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Introduction: Intimal hyperplasia resulting in restenosis 
plagued the bare metal stent era. While drug eluting stents 
(DESs) largely reduced the restenosis problem, it traded 
late in-stent thrombosis for restenosis. We were interested 
in evaluating various drugs for preventing smooth muscle 
cell (SMC) hyperplasia triggered by the deployment of 
cardiovascular stents. An in vitro endothelial cell (EC)-
SMC co-culture model was developed for drug screening. 
Transforming growth factor-�1 (TGF-�1) and heparin 
were added to SMC cultures to up-regulate the SMC 
differentiation markers—�-smooth muscle actin (SMA) 
and calponin and to decrease tissue factor (TF) 
expression. In addition, direct co-culture of SMCs with 
ECs resulted in further increase in SMA and calponin 
expression levels illustrating the importance of native-like 
EC-SMC interactions for evaluating drug effects in vitro.  
Methods: Immunostaining and Confocal Microscopy. 
For immunostaining, formalin-fixed cultures were 
permeabilized and incubated with the primary antibody 
after blocking for non-specific interactions. For validating 
the SMC phenotype, primary antibodies against SMA 
(Invitrogen) and calponin (Dako) were used. In addition, 
for assaying TF expression levels, a primary antibody 
against human TF (American Diagnostica) was used. The 
ECM generated by proliferative and differentiated SMCs, 
specifically fibronectin (FN) and laminin (LN), was also 
assayed using chicken IgY and mouse IgG1 respectively 
(both from Invitrogen). All secondary (AlexaFluor 
tagged) antibodies were obtained from Invitrogen. For 
imaging, z-sections of cultures were obtained using a 
Radiance 2100MP Rainbow (BioRad, Hemel Hempstead, 
England) on a TE2000 (Nikon, Tokyo, Japan) inverted 
microscope using a 10x fluor objective when imaging 
cultures in BD Falcon’s 48 well tissue culture-treated 
plates and with a 60x oil-immersion objective when 
imaging cultures in Ibidi’s �-slide surfaces. 
Cell culture. All primary cells and cell culture reagents 
were from Invitrogen; cells were used within 4 passages 
of receipt. Human aortic (HA) SMCs and human coronary 
artery (HCA) SMCs were maintained in Medium 231 
supplemented with SMC growth supplement. HAECs 
were maintained in Medium 200 supplemented with low 
serum growth supplement (LSGS). For SMCs, the 
differentiation medium consisted of Medium 231 and SM 
differentiation supplement containing 30 μg/mL heparin. 
The enhanced differentiation medium also contained 2.5 
ng/mL or 5 ng/mL TGF-�1. For establishing EC-SMC co-
cultures, the culture medium for SMCs was switched 
from SMGS-supplemented medium to the differentiation- 
inducing medium; then a confluent density of ECs 
suspended in LSGS-supplemented Medium 200 was 
added; 24 hours later the medium was switched to an 
optimized co-culture medium. The co-culture medium 
consisted of Medium 200 with fetal bovine serum (2% 
v/v), hydrocortisone (1 μg/mL), and heparin (30 μg/mL). 

Results: HASMC phenotypic variation resulting from 
TGF-�1 addition to the culture medium and from co-
culturing with a confluent density of ECs is depicted in 
Figure 1A. The effect of adding TGF-�1 to HCASMCs is 
depicted in Figure 1B. TF expression by HASMCs 
decreased with the addition of TGF-�1 to the culture 
medium [Figure 2A]. Also, the formation of fibrillar FN 
and LN networks (data not shown) by contractile SMCs 
may have contributed to the higher initial EC adhesion to 
differentiated (contractile) SMCs relative to proliferative 
SMCs, as observed in our studies [ Figure 3]. 
Conclusion: Maintaining the differentiated SMC 
phenotype in vitro [Figure 2B] presents us with a 
(positive) control to evaluate the effects of incorporating 
various vasoactive drugs in our system in future studies. 
The fact that a direct contact EC-SMC model enables the 
activation of TGF-�1 in situ underlines the importance of 
establishing direct contact between the two cell types for 
mimicking the native vessel wall. This model presents the 
first step toward developing a robust, in vitro test bed for 
evaluating cardiovascular therapeutics. Controlling the 
SMC phenotype via effective delivery of new DES drugs 
may be an important requirement for capturing migrating 
ECs or circulating progenitor cells after a vascular injury. 
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Figure 1. (A) Increase in SMA and calponin expression 
via TGF-�1; further increase by culturing differentially 
treated HASMCs with ECs (SMC-EC). (B) Increase in 
SMA and calponin expression via TGF-�1 in HCASMCs. 

 
Figure 2. (A) Decrease in TF expression via 2.5 ng/mL or 
5 ng/mL of TGF-�1 (B) SMA (green) and calponin (red) 
expression by HASMCs treated with TGF-�1 (5 ng/mL) 
in co-culture with ECs (representative image). 

 Figure 3. Higher EC 
adhesion on differentiated 
HASMCs (blue) relative 
to proliferative SMCs 
(red). 


