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Endothelium-dependent Responses in Autogenous Femoral Veins
Grafted into the Arterial Circulation of the Dog
V. M. Miller, M. M. Reigel, L. H. Hollier, and P. M. Vanhoutte
Department of Physiology and Department of Surgery, Mayo Clinic and Foundation, Rochester, Minnesota 55905

Abstract

Endothelium-dependent responses differ in arteries and veins
of the dog. Experiments were performed to determine whether
chronic grafting of veins into the arterial circulation would
alter the endothelium-dependent responses of the veins. Seg-
ments of femoral veins were grafted to the femoral artery of the
dog. 6 wk after surgery the venous grafts were removed from
the dog, cut into rings, and suspended in organ chambers for
isometric tension recording. In some rings the endothelial cells
were removed. Acetylcholine and a2-adrenergic agonists did
not cause endothelium-dependent relaxations in venous grafts.
The calcium ionophore (A23187) initiated such relaxations
which were not mediated by prostanoids. Endothelium-depen-
dent relaxations were also observed in venous grafts to ADP,
thrombin, and arachidonic acid. In segments of graft where
myo-intimal hyperplasia was prominent, relaxations to ADP,
thrombin, and A23187 were blunted and in some segments
contractions were observed. These results demonstrate the
ability of the endothelium of venous grafts to initiate changes
in tone of the smooth muscle.

Introduction

The endothelial cells can modify the smooth muscle reactivity
of arteries and veins of the coronary, pulmonary, and systemic
vasculature (1, 2). The responses initiated by the endothelial
cells can be modified by chronic changes in blood flow and
oxygen tension (3). The role of the endothelium in initiating
and modifying the tone of veins grafted into the arterial circu-
lation is unknown. As venous grafts are exposed chronically to
elevated blood flow, pressure, and oxygen tension, the present
experiments were designed to determine whether endothe-
lium-dependent responses occur in venous grafts and, if so, to
determine how these responses differ from those observed in
unoperated veins.

Methods

Surgical procedures. Male mongrel dogs (20-30 kg) were anesthetized
with pentobarbital sodium (30 mg/kg, i.v.). During the operative pro-
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cedure the animals received 100 U/kg heparin sulfate and were volume
expanded with 1 liter Plasma-lyte (meq/liter: 140, sodium; 5, potas-
sium; 3, magnesium; 98, chloride; 27, acetate; 23, gluconate) intrave-
nously. Each animal received antibiotics (5 mg/kg gentamicin sulfate;
60,000 U/kg penicillin Gpreoperatively). Using aseptic surgical tech-
niques, the skin over the femoral triangle of the left leg was opened and
the caudal portion of the sartorius muscle retracted. The femoral artery
and vein were exposed for a 10 cm length, and smaller branches and
tributaries were ligated flush with the vessels and divided. The femoral
artery was clamped proximally and distally with DeBakey clamps and
divided distally. The femoral vein was doubly ligated distally, divided
between the ligatures, ligated proximally, and excised. The vein emp-
tied of blood by gravity flow through the proximal end. This proximal
segment of vein was immediately reversed and anastomosed to the
distal limb of femoral artery without prior flushing or distension, using
a spatulated end-to-end anastomosis with 7-0 running prolene. The
vein was then placed on gentle traction using the previously placed
ligature and cut, with the proximal femoral artery stump, to the ap-
propriate length. A spatulated end-to-end anastomosis was performed
proximally, again with 7-0 running prolene. Before completion of the
proximal anastomosis, the graft was filled with blood retrograde and
prograde and the DeBakey clamps removed. Care was taken through-
out the procedure to avoid clamping or other instrumentation of the
vein segment. The time from vein excision to completion of the anas-
tomosis and establishment of blood flow was not longer than 15 min.
The incision was then closed with running 2-0 vicryl in the subcutane-
ous layer and running 3-0 vicryl in the cutaneous layer. The blood
vessels from the right limb served as control tissues. Upon recovery
from anesthesia, none of the animals exhibited impairment of mobility
of the hind limbs or infection.

In vitro experiments. After a 6-wk period, the animals were anes-
thetized again with sodium pentobarbital. The femoral artery and vein
of each limb were exposed. The gracilis branch of the artery from the
unoperated limb was cannulated for the monitoring of blood pressure
(P23 pressure transducer, Statham, Hato Rey, PR; model 1108 Visi-
corder [Honeywell Inc., Pleasantville, NY]). Blood flow was measured
through the unoperated artery and the artery proximal to the venous
graft (electromagnetic flow probe and meter [Carolina Medical Elec-
tronics, Inc., King, NC]). The dogs then were exsanguinated via the
carotid artery and the unoperated femoral vein and venous graft at the
level of the arterial anastomoses were removed. The excised vessels
were placed in a chilled modified Krebs-Ringer bicarbonate solution
(buffered salt solution) of the following millimolar composition: NaCl,
118.3; KCI, 4.7; CaC12, 2.5; MgSO4, 1.2; KH2PO4, 1.2; NaHCO3,
25.0; CaEDTA, 0.026; glucose, 1 1.1.

After the blood vessels were cleaned of connective tissue with care
not to touch the luminal surface, rings 5 mmin length were cut. In
some rings the endothelium was removed by rubbing the luminal
surface gently with a cotton swab wetted with the buffered salt solution
(4). The rings were suspended in an organ chamber between a clip and
a force transducer (UTC-2, Gould Inc., Cleveland, OH) by two stain-
less steel wires inserted into the lumen of the vessel. The organ
chamber was filled with 25 ml of buffered salt solution at 37'C and
gassed with 95% 02-5% C02. Changes in isometric force were mea-
sured. Each ring was stretched to the optimal point of its length-tension
curve (4) as determined by the maximal tension developed to 3 X IO-'
Mnorepinephrine (Table I). After a 30-min equilibration period, a
cumulative concentration-response curve to norepinephrine (from
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Table I. Measure of Range of Myo-intimal Thickening
in Femoral Venous Grafts

Region of graft
Degree of
thickening Proximal Middle Distal

mm mm mm

Least 0.08±0.02* 0.15±0.03 0.21±0.07
Maximal 0.32±0.06 0.35±0.06 0.47±0.08
Average of four

quadrants 0.18±0.04 0.25±0.04 0.31±0.08

* Data are expressed as means±SEM; n = 6 in all groups.

10-8 to 10-4 M) was obtained. To study endothelium-dependent relax-
ations of the blood vessels, each was contracted with either the individ-
ual dose of norepinephrine causing 30% of maximal contraction
(ED30) or when a2-adrenergic responses were studied with prostaglan-
din F2 (2 X 10-6 M). Two protocols were followed.

(a) In one set of experiments, one ring of venous graft was cut
0.5-1 cm from each of the proximal and distal anastomoses of the graft
and two rings were cut from the middle of the graft (Fig. 1). The
endothelium was removed from one of the middle rings of the graft.
These four rings of graft were studied in parallel with two rings of
unoperated femoral vein (one with and one without endothelium).
The endothelium-dependent responses were studied in the following
order: acetylcholine, ADP, UK14,304 (an a2-adrenergic agonist; refer-
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Figure 1. Schematic of the location of rings taken from the venous

grafts accompanied by representative histological sections at each lo-
cation (400X; Masson trichrome stain). In some experiments, two
rings were cut from the middle section and endothelial cells were re-

moved from one of these rings (not shown). Symbols represent endo-

ence 4), arachidonic acid, thrombin, and the calcium ionophore
A23187. Increasing concentrations of agonist were added cumulatively
to the organ bath except for thrombin, which was given as a single dose.
The tissues were washed at least three times with buffered salt solution,
and at least 30 min elapsed before testing the next drug. A maximal
contraction to potassium chloride (60 mM)was obtained at the end of
the experiment.

(b) In the other set of experiments, two rings were cut sequentially
0.5-1 cm from the proximal anastomoses of the venous grafts, and two
rings were cut sequentially from the middle of the venous grafts. The
endothelium was removed from the two middle rings. These four rings
of venous graft were studied in parallel with four rings of unoperated
vein, two with and two without endothelium. A pair of rings with and
without endothelium from both the venous graft and unoperated vein
were incubated with indomethacin (10-' Mfor 30 min) to inhibit the
production of prostanoids. Cumulative concentration response curves

to acetylcholine, ADP, and the calcium ionophore A23187 were ob-
tained in blood vessels contracted with the ED30 of norepinephrine.

Drugs. The following drugs were used: acetycholine chloride, ADP,
arachidonic acid sodium salt, calcium ionophore A23187, dimethyl
sulfoxide (DMSO), indomethacin, l-norepinephrine bitartrate, prosta-
glandin F2,, and bovine thrombin, all from Sigma Chemical Co., St.
Louis, MO, and UK-14,304 Tartrate (5-bromo-6[2-imidazolin-2-yl-
amino]-quinoxaline, D[+] Tartrate; Pfizer Central Research, Sand-
wich, England).

The calcium ionophore was dissolved in DMSO(final bath con-

centration, 8.2 X 10-3 M) and diluted with distilled water; the tissues
did not respond to DMSOalone. Indomethacin was dissolved in a

solution of Na2CO3(final bath concentration, 2 X 10' M). All other

0.5- 1.0

[4

cm

Distal
thelial layer (E), media (M), adventia (A). In some grafts there was a

progressive thickening of the intimal-medial structures from proxi-
mal to distal ends. myo-intimal thickening was characterized by the

presence of stellate myofibroblasts (arrow, distal segment).
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drugs were dissolved in distilled water, and the concentrations are

reported as the final molar (M) concentration in the organ bath.
Histology. At the conclusion of some in vitro experiments the

blood vessels were fixed in 10% buffered formalin and embedded in
paraffin. Transverse sections (6 Atm thick) were cut and stained with
either hematoxylin and eosin (H and E) or Masson trichrome stain to
examine endothelium and to differentiate smooth muscle from con-

nective tissue, respectively, by light microscopy. Measurement of
myointimal thickening was obtained from Masson trichrome-stained
sections of proximal, middle, and distal grafts. A single section from

Figure 2. Histological sections (H and
E stain) of the sections ([A], proximal,
[B] middle, [C] distal) graft shown in
Fig. 1 using oil immersion (640X) to
identify endothelial cells lining the
lumen of the graft.

each area of graft was assessed for the point of least and maximal
distance from the luminal surface to the adventitial boarder using a

calibrated grid on a light microscope. Each section was arbitrarily
divided into quarters and a measure of myo-intimal thickening made
at each quarter. These four measures were then averaged to determine
the degree of thickening in each section (Table I).

Statistical analysis. 15 dogs were prepared with venous grafts. Of
these two were excluded from further study as the grafts were occluded.
In all experiments, n = number of dogs. The results are expressed as

means±SEM. When rings from a single dog were studied in parallel,
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Figure 2 (Continued)

Student's t test for paired observations was used. If two or more means
were compared, an analysis of variance for one-way classification was
used. When a statistically significant F value was found, means were
tested using Scheffe's test for multiple comparisons. Where appro-
priate, the effective dose for 50% of the maximal response (ED50) was
calculated for individual concentration-response curves and the mean
of these values is reported as the negative log of the molar concentra-
tion. Values were considered to be statistically different when P < 0.05.

Results

Histology. Histological sections were studied from proximal,
middle, and distal rings of venous grafts from six dogs. In all
rings where the endothelium was not deliberately removed,
endothelial cells lined the luminal surface (Fig. 2). All rings
exhibited some degree of eccentric myo-intimal thickening
(Table I). This thickening tended to be more prominent in
distal portions of the venous grafts (Fig. 1) (Table I). The pres-
ence of stellate myofibroblasts was associated with the myo-
intimal thickening (Fig. 1). Removal of the endothelium did
not disrupt the intimal thickening (not shown).

Hemodynamic parameters. Mean arterial pressure mea-
sured was 129±4 mmHg(n = 13). The blood flows through the
unoperated femoral arteries and the venous grafts were not
significantly different (91.3±13.3 ml/min and 96.7±13.1 ml/
min, respectively; n = 12).

Responsiveness of blood vessels. There were no differences
in basal tension (tension at L) or maximal tension developed
to KCI (60 mM) or norepinephrine (10-4 M) among rings of
vein and venous graft with and without endothelium (Table
II). Removal of the endothelium decreased significantly the
ED50 to norepinephrine in unoperated veins. The responses to
norepinephrine of rings of venous graft with and without en-
dothelium were similar and comparable with those observed
in rings of unoperated vein without endothelium (Table II).

Endothelium-dependent responses to acetylcholine. In rings
of venous graft with or without endothelium, acetylcholine
caused only increases in tension. The magnitude of the con-
tractions of proximal, middle, and distal segments of venous
graft were similar (Fig. 3). In contrast, concentration-depen-
dent (1o-8 to 3 X I0-' M) decreases in tension to acetylcholine

Table II. Resting Tension and Contractile Responses
in Unoperated Femoral Veins and Veins
Grafted into the Femoral Artery

Norepinephrine

Basal 60 mM Tension
Blood vessel tension KCl EDso to 10-4 M

g g -log M g

With endothelium
Unoperated vein 1.2±0.2 2.6±0.4 6.2±0.1 5.0±0.3
Venous graft

Proximal 2.5±0.5 1.9±0.3 6.6±0. 1 3.0±0.5
Middle 2.1±0.2 2.1±0.2 6.7±0.1* 3.5±0.5
Distal 1.5±0.3 2.0±0.3 6.7±0. 1 4.3±0.9

Without endothelium
Unoperated vein 1.6±0.5 1.8±0.4 6.6±0.1* 4.2±0.7
Venous graft

Middle 2.2±0.3 1.9±0.3 6.6±0. 1 3.1±0.5

Values presented as means±SEM; n = 7 in all groups.
* Denotes difference between unoperated veins with and without en-
dothelium by Student's t test for paired observation; P < 0.05.
* Denotes difference from unoperated vein with endothelium by
Scheffe's test for multiple comparisons; P < 0.05.
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Figure 3. Responses in
endthlum: rings of venous grafts

I-middle contracted with the
ED30 of norepinephrine
to acetylcholine (top)
and the calcium iono-
phore, A23 187 (bot-
tom). Data are ex-
pressed as percent
change from the re-
sponse to norepineph-

fl^ 8 rine (ED30). Values are
8 shown as means±SEM.

No relaxations in rings
with or without endo-
thelium were observed
to acetylcholine. The

/1 responses to A23 187
were variable along the
length of the graft. En-
dothelium-dependent
relaxations were present

.1 in proximal segments of
n-6 graft and tended to di-

6 minish in distal seg-
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Figure 5. Relaxations in rings of venous graft contracted with the
ED30 of norepinephrine to ADP. Data are shown as percent decrease
from the response to norepinephrine (ED30). Values are expressed as
means; standard errors were omitted for the sake of clarity. There
was significant variability among animals (two-way analysis of vari-
ance). At 3 X 10-6 Mthe relaxations in proximal and middle seg-
ments of graft with endothelium were significantly greater than in
rings where the endothelium was removed (Scheffe's test for multiple
comparisons; P < 0.05).

were observed in rings of unoperated veins with endothelium.
At higher concentrations of the drug contractions were ob-
served. In rings of unoperated vein without endothelium, only
concentration-dependent (i0-7 to 10-6 M) increases in tension
were observed (Fig. 4).

ADP. In proximal, middle, and distal rings of venous grafts
with endothelium, decreases in tension to ADP(l0-7 to l0-4
M) were observed. At concentrations of ADP > 10-5 M, a
relaxation of rings without endothelium was observed (Fig. 5).

Rings of unoperated veins relaxed in an endothelium-de-
pendent manner to ADP with a maximal relaxation
(-39.4±7.3% of the contraction to ED30 norepinephrine; n
= 6) occurring at 3 X 10-6 Mof the nucleotide. The relax-
ations at this concentration of ADPwere not significantly dif-

Figure 4. Responses in
rings of canine femoral
vein with (-) and without
(o) endothelium contracted
with ED30 of norepineph-
rine to acetylcholine (top)
and the calcium ionophore
A23187 (bottom). Data are
shown as percent change
from response to norepi-
nephrine (ED30). Values
are expressed as
means±SEM. Significant
differences (P < 0.05) be-
tween rings with and with-
out endothelium by Stu-
dent's t test for paired ob-
servations were observed
for both acetylcholine and
calcium inophore at 3
X 10-8to3X 10-7Mof
the drugs.

ferent from those observed in proximal segments of venous
grafts.

UK-14,304. In rings of venous grafts and unoperated veins
contracted with prostaglandin F2a (2 X 10-6 M), the selective
a2-adrenergic agonist UK-14,304 initiated concentration-de-
pendent (10-9 to 10-6 M) further increases in tension (Fig. 6).
The responses of the unoperated vein and venous graft seg-
ments with endothelium were not different from comparable
rings without endothelium. The contractions of the venous

a
E

c
0

c
0
a
c

C

eco

0

0

._

C

*-femoral veins
o venous grafts
n.6

8 7
UK 14 304, -log M

6

Figure 6. Contractions in rings without endothelium of canine femo-
ral venous grafts and unoperated femoral veins to the a2-adrenergic
agonist, UK-14,304. Data are shown as increases in tension from the
response to prostaglandin F2<,: 1.8±0.2 g, femoral vein; 2.6±0.5 g,
middle graft. Values expressed as means±SEM. The responses of
femoral vein and graft segments with endothelium were not different
from comparable rings without endothelium (data not shown). The
contractions of segments of grafts with and without endothelium to
UK- 14304 were significantly less than those of the unoperated femo-
ral vein at all concentrations of the agonist tested (Scheffe's test for
multiple comparisons; P < 0.05).
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Figure 7. Responses of proximal segments of venous graft and unop-
erated femoral veins contracted with the ED30 of norepinephrine to
arachidonic acid (10-6 M). In four of six experiments, relaxations in
proximal segments of graft were observed. Data are shown as percent
change from the response to norepinephrine (ED30); values are ex-
pressed as means±SEM. The responses of proximal segments of graft
and vein and graft segments without endothelium were significantly
different from the responses of femoral vein with endothelium by
Scheffe's test for multiple comparisons (P < 0.05).

grafts (with and without endothelium) to UK-14,304 were
significantly less than those of the unoperated vein at all con-
centrations of the agonist tested (Fig. 6). The responses of
proximal, middle, and distal segments of the graft were not
significantly different (data not shown).

Arachidonic acid. The responses of the venous grafts to
arachidonic acid (10-8 to IO-' M) varied depending upon the
position in the graft from where the ring was taken. Proximal
rings of venous grafts with endothelium exhibited decreases in
tension to 10-6 Marachidonic acid, whereas middle and distal
rings of venous graft with endothelium exhibited only further
increases in tension at this concentration of the fatty acid. No
significant changes in tension were observed in segments of
graft without endothelium (Fig. 7). However, at l0-5 Mara-
chidonic acid all rings of grafts (with and without endothe-
lium) exhibited only further increases in tension; these ranged
from 80. i ± 16.2% to 102.9±24. 1% (n = 6) of the initial con-
traction to norepinephrine (ED30).

In rings of unoperated vein, arachidonic acid-initiated
concentration-dependent increases in tension only when the
endothelium was present. At 10-6 Marachidonic acid, these
contractions were significantly greater than the responses of
proximal segments of venous grafts (Fig. 7).

Thrombin. The responses of the venous grafts to thrombin
(1 U/ml) also varied depending upon the anatomical origin of
the ring. Four of seven proximal rings relaxed in response to
thrombin. These relaxations averaged -47.7+8.8%, of the
contraction to the ED30 norepinephrine. Contractions were
observed in three rings. In rings from distal portions of the
graft, relaxations when present were significantly less than in
proximal segments (four of seven rings; - 18.2±3.8% of the
contraction to ED30 norepinephrine; Fig. 8). None of the rings
of venous grafts without endothelium relaxed to thrombin;
rather slight increases in tension were observed (25.2±13. 1%, n
= 7, of the contraction to the ED30 of norepinephrine). All
rings of unoperated femoral veins with endothelium (seven of
seven) relaxed to 1 U/ml of thrombin. These relaxations were

Thrombin,
I U/ml

epinephrine

5 min

Figure 8. Endothelium-dependent responses to thrombin in rings of
venous graft shown in Fig. 1. A significant loss of relaxation to
thrombin occurred in distal segments of the graft where myo-intimal
thickening was prominent. Drugs were removed from the organ
chambers at (-).

transient and averaged -58.2±8.9% of the contraction to the
ED30 of norepinephrine; in rings of unoperated vein without
endothelium, no significant relaxations were observed
(-6.6%±3.2, n = 7).

Calcium ionophore. The responses of venous graft to cal-
cium ionophore (10-8 to 10-6 M) depended upon the location
of the rings in the graft. In rings from the proximal portion of
the grafts, endothelium-dependent decreases in tension were
observed; these tended to diminish in the distal segments (Fig.
3). At 3 X lo-7 Mthe responses of proximal segments were
significantly different from those of distal segments.

The ionophore caused endothelium-dependent decreases
in tension in unoperated femoral veins at concentrations be-
tween 1o-8 and 10-7 M; at higher concentrations contractions
were observed (Fig. 4).

Indomethacin. Indomethacin did not affect the endothe-
lium-dependent responses to acetylcholine, ADP, or calcium
ionophore in either proximal rings of venous graft or unoper-
ated veins (Table III).

Discussion

The morphological changes found in the femoral vein grafted
into the arterial circulation in the present study are similar to
those reported by others (5-9). Several factors may contribute
to the nonuniform distribution of structural changes observed
in the venous grafts. Surgical mobilization and anastomoses of
vascular segments can result in denervation of those segments
(10) and can lead to structural alteration of the smooth muscle
(1 1). In addition disruption of the vasa vasorum, which can
result in intimal thickening, probably occurred (5, 12-14).
Further, although endothelialization of venous grafts is usually
complete by 4-6 wk after surgery (7, 8), a combination of shear
stress and turbulence are known to interfere endothelial cell
adherence (15-17) and these factors may promote platelet-
mediated hyperplasia and de-differentiation of the smooth
muscle (9).

The presence of inhibitory endothelium-mediated re-
sponses seemed to follow the histological characteristics of the
grafts. In proximal segments inhibitory responses to ADP, ar-
achidonic acid, calcium ionophore, and thrombin prevailed.

The reasons for this are unclear. Although endothelial cells
have been shown to regenerate in the direction of flow (18),
there is no evidence that the endothelial cells in the proximal
section of graft are of arterial origin.

A major finding of this study is that grafting of veins into
the arterial circulation results in the selective loss of inhibitory
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Table III. Effect of Indomethacin on Endothelium-dependent Responses in Venous Grafts and Unoperated Veins

Graft
Vein

Indomethacin (10-i M)
Agent present Absent Present Absent

Acetylcholine (3 X 10-i M) 6.4±3.8* 10.9±6.2 -51.2±9.0 -63.4±10.4
ADP(3 x)0-6 M) -24.8±6.9 -35.6±6.7 -32.8±7.0 -39.4±7.3
Calcium ionophore (10-' M) -49.1 ± 10.9 -43.2±8.0 -70.4±8.4 -73.3±6.4

Experiments were conducted in parallel on paired rings of graft and vein in the absence and presence of indomethacin. * Values are shown as
means±SEMof the percent change in tension from the contraction to the ED30 of norepinephrine; n = 6 in all groups.

endothelium-dependent responses to acetylcholine. The endo-
thelial cells of venous grafts are capable of producing endothe-
lium-derived relaxing factor(s) and the smooth muscle cells are
capable of responding to such factor(s) because endothelium-
derived inhibitory responses can be evoked by the calcium
ionophore, A23187, a substance that releases a similar endo-
thelium-derived factor as acetylcholine by a process not asso-
ciated with receptor activation (1, 19). That not all receptor-
mediated responses are lost in the endothelium of venous
grafts is evidenced by the demonstration that ADP and
thrombin evoke endothelium-dependent relaxations (2). The
mechanism for the selective loss of the acetycholine-mediated
relaxation in the venous grafts is unclear at this time. Chronic
denervation of arterial vessels results in a blunting of the endo-
thelium-dependent relaxation to muscarinic activation (20).
Reduced relaxation to muscarinic activation also is observed
in aortas of spontaneously hypertensive rats (21) and in aortic
tissue in some models of experimental atherosclerosis (22-25).
Arterial endothelial cells grown in culture do not release relax-
ing factors to muscarinic activation, a response that returns
when the cells are co-cultured with smooth muscle cells
(26, 27).

Two products of arachidonic acid metabolism, prostacy-
clin and thromboxane, are altered in saphenous or jugular
veins grafted into the carotid arteries of the dog (8, 28). Al-
though the chemical nature of endothelium-derived inhibitory
substance(s) in venous grafts was not identified in this study, it
is unlikely that the substance(s) released in response to ADPor
calcium ionophore is a product of the metabolism of arachi-
donic acid by cyclo-oxygenase. An inhibitor of cyclo-oxygen-
ase, indomethacin did not diminish endothelium-dependent
relaxations in rings of unoperated vein or venous graft to these
agents.

The inhibitory responses to arachidonic acid in proximal
segments of graft resembles those of unoperated arteries (29),
whereas contractile responses of the distal segments are char-
acteristic of unoperated veins (29, 30). These results suggest
that the endothelial cells of the proximal segments may be of
arterial origin and thus retain the characteristics of the mature
blood vessel. Alternatively, the end products of the metabo-
lism of arachidonic acid by the regenerated venous endothelial
cells may be modified or the sensitivity of the venous smooth
muscle cells to a given end product may be altered. The re-
sponses to exogenous arachidonic acid are mediated through
the cyclo-oxygenase pathway in both arteries and veins
(30, 31).

Even though the venous grafts are exposed to arterial levels
of blood flow, pressure, and oxygen tension, the changes in

endothelium-dependent responses of the graft are not the same
as those observed in veins proximal to an arteriovenous fistula
(3). One difference, already discussed, is that this endothe-
lium-dependent relaxation to acetylcholine is lost in venous
grafts, a response which is enhanced in veins proximal to a
fistula. A second is that the difference in sensitivity to norepi-
nephrine between venous rings with and without endothelium
(preserved in veins of a fistula) is absent in rings of venous
grafts. Increased sensitivity to norepinephrine was observed
also in saphenous vein segments grafted into the femoral artery
(32). Whether this increased sensitivity to adrenergic stimula-
tion of the Venous grafts with endothelium is due to a loss of
tonic release of endothelium-derived relaxing factor, loss of
endothelial adrenergic receptors (4, 33), or a combination of
these is unclear. An increased contractile response due to
smooth muscle proliferation is unlikely as the contractile re-
sponse to potassium chloride in the femoral (present study,
Table I) and saphenous (32) venous grafts was unaltered.

Endothelial ar2adrenergic relaxations are difficult to dem-
onstrate in veins (4). These responses seem to be more preva-
lent in tissues exposed to high flow and oxygen tensions. In
veins proximal to a fistula where blood flow and oxygen ten-
sion are elevated, endothelium-dependent relaxations to a2-
adrenergic stimulation can be observed (3). The loss of endo-
thelial adrenergically mediated responses of venous grafts is
suggested by the similarity of concentration-response curves to
norepinephrine in tissues with and without endothelium and
by the absence of the stimulated release of inhibitory factors to
UK-14,304 in rings contracted with prostaglandin F2a. There-
fore, the loss of responsiveness to a2-adrenoceptor stimulation
of the endothelial cells in venous grafts suggests that this re-
ceptor-mediated response is lost as is that response to acetyl-
choline.

The endothelial ca2-adrenergic relaxations were absent de-
spite a diminished a2-adrenergic stimulation of the venous
smooth muscle. a2-adrenoceptors on the smooth muscle seem
to predominate in those portions of the circulation where pH
and oxygen tension are low (34). The venous grafts were ex-
posed to arterial levels of pH and oxygen tension. Therefore,
the reduced a2-adrenoceptor mediated contractions of the
smooth muscle suggest that in addition to endothelial re-
sponses, the smooth muscle contractility can also be modu-
lated by local environmental factors.

Acknowledgments

The authors wish to thank Larry Aarhus for his technical assistance,
Helen Hendrickson and Robert Lorenz for drawing the figures, Lisa

1356 V. M. Miller, M. M. Reigel, L. H. Hollier, and P. M. Vanhoutte



Petersen for typing the manuscript, Dr. William Edwards of the De-
partment of Pathology for his help with interpreting the histology, and
Pfizer Inc., for their generous gift of drugs.

This research was supported by National Institutes of Health grant
HL-31183, American Heart Association, Minnesota Affiliate, grant
MHA69, and the Mayo Foundation.

References

1. Furchgott, R. F., D. Jothianandan, and P. D. Cherry. 1984.
Endothelium-dependent responses: the last three years. Bibl. Cardiol.
38:1-15.

2. Vanhoutte, P. M., G. M. Rubanyi, V. M. Miller, and D. S.
Houston. 1986. Modulation of vascular smooth muscle contraction by
the endothelium. Annu. Rev. Physiol. 48:307-320.

3. Miller, V. M., and P. M. Vanhoutte. 1986. Modulation of endo-
thelium-dependent responses by chronic alterations of blood flow. Am.
J. Physiol. 251:H520-H527.

4. Miller, V. M., and P. M. Vanhoutte. 1985. Endothelial a2
adrenoceptors in canine pulmonary and systemic blood vessels. Eur. J.
Pharm. 118:123-129.

5. Brody, W. R., W. W. Angell, and J. C. Kosek. 1972. Histological
fate of the venous coronary artery bypass in dogs. Am. J. Pathol.
66:111-130.

6. Faulkner, S. L., R. D. Fisher, D. M. Conkle, D. L. Page, and
H. W. Bender, Jr. 1975. Effect of blood flow rate on subendothelial
proliferations in venous autografts used as arterial substitutes. Circ.
Suppl. 1: 163-172.

7. Fonkalsrud, E. W., M. Sanchez, and R. Zerubavel. 1978. Mor-
phological evaluation of canine autogenous vein grafts in the arterial
circulation. Surgery (St. Louis). 84:253-264.

8. Bush, H. L., J. A. Jakubowski, G. R. Curl, D. Deykin, and D. C.
Nabseth. 1986. The natural history of endothelial structure and func-
tion in arterialized vein grafts. J. Vasc. Surg. 3:204-215.

9. Fuster, V., and J. H. Chesboro. 1986. Role of platelets and
platelet inhibitors in aortocoronary artery vein-graft disease. Circula-
tion. 73:227-232.

10. Cowen, T., D. E. M. MacCormick, W. D. Toff, G. Burnstock,
and J. S. P. Lumley. 1982. Effects of surgical procedures on blood
vessel innervation. Blood Vessels. 19:65-78.

11. Branco, D., A. A. Teixeira, I. Azevedo, and W. Osswald. 1984.
Structural and functional alterations caused at the extraneuronal level
by sympathectic denervation of blood vessels. Naunyn-Schmiedeberg's
Arch. Pharmacol. 326:302-312.

12. Nakata, Y. 1967. An experimental study on the vascular lesions
caused by obstruction of the vasa vasorum. Jpn. Circ. J. 31:275-287.

13. Krupski, W., E. R. Thal, B. L. Gewertz, L. M. Buja, M. E.
Murphy, H. K. Hagler, and W. J. Fry. 1979. Endothelial response to
venous injury. Arch. Surg. 114:1240-1248.

14. Sottiurai, V., W. J. Fry, Y. C. Stanley. 1978. Ultrastructural
characteristics of experimental arterial medial fibroplasia induced by
vasa vasorum occlusion. J Surg. Res. 24:169-177.

15. Fry, D. L. 1968. Acute vascular endothelial changes associated
with increased blood velocity gradients. Circ. Res. 22:165-197.

16. Zarins, C. K., R. A. Bomberger, and S. Glagov. 1981. Local
effects of stenosis: increased flow velocity inhibits atherogenesis. Cir-
culation. 64(Suppl. II):221-227.

17. Zarins, C. K., D. P. Giddens, B. K. Bharadvaj, V. S. Sottiurai,

R. F. Mabon, and S. Glagov. 1983. Quantitative correlation of plaque
localization with flow velocity profiles and wall shear stress. Circ. Res.
53:502-514.

18. Schwartz, S. M., C. C. Haudenschild, and E. M. Eddy. 1978.
Endothelial regeneration. I. Quantitative analysis of initial stages of
endothelial regeneration in rat aortic intima. Lab. Invest. 38:568-579.

19. Singer, H. A., and M. J. Peach. 1982. Calcium and endothelial
mediated vascular smooth muscle relaxation in rabbit aorta. Hyper-
tension (Dallas). 4(Suppl.):II-19-II-25.

20. Mangiarua, E. I., and R. D. Bevan. 1986. Altered endothe-
lium-mediated relaxation after denervation of growing rabbit ear ar-
tery. Eur. J. Pharmacol. 122:149-152.

21. Luscher, T. F., and P. M. Vanhoutte. 1986. Endothelium-de-
pendent contractions to acetylcholine in the aorta of the spontaneously
hypertensive rat. Hypertension (Dallas). 8:344-348.

22. Freiman, P. C., G. C. Mitchell, D. D. Heistad, M. L. Arm-
strong, and D. G. Harrison. 1986. Atherosclerosis impairs endothe-
lium-dependent vascular relaxation to acetylcholine and thrombin in
primates. Circ. Res. 58:783-789.

23. Verbeuren, T. J., F. H. Jordaens, L. L. Zonnekeyn, C. E. Van-
Hove, M.-C. Coene, and A. G. Herman. 1986. Effect of hypercholes-
terolemia or vascular reactivity in the rabbit. Circ. Res. 58:552-564.

24. Habib, J. B., C. Bossaller, S. Wells, C. Williams, J. D. Morrisett,
and P. D. Henry. 1986. Preservation of endothelium-dependent vascu-
lar relaxation in cholesterol-fed rabbit by treatment with calcium
blocker PN200110. Circ. Res. 58:305-309.

25. Bossaller, C., G. B. Habib, H. Yomaneoto, C. Williams, S.
Wells, and P. D. Henry. 1987. Impaired muscarinic endothelium-de-
pendent relaxation and cyclic guanosine 5'-monophosphate formation
in atherosclerotic human coronary artery and rabbit aorta. J. Clin.
Invest. 79:170-174.

26. Cocks, J. M., J. A. Angus, J. H. Campbell, and G. R. Campbell.
1985. Release and properties of endothelium-derived relaxing factor
(ED.RF) from endothelial cells in culture. J. Cell. Physiol. 123:310-
320.

27. Loeb, A. L., G. K. Owens, and M. J. Peach. 1985. Evidence for
endothelium-derived relaxing factor in cultured cells. Hypertension
(Dallas). 7:804-807.

28. Eldor, A., E. L. Hoover, S. B. Pett, Jr., W. A. Gay, Jr., D. R.
Alonso, and B. B. Weksler. 1981. Prostacyclin production by arterial-
ized autogenous venous grafts in dogs. Prostaglandins. 22:485-498.

29. DeMey, J. G., and P. M. Vanhoutte. 1982. Heterogenous be-
havior of the canine arterial and venous wall. Circ. Res. 51:439-447.

30. Miller, V. M., and P. M. Vanhoutte. 1985. Endothelium-de-
pendent contractions to arachidonic acid are mediated by products of
cyclooxygenase. Am. J. Physiol. 248:H432-H437.

31. DeMey, J. G., M. Claeys, and P. M. Vanhoutte. 1982. Endothe-
lium-dependent inhibitory effects of acetylcholine, adenosine triphos-
phate, thrombin and arachidonic acid in canine femoral artery. J.
Pharmacol. Exp. Ther. 222:166-172.

32. Seidel, C. L., R. M. Lewis, R. Bowers, R. D. Bukoski, H.-S.
Kim, J. C. Allen, and C. Hartley. 1984. Adaptation of canine sa-
phenous veins to grafting. Circ. Res. 55:102-109.

33. Cocks, T. M., and J. A. Angus. 1983. Endothelium-dependent
relaxation of coronary arteries by noradrenaline and serotonin. Nature
(Lond.). 305:627-630.

34. McGrath, J. C., N. A. Flavahan, and C. E. McKean. 1982. a,
and a2 adrenoceptor mediated pressor and chronotropic effects in the
rat and rabbit. J. Cardiovasc. Pharmacol. 4(Suppl. l):S101-S107.

Endothelial Responses in Arterialized Vein Grafts 1357


