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Abstract

Changes in extracellular matrix proteins may contribute significantly to the adaptation of

vein grafts to the arterial circulation. We examined the production and distribution of versi-

can and hyaluronan in intact human vein rings cultured ex vivo, veins perfused ex vivo, and

cultured venous adventitial and smooth muscle cells. Immunohistochemistry revealed

higher levels of versican in the intima/media compared to the adventitia, and no differences

in hyaluronan. In the vasa vasorum, versican and hyaluronan associated with CD34+ pro-

genitor cells. Culturing the vein rings for 14 days revealed increased versican immunostain-

ing of 30–40% in all layers, with no changes in hyaluronan. Changes in versican

accumulation appear to result from increased synthesis in the intima/media and decreased

degradation in the adventitia as versican transcripts were increased in the intima/media, but

unchanged in the adventitia, and versikine (the ADAMTS-mediated cleavage product of ver-

sican) was increased in the intima/media, but decreased in the adventitia. In perfused

human veins, versican was specifically increased in the intima/media in the presence of

venous pressure, but not with arterial pressure. Unexpectedly, cultured adventitial cells

express and accumulate more versican and hyaluronan than smooth muscle cells. These

data demonstrate a differential regulation of versican and hyaluronan in human venous

adventitia vs. intima/media and suggest distinct functions for these extracellular matrix mac-

romolecules in these venous wall compartments during the adaptive response of vein grafts

to the arterial circulation.
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Introduction

Saphenous veins continue to be used to bypass advanced arterial atherosclerotic lesions of the

heart and limbs. However, severe luminal narrowing, a primary cause of failure, develops dur-

ing the first 1–2 years in ~30% of vein grafts due to pathological remodeling and intimal hyper-

plasia. While there are also early failures (< 1 month) mainly due to surgical technique, and

very late failures (>5 years) due to the progression of native atherosclerosis, stenoses and nar-

rowing of the vein continue to be the main limiting factor for bypass success [1, 2].

In human veins, intimal lesions contain mesenchymal cells with large amounts of extracel-

lular matrix (ECM) rich in versican and hyaluronan [3, 4]. Animal and human vein grafts

show a rapid loss of cells in the media after graft implantation due to cell death. Based on ani-

mal models, this is followed by thickening of the intimal and medial layers as a consequence of

cell migration, cell proliferation, and deposition of ECM. However, the origins of the cells that

form the hyperplastic intima and the cellular source of the ECM are uncertain. Animal models

have also shown that the cells involved in this response include medial smooth muscle cells

(SMCs), progenitor cells from the blood, and adventitial cells [1, 2]. Since versican, versikine

(the ADAMTS-mediated cleavage product of versican), and hyaluronan are known to be

involved in cell proliferation, cell migration, and intimal hyperplasia[5, 6], we evaluated the

ability of both SMCs and adventitial cells to synthesize, deposit, and degrade versican and hya-

luronan given the evidence from animal models that both types of cells contribute to neointi-

mal hyperplasia [7, 8]. Furthermore, we examined the pattern of versican and hylauronan

accumulation in two models of the intimal hyperplastic response: ex vivo cultures of veins and

a flow model of arterial or venous pressure. These experiments focus on further defining the

involvement of two specific ECM components, hyaluronan and versican, in events associated

with human saphenous graft failure.

Methods

Vein rings, tissue culture, and cell culture

Human saphenous vein remnants were obtained anonymously from patients undergoing cor-

onary artery bypass or peripheral vascular bypass operations under protocols approved by the

Institutional Review Boards of the University of Washington or the Benaroya Research Insti-

tute at Virginia Mason. All vein specimens were kept in buffered saline during surgery (shown

to be the best solution [9]). After the surgeon had identified the remnant specimen, it was

placed into buffered Dulbecco’s Modified Eagle’s medium (DMEM; 10 mM Hepes, pH 7.4),

while still in the operating room. Veins were maintained at room temperature during prompt

transit to the laboratory and processing began within 2 hours.

For tissue culture (coronary artery bypass and peripheral vascular bypass veins) or for

obtaining cells for culture (only peripheral vascular bypass veins), veins were dissected free of

loose, extraneous tissue and the veins were cut into rings for culture in 20% fetal bovine serum

(FBS). These intact rings were subsequently cultured ex vivo (floating vein rings). Other seg-

ments (that were free of valves or intraoperative blue dye markings) were opened longitudi-

nally, and the endothelium removed by gently wiping with a cotton-tipped swab. The intimal/

medial layer was dissected from the adventitial layer in a natural plane (see this published ref-

erence for an image of this dissection[10]). For tissue culture, these separate outer and inner

layers of vein (~ 1 cm2/condition) were maintained in 20% FBS/DMEM for the indicated time.

To obtain cultured cells, 2.5 mm2 explants of the outer and inner wall layers were made using

a McIlwain tissue chopper (customized for up to 4 mm2). Explants were maintained in 20%
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FBS/DMEM. When cells around the explants became confluent (2–3 weeks), medium was

changed to Smooth Muscle Cell Growth Medium (Cell Applications, Inc.), which contains 5%

FBS and undisclosed amounts of EGF, FGF2, insulin, and heparin (personal communication,

James Yu, Cell Applications). This medium was also used for subsequent growth of passaged

cells on collagen-coated plastic ware (10 μg/ml bovine skin collagen in phosphate-buffered

saline overnight at 4˚C). Adventitial cells have been characterized by lack of expression of

smooth muscle α-actin (SMA) in contrast to the SMA-expressing SMCs[10].

Ex-vivo vein perfusion

Veins for ex vivo perfusion under venous or arterial conditions were obtained from patients

undergoing coronary artery bypass operations under protocols approved by the Ethical Com-

mittees of the Centro Cardiologico Monzino (Italy) and the University of Lausanne (Switzer-

land). Four different modes of perfusion were utilized as described[11–14] (Table 1).

ECM gene induction experiments

Here we studied gene induction of pairs of adventitial cells and intimal/medial SMCs that

were grown from the dissected adventitial and medial layers of veins from peripheral bypass

patients (always the same passage of 6 or less). Cells were seeded at 200,000/well in 6-well

plates in 5% FBS (in Bovine Smooth Muscle Cell Basal Medium; Cell Applications, Inc.). The

next day, medium was changed to serum-free medium. After 2 days, medium was changed to

fresh serum-free medium. After a total of 3 days in serum-free medium, the medium was

changed to serum-free medium ± 10 ng/ml PDGF-BB or 10% FBS (in two separate studies).

Total RNA was isolated from cells at the times indicated using the Quick RNA mini prep kit

from Zymo Research. The OD260/280 was always greater than 1.9 and most RIN numbers after

Bioanalyzer analysis were>9.0 and all were> 8.0.

Dissected intima/media and adventitia tissue specimens (~ 1 cm2) were immediately placed

in RNAlater at 4˚ C overnight and then frozen at -80˚ until processed. Other samples were

maintained in 20% FBS/DMEM for the indicated time before placing in RNAlater. RNA was

purified using Trizol extraction coupled with Quick-RNA™ MiniPrep columns as instructed

with DNase I treatment (Zymo Research, Inc). The OD260/280 was 2.05 ± 0.02 (mean ± SEM).

RIN numbers ranged from 6.5–9.5 with a mean value of 8.0 ± 0.2.

Quantitative RT-PCR

All reagents were supplied by Life Technologies (Grand Island, NY) except as noted. Total

RNA was reverse transcribed using the High Capacity Reverse Transcription cDNA Kit

according to the manufacturer’s instructions. qRT-PCR was performed using the ABI 7900HT

Fast Real-Time PCR System. HAS1-3, and versican gene expression was determined using

Taqman Gene Expression AssaysHs00758053_m1, Hs00193435_m1, Hs00193436_m1, and

Table 1. Ex vivo vein perfusion models.

Ex Vivo Perfusion

Model

Pressure Flow Oxygen Reference

Model #1 Cycles of 10’ pulsatile pressure (0.5 Hz, 80–120 mm Hg) then

2’ � 2 mm Hg

Cycles of 10’ of no flow then 2’ of 1

ml/min

20% 10, 12

Model #2 5 mm Hg 5 ml/min 20% 10, 11

Model #3 5 mm Hg 5 ml/min 20% lumenal & 5%

adventitial

11

Model #4 pulsatile pressure (1.0 Hz, 90–120 mm Hg) 160 ml/min 20% 13

https://doi.org/10.1371/journal.pone.0204045.t001
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Hs00171642_m1, respectively. One pooled RNA preparation from human saphenous vein

adventitial cells was used for standards and primer efficiencies averaged from 90% to 100%.

Results were normalized to 18S (no. 4333760) after testing RPL13, RPL27, GUSB, HMBS,

HPRT, TBP, B2M, SDHA, UBC and 18S using Bestkeeper (http://www.wzw.tum.de/gene-

quantification/bestkeeper.html), geNorm (http://medgen.ugent.be/wjvdesomp/genorm/), and

Normfinder (http://moma.dk/normfinder-software).

RNA purification and RNA-Seq

Dissected intima/media and adventitia specimens (~ 1 cm2/condition) were immediately

placed in RNAlater at 4˚ overnight and then frozen at -80˚ until processed. Other samples

were maintained in 20% FBS/DMEM for 2 days before placing in RNAlater. RNA was purified

using Trizol extraction coupled with Quick-RNA™ MiniPrep columns as instructed with

DNase I treatment (Zymo Research, Inc). The OD260/OD280 was 2.05 ± 0.02 (Mean ± SEM,

N = 20). Bioanalyzer RIN numbers were 8.04 ± 0.22 (mean ± SEM, N = 20) and ranged from

6.5 to 9.5. Sequencing libraries were constructed from total RNA using Kapa Stranded RNA--

Seq Kit with RiboErase(HMR). Paired-end 76 nt sequencing was carried out using Illumina

NextSeq 500 with samples having 60–122 million reads. Base-calling software was CASAVA

(version 1.8.2). Data pre-processing was done using the tool FastQC. The reads were aligned

to the GRCh38 transcriptome using the salmon aligner[15]. Alignments were to the transcrip-

tome (e.g., the set of known transcripts for GRCh38, from Ensembl). The counts for each tran-

script were then collapsed to counts/gene using the Bioconductor tximport package[16].

Comparisons were made using Bioconductor edgeR package[17]. The data from this study will

be published as a whole and made public in another paper that is in preparation.

Histochemistry/Immunochemistry

Rings of saphenous veins were fixed in 10% formalin for 24 h at 4˚ C, embedded in paraffin,

and sectioned for histochemical and immunohistochemical staining. Movat’s was performed

as described[18]. All steps for immunohistochemistry were performed on a Leica Bond (Leica

Microsystems Inc, Buffalo Grove, IL) using the Leica Bond Polymer Detection Kit (Leica

Microsystems # DS9800). This detection kit contains a peroxidase block, rabbit anti-mouse

post primary reagent for use with mouse primaries, a ready to use secondary goat anti-rabbit

conjugated to polymeric HRP, DAB chromogen and hematoxylin counterstain. See Table 2 for

information on all antibodies used. Specifically for versikine (DPEAAE, versican neoepitope

Table 2. Antibodies and reagents used in this study.

Antigen Antibody/Reagent Species Concentration

Versican 2B1 (270428 Seikagaku) mouse 0.06 μg/ml

Hyaluronan biotinylated-HABP (hyaluronan binding protein) - 0.05 μg/ml

DPE Versican Neo-epitope V0, V1 Neo Antibody (PAI-1748A Thermo Scientific) rabbit 1.0 μg/ml

ADAMTS4 PA1-1749A Thermo Scientific rabbit 3.75 μg/ml

ADAMTS5 PA1-1751A Affinity Bioreagents rabbit 3.2 μg/ml

Smooth muscle alpha-actin (SMA) ab5694 Abcam rabbit 0.4 μg/ml

Smooth muscle alpha-actin (SMA) 1A4 (A7607 Sigma) mouse 0.05 μg/ml

CD31 JC70A (MO823 Dako) mouse 5.0 μg/ml

CD34 QBEND 10 (M7165 Dako) mouse 0.15 μg/ml

negative control Chrompure IgG (011-000-003 Jackson) rabbit as appropriate

negative control Chrompure IgG (015-000-003 Jackson) mouse as appropriate

https://doi.org/10.1371/journal.pone.0204045.t002
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[19]), sections were pretreated using heat mediated antigen retrieval with EDTA at high pH

(Bond epitope retrieval solution 2). The sections were then incubated 1 h with 1.0 μg/ml rabbit

anti V0, V1 Neo Antibody (Thermo Scientific #PAI-1748A) in Bond antibody diluent followed

by detection. Versican immunohistochemistry required pre-treatment with 0.2U/ml chon-

droitinase ABC (Sigma #C3667) in 18 mM Tris, 1mM sodium acetate, 1 mg/ml BSA pH 8.0

for 1 h at 37˚C. The sections were then incubated for 1 h with 0.06μg/ml anti Versican clone

2B1 (Seikagaku# 270428) in Bond antibody diluent and detection was performed using the

Bond polymer Refine detection Kit. For the versican/CD34 double stains, the Mach 4 mouse

probe and Mach 4 HRP polymer were used for the anti-versican primary and the Mach 2 dou-

ble stain 1 probe was used for the anti-CD34 primary (Biocare Medical, Concord MA). For the

SMA (rabbit polyclonal)/CD34 double stain, the Mach 2 double stain 1 system was used. Deep

Space Black (BioCare) and AbCam Stay Red were used for the HRP and AP chromogens,

respectively. For hyaluronan affinity histochemistry (AFC) the Bond Intense R Detection kit, a

streptavidin-horse radish peroxidase system, (Leica Microsystems, Inc.) was used with 1 μg/ml

biotinylated-HABP in 0.1% BSA-PBS. Negative controls were Chrompure mouse or rabbit

IgGs (Jackson ImmunoResearch Laboratories) in Bond antibody diluent. Representative nega-

tive IgG controls, which showed no staining, are shown along with matching positives in S1

Fig. Hyaluronidase treatment removed HABP staining demonstrating specificity of the HABP

staining (S1 Fig).

Versican-, HABP-, versikine-, ADAMTS4-, and ADAMTS-5-stained slides were scanned in

brightfield with a 20X objective using the NanoZoomer Digital Pathology System (Hamamatsu

City, Japan). The digital images were then imported into the Visiopharm quantitative digital

pathology platform (Hoersholm, Denmark) for analysis of both area and intensity of staining.

Using the Visiopharm Image Analysis module, three regions of interest were drawn: around

the outer border of the vessel (for each vein there were duplicate sections for day 0 and for day

14), around the outer edge of the circular SMC layer, and around the lumen (the actual edges

of the outer adventitia and the lumen were determined by the software). Because of the diffi-

culty in clearly distinguishing the intima-media boundary in these specimens, we quantified

the intima and media together to compare to the adventitia. Movat’s stains on different sec-

tions were used to help with drawing the adventitial/medial boundary. The software was then

programed to detect positive staining for versican (or HABP etc.) and for hematoxylin using a

project-specific configuration based on a threshold of pixel values. The images were processed

in batch mode using this configuration to generate the desired per area outputs. The feature

band HDAB (hemotoxylin/diaminobenzidine)–DAB (diaminobenzidine) was used to calcu-

late the mean intensity (the inverse was used with black = 256 and white = 0) of versican within

the regions of interest. Luminal areas and areas within the adventitial/medial boundary (AMB;

used as a measure of vessel remodeling) were determined on Movat’s stained sections using

ImageJ (1.37v). Loss of lumen area was defined as (1-(lumen area day 14/lumen area day 0))�

100) and vein contraction was defined as (1-(AMB day 14/AMB day 0))�100).

Immunocytochemistry

Versican was localized using monoclonal antibody 2-B-1 (Seikagaku, 2 μg/ml) or a rabbit anti-

versican (Abcam ab177480, 2 μg/ml). Smooth muscle actin (SMA) was localized with a mouse

anti-human SMA antibody (Dako, clone 1A4, 2 μg/ml) or a rabbit anti-SMA antibody (Sigma,

2 μg/ml). Adventitial cells and SMC on 22 mm coverslips were rinsed 3 times in PBS, fixed in

neutral buffered formalin, rinsed 3 times in PBS, then permeabilized for 10 min in PBS, 0.1%

Triton X-100. Primary antibody was applied in PBS containing 2% bovine serum albumin for

1 h at 22 ˚C. Following three rinses, cells were incubated with secondary antibodies (AF488 or
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AF555 conjugated donkey anti-rabbit or donkey anti-mouse antibodies, 1:500, Life Technolo-

gies) in PBS 2% BSA for 1 h. After rinsing, cells were mounted with Fluoro-Gel (Electron

Microscopy Sciences) containing 1 μg/ml DAPI to stain nuclei, and examined using a Leica

DMIRB microscope under epifluroescence optics using a 20x objective. Images were acquired

using a Spot1 cooled CCD camera and imaging program. The proportion of versican and

smooth muscle actin positive cells were tallied from at least 5 micrographs of randomly

selected felds per cell isolate, counting a minimum of 150 cells.

Hyaluronan enzyme linked sorbent assay (ELSA)

A modification[20] of a previously described[21] competitive ELSA in which the samples to be

assayed were first mixed with bPG (the biotinylated N-terminal hyaluronan binding region of

aggrecan) and then added to a hyaluronan-coated microtiter plate was used. The final signal is

inversely proportional to the level of hyaluronan added to the bPG. For this assay, media and

cell layers were digested with 300 μg/ml pronase in 0.5M Tris, pH 6.5 for 18 h at 37˚C. Follow-

ing digestion, the pronase was inactivated by heating to 100˚C for 20 min.

Western analysis

Samples of adventitial and of intimal/medial tissue were cut into small pieces and extracted by

vortexing overnight at 4˚ C in 4M guanidine HCL. The extract was concentrated and desalted

to phosphate-buffered saline by using 30kDa centrifugal filter units (Amicon Ultra). Protein

content of cultured cell layers and tissue extracts was quantified using the Coomassie Protein

Assay kit (Pierce, Rockford, IL). For cultured cell extracts, equal amounts of protein or vol-

umes of medium (normalized by equal cell protein) were subjected to DEAE Sephacel chroma-

tography. Equal volumes of isolated proteoglycans were ethanol precipitated, digested with

chondroitin ABC lyase, and electrophoresed on 4–12% gradient SDS-PAGE gels. For tissue

extracts, equal amounts of total protein were loaded onto the SDS-PAGE gels. Proteins were

transferred to nitrocellulose and probed with anti-human versican (0.1 μg/ml AF3054 [R&D

systems, Minneapolis, MN] or 0.06 μg/ml 2B1 [270428 Seikagaku] for cultured cells and tissue,

respectively). Anti-actin was used as a loading control (A2103, Sigma). Results were visualized

using LI-COR Odyssey1 scanner and software (LI-COR Biotechnology, Lincoln, NE)[22].

Quantification of western blots (V0 plus V1 vs all proteins between 75 kD and 250 kD) was

done using ImageJ software (v1.52a).

Statistical analysis

The Wilcoxon signed rank test, unpaired t-test, or the repeated measures ANOVA were per-

formed as appropriate using Prism 6 or SPSS (v19).

Results

Versican is enriched in the intima/media of fresh veins and increases in

both intima/media and adventitia after vein culture

We measured the density and distribution of versican in freshly harvested veins from patients

undergoing coronary or peripheral artery bypass operations, and in paired samples cultured

ex vivo for 14 days. This model of floating vein rings has been validated as a model of intimal

hyperplasia [23, 24].

Despite significant inter-individual variation, as illustrated in S2 Fig, the staining of versi-

can in pre-implantation vein grafts was consistently more intense in the intima (the neo-

intima will be discussed below; non-immune IgG had no staining [S1 Fig]). The intima/media
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expressed about two-fold more versican as observed by immunostaining intensity compared

to adventitia (P<0.002, day 0 intima/media vs. adventitia in Fig 1A and 1B). After 14 days of

culture, there was a 31% increase in staining for versican in the intima/media and a 40%

increase in the adventitia (Fig 1B). Adventitial versican co-localized with the vasa vasorum, the

longitudinal cords of smooth muscle that are found in the venous adventitia, and along elastic

fibers. The black elastic fibers seen in Movat’s stained sections are most prominent in the

adventitia with much smaller elastic fibers in the media and internal elastic lamina (S2 Fig). In

addition, there was a clear vessel contraction and loss of lumen area after 14 days (24 ± 6% and

76 ± 3%, respectively; mean ± SEM, N = 20 veins).

Levels of versican reflect the balance of synthesis and degradation; therefore, we further

investigated the levels of the ADAMTS-mediated degradation product of versican, named ver-

sikine [19, 25]. Versikine levels in the pre-implantation vein graft was higher in the intima/

media (P<0.002, N = 20; day 0 intima/media vs adventitia in Fig 1C and 1D; non-immune

IgG had no staining [S1 Fig]) as was observed with versican. After culture for 14 days, versi-

kine staining increased in the intima/media, but decreased in the adventitia despite levels of

versican increasing in both layers (Fig 1C and 1D). Immunostaining for ADAMTS4 and 5,

which are two versican-degrading ADAMTS proteinases [19, 26], was localized to the intima/

media and to the vasa vasorum (Fig 2A–2D; non-immune IgG1 had no staining [S1 Fig]).

ADAMTS4 increased by ~60% at day 14 in the intima/media (Fig 2A), which is consistent

with increased levels of versikine. Because adventitial versikine levels were decreased, we

expected that ADAMTS levels would also decrease. However, adventitial ADAMTS4 staining

increased by ~90% after 14 days of culture (Fig 2B). In contrast, staining for ADAMTS5 was

not changed during culture of veins (Fig 2D).

To address these discrepant results between changes in versican, versikine, and ADAMTS4

in the adventitia, the separated adventitia and intima/media were cultured to determine the

induction of versican mRNA in these tissues. There was an induction of versican transcripts in

the intimal/medial tissue over 7 days (Fig 3A, �P<0.02), but there was no significant induction

in the adventitial tissue (P>.8; Fig 3A). Western blots of tissue extracts also demonstrated that

levels of the V0/V1 isoforms increased in the intima/media, but not the adventitia (Fig 3B and

3C, �P<0.02). These results, combined with the decreased adventitial versikine staining sug-

gests that the observed increase in adventitial versican during culture results from decreased

versican degradation, despite the increase in ADAMTS4. This is supported by western blots,

which showed decreasing amounts of versican fragments relative to intact V0/V1 with increas-

ing time in culture for both adventitia and intima/media (Fig 3D; P<0.04 and P>0.5 for tissue

or interaction by repeated measures ANOVA). In addition, RNA-Seq analysis of cultured

intima/media vs. adventitia showed that TIMP3 and four serine protease inhibitors (SER-

PINE2, SERPINA5, SERPINI1, and SERPINF2) were more highly expressed in the adventitia

compared to the intima/media (Table 3). TIMP3 is a prime inhibitor of the versican-degrading

ADAMTSs and matrix metalloproteinases and these SERPINs inhibit plasmin, which also

degrades versican [27].

The hyaluronan staining pattern differs from that of versican

Unlike versican, there was no difference between staining for hyaluronan in the intima/media

vs the adventitia and staining did not change during the 14 day culture period (Fig 4A and

4B). When the adventitial and intima/media layers were separately cultured, we observed a

transient induction of HAS2 in both adventitial and intimal/medial tissue at day 1 with no dif-

ference between the two tissues (Fig 4C). There was very low expression and absence of induc-

tion of HAS1 and HAS3 mRNA in adventitial and intimal/medial tissue (data not presented).
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Neo-intimal SMCs and adventitial cells encapsulating the cultured vein

rings differentially express versican

After 14 days of vein ring culture, there were usually, but not always, neointimal cells observed lin-

ing the lumen of the vein rings, and a new cellular layer encapsulating the outer adventitial surface

of the vein ring. While the neointimal cells were predominately positive for SMA, the encapsulat-

ing perimeter cells were not (Fig 5; 84 ± 5% and 28 ± 6% for paired neointimal and perimeter

cells, respectively; N = 20 veins). We found that versican and versikine staining was stronger in

neointimal cells compared to the adventitial perimeter cells (Fig 6), but both cells demonstrated

strong HABP staining (Fig 6). ADAMTS4 immunostaining was stronger for the perimeter cells,

while ADAMTS5 showed little staining for both neointimal and perimeter cells (the latter not

shown). Finally, the perimeter cells were uniformly CD34/CD31 negative, while the only CD34-

or CD31-positive neointimal cells were double positive endothelial cells observed in neointimal

tubular structures (Fig 5; non-immune IgG had no signal [S1 Fig]). In conclusion, the cells encap-

sulating the adventitia are substantially different than the SMCs of the neointima.

Versican and hyaluronan co-localize with the CD34+ progenitor cells in the

vasa vasorum

Versican and hyaluronan staining in the vasa vasorum showed distinct cell specificity. CD34+/

CD31- adventitial progenitor cells surround the SMA+ pericytes of small vessels (Fig 7A) [28].

Both versican and hyaluronan tended to be localized to the CD34+ adventitial progenitor cell

layer, not to the pericytes or endothelial cells (Fig 7B). Double staining for versican and CD34

confirmed this co-localization (Fig 7C; black and red staining, respectively).

Arterial pressure prevents induction of versican in vein grafts perfused ex

vivo

During ex vivo culture of vein rings for 14 days, we observed that versican is increased in both

intima/media and adventitia. We therefore perfused vein grafts ex vivo to further quantify the

level of versican in the presence of pressure and flow. Patient information is presented in S1

Table. We generated 4 four different ex vivo perfusion models to assess the relative effects of

pressure, flow, and levels of oxygen. There was no change in versican in either the intima/

media or the adventitia in the two models with arterial pulsatile pressure, one with intermittent

low flow and the other with continuous high arterial flow (models 1 and 4, respectively; Fig 8A

and 8D). In contrast, in both models with low venous pressure and flow (one with 20% O2 on

both sides and one with 20% O2 on the luminal side and 5% O2 on the adventitial side, models

2 and 3, respectively), there was increased versican or a trend (model 2; P = 0.07) for increased

versican in the intima/media, but no change in adventitial versican (Fig 8B and 8C). These

observations are summarized in Table 4.

Cultured adventitial cells produce more versican and hyaluronan than

SMCs

To further study differences between adventitia and intima/media, we compared the induction

of versican and hyaluronan synthases in cultured venous SMCs and adventitial cells stimulated

Fig 1. Versican and versikine immunostaining in vein rings. (A) Versican immunostaining in pre-culture and 14 day cultured

floating vein rings was quantified for the intima/media and adventitia (B). The dotted line indicates the adventitial/medial boundary

(� P = 0.01 day 0 vs day 14; N = 19 veins). (C) Versikine immunostaining in pre-culture and 14 day cultured floating vein rings was

quantified (D) for the intima/media and adventitia (�P<0.04; ��P<0.0001 day 0 vs day 14; N = 19 veins). Scale bars indicate 500 μm.

https://doi.org/10.1371/journal.pone.0204045.g001
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Fig 2. ADAMTS4 and 5 immunostaining in vein rings. (A) ADAMTS4 immunostaining in pre- and 14 day cultured floating vein rings

was quantified (B) for the intima/media and adventitia (� P<0.0001 day 0 vs day 14; N = 20 veins). (C) ADAMTS5 immunostaining in pre-
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by FBS (as used in the tissue culture and ex vivo perfusion studies) or PDGF-BB, which has been

shown to induce versican and hyaluronan production in arterial SMCs [29, 30]. We have previ-

ously shown that>90% of the SMCs are positive for SMA, while<10% of the adventitial cells are

positive[10]. Neither of these cells express CD34[31]. Surprisingly, we did not observe an induc-

tion of versican in response to serum in either cell type, and HAS1 and HAS2 were induced in

adventitial cells, but not SMCs (Fig 9A). HAS3 induction by serum was similar in the two cell

types. In contrast to the responses to serum, PDGF-BB induced the expression of versican in

adventitial cells, but not in SMCs (Fig 9B). HAS1 and HAS3 were induced to a similar extent in

both cell types, but peak induction of HAS2 in adventitial cells was twice that of SMCs (Fig 9B).

The amount of hyaluronan and versican protein in the cell layer and media of cultured adventitial

cells was also higher than in SMCs (S3 Fig). Double immunofluorescent staining of the cells for

versican and SMA demonstrated that there was no difference between the SMA negative and

SMA positive cells, since all of the cells expressed some level of versican (S4 Fig).

and 14 day cultured floating vein rings was quantified (D) for the intima/media and adventitia (N = 20 veins). The dotted line indicates the

adventitial/medial boundary. Scale bars indicate 500 μm.

https://doi.org/10.1371/journal.pone.0204045.g002

Fig 3. Versican induction in intimal/medial vs. adventitial tissue. Induction of versican message and protein in floating intimal/

medial and adventitial tissue. (A) Versican mRNA (�P<0.02 intima/media vs. adventitia. N = 3 veins day 0, N = 6 veins days 1–7). (B)

Versican western blot of tissue from one vein (“int/med” intima/media and “adv” adventitia. (C) Quantification of V0/V1 versican

protein (�P<0.02 intima/media vs. adventitia mean gray value. N = 3 veins). (D) Quantification of versican degradation products

(75–250 kD) relative to intact V0/V1 versican (N = 3 veins).

https://doi.org/10.1371/journal.pone.0204045.g003
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Discussion

In this study, we first documented the normal distribution of versican and hyaluronan in

freshly resected human veins, and we further studied the changes in the distribution of these

Table 3. Expression of inhibitors of versican-degrading proteases in cultured adventitial and intimal/medial tissue.

Day 0 Day 2

Adventitia Int/Media Adventitia Int/Media

TIMP3� 2138 ± 188 1050 ± 148 749 ± 135 446 ± 20

SERPINE2�� 44 ± 9 25 ± 6 2085 ± 624 682 ± 93

SERPINA5�� 8.3 ± 1.3 1.8 ±0.5 2.3 ± 0.5 0.8 ± 0.1

SERPINI1�� 13 ± 1 8 ±1 17 ± 3 7 ± 1

SERPINF2�� 4.6 ± 1.6 0.8 ± 0.1 1.1 ± 0.2 0.4 ± 0.1

Gene expression from RNA-Seq analysis is expressed as normal numbers from paired tissues of 5 veins.

� FDR = 0.07

�� FDR<0.004 adventitia vs intima/media.

https://doi.org/10.1371/journal.pone.0204045.t003

Fig 4. Hyaluronan staining in vein rings. (A) Hyaluronan (HABP) staining in pre-culture and 14-day cultured floating vein rings. Dotted line indicates the

adventitial/medial boundary. Scale bars indicate 500 μm. (B) HABP quantification for the intima/media and adventitia. N = 19 veins. (C) Induction of HAS2

message in cultured intimal/medial and adventitial tissue. N = 3 veins day 0, N = 6 veins days 1–7.

https://doi.org/10.1371/journal.pone.0204045.g004
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Fig 5. Immunostaining of cells in the neointima and adventitial capsule. Immunostaining of cells in the neointima and capsule

surrounding the adventitia (left and right panels, respectively, for (A) smooth muscle alpha actin, (B) CD31 (arrow indicates an

endothelialized neovessel), and (C) CD34. � indicates the adventitial surface. Scale bars indicate 100 μm.

https://doi.org/10.1371/journal.pone.0204045.g005
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Fig 6. Immunostaining of cells in the neointima and adventitial capsule. Histochemical and immunostaining of neointimal cells and

capsule cells (left and right panel, respectively) for (A) versican, (B) hyaluronan, (C) versikine, and (D) ADAMTS4. � indicates the

adventitial surface. Scale bars indicate 100 μm.

https://doi.org/10.1371/journal.pone.0204045.g006
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matrix proteins occurring in a variety of ex-vivo injury models that mimic the injury of surgi-

cal resection and reimplantation. The patients from whom these veins were obtained were

receiving bypasses to address coronary and peripheral artery disease, and such patients com-

monly suffer from various co-morbidities [32]. Thus, it was not surprising to see the extent

and variability of intimal hyperplasia present in these veins, which confirms prior studies [33,

34].

Arterial pressure inhibits versican induction

The highest concentrations of versican were found in the intimal/medial layer, both in the

fresh veins, and under the conditions of pressure-free, floating ring culture. These observations

confirm the results of Merrilees et al.[35]. High pressure conditions suppressed the induction

of versican (Table 3), compared to low pressure perfusion or no pressure (floating rings). It

Fig 7. Immunostaining of the adventitial vasa vasorum. (A) The left panel shows an adventitial vessel in cross and tangential section stained for CD31 (black:

endothelium) and CD34 (red: CD34+ progenitor cell and endothelium but the latter is masked by the black stain) and the right panel shows a cross and tangential

section of a vessel stained for CD34 (red: CD34+ progenitor cell and endothelium) and SMA (black: pericytes). (B) Vessels stained for versican and hyaluronan

(brown) in the top and bottom panels, respectively; and (C) a vessel stained for CD34 (red) and versican (black). The arrowhead indicates CD34 and versican co-

localization compared to the arrow that indicates unlabeled pericytes. Scale bars indicate 100 μm in A and B, and 50 μm in C.

https://doi.org/10.1371/journal.pone.0204045.g007
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was further demonstrated that under high pressure, human saphenous vein SMCs in a tissue

engineered blood vessel had less versican than normal human veins or arteries, regardless of

pulsatile flow[36].

There are several possible explanations for this pressure effect, including the influences of

miRNA, matrix metalloproteinases, and the effects of cell death. We have previously observed

that miR138 is upregulated in model 1 (intermittent high pulsatile pressure with venous flow)

and not in model 2 (venous pressure and flow) [14]. Since miR138 has been observed to bind

the 3´ region of versican mRNA and decrease versican protein accumulation[37], the upregu-

lation of miR138 may explain part of the reduced induction of versican under conditions of

high pressure. In addition, TIMP1 is highly increased in the low flow, venous model (model 2)

Fig 8. Versican expression levels in pre-culture and 7 day ex-vivo perfused veins. (A) Model #1: arterial pressure/ intermittent venous flow, high O2. (B)

Model #2: venous pressure/flow, high O2. (C) Model #3: venous pressure/flow, adventitial hypoxia (D) Model #4: arterial pressure/flow high O2. �P<0.05

vs day 0, +P<0.07 vs day 0 (black bars are day 0 and gray bars are day 7). N = 4 veins for models 1 and 4 and N = 5 veins for models 2–3.

https://doi.org/10.1371/journal.pone.0204045.g008

Table 4. Versican changes in different ex vivo vein graft models.

Model Description Intimal/Medial Versican Adventitial Versican

Floating Rings No pressure or flow; 20% 02 Increased Increased

Ex Vivo Perfused 1 Intermittent high pulsatile pressure, venous flow; 20% 02 No change No change

Ex Vivo Perfused 2 Venous pressure & flow; 20% 02 Trend increased No change

Ex Vivo Perfused 3 Venous pressure & flow; 5% adventitial and 20% lumenal 02 Increased No Change

Ex Vivo Perfused 4 Arterial pulsatile pressure & flow; 20% 02 No change No change

https://doi.org/10.1371/journal.pone.0204045.t004
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compared to the intermittent, high pressure model (model 1). TIMP1 would be expected to

decrease the activity of many versican-degrading MMPs (e.g. MMP1, MMP2, MMP3, MMP7,

and MMP9 [38–41]) in the static venous model. MMP2 and MMP9 are increased in both the

static, venous (model 2) and static, high pressure models (model 1) [14]. These observations

would be consistent with greater amounts of versican under low pressure because of less degra-

dation by the MMPs. Disproportionate cell death in the intima/media might also explain the

retarded accumulation of versican under pressure. Our own findings make this unlikely.

Although there is a loss of medial SMCs in the high pressure models 1 and model 4, which is

consistent with more complex CABG-like flow and pressure stimulations[42], we have also

observed a loss of adventitial cells and SMCs in venous pressure/flow models (model 2) [12],

and in the floating tissue model [43, 44].

Our current high pressure/high flow model results in a significant amount of neointimal

hyperplasia (model 4), but does not show increased versican in the neointima. In contrast,

studies of arterial injury in rats and pigs show increased versican protein in the arterial neoin-

tima at 7–8 days [45, 46]. However, there are little published data on the kinetics of versican in

vein graft models. In rabbit vein grafts, Movat’s staining of proteoglycans and glycosaminogly-

cans, including versican and hyaluronan, increases over a period of weeks to months[47],

while message levels for versican increase early and drop to baseline by 7–14 days (Dr. Scott

Berceli, personal communication). Increased versican was observed after 2 weeks in porcine

vein grafts [46]. Thus, it is possible that there is accumulation of versican in vein grafts per-

fused in vivo or ex vivo under pressure, but it occurs later than one week.

Fig 9. Induction of versican and HAS1-3 mRNA in adventitial cells and SMCs. Cells were stimulated with either 10% FBS (A) or 10 ng/ml PDGF-BB (B). Adventitial

cells had significantly higher induction of versican, HAS1 and HAS2 compared to SMCs (���P<0.0001; ��P<0.01; �P<0.05). Data are from pairs of cells from 3 (A) and

10 (B) veins in duplicate.

https://doi.org/10.1371/journal.pone.0204045.g009
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Cultured adventitial cells show higher levels of versican and hyaluronan

compared to cultured SMCs

We have shown that cultured human venous adventitial cells induce higher levels of versican

and hyaluronan expression than SMCs. This was unexpected, given that at the tissue level, the

venous medial tissue showed higher levels of versican and the same levels of hyaluronan com-

pared to the adventitial tissue. Depending on the specific stimulus (i.e., PDGF vs FBS), HAS1,

HAS2, and versican were induced more in adventitial cells than in SMCs. Unlike the current

study, van den Boom et al. reported that PDGF did not induce HAS1 or HAS3 in human

saphenous vein SMCs[48], however they looked only after 3 h using semi-quantitative qPCR

and we observed peak activity for both after 2 h of treatment.

The mechanism for the increased versican induction in adventitial cells vs. SMCs is not

clear. A simple explanation would be higher expression of PDGF receptors (PDGFRα and

PDGFRβ) by adventitial cells, but we found no difference in expression of mRNA for these

receptors between the two cell types[10]. Another possibility could be differences in the regula-

tion of microRNAs[49]. For example, myocardin, which regulates expression of common

SMC markers[50] and is expressed 11-fold higher in SMCs compared to adventitial cells (data

not presented), also induces miR143. Interestingly, miR143 downregulates versican mRNA

[51]. Finally, the long non-coding RNA, HAS2-AS1, has a pivotal role in the regulation of

HAS2 transcription in vascular cells [52], however we previously observed no difference in the

level of expression of HAS2-AS1 between the venous cell-types[31].

Adventitial CD34+ progenitor cells and versican

Adventitial-cell specific induction of ECM genes is of particular interest because data

from animal models supports a role for adventitial cells in intimal hyperplasia of engrafted

veins[53–55] and because of the large amount of glycosaminoglycans, largely versican,

present in failed vein graft intima[4]. In addition, a role for PDGF is relevant given that

PDGF mediates cell migration in the human saphenous vein ex vivo[56] and given the

large body of literature demonstrating a role for PDGF in the vascular response to injury

[57]. In pig and rodent vein graft models 10–30% of intimal cells are derived from the

adventitia. However, because of the limitations of human studies, the particular venous

cells involved in human vein graft failure remain undefined. The venous adventitia con-

tains many types of cells including endothelial cells, pericytes, CD34+ progenitor cells

[28], longitudinal bundles of SMCs[58], macrophages, mast cells[59], and nerve cells[60].

We have previously observed that our cultured adventitial cells are >90% negative for

SMA, in contrast to SMCs that are >90% positive[10]. This suggests the possibility that

CD34+ progenitor cells, which are also SMA negative [28], are the precursors of our cul-

tured adventitial cell rather than SMCs from longitudinal cords in the adventitia or peri-

cytes of the vasa vasorum, which are both SMA positive. While the cultured adventitial

cells do not express CD34[31], it is known that cultured CD34+ progenitor cells lose

CD34 expression [28]. Moreover, the phenotypic plasticity of vascular cells is increasingly

appreciated. It was recently reported that SMC-derived adventitial Sca1+ progenitor cells

can differentiate in vivo into mature SMCs, resident macrophages, and endothelial-like

cells[61]. Thus, identification of the specific human adventitial cell that migrates from

adventitial explants remains a goal of further studies, especially given recent results sug-

gesting a novel protective role for these cells[31]. In addition, our observation that versi-

can and hyaluronan associate with CD34+ progenitor cells, but not pericytes, raises the

unanswered question of what role these matrix factors have regarding progenitor cell

function.
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Roles for versican and hyaluronan after vascular injury

Versican and hyaluronan are major components of the provisional ECM synthesized after

injury and these factors and their degradation products (e.g. versikine) are well known to regu-

late vascular cell function [5, 6, 25]. For example, versican promotes SMC migration and pro-

liferation[62]. In addition, HAS1 and HAS3 stimulate SMC migration[63, 64], and HAS2

stimulates SMC proliferation and migration[48][64]. The effects of hyaluronan are particularly

complex as the size of the molecule, which is regulated by both the HAS isoform and hyaluron-

idase-mediated cleavage, dictates function with low molecular weight hyaluronan tending to

be pro-inflammatory and high molecular weight hyaluronan tending to be anti-inflammatory

[65, 66].

While we believe this is one of only a few studies to compare human saphenous vein adven-

titial cells with SMCs [10, 31, 67], there have been a number of investigations into differences

between saphenous vein SMCs and arterial SMCs. These include greater rates of growth and

migration and decreased rates of death for venous SMCs compared to arterial SMCs because

of differences in the PTEN/PKB, RhoA, and p27Kip1 pathways[68–70]. There is also a greater

production of proteoglycans, including versican, in cultured saphenous veins compared to

arteries [35]. These studies are consistent with the greater propensity of vein bypass grafts to

fail compared to arterial bypass grafts [71].

In summary, higher levels of versican are associated with venous intimal/medial SMCs than

with adventitial cells in freshly isolated human veins. In cultured floating vein rings, the

increase in intimal/medial versican results from increased synthesis, while increased adventi-

tial versican results from the lack of gene induction plus decreased degradation. In ex vivo per-

fused veins, high pressure (as in an arterial bypass) inhibits the accumulation of versican. In

contrast to the behavior of vein tissues, isolated cultured human venous adventitial cells pro-

duce more versican and hyaluronan than SMCs, which may participate in promoting migra-

tion and proliferation of the adventitial cells. Finally, we found that in the vasa vasorum

versican and hyaluronan are associated with CD34+ progenitor cells rather than the SMC-like

pericytes. These results demonstrate a differential regulation of versican and hyaluronan in

adventitia vs intima/media, and raise the possibility of different functions for these ECM fac-

tors in adventitia compared to intima/media.

Supporting information

S1 Fig. Negative controls for antibodies and HABP. Examples of staining with antibodies to

versican, versikine, ADAMTS4, ADAMTS5, CD31, and CD34 with paired non-immune IgGs

are shown along with HABP with or without treatment with hyaluronidase. Scale bars are

500 μm for all except versikine, which is 100 μm.

(TIFF)

S2 Fig. Examples of variability among veins for versican and hyaluronan. Staining of two

veins for versican, HABP, and with Movat’s stain is shown. Scale bars are 500 μm.

(TIF)

S3 Fig. Hyaluronan and versican in the cell layer and conditioned medium of cultured

adventitial cells and SMCs. (A) Production of hyaluronan in adventitial cells and SMCs in

response to 10 ng/ml PDGF-BB. Adventitial cells produce more hyaluronan than do SMCs

(p< 0.01). n = 2 pairs of cells in duplicate. (B) Western blot of versican in the cell layer and

(C) conditioned medium of adventitial cells compared to SMCs before and after 24 hours of

treatment with PDGF-BB. The locations of the V0 and V1 isoforms of versican are indicated.
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AC = adventitial cell.

(TIF)

S4 Fig. Double immunostaining of SMA and versican in cultured adventitial cells and

SMCs. (A) Cells were treated for 24 hour with 10 ng/ml PDGF-BB before fixation and staining.

(B) Quantification of SMA and versican positive cells from 3 pairs of adventitial cells and

SMCs. � P<0.05.

(TIF)

S1 Table. Patient Demographics in ex vivo vein graft models.

(TIF)
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