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Abstract

 

Adaptation of saphenous vein to the hemodynamic stresses

of the arterial circulation is critical to the maturation of vein

bypass grafts. We have investigated early adaptive re-

sponses of venous endothelium by placing excised human

saphenous vein in a bypass circuit with either venous or ar-

terial flow conditions, using external stenting to resolve the

effects of longitudinal (shear) from circumferential stress.

Endothelial protein concentrations were assessed by immu-

nostaining area (ratio of protein/CD31) and Western blot-

ting of endothelial cell lysates (staining ratio protein/vWf).

In both unstented and stented veins nitric oxide synthase

increased after 90 min of arterial flow: twofold increase of

immunostaining area (

 

P

 

 

 

5

 

 0.001), four- to fivefold increase

by Western blotting (

 

P

 

 

 

5

 

 0.02), and increased A23187-

mediated maximum endothelium-dependent relaxation of

vein rings (

 

P

 

 

 

5

 

 0.01). In unstented veins, ICAM-1 concen-

tration was increased after 45 min of arterial flow: twofold

increase by immunostaining (

 

P

 

 

 

5

 

 0.001) and Western blot-

ting (

 

P

 

 

 

5

 

 0.038), with maximum fibrinogen-mediated en-

dothelium-dependent relaxation increasing from 55.9

 

6

 

4.9

to 97

 

6

 

2.1% (

 

P

 

 

 

5

 

 0.01). In contrast, in unstented veins

there was a threefold decrease of VCAM-1 and no change in

P-selectin after arterial flow for 45 and 90 min, respectively.

However, no changes in ICAM-1 and VCAM-1 were ob-

served in stented veins. The flow-induced alterations in ni-

tric oxide synthase, ICAM-1, and VCAM-1 were abolished

when 3 mM tetraethylammonium ion (K

 

1

 

 channel blocker)

was included in the vein perfusate.

The very rapid changes in ICAM-1 and VCAM-1 expres-

sion are a response to circumferential stress, whereas the

slower upregulation of nitric oxide synthase is a response to

longitudinal (shear) stress. Similar changes could influence

the adhesiveness of endothelium in newly implanted saphe-

nous vein bypass grafts. (

 

J. Clin. Invest.

 

 1997. 99:2719–2726.)
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Introduction

 

The outcome of saphenous vein bypass surgery, in both the
aortocoronary and infrainguinal circulations, depends on the
successful adaptation of this vessel from the low pressure
venous system to the high pressure, pulsatile flow of the arterial
circulation. After implantation, the vein is exposed to immedi-
ate increases in flow, longitudinal wall (shear) stress, circum-
ferential deformation, circumferential stress, radial deforma-
tion, radial stress, pulsatile deformation, and pulsatile stress
(1). The adaptation of the endothelium that occurs after im-
plantation of a vein bypass graft is influenced by these hemo-
dynamic forces, the endothelial injury resulting from surgical
preparation, interactions between different cell types in the
venous wall, and between the cellular elements of the circula-
tion and the endothelium.

Changes in hemodynamic forces have complex effects on
the endothelium. The responses of cultured endothelial cells to
shear stress have been studied extensively, and much of this
work has been reviewed recently (2). Immediate responses of
endothelium to increased shear stress include the activation of
ion channels and changes in membrane potential (3). Slower
responses include changes in cell proliferation and the expres-
sion of constituitively expressed proteins. Examples of such
shear stress responsive genes include those encoding PDGF,
nitric oxide synthase (e-NOS),

 

1

 

 monocyte chemotactic pro-
tein-1 (MCP-1), and the intercellular adhesion molecule-1
(ICAM-1) (2). For some constitutively expressed genes, e.g.,
e-NOS, ICAM-1, and MCP-1, an increase in both transcript
levels and protein expression is observed within 4–6 h of in-
creased shear stress, with transcript levels remaining elevated
for several hours before return to baseline. For other genes,
e.g., the inducible endothelial-leukocyte adhesion molecule
(VCAM-1), increased shear stress has the effect of reducing
transcript levels over the same time period (2).

The mechanisms by which the endothelium senses and
transduces changes in hemodynamic forces are poorly under-
stood. It seems likely that flow and stretch sensitive receptors
on the endothelial cell membrane, which are activated by
changes in shear stress or deformation, are linked to cytoskele-
tal proteins and the production of second messengers. Studies
in cultured endothelial cells have highlighted the importance
of K

 

1

 

 channels in transducing the response to increased shear
stress (3–5). The nonspecific K

 

1

 

 channel blocker tetraeth-
ylammonium ion (TEA) has been shown to inhibit the shear
stress induced increases in e-NOS and TGF-

 

b
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cGMP concentrations in cultured endothelial cells. Synergistic
effects of shear stress and cyclic circumferential stress also
have been demonstrated, particularly with respect to the for-
mation of stress fibers and F-actin organization in cultured en-
dothelial cells (6). In other experiments, distinctive responses
to cyclic strain and shear stress have been observed. For exam-
ple, in cultured endothelial cells, sustained upregulation of
MCP-1 gene expression after 1 h of cyclic strain has been re-
ported, compared to only a transient response to sustained ap-
plication of shear stress (7, 8).

The studies described above have provided valuable insight
into how cultured endothelial cells respond to hemodynamic
stress. However, the responses of the endothelium in vivo to
hemodynamic stress may be very different from the response
of cultured cells to shear stress. Recognition of the importance
of these tissue responses has stimulated the recent develop-
ment of techniques to study the responses of the excised ves-
sels to flow (9, 10). We describe a similar technique, to simu-
late the implantation of a saphenous vein bypass graft, which is
suitable for studying the early responses of saphenous vein en-
dothelium to arterial flow conditions. In this technique, exter-
nal stenting of vein with polytetrafluoroethylene (PTFE) can
be used to resolve the effects of pulsatile longitudinal (shear)
stress from pulsatile circumferential (and radial) stresses. In
particular, we have investigated how arterial flow conditions
influence the expression of proteins that regulate the adhesive-
ness of saphenous vein endothelium for leukocytes: nitric oxide
synthase type III (e-NOS), P-selectin, ICAM-1, and VCAM-1.

 

Methods

 

Patients. 

 

Saphenous vein was harvested from patients undergoing
aortocoronary or infrainguinal bypass, amputation, or high ligation of
saphenous vein for correction of varicose veins, and immediately
brought to the laboratory in ice-cold Krebs’ solution. Diseased vein,
which did not respond to phenylephrine (10 

 

m

 

M) with a contraction
of 

 

.

 

 2 g and then relax in response to A23187 (1 

 

m

 

M), was discarded.
Samples from smokers and patients with diabetes were excluded. The
use of saphenous vein for the investigations reported here was ap-
proved by the local Ethical Committee.

 

Materials. 

 

Fibrinogen (from either Kabi-Pharmacia, Stockholm,
Sweden, or Sigma Chemical Co., St. Louis, MO) was dialyzed against
Krebs’ solution and the purity of the solution was assessed by SDS
polyacrylamide gel electrophoresis under reducing conditions. Modi-
fied Krebs’ solution (NaCl: 118.4 mmol; KCl: 4.7 mmol; KH

 

2

 

PO

 

4

 

: 1.2
mmol; MgSO

 

4

 

?

 

7H

 

2

 

O 1.2 mmol; glucose: 11.1 mmol; NaHCO

 

3

 

: 24.9
mmol; and CaCl

 

2

 

: 2.5 mmol) was made freshly each day. Calcium ion-
ophore (A23187), N

 

G

 

-nitro-

 

l

 

-arginine methyl ester (L-NAME), glib-
enclamide, phenylephrine, sodium nitroprusside, TEA, collagenase
for endothelial cell harvesting, biotinylated horse anti–mouse and
sheep anti–rabbit antibodies, avidin, and biotin reagents were obtained
from Sigma Chemical Co. Electrochemiluminescence Western blot-
ting reagents were obtained from Amersham International (Little
Chalfont, United Kingdom). Antibodies for immunohistochemistry and
Western blotting were obtained as follows: ICAM-1, E- and P-selectin
(monoclonal; Serotec, Kidlington Oxford, United Kingdom), e-NOS
(monoclonal; kind gift of Dr. Jennifer Pollock, Department of Phar-
macology and Toxicology, Medical College of Georgia, Augusta,
GA; polyclonal from Santa Cruz Biotechnology, Santa Cruz, CA),
VCAM-1 (monoclonal; kind gift of Professor Dorian Haskard, De-
partment of Medicine, Royal Postgraduate Medical School, London,
United Kingdom), platelet endothelial cell adhesion molecule-1
(CD31) (monoclonal; R&D Systems Europe Ltd., Abbington, Oxon,
UK) and polyclonal antibodies to vWf from DAKO (High Wycombe,
Bucks, United Kingdom). MCP-1 ELISA kits were from R&D Sys-

tems Europe Ltd. Antibodies for characterization of isolated endo-
thelial cell included vWf and CD31 (as above), anti–smooth muscle
cell actin and CD45 from DAKO.

 

The flow circuit. 

 

Saphenous vein (3–4 cm) was mounted in a re-
taining jig after removal of a control section of vein for histology, im-
munohistochemistry, and organ bath studies. The jig was then placed
in a bypass circuit consisting of a perfusion pump (Stockert, Munich,
Germany), two water baths (one to warm the circulating Krebs’ solu-
tion and one to warm the stationary solution surrounding the adventi-
tia of the vein), the circuit apparatus, and a pressure transducer
(S&W Medico Teknik A/S, Albertslund, Denmark). The internal di-
ameter of the vein was monitored using both B- and M-mode ultra-
sonography (Aloka SSD-500 with a 7.5 MHz linear transducer),
through a plastic viewing panel 1.6 cm above the submerged vein, at
15-min intervals during the experiment. Veins were perfused with ox-
ygenated Krebs’ solution at 36.5

 

8

 

C (oxygen content, 20 ml/liter).
Veins were exposed either to pulsatile flow (80 cpm) at a mean pres-
sure of 100 mmHg (arterial flow) for 45 or 90 min (flow rate, 200–225
ml/min; shear stress, 0.26

 

6

 

0.09 N/m

 

2

 

) or to nonpulsatile flow at 20
mmHg (venous flow) for 90 min (flow rate, 10–20 ml/min; shear
stress, 0.021

 

6

 

0.011 N/m

 

2

 

). The shear stress was calculated, assuming
laminar flow in a cylindrical tube, by the formula:

Some veins were placed inside a tube (2–4 cm in length) of externally
supported PTFE, which was nonrestrictive, but sized to limit cir-
cumferential distension of the vein during arterial flow (shear
stress, 0.40

 

6

 

0.13 N/m

 

2

 

). Diameter changes of unstented vein (mean,

shear stress 32 flow rate( fluid viscosity) /π diametermean( )3× ˙
.=

Figure 1. Cyclical changes in diameter of saphenous vein exposed to 
pulsatile arterial flow ex vitro. Tracings from M-mode ultrasono-
graphic images are shown for the deformation of a vein, initial diame-
ter 4 mm, exposed to arterial flow for 45 min, in two parallel circuits, 
one unstented and one stented; the inflow pressure waveform is given 
below. Very similar increases in maximum diameter (mean6SD, 
2964% unstented, 762% stented) were observed for all veins, irre-
spective of initial diameter (range 3.2–6.2 mm).
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29

 

6

 

4%) and stented vein (mean, 7

 

6

 

2%) exposed to arterial flow
conditions, with input pressure waveform, are shown in Fig. 1. In
some experiments, the Krebs’ solution perfusing the vein was supple-
mented with 3 mM TEA. After 45 or 90 min, the vein was removed,
the ends discarded, and the remainder divided for histology, immuno-
histochemistry, and organ chamber studies, or used for harvesting of
endothelial cells. The Krebs’ solution perfusing the vein was sampled
at 15-min intervals and later concentrated 10-fold through an Amicon
filter with a 3,000-D exclusion limit and the concentrates were stored
at 

 

2

 

70

 

8

 

C.

 

Organ chamber studies. 

 

Vein rings, for assessment of endothe-
lium-dependent relaxation, were mounted in a 10-ml organ chamber
suspended between two 0.2-mm steel wire stirrups, the upper one at-
tached to a transducer. Responses to phenylephrine, A23187, sodium
nitroprusside, and fibrinogen (0–3 

 

m

 

M) were determined as described
previously (11, 12).

 

Immunohistochemistry. 

 

Vein specimens for immunohistochemi-
cal analysis were fixed in Zamboni’s solution (2% paraformaldehyde
in 0.1 M phosphate buffer, picric acid) overnight at 4

 

8

 

C, then washed
in PBS containing 15% sucrose and 0.1% sodium azide. Fixed speci-
mens were mounted on cork and frozen in isopentane suspended in
liquid nitrogen. Cryostat sections (8–10 

 

m

 

M) were prepared and serial
sections stained by the ABC immunoperoxidase method (13), using
monoclonal antibodies at the following dilutions: to ICAM-1 (1:800),
to e-NOS (1:10,000), to VCAM-1 (1:20), to P-selectin (1:1,000), to
E-selectin (up to 1:10), and to CD31 (1:1,000). The area of immu-
nostaining was computed from serial sections for paired flow and
control samples by computer-assisted image analysis (Symphony im-
age analysis system; Seescan PLC, Cambridge, United Kingdom).
Digitized images representing the whole transverse section of the ves-
sel were segmented by interactive thresholding to separate immu-
nostaining (endothelium) from background. The endothelial staining
was highlighted using a cursor and background luminal and medial
staining were excluded. The area of staining was computed from se-
rial sections for paired flow and control samples using the same inten-
sity setting. To minimize inconsistencies, all samples to be quantified
were prepared and stained at the same time. Measurements were
taken in a darkened room to minimize background illumination and
the stability of the light source was assessed regularly. First, 5–10 sec-
tions taken from sites along the paired specimens (

 

n

 

 

 

5

 

 8 pairs) were
assessed for the area of CD31 staining and the mean staining area de-
rived from averaging the results from five sections per sample. Subse-
quently, further serial sections (5–10 per paired sample, 

 

n

 

 

 

5

 

 8) were
assessed for P-selectin, ICAM-1, e-NOS, and VCAM-1 staining area,
again estimating mean staining area from five sections per sample. To
allow for the small endothelial loss noted from CD31 immunostaining
and the dilation that occurs in response to arterial flow, the staining
areas for P-selectin, ICAM-1, e-NOS, and VCAM-1 were expressed
as percentage of CD31 staining.

 

Western blotting. 

 

Endothelial cells were harvested from freshly
excised control veins and veins exposed to arterial flow for 45 or 90
min (with or without external PTFE stenting) and also from veins ex-
posed to arterial flow in the presence of 3 mM TEA. The veins were
opened longitudinally and the luminal surface exposed to 1% collage-
nase solution for 20 min. After this time the collagenase was inacti-
vated with RPMI containing 10% FCS, the endothelial cells were har-
vested by centrifugation, and then resuspended in RPMI. The yield of
endothelial cells, estimated using a hemocytometer, ranged between
5,000 and 10,000 cells per vein segment. Contamination of endothelial
cells by other vascular cells or leukocytes was assessed by immu-
nostaining of cytospin preparations. Routinely preparations contained

 

.

 

 95% endothelial cells, 

 

,

 

 2% leukocytes, and 

 

,

 

 2% smooth muscle
cells. Cells were collected, as a pellet, and stored at 

 

2

 

70

 

8

 

C. The cell
pellet was dispersed in lysis buffer (10 mM Tris, pH 8, 1 mM EDTA,
2.5% SDS, 5% mercaptoethanol) before SDS-PAGE (Phast System
8–25% gradient acrylamide gel). The proteins were transferred to
Hybond-PVDF membrane by unidirectional diffusion and the non-
specific binding sites on the membranes were blocked according to

the manufacturer’s instructions. The membrane was washed with
Tris-buffered saline-Tween and incubated with primary antibodies
overnight (e-NOS, ICAM-1, and VCAM-1 at 1:100 dilution, and vWf
at 1:1,000 dilution) before continued processing for enhanced chemi-
luminescence (ECL) detection. The sensitivity of the ECL technique
in detecting ICAM-1 and e-NOS protein was determined using hu-
man umbilical vein endothelial cells: 1,000 cells provided adequate
detection of both ICAM-1 and e-NOS. The staining intensity of spe-
cific bands was quantified by densitometric scanning. Changes in
ICAM-1, VCAM-1, and e-NOS staining were standardized with re-
spect to vWf staining. To minimize inconsistencies, paired samples al-
ways were processed together, and for proteins, where the primary
antibody was monoclonal (ICAM-1 and VCAM-1), there was simul-
taneous development of vWf. The same batches of antibody were
used throughout, except for e-NOS where a new batch of antibody
was used for stented veins and veins perfused with TEA. Dot blotting
and Western blotting also were used to monitor the presence of vWf
in the vein perfusate.

 

Endothelial cell assay to detect upregulation of ICAM-1. 

 

Endo-
thelial cells were isolated from freshly excised vein, as described
above, and cultured in RPMI supplemented with 20% human serum
and endothelial cell growth factor supplement on fibronectin-coated
flasks. Confluent cells at passage 2–3 were used in 24-well plates to
assay for expression of ICAM-1. Briefly, wells were incubated with
concentrated vein perfusate or interleukin 1

 

b

 

 (5 ng/ml), to provide
positive assay standards, for 6 h. The cells were washed and fixed with
ice-cold methanol containing 0.03% hydrogen peroxide for 5 min. The
cell layers were incubated successively with antibodies to ICAM-1,
peroxidase-linked second antibody, and peroxidase substrate; con-
trols were provided by the omission of first antibody. Absorbance at
492 nm increased from 0.02

 

6

 

0.01 in unstimulated cells to 1.40

 

6

 

0.02,
6 h after stimulation with interleukin 1

 

b

 

.

 

Tissue ATP concentration. 

 

Samples of vein were snap frozen in a
liquid nitrogen–cooled clamp. The tissue was weighed before being
pulverized in liquid nitrogen and extracted into 0.9 M perchloric acid.
ATP was quantified by an enzymatic method (14).

 

Analysis of data. 

 

Differences in ATP concentrations were com-
pared by Student’s paired 

 

t

 

 test. Immunostaining areas (mean

 

6

 

SEM)
and the immunostaining of Western blots also were compared using
the Student’s 

 

t

 

 test for paired comparisons. Relaxation of vein rings
was reported as a percentage of the contraction to phenylephrine
(mean

 

6

 

SEM). Evaluation of this data was performed using the Stu-
dent’s 

 

t

 

 test for paired observations or for concentration-response
curves using repeated measures analysis of variance, followed by
Bonferroni multiple comparison test (Statview 4.0 for Macintosh).

 

Results

 

Assessment of vein viability. 

 

Tissue ATP concentration, vaso-
motor responses, histology, and immunohistochemistry were
used to evaluate the viability of veins exposed to arterial flow
for periods of up to 90 min. The tissue ATP concentration in
freshly excised veins was 320

 

6

 

11 nmol/g wet weight but in-
creased significantly in veins exposed to arterial flow condi-
tions for 90 min (Table I). Veins exposed to arterial flow for
90 min showed significantly increased contractility and sensi-
tivity to phenylephrine as compared with freshly excised veins
or veins exposed to venous flow for 90 min (Table I). In con-
trast, after submaximal contraction with phenylephrine, the
EC

 

50

 

 for sodium nitroprusside–induced relaxation remained
unchanged. The maximum endothelium-dependent relaxation
in response to A23187 increased significantly after veins had
been exposed to arterial flow conditions for 90 min, with a sig-
nificant fivefold reduction in EC

 

50

 

 (Table I). Hematoxylin and
eosin staining of tissue sections showed well-preserved venous
endothelium after exposure to arterial flow conditions for 90
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min; immunohistochemical staining for CD31 provided more
quantitative results. Handling of freshly excised vein resulted
in minor endothelial loss, demonstrated as a reduction in
CD31 staining area from the expected maximum of 100% to

 

z

 

 95%; results for vWf were similar. The percentage of CD31
staining area was unaffected by venous flow circuits, but was
reduced by a further 5–10% after exposure to arterial flow cir-
cuits (Table I). The concentration of vWf in the concentrated
(10 times) vein perfusate collected after 90 min of arterial flow
was 

 

,

 

 25 pg/ml. Together these different forms of assessment
provided reassurance about the maintenance of vein viability
for periods of up to 90 min in the flow circuit.

 

Expression of ICAM-1 on saphenous vein endothelium:

influence of pulsatile arterial flow. 

 

There was scanty immuno-
staining for ICAM-1 on the endothelium of freshly excised
veins or veins exposed to venous flow conditions for 90 min,
but after exposure to arterial flow for 45 or 90 min there was
increased staining (Fig. 2), with a significant 1.5–2-fold in-
crease in the ratio of ICAM-1/CD31 staining area (Fig. 3). No
changes in ICAM-1 staining were observed after exposure to

 

Table I. Effect of Arterial and Venous Flow Conditions on 
Viability and Vasomotor Function of Saphenous Vein

 

Freshly excised
vein

Venous flow
for 90 min

Arterial flow
for 90 min

 

ATP nmol/g 320

 

6

 

11 280

 

6

 

11 566

 

6

 

50*

CD31 staining area mm

 

2

 

0.73

 

6

 

0.08 0.77

 

6

 

0.08 0.65

 

6

 

0.08

Contraction to phenylephrine

EC

 

50

 

 (

 

m

 

M) 10

 

6

 

2 9

 

6

 

1 1

 

6

 

0.4*

Maximum (g) 2.5

 

6

 

0.3 3.0

 

6

 

0.4 5.0

 

6

 

0.4*

Relaxation to A23187

EC

 

50

 

 (nM) 46

 

6

 

9 30

 

6

 

3 9

 

6

 

1*

Maximum (percentage) 50

 

6

 

3 54.4

 

6

 

7 68.6

 

6

 

3*

Relaxation to fibrinogen

EC

 

50

 

 (nM) 870

 

6

 

80 860

 

6

 

70 859

 

6

 

70

Maximum (percentage) 6164.9 5564.9 9762.1*

*P , 0.05 in comparison with freshly excised vein and venous flow. Val-

ues are given as mean6SEM.

Figure 2. ICAM-1 on 
saphenous vein endothe-
lium. (a) Freshly excised 
vein; (b) vein exposed to 
venous flow for 90 min; 
(c) unstented vein ex-
posed to arterial flow for 
45 min; and (d) unstented 
vein exposed to arterial 
flow for 90 min. The ar-
rows indicate the patchy 
staining on freshly ex-
cised vein and vein ex-
posed to venous flow. 
The scale bar represents 
50 mm.

Figure 3. ICAM-1 on saphenous vein endothelium increases in re-
sponse to arterial flow. Comparison of immunostaining and Western 
blotting experiments. Mean results from Western blotting (gray bars, 
ratio of ICAM-1 to vWf) and from immunostaining (dark bars, ratio 
of ICAM-1 to CD31) are shown. Error bars show SEM.
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venous flow circuits for 90 min. These changes were confirmed
by Western blotting: the increased staining for ICAM-1 on ly-
sates of endothelial cells obtained after vein had been exposed
to arterial flow for 90 min is shown in Fig. 4. The staining ratio
ICAM-1/vWf increased from 0.2060.04 in lysates of cells from
freshly excised vein to 0.4060.03 (six paired samples, P 5

0.038) and 0.4560.04 (six paired samples, P 5 0.035) in lysates
of cells harvested after vein had been exposed to arterial flow
for 45 and 90 min, respectively. The temporal changes in ICAM-1
are summarized in Fig. 3. The endothelium-dependent relax-
ation of vein rings in response to fibrinogen is probably
mediated by an ICAM-1–dependent pathway (12). Maximum
endothelial-dependent relaxation in response to fibrinogen in-
creased from 6164.9% in freshly excised veins to 9065.4%
(P 5 0.01) and 9762.1% (P , 0.01 in veins exposed to arterial
flow for 45 (n 5 8) and 90 min (n 5 10), respectively. Fibrino-
gen-mediated relaxation was unaffected by venous flow for 90
min (six paired samples, mean maximum relaxation 5564.9
and 6161.3%, respectively). Responses to fibrinogen were
abolished if vein rings were preincubated with 25 mM glib-
enclamide. Since we detected no important differences be-
tween freshly excised vein and vein exposed to venous flow
conditions for 90 min in the circuit, all further experiments, de-
scribed in the sections below, used freshly excised vein as the
control for veins exposed to the flow circuit.

We considered it important to investigate the possibility
that the rapid upregulation of ICAM-1 observed on saphenous
vein endothelium in response to pulsatile arterial flow was me-
diated by soluble factors secreted into the vein perfusate. Cul-
tured human saphenous vein endothelial cells express low lev-
els of ICAM-1; the eightfold upregulation of ICAM-1 over 6 h
in response to interleukin 1b was monitored by a cell-based
ELISA assay. Incubation of cultured human saphenous vein
endothelial cells with either undiluted or concentrated (10
times) vein perfusate did not impair endothelial cell viability
or effect any increased immunostaining for ICAM-1 over a pe-
riod of up to 6 h. Therefore, it appears unlikely that the rapid
upregulation of ICAM-1 in response to arterial flow condi-
tions is mediated by soluble factors. Additionally, no MCP-1
could be detected in the concentrated perfusate sampled after
90 min, with an assay detection limit of 30 pg/ml.

Expression of P-selectin, VCAM-1, and e-NOS in saphe-

nous vein endothelium: influence of pulsatile arterial flow. After

exposure to arterial flow conditions for 45 or 90 min, both the
staining area ratio of P-selectin/CD31 and the P-selectin/vWf
ratio observed by Western blotting remained unchanged. The
staining area ratio of VCAM-1/CD31 decreased threefold af-
ter 45 or 90 min of exposure to arterial flow (each eight paired
samples, P 5 0.01 and P , 0.01, respectively) (Table II). These
changes in VCAM-1 were confirmed by Western blotting
where a fourfold decrease in VCAM-1/vWf staining ratio was
observed after 90 min of arterial flow conditions (Table III).
Using a monoclonal antibody to e-NOS the staining area ratio
for e-NOS/CD31 increased only 1.2-fold after 45 min of arte-
rial flow conditions, but had increased 1.6-fold (eight paired
samples, P 5 0.01) after 90 min of arterial flow conditions (Fig.
5, Table II). These changes in e-NOS were more marked on
Western blotting using a polyclonal antibody, where the ratio
of e-NOS/vWf staining was 0.360.04, 0.560.1, and 1.560.1
(P 5 0.02) in lysates of endothelial cells isolated from freshly
excised veins and veins exposed to arterial flow conditions
for 45 (n 5 5) and 90 min (n 5 6), respectively (Table III).
The early changes in the expression of ICAM-1, P-selectin,
VCAM-1, and e-NOS in response to arterial flow conditions
are summarized in Tables II and III.

Additionally, production of nitric oxide was assessed from
the endothelium-dependent relaxation of vein rings in re-
sponse to increasing concentrations of A23187, as described
above. There were significant increases in mean maximum re-
laxation (at 1 mM A23187) after both 45 and 90 min of expo-

Figure 4. Detection of 
ICAM-1 in endothelial 
cell lysates by Western 
blotting. Simultaneous 
Western blotting for 
ICAM-1 and vWf was 
performed. Lane 1, en-
dothelial lysates from 
freshly excised vein; 
lane 2, endothelial cell 
lysates from vein ex-
posed to arterial flow 
for 90 min, where there 
is clear evidence of the 
increased staining for 
ICAM-1. Arrowhead, 
97-kD molecular 
weight calibration.

Table II. ICAM-1, e-NOS, VCAM-1, and P-selectin on 
Saphenous Vein: Effect of Arterial Flow on Endothelial 
Immunostaining Area

Flow conditions ICAM-1 e-NOS VCAM-1 P-selectin

Freshly excised vein 21.461.4 50.065.6 16.663.4 48.062.0

Unstented arterial

flow (90 min) 44.662.0* 70.165.0* 3.661.0* 54.063.0

Stented arterial flow

(90 min) 24.063.0 73.765.0* 17.062.0 49.562.8

Arterial with 3 mM

TEA (90 min) 20.061.0 47.063.0 17.562.0 ND

Values are mean6SEM of staining area for protein/CD31 (percentage).

*P # 0.01 in comparison with freshly excised vein. ND, not determined.

Table III. Concentration of ICAM-1, e-NOS, VCAM-1, and
P-selectin in Endothelial Cell Lysates Assessed by
Western Blotting

Flow conditions ICAM-1 e-NOS VCAM-1 P-selectin

Freshly excised vein 0.2060.04 0.3060.04 0.3860.06 0.3560.07

Unstented arterial

flow (90 min) 0.4560.04* 1.560.01* 0.1360.04* 0.3460.05

Stented arterial flow

(90 min) 0.1960.03 0.6060.06* ND ND

Arterial with 3 mM

TEA (90 min) 0.2360.04 0.2560.05 ND ND

Values are mean6SEM ratio of staining density for protein/vWf. *P ,

0.05 in comparison with freshly excised vein. ND, not determined.
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sure to arterial flow conditions, from 5063.0 to 67.563.1%
(seven paired samples, P 5 0.02) and 6864.6% (seven paired
samples, P 5 0.01), accompanied by a significant fivefold re-
duction in EC50 (Table I). For every flow condition, preincuba-
tion of vein rings with 0.1 mM L-NAME inhibited the relax-
ation in response to A23187.

None of the flow conditions yielded vein where positive en-
dothelial staining for E-selectin or PDGF was observed in the
Zamboni-fixed material.

Limitation of circumferential stresses in externally stented

veins: alteration of endothelial response to flow. Nonrestrictive
stenting with PTFE tubes limits both circumferential and ra-
dial stress (Fig. 1), hence increasing longitudinal (shear) stress
from 0.2660.09 to 0.4060.13 N/m2 under arterial flow condi-
tions. After 90 min of exposure to arterial flow conditions
there was no increase in the immunostaining area ratios for
either ICAM-1/CD31 or VCAM-1/CD31 (Table II). Similarly,
the lysates of cells isolated from these stented veins exposed to
arterial flow showed no alteration in ICAM-1 staining on
Western blotting, compared with freshly excised vein (Table III).

However, the immunostaining area ratio for e-NOS/CD31
increased twofold in externally stented veins exposed to arte-
rial flow conditions for 90 min, eight paired samples, P 5 0.001
(Table III). Western blotting also indicated a twofold increase
in the e-NOS/vWf staining area ratio in stented veins exposed
to arterial flow conditions for 90 min (five paired samples,
P 5 0.03) (Table III). Further, external stenting of veins was
associated with the largest changes in endothelium-dependent
relaxation in response to A23187, with maximum relaxation
increasing from 5467.4% in freshly excised veins to 8064%
after 90 min of arterial flow conditions (seven paired samples,
P 5 0.01) (Fig. 6 a). In contrast, there was no alteration of the
vasomotor response to fibrinogen (Fig. 6 b).

Potassium channel blockade: limitation of flow responses.

When 3 mM TEA was included in the vein perfusate, no signif-
icant changes were observed in the immunostaining area ratios
(protein/CD31) for P-selectin, ICAM-1, VCAM, or e-NOS on
veins exposed to arterial flow conditions for 90 min compared
with freshly excised vein controls (seven paired samples) (Ta-
ble II). Similarly, there were no changes of the staining ratio
(ICAM-1/vWf, e-NOS/vWf) in Western blotting experiments
(Table III). Supplementation of the vein perfusate with TEA
also abolished the arterial flow–induced alterations in the en-
dothelium-dependent vasomotor responses to A23187 and fi-
brinogen (Fig. 6, a and b) even after thorough washing of vein
rings with oxygenated Krebs’ solution.

Discussion

The changes in endothelial protein expression that occur when
saphenous vein is exposed to arterial flow conditions are simi-
lar to, but occur with greater rapidity than, the changes de-
scribed when cultured endothelial cells are exposed to shear
stress or cyclic strain. For example, on saphenous vein endo-
thelium the surface expression of ICAM-1 increases twofold,
while the surface expression of VCAM-1 decreases threefold
within 45 min of exposure to arterial flow conditions. The ra-
pidity of these responses appears to be attributable largely to
the increased circumferential (and radial) deformation of veins
exposed to pulsatile arterial flow, since limitation of the cir-
cumferential deformation by nonrestrictive external stenting
abolished the rapid changes in surface expression of both

Figure 5. Nitric oxide synthase on saphenous vein endothelium. (a) 
Staining control with no primary antibody; (b) freshly excised vein; 
(c) unstented vein exposed to arterial flow for 45 min; and (d) un-
stented vein exposed to arterial flow for 90 min. The scale bar repre-
sents 50 mm.
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ICAM-1 and VCAM-1. In contrast, the slower doubling in the
concentration of endothelial nitric oxide synthase appears to
be principally a response to increased longitudinal or shear
stress, the response being maintained in externally stented
veins. Other proteins, e.g., P-selectin and CD31, remained un-
altered by arterial flow conditions. These findings imply the
presence of separate mechanosensors and signaling pathways
for shear stress and circumferential deformation on saphen-
ous vein endothelium. These pathways appear linked to K1

channels downstream, since TEA abolishes the arterial flow-
induced endothelial changes in ICAM-1, VCAM-1, and nitric
oxide synthase concentrations.

For cultured endothelial cells, the fastest documented
shear stress–induced change in protein expression is a fivefold
increase in c-fos within 1 h (15). For nitric oxide synthase, a
two- to threefold increase in protein expression has been dem-
onstrated after 6 h of shear stress in cultured endothelial cells
of both arterial and venous origin, although it was implied that
these changes may be observed as early as 3 h after imposition
of shear stress (16). In cultured human umbilical vein endothe-
lial cells, a two- to threefold increase in ICAM-1 protein ex-
pression was not observed until 6–8 h after imposition of shear
stress (17, 18). The effects of shear stress on endothelial ex-
pression of VCAM-1 appear inconsistent, with different stud-
ies showing either unchanged or decreased surface expression
(2, 17, 18).

Many other studies have ignored protein expression and
focused on changes in gene expression. We used both immu-
nostaining area and Western blotting to quantitate protein
expression. For every condition investigated, the results of
immunostaining area paralleled the results obtained from
Western blotting. For ICAM-1 and VCAM-1, where the same
antibody was used for immunostaining and Western blotting,
the techniques showed quantitatively similar changes. For
nitric oxide synthase, where both different antibodies and
batches were used, Western blotting with a polyclonal anti-
body indicated greater increases in protein concentration than
the immunostaining with a monoclonal antibody. Functional
assays of endothelium-dependent relaxation provided further
confirmation of the altered activity of nitric oxide synthase and
concentration of ICAM-1: endothelium-dependent relaxation
of vein rings in response to A23187 or fibrinogen were used as
functional indicators of nitric oxide production and ICAM-1
expression, respectively (12).

Since completion of ex vivo experiments took 2–3 h we
were concerned about monitoring tissue viability. Three ex-
perimental findings suggested that the vein could be kept via-
ble for this time period in oxygenated Krebs’ solution. First,
tissue ATP content increased after exposure of vein to arterial
flow, perhaps an early sign of muscle adaptation to increased
work. Second, both the contractility and endothelium-depen-
dent vasorelaxation of vein rings was preserved or even en-
hanced after exposure of tissue to venous or arterial flow con-

Figure 6. Endothelium-dependent relaxation of vein rings in re-
sponse to the calcium ionophore A23187 and fibrinogen. (a) The re-
sponses to A23187 of freshly excised veins (open square), veins ex-
posed to venous flow for 90 min (filled circle), and veins exposed to 
arterial flow for 90 min in the presence of 3 mM TEA (filled triangle) 
were similar to those reported previously (11), whereas both stented 
(open circle) and unstented (open triangle) veins exposed to arterial 
flow for 90 min exhibited increased maximal relaxation (1 mM 
A23187), paired t test P 5 0.01, for both stented and unstented vein. 
Relaxation was inhibited by preincubation of vein rings with 0.1 mM 
L-NAME (filled square). (b) The responses to fibrinogen of freshly 
excised veins (open square), veins exposed to venous flow for 90 min 
(filled circle), and stented veins exposed to arterial flow for 90 min 
(open circle) were similar to those reported previously (12). Un-

stented veins exposed to arterial flow for 90 min (open triangle) ex-
hibited enhanced maximum relaxation, paired t test P , 0.01, which 
was blocked by preincubation of vein rings with 5 mM glibenclamide 
(filled square). Unstented veins exposed to arterial flow for 90 min in 
the presence of 3 mM TEA (filled triangle) failed to show enhanced 
maximum relaxation despite thorough washing of the vein rings with 
oxygenated Krebs’ solution.
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ditions for 90 min, respectively. Third, morphological integrity
of endothelium was demonstrated using both routine histolog-
ical staining and immunostaining for CD31.

Nonrestrictive external stenting of veins with PTFE limited
the circumferential (radial) deformation, but provided higher
longitudinal shear stresses than in unstented veins. In stented
veins exposed to arterial flow, no changes were observed in
the concentrations of ICAM-1 or VCAM-1 by either immu-
nostaining or Western blotting, and the exaggerated fibrinogen-
mediated relaxation observed in unstented veins was abol-
ished. Hence, the rapid increases in endothelial ICAM-1 and
decreases in VCAM-1 concentration appear to be attributable
to pulsatile circumferential deformation in unstented veins. In
contrast, the increases in nitric oxide synthase concentration
and exaggerated endothelium-dependent relaxation to A23187
were observed in stented veins after 90 min of arterial flow.
This increase in immunostaining area for nitric oxide synthase
was similar in unstented and stented veins, indicating that this
was a response to increased shear stress. However, Western
blotting experiments suggested a much greater increase in ni-
tric oxide synthase concentration in unstented veins compared
with stented veins. This disparity could result either from dif-
ferent batches of antibody being used for unstented and
stented veins, or the Western blotting could indicate some syn-
ergy between circumferential deformation and shear stress to
effect increases in nitric oxide synthase concentration. The lat-
ter explanation would agree with the findings that cyclic strain
upregulates nitric oxide synthase in cultured arterial endothe-
lial cells, albeit much more slowly (19).

Problems resulting from the abrupt adaptation of saphe-
nous vein to the arterial circulation may be unique to cardio-
vascular surgeons. However, each year thousands of patients
undergo aortocoronary or infrainguinal vein bypass surgery,
with z 30% of these grafts failing or needing revision within
the first year after implantation. Many of these graft failures
are attributed to the development of focal stenoses caused by
intimal hyperplasia. Recently, experimental studies have indi-
cated that external stenting of vein grafts can reduce signifi-
cantly the development of intimal hyperplasia (20). This high-
lights the importance of understanding how saphenous vein
grafts respond to circumferential deformation. Our study has
shown that, in saphenous vein exposed to pulsatile arterial
flow conditions, it is circumferential deformation, rather than
shear stress, that induces the rapid changes in endothelial ex-
pression of ICAM-1 and VCAM-1, whereas the increase in ni-
tric oxide synthase concentration appears to be principally a
response to increased shear stress.
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