml), penicillin (100.0 
U/ml), L-glutamine (0.6mg/ml) and streptomycin 
(100.0 mg/ml). After the density adjustment, the mi-
crovessel endothelial cells were seeded on 25cm2 
plastic dishes pre-coated with gelatin (15.0 mg/ml) 
and incubated at 37°C and 5% CO2. The culture me-
dium was changed every 2 days. When the confluence 
reached 80% (the 6th day), the endothelial cells were 
further purified with trypsin (2.5 mg/ml) and EDTA 
(0.2 mg/ml) solution. The purified endothelial cells 
were used to establish the in vivo NVU model. 

Cerebral astrocytes were obtained from brain 
cortices of 2 day old rats, as described in previous 
reports [9,15-18]. Meninges, large vessels and white 
matter were removed carefully and grey matter pieces 
were dissociated mechanically into small pieces in 
ice-cold D-Hanks. The cortical pieces were disaggre-
gated in trypsin (2.5 mg/ml) diluted with Ca2+/Mg2+ 
free PBS at 37°C for 20 min. After centrifuged at 
150(×g) for 5 min, the precipitate was re-suspended in 
the medium with 10% FBS. The suspension was fil-
tered through a 10-mm-pore-size nylon mesh and 
washed by medium with 10% FBS. Finally, the filtrate 
was centrifuged at 150(×g) for 5 min and then 
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re-suspended with culture medium containing 10% 
FBS, penicillin(100.0 U/ml), streptomycin(100.0 
mg/ml) and plated on 25cm2 plastic dishes pre-coated 
with poly-L-lysine (0.1 mg/ml) at 37°C and 5% CO2. 
On the second day, it was changed with new medium. 
Then the culture medium was changed every 2 days. 
When the confluence reached 80% (the 4 -5th day), the 
plastic dishe was shaken at 220 rpm for 18h at 37 °C to 
purify the astrocytes. The purified astrocytes were 
passaged by a brief treatment with trypsin (2.5 
mg/ml)-EDTA (0.2 mg/ml) solution and the second 
passage was used to establish the in vivo NVU model. 

Rat cerebral neurons were obtained from the 
brain cortices of 1 day old rats according to previous 
researches [19-20]. The cortex was dissected in 
ice-cold D-Hanks and then digested at 37°C for 30 min 
in enzymatic solution (2.5 mg/ml). The cortical tissues 
were homogenated to single cell suspension with 
medium containing 10% FBS. Then, the suspension 
was filtered through 10-mm-pore- size nylon mesh 
and centrifuged at 150(×g) for 5 min. The precipitate 
was re-suspended with the medium containing 10% 
FBS, B27(1×), penicillin(100.0 U/ml), streptomy-
cin(100.0 mg/ml) and seeded in plates or plastic cul-
ture flask pre-coated with poly-L-lysine (0.1 mg/ml) 
at 37°C and 5% CO2. On the third day, medium was 
replaced with new medium supplemented with 
Ara-C (5.0mg/ml) to inhibit the non-neuronal cell 
growth for 24 h. Then, the culture medium was 
changed every 2 days. 

Establishment of in vitro NVU model 
As shown in Fig. 1, the triple cell co-culture sys-

tem of was established by referring to previous re-
ports [9,21-23] with a modification. Before starting the 
co-culture, all cells were adapted to the same medium 
DMEM-F12 (1:1) containing 20% FBS, L-glutamine 
(0.6mg/ml), penicillin (100.0 U/ml) and streptomycin 

(100 mg/ml). When the confluence gradually in-
creased up to 90%, the three types of cells were used 
to establish the model. Astrocytes (1.5×105 cells/cm2) 
were seeded into the matching well under the insert 
membrane. Then, the Transwell was placed upside 
down in the incubator. Depending on the surface ten-
sion, the medium couldn’t flow out and the astrocytes 
gradually adhered to the outer side of poly-L-lysine 
-coated (10.0 mg/ml) insert membrane. After 4 h, the 
insert was placed in the well where neurons had al-
ready grown for 48 h with a seeding density of 0.5×105 
cells/cm2. After another 48 h, BMECs (1.0 ×105 
cells/cm2) were seeded in the inner side of the insert 
membrane coated with gelatin (30.0 mg/ml). As con-
trols, BMECs cells were also cultured with neurons 
alone, with astrocytes alone or without other two 
primary cells. The day when the endothelial cells were 
plated was defined as day zero in vitro (day 0). All 
cells were cultured for 3-5 days with daily change of 
medium before analysis. The procedure for estab-
lishing the model was shown as Fig. 2. 

HE staining 
Neurons were directly stained in their growing 

wells of Transwell. Astrocytes were stained after re-
moval of BMECs in the inner side of the insert and 
BMECs were stained after removal of astrocytes in the 
outer side of the insert. The staining process was de-
scribed briefly as followings: cells were washed with 
PBS and fixed by 4% paraformaldehyde. After 
washed with PBS again, cells were stained with he-
matoxylin. After rinsed in running tap water, cells 
were immerged in 1% acid alcohol and then blued in 
0.2% ammonia water after rinsed in running tap wa-
ter. Finally, cells were stained with eosin after rinsed 
in tap water. The pictures were taken after they were 
dehydrated. 

 

 
Fig 1. Schematic drawing of triple cell co-culture system. 
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Fig 2. The procedure for establishing in vitro triple cell co-culture 
model. 

 

Immunocytochemical staining 
Different types of primary cells were character-

ized by specific markers as previous reported [24]. 
Briefly, cells were first washed with PBS and fixed 
with 4% paraformaldehyde for 30 min at room tem-
perature. After the removal of excessive paraformal-
dehyde, the fixed cells were incubated in a fresh 
blocking buffer (0.5% Triton X-100 in PBS, pH 7.4, 
containing 10% normal goat serum) for 1 h at room 
temperature. The triple cells were separately probed 
overnight at 4 °C with different primary antibodies 
(anti-factor VIII for BMECs, anti-glial fibrillary acidic 
protein (GFAP) for astrocytes and an-
ti-neuron-specific enolase (NSE) for neurons), which 
were diluted 1:100 in PBS with 3% bovine serum al-
bumin. The primary antibodies were detected by in-
cubation with FITC-goat anti-rabbit IgG (1:1000) in 
PBS containing 3% bovine serum albumin. The cell 
nucleus was stained with 4ˊ, 
6-diamidino-2-phenylindole (DAPI). Images were 
captured on a Zeiss fluorescence microscope (Carl 
Zeiss, Germany). 

P-glycoprotein and ZO-1 in BMECs were deter-
mined as previous reported [25-26]. The astrocytes 
were scraped from the outer side of the insert mem-
brane. The BMECs on the inner side of insert mem-
brane were kept for the immunocytochemical staining 
of P-glycoprotein and ZO-1. Anti-P-glycoprotein and 
anti-ZO-1 were used as the primary antibodies, which 
were then probed by biotin-conjugated mouse anti-rat 

secondary antibody for 60 min followed by 
HRP-labeled streptavidin for 20 min. As a control for 
nonspecific binding, the above-mentioned procedure 
was also carried out with omission of the primary 
antibody. 

Transmission electron microscopy (TEM) 
The tight junction (TJ) between BMECs was ob-

served by TEM method as previously described [9,27]. 
Briefly, the membrane of the Transwell insert in NVU 
model was removed and fixed with glutaral solution 
for 30 min at 4°C. Then, the membrane was washed 
with cacodylate buffer and immerged into the os-
mium tetroxide solution for 1h. After dehydrated in 
graded ethanol, cells were stained with uranyl acetate 
and lead citrate for 1 h and then embedded in em-
bedding medium. The intercellular TJ was examined 
by a Hitachi 7100 TEM. 

Four hours leakage detection 
The barrier permeability of BMECs was deter-

mined by a 4 h leakage experiment. Briefly, after 5 d 
co-culture, the insert as the donor pool was filled with 
medium, while the medium level in the 12-well plates 
as receptor pool was kept 0.5 cm lower than the insert. 
Insert with no cell culture was used as control. The 
medium level in the donor pool was compared before 
and after 4 h incubation. 

Determination of the transendothelial per-
meability by sodium fluorescein (SF) and 
horseradish peroxidase (HRP) 

The flux of SF and HRP across the endothelial 
cells was determined as previously described 
[9,12,27-28]. Briefly, the culture medium in the inserts 
was replaced with 0.5 ml DMEM-F12 medium con-
taining 100 μg/ml SF. After 2h incubation, the sam-
ples were taken from the well of the Transwell, and 
the absorbances of the samples were measured by 
fluorospectrophotometer. For HRP, the culture me-
dium in the inserts was replaced with 0.5 ml 
DMEM-F12 medium containing 50 μg/ml HRP. After 
2h incubation, samples were taken from the well of 
the Transwell and transferred to a microplate. 
O-phenylenediamine was added to each well and the 
reaction was terminated by adding H2SO4. The ab-
sorbance was determined by a microplate reader. 

Determination of gamma-Glutamyl transpep-
tidase (γ-GT) activity [29-30] 

After 7 days co-culture, the BMECs were washed 
by cold PBS and scraped from the upper side of the 
membrane and suspended with 10.0 mM TriS-HCI 
(contain 10.0 mM Tris-HCl solution pH 7.4, 10.0 mM 
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NaCl and l.0 mM MgCl2). All the suspensions were 
centrifuged at 1000 (×g) for 10 min at 4 °C and then 
the cells were sonicated (300W, 5min) in the ice bath. 
The suspension was centrifuged at 13000 (×g) for 30 
min at 4 °C. The content of γ-GT in the supernatant 
was determined by optical density method with a 
commercial kit (Jiancheng Company, Nanjing, China). 

Measurement of transendothelial 
electrical resistance (TEER) [9,13] 

The TEER values of different cells 
co-culture were measured by an epitheli-
al-volt-ohm resistance meter (ERS-2, Mil-
lipore) according to the protocol provided 
by the company. The background TEER 
value was measured in the same well un-
der the same condition with no cell seeded. 
The final result was calculated as the TEER 
value of different cells subtracted of the 
corresponding background TEER value 
and then multiplied by the area of insert 
membrane. The values are shown as 
Ω×cm2. 

Procedure of anoxia-reoxygenation 
treatment on triple cell co-culture model 

The in vitro anoxia-reoxygenation treatment on 
triple cell co-culture model was set up as described 
previously [31-33] with a modification. Briefly, the 
culture medium was replaced with glucose-free me-
dium without serum (98.5 mM NaCl, 10.0 mM KCl,1.2 
mM MgSO4, 0.9 mM Na2HPO4, 6.0 mM NaHCO3, 1.8 
mM CaCl2, 40 mM Sodium lactate, 20 mM HEPES 
with pH6.8). The co-culture system was subsequently 
transferred into an anaerobic chamber (Fig.3) equili-
brated with 95%N2 and 5%CO2 at 37°C for 4 h. 

Following the anaerobic treatment, cells were 
returned to the normoxic incubator with glucose me-
dium without serum(129.5 mM NaCl, 5.0 mM KCl,1.2 
mM MgSO4, 0.9 mM Na2HPO4, 20.0 mM NaHCO3, 1.8 
mM CaCl2, 55 mM Glucose and 20 mM HEPES with 
ph7.4) for 2 h. These were randomly divided into 3 
groups: (1) normal group; (2) injured group, which 
was exposed to anoxia- reoxygenation; (3) nimodipine 
group: 5 μmol.L-1 nimodipine was used during anox-
ia-reoxygenation. 

ELISA analysis 
The contents of tumor necrosis factor-α (TNF-α), 

NO (nitric oxide), lctate dehydrogenase (LDH), 
malondialdehyde (MDA) and superoxide dismutase 
(SOD) of the supernatant and the γ-GT of BMECs 
were detected by sandwich ELISA assay according 
the manufacturer’s instructions, respectively. Ab-

sorbances were measured at 495 nm using a micro-
plate ELISA reader (BioTek, USA). Each final value 
was quantified against a standard curve calibrated 
with known amounts of protein. 

 
 

Fig 3. Schematic drawing of the anaerobic device. 

 

Western blot analysis 
BMECs and neurons from the triple cell 

co-culture model were scraped and collected in 1ml 
cell lysis buffer (50 mM Tris-HCl PH7.4, 2%SDS, 0.1 M 
NaCl, 1 mM EDTA, 1%triton X-100, 0.5μg/ml apro-
tinin, 1 mM sodium rothovanadate, 1 mM PMSF), 
respectively. Then, each sample was incubated on ice 
for 20min and centrifugated at 12,000(×g) for 15min. 
The supernatant of each culture was freeze-dried us-
ing vacuum freeze-drying apparatus after added with 
the protease inhibitors. Then, 10-20μg of total proteins 
were separated on a 10% Tris/Glycine SDS-PAGE gel 
and subsequently transferred to PVDF membrane. 
Following 45 min incubation in a PBST containing 5% 
non-fat milk the blots were probed with specific an-
tibodies including anti- GAP-43, anti-occludin, an-
ti-IL-6, anti- MMP-9, anti- VEGF, anti- IL-1β, an-
ti-GAPDH. The bound primary antibodies were de-
tected by horseradish peroxidase conjugated sen-
condary antibodies accordingly. The activity of pe-
roxidase on the blot was visualized by enhanced 
chemiluminescence (ECL) detection reagents 
(MILLIPORE). The blots were quantified by Quantity 
One software (Bio-Rad, USA). The concentration of 
the loaded cellular proteins was normalized against 
the internal control GAPDH and then the value was 
expressed as each normalized data relative to control. 
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Statistics 
All the experiments were repeated at least three 

times and the data were analyzed by one-way analy-
sis of variance (ANOVA) using SPSS 17.0 and ex-
pressed as mean ± S.E.M. 

Results 
Characterization of cell type and purity by 
specific markers 

As shown in Fig. 4, the BMECs were detected by 
the specific anti-factor VIII and the purity was found 
to be >95% (Fig.4A, B, C). The astrocytes were deter-
mined by anti-GFAP (Fig.4D, E, F) with a purity 
>90%. The neurons was found to be >85% measured 
by anti-NSE (Fig. 4G, H, I). 

 

 
Fig 4. Immunocytochemical staining of the primary cells with different cellular markers A, B, C: BMECs with FITC-factor 
VIII, DAPI and combination of FITC-factor VIII and DAPI, respectively; D, E, F: Astrocytes with FITC-GFAP, DAPI and combination of 
FITC-GFAP and DAPI, respectively; G, H, I: Neurons with FITC-NSE, DAPI and combination of FITC-NSE and DAPI, respectively. The 
experiments repeated for three times and 2 wells used in each group. 
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Morphology of primary cells characterized by 
HE staining and TEM 

As seen from Fig. 5 of HE staining results, neu-
rons, BMECs and astrocytes in the NVU model 
formed as a continuous single layer, respectively. In-
terestingly, numerous eosin staining exists in the mi-
cropore of the inner side of the insert membrane, 
which could be explained that podocytic processes of 

astrocytes crossed the micropore of the membrane 
and have a direct contact with endothelial cells. The 
neurons grown in the bottom of the well have longer 
axons and more dyed nucleus, which indicated that 
the cells grew in a preferable condition. The TJ was 
determined by TEM. As shown in Fig. 6, the presence 
of electron-dense material in the space between cells 
reflects the TJ. 

 
 

 
Fig 5. HE staining of BMECs (A), astrocytes (B) and neurons (C) in co-culture model. 

 
Fig 6. TJ of the neighboring endothelial cells determined by TEM. 
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Expression of endothelial P-glycoprotein and 
ZO-1 

To verify the existing of efflux protein and the 
barrier integrity of this in vitro NVU model, 
P-glycoprotein and ZO-1 protein in BMECs were de-
termined, respectively. As shown in Fig.7, the expres-
sion of the endothelial P-glycoprotein was increased 
by participation of astrocytes or neurons and astro-
cytes. Moreover, P-glycoprotein level of the triple cell 
co-culture model was highest. These results demon-
strated that the existing of neurons and astrocytes 

could enhance the expression of P-glycoprotein. Sim-
ilarly, the expression of ZO-1 was relatively low in 
culture of only BMECs (Fig.8A). And the expression 
of endothelial ZO-1 significantly increased in the 
presence of astrocytes (Fig.8B). The highest level of 
ZO-1 was found in the triple cell co-culture model 
(Fig.8C). The results demonstrated that endothelial 
ZO-1 increased after co-culture with neurons and as-
trocytes, which indicated that the characteristics of 
this in vitro model are much more in line with the in 
vivo complex environment. 

 
 

 
Fig 7. Immocytochemical staining of P-glycoprotein of BMECs in different models. 
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Fig 8. Immocytochemical staining of endothelial ZO-1 in different models. 

 
 
 

Characterization of the endothelial permea-
bility 

As shown in Fig.9, the absorbance of SF and the 
permeability of HRP in the triple cell co-culture were 
lowest compared with that in the mono-culture of 
BMECs or BMECs co-culturing with neurons or as-
trocytes. The permeability of SF and HRP in triple cell 
co-culture models was decreased 40.4% and 23.3%, 
respectively, compared with BMECs culture only. The 
γ-GT enzyme activity in the triple cell co-culture 

model reached highest value (155.33 U/mg prot.), 
which increased 9.2 fold compared to mono-culture of 
BMECs. TEER reflects the permeability of inorganic 
ion through the cell model and is the most sensitive 
indicator of the barrier function of this model. The 
TEER value of the triple cell co-culture model in-
creased 35.9% compared with BMECs culture only 
and reached 268.67 Ω×cm2. This indicates that this 
tripe cells co-culture model exhibits a better TJ con-
trast with BMECs only or double cells co-culture. 
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Fig 9. The transendothelial Permeability of SF (A) and HRP (B), γ-GT activity (C) and TEER (D) in different models. A: 
astrocytes, B: brain microvascular endothelial, N: neurons; *p<0.05, **p<0.01 versus B only, # p<0.01 and △p<0.01. Values represent Mean 
± S.E.M (n=4). 

 
Variations of BBB function in triple cell 
co-culture model after anoxia-reoxygenation 

After anoxia-reoxygenation, compared with the 
normal group, the permeability of SF (Fig.10A), HRP 
(Fig.10B) significantly increased, while the TEER val-
ue (Fig.10C) and γ-GT activity (Fig.10D) significantly 
decreased, indicating the whole function of BBB re-
duced. The expression of MMP-9 (Fig.10E) signifi-
cantly increased indicating the BBB injury became 
serious, and the expression of Occludin (Fig.10F) ob-
viously decreased suggesting the endothelial TJ was 
damaged. Nimodipine treatment significantly re-
versed the changes caused by anoxia-reoxygenation 
except the HRP permeability, which decreased in 
value but wasn’t significant. The results demonstrated 
that nimodipine treatment improved the BBB function 
remarkably. 

Variations of Inflammation cytokines in triple 
cell co-culture model after anox-
ia-reoxygenation 

As shown in Fig. 11, the TNF-α, IL-1β and IL-6 
were increased significantly in culture supernatants 
after anoxia-reoxygenation compared with the normal 
group, which indicated the inflammatory response 
was activated and involved in cell injury. Nimodipine 
treatment markedly attenuated the increase of in-
flammation. 

Oxidative damage in triple cell co-culture 
model after anoxia-reoxygenation 

After anoxia-reoxygenation, SOD (Fig.12A) de-
creased and NO (Fig.12B) increased significantly 
compared with the normal group, which indicated 
there were increased free radicals. Meanwhile, LDH 
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(Fig.12C) and MDA levels (Fig.12D) also increased 
significantly after anoxia-reoxygenation, which indi-
cated there may be cell damage caused by lipid pe-
roxidation and oxidative stress. After nimodipine 
treatment, these four parameters were improved sig-
nificantly, indicating an effectiveness of nimodipine 
on cell injury. 

Variations of GAP-43 in triple cell co-culture 
model after anoxia- reoxygenation 

As shown in Fig.13, compared with the normal 
group, the expressions of GAP-43 after anoxia- reox-
ygenation decreased obviously, which implied the 
neuron protection was weakened. After treated with 
nimodipine, the expression of GAP-43 was increased 
obviously, which evidenced nimodipine may play a 
role in promoting the neuron protection. 

 
 
 
 

 
Fig 10. Variations of BBB function in co-culture model. (A) Fluorescent intensity of SF. (B) permeability of HRP (%). (D) γ-GT 
activity. (E, F) Expression of MPP-9 and Occludin detected by western blotting. Values represent Mean ± S.E.M (n=4).*P<0.05 and **P<0.01 
versus normal, #P<0.05 and ##P<0.01 versus injury. 
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Fig 11. Expressions of inflammation cytokines in triple cell co-culture after anoxia-reoxygenation. (A) TNF-α level in the 
culture supernatant. (B, C) Expression of IL-1β and IL-6 detected by western blotting, Values represent Mean ± S.E.M (n=4). **P<0.01 
versus normal, #P<0.05 and ##P<0.01 versus injury. 
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Fig 12. Oxidative damage in triple cell co-culture model after anoxia -reoxygenation. (A) SOD concentration;(B) NO 
concentration; (C) MDA concentration; (D) LDH concentration; Values represent Mean ± S.E.M (n=4); **P<0.01 versus normal, ##P<0.01 
versus injury. 

 

 
Fig 13. Expression of GAP-43 and VEGF detected by western blotting in the triple cell co-culture model after anox-
ia-reoxygenation. Values represent Mean ± S.E.M (n=4). (A) The bands and (B) its relative optical density values of GAP-43 and VEGF, 
*P<0.05 versus normal, #P<0.05 versus injury. 

 

Discussion 
Focusing on neurovascular unit is becoming a 

prerequisite for investigating the physiology and pa-
thology of brain, screening drug candidates and dis-
covering therapeutic targets. The normal physiologi-
cal function of brain depends on the interactions 
among various CNS cells. The neurons and astrocytes 

depend on the functional integrity of the vascular 
system to provide oxygen and energy substances [34]. 
Astrocytes and neurons release a variety of factors 
such as VEGF, bFGF, EPO, angiopoietin to modulate 
the migration, proliferation, angiogenesis of endothe-
lial cells and form the sound vascular network [35-37]. 
Compared with neurons only, neurovascular unit, as 
a complete structural and functional unit, is more 
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advantaged in representing the integrity of cerebral 
function and reflecting the intercellular communica-
tions of neurons with other type cells under the con-
dition of physiology or pathology, which may be 
more meaningful in the investigation of cerebral dis-
eases and therapeutic drug screening. 

In this study, we have proposed this in vitro 
neurovascular unit model with a distinct destination 
compared with the previous multiple cells co-culture 
models, which only focused on BBB function. In most 
previous reports, various type cells co-culture were 
established for brain research, however, mainly lim-
ited in two type cells [38-40]. So far, only a few papers 
have reported the triple cells co-culture used to study 
the blood brain barrier permeability. Schiera G et al 
[22-23] established triple cell- co-culture model with 
immortalized vascular endothelial cells, astrocytes 
and neurons. Sequentially, Nakagawa S et al [9,21] 
established primary rat BMECs, astrocytes and peri-
cytes cells co-culture model. These models were 
mainly applied for studying the BBB permeability and 
not for studying the intercellular communications 
during the brain damage and repair within a func-
tional unit. In our work, we have established the triple 
primary cells co-culture system with primary rat 
neurons, astrocytes and BMECs. The previous triple 
cells co-culture model established by Nakagawa S et 
al [9,21] was absence of neurons. In Schiera G et al’s 
model [22-23], they have utilized the immortalized 
vascular endothelial cells, which are not much closer 
to cells in vivo in phenotype than primary cells. 
Therefore, the tripe primary cell co-culture model 
established in our study may be more effective on 
mimicking the in vivo situation and reproducing the 
cell-cell interactions that control NVU damage and 
maintenance in the mammalian brain. 

NVU is acknowledgedly composed by neurons 
as the core component together with BMECs, astro-
cytes, pericyte, basal membrane, microglia and extra-
cellular matrix. Previous investigations have demon-
strated that astrocytes play a crucial role between the 
communications of neurons and BMECs [41-42]. 
Therefore, neurons, BMECs, and astrocytes are the 
key components of NVU. Based on these evidences, 
we have adopted these three types of cells to establish 
the in vitro NVU model. 

The common dysfunctions in CNS contain ab-
normality of BBB permeability, cellular edema, neu-
ronal degeneration, inflammation, cerebral blood flow 
and microcirculatory disturbance, and ische-
mia/reperfusion injury. In our study, we have not 
only investigated the structure and the most of these 
functions in vitro NVU model under normal condi-
tion, but also compared the changes of this model 

after anoxia-reoxygenation with the reversing effect of 
nimodipine as well. 

In our experimental results, the alteration of 
MPP-9, Occludin, SF, HRP, TEER and γ-GT shown in 
the triple cells model after anoxia-reoxygenation 
suggested that the damage of BBB structure and 
function led to significantly increased permeability. 
The changes of TNF-α, IL-1β and IL-6 implied the 
activation and participation of inflammation in cell 
damage. The variations of NO, LDH, MDA and SOD 
levels indicated the cell damage, especially the cell 
membrane, may be attributed to effects of free radi-
cals, lipid peroxidation and acidosis induced by lac-
tate accumulation. The decreased expression of 
GAP-43 after anoxia-reoxygenation indicated the 
protective effect of neurons became weak, while these 
changes could be ameliorated by nimodipine. These 
results demonstrated this triple cell co-culture model 
showed the basic physiological and pathological 
processes and characteristics of NVU after anox-
ia-reoxygenation in the aspects of BBB permeability, 
ischemia/reperfusion injury and inflammation, etc. 

Furthermore, when comparing the protein ex-
pression of Pg-P, ZO-1 and values of TEER between 
the triple cells co-culture model and two types of cells 
co-culture (astrocytes and BMECs or neurons and 
BMECs), we found that the existence of astrocytes and 
neurons could promote the formation of tight junction 
of BMECs and the increase of TEER. Together with the 
changes of GAP-43 protein expression after anox-
ia-reoxygenation, these results may support the 
presence of communication and interaction among 
the triple cells in our co-culture model. Therefore, this 
in vitro NVU model established in our study showed 
the main characteristics of NVU under both the 
physiological and pathological condition. However, 
the investigation in the electrophysiology and neuro-
transmitter metabolism is not involved in this study. 
Other factors may also be behind the increase of TEER 
[43]. All of these questions are needed to be investi-
gated in future. 

Conclusion 
In this study, we have successfully established 

the in vitro triple cell- NVU model with the main three 
types of primary cells of NVU. Furthermore, we have 
observed the changes of this model after anox-
ia-reoxygenation injury and also the reversal effect of 
nimodipine. 

Our results demonstrated that this in vitro NVU 
model has the basic morphological structure and 
physiological and pathological function. Moreover, it 
could reflect the integrity of NVU and the interactions 
among these triple cells. Thus, this model could be 
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employed to assess the physiological and pathological 
processes of NVU in vitro and investigate the thera-
peutic targets and agents for several CNS disorders, 
such as: cerebrovascular disease, Alzheimer’s disease, 
migraine, hypertension and epilepsy. 
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