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Abstract 

The adhesion and migration of leukocytes to arterial endothelial cells (ECs), one of the indicators of early 

atherogenesis, is believed to be correlated with the blood flow conditions and interactions between vascular 

cells including vascular smooth muscle cells (SMCs). In this study, we investigated the effect of fluid shear 

stress on the transendothelial migration of leukocytes in a coculture model (CM) composed of human umbilical 

ECs and SMCs, a layer of collagen type I, and a porous membrane. Following exposure to a fluid shear stress 

of 1.5 Pa for 24 h, human mononuclear leukocytes were seeded on the EC surface and cultured for 1 h. 

Leukocytes migrating across the EC layer were observed by confocal laser scanning microscopy. The number 

of migrating leukocytes in the statically cultured CM was significantly larger than that in the static EC 

monoculture model. The exposure to the shear stress significantly decreased the leukocyte migration induced 

by the coculture condition. In the static CM, fluorescence staining and Western blotting showed a higher 

expression of intercellular adhesion molecule-1 (ICAM-1) of ECs. These results indicate that SMC-derived 

bioactive soluble factors may stimulate the ICAM-1 expression of cocultured ECs, possibly leading to 

leukocyte migration into the subendothelial space. 

 

 

Keywords: Coculture system, Atherosclerosis, Endothelial–Smooth muscle cell interaction, Adhesion 

molecules 

 

  



 

 3

Introduction 

The effects of fluid shear stress on the functions of vascular endothelial cells have been investigated because 

the formation of atherosclerosis tends to localize at the bifurcation and curved sites of arteries, which are 

expected to be predominated by a low shear stress, the flow separation from the vessel wall, and complex flow 

patterns [1, 2]. The adhesion of blood mononuclear leukocytes to the endothelial cells of arteries is one of the 

indicators of early atherogenesis [3, 4]. Leukocytes adhere to the endothelium and migrate into the vessel walls 

mediated by adhesion proteins expressed on the endothelial cell surface such as vascular cell adhesion 

molecule-1 (VCAM-1) and intercellular adhesion molecule-1 (ICAM-1). Till date, in vitro experiments using 

endothelial cells in a monoculture have revealed that the expression of adhesion proteins is not only affected 

by exogenous cytokines such as tumor necrosis factor-α (TNF-α) and interleukine-1β (IL-1β) but also by the 

shear stress acting on endothelial cells [5–7]. Concurrently, previous studies have also reported that smooth 

muscle cells interact with endothelial cells and have an effect on the properties of leukocyte adhesion to 

endothelial cells. For example, Rainger and Nash showed that endothelial cells cocultured with smooth muscle 

cells were sensitized to respond to TNF-α, and they changed the E-selectin expression used for leukocyte 

capture [8]. Chiu et al. demonstrated that a coculture with smooth muscle cells induced the endothelial cell 

gene expression of VCAM-1 and ICAM-1, whereas shear stress inhibited the coculture-induced gene 

expression of these adhesion proteins [9]. 

These previous studies used a coculture system in which endothelial cells and smooth muscle cells were 

cocultured on the opposite sides of a porous membrane. Because there was no space in their coculture systems 

to allow leukocytes to migrate, it was difficult to observe the transendothelial migration of leukocytes. Several 

studies, on the other hand, have cocultured endothelial cells and smooth muscle cells separated by a collagen 

layer and assessed the migration of leukocytes [10, 11]. Moreover, it was shown that the number of leukocytes 

that migrated into the collagen layer under the coculture condition increased compared with that under a 

monoculture condition [10]. However, the coculture systems used by these studies were not appropriate for the 

flow-exposure experiment, possibly owing to the lack of sufficient mechanical stiffness to endure the fluid 

shear stress conditions. Hence, the effect of shear stress on leukocyte migration under a coculture condition 

has not been completely elucidated so far. 

We have studied the cellular interaction between endothelial cells and smooth muscle cells using a coculture 

model that is suitable for the fluid-flow exposure experiment at a physiological level of the shear stress [12–
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14]. In this study, we evaluated the adhesion and migration of leukocytes using the cocultured model subjected 

to a fluid shear stress. We observed that leukocytes migrated to the collagen layer separating the endothelial 

and smooth muscle cells in the model.  

 

Materials and Methods 

Cell culture 

Human endothelial cells and smooth muscle cells were isolated from umbilical cords using enzymatic 

digesting methods, as previously described [12, 14]. They were grown in gelatin-coated culture dishes in 

Medium 199 (M199) (Invitrogen, USA) containing 20% fatal bovine serum, 1 unit/mL penicillin–streptomycin 

(Invitrogen), and 100 ng/mL human basic fibroblast growth factor (bFGF, Austral Biological, USA). Cells 

with 2–8 passages were used for the experiments. 

 

Construction of Coculture model 

The endothelial–smooth muscle cells coculture model was constructed as previously described [12, 13]. 

Smooth muscle cells were cultured in dishes until they attained confluence. Collagen gels were prepared by 

mixing 5 mg/mL bovine skin collagen type I (Koken, Japan), 10 × M199, and reconstruction buffer (0.05 M 

NaOH, 0.2 M HEPES, and 0.26 M NaHCO3). The mixture was poured into a dish, and immediately after, a 

porous membrane (pore diameter: 5 µm) was placed on the collagen solution. The mixture was allowed to 

polymerize for at least 1 h at 37 °C, and endothelial cells were then seeded on the membrane (Fig. 1). The 

coculture models were cultured for at least 48 h prior to the experiments. A model constructed without smooth 

muscle cells, termed as the monoculture model, was also used in the experiments (Fig. 1). 

 

Flow-exposure experiment 

The flow circuit and flow chamber have been previously described [12, 14]. The cocultured dish was 

incorporated into a parallel-plate flow chamber and exposed to a steady wall shear stress of 1.5 Pa, which could 

be assumed to be an average magnitude for the physiological shear stress, for 24 h at 37 °C in 95% air/5% CO2 

atmosphere. 

 

Leukocyte adhesion and migration assay 
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Mononuclear leukocytes were isolated from human peripheral blood by density gradient centrifugation with 

LymphoprepTM (Axis-shield, Norway). To aid visualization, the leukocytes were incubated with a culture 

medium containing 10 µM of calcein-AM (Molecular Probes, USA) for 90 min, which did not affect the 

adhesion [15]. The study protocols were officially approved by the Ethics Committee for Clinical Research 

with Human Subjects of Tohoku University.  

After the flow-exposure experiments, the coculture model was incubated statically for 1 h with a medium 

containing mononuclear leukocytes (2.0 × 105 cells/cm2), allowing the leukocytes to bind to the surface of the 

endothelial monolayer. The model was then gently washed thrice with phosphate-buffered saline (PBS) to 

remove the unadhered leukocytes. After the model was fixed with 10% formalin, the cells in the model were 

stained with 150 nM rhodamine–phalloidin (Molecular Probes, USA). Sequential fluorescent images of the 

model along the z-axis were captured at an interval of 1 µm using a confocal laser scanning microscope 

(Olympus, Japan). 

 

Immunofluorescent staining 

After exposure to the shear stress, the coculture model was incubated for 1 h at room temperature (RT) with 

mouse monoclonal antibody directed to ICAM-1 (R&D systems, USA). Subsequently, the model was rinsed 

twice with PBS and incubated for 45 min at RT with FITC-conjugated anti-mouse IgG. Fluorescent images of 

ICAM-1 were captured by fluorescent microscopy (Olympus). 

 

Western blotting 

In the models, the endothelial cells were washed thrice with ice-cold PBS and lysed in ice-cold triton/NP-

40 lysis buffer (20 mM Tris-HCl, 150 mM NaCl, 1 mM EDTA, 0.5% sodium deoxycholate, 1% NP-40, 1% 

SDS, 100 µM sodium orthovanadete, 1 µM phenyl-methylsulfonyl, and 1% protease inhibitor cocktail). The 

cell lysates were subjected to SDS-PAGE, transferred to polyvinylidene difluoride membrane, and stained with 

a primary antibody against ICAM-1 (R&D systems). An alkaline phosphatase (AP)-conjugated secondary 

antibody (Chemicon International, USA) was detected by an amplified AP immuno-blot kit (Bio-Rad, USA). 

The band intensity was quantified from scanned membrane images using ImageJ software (National Institutes 

of Health, USA). 
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Data Analysis 

The results are expressed as means with standard deviations determined from at least three independent 

experiments. The significance of the differences was determined by the student’s t test. A p value less than 

0.05 was considered statically significant. 

 

Results and Discussion 

We observed that leukocytes adhered to the endothelial cell monolayer in the coculture models (Fig. 2A), 

and there were no specific regions on the endothelial cells where leukocytes were prone to adhere. We also 

observed that leukocytes migrated to the collagen layer in the endothelial cells in the coculture model (Fig. 

2B). Based on these fluorescence images, we counted the number of leukocytes both adhered to the endothelial 

cell monolayer and migrated to the collagen layer in the observed area of the model. We then found that the 

total number of leukocytes (the sum of the adhered and migrated leukocytes) observed in the models was not 

affected by the coculture and shear stress conditions (monoculture static, 12.4 ± 5.7 cells/0.1 mm2; monoculture 

sheared, 13.3 ± 9.3 cells/0.1 mm2; coculture static, 12.5 ± 2.1 cells/0.1 mm2; coculture sheared, 14.0 ± 2.8 

cells/0.1 mm2) (Fig. 3A). However, the number of leukocytes that migrated in the static coculture model was 

approximately ten times higher than that in the monoculture model (monoculture static, 0.65 ± 0.65 cell/0.1 

mm2; monoculture sheared, 0.54 ± 0.38 cell/0.1 mm2; coculture static, 7.3 ± 1.5 cells/0.1 mm2, p < 0.001), and 

the exposure to shear stress decreased the leukocyte migration (coculture sheared, 2.3 ± 0.39 cells/0.1mm2). 

More than 40% leukocytes were found to migrate to the collagen layer in the static coculture model, whereas 

approximately 10% leukocytes migrated to the monoculture and sheared coculture models (Fig. 3B). We also 

used a model composed of only smooth muscle cells embedded in the collagen layer without the endothelial 

monolayer (SMC model) (Fig. 1) and found no leukocyte migration in the SMC model (data not shown).  

After immunostaining, we observed that a higher fluorescence of ICAM-1 was expressed on the endothelial 

cells in the static coculture model compared with the other models (Fig. 4A). The result of Western blotting 

also indicated a higher expression of ICAM-1 of endothelial cells in the co-culture model cultured statically, 

and the ICAM-1 expression was decreased by exposure to the wall shear stress (Fig. 4B). We performed 

Western blotting of VCAM-1 but could not detect the expressions (data not shown). 

Previous studies have shown that cytokine stimulation such as with TNF-α and IL-1β increases the adhesion 

and migration of leukocytes to the endothelial cell monolayer [16, 17]. In contrast, the present study shows 
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leukocyte adhesion to endothelial cells and migration across the endothelial monolayer cocultured with smooth 

muscle cells without exogenous cytokine stimulation. We also find that the migration of leukocytes rarely 

occurs in the endothelial monoculture and SMC models. These results indicate that leukocyte adhesion and 

migration observed in the coculture model are caused by smooth muscle cell-derived cytokines. Furthermore, 

cellular interactions with both endothelial cells and smooth muscle cells play important roles in the phenomena 

of leukocyte migration to arterial walls. 

Although there were no significant differences in the total number of leukocytes observed in the 

monoculture and coculture models both under static and sheared conditions, the number of migrating 

leukocytes was approximately ten times higher in the static coculture model compared with the other 

conditions. Moreover, an increase in ICAM-1 expression of endothelial cells was observed in the static 

coculture model. These results suggest that leukocytes adhered to ICAM-1 of endothelial cells, whose 

expression was stimulated by the endothelial–smooth muscle cell interactions, tended to migrate under the 

subendothelial space. Previous studies using endothelial cells in a monoculture showed that VCAM-1 

expression was suppressed by the exposure to fluid shear stress. It was therefore, suggested that leukocyte 

adhesion to endothelial cells via VCAM-1 was involved in atherosclerogenesis [18, 19]. However, it is still 

controversial that Burns and DePaola showed flow-induced variations in the leukocyte adhesion to endothelial 

cells, but they could not detect the VCAM-1 expression changes by either immunofluorescence or Western 

blotting under both static and sheared conditions [20]. Alternatively, it is now recognized, that the ICAM-1 

expression also plays an important role in the transendothelial migration of leukocytes [21–23]. The adhesion 

and migration of leukocytes adhered to ICAM-1 of endothelial cells under the effect of the smooth muscle 

cells are considered to be crucial for the pathogenesis of atherosclerosis because in the in vivo atherosclerotic 

regions, endothelial cells are believed to have an interaction with the smooth muscle cells migrated under the 

subendothelial spaces. 

Previous studies have reported the effects of shear stress on ICAM-1 expression of monocultured 

endothelial cells, but the findings were not completely in agreement; the exposure of the shear stress increased 

or did not significantly affect the endothelial expression of ICAM-1 [7, 18, 24]. In the present study, we found 

that ICAM-1 expression of endothelial cells under the static condition was significantly increased by the 

coculture with smooth muscle cells compared with the monoculture condition. Furthermore, ICAM-1 

expression was suppressed by the shear stress. The regulation of the adhesion protein expressions seems to be 



 

 8

related to a complex mechanism, but our results also emphasize the importance of the coculture conditions for 

endothelial biology and the investigation of the association between endothelial cells and leukocyte adhesion 

and migration. 

The existence of smooth muscle cells may have an effect on the leukocyte migration mediated by soluble 

bioactive factors secreted by smooth muscle cells. However, leukocyte migration was not observed in the SMC 

model composed of only smooth muscle cells embedded in the collagen layer without endothelial cells. This 

indicates that the migration of leukocytes to the collagen layer induced by the coculture condition requires 

adhesion to endothelial cells. Leukocytes need to undergo a large self-deformation for the migration when they 

pass through the narrow gaps between the layers of endothelial cells. Moreover, our models consist of a porous 

membrane with 5-µm-diameter pores, which are smaller than the diameters of the leukocytes. Stiffness of 

endothelial cells has been reported to be crucial for the transmigration of leukocytes [25, 26]. Similarly, 

although the detailed mechanisms underlying the modifications in the cell deformability are unclear, adherence 

to endothelial cells may increase the deformability of leukocytes, facilitating their transmigration through the 

porous membrane. In addition to ICAM-1, platelet endothelial cell adhesion molecule-1 (PECAM-1), known 

to mediate the cell–cell adhesion of endothelial cells, are suggested to stimulate the transendothelial migration 

of leukocytes [27–29]. The adhesion of leukocytes to these molecules expressed on endothelial cells may be 

necessary for their migration to the subendothelial spaces. 

The results of the total number of leukocytes observed in both the monoculture and coculture models were 

not different for the static and sheared conditions. Hence, this study indicates that the exposure of the models 

to a shear stress decreased only the migration and did not affect the adhesion of leukocytes. One of the possible 

mechanisms underlying this decrease is explained by the variations in the production of chemoattractants from 

endothelial cells and/or smooth muscle cells under a shear stress condition. Chiu et al. showed that the gene 

expression of growth related oncogene-α (GRO-α) and monocyte chemotactic protein-1 (MCP-1) of 

endothelial cells was increased by a coculture with smooth muscle cells and eliminated by exposure to a shear 

stress [9, 30]. Furthermore, a physiological level of the shear stress is thought to maintain endothelial tight 

junctions, which are known to act as barriers in the leukocyte migration through para-endothelial cell sites. To 

clarify the mechanisms by which shear stress decreased the coculture-induced leukocyte migration, we need 

to further investigate the roles of these factors. 

In summary, using the endothelial–smooth muscle coculture model that we have developed, the present 
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study showed that a coculture with smooth muscle cells stimulates the transendothelial migration of leukocytes 

and ICAM-1 expression of endothelial cells, even though the total number of leukocytes observed in the 

models were not affected by the coculture condition. We also found that the exposure to shear stress 

significantly suppressed the coculture-induced leukocyte migration and ICAM-1 expression. Our findings 

indicate the investigation with coculture systems suitable for leukocyte migration is necessary for further 

understanding the role of shear stress condition in the pathophysiology of atherosclerosis. 
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Figure legends 

Fig. 1 Schematic of the experimental models used. The coculture model is composed of endothelial cells (ECs) 

cultured on a porous membrane and smooth muscle cells (SMCs), and a collagen layer. The monoculture model 

and SMC model do not include SMCs and ECs, respectively. 

 

Fig. 2 Typical fluorescence image of leukocytes and the coculture model. (A) Leukocytes (green, arrows) 

adhered to the surface of the endothelial cells (red) in the coculture model cultured statically. (B) Three-

dimensional image of the coculture model reconstructed from the sequential images obtained via confocal 

microscopy. Leukocytes migrated to the collagen layer (green, arrow heads) were observed between 

endothelial cells (ECs) and smooth muscle cells (SMCs). The porous membrane was invisible in the 

fluorescence images. 

 

Fig. 3 Effect of shear stress on the adhesion and migration of leukocytes in the monoculture and coculture 

models. (A) Number of total and migrated leukocytes observed in the models under static and sheared 

conditions. (B) Ratio of the migrated cells to the total number of leukocytes. *: p < 0.05 vs. static monocultured, 

†: p < 0.05 vs. sheared cocultured. 

 

Fig. 4: Effect of shear stress on ICAM-1 expression of endothelial cells in the monoculture and co-culture 

models. (A) Typical fluorescence images of ICAM-1 of endothelial cells in the models under static and sheared 

conditions. (B) A representative result of Western blotting of ICAM-1 detected in whole lysates of endothelial 

cells. The results shown are representative of three independent experiments. 
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