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Abstract 

Here, we developed a novel in vitro co-culture model, in which process-bearing astrocytes and isolated 

cerebral microvessels from mice were co-cultured. Astrocytes formed contacts with microvessels from 

both adult and neonatal mice. However, concentrated localization of the immunofluorescence signal for 

aquaporin-4 (AQP4) at contact sites between perivascular endfoot processes and blood vessels was 

only detected with neonatal mouse microvessels. Contact between astrocytic processes and 

microvessels was retained, whereas concentrated localization of AQP4 signal at contact sites was lost, 

by knockdown of dystroglycan or -syntrophin, reflecting polarized localization of AQP4 at perivascular 

regions in the brain. Further, using our in vitro co-culture model, we found that astrocytes predominantly 

extend processes to pericytes located at the abluminal surface of microvessels, providing additional 

evidence that this model is representative of the in vivo situation. Altogether, we have developed a 

novel in vitro co-culture model that can reproduce aspects of the in vivo situation and is useful for 

assessing contact formation between astrocytes and blood vessels. 

 

Highlights 

 A novel in vitro model was constructed by co-culturing process-bearing astrocytes and isolated 

cerebral microvessels from neonatal mice. 

 The polarized localization of AQP4 was detected at contact sites between astrocyte processes and 

microvessels. 

 The polarized localization of AQP4 at contact sites was disturbed by knockdown of -syntrophin or 

dystroglycan. 

 Astrocytes predominantly extended their processes to pericytes located at the abluminal surface of 

microvessels. 

 

Keywords: -syntrophin, aquaporin-4, dystroglycan, endfoot process, pericyte 

 

Abbreviations: 2D, two-dimensional; 3D, three-dimensional; Ab, antibody; AQP4, aquaporin-4; BBB 

blood–brain barrier; BSA, bovine serum albumin; DAPI, 4',6-diamidino-2-phenylindole, dihydrochloride; 

DG, dystroglycan; DGC, dystrophin–glycoprotein complex; DIV, days in vitro; E, embryonic day; FAK, 

focal adhesion kinase; GFAP, glial fibrillary acidic protein; mAb, monoclonal Ab; NVU, neurovascular 

unit; PDGFR, platelet-derived growth factor receptor; P, postnatal day; pAb, polyclonal Ab; qPCR, 

quantitative real-time reverse transcriptase polymerase chain reaction; RRIDs, Research Resource 

Identifier; si, small interfering 
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Introduction 

Brain blood vessels (endothelial cells, pericytes, smooth muscle cells, and basal lamina) and neuronal 

cells (neurons, astrocytes, microglia, and oligodendrocytes) form a structurally and functionally 

integrated unit called the neurovascular unit (NVU) [1]. Each NVU component closely communicates 

with the others. The NVU functions to couple neuronal activity to vascular function, thereby maintaining 

brain homeostasis and the microenvironment. As the importance of the NVU in maintaining brain 

homeostasis and the microenvironment has gradually become clear, it is recognized that 

communication between the NVU components is extremely complex. Nonetheless, in-depth 

understanding of this communication is crucial for investigating neurovascular and neurodegenerative 

diseases such as stroke and Alzheimer’s disease. Essential tools in this regard include experimental 

NVU models. In vitro NVU models are useful for understanding the different roles and functions of cells 

comprising the NVU, as well as assessing the effect of therapeutic compounds on neural function after 

crossing the endothelial barrier [2]. Moreover, these models have the potential to reduce animal use [3]. 

In vitro NVU models can roughly be classified into two categories: two-dimensional (2D) and three-

dimensional (3D) models. The 2D co-culture model has been widely used for blood–brain barrier (BBB) 

research [4, 5]. For example, brain endothelial cells can be seeded onto culture inserts and astrocytes 

grown on the underside of the inserts. Otherwise, instead of astrocytes, pericytes can be co-cultured on 

the underside of the insert and astrocytes grown on the bottom of the well in which the insert sits. 

Alternatively, in contrast to 2D models, various 3D co-culture models of endothelial cells, pericytes, and 

astrocytes have recently been developed to specifically mimic the in vivo microenvironment [6-8]. 

Altogether, these in vitro models are useful for studying NVU roles in various diseases as well as drug 

screening. However, for correct interpretation of the obtained results, the strengths and weaknesses of 

each model must be understood and used appropriately in accordance with the respective research 

purpose. 

In the NVU, astrocytes are uniquely located between blood vessels and neurons. They 

extend processes to the basement membrane of blood vessels (called perivascular endfoot processes), 

which enwrap blood vessels, and to synapses (called perisynaptic process ensheathing synapses). 

Astrocytes can thereby regulate the BBB [9] and regional cerebral blood flow [10], and ultimately 

provide structural, trophic, and metabolic support to neurons. The water channel aquaporin-4 (AQP4) 

[11] is localized in a concentrated manner at contact sites formed between perivascular endfoot 

processes and blood vessels. Moreover, dystrophin–glycoprotein complex (DGC) proteins, which are 

comprised of Dp71, dystroglycan (DG), -dystrobrevin, and -syntrophin, are critical for polarized 

localization of AQP4 at perivascular regions of the brain [12-14]. DG is cleaved into two proteins: 

extracellular -DG, which binds to laminin, a major component of the basement membrane of blood 
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vessels, and transmembrane -DG, which intracellularly binds to dystrophin and subsequently links to 

-syntrophin and anchors AQP4. 

Astrocytes are often used in various in vitro NVU models. In culture, astrocytes exhibit a flat, 

epithelioid morphology with no or very few processes, which is quite different from the star-shaped, 

process-bearing morphology in vivo. To overcome this morphological problem, we established a novel 

method for obtaining process-bearing astrocytes by differentiation of neurospheres [15]. These 

process-bearing astrocytes enabled us to investigate the mechanism of process formation and 

branching of astrocytes. For example, using these astrocytes, we found a key role for the interaction 

between laminin and DG in process formation and branching [16]. In the present study, we used these 

astrocytes to develop a novel in vitro co-culture model by which we can assess contact formation 

between astrocytes and blood vessels. 

 

Materials and Methods 

Antibodies 

Isolectin B4-Alexa Fluor® 488 conjugate and rat anti- glial fibrillary acidic protein (GFAP) monoclonal 

antibody (mAb) were purchased from Thermo Fisher Scientific (Waltham, MA, USA; #13-0300, 

RRID:AB_2532994). Rabbit anti-AQP4 polyclonal antibody (pAb) was purchased from Sigma–Aldrich 

(St. Louis, MO, USA; #HPA014784, RRID:AB_1844967). Rabbit anti- Platelet-derived growth factor 

receptor (PDGFR)- mAb was purchased from Abcam (Cambridge, UK ; #ab32570, 

RRID:AB_777165). Primary Abs were visualized using goat fluorochrome-conjugated AlexaFluor 405 

(Thermo Fisher Scientific; #A-31556, RRID:AB_221605) and 568 (Thermo Fisher Scientific; #A-11077, 

RRID:AB_2534121) secondary Abs. 

 

Preparation of Astrocytes 

Mouse astrocyte cultures were prepared by differentiation of neural stem/progenitor cells in 

neurospheres prepared from C57BL/6 mouse pups, as described previously [16]. In brief, neurospheres 

were generated from mouse pups at P1 (n = 7) according to the protocol by Chojnacki and Weiss [17]. 

Generated neurospheres were dissociated by treatment of 0.25% trypsin–EDTA solution (Nacalai 

Tesque Inc., Kyoto, Japan), and cultured in Dulbecco’s modified Eagle’s medium/F-12 (Wako Pure 

Chemical Corporation, Osaka, Japan; #042-30555) containing 1% N2 supplement (Wako Pure 

Chemical Corporation; #141-08941), 5  103 units/ml leukemia inhibitory factor (Wako Pure Chemical 

Corporation; #199-16651), and 50 ng/ml bone morphogenetic protein-2 (R&D Systems, Minneapolis, 

MN, USA; #355-BEC/CF) for differentiation into astrocytes [17]. The protocol was approved by the 



5 

Animal Care Committee of Kobe Pharmaceutical University (Permit Numbers: 2015-039, 2016-018, 

2017-027, 2018-004). 

 

Isolation of Cerebral Microvessels from Mice 

Cerebral microvessels were isolated from adult (13-week-old, male, n = 11) and neonatal (P1, n = 54) 

C57BL/6 mice (Japan SLC, Hamamatsu, Japan; RRID:IMSR_JAX:000664) according to the protocol by 

Boulay, et al. [18] with slight modifications. In brief, mouse brain was homogenized using a glass potter 

homogenizer (20 strokes) in B1 solution (1.5 ml of 1M HEPES [Nacalai Tesque Inc.] to 150 ml Hanks’ 

Balanced Salt Solution [Nacalai]). The homogenate was centrifuged at 2,000 × g for 10 min at 4°C, and 

the pellet suspended in a buffer with 1.8 g of dextran (Sigma–Aldrich; #31390) added to 10 ml B1 

solution. The suspending solution was centrifuged at 4,400 × g for 15 min at 4°C, and the pellet 

suspended in B1 solution containing 1% bovine serum albumin (BSA) (Wako Pure Chemical 

Corporation). Cerebral microvessels were isolated by filtering the suspended solution through a 20, 40, 

or 100 m mesh filter. 

 

Co-culture of Astrocytes with Isolated Cerebral Microvessels 

Dissociated neurospheres (1.4–3.0  104 cell/ml) were co-cultured with isolated cerebral microvessels 

(100 l/well) on coverslips pre-coated with poly-L-ornithine (Wako Pure Chemical Corporation; 

#16327421) and mouse Engelbreth–Holm–Swarm laminin (Corning Inc., Corning, NY, USA; #354232). 

Neurospheres were cultured in Dulbecco’s modified Eagle’s medium/F-12 containing 1% N2 

supplement, 109 units/ml leukemia inhibitory factor, and 50 ng/ml bone morphogenetic protein-2 for 

differentiation into astrocytes. 

 

Immunofluorescence Microscopy 

Immunofluorescence microscopy was essentially performed as described previously [19]. For co-

culture staining, astrocytes with isolated cerebral microvessels were fixed using 2% paraformaldehyde 

for 20 min, and then blocked with Blocking One Histo (Nacalai Tesque Inc.) at room temperature for 10 

min, before washing using phosphate-buffered saline containing Tween 20. For cerebral section 

staining, adult (13-week-old, male, n = 3) and neonatal (P1, n = 3) C57BL/6 mice (Japan SLC) were 

deeply anesthetized by isoflurane inhalation. Whole brains were fixed with 10% paraformaldehyde at 

room temperature overnight. They were then soaked in 20% sucrose for 2 hours at room temperature 

and finally overnight at 4°C in 25% sucrose. Whole brains were embedded in OCT compound (Sakura 

Finetek, Torrance, CA, USA). Cryostat sections were incubated with 1% BSA, 10% normal goat serum, 

and 0.5% Triton X-100 in phosphate-buffered saline at room temperature for 60 min. Samples were 
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stained with the indicated Abs (cultured astrocytes, 1:200; cerebral section, 1:300), followed by 

appropriate fluorophore-conjugated secondary Abs (cultured astrocyte, 1:200; cerebral section, 1:300). 

Confocal image analysis was performed on a confocal laser-scanning microscope (LSM700; Carl Zeiss, 

Oberkochen, Germany) using a 20 objective lenses (Plan Apochromat with a numerical aperture of 

0.8 DICIII; Carl Zeiss). Images captured on the LSM 700 at room temperature were analyzed using 

ZEN acquisition software (Carl Zeiss). 

 

Transfection of Small Interfering RNAs 

Dissociated neurospheres were transfected with Stealth RNAis for DG and -syntrophin, or a non-

silencing negative control (Invitrogen, Carlsbad, CA, USA) using Lipofectamine RNAiMAX (Invitrogen), 

according to the manufacturer’s instructions. Neurospheres were then plated onto coverslips and co-

cultured with isolated cerebral microvessels. We previously reported markedly reduced mRNA 

expression of DG and -syntrophin in astrocytes transfected with these siRNAs [16]. 

 

Time-lapse Imaging 

Dissociated neurospheres were co-cultured with isolated cerebral microvessels for 5 hours, as 

described above. Time-lapse images of contact formation between extending astrocytic processes and 

microvessels were then captured every 15 minutes on a BZ-800 microscope (Keyence, Tokyo, Japan) 

with 5% O2 and 95% air at 37°C for the successive 20 hours. A movie was generated from the images 

at a rate of 3 frames/sec. After capturing the images, samples were subjected to immunofluorescence 

microscopy. 

 

Statistical Analysis 

All experiments were performed at least three times. Contact formation between astrocytic processes 

and microvessels were analyzed by Pearson’s chi-square test (SPSS v22.0; IBM Corporation, Armonk, 

NY, USA). 

 

Results 

Contact Formation Between Astrocytic Processes and Cerebral Microvessels Isolated from 

Adult Mice 

We recently established a novel method for obtaining cultured astrocytes with a rich complexity of 

processes [16]. Here, using these astrocytes, we sought to develop a novel co-culture model that would 

be applicable for in vitro assessment of contact formation between astrocytes and cerebral 

microvessels. Neurospheres were dissociated (Fig. 1A, arrow) and co-cultured for 4 days in vitro 
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(DIV), with cerebral microvessels isolated from mice at 13 weeks of age. Dissociated cells were 

differentiated into astrocytes with extended processes, which appeared to contact microvessels (Fig. 

1A, arrowheads). These differentiated astrocytes were immunopositive for anti-GFAP (Fig. 1B). 

Immunofluorescence signal for AQP4 was observed, but because of residual strong signal for AQP4 in 

the isolated microvessels, it was unclear whether this AQP4 signal was concentrated at contact sites 

formed between astrocytic processes and microvessels (Fig. 1B, arrowheads). Thus, we have 

developed a novel co-culture system for astrocytes and microvessels, with contact shown between 

astrocytic processes and microvessels. However, at this stage, it was still unclear whether AQP4 is 

concentrated at these contact sites. 

 

Absence of GFAP and AQP4 Expression Around Cerebral Microvessels in Neonatal Mice 

We next sought to isolate microvessels from neonatal mice. Cerebral sections were prepared from 

adult and neonatal mice and subjected to immunofluorescence staining with isolectin B4, anti-GFAP 

mAb, and anti-AQP4 pAb (Fig. 2A). In adult mice, immunofluorescence signal for AQP4 was observed 

around microvessels (Fig. 2A, arrowheads) and along the glia limitans at the pial surface of the 

cerebral cortex (Fig. 2A, arrow). In contrast, in neonatal mice, immunofluorescence signal for AQP4 

was observed along the glia limitans at the pial surface of the cerebral cortex (Fig. 2A, arrow), but not 

around microvessels (Fig. 2A, arrowheads). In addition, immunofluorescence signal for GFAP was 

observed along the glia limitans (Fig. 2A, arrow) but not around microvessels (Fig. 2A, arrowheads). 

These results suggest that astrocytes are not yet (or only a few) present in the parenchyma of the 

cerebral cortex of neonatal mice. Thus, no AQP4 signal was observed in this region. 

We then isolated microvessels from the cerebral cortex of neonatal mice and stained them 

using isolectin B4, anti-GFAP mAb, and anti-AQP4 pAb (Fig. 2B). In contrast to the positive staining in 

microvessels isolated from adult mice, immunofluorescence signals for GFAP and AQP4 were not 

observed in microvessels isolated from neonatal mice, which is in good agreement with our staining of 

cerebral sections. 

 

Contact Formation Between Astrocytic Processes and Cerebral Microvessels Isolated from 

Neonatal Mice 

Dissociated neurosphere cell suspensions (Fig. 3A, arrow) were co-cultured with microvessels isolated 

from neonatal mice. At 4 DIV, differentiated astrocytes appeared to contact microvessels (Fig. 3A, 

arrowheads). Immunofluorescence signal for GFAP was observed in differentiated astrocytes, but not 

isolated microvessels (Fig. 3B). Immunofluorescence signal for AQP4 was observed at contact sites 

between astrocytic processes and microvessels (Fig. 3B, arrowhead). These results suggest that co-
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culture of astrocytes and isolated microvessels from neonatal mice can be used to examine contact 

formation between astrocytes and blood vessels, and consequently for further analyses. 

To further examine contact formation between astrocytic processes and cerebral 

microvessels isolated from neonatal mice, we used orthogonal projections of confocal Z-stacks. Strong 

immunofluorescence signals were detected for GFAP and AQP4, which were closely located at contact 

sites between astrocytic processes and microvessels (Fig. 3C). Peaks in intensity profile for the 

immunofluorescence signal of AQP4 were observed, which were consistent with intensity profile peaks 

for GFAP, and adjacent to those for isolectin B4, indicating very close localization of the astrocytic 

process and microvessel (Fig. 3D, [b] in left panel, [a] in right panel). Overall, these results indicate 

successful in vitro reconstruction of contact sites between astrocytic processes and microvessels. 

 

Effect of Knockdown of -Syntrophin and DG on Concentration of Immunofluorescence Signal 

for AQP4 at Contact Sites Between Astrocytic Processes and Cerebral Microvessels Isolated 

from Neonatal Mice 

To further determine whether our in vitro model successfully reproduces the in vivo situation, we 

examined the effect of -syntrophin and DG knockdown on AQP4 localization. Following -syntrophin 

or DG knockdown, astrocytes still contacted microvessels (Fig. 4A, arrowheads). Analysis of 

orthogonal projections of confocal Z-stacks demonstrated strong immunofluorescence signals for GFAP 

and AQP4, which were closely located at contact sites between astrocytic processes and microvessels 

(Fig. 4A). In control small interfering (si)RNA-transfected astrocytes, intensity profile peaks for the 

immunofluorescence signal of AQP4 were observed, which were consistent with intensity profile peaks 

for GFAP, and adjacent to those for isolectin B4 (Fig. 4B, [d] in left panel, [a] in right panel). 

However, in -syntrophin and DG knockdown astrocytes, strong immunofluorescence signal for AQP4 

was not observed adjacent to intensity profile peaks for isolectin B4 immunofluorescence signal. 

Meanwhile, the levels of AQP4 immunofluorescence signal were equivalent to levels for the other 

intensity profile peaks for AQP4 immunofluorescence signal (Fig. 4C, [a] in left panel, [a] in right 

panel; Fig. 4D, [d] in left panel, [a] in right panel). These results indicate that polarized localization of 

AQP4 is disturbed by knockdown of -syntrophin or DG, and provide additional supporting evidence for 

successful reconstruction of our in vitro model. 

 

Predominant Contact Formation of Astrocytic Processes to Pericytes Located at the Abluminal 

Surface of Microvessels 

A recent study demonstrated that AQP4 predominantly localizes at contact sites between astrocytic 

endfoot processes and pericytes located at the abluminal surface of microvessels compared with 
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pericyte-uncovered regions [20, 21]. Therefore, we next examined the relationship between astrocytic 

processes and pericytes. PDGFR was used as a marker of perivascular pericytes. 

Immunofluorescence signal for GFAP was closely localized to PDGFR, suggesting that astrocytic 

processes contact pericytes at 1 and 3 DIV (Fig. 5A). Time-lapse imaging demonstrated that at 1 DIV, 

astrocytic processes appeared to extend randomly, but preferentially attached to pericytes (Fig. 5B and 

Movie 1). Quantitative analysis demonstrated that astrocytic processes formed contacts, almost twice 

as frequently, with vascular regions adjacent to PDGFR-positive pericytes compared with PDGFR-

negative pericyte-uncovered regions both at 1 and 3 DIV (Table 1). There is no significant difference in 

frequency of contacts between 1 and 3 DIV (Pearson’s chi-square test). Altogether, these results 

indicate that astrocytes predominantly extend their processes to pericytes located at the abluminal 

surface of microvessels. 

 

Discussion 

Here, we have developed a novel in vitro model by co-culture of astrocytes and cerebral microvessels 

isolated from mice. We recently developed a culture method for generating astrocytes exhibiting a rich 

complexity of processes, which we used here. In terms of microvessels, those isolated from neonatal 

mice were more beneficial than those from adult mice, because almost no immunofluorescence signal 

for AQP4 was observed in neonatal mouse microvessels. Pericytes are recruited to newly formed 

microvessels at embryonic day (E) 15.5 to E18.5 in mice [22]. At postnatal day (P) 4, microvessels are 

in direct contact with pericytes, but not astrocytes [23]. Therefore, our finding is consistent with these 

previous studies. 

DGC proteins comprised of Dp71, DG, -dystrobrevin, and -syntrophin are critical for 

perivascular localization of AQP4 in the brain. Loss of DG or -syntrophin in astrocytes results in loss of 

polarized localization of AQP4 [12, 14]. Consistent with this in vivo situation, we show here that 

polarized localization of AQP4 is disrupted by knockdown of DG or -syntrophin in astrocytes. DG is a 

receptor for the extracellular matrix proteins, laminin and agrin. Delocalization of AQP4 is observed in 

laminin 2 knockout mice [24], but not agrin knockout mice [25], suggesting a critical role of laminin in 

polarized localization of AQP4. In the brain, laminin is particularly rich in the basement membrane. 

Laminins are formed by coiled-coil interactions of , , and  chains. To date, there are five , three , 

and three  chains described, giving rise to at least 18 isoforms [26]. Laminin-111 and -211 are 

astrocytic, while laminin-411 and -511 are endothelial and found in the basement membrane of brain 

microvessels [27]. Previous studies have shown that a lack of laminin causes several astrocytic 
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abnormalities [24, 28]. Collectively, interaction of DG in astrocytes with laminin in microvessels plays a 

pivotal role in perivascular localization of AQP4, and our model can reproduce this in vivo situation. 

In the brain, compared with other perivascular regions, AQP4 is enriched at contact sites 

between astrocytic processes and pericytes [20, 21]. This implies that pericytes may guide polarized 

localization of AQP4. As described above, polarized localization of AQP4 is dependent on the 

interaction between astrocytic DG and laminin. This led us to hypothesize that laminin is predominantly 

localized at the basement membrane adjacent to pericytes. Indeed, astrocyte-derived parenchymal 

basement membrane shows defective deposition in pericyte-deficient NVU [20]. This suggests that 

astrocytic laminin-111 and -211 play critical roles in polarized localization of AQP4, which is further 

supported by delocalization of AQP4 in laminin 2 knockout mice [24]. More importantly, we also show 

that astrocytes predominantly extend their processes to pericytes located at the abluminal surface of 

microvessels, indicating that pericytes may guide process extension to blood vessels. However, if so, it 

remains unclear how pericytes guide process extension. Factors released by pericytes that guide 

process extension have yet to be identified, and our model may be of use in this regard. 

Understanding development and maintenance of contact formation is fundamentally 

important not only to physiology but also to diseases in which communication between astrocytes and 

blood vessels may be disturbed [29]. However, considerable time and money is needed to screen the 

effects of certain drugs and clarify the roles of certain molecules using animal models of human 

disease. In our model, use of astrocytes and/or microvessels obtained from such animal models 

enables screening with less time, money, and effort. Of course, our model must be appropriately used 

in accordance with the respective research purpose and correct interpretation of the obtained results. 

There are a couple of limitations to our model. First, the microvessels have no blood flow. 

Lack of blood flow may affect synthesis and/or release of chemoattractants from vascular endothelial 

cells and pericytes, which guide astrocytic processes to microvessels. Second, neuronal cells such as 

neurons, microglia, and oligodendrocytes are not included. Particularly, in addition to microvessels, 

astrocytes extend processes to neuronal synapses and in turn regulate synaptic transmission and 

plasticity. Physical and functional interaction between astrocytes and neurons may influence their 

interaction with microvessels. In addition, our model is 2D and not 3D. Thus, our in vitro model does not 

recapitulate all aspects of NVU complexity in vivo. 

In conclusion, we developed a novel in vitro neurovascular unit model, and using this model 

found that astrocytes predominantly extend processes to pericytes located at the abluminal surface of 

microvessels. Thus, this model can reproduce aspects of the in vivo situation and is useful for 

assessing contact formation between astrocytes and blood vessels. 
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Figures 

 

 

 

Figure 1. Contact formation between astrocytic processes and cerebral microvessels isolated 

from adult mice. A. Representative optical microscopic images at 0 and 4 DIV (n = 3). Arrow, 

astrocyte; arrowheads, contact sites. Illustration of the image at 4 DIV is shown on the right. B. 

Representative immunofluorescence images at 4 DIV (n = 3). Astrocytes and cerebral microvessels 

isolated from adult (13-week-old) mice were co-cultured for 4 DIV and stained with isolectin B4 (IB4, 

green) and antibodies to GFAP (red) and AQP4 (blue). A high-magnification image of the boxed area is 

shown on the right. Arrowheads, contact sites.  
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Figure 2. Absence of GFAP and AQP4 expression around cerebral microvessels of neonatal 

mice. A. Cerebral sections. Cerebral sections prepared from adult (13-week-old) and neonatal (P1) 

mice were stained with isolectin B4 (IB4, green) and antibodies to GFAP (red) and AQP4 (blue). 

Representative immunofluorescence images are shown (n = 3). High-magnification images of the 

boxed area are shown in the lower panels. Arrowheads, colocalization at the cerebral parenchyma; 

arrows, colocalization at the cerebral surface. B. Cerebral microvessels isolated from adult (13-week-

old) and neonatal (P1) mice were stained with isolectin B4 (IB4, green) and antibodies to GFAP (red) 

and AQP4 (blue). Representative immunofluorescence images are shown (n = 3). 
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Figure 3. Contact formation between astrocytic processes and cerebral microvessels isolated 

from neonatal (P1) mice. A. Representative optical microscopy images at 0 and 4 DIV (n = 3). Arrows, 

astrocytes; arrowheads, contact sites. Illustration of the image at 4 DIV is shown on the right. B. 

Representative immunofluorescence images at 4 DIV. Astrocytes and cerebral microvessels isolated 

from neonatal (P1) mice were co-cultured for 4 DIV and stained with isolectin B4 (IB4, green) and 

antibodies to GFAP (red) and AQP4 (blue) (n = 3). A high-magnification image of the boxed area is 

shown on the right. Arrowhead, contact site. C. Orthogonal projection of Z-stacks through contact sites 

formed between astrocytic processes and cerebral microvessels isolated from neonatal mice, which 

were stained with isolectin B4 (IB4, green) and antibodies to GFAP (red) and AQP4 (blue). D: Intensity 

profiles of immunofluorescence signals for isolectin B4, GFAP, and AQP4.  
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Figure 4. Effect of -syntrophin and DG knockdown on concentration of immunofluorescence 

signal for AQP4 at contact sites between astrocytic processes and cerebral microvessels 
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isolated from neonatal mice. A. Effect of -syntrophin and DG knockdown on contact formation 

between astrocytic processes and cerebral microvessels isolated from neonatal mice. Representative 

immunofluorescence image at 3 DIV are shown (n = 3). Magnified images represent high-magnification 

images of the boxed area. Arrowheads, contact sites. Orthogonal projection of Z-stacks through contact 

sites between astrocytic processes and cerebral microvessels isolated from neonatal mice are shown 

on the right. Cultures were stained with isolectin B4 (IB4, green) and antibodies to GFAP (red) and 

AQP4 (blue). B–D. Intensity profiles of AQP4 immunofluorescence staining in contact sites between 

astrocytic processes and cerebral microvessels isolated from neonatal mice. 
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Figure 5. Predominant contact formation of astrocytic processes to pericytes is located at the 

abluminal surface of microvessels. A. Astrocytes and cerebral microvessels isolated from neonatal 

mice were co-cultured for 1 or 3 DIV and stained with isolectin B4 (IB4, green) and antibodies to GFAP 

(red) and PDGFR (blue). A representative immunofluorescence image is shown (n = 3). B. A snapshot 

of time-lapse images showing contact formation between an astrocytic process and a neonatal mouse 

microvessel (shown at the top). After time-lapse images were obtained, the sample was stained with 

isolectin B4 (IB4, green) and antibodies to GFAP (red) and PDGFR (blue). High-magnification images 

of the boxed area are shown in the lower panels. 

  



23 

Table 1. Frequency of contacts between astrocytes and PDGFRβ-positive areas in blood vessels 

 

  

 1 DIV 3 DIV 

No. of contacts between a single astrocyte and 
a blood vessel 

1 >2 Total 1 >2 Total 

No. of contacts to PDGFRβ-positive region (A) 23 22 45 19 18 37 

No. of contacts to PDGFRβ-negative region (B) 14 9 23 10 9 19 

Proportion of (A) in (A)+(B) (%) 62.2 71.0 66.2 65.5 66.7 66.1 

Ratio of (A) to (B) 1.6 2.4 2.0 1.9 2.0 1.9 
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Movie 1. Time-lapse images of contact formation between an astrocytic process and a neonatal 

mouse microvessel. 

 


