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Abbreviations 

 

ABE: albumin-bound Evans blue 

AD: Alzheimer’s Disease 

Ajs: adherens junctions-associated proteins 

ALA: α-linolenic acid 

BBB: blood–brain barrier 

BMEC: brain microvessel endothelial cell 

BSA: bovine serum albumin  

CA: Cornu Ammonis 

CBF: cerebral blood flow 

Cdkn: cyclin-dependent kinase inhibitor 

CNS: central nervous system 

CO: corn oil 

DAPI: 4',6-diamidino-2-phenylindole 

DG: dentate gyrus 

DHA: docosahexaenoic acid 

D-PBS: Dulbecco’s phosphate-buffered saline  

EDTA: ethylenediaminetetraacetic acid  

EPA: eicosapentaenoic acid 

FABP5: fatty acid-binding protein 5  

GFAP: glial fibrillary acidic protein 

HBSS: Hanks’ Balanced Salt Solution  

HEPES: 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid  
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Iba1: ionized calcium-binding adapter molecule 1 

IL: interleukin 

LPC-DHA: lysophosphatidylcholine-DHA  

MCP: monocyte chemoattractant protein, 

MFSD2A: major facilitator superfamily domain-containing protein-2a  

Na-F: sodium fluorescein 

NE-DHA: non-esterified DHA  

Pan-cad: pan-cadherin 

PC: pericyte 

PD: Parkinson’s disease 

PDGF: platelet-derived growth factor 

PDGFRβ: platelet-derived growth factor receptor β 

PMSF: phenylmethylsulfonyl fluoride  

RBEC, EC: rat brain endothelial cells 

SASP: senescence-associated secretory phenotype 

TBI: traumatic brain injury 

TEER: transendothelial electrical resistance 

Tjs: Tight junction-associated proteins 

TNF: tumor necrosis factor 

ZO-1: zonula occludens-1 

αSMA: alpha-smooth muscle actin 
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General introduction 

 

    Aging increases the risk of developing neurodegenerative diseases, such as 

Alzheimer’s Disease (AD) and Parkinson’s disease (PD), which are closely associated with 

blood–brain barrier (BBB) dysfunction [1]. BBB disruption precedes the onset of AD and is 

an early biomarker of human cognitive dysfunction [2–3]. Furthermore, neurodegenerative 

diseases are implicated in age-related BBB impairment [4–7]. However, how BBB integrity 

alters gradually with aging is unclear.  

    BBB is formed by brain microvessel endothelial cells (BMECs), astrocytes, and 

pericytes. It restricts transport of substances in the blood for maintaining homeostasis of 

the central nervous system (CNS) [8]. BMECs, which are the basic unit of BBB, mainly 

control entry of various substances from blood to the brain. Tight junction-associated 

proteins (Tjs) spanning intracellular BMECs contribute to regulating paracellular 

permeability, and their disruption and loss result in the disruption of BBB integrity [8–9]. In 

addition, adherens junction-associated proteins (Ajs), such as cadherin proteins, contribute 

to holding the cells together, providing the tissue structural support, and are essential for 

formation of tight junctions [10]. Major facilitator superfamily domain-containing protein-2a 

(MFSD2A), which is exclusively expressed in BMEC, is a docosahexaenoic acid (DHA) 

transporter and can inhibit transcellular permeability by regulating endocytosis [11–14]. 

    Pericytes are present at intervals along the walls of brain capillaries and play a 

key role in maintaining BBB integrity [15–18]. They induce formation of TJs in BMECs and 

regulate BBB permeability [15, 19]. Furthermore, their presence is required for the 

MFSD2A expression in BMECs [12].  

    The aim of the present study was to explore the characteristic changes in 

pericytes with aging and to ascertain whether or not pericytes are involved in age-related 

impairment of BBB. In the first chapter, we report age-related changes in DHA transport 

across BBB and the expression of DHA carrier proteins in young-adult, middle-aged, and 

aged mice. In the second chapter, we report the relationship between dynamic changes in 

BBB integrity with aging and cellular senescence in pericytes. Furthermore, we ascertained 

the relationship between BBB integrity and the inflammatory activation of microglia, which 

contributes to neuroinflammation. In the third chapter, we report the effect of senescence 

pericytes on the barrier function of BBB evaluated using an in vitro BBB model. In the fourth 
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chapter, we report how pericytes regulate the MFSD2A expression and whether or not 

pericytes affect the localization of MFSD2A in BMEC. In the fifth chapter, we report the 

effect of long-term dietary DHA supplementation for age-related BBB disruption and 

subsequent activation of microglia. Finally, we explore whether or not DHA regulated the 

barrier function of BBB in physiological condition in vitro. 

    The results of the present study would provide new insights into age-related 

impairment of BBB. Repairing age-related dysfunction of BBB can be a novel preventive 

strategy for neurological diseases. 
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Introduction 

 

Many essential nutrients are necessary to maintain physiological functions. A lack 

of essential nutrients can cause general disorders of the central nervous system (CNS), 

and proper functioning of the CNS requires adequate levels of essential nutrients in the 

brain. Maintaining the CNS microenvironment requires transporting various nutrients across 

the blood-brain barrier (BBB). The BBB comprises brain microvessel endothelial cells 

(BMECs) sealed with tight junctions; it restricts the paracellular transport of substances in 

the blood and selectively transports essential nutrients into the CNS via various specialized 

transporters located on BMECs [1].  

It is increasingly recognized that the nutritional needs of the CNS vary in different 

diseases. In addition, the BBB is likely to be compromised under chronic inflammation, 

stroke, hypoxia, Alzheimer's disease (AD), and other neurological diseases [2], which can 

cause undernutrition of the brain [3]. These pathologies, as well as natural aging, induce 

dysfunction of the transporters and receptors and the loosening of tight junctions as well as 

other junctions at the BBB [4]. Indeed, chronic inflammation can lead to differential 

regulation of nutrient transporters [5], which contributes to the pathology of chronic 

inflammation-associated cognitive decline [6]. Therefore, low levels of several nutrients in 

the brain are associated with cognitive decline, likely due to changes in the functions of 

nutrient transporters at the BBB. 

Docosahexaenoic acid (DHA) (22:6n-3), an n-3 polyunsaturated fatty acid (MW: 

328), has attracted much attention because of its functional and structural importance in the 

brain. DHA is highly enriched in brain phospholipids and contributes to proper brain 

development and function. Moreover, many neurophysiological functions of DHA have 

been identified, including regulation of cell survival, neuroinflammation, neurogenesis, and 

participation in signal transduction [7]. It is controversial to state that the human brain’s 

capacity to biosynthesize DHA from its precursor, α-linolenic acid (ALA, 18:3n-3), is very 

low [8], because maternal dietary ALA given during pregnancy-lactation increased brain 

DHA levels in the offspring [9]. However, plasma DHA, which is obtained directly from 

dietary intake to maintain DHA levels in the brain, must be transported from the blood to the 

brain across the BBB [10].  

Brain transport mechanisms of DHA vary based on its carrier form, non-esterified 

or esterified DHA [7]. Non-esterified DHA (NE-DHA) is mainly found in the blood as a 

complex with albumin [11]. NE-DHA disassociated from albumin is taken up into the brain 
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through passive diffusion [12]. In brain uptake of NE-DHA, fatty acid-binding protein 5 

(FABP5) is directly involved in the intracellular trafficking of NE-DHA, which penetrates the 

luminal membrane of BMECs by passive diffusion, across BMECs [13,14]. Esterified DHA 

largely exists as phospholipids, in part triacylglycerol and cholesteryl ester pools [15]. 

Lysophosphatidylcholine-DHA (LPC-DHA) in circulating esterified fatty acid pools is bound 

to albumin or is sequestered within the phospholipid membrane of lipoproteins [15]. A 

previous study reported that the major transporter for LPC-DHA uptake by the brain is the 

major facilitator superfamily domain-containing protein 2a (MFSD2A) [16], which is 

exclusively expressed in BMECs. That study indicated that MFSD2A did not recognize 

DHA as a substrate because MFSD2A transported lysophosphatidylethanolamine, LPC-

oleate and LPC-palmitate [16]. It remains unclear whether NE-DHA serves as a substrate 

for MFSD2a, although NE-DHA is the major plasma pool supplying the brain under normal 

physiological conditions [17]. Therefore, it is important to investigate the brain uptake 

mechanisms of NE-DHA and the effect of alteration of the milieu interieur on NE-DHA 

transport across the BBB. 

Brain DHA levels decrease with age, and this reduced DHA is associated with 

age-related cognitive dysfunction [18]. DHA supplementation, which elevates NE-DHA 

levels in plasma [19], is likely to be beneficial when administered before or during the 

earliest stages of cognitive decline [20]. However, the mechanisms underlying the reduction 

of brain DHA levels with age are not well understood. Animal and clinical studies have 

evidenced age-related BBB dysfunction [21,22]; however, the impact of aging on brain DHA 

uptake at the BBB is currently unknown. In this study, we investigated age-related changes 

in NE-DHA transport across the BBB and expression of DHA carrier proteins in mice aged 

2, 8, 12, and 24 months. We further examined whether brain uptake of [14C]DHA is 

mediated by a transport carrier, such as MFSD2A, both, in vivo by transcardiac brain 

perfusion with excess DHA using 2-month-old mice and in vitro using BMECs with siRNA-

mediated gene silencing. 
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Materials and Methods 

 

Animals 

 

All protocols involving experimental animals were approved by the Laboratory 

Animal Care and Use Committee of Fukuoka University (permit number: 2004001, 

2204002). The 2- (young), 8- (adult), 12- (middle-aged), and 24 (aged)-months old male 

C57BL/6J mice and Wistar rats at 3 weeks old were purchased from Charles River 

Laboratory (Kanagawa, Japan) and Japan SLC, Inc. (Shizuoka, Japan). Mice and rats were 

housed under a controlled temperature (22 ± 2°C) and light-dark cycle (lights on from 7:00 

to 19:00), with access to water and chow diet ad libitum. After habituation for 1 week, the 

mice underwent the experiments.  

 

Measurement of Brain Uptake of [14C]DHA, [3H]Mannitol, and [14C]Sucrose 

 

Brain uptake of DHA was assessed in mice using an in situ transcardiac brain 

perfusion technique. This technique was previously used by Banks et al. [23]. The [1-

14C]DHA as NE-DHA (American Radiolabeled Chemicals, St. Louis, MO, USA; ARC0380), 

[3H]mannitol (PerkinElmer, Waltham, MA, USA, NET101) and [14C]sucrose (PerkinElmer, 

Waltham, MA, USA; NEC100X) were diluted to concentrations of 0.1 µCi/mL (DHA and 

sucrose) and 0.2 µCi/mL (mannitol) in a physiological buffer containing 141 mM NaCl 

(Sigma, St. Louis, MO, USA; 28–2270-5), 4 mM KCl (Wako, Osaka, Japan; 163-03545), 

2.8 mM CaCl2 (Sigma; 05-0580), 1 mM MgSO4·7H2O (Kishida Chemical Co., Ltd., Osaka, 

Japan; 000-46905), 1 mM NaH2PO4·2H2O (Wako; 192-02815), 10 mM d-glucose (Wako; 

041-00595), and 10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES; 

Sigma; H4034); pH 7.4. In a competition assay, unlabeled NE-DHA (Sigma; D2534-

100MG) was added to the perfusate (final concentration of unlabeled DHA: 100 µM) before 

infusion. Ethanol (Nacalai Tesque, Kyoto, Japan; 14713-95) was added to an equal volume 

of unlabeled DHA to the perfusate (final ethanol concentration: 0.001 %) as the vehicle 

control. Mice were anesthetized using an intraperitoneal injection of 25% urethane (Sigma; 

94300). The heart was exposed, the left jugular vein was severed, and the descending 

aorta was ligated. Perfusate containing [14C]DHA, [3H]mannitol, or [14C]sucrose was then 

infused into the left ventricle of the heart at a rate of 2 mL/min for 0.5 to 1.5 min using a 27 
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gauge butterfly needle. In the uptake experiment for aged mice, the perfusate was infused 

for 1 min. After perfusion, the brain was removed, dissected into six regions (the olfactory 

bulb, forebrain, cortex, hippocampus, thalamus and hypothalamus, and cerebellum), and 

weighed. Each brain region was mixed with 1 mL of tissue solubilizer (Solvable™; 

PerkinElmer; 6NE9100) and incubated at 60°C for 24 h. Samples were prepared for 

scintillation counting by the addition of 0.2 mL H2O2 (Sigma; 13-1910-5) and 10 mL of liquid 

scintillation cocktail (Pico-Fluor Plus; PerkinElmer; 6013699). The radioactivity in the 

samples was then measured using a liquid scintillation counter (Packard 2250CA; 

PerkinElmer). Brain/perfusate ratios were calculated by dividing the radioactivity in 1 g of 

brain tissue by the radioactivity in an mL of perfusate. Whole brain values were calculated 

by dividing the total radioactivity in each brain region by the total weight of each brain 

region. The unidirectional influx rate (Ki) was determined by the linear portion of the slope 

in the plot of brain/perfusate ratio against perfusion time. 

  

Isolation of Brain Microvessels 

 

Brian microvessels were isolated by the modified method of Yousif et al. [24]. 

Male mice aged 2, 8, 12, and 24 months were anesthetized before Dulbecco’s phosphate-

buffered saline (-) (D-PBS) (Wako; 045-29795;10 mL per mouse) was infused into the left 

ventricle of the heart. The brain tissue was triturated using a glass homogenizer coated 

with 1% bovine serum albumin (BSA)-Hanks' Balanced Salt Solution (HBSS; Thermo 

Fisher Scientific, Waltham, MA, USA; 14185-045) in 1 mL of Buffer A (HBSS containing 1% 

Phosphatase Inhibitor Cocktail [ethylenediaminetetraacetic acid (EDTA) free; Nacalai 

Tesque; 07575-51], 1% Protease Inhibitor Cocktail for use with mammalian and tissue 

extracts [Nacalai Tesque; 25955-11], 1 mM phenylmethylsulfonyl fluoride [PMSF; Sigma; 

P7626], and 15 µg/mL deoxyribonuclease I [Sigma; D4513]) on ice. This suspension was 

transferred into a 1.5 mL tube and centrifuged at 1,000 × g for 10 min at 4°C. Next, the 

supernatant was aspirated and the pellet was mixed with 1 mL of 17.5% dextran (Sigma; 

D8821)-HBSS. The suspension was then centrifuged at 4,400 × g for 15 min at 4°C. The 

supernatant with a lipid layer was removed and the pellet was resuspended in Buffer B 

(Buffer A containing 1% BSA). Next, the suspension was filtered using a 10 µm nylon mesh 

membrane to trap the residue, including microvessels, on the surface of the membrane. 

HBSS was then passed through the membrane to remove debris in the residue. The 

microvessels on the membrane were then washed into a 1.5 mL tube with Buffer A and 
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centrifuged at 20,000 × g for 5 min at 4°C. Finally, microvessels were obtained at the 

bottom of the tube and stored at -80°C until use. We confirmed that the obtained brain 

microvessels were enriched with brain endothelial cell-specific proteins (occludin and 

claudin-5). 

 

Extraction of Total Protein from Brain Microvessels 

 

The microvessels were homogenized in phosphoprotein lysis buffer containing 10 

mM Tris-HCl (pH 6.8; Nacalai Tesque; 35434-34), 100 mM NaCl (Sigma; 28-2270-5), 1 mM 

EDTA (pH 8.0; Wako; 311-90075), 1 mM EGTA (Wako; 346-01312), 10% glycerol, 1% 

Triton-X100 (Sigma; X100), 0.1% sodium dodecyl sulfate (SDS; Nacalai Tesque; 02873-

75), 0.5% sodium deoxycholate (Sigma; D6750), 20 mM sodium pyrophosphate (Sigma; 

S6422), 2 mM sodium orthovanadate (Sigma; S6508), 1 mM sodium fluoride (Wako; 196-

01975), 1% protease inhibitor cocktail (Sigma; P2714), 1% phosphatase inhibitor cocktail 2 

(Sigma; P5726), 1% Phosphatase Inhibitor Cocktail 3 (Sigma; P0044), and 1 mM PMSF 

(Sigma) using an electric mixer, and then sonicated on ice. Samples were centrifuged at 

15,000 × g for 15 min at 4°C, and the supernatants were collected. The total protein 

concentration in the lysates obtained from microvessels was determined using a Pierce™ 

BCA Protein Assay Kit (Thermo Fisher Scientific; 23225). 

 

Primary rat brain endothelial cell culture 

 

The method of primary culture of rat brain endothelial cells (RBECs) is previously 

described [25]. The meninges and white matter were carefully removed from the forebrains, 

and the gray matter was minced using a scalpel and enzymatic digestion by DMEM (Wako; 

048-29763), including collagenase type 2 (1 mg/mL, Worthington, Lakewood, NJ, USA; 

CLS2) for 75 min at 37°C with agitation in the water bath. After inactivation by adding cold 

DMEM, the suspension was centrifuged (1,000 × g, 8 min). The pellet was separated by 

centrifugation in 20% BSA, (Wako, 011-27055) - DMEM (1,000 × g, 20 min). The pellet 

containing microvessels were further digested with DMEM including collagenase/dispase (1 

mg/mL, Roche, Mannheim, Germany; 11097113001) for 20 min at 37°C with agitation in 

the water bath. After inactivation, microvessel clusters were separated on a 33% 

continuous Percoll (GE Healthcare, Buckinghamshire, UK; 17-5445-01) gradient, collected 
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and plated on collagen type IV (0.1 mg/mL, Sigma; C5533) and fibronectin (0.075 mg/mL, 

Sigma; F1141-5MG) coated dishes. RBEC cultures were maintained in RBEC medium 

[DMEM/F12 (Wako; 042-30555) supplemented with 10% FBS (Biosera, Kansas, MO, USA; 

FB-1365/500), basic fibroblast growth factor (1.5 ng/mL, R&D, Minneapolis, MN, USA; 

2099-FB-025), heparin (100 μg/mL, Sigma; H3149), insulin (5 μg/mL), transferrin (5 

μg/mL), sodium selenite (5 ng/mL; insulin-transferrin-sodium selenite media supplement, 

Sigma; I1884), penicillin (100 units/mL), streptomycin (100 µg/mL; penicillin-streptomycin 

mixed solution, Nacalai Tesque; 09367-34) and gentamicin (50 μg/mL, Biowest, Riverside, 

MO, USA; L0012)] containing puromycin (4 μg/mL, Nacalai Tesque; 14861-84) at 37°C in a 

humidified atmosphere of 5% CO2/95% air, for three days and typically reached 70–80 % 

confluency. RBECs were passaged to 35 mm dishes (30 × 104 cells/dish) and 24-well 

plates (10 × 104 cells/dish) and maintained in RBEC medium supplemented with 500 nM 

hydrocortisone (Sigma; H0135).  

 

siRNA transfection 

 

RBECs cultured on a 35-mm dish were transfected with the lipid complex, 

including Lipofectamine® RNAiMAX Transfection Reagent (4 μL; Invitrogen, 13778075) 

and Rat Mfsd2a Silencer® Select Pre-designed siRNA (50 nM; Life technologies, s151458) 

or Silencer Select Negative Control (50 nM; Life technologies, 4390843) in RBEC medium 

for 2 days. The MFSD2A protein levels in RBECs were assessed using Western blot and 

siMfsd2a-transfected RBECs were used for DHA cellular uptake assay.  

 

Cellular uptake of [14C]DHA  

 

To measure the cellular uptake of DHA, RBECs cultured on a 24-well plate were 

incubated with 0.2 mL of physiological buffer containing 0.1 µCi/mL [14C]DHA (incubation 

buffer) at 37°C for 30 s to 15 min. At the end of the experiment, RBECs were washed with 

D-PBS three times and incubated with 0.2 mL of 1M NaOH (Wako; 192-02175) at 37°C for 

3 h for cell lysis. The total protein concentration in the cell lysates was determined using a 

Pierce™ BCA Protein Assay Kit. Samples were added to 10 mL of a liquid scintillation 

cocktail, then [14C]DHA radioactivity in the cell lysate was measured using a liquid 

scintillation counter. The cellular uptake of [14C]DHA by RBECs was expressed as 
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cell/medium ratios calculated by dividing the radioactivity in one milligram of protein by the 

radioactivity in one microliter of the incubation buffer. The rate of cellular uptake was 

determined by the linear portion of the slope of the cell/medium ratios against the 

incubation time (0.5, 2, 5, and 10 min) graph. 

 

Western Blot Analysis 

 

Equivalent amounts of protein from each sample were electrophoretically 

separated on 4–15% TGX Stain-Free gradient acrylamide gels (Bio-Rad, Hercules, CA; 

4568084) or 12% TGX Stain-Free acrylamide gels (Bio-Rad; 161-0185) and transferred to 

low fluorescent polyvinylidene difluoride membranes (Bio-Rad; 1704274). Stain-Free 

technology using GelDoc go imaging system (Bio-Rad) was used for total protein 

normalization. Membranes were then blocked using Blocking One (Nacalai Tesque; 03953-

95). MFSD2A, FABP5 and β-actin were detected using antibodies against MFSD2A 

(1:1,000; Sigma; SAB3500576), FABP5 (1:1,000; Sigma; SAB1401130) and β-actin 

(1:8,000; Sigma; A1978). After washing, the membranes were incubated in HRP–

conjugated goat anti-rabbit IgG (Bio-Rad; 170-6515) or goat anti-mouse IgG (Bio-Rad; 170-

6516), as appropriate. Immunoreactive bands were detected using Clarity Western ECL 

Substrate (Bio-Rad; 1705061). Images of the bands were digitally captured using a 

MultiImager II ChemiBOX (BioTools, Gunma, Japan), and band intensities were quantified 

using ImageJ software (National Institutes of Health Image, Bethesda, MD, USA). The 

relative intensity of each individual protein was expressed as the ratio of the corresponding 

protein to the total protein loading or β-actin. 

 

Statistical Analysis 

 

Results are expressed as the mean ± standard error of the mean (SEM). 

Statistical analyses were performed using GraphPad Prism 8.0 (GraphPad, San Diego, CA, 

USA). Simple linear regression analysis was used to evaluate the brain uptake rate of 

[14C]DHA and [14C]sucrose in competition assay using excess unlabeled DHA and the rate 

of cellular uptake of [14C]DHA. Statistical differences in brain uptake of [14C]DHA and 

[3H]mannitol and expression levels of MFSD2A and FABP5 protein were analyzed using 

one-way analysis of variance (ANOVA) followed by Tukey’s multiple comparison tests. A 
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two-way ANOVA (age × brain regions) was performed to analyze differences in the brain 

uptake of [14C]DHA. An unpaired t-test was used to analyze the cellular uptake of [14C]DHA 

and the expression levels of MFSD2A protein in RBECs transfected siMfsd2a. Differences 

were considered statistically significant for P < 0.05.  
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Results 

 

Brain uptake of DHA decreased in 12- and 24-month-old mice 

 

To evaluate the effects of aging on the brain uptake of DHA, [14C]DHA 

brain/perfusate ratio was assessed in C57BL/6 mice at 2-, 8-, 12-, and 24 months of age. In 

the whole brains of mice aged 12 and 24 months, the brain uptake of [14C]DHA decreased 

significantly compared with that of the 2-month-old group (Fig. 1a). In mice at 12 and 24 

months of age, the [14C]DHA brain/perfusate ratio in the whole brain was decreased by 

0.03275 mL/g (P = 0.0284) and 0.03827 mL/g (P = 0.0380), respectively. Given that aging 

decreased brain uptake of DHA, we assessed [14C]DHA uptake by six brain regions 

(olfactory bulb, forebrain, cortex, hippocampus, thalamus and hypothalamus, and 

cerebellum) of 2-, 8-, 12-, and 24-month-old mice, to determine whether aging affects 

specific brain regions. The uptake of [14C]DHA in the olfactory bulb, hippocampus, 

thalamus and hypothalamus of 12- and 24-month-old mice was considerably lower than 

that of 2-month-old mice. Two-way ANOVA revealed the significant effects of age (F(3,204) 

= 24.63, P < 0.0001) and regions (F(5,204) = 2.384, P = 0.0396), but there was no 

significant interaction between age and regions (F(15,204) = 0.5614, P = 0.9016). 

One-way ANOVA showed an effect for age in each region as follows: whole brain 

(F = 4.422, P = 0.0099), olfactory bulb (F = 4.670, P < 0.0077), forebrain (F= 4.177, P = 

0.0127), hippocampus (F = 9.209, P = 0.0001) and thalamus and hypothalamus (F = 6.458, 

P = 0.0014). The differences of [14C]DHA brain/perfusate ratio in each region of the 12- and 

24-month-old mice were as follows: 0.04626 mL/g (2 vs. 24 months old, P = 0.0042) in the 

olfactory bulb, 0.04489 mL/g (2 vs. 12 months old, P = 0.0299) and 0.05294 mL/g (2 vs. 24 

months old, P = 0.0375) in the forebrain, 0.03402 mL/g (2 vs. 12 months old, P = 0.0101) 

and 0.06034 mL/g (2 vs. 24 months old, P = 0.0001) in the hippocampus and 0.04306 mL/g 

(2 vs. 12 months old, P = 0.0051), 0.05106 mL/g (2 vs. 24 months old, P = 0.0067) in the 

thalamus and hypothalamus (Fig. 1b-g). 
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Brain uptake of mannitol did not decrease in 12- and 24-month-old mice  

 

Next, we determined whether changes in BBB integrity during aging accounted for 

the decreased brain uptake of [14C]DHA in mice aged 12- and 24- months. BBB integrity 

was evaluated using the brain/perfusate ratio of [3H]mannitol at 1 min. We co-infused 

[14C]DHA with [3H]mannitol as a paracellular permeability marker as mannitol crosses the 

intact BBB poorly [26]. No significant changes in brain uptake of [3H]mannitol were 

observed in the whole brain of 2-, 8-, 12-, and 24-month-old mice (Fig. 2a). In each brain 

region, there are no significant effects with age (Fig. 2b-g). 

 

FABP5 protein expression in brain microvessels increased in 12- and 24-month-old 

mice 

 

Following previous reports that brain NE-DHA uptake is mediated by passive 

membrane diffusion [12] and subsequent intracellular trafficking by an intracellular DHA 

carrier protein, FABP5 [14], we examined whether FABP5 expression is altered with aging. 

We evaluated the FABP5 protein expression levels in brain microvessels prepared from 2-, 

8-, 12-, and 24-month-old mice using Western blot analysis. One-way ANOVA showed the 

effect of age on the FABP5 (F = 3.246, P = 0.0448) protein expression levels. The FABP5 

protein expression in 24-month-old mice was significantly increased 4.6-fold (P = 0.0412) 

compared with that in the 2-month-old mice (Fig. 3). These results indicate that the 

decreased brain uptake of [14C]DHA in aged mice was not caused by reduced FAPB5 

expression. Since the previous study showed that the membrane permeability at the BBB 

did not change in 12- and 24-month-old mice [27], we ascertained whether NE-DHA is 

taken up into the brain by a transport carrier located on the luminal membrane of BMECs, 

such as MFSD2A.  

 

The brain uptake rate of DHA was decreased by adding excess unlabeled DHA 

 

To determine the brain transport mechanism of NE-DHA, we measured the 

brain/perfusate ratio of [14C]DHA at 0.5–2.0 min using a perfusate containing unlabeled 

DHA 100 µM. Fig. 4 shows a linear relationship between the brain/perfusate ratio of 
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[14C]DHA and perfusion time up to 1.5 min in the whole brain and each brain region. The 

brain uptake of [14C]DHA plateaued at 1.5 min. The slope calculated by simple linear 

regression represents the brain uptake rate (Ki; mLg-1min-1) of [14C]DHA. For the whole 

brain, Ki of the DHA 100 µM group (Ki = 0.2921 mLg-1min-1) was significantly decreased 

compared with that of the vehicle group (Ki = 0.5944 mLg-1min-1, F = 10.89, P = 0.0036) 

(Fig. 4a). In all brain regions, Ki of the DHA 100 µM group showed a significant reduction in 

comparison to the vehicle group (Fig. 4b–g). The data for all regions of the vehicle and 

DHA 100 µM groups are recorded below. Olfactory bulb (vehicle Ki: 0.6445 mLg-1min-1, 

DHA 100 µM Ki: 0.2848 mLg-1min-1, F = 6.959, P = 0.015), forebrain (vehicle Ki: 0.5712 

mLg-1min-1, DHA 100 µM Ki: 0.2762 mLg-1min-1, F = 12.51, P = 0.021), cortex (vehicle Ki: 

0.4516 mLg-1min-1, DHA 100 µM Ki: 0.2567 mLg-1min-1, F = 5.806, P = 0.0257), 

hippocampus (vehicle Ki: 0.5242 mLg-1min-1, DHA 100 µM Ki: 0.2478 mLg-1min-1, F = 

7.369, P = 0.0133), thalamus and hypothalamus (vehicle Ki: 0.6684 mLg-1min-1, DHA 100 

µM Ki: 0.2848 mLg-1min-1, F = 7.766, P = 0.0114), and cerebellum (vehicle Ki: 0.6837 mLg-

1min-1, DHA 100 µM Ki: 0.3547 mLg-1min-1, F = 10.89, P = 0.0036). 

 

The BBB integrity was not altered by adding excess unlabeled DHA 

 

Next, we determined whether changes in BBB integrity in the presence of excess 

unlabeled DHA accounted for the decreased brain uptake rate of [14C]DHA in the 

competition assay. BBB integrity was evaluated using the brain uptake rate of [14C]sucrose 

calculated by brain/perfusate ratio of [14C]sucrose at the corresponding perfusion time of 

the brain uptake of [14C]DHA, which revealed no differences between vehicle and DHA 100 

µM groups (Fig. 5a-g). We paid attention to the concentration of the vehicle (ethanol) in the 

perfusate since a cerebral vascular volume (the y-intercept of a regression line of 

brain/perfusate ratio of [14C]sucrose over perfusion time) enlarged by a high concentration 

of ethanol (> 0.001%) resulted in the uncertainty of the inhibition effect of unlabeled DHA. 

 

MFSD2A mediated the cellular uptake of DHA by brain endothelial cells 

 

To determine whether transport carriers mediate the brain uptake of NE-DHA and 

if MFSD2A is involved in the brain uptake of NE-DHA, we examined the effects of 

temperature and siMfsd2a on cellular uptake of [14C]DHA by BMECs. Fig. 6a illustrates the 
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time course of cellular uptake of [14C]DHA by RBECs. Because cellular uptake of [14C]DHA 

by RBECs peaked at 10 min, the following experiments were performed at 10 min. The 

slope calculated by simple linear regression represents the rate of cellular uptake (µLmg 

protein-1 min-1) of [14C]DHA. The rate of cellular uptake of [14C]DHA by RBECs at 4°C was 

significantly decreased by 60% (19.98 µLmg protein-1 min-1) compared with the uptake rate 

at 37°C (50.13 µLmg protein-1 min-1, F = 112.8, P < 0.0001) (Fig. 6b). The MFSD2A 

expression level in RBECs transfected with siMfsd2a was significantly down-regulated by 

30% (P = 0.0026) compared with that of the cells transfected with negative control siRNA 

(Fig. 6c and 6d). The siMfsd2a-transfected RBECs showed a significant decrease of 17% 

(P = 0.0108) in cellular uptake of [14C]DHA compared with negative control siRNA-

transfected cells (Fig. 6e). 

 

MFSD2A protein expression in brain microvessels decreased in 12- and 24-month-

old mice 

 

We determined the MFSD2A protein expression levels in brain microvessels 

prepared from 2-, 8-, 12-, and 24-month-old mice using Western blot analysis. A previous 

study showed that multiple MFSD2A immunoreactive bands of approximately 55 kDa are 

detected in lysates from mouse brains and neural stem cells [28]. Therefore, we considered 

all detected bands with an approximate size of 50 kDa as immunoreactive MFSD2A bands 

and quantified their intensity. One-way ANOVA showed the effect of age in the MFSD2A (F 

= 5.171, P = 0.0109) protein expression levels. The 12- and 24-month-old mice exhibited 

significant reductions in MFSD2A protein expression of 29% (12-month-old mice, P = 

0.0242) and 26% (24-month-old mice, P = 0.0432), respectively, compared with 2-month-

old mice (Fig. 7). 
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Discussion 

 

An age-related decline in brain DHA is associated with cognitive decline [18,20]. 

Because brain DHA levels in adulthood are largely dependent on direct dietary intake, DHA 

in the peripheral circulation needs to be efficiently transported into the brain across the BBB 

[7]. DHA is present in plasma in a bound form; therefore, the cellular uptake of DHA 

depends on its affinity for plasma proteins [29]. In the present study, to exclude the 

influence of plasma protein binding to DHA, we used a transcardiac brain perfusion 

technique that is commonly used to evaluate BBB permeability [30]. The concentration of 

[14C]DHA in the perfusate was the same as that reported in a previous study [31].  

Using the perfusion technique, we demonstrated a significant decrease in the BBB 

transport of [14C]DHA in the whole brains of 12- and 24-month-old mice compared with that 

in 2-month-old mice (Fig. 1). To evaluate region specificity in the brain uptake of [14C]DHA, 

the brain was divided into six regions. There were age-related decreases in the brain 

uptake of [14C]DHA in specific regions (Fig. 1). These data suggest that the availability of 

DHA is not influenced by aging in the cortex and cerebellum.  

Furthermore, we evaluated the brain/perfusate ratio of [3H]mannitol, a small 

hydrophilic molecule with low paracellular permeability across the BBB. The brain/perfusate 

ratio of [3H]mannitol reflects the cerebral vascular volume, because [3H]mannitol does not 

cross the BBB during a short period and remains within the intracerebral vasculature. There 

were no significant differences in brain uptake of [3H]mannitol among the 2-, 8-, 12-, and 

24-month-old groups. Our data is supported by a previous study that reported that BBB 

permeability did not alter in 28-month-old aged rats [32]. However, previous works showed 

the leakiness of human BBB in normal aging [33,34]. These discordances in age-related 

changes in BBB permeability probably depend on the evaluation methods used, including 

markers used for BBB permeability. Our findings suggest that the decreased brain uptake 

of [14C]DHA in 12- and 24-month-old mice is not the result of changes in BBB integrity or 

cerebral vascular volume. These results indicate that the decreased DHA transport across 

the BBB in aged mice is predominantly attributable to changes in a transcellular pathway of 

DHA involving carrier-mediated transport and passive diffusion rather than a paracellular 

pathway. 

Given that DHA crosses BMECs via a transcellular pathway, a possible 

explanation for the age-related decreased brain uptake of DHA is the decline in the FABP5-

mediated intracellular trafficking of DHA. Interestingly, we observed that FABP5 protein 
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expression in the microvessel increased with age (Fig. 3). The highest level of FABP5 

expression is detected during neonatal development and then declines after birth [35], 

indicating that FABP expression in the brain is altered with age [36]. Although further 

studies are needed to clarify whether the intracellular DHA transport activity of FABP5 is 

maintained during aging, our data suggest that the age-related decreased brain uptake of 

NE-DHA is likely due to compromised influx of NE-DHA through the luminal membrane of 

BMECs rather than the decline in the intracellular NE-DHA trafficking by FABP5. Therefore, 

we ascertained that NE-DHA is taken up into the brain by a transport carrier in the following 

experiments. 

We demonstrated that the brain uptake of [14C]DHA was inhibited by excess 

unlabeled NE-DHA (Fig.4) without changes in the brain/perfusate ratios of [14C]sucrose 

(MW: 342.3), a small hydrophilic molecule with low paracellular permeability across the 

BBB, as a marker of cerebral vascular volume and BBB integrity, in all the brain regions 

(Fig. 5). Therefore, [14C]DHA transport across the BBB is mediated by a saturable transport 

system. Our data are partly consistent with the findings of a previous study indicating that 

[14C]DHA is transported across the BBB by passive diffusion [12], as the extent of inhibition 

by excess (55-fold) unlabeled DHA accounted for ~50% of the brain uptake rate of 

[14C]DHA.  

Next, we determined whether transport carriers mediate the brain uptake of 

[14C]DHA and if MFSD2A is involved in the brain uptake of [14C]DHA at the BBB using 

RBECs. We confirmed that RBECs expressed MFSD2A (Fig. 6c). In cellular uptake 

experiments, we used a physiological buffer containing [14C]DHA without any proteins or 

phospholipids, indicating that [14C]DHA was taken up by RBECs as the non-esterified form. 

We found that the cellular uptake of [14C]DHA by RBECs was temperature-dependent (Fig. 

6b). This result indicated that [14C]DHA is taken up by transport carriers on BMECs and 

supported our data using the transcardiac brain perfusion technique (Fig. 4). MFSD2A 

knockdown by siRNA decreased MFSD2A protein levels and cellular uptake of [14C]DHA by 

RBECs (Fig. 6c-e). Taking into account previous studies showing that LPC-DHA is a 

primary substrate for MFSD2A [16] and FABP5 contributes to the intracellular transport of 

NE-DHA, which penetrates the luminal membrane of BMECs [14], our results suggest that 

MFSD2A may also serve as a transporter for extracellular NE-DHA.  

Considering our in vitro results that siRNA-mediated knockdown of MFSD2A 

decreased brain endothelial uptake of [14C]DHA, another possible explanation for the 

decrease in DHA uptake in the aged brain is that MFSD2A protein expression on the 

luminal surface of the microvasculature is down-regulated. MFSD2A is expressed in CNS 
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vasculature in the entire brain [37]. In line with this concept, our results showed that the 

microvascular expression of MFSD2A is down-regulated in the 12- and 24-month-old brains 

(Fig. 7) which is consistent with the reduced [14C]DHA uptake by the whole brain (Fig. 1a). 

In addition, we measured mRNA expression levels of MFSD2A in brain microvessels from 

24-month-old mice and confirmed that they were down-regulated compared with those from 

2-month-old mice (S1 Fig.). Our data is supported by a previous study demonstrating that 

MFSD2A protein expression levels of the brain endothelial cells decreased in aged mice 

[38]. Therefore, it is possible that FABP5 up-regulation in 12- and 24-month-old mice (Fig. 

3) may play a crucial role in aged mice for maintaining brain DHA levels and regulating 

brain uptake of DHA. Further studies are required to clarify the mechanisms underlying 

age-related changes in MFSD2A and FABP5 expression. A limitation of our study is that we 

were forced to measure the expression levels of MFSD2A in microvessels obtained from 

the whole brain, but not the brain regions of interest due to a low yield of isolated 

microvessels from each brain region. We observed the regional variations of brain uptake 

of [14C]DHA with aging (Fig. 1b-g). Therefore, the age-related decrease in the expression 

levels of MFSD2A in the olfactory bulb, hippocampus, and thalamus and hypothalamus 

might be greater than in the other regions. In addition, we cannot exclude the possibility 

that localization patterns of MFSD2A in BMECs are altered with aging, leading to impaired 

NE-DHA transport activity of MFSD2A. Future studies may shed light on the regional 

variations of the age-related down-regulation and/or impaired functional activity of 

MFSD2A. 

There are technical limitations in this study. First, a transcardiac brain perfusion 

technique was optimized for fatty acids by Pan et al. [14]. Since the perfusion rate was 

given at 2 mL/min, without adding BSA in the perfusate, the cerebral vascular pressure was 

insufficient. The perfusion rate of 10 mL/min is more appropriate. The brain/perfusate ratio 

of [14C]DHA in the present study is lower than that reported by Pan et al. [14]. Therefore, 

our results of the Kin value and/or brain/perfusate ratio of [14C]DHA may be underestimated 

or not accurate due to insufficient cerebral vascular pressure caused by a lower perfusion 

rate. Of note, we found that the aged brain exhibited a decreased uptake of [14C]DHA 

compared with the young brain even if the flow rate of 2 mL/min did not give sufficient 

cerebral vascular pressure. Therefore, further studies are needed to determine whether a 

higher perfusion rate (10 mL/min) would affect the obtained results. Second, in this study, 

we could not evaluate how the [14C]DHA was processed. Therefore, it is unclear whether 

[14C]DHA was transported across the BBB in the non-esterified form. Previous works using 

HPLC analysis showed that the majority of radioactivity was detected in total phospholipid 

fractions of [14C]DHA-perfused brains corresponding to DHA in the perfusate and any 
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radiolabeled compounds associated with DHA were not detected after a 40 s brain 

perfusion [39,40]. In addition, capillary depletion of brain homogenates after brain perfusion 

showed that less than 10% of [14C]DHA remained in endothelial cells of the brain 

vasculature [40]. Therefore, we considered that [14C]DHA was probably transported across 

the BBB as NE-DHA. However, we cannot exclude the possibility that [14C]DHA derivatives 

are also quantified. 

Several studies have demonstrated the relationship between brain DHA levels and 

events that occur with increased age. For example, patients with dementia have decreased 

brain DHA [30,41], and DHA supplementation improves the accumulation of brain DHA in a 

dementia mouse model [42,43]. Further, higher DHA intake is inversely correlated with the 

relative risk of AD [44]. In addition, a decrease in DHA levels likely contributes to the 

cognitive impairment that is observed in individuals with AD [18]. MFSD2A expression 

levels in brain endothelial cells in AD patients were lower than those in healthy older adults 

[38], suggesting that insufficient transport of DHA across the BBB is one of the contributing 

factors underlying lower brain DHA levels in AD [45]. Indeed, the BBB transport of DHA is 

decreased in a mouse model for AD [46]. Notably, although 10–12 month-old mice do not 

exhibit cognitive impairment [47], we demonstrated a decrease in DHA transport across the 

BBB in the hippocampus at this age in the present study. Together, these findings suggest 

that deficient DHA transport across the BBB precedes age-related cognitive decline. 

Several clinical studies have indicated that DHA supplementation has benefits for cognitive 

health in aging [48], but the required oral dose of DHA supplementation for brain delivery 

remains unknown. The possibility that aging lowers the transport activity of DHA at the BBB 

should be considered when DHA supplementation is offered to older adults. An effective 

intervention that delivers DHA to the brain may be successful in improving brain DHA 

bioavailability in older adults. 

 

Conclusions 

 

In conclusion, we report reduced brain uptake of [14C]DHA in middle-aged (12-

month-old) and aged (24-month-old) mice. Furthermore, we demonstrated that [14C]DHA is 

transported across the BBB by a saturable transport system and that MFSD2A partly 

mediates brain endothelial uptake of [14C]DHA. Finally, we observed a decreased 

expression of MFSD2A in microvessels obtained from middle-aged and aged mice. 
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Therefore, these findings suggest that the reduced brain uptake of DHA in middle-aged and 

aged mice could be attributable to age-related down-regulation of MFSD2A, but not 

FABP5. These results suggest that improving deficient DHA transport across the BBB in 

older adults by DHA supplementation could be a new approach to enhance the therapeutic 

efficiency of treatment for AD or age-related cognitive decline. 

  



28 

 

Figures 

Fig.1 
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Fig 1. Brain uptake of [14C]docosahexaenoic acid (DHA) in 2-, 8-, 12-, and 24-month-

old mice.  

Brain/perfusate ratio of [14C]DHA as NE-DHA in the whole brain (a), olfactory bulb (b), 

forebrain (c), cortex (d), hippocampus (e), thalamus and hypothalamus (f), and cerebellum 

(g) of 2- (2M), 8- (8M), 12- (12M), and 24-month-old (24M) mice following in situ 

transcardiac brain perfusion for 1 min at 2 mL/min. Data are shown as the mean ± standard 

error of the mean (n = 4 - 15). Each closed symbol represents an individual value. *P < 

0.05, **P < 0.01, ***P < 0.001, significantly different from 2-month-old group. 
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Fig.2 
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Fig 2. Brain uptake of [3H]mannitol in 2-, 8-, 12-, and 24-month-old mice. 

Brain/perfusate ratio of [3H]mannitol in the whole brain (a), olfactory bulb (b), forebrain (c), 

cortex (d), hippocampus (e), thalamus and hypothalamus (f), and cerebellum (g), of 2- 

(2M), 8- (8M), 12- (12M), and 24-month-old (24M) mice following in situ transcardiac brain 

perfusion for 1 min at 2 mL/min. Data are shown as the mean ± standard error of the mean 

(n = 4 - 15). Each closed symbol represents an individual value.  
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Fig.3 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 3. FABP5 expression levels in brain microvessels from 2-, 8-, 12-, and 24-month-

old mice.  

Representative Western blot images and band intensities quantified by densitometry in 2- 

(2M), 8- (8M), 12- (12M), and 24-month-old (24M) mice. Total protein levels measured by 

Stain-free technology were used as the loading controls for total protein normalization. Bars 

indicate the mean ± standard error of the mean (n = 5 - 6). Each closed symbol represents 

an individual value. *P < 0.05, significantly different from the 2-month-old group. 

Abbreviations: FABP5, fatty acid-binding protein 5 
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Fig.4 
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Fig 4. Brain uptake rate of [14C]docosahexaenoic acid (DHA) in the whole brain and 

each brain region.  

Brain uptake of [14C]DHA is expressed as brain/perfusate ratios following in situ 

transcardiac brain perfusion at 2 mL/min in 2-month-old mice. Linear regression of the 

mean brain/perfusate ratio of [14C]DHA (mL/g brain) over perfusion time (0.5, 0.75, 1, and 

1.5 min) in whole brain (a), olfactory bulb (b), forebrain (c), cortex (d), hippocampus (e), 

thalamus and hypothalamus (f), and cerebellum (g) of vehicle and DHA 100 µM groups 

yielded Ki (mL/g brain • min-1). Ki represents the brain uptake rate of [14C]DHA. Data are 

shown as the mean ± standard error of the mean (n = 3/time point).  
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Fig. 5 

 



36 

 

Fig 5. Brain uptake rate of [14C]sucrose in the whole brain and individual brain 

regions.  

Brain uptake of [14C]sucrose is expressed as brain/perfusate ratios following in situ 

transcardiac perfusion at 2 mL/min in 2-month-old mice. Linear regression of the mean 

brain/perfusate ratio of [14C]sucrose over perfusion time (0.5, 0.75, 1, and 1.5 min) in whole 

brain (a), olfactory bulb (b), forebrain (c), cortex (d), hippocampus (e), thalamus and 

hypothalamus (f), and cerebellum (g) of vehicle and DHA 100 µM groups yielded Ki (mL/g 

brain • min-1). Ki represents the brain uptake rate of [14C]sucrose. Data are shown as the 

mean ± standard error of the mean (n = 3/time point). 
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Fig. 6 
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Fig 6. Cellular uptake of [14C]docosahexaenoic acid (DHA) by RBECs transfected 

with MFSD2A siRNA.  

(a)Time course of cellular uptake of [14C]DHA (µL/mg protein) by intact RBECs (n = 4 - 6). 

(b) Time course of cellular uptake of [14C]DHA (µL/mg protein) by intact RBECs at 37°C 

and 4°C (n = 3). (c, d) Effect of Mfsd2a siRNA transfection on MFSD2A protein expression 

in RBECs. RBECs were treated with transfection reagent and 50 nM Mfsd2a siRNA for 48 

h. Panel (c) shows representative Western blot images. Panel (d) shows the quantified 

band intensities corrected by β-Actin as the loading control in RBECs transfected with 

negative control siRNA (NC) and Mfsd2a siRNA (siMfsd2a). (n = 6) (e) Cellular uptake of 

[14C]DHA by RBECs transfected with negative control (NC) and Mfsd2a siRNA (n = 4). The 

cellular uptake of [14C]DHA for 2 min is expressed as cell/medium ratio (µL/mg protein). 

Data are shown as the mean ± standard error of the mean. Each closed symbol represents 

an individual value. *P < 0.05, **P < 0.01, significantly different from negative control 

siRNA-transfected RBECs. 

Abbreviation: RBECs, rat brain endothelial cells. MFSD2A, major facilitator superfamily 

domain-containing protein 2A 
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Fig. 7 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 7. MFSD2A expression levels in brain microvessels from 2-, 8-, 12-, and 24-

month-old mice.  

Representative Western blot images and band intensities quantified by densitometry in 2- 

(2M), 8- (8M), 12- (12M), and 24-month-old (24M) mice. Total protein levels measured by 

Stain-free technology were used as the loading controls for total protein normalization. Bars 

indicate the mean ± standard error of the mean (n = 5 - 6). Each closed symbol represents 

an individual value. *P < 0.05, significantly different from 2-month-old group. 
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Supplementary Figure 

 

 

 

 

 

 

 

 

 

 

 

 

 

S1 Fig. The mRNA expression levels of Mfsd2a in brain microvessels from 2- and 24-

month-old mice.  

The mRNA expression levels for Mfsd2a in brain microvessels from 2- (2M) and 24-month-

old (24M) mice were quantified by real-time quantitative PCR. Data are shown as the mean 

± standard error of the mean. Each closed symbol represents an individual value (n = 9 - 

10). **P < 0.01, significantly different from 2-month-old group. 
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Introduction 

 

The blood–brain barrier (BBB), which is formed by brain microvessel endothelial 

cells (BMECs), astrocytes, and pericytes, restricts transport of substances in blood for 

maintaining homeostasis of the central nervous system (CNS) [1]. BMECs, which are 

sealed with tight junctions (Tjs), restrict paracellular transport of substances in blood [2]. In 

addition, adherens junctions-associated proteins (Ajs), such as cadherin proteins, 

contribute to holding the cells together, providing the tissue structural support, and are 

essential for formation of Tjs [3]. Furthermore, major facilitator superfamily domain-

containing protein-2a (MFSD2A) helps maintain a low-level permeability of BBB to regulate 

transcytosis in BMECs [4]. For maintenance of BBB functions, astrocytes and pericytes 

contribute to the formation of Tjs in BMEC with cell-to-cell interaction [5–6].  

Disruption of BBB is related to various neurological diseases [7–9] and precedes 

the onset of Alzheimer’s disease [10–11]. The mechanism of neurological diseases 

associated with BBB disruption is increasingly recognized as neuronal damage and 

neuroinflammation by plasma proteins derived from peripheral blood [12–13]. Fibrinogen is 

a marker of BBB disruption and plays a causative role in neurologic disease through the 

inflammatory activation of microglia [13–15].  

BBB integrity is impaired in aging [16–19], which is related to cognitive decline in 

vascular mild cognitive impairment [20]. Accumulation of senescent cells in brain influences 

microenvironment and contributes to the pathogenesis of the age-related 

neurodegenerative diseases [21–22]. In relation to age-related BBB disruption, 

accumulation of senescent vascular cells is associated with compromised BBB integrity 

[23]. However, whether or not cellular senescence in cerebral microvessels is related to the 

BBB dysfunction in vivo is unclear. 

    The aim of the present study was to investigate the relationship between dynamic 

changes in BBB integrity with aging and cellular senescence in vivo. Furthermore, we 

evaluated the relationship between BBB integrity and inflammatory activation of microglia. 
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Material and Methods 

 

Animals 

 

    All protocols involving experimental animals were approved by the Laboratory 

Animal Care and Use Committee of Fukuoka University (permit number: 2113105). The 2-, 

4-, 8-, 12-, and 24-month-old male C57BL/6J mice were purchased from the Charles River 

Laboratory (Kanagawa, Japan) and housed under a controlled temperature (22°C ± 2°C) 

and light/dark cycle (lights on from 7:00 to 19:00), with access to water and chow diet ad 

libitum.  

 

Isolation of brain microvessels 

 

    Male mice aged 2, 8, 12, and 24 months were anesthetized before Dulbecco’s 

phosphate-buffered saline (-) (D-PBS) (Wako, Osaka, Japan; 045-29795;10 mL per mouse) 

was infused into the left ventricle of the heart. The brain tissue was triturated using a glass 

homogenizer coated with 1% bovine serum albumin (BSA)-Hanks’ Balanced Salt Solution 

(HBSS; Thermo Fisher Scientific, Waltham, MA, USA; 14185-045) in 1 mL of Buffer A 

(HBSS containing 1% Phosphatase Inhibitor Cocktail [ethylenediaminetetraacetic acid 

(EDTA) free; Nacalai Tesque, Kyoto, Japan; 07575-51], 1% Protease Inhibitor Cocktail for 

use with mammalian and tissue extracts [Nacalai Tesque; 25955-11], 1 mM of 

phenylmethylsulfonyl fluoride [PMSF; Sigma, St. Louis, MO, USA; P7626], and 15 µg/mL of 

deoxyribonuclease I [Sigma; D4513]) on ice. Aliquots of this suspension were used as 

whole brain samples for western blotting. This suspension was transferred into a 1.5-mL 

tube and centrifuged at 1,000 × g for 10 min at 4°C. Next, the supernatant was aspirated, 

and the pellet was mixed with 1 mL of 17.5% dextran (Sigma; D8821)-HBSS. The 

suspension was then centrifuged at 4,400 × g for 15 min at 4°C. The supernatant with a 

lipid layer was removed, and the pellet was resuspended in Buffer B (Buffer A containing 

1% BSA). Next, the suspension was filtered using a 10-µm nylon mesh membrane to trap 

the residue, including microvessels, on the surface of the membrane. HBSS was then 

passed through the membrane to remove debris from the residue. The microvessels on the 
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membrane were then washed into a 1.5-mL tube with Buffer A and centrifuged at 20,000 × 

g for 5 min at 4°C. Finally, microvessels were obtained at the bottom of the tube and stored 

at −80°C until use. 

 

Extraction of total protein from brain microvessels and the whole brain 

 

The microvessels were homogenized in a phosphoprotein lysis buffer containing 

10 mM of Tris-HCl (pH 6.8; Nacalai Tesque; 35434-34), 100 mM of NaCl (Sigma; 28-2270-

5), 1 mM of EDTA (pH 8.0; Wako; 311-90075), 1 mM of EGTA (Wako; 346-01312), 10% 

glycerol, 1% Triton-X100 (Sigma; X100), 0.1% sodium dodecyl sulfate (SDS; Nacalai 

Tesque; 02873-75), 0.5% sodium deoxycholate (Sigma; D6750), 20 mM of sodium 

pyrophosphate (Sigma; S6422), 2 mM of sodium orthovanadate (Sigma; S6508), 1 mM of 

sodium fluoride (Wako; 196-01975), 1% protease inhibitor cocktail (Sigma; P2714), 1% 

phosphatase inhibitor cocktail 2 (Sigma; P5726), 1% Phosphatase Inhibitor Cocktail 3 

(Sigma; P0044), and 1 mM of PMSF (Sigma) using an electric mixer and then sonicated on 

ice. In the whole brain sample, 100 µL of the suspension was added with 50 µL of 3× 

sample buffer containing 0.03% Bromophenol Blue (Wako; 021-02911), 6% SDS, 30% 

glycerol, 187.5 mM of Tris-HCl (pH 6.8) and 15% 2-Mercaptoethanol (Sigma; M3148), 

homogenized using an electric mixer, and sonicated on ice. Samples were centrifuged at 

15,000 × g for 15 min at 4°C, and the supernatants were collected. The total protein 

concentration in the lysates obtained from microvessels or the whole brain was determined 

using the Pierce™ BCA Protein Assay Kit (Thermo Fisher Scientific; 23225). 

 

Western blotting 

 

Equivalent amounts of protein from each sample were electrophoretically 

separated on 7.5% TGX Stain-Free gradient acrylamide gels (Bio-Rad, Hercules, CA; 161-

0181) or 12% TGX Stain-Free acrylamide gels (Bio-Rad; 161-0185) and transferred to low 

fluorescent polyvinylidene difluoride membranes (Bio-Rad; 1704274). Stain-free technology 

using the GelDoc go imaging system (Bio-Rad) was used for total protein normalization. 
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Membranes were then blocked using Blocking One (Nacalai Tesque; 03953-95) and 

reacted with primary antibodies overnight. After washing, the membranes were incubated in 

HRP-conjugated goat anti-rabbit IgG (Bio-Rad; 170-6515) or goat anti-mouse IgG (Bio-

Rad; 170-6516), as appropriate. Immunoreactive bands were detected using Clarity 

Western ECL Substrate (Bio-Rad; 1705061). Images of the bands were digitally captured 

using the MultiImager II ChemiBOX (BioTools, Gunma, Japan), and band intensities were 

quantified using ImageJ software (National Institutes of Health Image, Bethesda, MD, 

USA). The relative intensity of each individual protein was expressed as the ratio of the 

corresponding protein to the total protein loading. 

 

Immunofluorescence staining 

 

Male mice aged 2, 12, and 24 months were anesthetized before D-PBS (5 mL per 

mouse) was infused into the left ventricle of the heart. After D-PBS infusion, the brain was 

fixed by infusing 4% Paraformaldehyde Phosphate Buffer Solution (PFA; Wako; 163-

20145; 5mL per mouse) into the left ventricle of the heart. The brain tissues were stored in 

4% PFA overnight at 4°C and replaced by 20% sucrose (Wako; 196-00015) until 

embedding in O.C.T. Compound (Sakura Finetek Japan, Tokyo, Japan; 4583) at −80°C. 

The 20-µm frozen section of brain tissue was prepared using a cryostat. The brain tissue 

section on a microscope slide was washed and activated at 95°C, blocked using Blocking 

One Histo (Nacalai Tesque; 06349-64), and reacted with primary antibodies overnight. 

After washing, the brain tissue section was incubated overnight with Cy3-labeled Donkey 

Anti-goat IgG (1:100; Jackson ImmunoResearch, West Grove, PA, USA; 705-165-147), 

Alexa Fluor 488-labeled Donkey Anti-rabbit IgG (1:100; Thermo Fisher Scientific; A-21206), 

and DyLight 488-labeled Lectin (1:200, Vector Laboratories, Newark, CA, USA; DL-1174), 

as appropriate. After washing, the brain tissue section was encapsulated with the 

VECTASHIELD Mounting Medium with DAPI (Vector Laboratories, Newark, CA, USA; H-

1200). All samples were imaged under a fluorescence microscope (BZ-X710, KEYENCE, 

Osaka, Japan). 
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Primary antibodies 

 

    Primary antibodies used for western blotting and immunofluorescence staining 

were as follows: ZO-1 (1:400; Invitrogen/Thermo Fisher Scientific; 61-7300), occludin 

(1:400; Invitrogen/Thermo Fisher Scientific; 33-1500), claudin-5 (1:1,000; 

Invitrogen/Thermo Fisher Scientific; 35-2500), cadherin (1:1,000; Cell Signaling 

Technology, Danvers, MA, USA; 4068S), PDGFRβ (1:1000; Cell Signaling Technology; 

3169S), αSMA (1:1,000; PROGEN, Heidelberg, Germany; 65001), p53 (1:500; Santacruz, 

Dallas, TX, USA), p21 (1:500; Santacruz; sc-6246), and p16 (1:500; Santacruz; sc-1661) 

for western blotting; Fibrinogen (Dako Denmark/Agilent Technologies, Santa Clara, CA, 

USA; A0080), PDGFRβ (1:100; R&D Systems, Minneapolis, MN, USA; AF1042), GFAP 

(1:100; Merck Millipore, Darmstadt, Germany; AB5804), and Iba1 (1:100; Wako, 019-

19741) for immunofluorescence staining. 

 

Statistical analysis 

 

Results are expressed as mean ± standard error of mean (SEM). Statistical 

analyses were performed using GraphPad Prism 8.0 (GraphPad, San Diego, CA, USA). 

Statistical differences between groups were analyzed using the one-way analysis of 

variance (ANOVA), followed by Tukey’s multiple-comparisons tests. Statistical analyses for 

evaluating two factors between groups were performed using ANOVA, followed by Šídák’s 

multiple-comparisons tests. Differences between means were considered to be statistically 

significant at a P-value < 0.05. 
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Results 

 

Changes in protein expressions in Tjs and Ajs of microvessels with aging 

 

    To evaluate the effect of aging on the expression of Tjs and Ajs, we measured the 

protein expression levels of ZO-1, occludin, and claudin-5, which comprise Tjs, and pan-

cadherin as Ajs in microvessels at 2-, 8-, 12-, and 24 months of age. The protein 

expression levels of ZO-1 and cadherin decreased significantly with aging (Fig. 1A, D). 

One-way ANOVA showed an effect for age on the protein expression levels of ZO-1 

(F(3,31) = 7.298, P = 0.0008) and cadherin (F(3,13) = 7.653, P = 0.0034). The ZO-1 or 

cadherin expression showed no significant changes between 2 and 8 months of age. The 

protein expression levels of ZO-1 in 12- and 24-month-old mice decreased by 46.57% (P = 

0.0005) and 31.85% (P = 0.0131) compared to that in 8-month-old mice, respectively. Pan-

cadherin expressions in 12- and 24-month-old mice decreased by 50.22% (P = 0.0448) and 

75.15% (P = 0.0058), respectively, compared to that in 2-month-old mice. In contrast, the 

protein expression levels of occludin increased significantly with aging (Fig. 1B). The one-

way ANOVA showed an effect of age on the protein expression levels of occludin (F(3,28) 

= 9.897, P = 0.0001). The occludin expression in 12- and 24-month-old mice increased by 

55.18% (P = 0.0062) and 81.81% (P = 0.0002) compared to that in 2-month-old mice, 

respectively. Claudin-5 levels increased significantly up to 12 months of age (Fig. 1C). The 

one-way ANOVA showed an effect of age on claudin-5 levels (F(3,41) = 3.898, P = 

0.0154). The percentage increase in the protein expression levels of claudin-5 in 12-month-

old mice was 44.05% (2 vs. 12 months old, P = 0.0081).  

 

Changes in fibrinogen leakage in the brain with aging 

 

    To ascertain whether or not BBB integrity changed with aging, we evaluated the 

leakage of fibrinogen, a coagulation factor derived from circulating blood, in the 

hippocampus of 2-, 12-, and 24-month-old mice using immunofluorescence staining. Lectin 

was used to visualize the cerebral blood vessels. In the whole hippocampus, the fibrinogen-

positive area and intensity tended to increase. CA1 in 24-month-old mice increased 6.4 
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folds (2 vs. 24 months old, P = 0.0013) and 3.2 folds (12 vs. 24 months old, P = 0.0081) in 

the positive area and by 7.2 folds (2 vs. 24 months old, P = 0.0011) and 3.2 folds (12 vs. 24 

months old, P = 0.0087) in positive intensity (Fig. 2). The two-way ANOVA revealed 

significant effects of age and regions but not of interaction between age and regions. The 

two-way ANOVA showed the following: effects of age (F(2, 24) = 6.178, P = 0.0068), 

regions (F(3, 24) = 3.583, P = 0.0285), and interaction (age × regions) (F(6, 24) = 1.923, 

P = 0.1181) in the positive area and those of age (F(2, 24) = 7.762, P = 0.0025), regions 

(F(3, 24) = 3.331, P = 0.0364), and interaction (age × regions) (F(6, 24) = 1.686, P = 

0.1676) in the positive intensity. 

 

Changes in the protein expression of pericyte markers in microvessels with aging 

 

    In addition, we validated whether or not changes in pericytes in microvessels 

accounted for changes in Tjs and Ajs with aging. The protein expression levels of PDGFRβ 

and αSMA in 24-month-old mice were the lowest among the four age groups (Fig. 1A, B). 

The one-way ANOVA showed an effect of age on the protein expression levels of PDGFRβ 

(F(3,32) = 18.59, P < 0.0001) and αSMA (F(3,26) = 4.295, P = 0.0137). The protein 

expression levels of PDGFRβ peaked at 8 months of age (120.8% of 2-month-old level, P < 

0.05) and then gradually decreased with age to 104.6% at 12 months of age 66.20% at 24 

months of age (P = 0.0003 vs. 2-month-old level; P < 0.0001 vs. 8-month-old level; P < 

0.0001 vs. 12-month-old level). αSMA levels increased to 150.1% at 12 months of age (P < 

0.05) and decreased by 56.27% (12- vs. 24-month-old levels, P = 0.0179). 

 

Changes in the protein expression of senescent cell markers in microvessels with 

aging 

 

    To determine whether or not cellular senescence occurred in microvessles with 

aging, we evaluated the protein expression levels of p53, p21, and p16, which are involved 

in cell cycle arrest as characteristics of senescent cells. The protein expression levels of 

p53, p21, and p16 tended to increase with aging (Fig. 3A–C). The one-way ANOVA 
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showed an effect of age on the protein expression levels of p53 (F(3,16) = 4.687, P = 

0.0156), p21 (F(3,20) = 3.111, P = 0.0494), and p16 (F(3,32) = 3.839, P = 0.0187). The 

protein expression levels of p53 increased by 153.6% (P = 0.0244) and 142.5% (P = 

0.0385) in 12- and 24-month-old mice compared to 2-month-old mice, respectively (Fig. 

3A). In addition, the p21 expression in 12-month-old mice was increased by 68.75% 

compared to that in 2-month-old mice. Although the p16 expression levels in 24-month-old 

mice were significantly higher than those in 8-month-old mice (P = 0.0127), the difference 

was not statistically significant when compared with that in 2-month-old mice.  

 

Elimination of pericytes from the hippocampus of 12- and 24-month-old mice 

 

    Furthermore, we investigated the impact of aging on the number and localization 

of pericytes using immunofluorescence staining. In the whole hippocampus, the PDGFRβ-

positive cells, area, and intensity in 12-, and 24-month-old mice decreased significantly 

compared to 2-month-old mice (Fig. 5A–D). The two-way ANOVA revealed significant 

effects of age [positive cells (F(2, 40) = 31.28, P < 0.0001), area (F(2, 40) = 19.20, P < 

0.0001), and intensity (F(2, 40) = 22.88, P < 0.0001)] but not of regions or interaction 

between age and regions.  

 

Changes in astrocytes in the hippocampus of 12- and 24-month-old mice 

 

    In addition, we evaluated the impact of aging on the number and morphological 

features of astrocytes using immunofluorescence staining. Glial fibrillary acidic protein 

(GFAP) was used as a characteristic marker of astrocytes. Contrary to age-related changes 

in pericytes, GFAP-positive cells, area, and intensity in 12- and 24-month-old mice tended 

to increase in the whole hippocampus (Fig. 6A–D). Furthermore, astrocytes showed no 

morphological changes in 12- or 24-month-old mice.  
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Activation of microglia in the hippocampus of 24-month-old mice 

 

    Activation of microglia contributes to neuroinflammation, which is closely related to 

neurodegenerative disorders. Therefore, we ascertained whether or not microglia are 

activated with aging using immunofluorescence staining for Iba1 as a characteristic marker 

of microglia. In the whole hippocampus, the Iba1-positive cells, area, and intensity tended 

to increase in 24-month-old mice. In CA3, positive cells (2 vs. 24 months old, P = 0.0487), 

positive area (2 vs. 24 months old, P = 0.0013, 12 vs. 24 months old, P = 0.0014), and 

intensity (2 vs. 24 months old, P = 0.0163, 12 vs. 24 months old, P = 0.0057) increased 

significantly in 24-month-old mice (Fig. 7A–D). CA3 and CA2 increased significantly in the 

Iba-1-positive area (2 vs. 24 months old, P = 0.0240, 12 vs. 24 months old, P = 0.0288) and 

intensity (2 vs. 24 months old, P = 0.0426, 12 vs. 24 months old, P = 0.0423) in 24-month-

old mice (Fig. 7A–D). The two-way ANOVA revealed significant effects of age [positive cells 

(F(2, 40) = 6.756, P = 0.0030), area (F(2, 40) = 17.92, P < 0.0001), and intensity (F(2, 40) = 

14.09, P < 0.0001)] but not of age or interaction between age and regions.  
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Discussion 

 

In this study, we focused on the relationship between age-related changes in BBB 

integrity and the cellular senescence marker expression in microvessels in vivo. 

Furthermore, we evaluated whether or not microglia are activated during aging 

accompanied with BBB disruption.  

    First, we demonstrated that expressions of Tjs- and Ajs-associated proteins in 

microvessels changed with aging (Fig. 1). Furthermore, fibrinogen leaked to brain 

parenchyma through microvasculature in 24-month-old mice (Fig. 2). The decrease in the 

Tj expression in the brain results in BBB disruption with aging. However, previous studies 

reported different findings regarding changes in expressions of ZO-1, occludin, and claudin-

5 with aging [8, 24]. These discrepancies probably depend age, tissue, and model of 

animals used in experiments. Our results suggest that decreased ZO-1 and cadherin 

expressions in microvessels contribute to BBB disruption with aging. Furthermore, the ZO-1 

expression decreased as a consequence of a decreased cadherin expression, because 

cadherin regulates the ZO-1 expression [3]. However, the occludin expression increased 

with aging, while the claudin-5 expression was not significantly influenced by aging (Fig. 1). 

A previous study using an in vitro senescent BBB model found that occludin showed 

disordered increases and disorganized membrane localization [23]. Therefore, increases in 

the occludin expression in microvessels could not contribute to BBB integrity in 24-month-

old mice. Membrane localization of occludin is related with cadherin [25]. Reduced cadherin 

levels may disorder the occludin expression. 

    Fig. 3 shows that the expression of the pericyte marker in microvessels decreased 

with aging. Using αSMA and PDGFRβ, distinct morphologies of pericytes have been 

observed in the mouse brain [26, 27]. Our results suggested that pericytes on capillaries 

were more vulnerable, leading to pericyte loss, with aging than those on pre-capillaries.  

    Fig. 4 shows that the senescent cells in microvessels accumulated with natural 

aging. In particular, the increased p53 and p21 expressions preceded the increased p16 

expression. Senescent BMECs upregulated the p21 expression, whereas senescent 

pericytes upregulated the p16 expression [23]. Our results and this report suggested that 

BMECs exhibit early senescence during aging, which do not directly cause the age-related 

BBB disruption. In contrast, cellular senescence in pericytes was delayed compared to that 
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in BMECs, and pericyte senescence was likely to be critical for BBB disruption with aging. 

However, the pathways of p16 and p53, which are upstream regulators of p21, closely 

regulated their expression levels through a feedback mechanism [28]. Therefore, identifying 

which cells increased the p53, p21, or p16 expression in this study is impossible. 

    Next, using Immunofluorescence staining, we evaluated the impact of aging on 

pericytes, astrocytes, and microglia in the hippocampus. Corresponding to the results of 

microvessels, pericytes were markedly decreased in the hippocampus of 12- and 24-

month-old mice compared to 2-month-old mice (Fig. 5). Our results supported previous 

reports showing the loss of pericytes with aging [8, 29]. Moreover, the consequence of 

pericyte loss is related with aging-associated Tj dysregulation [30]. These reports and our 

results indicated that the loss of pericytes with aging probably contributed to aging-

associated Tj dysregulation and BBB disruption. 

    Contrary to the loss of pericytes, astrocytes tended to increase but showed no 

significant changes with aging (Fig. 6). Our results support evidences that astrocytes 

accumulated in the normal aging brain increased in both number and size [31, 32]. 

Changes in astrocytes with aging may have compensated for the loss of pericytes. 

    Corresponding to the leakage of fibrinogen from BBB, microglia were activated 

with an amoeboid morphology in the hippocampus of 24-month-old mice (Fig. 7). Activated 

microglia produces high levels of neurotoxic and proinflammatory mediators, which result in 

cell injury and neuronal death [8, 33]. Because fibrinogen can induce the activation of 

microglia [14], leakage of fibrinogen caused by age-related BBB disruption may trigger the 

activation of microglia.  

    BBB disruption precedes the onset of Alzheimer’s disease [11] and is associated 

with the inflammatory activation of microglia [13]. Therefore, restoring age-related BBB 

dysfunction can be a preventive strategy for age-associated neurological disorders. 
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Figures 

Fig. 1 
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Fig 1. ZO-1, occludin, claudin-5, and pan-cadherin expression levels in brain 

microvessels of 2-, 8-, 12-, and 24-month-old mice 

Representative western blotting images of ZO-1 (A), occludin (B), claudin-5 (C), and Pan-

cadherin (D) in 2- (2M), 8- (8M), 12- (12M), and 24-month-old (24M) mice. Band intensities 

quantified by densitometry. Total protein levels measured by stain-free technology used as 

loading controls for total protein normalization. Data are expressed as percentages of the 

2-month-old group’s protein level. Bars indicate mean ± standard error of mean (n = 3–11). 

Each closed symbol represents an individual value. *P < 0.05, **P < 0.01, and ***P < 0.001, 

significantly different between groups. 

Abbreviations: ZO-1, zonula occludens-1; Pan-cad, pan-cadherin 
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Fig. 2 
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Fig. 2 Fibrinogen extravasation in the hippocampus of 2-, 12-, and 24-month-old mice 

Representative fluorescence images of fibrinogen (red) and lectin (green) in CA1, CA2, 

CA3, and DG of the hippocampus in 2- (2M), 12- (12M), and 24-month-old (24M) mice (A). 

Fibrinogen-positive areas (B) and intensity (C) detected and quantified by fluorescence 

microscopy. Data are expressed as fold changes in each corresponding 2M (n = 3). Bars 

indicate mean ± standard error of mean. **P < 0.01, significantly different from each 

corresponding 2M. 

Abbreviations: CA, Cornu Ammonis; DG, dentate gyrus 
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Fig. 3 
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Fig 3. PDGFRβ and αSMA expression levels in brain microvessels of 2-, 8-, 12-, and 

24-month-old mice 

Representative western blotting images of PDGFRβ (A) and αSMA (B) in 2- (2M), 8- (8M), 

12- (12M), and 24-month-old (24M) mice. Band intensities quantified by densitometry. Total 

protein levels measured by stain-free technology used as the loading controls for total 

protein normalization. Data are expressed as percentages of the 2-month-old group’s 

protein level. Bars indicate mean ± standard error of mean (n = 6–10). Each closed symbol 

represents an individual value. *P < 0.05, ***P < 0.001, and ****P < 0.0001, significantly 

different between each group. 

Abbreviations: PDGFRβ, platelet-derived growth factor β; αSMA, α-smooth muscle actin 
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Fig. 4 
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Fig 4. p53, p21, and p16 expression levels in brain microvessels of 2-, 8-, 12-, and 24-

month-old mice 

Representative western blotting images of p53 (A), p21 (B), and p16 (C) in 2- (2M), 8- (8M), 

12- (12M), and 24-month-old (24M) mice. Band intensities quantified by densitometry. Total 

protein levels measured by the stain-free technology used as the loading controls for total 

protein normalization. Data are expressed as percentages of the 2-month-old group’s 

protein level. Bars indicate mean ± standard error of mean (n = 5–10). Each closed symbol 

represents an individual value. *P < 0.05, significantly different between each group. 
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Fig. 5 
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Fig. 5 PDGFRβ expression levels in the hippocampus of 2-, 12-, and 24-month-old 

mice 

Representative fluorescence images of PDGFRβ (red) and DAPI (blue) in CA1, CA2, CA3, 

and DG of the hippocampus of 2- (2M), 12- (12M), and 24-month-old (24M) mice (A). (B, C, 

D) PDGFRβ-positive cells (B), areas (C), and intensity (D) detected and quantified by 

fluorescence microscopy. Data are expressed as fold changes in each corresponding 2M 

(n = 3–5). Bars indicate mean ± standard error of mean. *P < 0.05, **P < 0.01, and ***P < 

0.001, significantly different from each corresponding 2M. 

Abbreviations: CA, Cornu Ammonis; DG, dentate gyrus; PDGFRβ, platelet-derived growth 

factor β; DAPI, 4',6-diamidino-2-phenylindole 

  



69 

 

Fig. 6 
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Fig. 6 GFAP expression levels in the hippocampus of 2-, 12-, and 24-month-old mice 

Representative fluorescence images of GFAP (green) and DAPI (blue) in CA1, CA2, CA3, 

and DG of the hippocampus of 2- (2M), 12- (12M), and 24-month-old (24M) mice (A). 

GFAP-positive cells (B), areas (C), and intensity (D) detected and quantified by 

fluorescence microscopy. Data are expressed as fold changes in each corresponding 2M 

(n = 3). Bars indicate mean ± standard error of mean. 

Abbreviations: CA, Cornu Ammonis; DG, dentate gyrus; GFAP, glial fibrillary acidic protein; 

DAPI, 4',6-diamidino-2-phenylindole 
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Fig. 7 
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Fig. 7 Iba1 expression levels in the hippocampus of 2-, 12-, and 24-month-old mice 

Representative fluorescence images of Iba1 (green) and DAPI (blue) in CA1, CA2, CA3, 

and DG of the hippocampus of 2- (2M), 12- (12M), and 24-month-old (24M) mice (A). Iba1-

positive cells (B), areas (C), and intensity (D) detected and quantified by fluorescence 

microscopy. Data are expressed as fold changes in each corresponding 2M (n = 4–5). Bars 

indicate mean ± standard error of mean. *P < 0.05 and **P < 0.01, significantly different 

from each corresponding 2M. 

Abbreviations: CA, Cornu Ammonis; DG, dentate gyrus; Iba1, Ionized calcium-binding 

adapter molecule 1; DAPI, 4',6-diamidino-2-phenylindole 
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Introduction 

 

The Blood-brain barrier (BBB) formed by brain microvascular endothelial cells 

(BMECs), astrocytes, and pericytes, regulates the exchange of substances, including 

various molecules and ions, between the blood and brain to maintain the homeostasis of 

the central nervous system (CNS)[1]. BMECs that are sealed with tight junctions (Tjs), 

restrict the paracellular transport of substances in the blood [2]. Disruption of this barrier 

system causes various neurological diseases including Parkinson's disease (PD), 

Alzheimer's disease (AD), and multiple sclerosis [3–5]. Moreover, BBB integrity is impaired 

with aging [6–9], which is related to cognitive decline in vascular mild cognitive impairment 

[10] and precedes the onset of Alzheimer’s disease [11,12]. However, the mechanism that 

induces altered BBB integrity during aging remains unclear. 

Recently, it has been recognized that aging induces the accumulation of 

senescent cells in tissues of various organs [13,14]. Cellular senescence is caused by 

stress responses to molecular damage, such as replicative exhaustion, aberrant oncogene 

activation, or chemotherapeutic-based treatments, which result in a permanent cell cycle 

arrest [15,16]. Furthermore, senescent cells, showing the senescence-associated secretory 

phenotype (SASP), exhibit a complex secretome, and undergo characteristic changes 

including transcriptional, epigenetic, morphological, and metabolic alterations [16,17]. 

SASP influences the microenvironment and contributes to the pathogenesis of age-related 

neurodegenerative diseases [18,19]. 

 Accumulation of senescent vascular cells is associated with compromised BBB 

integrity [20]. Pericytes are present at intervals along the walls of the brain capillaries and 

play a key role in maintaining BBB integrity [21–24]. Pericytes induce the formation of tight 

junctions (Tjs) in BMECs and regulate the permeability of BBB [21,25]. Pericyte coverage 

and the number of brain capillaries are downregulated in patients with AD, which is 

associated with BBB breakdown [26,27], suggesting that pericyte loss with aging results in 

progressive vascular-mediated neurodegeneration [28]. However, the ability of pericytes to 

support BBB integrity and their characteristic changes during cellular senescence or aging 

need to be explored. In this study, we used BBB models comprising intact brain endothelial 

cells co-cultured with senescent pericytes that were obtained through a serial passage or 

isolated from 18-month-old rats to evaluate their impact on BBB integrity and the 

differences between replicative senescence and natural aging in pericytes. Furthermore, 

we evaluated SASP in tested senescent pericytes and a distinct mRNA expression profile 

of pericyte markers in them. 
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Materials and Methods 

 

Animals 

 

All experimental protocols involving animals were approved by the Laboratory 

Animal Care and Use Committee of Fukuoka University (permit number 2204002). Male 

and female Wistar rats (3–4 weeks, and 18 months old) were purchased from Japan SLC 

Inc. (Shizuoka, Japan). Rats were housed under a controlled temperature (22 ± 2 °C) and 

light and dark cycle (light from 7:00 to 19:00); they were provided access to water and a 

chow diet ad libitum.  

 

Primary culture of rat brain endothelial cells and pericytes 

 

The primary culture of rat brain endothelial cells (ECs) and pericytes (PCs) was 

maintained as previously described [29,30]. PCs were isolated from 3–4-week-old and 18-

month-old Wistar rats.  

 

Passage culture of rat brain pericytes for inducing cellular senescence 

 

Replicative senescence can be induced by serial passage, a classical laboratory 

protocol [20,31]. The primary cultures of PCs were passaged using Cellmatrix Collagen 

Type I-C (0.1 mg/mL, Nitta Gelatin Inc., Osaka, Japan; 637-00773)-coated flasks (50 × 104 

cells/flask) once a week up to nine times. In the second passage, PCs isolated from 3- to 4-

week-old rats were used as lower-passage PCs (P2 PCs) and young PCs. In the fourth, 

seventh, and tenth passages (i.e., after 3, 6, and 9 repeated passages), PCs isolated from 

3- to 4-week-old rats were used as higher-passaged (P4, 7, and 10) PCs. PCs isolated 

from 18-month-old rats, in their second passage, were used as aged PCs. 
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In vitro evaluation of the barrier function of the BBB 

 

ECs isolated from 3-week-old Wistar rats were seeded (5 × 104 cells/well) into 24-

well transwell inserts (0.4-µm pore size; Corning, Midland, MI, USA; 3470) coated with 

collagen type IV (0.1 mg/mL, Nitta Gelatin Inc.; 638-05921) and fibronectin (0.025 mg/mL, 

Sigma) and maintained in EC medium supplemented with 500 nM hydrocortisone (Sigma; 

H0135). PCs were seeded in Cellmatrix Collagen Type I-C (0.1 mg/mL, Nitta Gelatin Inc.)-

coated 24-well plate (2.5 × 104 cells/well) and cultured in the PC medium. The inserts with 

ECs were placed in a 24-well plate containing cultured PCs at the bottom of the plate (PC 

co-culture group). Inserts with ECs were placed into a 24-well plate without PCs, which 

served as the control group (EC monolayer group). Both groups were cultured for 3 days in 

an EC medium supplemented with 500 nM hydrocortisone. To evaluate the barrier function 

in EC monolayer and PC co-culture groups, the permeability coefficients of sodium 

fluorescein (Na-F) and transendothelial electrical resistance (TEER) values were measured 

as reported previously [32,33].  

 

Experimental conditions 

 

For β-galactosidase staining, real-time quantitative PCR and Western Blot 

Analysis, PCs were seeded on Cellmatrix Collagen Type I-C (0.1 mg/mL)-coated 35-mm 

dishes and cultured using PC medium. On the next day, the medium was replaced with 

serum-free PC medium and incubated for 16 h. Subsequently, real-time quantitative RT-

PCR and Western Blotting were performed to analyze PCs, and the cell culture-conditioned 

medium was collected for the MILLIPLEX assay. 

 

β-Galactosidase staining 

     

We further analyzed PCs using a Senescence β-galactosidase Staining Kit (Cell 

Signaling Technology, Danvers, MA, USA; 9860S). For this purpose, PCs were washed 
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with Dulbecco’s phosphate-buffered saline (-) (D-PBS) (Nacalai Tesque, 14249-24) once, 

fixed with 1 × fixative solution for 15 min, and washed twice with D-PBS. Subsequently, the 

PCs were incubated with β-galactosidase Staining Solution at 37 °C overnight in a dry 

incubator. The β-galactosidase-positive staining on PCs was detected using a phase 

contrast microscope (Nikon, Tokyo, Japan). The stained area of the cells that were β-

galactosidase-positive was calculated using the ImageJ software (National Institutes of 

Health Image, Bethesda, MD, USA). Results were expressed in terms of percentage of β-

galactosidase-positive area [(stained area/total area in investigated microscopic fields) x 

100]. 

 

Real-time quantitative RT-PCR 

 

Total RNA was extracted from PCs using the FastGene RNA Basic Kit (FastGene 

Co, Ltd., Tokyo, Japan; FG-80250). Equivalent amounts of RNA from each sample were 

reverse-transcribed with FastGene cDNA Synthesis 5× ReadyMix OdT (FastGene Co, Ltd., 

NE-LS65) following the protocol provided by the manufacturer. Real-time PCR was 

conducted in a Light Cycler 96 System (F. Hoffmann-La Roche, Ltd., Basel, Switzerland) 

using KAPA SYBR Fast qPCR Kit (Kapa Biosystems, Inc., Bath, UK) according to the 

protocol provided by the manufacturer. After pre-incubation at 95 °C for 3 min, PCR was 

performed through 45 cycles of 95 °C for 10 s, 60 °C for 20 s, and 72 °C for 1 min, using 

specific primers of the genes of interest purchased from Takara Bio Inc. (Shiga, Japan) and 

Integrated DNA Technologies, Inc. (Coralville, IA, USA). The genes of interest and their 

primer sequences are listed in Supplementary Table 1. GAPDH was used as the reference 

gene, and hence, the threshold cycle value (Cq) of each target gene was normalized to that 

of GAPDH. Total RNA sample isolated from rats was purchased from QIAGEN (XpressRef 

Rat Universal Total RNA, Venlo, Netherlands; 338116) and used as a calibrator for relative 

quantification of altered gene expression. 
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Western Blot Analysis 

 

PCs were scraped and lysed using a lysis buffer containing 10 mM Tris-HCl (pH 

6.8; Nacalai Tesque; 35434-34), 100 mM NaCl (Sigma; 28-2270-5), 1 mM EDTA (pH 8.0; 

Wako; 311-90075), 1 mM EGTA (Wako; 346-01312), 10% glycerol, 1% Triton-X100 

(Sigma; X100), 0.1% sodium dodecyl sulfate (SDS; Nacalai Tesque; 02873-75), 0.5% 

sodium deoxycholate (Sigma; D6750), 20 mM sodium pyrophosphate (Sigma; S6422), 2 

mM sodium orthovanadate (Sigma; S6508), 1 mM sodium fluoride (Wako; 196-01975), 1% 

protease inhibitor cocktail (Sigma; P2714), 1% phosphatase inhibitor cocktail 2 (Sigma; 

P5726), 1% Phosphatase Inhibitor Cocktail 3 (Sigma; P0044), and 1 mM 

phenylmethylsulfonyl fluoride (Sigma; P7626). To determine the total protein concentration, 

cell lysates were analyzed using a Pierce™ BCA Protein Assay Kit (23225; Thermo Fisher 

Scientific). Equivalent amounts of protein from each sample were electrophoretically 

separated on 7.5% TGX Stain-Free gradient acrylamide gels (Bio-Rad, Hercules, CA; 161-

0181) or 12% TGX Stain-Free acrylamide gels (Bio-Rad; 161-0185), and subsequently, 

they were transferred to low fluorescent polyvinylidene difluoride membranes (Bio-Rad; 

1704274). For the stain-free method of total protein normalization, the GelDoc Go imaging 

system (Bio-Rad) was used. The membranes were then blocked using Blocking One 

(Nacalai Tesque; 03953-95). Antibodies developed against p16 (1:500; Santa Cruz 

Biotechnology, Dallas, TX, USA; sc-1661) and p21 (1:500; Santa Cruz Biotechnology; sc-

6246) were used to detect p16 and p21. After washing, the membranes were incubated 

with HRP–conjugated goat anti-rabbit IgG (Bio-Rad; 170-6515) or goat anti-mouse IgG 

(Bio-Rad; 170-6516), as appropriate. Immunoreactive bands were detected using Clarity 

Western ECL Substrate (Bio-Rad; 1705061). Digital images of the bands were recorded 

using a MultiImager II ChemiBOX (BioTools, Gunma, Japan), and quantitatively analyzed 

using ImageJ software (National Institutes of Health Image, Bethesda, MD, USA). The 

relative protein band intensity was expressed as the ratio to the corresponding total protein. 
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MILLIPLEX assay 

 

Cell culture conditioned medium (1,000 μL) was centrifuged to remove all debris 

and then concentrated using Amicon Ultra-0.5 PLBC ultracel-3 membrane 3kDa (Merck 

Millipore; UFC5003) following the protocol provided by the manufacturer. Cytokine and 

chemokine levels in the cell culture conditioned medium were measured using the 

MILLIPLEX MAP Rat Cytokine/Chemokine Magnetic Bead Panel (Merck Millipore, 

Darmstadt, Germany; RECYTMAG-65K) and Luminex 200 xPONENT 3.1 System (Merck 

Millipore) following the instructions provided by the manufacturer. 

 

Statistical Analysis 

 

Results are expressed as the mean ± standard error of the mean (SEM). 

Statistical analyses of data were performed using GraphPad Prism 8.0 (GraphPad 

Software, San Diego, CA, USA). The unpaired t-test was applied to compare the two 

groups. Statistical differences between groups were analyzed using one-way analysis of 

variance (ANOVA), followed by Tukey’s multiple comparison test. Differences between the 

means were considered statistically significant at P < 0.05.   
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Results 

 

Ability of pericytes to upregulate the barrier function of BBB was attenuated by 

serial passages and aging 

 

To evaluate the effects of serial passage and aging on the ability of pericytes to 

enhance BBB function, we evaluated the permeability coefficients of Na-F and TEER 

values of ECs co-cultured with or without PCs. Schematic diagrams of BBB models 

developed using ECs co-cultured with or without PCs are shown in Fig. 1A. TEER values of 

ECs co-cultured with P2 or P4 PCs were significantly increased by 2.1 (P < 0.0001) and 1.9 

(P = 0.0017) folds, respectively, compared to that of the EC monolayer. However, the 

increase in TEER values of ECs co-cultured with P7 and P10 PCs was less than that of P2 

PCs (Fig. 1B). In P2, P4 and P7 PC cocultures, significantly lower permeability coefficients 

of Na-F for ECs were detected, showing reductions by 59.15% (P < 0.0001), 42.32% (P = 

0.0131), and 30.54% (P = 0.0261) in P2, P4 and P7, respectively, compared with those 

recorded in the EC monolayer (Fig. 1C); however, the permeability coefficients of Na-F did 

not decrease significantly in the P10 set (Fig. 1C). In contrast to the young PCs, the aged 

PCs were incapable of increasing the TEER values (Fig.1D) and decreasing the 

permeability coefficients of Na-F in ECs (Fig.1E). 

 

Serial passage induced enhanced β-Galactosidase activity, and expressions of 

senescent cell markers in pericytes 

 

     We investigated whether serial passage induced cellular senescence in PCs using 

β-galactosidase staining, real-time quantitative RT-PCR, and western blotting. Two 

characteristic features of senescent cells were evaluated: (1) the expression of 

senescence-associated β-galactosidase reflecting the change in lysosomal mass of 

senescent cells, and (2) an increase in the expressions of Cdkn2a (p16) and Cdkn1a (p21), 

which act as cyclin-dependent kinase inhibitors and mediate permanent cell cycle arrest 

[17,34]. The β-galactosidase-positive area in the PCs increased with the passage number. 

The β-galactosidase-positive area in P7 and P10 PCs significantly increased compared 

with that in P2 and P4 PCs (P < 0.0001 for all pairwise comparisons) (Fig. 2A, B). Cdkn2a 

(p16) and Cdkn1a (p21) are characteristic markers of cellular senescence. In P4, P7, and 



84 

 

P10 PCs, Cdkn2a mRNA and p16 protein were highly expressed compared with that in P2 

PCs (Fig. 2C, D). Moreover, P7 PCs showed a significantly increased Cdkn1a mRNA 

expression compared to that in P2 and other PCs (P < 0.01 vs. P2, P4, and P10) (Fig. 2E). 

However, p21 protein expression increased in P4, P7, and P10 PCs by 102.4%, 153.7% (P 

= 0.0249), and 192.7% (P = 0.0327), respectively, compared with that in P2 PCs (Fig. 2F). 

 

β-Galactosidase activity and senescent marker expression were increased in 

pericytes isolated from aged rats 

 

Furthermore, cellular senescence in PCs isolated from 18-month-old rats were 

assessed. The β-galactosidase-positive area in aged PCs was 2.5-fold higher (P < 0.0001) 

than in young PCs (Fig. 3A, B); however, at the transcript level, Cdkn2a and Cdkn1a 

expressions did not increase in aged PCs (Fig. 3C, E). Results revealed significantly 

increased p16 protein expression [49.1% (P < 0.0445)] in aged PCs than in young PCs 

(Fig. 3D), while no significant change was observed in p21 protein expression (Fig. 3F). 

 

Serial passage and aging induced altered mRNA expression and release of SASP 

factors in pericytes 

 

     To examine whether the production of SASP factors in PCs is facilitated by serial 

passage and aging, we measured the mRNA levels of IL-6, IL-1β, TNFα, and MCP-1 as 

SASP factors in PCs. We also assessed these cytokines secreted in PC-conditioned media 

using multiplex ELISA. In serially passaged PCs, IL-6 mRNA expression was significantly 

increased at P7 compared to that in P2 and the other groups (Fig. 4A). P7 PCs released 

significantly more IL-6 than that secreted by P2 (P < 0.001) and P4 (P < 0.05) PCs (Fig. 

4D). Higher level of IL-6 released by P10 PCs was detected to be than that secreted by P2 

PCs; however, the difference was not statistically significant. Aged PCs secreted 

significantly higher IL-6 (2.2-fold, P = 0.0009) (Fig 4J) than young PCs did, however, such 

difference was not evident in the IL-6 mRNA expression (Fig.4G). TNFα mRNA expressed 

significantly more in P4 PCs than that in P2 (P < 0.05) and P7 (P < 0.01) PCs (Fig. 4B), 

whereas P10 PCs exhibited the highest release of TNFα (Fig. 4E). TNFα mRNA expression 

was increased 2.9-fold in aged PCs compared to that in young PCs (Fig. 4H). However, 



85 

 

TNF-α release in young and aged PCs did not significantly vary (Fig. 4K). IL-1β mRNA 

expression was significantly decreased in P4, P7, and P10 PCs compared with that in P2 

PCs (P < 0.0001 vs. P4, P7, and P10) (Fig. 4C), while it was 5-fold increased (P = 0.0237) 

in aged PCs compared with young ones (Fig. 4I). The concentration of secreted IL-1β was 

undetectable in media. MCP-1 release by P7 PCs was significantly higher than that by P2 

PCs (P = 0.0025), whereas lower level of MCP-1 was released by P4 and P10 PCs than 

that in P2 set (Fig. 4F). Aged PCs released a 2.9-fold higher MCP-1 (P = 0.0068) than 

young PCs (Fig. 4I).   

 

Serial passage and aging affected mRNA expression of pericyte markers 

 

    We characterized the phenotype of senescent pericytes by assessing mRNA 

expression levels of 13 common pericyte markers in serially passaged and aged PCs. 

Pericytes are characterized by various biochemical markers [35,36]. Of the 13 markers 

studied, Des, Nes, Acta2, Abcc9, Cspg4, Mcam (CD146), Myh11, Myl9, and Rgs5 mRNA 

expression levels were significantly downregulated after serial passage (Fig. 5A). Of these, 

seven markers (Des, Nes, Acta2, Cspg4, Mcam, Myh11, and Myl9) were significantly 

decreased in P4, P7, and P10 PCs compared with that recorded in P2 PCs. Contrastingly, 

no downregulated markers was detected in aged PCs. Des, Pdgfrb, Acta2, Abcc9, Mcam, 

Myh11, Kcnj8, and Myl9 mRNA expression levels were significantly upregulated in aged 

PCs compared to that in young PCs (Fig. 5B).   
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Discussion 

 

Previous reports demonstrated that BBB integrity is impaired during aging [6–9], 

but the mechanism of age-related BBB disorders remained unclear. In particular, the 

correlation of aging with pericytes, crucial members of the BBB, was unknown. In this 

study, we investigated whether senescent brain pericytes affect the barrier function of the 

BBB and exhibit the SASP. We focused on the differences between serial passage-induced 

cellular senescence and natural aging in PCs. 

    We demonstrated that both serially passaged and aged PCs did not enhance the 

barrier properties of ECs as indicated by the permeability to Na-F and TEER in comparison 

with the young/P2 PCs (Fig. 1). These data indicate attenuated ability of PCs to upregulate 

BBB barrier function, which was induced by senescence under both serial passage and 

natural aging conditions. Aged PCs were less effective on the barrier function of ECs than 

serially passaged PCs.  

    Next, we characterized serially passaged and aged PCs in terms of cellular 

senescence. The β-galactosidase activity and expression analyses of senescent cell 

markers distinctly indicated the characteristic features of senescence in serially passaged 

cells, which was partly insignificant in naturally aged cells. For in vitro studies of senescent 

cells, methods of stress-induced senescence involving reagents such as hydrogen 

peroxide and serial passages are commonly considered; this cannot clarify whether stress- 

or serial passage-induced cellular senescence can be reproduced in vivo. To address this 

question, we studied PCs isolated from intact 18-month-old rats which may be considered 

as naturally aged PCs and demonstrated that they retain characteristic features of 

senescent cells in contrast to PCs induced using oxidative stress or multiple passages; 

similar to the current experimental outcomes, p16 levels increase during aging of most 

mammalian tissues [37,38], while the senescence-specific phenotype showed dynamic 

changes at varying intervals after inducing senescence [39]. Moreover, a previous study 

suggested that p53, an upstream regulator of p21, regulates p16 expression through a 

negative feedback mechanism [40]. The increase in p16 levels is attributable to its 

decreased degradation rather than an increased rate of synthesis [41]. These mechanisms 

may be associated with our results showing the dynamic variation in Cdkn2a (p16) and 

Cdkn1a (p21) levels in PCs during cellular senescence.  

    Senescent cells are characterized by not only cell cycle arrest but also 

senescence-associated secretory phenotype (SASP) [31]. We demonstrated the synthesis 
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and release of SASP factors induced by serially passaged and aged PCs (Fig. 4). 

However, the expression patterns of SASP factors differed between serially passaged and 

aged PCs. Moreover, our data indicated that PCs secrete SASP after changing the cell 

cycle, and the secretion of IL-6 by PCs precedes that of TNFα during senescence. It has 

been reported that senescent vascular smooth muscle cells, which have the same cell 

lineage as pericytes, contribute to the proinflammatory environment through IL-6 and CCL2 

productions [42]. Although pericytes can stabilize the BBB under normal physiological 

conditions, the production of inflammatory mediators under pathological conditions induces 

BBB dysfunction [43]. Moreover, IL-6 modulates the expression of claudin-5 and occludin in 

cerebral cortical microvessels [44], and age-related BBB breakdown is associated with 

elevated TNFα expression and disruption of assembly of tight junction complexes [45]. 

Therefore, the SASP released by senescent PCs likely contributes to age-related BBB 

disruption. Moreover, PCs interact with ECs, astrocytes, microglia, oligodendrocytes, and 

neurons to maintain brain function through neurovascular units [46]. Therefore, further 

studies are required to clarify the impact of SASP of senescent PCs on other cellular 

components of the neurovascular units during aging. 

    Finally, we evaluated the mRNA expression of pericyte markers to characterize 

the phenotypes of senescent PCs. Both serially passaged and aged PCs isolated from 18-

month-old rats showed a similar pattern of mRNA expression in 13 markers of PCs 

explored. Notably, PCs exhibit different morphologies depending on their location in 

cerebral capillaries [22]. A previous single-cell RNA sequencing study indicated that 

capillary PCs expressed high levels of Vtn, Cspg4, Pdgfrβ, Anpep, Rgs5, Kcnj8, and Abcc9 

and low levels of Acta2, Myl9, and Myh11 [36], suggesting that our primary cultures of PCs 

are heterogeneous because were derived from various types of brain capillaries 

(precapillary arterioles, capillaries, and venules). Changes in mRNA expression levels were 

inconsistent in serially passaged and aged PCs (Fig. 5). Serial passage induced a 

significant decrease in Des, Nes, Acta2, Abcc9, Cspg4, Mcam, Myh11, and Myl9 

expression in PCs. Interestingly, aged PCs isolated from 18-month-old rats showed a 

significant increase in Des, Pdgfrb, Acta2, Abcc9, Mcam, Myh11, Kcnj8, and Myl9. 

Therefore, it is unlikely that serially passaged and aged PCs share a common phenotype 

characterized by similarly expressed PC markers. These discrepancies may be explained 

by the differences in culture conditions that are important in determining the in vitro 

phenotype. A long-term culture in the serial passage method possibly affects the 

expression levels of PC markers [35,47]. The results of aged PCs potentially aid 

characterization of the phenotypes observed in senescent PCs of aged animals. The 
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discrepancies between serially passaged and aged PCs should be considered when 

studying senescent brain pericytes in vitro. 

    In conclusion, we demonstrated that serially passaged PCs and aged PCs 

isolated from 18-month-old rats failed to maintain and enhance the barrier integrity of brain 

endothelial cells. Furthermore, serially passaged and aged PCs showed characteristic 

features of senescent cells, including cell cycle arrest as well as the synthesis and release 

of SASP factors. These results suggest that senescent PCs contribute to age-related BBB 

dysfunction. Although different expression patterns of senescence- and PC-associated 

markers were detected in serially passaged and aged PCs, our results indicate that PCs 

isolated from aged animals retain the properties of senescent cells and can be replaced 

with PCs undergoing replicative or stress-induced senescence by serial passage or 

oxidative stress, respectively, for in vitro evaluation of the impact of senescent PCs on BBB 

function. Impaired BBB integrity during aging is related to the pathogenesis of age-related 

neurodegeneration such as Alzheimer’s disease. Therefore, the application of senolysis to 

repair BBB function to selectively eliminate senescent PCs could be a new approach for 

preventing age-related neurodegeneration. 
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Figures 

Fig. 1 
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Fig. 1. Influence of brain pericytes, which were serially passaged or isolated from 18-

month-old rats, on the endothelial barrier function of BBB. 

(A) Schematic showing the in vitro BBB models using rat brain endothelial cells (ECs) co-

cultured with or without rat brain pericytes (PCs), which were serially passaged or isolated 

from 18-month-old rats. (B, D) TEER values and (C, E) permeability coefficients of sodium 

fluorescein (Na-F) for the EC monolayer were measured after culturing for 3 days. Bar 

graph represents the mean ± SEM (n = 7–24). *P < 0.05, **P < 0.01, and ****P < 0.0001. 
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Fig. 2 
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Fig. 2 Effect of serial passage on β-Galactosidase activities, Cdkn2a and Cdkn1a 

mRNA expression, and p16 and p21 protein expression in pericytes. 

(A) Representative microscopic images of β-galactosidase (β-Gal) staining in the P2, P4, 

P7, and P10 PCs. Scale bar: 100 μm. (B) β-galactosidase-positive area was quantified and 

compared between each group. (C, E) mRNA expression levels of Cdkn2a and Cdkn1a in 

P2, P4, P7, and P10 PCs. The results are expressed as fold-change relative to a calibrator 

(rat universal RNA). The representative western blot images of p16 (D) and p21 (F) in the 

P2, P4, P7, and P10 PCs. Densitometric quantification of the bands were done (right panel 

– D, F). Total protein levels measured using stain-free technology were considered as 

loading controls. The data were expressed as the percentage of corresponding data 

recorded for P2 PCs. Bar graphs indicate mean ± SEM (n = 3–7). *P < 0.05, **P < 0.01, 

***P < 0.001, and ****P < 0.0001. 
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Fig. 3 
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Fig. 3 Effect of aging on β-Galactosidase activities, Cdkn2a and Cdkn1a mRNA 

expression, and p16 and p21 protein expression in pericytes. 

(A) Representative images of β-galactosidase (β-Gal) staining in PCs isolated from young 

(3–4-week-old) and aged (18-month-old) rats. Scale bar: 100 μm. (B) β-galactosidase-

positive area was quantified and compared between the groups. (C, E) mRNA expression 

of Cdkn2a and Cdkn1a in young and aged PCs. The results are expressed as fold-change 

relative to a calibrator (rat universal RNA). The left panel shows representative western blot 

images of p16 (D) and p21 (F) in young and aged PCs. The band intensities were 

quantified using densitometry (right panel – D and F). Total protein was used as loading 

controls in the stain-free technology. Data are expressed as the percentage of data 

obtained for young PCs. Bar graphs indicate mean ± SEM (n = 3–6). *P < 0.05 and 

****P < 0.0001, significantly different from young PCs. 
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Fig. 4 
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Fig. 4 mRNA expression and release of senescence-associated secretory phenotype 

(SASP) factors in serial passaged and aged pericytes. 

The mRNA expression levels of IL-6, TNFα, and IL-1β considered as senescence-

associated secretory phenotype (SASP) factors in P2, P4, P7, and P10 PCs (A, B, C) and 

young and naturally aged PCs (G, H, I). The results are expressed as fold-change relative 

to a calibrator (rat universal RNA). The concentrations of IL-6, TNFα, and MCP-1 in 

conditioned media obtained from P2, P4, P7, and P10 PCs (D, E, F) and young and aged 

PCs (J, K, L). Data are shown as mean ± SEM (n = 3 – 8). *P < 0.05, **P < 0.01, 

***P < 0.001, and ****P < 0.0001. 
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Fig. 5 
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Fig. 5 mRNA expression of pericyte markers in serially passaged and aged pericytes. 

(A) mRNA expression levels of Anpep (N-aminopeptidase, CD13), Des (desmin), Nes 

(nestin), Pdgfrb, Acta2 (α-smooth muscle actin), Abcc9 (SUR2 subunit of K+-ATP channel), 

Cspg4 (chondroitin sulfate proteoglycan neuron-glial antigen 2, NG2), Mcam (melanoma 

cell adhesion molecule, CD146), Myh11 (myosin heavy chain 11), Vtn (vitronectin), Kcnj8 

(Kir6.1), Myl9 (myosin light chain 9), and Rgs5 (regulator of G protein signaling 5) 

considered as brain pericyte markers in P2, P4, P7, and P10 PCs; (B) and PCs isolated 

from young (3–4-week-old) and aged (18-month-old) rats. The results are expressed as 

fold-change relative to a calibrator (rat universal RNA). Data are shown as mean ± SEM (n 

= 5 – 8). *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.  
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plasma membrane localization of MFSD2A in brain 

endothelial cells through the PDGFB/PDGFRβ signaling 

pathway. 
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Introduction 

 

    The central nervous system (CNS) has a blood–brain barrier (BBB), which is 

composed of brain microvessel endothelial cells (BMECs), astrocytes, and pericytes, to 

maintain brain homeostasis by restricting penetration of substances from blood to the brain. 

Tight junction (Tj)-associated proteins in BMECs play an important role in regulating 

paracellular permeability. Moreover, BBB restricts a paracellular permeability and regulates 

transcellular permeability, such as transport of ions, neurotransmitters, and nutrients, 

between blood and the brain by various transporters expressed on BMECs [1,2]. The 

functional and structural breakdown of BBB occurs in various neurological diseases, 

including chronic Alzheimer's disease and Parkinson's disease, acute ischemic stroke, 

traumatic brain injury, epileptic seizures, and brain tumor [3,4]. 

    Major facilitator superfamily domain-containing protein-2a (Mfsd2a) is a major 

facilitator superfamily (MFS) of membrane proteins and exclusively expressed in BMECs 

[5,6]. The major transporter for LPC-DHA uptake by the brain is MFSD2A [7]. Moreover, 

MFSD2A mediates the cellular uptake of NE-DHA through brain endothelial cells (ECs; 

Chapter 1). In addition, the proper localization of MFSD2A in BMECs is required for 

transport activity [6,7]. MFSD2A is involved in brain DHA transport and contributes to the 

formation and functioning of BBB [6,8]. In particular, it helps maintain a low-level 

permeability of BBB to regulate transcytosis in BMECs [9]. It is associated with pathological 

processes of nervous system diseases by regulating BBB integrity [10,11]. 

    Pericytes are present at intervals along the walls of capillaries and surround 

BMECs in CNS. They interact with neighboring cells, including BMECs and astrocytes, and 

contribute to maintaining homeostasis of CNS by regulating cerebral blood flow, stabilizing 

BBB integrity, and mediating immune responses [12,13]. Furthermore, their presence is 

required for the MFSD2A expression in BMECs [6]. However, how pericytes regulate the 

MFSD2A expression in BMECs is unclear. 

    The aim of the present study was to investigate how pericytes regulate the 

expression and localization of MFSD2A in BMECs. 
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Materials and Methods 

 

Animals 

 

All protocols involving experimental animals were approved by the Laboratory 

Animal Care and Use Committee of Fukuoka University (permit number: 2204002). The 3- 

to 4-week-old male and female Wistar rats were purchased from Japan SLC, Inc. 

(Shizuoka, Japan), and housed under a controlled temperature (22°C ± 2°C) and light/dark 

cycle (lights on from 7:00 to 19:00), with access to water and chow diet ad libitum.  

 

Primary cultures of rat brain ECs and pericytes 

 

    The method of primary culture of ECs and pericytes was as previously described 

[14,15]. Primary cultured ECs were plated on 100-mm dishes coated with collagen type IV 

(0.1 mg/mL, Sigma, St. Louis, MO, USA; C5533) and fibronectin (0.075 mg/mL, Sigma; 

F1141-5MG) for ECs. Primary cultured pericytes were plated on an uncoated 75-cm2 flask. 

Primary cultured ECs were maintained in the EC medium (Dulbecco’s Modified Eagle 

Medium [DMEM]/F12 [Wako; 042-30555]) supplemented with 10% fetal bovine serum 

(FBS; Biosera, Kansas, MO, USA; FB-1365/500), a basic fibroblast growth factor (1.5 

ng/mL, R&D, Minneapolis, MN, USA; 2099-FB-025), heparin (100 μg/mL, Sigma; H3149), 

insulin (5 μg/mL), transferrin (5 μg/mL), sodium selenite (5 ng/mL; insulin-transferrin-

sodium selenite media supplement, Sigma; I1884), penicillin (100 units/mL), streptomycin 

(100 µg/mL; penicillin–streptomycin mixed solution, Nacalai Tesque, Kyoto, Japan; 09367-

34) and gentamicin (50 μg/mL, Biowest, Riverside, MO, USA; L0012) containing puromycin 

(4 μg/mL, Nacalai Tesque; 14861-84) at 37°C in a humidified atmosphere of 5% CO2/95% 

air, for 3 days and typically reaching 70%–80% confluency. Pericyte cultures were 

maintained in the pericyte medium DMEM (Wako, 048-29763) supplemented with 20% 

FBS (Gibco/Thermo Fisher Scientific, Waltham, MA, USA; A3160602), penicillin (100 

units/mL), streptomycin (100 µg/mL; penicillin–streptomycin mixed solution, Nacalai 

Tesque, 09367-34) and gentamicin (50 μg/mL, Biowest, Riverside; L0012)] at 37°C in a 
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humidified atmosphere of 5% CO2/95% air, for 9 days with exchanging fresh culture media 

once 3 days and typically reaching 70%–80% confluency.  

 

Non-contact coculture models using rat brain ECs and pericytes 

 

    Rat brain ECs were seeded to the bottom of a 6-well plate (30 × 104 cells/well), 

the inside of 24-well transwell inserts (5 × 104 cells/transwell, 0.4-µm pore size; Corning, 

Midland, MI; 3470) and the bottom of a 24-well plate (10 × 104 cells/well) coated with 

collagen type IV (0.1 mg/mL, Nitta Gelatin Inc.; 638-05921) and fibronectin (0.025 mg/mL, 

Sigma) and maintained in the EC medium supplemented with 500 nM of hydrocortisone 

(Sigma; H0135). Rat brain pericytes were seeded to the inside of 6-well transwell inserts 

(0.1 to 10 × 104 cells/transwell), 35-mm dishes (10 × 104 cells/dish), the bottom of a 24-well 

plate (2.5 × 104 cells/well) and the inside of 24-well transwell inserts (1 to 4 × 104 

cells/transwell, 0.4-µm pore size; Corning; 3470) coated with Cellmatrix Collagen Type I–C 

(0.1 mg/mL, Nitta Gelatin Inc.) and cultured in the pericyte medium. Cell cultures of non-

contact cocultured models, structuring ECs on the bottom of a plate and pericytes in the 

transwell inserts or ECs in the transwell inserts and pericytes on the bottom of a plate, were 

maintained in the EC medium supplemented with 500 nM of hydrocortisone for 1–3 days in 

vitro.  

 

Treatment of rat brain ECs with a conditioned medium derived from pericytes  

 

    Rat brain pericytes on 35-mm dishes were cultured in the rat brain EC medium 

supplemented with 500 nM of hydrocortisone for 3 days in vitro and collected in tubes. In 

parallel, to obtain a cell-free conditioned medium, the EC medium supplemented with 500 

nM of hydrocortisone without pericytes was incubated in 35-mm dishes for the same period 

and collected in tubes. Subsequently, ECs were cultured in a pericyte-conditioned medium 

or cell free-conditioned medium for 3 days in vitro.  
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Small interfering RNA (siRNA) transfection 

 

Pericytes cultured on 35-mm dishes or the inside of 6-well transwell inserts were 

transfected with the lipid complex, including Lipofectamine® RNAiMAX Transfection 

Reagent (4 μL; Invitrogen/Thermo Fisher Scientific, 13778075) and Rat Pdgfrb Silencer® 

Select Pre-designed siRNA (50 nM; Life technologies/Thermo Fisher Scientific, 4390771) 

or Silencer Select Negative Control (50 nM; Life technologies/Thermo Fisher Scientific, 

4390843) in the pericyte medium for 1–3 days in vitro. PDGFRβ protein levels in pericytes 

were assessed using western blotting. In addition, pericytes were transfected with the lipid 

complex, including siPdgfrb or a negative control, in the pericyte medium for 1 day and 

cultured by replacing with the EC medium for 3 days in vitro. Subsequently, PDGFRβ 

protein levels in pericytes were assessed using western blotting. 

 

Non-contact coculture models using rat brain ECs and siPdgfrb-transfected 

pericytes 

 

    Rat brain pericytes cultured on inside of 6-well transwell inserts were transfected 

with the lipid complex, including siPdgfrb or a negative control, in the pericyte medium for 1 

day and cocultured with rat brain ECs seeded to the bottom of a 6-well plate for 3 days in 

vitro by the EC medium supplemented with 500 nM of hydrocortisone. In parallel, ECs were 

cultured without pericytes for 3 days in vitro by the EC medium supplemented with 500 nM 

of hydrocortisone as control groups. 

 

Non-contact coculture models using rat brain ECs and AG1296-treated pericytes 

 

    The bottoms of 24-well plates with or without rat brain pericytes were pre-

incubated with a vehicle (0.1% dimethyl sulfoxide [Wako, 045-24511]) or AG1296 10 µM 

(Santacruz, Dallas, TX, USA; sc-200631) in the rat brain EC medium supplemented with 

500 nM of hydrocortisone for 15 min. Subsequently, ECs seeded on the inside of 24-well 
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transwell inserts were cocultured with or without pericytes pre-treated with a vehicle or 

AG1296 10 µM for 3 days in vitro in the EC medium supplemented with 500 nM of 

hydrocortisone. 

 

Western blotting 

 

Rat brain ECs and pericytes were scraped and lysed in a lysis buffer containing 10 

mM Tris-HCl (pH 6.8; Nacalai Tesque; 35434-34), 100 mM NaCl (Sigma; 28-2270-5), 1 mM 

of ethylenediaminetetraacetic acid (pH 8.0; Wako; 311-90075), 1 mM of egtazic acid 

(Wako; 346-01312), 10% glycerol, 1% Triton-X100 (Sigma; X100), 0.1% sodium dodecyl 

sulfate (Nacalai Tesque; 02873-75), 0.5% sodium deoxycholate (Sigma; D6750), 20 mM of 

sodium pyrophosphate (Sigma; S6422), 2 mM of sodium orthovanadate (Sigma; S6508), 1 

mM of sodium fluoride (Wako; 196-01975), 1% protease inhibitor cocktail (Sigma; P2714), 

1% phosphatase inhibitor cocktail 2 (Sigma; P5726), 1% Phosphatase Inhibitor Cocktail 3 

(Sigma; P0044), and 1 mM of phenylmethylsulfonyl fluoride (Sigma; P7626). The total 

protein concentration in cell lysates was determined using the Pierce™ BCA Protein Assay 

Kit (Thermo Fisher Scientific; 23225). Equivalent amounts of protein from each sample 

were electrophoretically separated on 7.5% TGX Stain-Free gradient acrylamide gels (Bio-

Rad, Hercules, CA; 161-0181) or 12% TGX Stain-Free acrylamide gels (Bio-Rad; 161-

0185) and transferred to low fluorescent polyvinylidene difluoride membranes (Bio-Rad; 

1704274). Membranes were then blocked using Blocking One (Nacalai Tesque; 03953-95). 

MFSD2A, PDGFRβ, and β-actin were detected using antibodies against MFSD2A (1:1,000; 

Sigma; SAB3500576), PDGFRβ (1:1,000; Cell Signaling Technology, Danvers, MA, USA; 

3169S), and β-actin (1:8,000; Sigma; A1978). After washing, the membranes were 

incubated in horseradish peroxidase-conjugated goat anti-rabbit IgG (Bio-Rad; 170-6515) 

or goat anti-mouse IgG (Bio-Rad; 170-6516), as appropriate. Immunoreactive bands were 

detected using the Clarity Western ECL Substrate (Bio-Rad; 1705061). Images of the 

bands were digitally captured using the MultiImager II ChemiBOX (BioTools, Gunma, 

Japan), and band intensities were quantified using ImageJ software (National Institutes of 

Health Image, Bethesda, MD, USA). The relative intensity of each individual protein was 

expressed as the ratio of the corresponding protein to the β-actin. 
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Immunofluorescence staining 

 

    Rat brain ECs cultured on the inside of 24-well transwell inserts were fixed with 

99.8% methanol (Nacalai Tesque, 21915-93) for 2 min at −20°C. ECs were permealized 

and blocked with 0.3% Triton™ X-100 (Sigma; X100) in Blocking One for 30 min and 

incubated with primary antibodies against occludin (1:100; Invitrogen/Thermo Fisher 

Scientific; 33-1500) and MFSD2A (1:100; Sigma; SAB3500576) overnight at 4°C. 

Subsequently, they were incubated with CF488-labeled goat anti-mouse IgG (1:1,000; 

Nacalai Tesque) for occludin and Cy3-labeled donkey anti-rabbi IgG (1:1,000; Jackson 

ImmunoResearch, West Grove, PA, USA) for MFSD2A for 1 h at 20-25°C. The membrane 

of the transwell inserts was cut and mounted on a slide glass and then encapsulated with 

the VECTASHIELD Mounting Medium with 4',6-diamidino-2-phenylindole (Vector 

Laboratories, Newark, CA, USA; H-1200). All samples were imaged using a fluorescence 

microscope (BZ-X710, KEYENCE, Osaka, Japan). 

 

Cellular uptake of [14C]DHA by brain ECs cocultured with pericytes 

 

The method of cellular uptake of DHA was as previously described (Chapter 1). 

Rat brain ECs seeded to the bottom of a 24-well plate were cocultured with or without 

pericytes seeded to the inside of 24-well transwell inserts for 3 days in vitro. Subsequently, 

ECs were incubated with 0.2 mL of a physiological buffer containing 0.1 µCi/mL [14C]DHA 

(incubation buffer; American Radiolabeled Chemicals, St. Louis, MO, USA; ARC0380) at 

37°C for 2 min. Subsequently, they were washed with D-PBS thrice and incubated with 0.2 

mL of 1M NaOH (Wako; 192-02175) at 37°C for 3 h for cell lysis. The total protein 

concentration in cell lysates was determined using the Pierce™ BCA Protein Assay Kit. 

Samples were added to 10 mL of a liquid scintillation cocktail (Pico-Fluor Plus; 

PerkinElmer; 6013699), and [14C]DHA radioactivity in the cell lysate was measured using a 

liquid scintillation counter. The cellular uptake of [14C]DHA by ECs was expressed as 

cell/medium ratios calculated by dividing the radioactivity in 1 mg of protein through 

radioactivity in 1 µL of the incubation buffer.  
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Statistical analysis 

 

Results are expressed as mean ± standard error of the mean. Statistical analyses 

were performed using GraphPad Prism 8.0 (GraphPad, San Diego, CA, USA). The 

unpaired t-test was used for between-group comparisons. Statistical differences between 

groups were analyzed using the one- or two-way analysis of variance (ANOVA) followed by 

Tukey’s multiple-comparisons tests. Statistical analyses for evaluating two factors between 

groups were performed using the two-way ANOVA, followed by Šídák's multiple-

comparisons tests. Differences were considered statistically significant at a P-value < 0.05.  
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Results 

 

Pericytes regulate the MFSD2A expression on brain ECs through cell-to-cell 

interaction. 

 

    To evaluate the effect of pericytes on the MFSD2A expression in brain ECs, the 

MFSD2A protein expression levels in rat brain ECs were assessed using non-contact 

coculture models comprising rat brain ECs and pericytes. Fig. 1A shows the schematic 

diagrams of the experimental procedures using non-contact coculture models. First, ECs 

were cocultured with or without pericytes for 1 or 2 days in vitro. In the group of pericyte 

coculture for 3 days in vitro, the MFSD2A protein expression levels increased by 26% (P = 

0.0323) compared to that of the EC monolayer for 3 days in vitro (Fig. 1B). The two-way 

ANOVA revealed significant effects of coculturing pericytes (F(1, 32) = 7.496, P = 0.0100) 

but not of time (F(1, 32) = 0.7716, P = 0.3863) or interaction between coculturing pericytes 

and time (F(1, 32) = 0.7716, P = 0.3863). Next, the pericytes were seeded at different 

densities into the 24-well transwell inserts and cultured with or without ECs for 3 days in 

vitro. The MFSD2A protein expression levels in the pericyte (10 × 104 cells) coculture group 

increased by 42.6% (P = 0.0008) compared to the EC monolayer group. The one-way 

ANOVA showed an effect for coculturing of pericytes on the MFSD2A protein expression 

levels (Fig. 1C; F = 5.145, P = 0.0021). Moreover, we examined whether or not the 

pericyte-derived soluble factors affected the MFSD2A protein expression in ECs. Fig. 1D 

shows the schematic diagrams of experimental procedures for evaluating the effect of 

soluble factors released by intact pericytes on ECs. The conditioned medium derived from 

pericyte or cell-free cultures was collected, and ECs were cultured for 3 days in vitro in 

each medium. Pericyte cultures did not affect the MFSD2A protein expression levels in 

ECs. These results indicate that the EC-to-pericyte interaction enhances the MFSD2A 

protein expression levels in ECs. 
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PDGFB/PDGFRβ signaling between brain ECs and pericytes regulates the MFSD2A 

expression on brain ECs. 

 

    PDGFRβ is exclusively expressed in perivascular pericytes and used as a 

characteristic marker for pericytes [16,17]. To determine whether or not PDGFB/PDGFRβ 

signaling between brain ECs and pericytes participates in the MFSD2A protein expression 

on brain ECs, we examined the effect of siPdgfrb transfection into rat brain pericytes on the 

MFSD2A protein expression in ECs. Fig. 2A shows the schematic diagrams of the 

experimental condition for siPdgfrb transfection into pericytes. First, we evaluated whether 

or not the transfection time period improves the siPdgfrb transfection efficiency. The 

siPdgfrb transfection significantly affects the PDGFRβ protein expression levels in 

pericytes, while the siPdgfrb transfection efficiency was independent of the transfection 

time period (Fig. 2B). The two-way ANOVA showed significant effects of siPdgfrb 

transfection (F(1, 12) = 135.4, P = 0.0100) but not of the transfection time period (F(2, 12) = 

0.5881, P = 0.3863) or interaction between siPdgfrb transfection and the transfection time 

period (F(2, 12) = 1.835, P = 0.2017). Differences in the percentage of PDGFRβ protein 

expression levels between control and siPdgfrb groups were as follows: 82.26% (1 day in 

vitro, P = 0.0006), 124.1% (2 days in vitro, P < 0.0001), and 105.5% (3 days in vitro, P < 

0.0001). Next, to validate the duration of the Pdgfrb knockdown in pericytes, pericytes were 

transfected with siPdgfrb for 1 day in vitro and then cultured by replacing with the EC 

medium for 3 days in vitro. The PDGFRβ protein expression levels in siPdgfrb groups 

decreased by 56% (P = 0.0001) compared to control groups (Fig. 2C). This result indicated 

that the effect of the Pdgfrb knockdown in pericytes continues for 3 days in vitro. 

Subsequently, we evaluated the effect of Pdgfrb-knockdown pericytes on the MFSD2A 

protein expression in ECs. Fig. 2D shows the schematic diagrams of the experimental 

procedures for evaluating the effect of Pdgfrb-knockdown pericytes on ECs. Pericytes 

seeded to the inside of 6-well transwell inserts were transfected with siPdgfrb or a negative 

control for 1 day in vitro and paced on a 6-well plate with ECs. ECs were cocultured with or 

without pericytes for 3 days in vitro in the EC medium. The MFSD2A protein expression 

levels were 26.6% higher in the pericyte coculture (control) groups than in the EC 

monolayer groups (P = 0.0050), and this increased expression of MFSD2A was inhibited (P 

= 0.0004) by Pdgfrb-knockdown pericytes (Fig. 2E). The one-way ANOVA showed an effect 
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of coculturing of pericytes on the MFSD2A protein expression levels (F(2, 11) = 17.12, P = 

0.0004). 

 

Pericytes increase plasma membrane localization of the MFSD2A protein in brain 

ECs. 

 

    We ascertained whether or not pericytes regulate the MFSD2A protein expression 

levels or plasma membrane localization of MFSD2A in brain ECs. Fig. 3A shows the 

schematic diagrams of the experimental procedures using non-contact coculture models 

comprising rat brain ECs and pericytes. ECs were cultured with or without pericytes for 1 or 

3 days in vitro, and MFSD2A and occludin immunoreactivity in ECs were detected by 

immunofluorescence staining. The plasma membrane in ECs was identified by a 

localization of occludin, which is a Tj-associated protein and localized in the plasma 

membrane. MFSD2A proteins localized in the plasma membrane were determined by 

detecting areas with merged MFSD2A and occludin. In the group of pericyte coculture for 3 

days in vitro, the area with merged MFSD2A and occludin increased 2.1 folds (P = 0.0076) 

compared to the EC monolayer for 3 days in vitro (Fig. 3B, C). The two-way ANOVA 

revealed significant effects of coculturing pericytes (F(1, 11) = 9.978, P = 0.0091) but not of 

the time (F(1, 11) = 3.250, P = 0.0989) or interaction between coculturing pericytes and 

time (F(1, 11) = 3.250, P = 0.0989).  

 

PDGFB/PDGFRβ signaling between brain ECs and pericytes regulate the plasma 

membrane localization of the MFSD2A protein in brain ECs. 

 

    To determine whether or not PDGFB/PDGFRβ signaling between brain ECs and 

pericytes mediates the plasma membrane localization of the MFSD2A protein in brain ECs, 

we determined the presence/absence of an effect of AG1296, which is a tyrosine kinase 

inhibitor that binds to the intracellular domain of the PDGF receptor, on non-contact 

coculture models comprising rat brain ECs and pericytes. Fig. 4A shows the schematic 

diagrams of the experimental procedures using non-contact coculture models treated with 
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AG1296 or a vehicle. The area with merged MFSD2A and occludin was significantly larger 

in the pericyte coculture (vehicle) group than in the EC monolayer (vehicle) group, while 

AG1296 inhibited the increase in the area with merged MFSD2A and occludin by 

coculturing with pericytes (Fig. 4B, C). AG1296 did not affect the area with merged 

MFSD2A and occludin in the EC monolayer group. The one-way ANOVA showed an effect 

of coculturing with PCs on the area with merged MFSD2A and occludin (F(3,39) = 6.254, P 

= 0.0014). The percentage differences were as follows: 212.4% (EC monolayer [vehicle] vs. 

PC coculture [vehicle], P = 0.0040), 176.5% (EC monolayer [AG1296 10 µM] vs. pericyte 

coculture [vehicle], P = 0.0210), and 176.1% (PC coculture [vehicle] vs. pericyte coculture 

[AG1296 10 µM], P = 0.0213). 

 

Pericytes upregulate the cellular uptake of DHA by brain ECs. 

 

    Finally, we examined whether or not pericytes facilitate the cellular uptake of DHA 

by brain ECs. MFSD2A mediates the cellular uptake of NE-DHA by brain ECs (Chapter 1).  

Fig. 5A shows the schematic diagrams of the experimental procedures for the cellular 

uptake of [14C]DHA as NE-DHA using non-contact coculture models comprising rat brain 

ECs and pericytes. The cellular uptake of [14C]DHA in the PC (4 × 104 cells) coculture 

group increased by 30% (P = 0.0191) compared to the EC monolayer group (Fig. 5B). The 

one-way ANOVA showed an effect of coculturing of PCs on the cellular uptake of [14C]DHA 

by ECs (F(X,X) = 3.946, P = 0.0191). 
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Discussion 

 

    Pericytes play a critical role in the MFSD2A expression in BMECs [6], but how 

pericytes regulate the MFSD2A expression in BMECs remains unknown. MFSD2A 

regulates BBB integrity, and its reduction in relative to the pathological processes in 

nervous system diseases [10,11]. Therefore, elucidating the mechanism of regulating the 

MFSD2A expression is important. In this study, we investigated how pericytes regulate the 

expression and localization of MFSD2A in BMECs. 

    Using non-contact coculture models comprising rat brain ECs and pericytes, we 

demonstrated that ECs cocultured with pericytes show an elevated MFSD2A protein 

expression. The extent of increase in MFSD2A depends on coculture periods and cell 

numbers of pericytes (Fig. 1). Moreover, changes in the MFSD2A protein expression in 

BMECs are mediated by the cell-to-cell interaction rather than by the unidirectional 

secretion of soluble factors by intact pericytes (Fig. 1). These data suggested that soluble 

factors released by pericytes interacted with ECs to upregulate the MFSD2A protein 

expression in ECs. 

    Next, using Pdgfrb-knockdown pericytes, we ascertained whether or not 

PDGFB/PDGFRβ signaling between ECs and pericytes mediate the MFSD2A protein 

expression in ECs. Pdgfrb-knockdown pericytes failed to upregulate the MFSD2A protein 

expression to the extent of control (Fig. 2). 

    Furthermore, we evaluated the plasma membrane localization of the MFSD2A 

protein in ECs. Using non-contact coculture models, we showed that pericytes increase the 

plasma membrane localization of the MFSD2A protein in ECs accompanied with the 

increased MFSD2A protein expression levels (Fig. 3). Increased plasma localization of 

MFSD2A was inhibited by the tyrosine kinase inhibitor AG1296, which binds to the 

intracellular domain of the PDGF receptor (Fig. 4). These results suggested that 

PDGFB/PDGFRβ signaling between ECs and pericytes mediates the MFSD2A protein 

expression levels and the plasma membrane localization of the MFSD2A protein in ECs. 

    Finally, we confirmed that upregulation of the protein expression levels and 

plasma membrane localization of MFSD2A in ECs result in the functional improvement as 

cellular uptake of DHA. PCs induced the cellular uptake of DHA by ECs depending on the 
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number of pericytes (Fig. 5). Because proper localization of MFSD2A in BMECs is required 

for transport activity [6,7], the increased uptake of DHA by ECs would result from pericyte-

induced plasma membrane localization of MFSD2A.  

    Pericytes and BMECs can communicate through direct contact, such as ion 

exchange via the gap junction and other paracrine molecules, to develop and maintain BBB 

[18–21]. However, in this study, we could not evaluate the interactions through their direct 

contact, owing to the use of non-contact cocultured models. Various ligand-receptor 

interactions exist between pericytes and BMECs in the CNS microvasculature, including 

PDGFB/PDGFRβ, VEGF/VEGFR2, TGF-β/TGFBR, and angiopoietin 1/Tie2 signaling 

pathways, which contribute to the angiogenesis, stabilization, and remodeling of the mature 

vasculature [18,22,23]. PDGFB derived from ECs is critical for a proper pericyte recruitment 

to blood vessels [24–26]. Furthermore, PDGFB/PDGFRβ signaling between pericytes and 

BMECs was involved in the MFSD2A protein expression levels and membrane localization 

in BMECs. 

    Previous studies on the mechanism regulating the MFSD2A expression and 

localization at BBB [27,28] showed that Wnt signaling transcriptionally regulates the 

MFSD2A expression [27] and that BBB permeability is controlled by the 

PTEN/AKT/NEDD4-2/MFSD2A axis [28]. The previous and present studies suggested that 

pericytes release soluble factors, which activate Wnt signaling and the PTEN/AKT/NEDD4-

2/MFSD2A axis in BMECs, resulting from interaction with BMECs through 

PDGFB/PDGFRβ signaling. However, further studies are required to clarify the mechanism 

through which pericyte-derived soluble factors regulate the MFSD2A expression and 

membrane localization in ECs. 

 

Conclusions 

 

    In conclusion, we demonstrated that pericytes induced the MFSD2A protein 

expression in ECs through PDGF-B/PDGFRβ signaling between pericytes and ECs. 

Furthermore, pericytes upregulated the MFSD2A protein expression levels and the plasma 

membrane localization of the MFSD2A protein in ECs. Increased plasma membrane 

localization of the MFSD2A protein can result in functionally activating MFSD2A. These 
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findings would be helpful to further understand the relationship between pericytes and 

MFSD2A under physiological and pathological conditions. 
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Figures 

Fig. 1 
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Fig. 1 Effect of pericytes on the MFSD2A expression in brain endothelial cells (ECs) 

through a cell-to-cell interaction 

(A) A schematic diagram of experimental procedures using non-contact coculture models 

comprising rat brain endothelial cells (ECs) and pericytes. ECs with or without pericytes 

were cultured for 1 or 3 days in vitro. (B) The top panel shows representative western 

blotting images of MFSD2A and corresponding β-actin in ECs cultured with or without 

pericytes for 1 or 3 days in vitro. The bottom panel shows the quantified band intensities 

corrected by β-actin as the loading control (n = 7–11). (C) The top panel shows 

representative western blotting images of MFSD2A and corresponding β-actin in ECs 

cultured with or without pericytes with various cell numbers for 3 days in vitro. The bottom 

panel shows the quantified band intensities corrected by β-actin as the loading control (n = 

3–12). (D) A schematic diagram of experimental procedures for collecting the conditioned 

medium with pericytes and treatment of ECs with them. (E) The top panel shows 

representative western blotting images of MFSD2A and corresponding β-actin in ECs 

cultured in the cell-free conditioned medium or pericyte-conditioned medium for 3 days in 

vitro. The bottom panel shows the quantified band intensities corrected by β-actin as the 

loading control (n = 4). Data are expressed as percentages of each corresponding EC 

monolayer or cell free-conditioned medium. The bars indicate mean ± standard error of 

mean. *P < 0.05 and ***P < 0.001, significantly different from each corresponding EC 

monolayer. 
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Fig. 2 
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Fig. 2 Effect of PDGFRβ-knockdown pericytes on the MFSD2A expression in brain 

endothelial cells (ECs) 

(A) A schematic diagram of experimental procedures for siRNA transfection to rat brain 

pericytes. (B) The top panel shows representative western blotting images of PDGFRβ and 

corresponding β-actin in pericytes transfected with siPdgfrb or negative-control siRNA 

(control) for 1–3 days in vitro. The bottom panel shows the quantified band intensities 

corrected by β-actin as the loading control (n = 3). (C) The top panel shows representative 

western blotting images of PDGFRβ and corresponding β-actin in pericytes transfected with 

siPdgfrb or a negative control (control). After a 24-h transfection, cells were cultured by 

replacing with the EC medium for 3 days in vitro. The bottom panel shows the quantified 

band intensities corrected by β-actin as the loading control (n = 3). (D) A schematic 

diagram of experimental procedures for evaluating the effect of Pdgfrb-knockdown 

pericytes on the MFSD2A protein expression in ECs. (E) The top panel shows 

representative western blotting images of MFSD2A and corresponding β-actin in ECs 

cultured with or without siPdgfrb- or negative control (control)-transfected pericytes. The 

bottom panel shows the quantified band intensities corrected by β-actin as the loading 

control (n = 4–5). Data are expressed as percentages of control in pericytes or the EC 

monolayer. The bars indicate mean ± standard error of mean. **P < 0.01, ***P < 0.001, and 

****P < 0.0001, significantly different from control pericytes or the EC monolayer. 
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Fig. 3 
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Fig. 3 Effect of pericytes on the plasma membrane localization of the MFSD2A 

protein in brain endothelial cells (ECs) 

(A) A schematic diagram of experimental procedures using non-contact coculture models 

comprising rat brain ECs and pericytes. ECs with or without pericytes were cultured for 1 or 

3 days in vitro and then subjected to immunofluorescence staining. (B) Representative 

fluorescence images of occludin (green) and MFSD2A (red) and merged images of 

occludin and MFSD2A. MFSD2A and occludin double-positive areas are detected and 

quantified (C). Data are expressed as percentages of each corresponding EC monolayer (n 

= 3–4). The bars indicate mean ± standard error of mean. **P < 0.01, significantly different 

from each corresponding EC monolayer. 
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Fig. 4 
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Fig. 4 Effect of pericytes treated with AG1296 on the plasma membrane localization 

of the MFSD2A protein in brain endothelial cells (ECs)  

(A) A schematic diagram of experimental procedures using non-contact coculture models. 

Rat brain ECs were cocultured with or without pericytes, and cells were treated with a 

vehicle or AG1296 10 µM, which were added to the outsides of 24-well transwell inserts. 

After 3 days in vitro, ECs were subjected to immunofluorescence staining. (B) 

Representative fluorescence images of occludin (green) and MFSD2A (red) and merged 

images of occludin and MFSD2A. MFSD2A and occludin double-positive areas are 

detected and quantified (C). Data are expressed as percentages of the EC monolayer 

treated with a vehicle (n = 9–16). The bars indicate mean ± standard error of mean. 

*P < 0.05 and **P < 0.01, significantly different from the EC monolayer treated with the 

vehicle. 
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Fig. 5 

 

  



128 

 

Fig. 5 Effect of pericytes on the cellular uptake of [14C]DHA by brain endothelial cells 

(ECs) 

(A) A schematic diagram of experimental procedures of the cellular uptake of [14C]DHA by 

rat brain ECs using non-contact coculture models comprising ECs and pericytes. ECs were 

cocultured with or without pericytes for 3 days in vitro and subjected to the cellular uptake 

assay. (B) Cellular uptake of [14C]DHA by ECs for 2 min is expressed as cell/medium ratio 

(µL/mg protein). Data are expressed as mean ± standard error of mean (n = 7–8). *P < 

0.05, significantly different from the EC monolayer. 
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Chapter 5: Age-related blood–brain barrier disruption 

and microglia activation improved with dietary 

docosahexaenoic acid supplementation. 
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Introduction 

 

    The blood–brain barrier (BBB) is necessary for maintaining and regulating the 

neuroparenchymal microenvironment. This function of BBB regulates neurotoxic 

substances and brain nutrition through paracellular and transcellular routes. Brain 

microvascular endothelial cells (BMECs), which are the basic unit of BBB, mainly play a 

role in controlling penetration of various substances from blood to the brain. Tight junction 

(Tj)-associated proteins spanning intracellular BMECs regulate paracellular permeability, 

and Tj loss results in disruption of BBB integrity [1,2]. In addition, adherens junctions (Ajs), 

such as cadherin proteins, contribute to holding the cells together, providing the tissue 

structural support, and are essential for the formation of Tjs [3]. Major facilitator superfamily 

domain-containing protein-2a (MFSD2A), which is exclusively expressed in BMECs, is a 

DHA transporter and can restrict transcellular permeability by regulating endocytosis at a 

low level [4–7].  

    BBB integrity is impaired with aging [8–11], and BBB disruption is closely 

associated with various neurological diseases [11–13]. The leakage of plasma proteins as 

a consequence of BBB disruption contributes to neuronal damage and neuroinflammation 

through inflammatory activation of microglia [14–17]. 

    Docosahexaenoic acid (DHA; 22:6n-3), an n-3 polyunsaturated fatty acid, has 

attracted attention because of its functional and structural importance in the brain. It is 

highly enriched in brain phospholipids and contributes to proper brain development and 

function [18,19]. Brain DHA levels decrease with age in association with age-related 

cognitive dysfunction [20]. Furthermore, DHA in microvessels of aged mice decrease 

corresponding to the age-associated downregulation of MFSD2A [21]. MFSD2A 

dysfunction results in impairment of lipid homeostasis in BMEC [22]. DHA exerts a 

protective effect on BBB impairment under pathological conditions [23,24]. Furthermore, 

dietary DHA intake affects the DHA concentration in brain microvessel membranes [25]. 

However, the effect of DHA on BBB integrity under physiological conditions or aging 

remains unknown. A decrease in DHA transport across BBB precedes age-related BBB 

disruption mediated by downregulations of Tjs and Ajs (chapter 1 and 2). Therefore, we 

considered that DHA regulates the expression of Tjs and Ajs in BMECs under physiological 

conditions and that a decrease in intracellular DHA in BMECs results in age-related BBB 
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disruption. The aim of the present study was to demonstrate that long-term dietary DHA 

supplementation inhibited age-related BBB disruption and activation of microglia in vivo and 

that DHA regulated the function of BBB under physiological conditions in vitro. 
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Material and Methods 

 

Animals 

 

All protocols involving experimental animals were approved by the Laboratory 

Animal Care and Use Committee of Fukuoka University (permit number: 2004001, 

2204002). The 19-month-old male C57BL/6J mice and 3-week-old Wistar rats were 

purchased from Charles River Laboratory (Kanagawa, Japan) and Japan SLC, Inc. 

(Shizuoka, Japan). They were housed under a controlled temperature (22° ± 2°C) and 

light/dark cycle (lights on from 7:00 to 19:00), with access to water and chow diet ad 

libitum. The diet consisted of CLEA Rodent Diet CE-2 pellets from CLEA Japan, Inc. 

(Tokyo, Japan). After habituation for 1 week, the mice were divided into two groups. The 

mice in group 1 (CO-feed; control group) were fed a diet containing AIN-93G (American 

Institute of Nutrition 93-G; CLEA Japan, Inc.), in which soybean oil was replaced with 7% 

corn oil (CO). The mice in group 2 (DHA-feed; DHA group) were fed a diet containing AIN-

93G, in which soybean oil was replaced with 4% fish oil DHA-46 and 3% CO. Fish oil DHA-

46 was purchased from Tama Biochemical Co., Ltd. (Tokyo, Japan). Table 1 shows the 

fatty acid composition in CO and DHA feeds. After rearing for 13 weeks, the mice 

underwent experiments. We employed the experimental design in accordance with 

previous studies [26,27].  
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Table. 1 Fatty acid composition in CO and DHA feeds 

Fatty acid 

symbols 
Fatty acid names 

Ratio 

CO feed DHA feed 

12 : 0 Lauric acid 0.1% 0.1% 

14 : 0 Myristic acid 0.3% 1.2% 

15 : 0 Pentadecanoic acid - 0.2% 

16 : 0 Palmitic acid 11.4% 10.1% 

16 : 1 Palmitoleic acid 0.1% 1.3% 

17 : 0 Heptadecanoic acid - 0.3% 

17 : 1 Heptadecenoic acid - 0.2% 

18 : 0 Stearic acid 1.5% 1.9% 

18 : 1 Oleic acid 27.2% 17.0% 

18 : 2n-6 Linoleic acid 56.9% 26.3% 

18 : 3n-3 γ-linolenic acid 1.2% 0.8% 

18 : 4n-3 Octadecatetraenoic acid - 0.7% 

20 : 0 Arachidic acid 0.3% 0.2% 

20 : 1 Eicosenoic acid 0.2% 1.1% 

20 : 2n-6 Eicosadienoic acid - 0.1% 

20 : 3n-3 11,14,17-Eicosatrienoic Acid - 0.1% 

20 : 4n-6 Arachidonic acid - 1.6% 

20 : 4n-3 Eicosatetraenoic acid - 0.3% 

20 : 5n-3 Eicosapentaenoic acid - 3.8% 

21 : 5n-3 Heneicosapentaenoic acid - 0.2% 

22 : 0 Behenic acid - 0.1% 

22 : 1 Brassidic acid - 0.7% 

22 : 4n-6 7,10,13,16-Docosatetraenoic acid - 0.2% 

22 : 5n-6 4, 7,10,13,16-Docosapentaenoic acid - 1.5% 

22 : 5n-3 Docosapentaenoic acid - 1.4% 

22 : 6n-3 Docosahexaenoic acid - 27.0% 

24 : 0 Lignoceric acid 0.1% - 

24 : 1 Tetracosenoic Acid - 0.3% 

Unidentified 0.6% 1.4% 
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Isolation of brain microvessels 

 

    Mice were anesthetized before Dulbecco’s phosphate-buffered saline (-) (D-PBS) 

(Wako, Osaka, Japan; 045-29795;10 mL per mouse) was infused into the left ventricle of 

the heart. The brain tissue was triturated using a glass homogenizer coated with 1% bovine 

serum albumin (BSA)-Hanks' Balanced Salt Solution (HBSS; Thermo Fisher Scientific, 

Waltham, MA, USA; 14185-045) in 1 mL of Buffer A (HBSS containing 1% Phosphatase 

Inhibitor Cocktail [EDTA free; Nacalai Tesque, Kyoto, Japan; 07575-51], 1% Protease 

Inhibitor Cocktail for use with mammalian and tissue extracts [Nacalai Tesque; 25955-11], 

1 mM of phenylmethylsulfonyl fluoride [PMSF; Sigma, St. Louis, MO, USA; P7626], and 15 

µg/mL of deoxyribonuclease I [Sigma; D4513]) on ice. This suspension was transferred into 

a 1.5-mL tube and centrifuged at 1,000 × g for 10 min at 4°C. Next, the supernatant was 

aspirated, and the pellet was mixed with 1 mL of 17.5% dextran (Sigma; D8821)-HBSS. 

The suspension was then centrifuged at 4,400 × g for 15 min at 4°C. The supernatant with 

a lipid layer was removed, and the pellet was resuspended in Buffer B (Buffer A containing 

1% BSA). Next, the suspension was filtered using a 10-µm nylon mesh membrane to trap 

the residue, including microvessels, on the surface of the membrane. HBSS was then 

passed through the membrane to remove debris from the residue. The microvessels on the 

membrane were then washed into a 1.5-mL tube with Buffer A and centrifuged at 20,000 × 

g for 5 min at 4°C. Finally, they were obtained at the bottom of the tube and stored at 

−80°C until use. 

 

Extraction of total protein from brain microvessels 

 

The microvessels were homogenized in a phosphoprotein lysis buffer containing 

10 mM of Tris-HCl (pH 6.8; Nacalai Tesque; 35434-34), 100 mM of NaCl (Sigma; 28-2270-

5), 1 mM of ethylenediamine tetraacetic acid (EDTA; pH 8.0; Wako; 311-90075), 1 mM of 

egtazic acid (EGTA; Wako; 346-01312), 10% glycerol, 1% Triton-X100 (Sigma; X100), 

0.1% sodium dodecyl sulfate (Nacalai Tesque; 02873-75), 0.5% sodium deoxycholate 

(Sigma; D6750), 20 mM of sodium pyrophosphate (Sigma; S6422), 2 mM of sodium 

orthovanadate (Sigma; S6508), 1 mM of sodium fluoride (Wako; 196-01975), 1% protease 
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inhibitor cocktail (Sigma; P2714), 1% phosphatase inhibitor cocktail 2 (Sigma; P5726), 1% 

Phosphatase Inhibitor Cocktail 3 (Sigma; P0044), and 1 mM of PMSF (Sigma) using an 

electric mixer and sonicated on ice. Samples were centrifuged at 15,000 × g for 15 min at 

4°C, and the supernatants were collected. The total protein concentration in the lysates 

obtained from microvessels or the whole brain was determined using the Pierce™ BCA 

Protein Assay Kit (Thermo Fisher Scientific; 23225). 

 

Primary rat brain endothelial cell (EC) culture 

 

    The method of primary culture of ECs was as previously described [28,29]. 

Primary cultured ECs were plated on 100-mm dishes coated with collagen type IV (0.1 

mg/mL, Sigma, St. Louis, MO, USA; C5533) and fibronectin (0.075 mg/mL, Sigma; F1141-

5MG) for ECs. Primary cultured ECs were maintained in the EC medium (Dulbecco’s 

Modified Eagle Medium [DMEM]/F12; Wako; 042-30555) supplemented with 10% fetal 

bovine serum (FBS; Biosera, Kansas, MO, USA; FB-1365/500), basic fibroblast growth 

factor (1.5 ng/mL, R&D, Minneapolis, MN, USA; 2099-FB-025), heparin (100 μg/mL, Sigma; 

H3149), insulin (5 μg/mL), transferrin (5 μg/mL), sodium selenite (5 ng/mL; insulin-

transferrin-sodium selenite media supplement, Sigma; I1884), penicillin (100 units/mL), 

streptomycin (100 µg/mL; penicillin–streptomycin mixed solution, Nacalai Tesque, Kyoto, 

Japan; 09367-34), and gentamicin (50 μg/mL, Biowest, Riverside, MO, USA; L0012)] 

containing puromycin (4 μg/mL, Nacalai Tesque; 14861-84) at 37°C in a humidified 

atmosphere of 5% CO2/95% air, for 3 days and typically reaching 70%–80% confluency.  

 

Cell viability assay 

 

    Rat brain ECs were seeded to the bottoms of 96-well plates coated with collagen 

type IV (0.1 mg/mL, Nitta Gelatin Inc.; 638-05921) and fibronectin (0.025 mg/mL, Sigma; 2 

× 104 cells/well) and maintained in the EC medium supplemented with 500 nM of 

hydrocortisone (Sigma; H0135). For evaluating cell viability, we used the Cell Counting Kit-

8 (Dojindo, Kumamoto, Japan; 343-07623) following the manufacturer’s protocol.  
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In vitro evaluation of the function of BBB 

 

       Rat brain ECs were seeded to the inside of 24-well transwell inserts coated with 

collagen type IV (0.1 mg/mL, Nitta Gelatin Inc.; 638-05921) and fibronectin (0.025 mg/mL, 

Sigma; 5 × 104 cells/well, 0.4-µm pore size; Corning, Midland, MI; 3470) and maintained in 

the EC medium supplemented with 500 nM of hydrocortisone (Sigma; H0135). ECs were 

cultured for 3 days with the EC medium supplemented with 500 nM of hydrocortisone. 

Subsequently, ECs were treated with DHA (Sigma; D2534-100MG) and eicosapentaenoic 

acid (EPA; Sigma, E2011-10MG) in the EC medium without FBS and supplemented with 

500 nM of hydrocortisone. The permeability coefficients for sodium fluorescein (Na-F) and 

albumin-bound evans blue (ABE) and transendothelial electrical resistance (TEER) values 

were measured for evaluating barrier function in ECs treated with DHA, EPA (5 µM), or a 

vehicle control (0.1 % ethanol), as previously described [30,31].  

 

xCELLigence experiments 

 

    The E-plate 16 (ACEA Biosciences, Inc., San Diego, CA, USA), which is coated 

with high-density gold arrays for measuring electrical impedance (ACEA Biosciences, 

USA), was coated with collagen type IV (0.1 mg/mL, Nitta Gelatin Inc.; 638-05921) and 

fibronectin (0.025 mg/mL, Sigma) before seeding rat brain ECs. For equilibration, the E-

plate 16 was incubated with 100 µL of the EC medium for 30 min at 37°C. Subsequently, 

100 µL (4 × 104 cells/100µL) of the suspension including ECs was added onto E-plate 16. 

EC-seeded E-plate 16 were cultured in the EC medium supplemented with 500 nM of 

hydrocortisone incubated at 37°C in a humidified atmosphere of 5% CO2/95% air for 2 

days. Electrical impedance was measured in real time using the xCELLigence RTCA 

system (ACEA Biosciences, Inc.). Culture media were replaced with the EC medium 

without FBS and supplemented with 500 nM of hydrocortisone including DHA, EPA (5 µM), 

or a vehicle control (0.1 % ethanol). Changes in impedance were monitored for another 24 

h. The impedance was converted to the cell index and normalized to the time point before 

treatment using the xCELLigence RTCA software.  
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Western blotting 

 

Equivalent amounts of protein from each sample were electrophoretically 

separated on 7.5% TGX Stain-Free gradient acrylamide gels (Bio-Rad, Hercules, CA; 161-

0181) or 12% TGX Stain-Free acrylamide gels (Bio-Rad; 161-0185) and transferred to low-

fluorescence polyvinylidene difluoride membranes (Bio-Rad; 1704274). Stain-free 

technology using the GelDoc go imaging system (Bio-Rad) was used for total protein 

normalization. Membranes were then blocked using Blocking One (Nacalai Tesque; 03953-

95) and reacted with primary antibodies overnight. After washing, the membranes were 

incubated in horseradish peroxidase-conjugated goat anti-rabbit IgG (Bio-Rad; 170-6515) 

or goat anti-mouse IgG (Bio-Rad; 170-6516), as appropriate. Immunoreactive bands were 

detected using the Clarity Western ECL Substrate (Bio-Rad; 1705061). Images of the 

bands were digitally captured using the MultiImager II ChemiBOX (BioTools, Gunma, 

Japan), and band intensities were quantified using ImageJ software (National Institutes of 

Health Image, Bethesda, MD, USA). The relative intensity of each individual protein was 

expressed as the ratio of the corresponding protein to the total protein loading. 

 

Immunofluorescence staining 

 

Mice were anesthetized before D-PBS (5 mL per mouse) was infused into the left 

ventricle of the heart. After D-PBS infusion, the brain was fixed by infusing 4% 

Paraformaldehyde Phosphate Buffer Solution (PFA; Wako; 163-20145; 5mL per mouse) 

into the left ventricle of the heart. The brain tissues were stored in 4% PFA overnight at 4°C 

and replaced with 20% sucrose (Wako; 196-00015) until embedding in O.C.T. Compound 

(Sakura Finetek Japan, Tokyo, Japan; 4583) at −80°C. A 20-µm frozen section of brain 

tissue was prepared using a cryostat. The brain tissue section on a microscope slide was 

washed and activated at 95°C. The brain tissue section was then blocked using Blocking 

One Histo (Nacalai Tesque; 06349-64) and reacted with primary antibodies overnight. After 

washing, the brain tissue section was incubated overnight with Cy3-labeled Donkey Anti-

goat IgG (1:100; Jackson ImmunoResearch, West Grove, PA, USA; 705-165-147), Alexa 

Fluor 488-labeled Donkey Anti-rabbit IgG (1:100; Thermo Fisher Scientific; A-21206), and 
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DyLight 488-labeled Lectin (1:200, Vector Laboratories, Newark, CA, USA; DL-1174), as 

appropriate. After washing, the brain tissue section was encapsulated by VECTASHIELD 

Mounting Medium with 4',6-diamidino-2-phenylindole (DAPI; Vector Laboratories, Newark, 

CA, USA; H-1200). All samples were imaged using a fluorescence microscope (BZ-X710, 

KEYENCE, Osaka, Japan). 

 

Primary antibodies 

 

Primary antibodies used for western blotting and immunofluorescence staining 

were as follows: ZO-1 (1:400; Invitrogen/Thermo Fisher Scientific; 61-7300), occludin 

(1:400; Invitrogen/Thermo Fisher Scientific; 33-1500), claudin-5 (1:1,000; 

Invitrogen/Thermo Fisher Scientific; 35-2500), cadherin (1:1,000; Cell Signaling 

Technology, Danvers, MA, USA; 4068S), and MFSD2A (1:1,000; Sigma; SAB3500576) for 

western blotting and fibrinogen (Dako Denmark/Agilent Technologies, Santa Clara, CA, 

USA; A0080) and Iba1 (1:100; Wako, 019-19741) for immunofluorescence staining. 

 

Statistical analysis 

 

Results are expressed as mean ± standard error of mean. Statistical analyses 

were performed using GraphPad Prism 8.0 (GraphPad, San Diego, CA, USA). The 

unpaired t-test was used to analyze between-group differences. Statistical differences 

between groups were analyzed using the one-way analysis of variance (ANOVA), followed 

by Tukey’s multiple-comparisons tests. Statistical analyses for evaluating two factors 

between groups were performed using the two-way ANOVA, followed by Šídák's multiple-

comparisons tests. Differences between means were considered statistically significant at a 

P-value < 0.05. 
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Results 

 

The ZO-1 and MFSD2A protein expressions in microvessels of aged mice increased 

with DHA supplementation. 

 

Microvessels of mice showed gradually decreased protein expressions of 

MFSD2A, ZO-1, and cadherin and an increased occludin expression with aging (Chapter 

2). Therefore, we ascertained whether or not dietary DHA supplementation modulates age-

related changes in protein expressions in microvessels. Dietary DHA supplementation 

upregulated the protein expression levels of ZO1 by 1.64 folds (P = 0.0213) and MFSD2A 

by 3.47 folds (P = 0.0071) compared to the control group (Fig. 1A, E). In occludin and pan-

cadherin, these protein expression levels in the DHA group tended to increase in 

comparison with the control group (Fig. 1B, D).  

 

DHA supplementation inhibited the leakage of fibrinogen through BBB in aged mice. 

 

    Fibrinogen leakage from blood to the brain increased with aging corresponding to 

decreased protein expression levels in ZO-1, cadherin, and MFSD2A (Chapters 1 and 2). 

Therefore, we examined whether or not the upregulation of ZO-1 or MFSD2A induced by 

DHA supplementation resulted in decreased fibrinogen leakage, showing functional 

improvement of BBB. In the whole hippocampus of the DHA group, the fibrinogen-positive 

area and intensity decreased in comparison with the control group. In particular, the 

fibrinogen-positive area and intensity were lower in the DHA group by 81.19% (P = 0.0181) 

and 83.10% (P = 0.0171) in CA2, respectively, and by 67.02% (P = 0.0638) and 68.90% (P 

= 0.0595) in CA3 than in the control group, respectively (Fig. 2). The two-way ANOVA 

revealed significant effects of dietary DHA supplementation in the fibrinogen-positive area 

(F(1, 24) = 17.67, P = 0.0003) and positive intensity (F(1, 24) = 17.77, P = 0.0003) but no 

significant effect of the area or interaction between dietary DHA supplementation and the 

area. 
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DHA supplementation inhibited the inflammatory activation of microglia in aged 

mice. 

 

    Microglia are activated in aging corresponding to the leakage of fibrinogen from 

peripheral blood (Chapter 2). Therefore, we ascertained whether or not the improvement of 

age-related BBB impairment with dietary DHA supplement resulted in inhibiting the 

inflammatory activation of microglia with aging. In the whole hippocampus, the Iba1-positive 

area and intensity decreased significantly with dietary DHA supplementation (Fig. 3). The 

two-way ANOVA revealed significant effects of dietary DHA supplementation in the Iba1-

positive area (F(1, 24) = 79.07, P < 0.0001) and positive intensity (F(1, 24) = 45.42, P < 

0.0001) but not of the area or interaction between the dietary DHA supplementation and the 

area. Fold changes in the Iba1-positive area and intensity relative to each corresponding 

control group were as follows: 0.3952 (P = 0.0022, CA1), 0.4156 (P = 0.0013, CA2), 0.5453 

(P < 0.0001, CA3), and 0.4080 (P = 0.0016, DG) in the positive area and 0.3119 (P = 

0.0299, CA1), 0.3447 (P = 0.0144, CA2), 0.4701 (P = 0.0008, CA3), and 0.3148 (P = 

0.0281, DG) in the positive intensity. 

 

Effects of DHA and EPA on cell viability of brain ECs in vitro 

 

    Using a primary culture of brain ECs, we evaluated the effect of DHA on the 

function of BBB. Because the DHA feed included low levels of EPA as n-3 polyunsaturated 

fatty acid, we validated the different effect on ECs between DHA and EPA. First, we 

evaluated the effects of DHA and EPA on the cell viability of ECs. DHA or EPA treatment at 

concentrations ranging from 0.1 to 5 μM significantly increased the cell viability up to 

28.90% (DHA at 3 µM) and 31.13% (EPA at 0.1 µM), respectively, in comparison with the 

vehicle group, whereas concentrations above 30 µM of DHA and EPA showed significant 

decreases in cell viability by over 80% compared to the vehicle group (Fig. 4). The one-way 

ANOVA showed effects of DHA (F(8, 173) = 31.15, P < 0.0001) and EPA (F(8, 127) = 

59.75, P < 0.0001) on cell viability.  
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DHA increased the protein expression levels of ZO-1, occludin, and MFSD2A of brain 

ECs in vitro. 

 

    We evaluated the protein expression levels of Tj-associated proteins and 

MFSD2A in brain ECs treated with DHA ranging from 0 to 10 µM, because of its 

cytotoxicity. The protein expressions of ZO-1, occludin, and MFSD2A in ECs treated with 

DHA were significantly increased compared to the vehicle-treated group (Fig. 5A, B, D), but 

the claudin-5 expression was not affected by the DHA treatment (Fig. 5B). The one-way 

ANOVA showed an effect of DHA on the protein expression levels of ZO-1 (F(4, 16) = 

5.569, P = 0.0053), occludin (F(4, 16) = 9.952, P = 0.0003), and MFSD2A (F(4, 25) = 

3.504, P = 0.0210). The percentage increases between groups in the protein expression 

levels of ZO-1, occludin, and MFSD2A were as follows: 22.75% (vehicle vs. DHA 5 µM, P = 

0.0172) and 26.57% (vehicle vs. DHA 10 µM, P = 0.0111) in ZO-1, 22.93% (vehicle vs. 

DHA 5 µM, P = 0.0073) and 29.59% (vehicle vs. DHA 10 µM, P = 0.0003) and 22.18% 

(DHA 1 µM vs. DHA 10 µM, P = 0.0115) in occludin, and 23.49% (vehicle vs. DHA 10 µM, 

P = 0.0277) in MFSD2A. 

 

EPA increased the protein expression levels of occludin and claudin-5 of brain ECs 

in vitro. 

 

    In addition, we ascertained whether or not EPA increased the protein expression 

levels of Tj-associated proteins and MFSD2A of brain ECs in a similar manner as DHA. In 

the EPA treatment group, the protein expressions of occludin and claudin-5 in ECs were 

significantly increased compared to the vehicle group (Fig. 6B, C), while that of ZO-1 or 

MFSD2A was not affected by the EPA treatment (Fig. 6A, D). The one-way ANOVA 

showed an effect of EPA on the protein expression levels in occludin (F(4, 17) = 5.896, P = 

0.0053) and claudin-5 (F(4, 17) = 5.309, P = 0.0058). The percentage increases in the 

protein expression levels of occludin and claudin-5 were as follows: 51.98% (vehicle vs. 

DHA 10 µM, P = 0.0172) and 54.43% (DHA 1 µM vs. DHA 10 µM, P = 0.0059) in occludin 

and 55.01% (vehicle vs. DHA 5 µM, P = 0.0164) and 60.01% (vehicle vs. DHA 10 µM, P = 

0.0084) in claudin-5. 
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Both DHA and EPA upregulated the function of BBB in vitro. 

 

    We measured the permeability coefficients to Na-F and ABE and TEER values in 

brain ECs treated with DHA, EPA, or a vehicle control for evaluating barrier function. TEER 

values of ECs treated with DHA (5 μM) and EPA (5 μM) increased by 56.85% (P = 0.0004) 

and 31.21% (P = 0.0473) compared to that of ECs treated with a vehicle, respectively (Fig. 

7A). The permeability coefficients of Na-F for ECs treated with DHA and EPA decreased by 

43.35% (P < 0.0001) and 41.53% (P < 0.0001) compared to that for ECs treated with a 

vehicle, respectively (Fig. 7B). Corresponding to the permeability coefficients of Na-F, that 

of ABE for ECs in the DHA and EPA groups decreased by 30.46% (P = 0.0004) and 

28.77% (P = 0.0006) compared to the vehicle group, respectively (Fig. 7C). The one-way 

ANOVA showed effects of DHA and EPA on TEER values (F(2, 28) = 9.962, P = 0.0005) 

and permeability coefficients of Na-F (F(2, 28) = 21.84, P < 0.0001) and ABE (F(2, 28) = 

12.87, P = 0.0001). 

 

Response profile of brain ECs treated with DHA and EPA using xCELLigence 

biosensor technology 

 

 Electrical impedance measured by xCELLigence biosensor technology is 

associated with TEER values and reflects subtle changes [32,33]. Using this system, we 

evaluated the effects of DHA and EPA on dynamic changes in the barrier function of brain 

ECs. Statistical differences were analyzed using the normalized cell index relative to the 

vehicle per 4 h. The normalized cell index in the DHA group increased from 20 to 24 h 

compared to the vehicle group (Fig. 8A). In the EPA group, the normalized cell index 

increased from 12 to 24 h compared to the vehicle group and reached the upper limit at 20 

h (Fig. 8B). Electrical impedance revealed that ECs were more sensitive to EPA than to 

DHA. The two-way ANOVA revealed significant effects of DHA (F(1, 56) = 38.21, P < 

0.0001) and EPA (F(1, 56) = 51.37, P < 0.0001), time in DHA (F(6, 56) = 4.976, P = 

0.0004) and EPA (F(6, 56) = 3.089, P = 0.0110), and interactions between treatment and 

time in DHA (F(6, 56) = 4.973, P = 0.0004) and EPA (F(6, 56) = 3.092, P = 0.0110). Fold 

changes in the normalized cell index compared to the corresponding time point of the 
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vehicle group were as follows: 0.05489 (20 h, vehicle vs. DHA, P = 0.0009) and 0.08111 

(20 h, vehicle vs. DHA, P < 0.0001) in the DHA group and 0.06556 (12 h, vehicle vs. EPA, 

P = 0.0145), 0.08636 (16 h, vehicle vs. EPA, P = 0.0006), 0.08970 (20 h, vehicle vs. EPA, 

P = 0.0003), and 0.08556 (24 h, vehicle vs. EPA, P = 0.0006) in the EPA group. 

 

  



147 

 

Discussion  

 

    In this study, we focused on the effect of long-term intake of DHA on BBB integrity 

in aging of mice. Furthermore, we investigated the potential of DHA and EPA for regulating 

homeostasis of BBB integrity in vitro.  

    First, we demonstrated that the protein expression levels of ZO-1 and MFSD2A 

increased in microvessels of DHA-fed aged mice, while the expressions of occludin, 

claudin-5, and pan-cadherin showed no significant changes (Fig. 1). Furthermore, leakage 

of fibrinogen decreased in DHA-fed aged mice. The protein expression levels of ZO-1, 

MFSD2A, and pan-cadherin in microvessels decreased with aging (Chapter 2), and 

endogenous DHA levels in BMECs decreased in aged mice [21]. These results and 

previous reports suggested that endogenous DHA levels in BMECs were associated with 

the regulation of protein expression levels of ZO-1 and MFSD2A, while pan-cadherin was 

not markedly affected by endogenous DHA levels. Cadherin is essential for the formation of 

Tjs [3]. Because the protein expression levels of Tjs and Ajs were not markedly affected by 

long-term intake of DHA, except for ZO-1, cadherin may not be associated with age-related 

decrease in the ZO-1 protein expression. Furthermore, the protein expression of MFSD2A 

increased 3.47 folds. However, this increase may not have resulted in upregulating the 

functional activity of MFSD2A in DHA transport at BBB, because previous studies showed 

that dietary DHA supplementation contributed to increase in brain DHA levels but not to 

functional upregulation [34,35]. Perhaps the protein expression of MFSD2A increased for 

handling plasma DHA in peripheral blood. Further studies are required to investigate the 

effect of dietary DHA supplementation on DHA transport at BBB. Another possible 

explanation for the increase in the MFSD2A protein expression is that MFSD2A inhibited 

BBB permeability as a consequence of regulating transcytosis. The upregulation of 

MFSD2A was associated with decreased BBB permeability [7,36]. Therefore, we 

suggested that decreased ZO-1 and MFSD2A in aging are associated with age-related 

BBB disruption, which is attributed to the decline in brain DHA levels with aging. 

    Microglial activation, which is evoked by fibrinogen, a plasma protein [16,17], is 

related to BBB impairment caused by aging (Chapter 2). Furthermore, we demonstrated 

that dietary DHA supplementation suppressed age-related microglial activation 

accompanied with improvement of BBB disruption (Fig. 3). These results suggested that 
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age-related microglial activation is induced by BBB disruption resulting from reduced brain 

DHA levels during aging. Therefore, these results raise two possible explanations for the 

anti-inflammatory effect of DHA on microglial activation: (1) indirect effect mediated by the 

protection of BBB integrity to reduce fibrinogen leakage or (2) the direct anti-inflammatory 

effect on microglia to suppress microglial activation [37,38]. Therefore, further 

investigations are required to reveal the effect of DHA on inflammatory activation of 

microglia with aging. 

    Using in vitro BBB models comprising rat BMECs, we investigated the direct effect 

of DHA on the function of BBB. In addition, we ascertained whether or not the effect of DHA 

on BBB function differed from the effect of EPA, because the DHA feed used in this study 

included some EPA as n-3 unsaturated fatty acid. DHA increased the protein expressions 

of ZO-1 and occludin (Fig. 5). Unlike DHA, EPA induced the protein expressions of occludin 

and cludin-5 (Fig. 6). Consequently, both DHA and EPA upregulated the function of BBB 

under physiological conditions (Fig. 7). However, using xCELLigence biosensor technology, 

we found that the reaction time differed between DHA and EPA (Fig. 8). In intestinal ECs of 

a inflammatory bowel disease mice model, the expressions of ZO-1 and occludin were 

upregulated by DHA, and EPA increased the protein levels of claudin-1 and occludin 

[39,40]. Therefore, DHA and EPA may exert divergent effects on the protein expression of 

Tjs in BMECs. Brain levels of EPA are low or undetectable [41], because EPA undergoes 

β-oxidation more readily than DHA [42]. Thus, the rapid response of ECs to EPA may have 

been caused by EPA-derived metabolites. In contrast, DHA is highly integrated in the 

phospholipid membrane. DHA released from phospholipid through the activity of 

phospholipase A2 is metabolized into various bioactive docosanoids [19]. These results 

suggest that DHA exerts a long-term effect of maintaining the BBB integrity rather than 

EPA. However, further investigation is required to clarify the mechanisms of action of DHA 

and EPA in maintaining BBB integrity. 
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Fig 1. ZO-1, occludin, claudin-5, pan-cadherin, and MFSD2A expression levels in 

brain microvessels isolated from CO-fed and DHA-fed aged mice 

Representative western blotting images of ZO-1 (A), occludin (B), claudin-5 (C), pan-

cadherin (D), and MFSD2A (E) in CO-fed (control group) and DHA-fed (DHA group) aged 

mice. Band intensities quantified by densitometry. Total protein levels measured by Stain-

free technology used as the loading controls for total protein normalization. Data are 

expressed as percentages of the control group’s protein level. The bars indicate mean ± 

standard error of mean (n = 3). Each closed symbol represents an individual value. *P < 

0.05 and **P < 0.01, significantly different compared to the control group. 

Abbreviations: ZO-1, zonula occludens-1; MFSD2A, major facilitator superfamily domain-

containing protein-2a; CO, corn oil; DHA, docosahexaenoic acid 
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Fig. 2 
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Fig. 2 Fibrinogen expression levels in the hippocampus of CO- and DHA-fed aged 

mice 

Representative fluorescence images of fibrinogen (red) and lectin (green) in CA1, CA2, 

CA3, and DG of the hippocampus of CO- (control group) and DHA-fed (DHA group) aged 

mice (A). Fibrinogen-positive areas (B) and intensity (C) detected and quantified by 

fluorescence microscopy. Data are expressed as fold changes in each corresponding 

control (n = 3). The bars indicate mean ± standard error of mean. 

Abbreviations: CA, Cornu Ammonis; DG, dentate gyrus; CO, corn oil; DHA, 

docosahexaenoic acid 
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Fig. 3 
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Fig. 3 Iba1 expression levels in the hippocampus of CO- and DHA-fed aged mice.  

Representative fluorescence images of Iba1 (green) and DAPI (blue) in CA1, CA2, CA3, 

and DG of the hippocampus of CO-fed (control group) and DHA-fed (DHA group) aged 

mice (A). Iba1-positive areas (B) and intensity (C) detected and quantified by fluorescence 

microscopy. Data are expressed as fold changes in each corresponding control (n = 3–6). 

The bars indicate mean ± standard error of mean. 

Abbreviations: CA, Cornu Ammonis; DG, dentate gyrus; Iba1, Ionized calcium-binding 

adapter molecule 1; DAPI, 4',6-diamidino-2-phenylindole; CO, corn oil; DHA, 

docosahexaenoic acid 
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Fig. 4 
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Fig. 4 Cell viability in brain ECs treated with DHA or EPA in vitro 

Rat brain ECs seeded on 96-well plates were treated with DHA (0.1 to 100 µM) (A), EPA 

(0.1 to 100 µM) (B), or a vehicle including 0.1% ethanol for 24 h. The cell viability was 

evaluated using the Cell Counting Kit-8. Data are expressed as percentage of vehicle (n = 

4–40). The bars indicate mean ± standard error of mean. *P < 0.05, **P < 0.01, ***P < 

0.001, and ****P < 0.0001, significantly different compared to the vehicle group. 

Abbreviations: DHA, docosahexaenoic acid; EPA, eicosapentaenoic acid 
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Fig. 5 
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Fig 5. ZO-1, occludin, claudin-5, and MFSD2A expression levels in brain ECs treated 

with DHA in vitro. 

Rat brain EC-seeded 35-mm dishes were treated with DHA (1 to 10 µM) or a vehicle 

including 0.1% ethanol for 24 h. Representative western blotting images of ZO-1 (A), 

occludin (B), claudin-5 (C), and MFSD2A (D) in ECs treated with DHA and band intensities 

quantified by densitometry. Total protein levels measured by Stain-free technology used as 

the loading controls for total protein normalization. Data are expressed as percentages of 

the vehicle group’s protein level. The bars indicate mean ± standard error of mean (n = 3 - 

9). *P < 0.05, **P < 0.01, and ***P < 0.001, significantly different compared to the vehicle 

group. 

Abbreviations: ZO-1, zonula occludens-1; MFSD2A, major facilitator superfamily domain-

containing protein-2a; DHA, docosahexaenoic acid  
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Fig. 6 
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Fig 6. ZO-1, occludin, claudin-5, and MFSD2A expression levels in brain ECs treated 

with EPA in vitro 

Rat brain EC-seeded 35-mm dishes were treated with EPA (1 to 10 µM) or a vehicle 

including 0.1% ethanol for 24 h. Representative western blotting images of ZO-1 (A), 

occludin (B), claudin-5 (C), and MFSD2A (D) in ECs treated with EPA and band intensities 

quantified by densitometry. Total protein levels measured by Stain-free technology used as 

the loading controls for total protein normalization. Data are expressed as percentages of 

the vehicle group’s protein level. The bars indicate mean ± standard error of mean (n = 3 - 

9). *P < 0.05 and **P < 0.01, significantly different compared to the vehicle group. 

Abbreviations: ZO-1, zonula occludens-1; MFSD2A, major facilitator superfamily domain-

containing protein-2a; EPA, eicosapentaenoic acid 
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Fig. 7 
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Fig. 7 Barrier function of brain ECs treated with DHA or EPA in vitro 

Rat brain ECs seeded to the inside of 24-well transwell inserts were cultured in the EC 

medium supplemented with 500 nM of hydrocortisone for 3 days after passage. Culture 

media existed in 24-well transwell inserts, and the 24-well plate inside was replaced with 

the fresh serum-free EC medium supplemented with 500 nM of hydrocortisone. The EC 

medium including DHA 5 µM, EPA 5 µM, or ethanol 0.1% as a vehicle was added to the 

inside of 24-well transwell inserts. ECs treated with DHA or EPA were cultured for another 

24 h, and TEER values (A) and permeability coefficients of Na-F (B) and ABE (C) to ECs 

were measured. Results are expressed as the percentage of the vehicle group. TEER 

values and permeability coefficients to Na-F and ABE of the vehicle group are 

156.5 Ω × cm2, 8.111 × 10−5 cm/min, and 1.406 × 10−5 cm/min, respectively. Data are 

expressed as percentages of the vehicle group. The bars indicate mean ± standard error of 

mean (n = 9–12). *P < 0.05, ***P < 0.001, and ****P < 0.0001, significantly different from the 

vehicle group. 

Abbreviations: DHA, docosahexaenoic acid; EPA, eicosapentaenoic acid; TEER, 

transendothelial electrical resistance 
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Fig. 8 
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Fig. 8 Electrical impedance in brain ECs treated with DHA or EPA 

Rat brain ECs seeded on E-plate 16 were cultured for 2 days in the EC medium 

supplemented with 500 nM of hydrocortisone while measuring electrical impedance in real 

time. Before ECs were treated with DHA 5 µM, EPA 5 µM, or a vehicle (0.1% ethanol), 

culture media were replaced with the fresh serum-free EC medium supplemented with 500 

nM of hydrocortisone. Changes in impedance were monitored for another 24 h. Results are 

expressed as fold changes in the normalized cell index relative to the vehicle group for 24 h 

after the DHA (A) or EPA (B) treatment. Time courses of the normalized cell index in ECs 

treated with DHA (red line), EPA (green line), or a vehicle (blue line) in panels A and B. The 

bars indicate mean ± standard error of mean (n = 3–7). #P < 0.05, ###P < 0.001, and 

####P < 0.0001, significantly different from the vehicle group at the corresponding time point.  

Abbreviations: DHA, docosahexaenoic acid; EPA, eicosapentaenoic acid 
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General discussion 

 

    In this series of studies, we investigated that involvement of brain pericytes in age-

related blood–brain barrier (BBB) dysfunction. Furthermore, we examined whether or not 

decreased docosahexaenoic acid (DHA) levels in brain endothelial cells contributed to age-

related BBB disruption and subsequent brain inflammation. In vitro study, we used primary 

cultures of brain endothelial cells and pericytes isolated from rats not mice, because of low 

yields of these cells isolated from mice. To summarize the present findings, we propose 

mechanisms by which brain pericytes contribute to the age-related BBB dysfunction, as 

shown in schematic diagrams. 

    In the young adult brain, pericytes upregulate the function of BBB, and brain DHA 

uptake is a consequence of the induction of the protein expression and proper localization 

of the major facilitator superfamily domain-containing protein-2a (MFSD2A) in the plasma 

membrane. This increase in MFSD2A would be associated with a low level of endocytosis 

in brain microvascular endothelial cells (BMECs). Furthermore, DHA levels in BMECs can 

maintain the protein expression levels of tight junction-associated proteins and MFSD2A.  

The loss of pericytes in the middle-aged brain contributes to a decrease in protein 

expression levels of MFSD2A. Brain DHA transport is decreased because of the 

downregulation of MFSD2A. However, the protein expression levels of occludin and 

claudin-5 in BMECs increased, suggesting a probably compensatory action in BMECs to 

the downregulation of cadherin and MFSD2A induced by a loss of pericytes. BBB integrity 

is maintained in the middle-aged brain, while brain DHA uptake is decreased. These 

changes do not markedly contribute to age-related BBB disruption. Connexin43 and N-

cadherin play an important role in intercellular connections between pericytes and BMECs. 

Therefore, decrease in these proteins may result in pericyte loss. 

In the aged brain, pericytes exhibit features of cellular senescence, which damage 

BBB, leading to decreased protein expression levels of ZO-1 and cadherin in BMECs. 

Senescence-associated secretory phenotype factors secreted by senescent pericytes may 

have induced the loss of BBB integrity and neuroinflammation. Subsequently, BBB 

disruption permits plasma proteins, such as fibrinogen, to enter the brain across BBB. In 

consequence, the extravasated fibrinogen activates microglia, which probably induces 

neuronal damages. Furthermore, decreases in ZO-1 and inflammatory activation of 

microglia are attributable to low DHA levels in brain as a result of the downregulation of 

MFSD2A. The region variability of fibrinogen leakages suggested that BBB in hippocampal 
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CA1 is likely affected by aging. Therefore, DHA transport across the BBB through 

paracellular routes is likely to be increased in a specific region of hippocampus. 

Age-related BBB dysfunction probably induces the accumulation of neuronal 

damages, which underlies the pathological process of age-related neurodegenerative 

disorders. To establish a preventive strategy for neurological diseases, further studies on 

age-related BBB dysfunction are required. However, the present findings suggest that brain 

pericytes are a target for preventing age-related BBB dysfunction. 
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