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Abstract

 

The vascular pathophysiology of preeclampsia, a hyperten-
sive disorder unique to human pregnancy, has been postu-
lated to be due to endothelial dysfunction, primarily mani-
fest as deficient nitric oxide (NO) synthesis. We evaluated
contraction (KCl and arginine vasopressin [AVP]) and dila-
tion (acetylcholine and bradykinin) in small resistance-size
omental arteries obtained during surgery from women with
preeclampsia, postulating that these vessels would exhibit
augmented contraction and diminished endothelium-depen-
dent relaxation, most likely due to decreased NO synthesis.
For comparison, vessels were also obtained from normoten-
sive gravidas, pregnant women with chronic hypertension,
or with chronic hypertension and superimposed preeclamp-
sia, as well as from premenopausal nonpregnant controls.
Vessels of 

 

z 

 

200 

 

m

 

m in internal diameter were studied in
vitro using a Mulvany-Halpern myograph. Maximal con-
traction due to either KCl or AVP was significantly aug-
mented in vessels from women with preeclampsia; these ves-
sels all exhibited endothelium- and cyclooxygenase-dependent
phasic oscillations while vessels from all other groups exhib-
ited only tonic contractions. Acetylcholine and bradykinin
both led to dose- and endothelium-dependent relaxation
which was unaffected by inhibitors of NO synthesis. Re-
sponses to bradykinin were similar in vessels from normal
pregnant and preeclamptic women while those to acetylcho-
line were absent in vessels from women with preeclampsia.
These data suggest specific defects in resistance-artery en-
dothelium from women with preeclampsia. (

 

J. Clin. Invest.
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Introduction

 

Preeclampsia is a potentially life-threatening multisystem dis-
order which presents with de novo hypertension and pro-
teinuria in late pregnancy (1). Its vascular pathophysiology in-
cludes a striking reversal in the changes associated with normal
gestation (1, 2). In normal pregnancy, systemic vasodilation

exceeds the large increment in cardiac output, leading to de-
creased arterial BP; while preeclampsia is characterized by
normal or decreased cardiac output but increased BP due to
large increments in systemic vascular resistance. Also, vascula-
ture of normotensive pregnant women is refractory to angio-
tensin II, but in preeclampsia vasopressor sensitivity to this
peptide is increased, perhaps even before overt manifestation
of disease (1).

The cause of preeclampsia is unknown. However, recent
studies suggest that increments in BP may reflect endothelial
dysfunction. First, there is morphological and biochemical evi-
dence that preeclampsia is preceded and/or accompanied by
subtle endothelial damage (3, 4). Second, there are observa-
tions suggesting that gestational vasodilation reflects incre-
ments in production of endothelial relaxing factors, primarily
nitric oxide (NO)

 

1

 

 (5–8). In this respect, NO synthase inhibi-
tion evokes hypertension and proteinuria in pregnant rats,
when urinary nitrate–nitrite excretion, though depressed, is
still equal to that of virgin animals (9). Thus, decreased elabo-
ration of endogenous vasodilators (primarily NO) has been
proposed as a mechanism for the pathogenesis or perpetuation
of hypertension in preeclampsia. Our studies were designed
to compare contraction and dilation in small resistance-size
omental arteries obtained from women with preeclampsia,
postulating that these vessels would exhibit augmented con-
traction and diminished endothelium-dependent relaxation.
We further hypothesized that the endothelial dysfunction
would reflect decreased production of NO.

Our results do indeed demonstrate augmented contraction
in vessels from women with preeclampsia, which failed to di-
late when treated with acetylcholine (ACh), but not with an-
other endothelium-dependent vasodilator. In addition, pre-
eclampsia led to endothelium-dependent oscillatory activity in
submaximally constricted vessels. Surprisingly, endothelium-
dependent relaxation of these human omental vessels was NO
independent. Thus, preeclampsia alters both contraction and
relaxation in these vessels by selectively impairing endothelial
function in a manner which does not depend on changes in the
basal or vasodilator-stimulated release of an NO-containing
endothelium-derived relaxing factor.

 

Methods

 

Subjects.

 

Omental fat pad biopsies were performed during cesarian
section or laparotomy in six groups of volunteers (Table I): group 1,
normotensive primigravid women; group 2, normotensive multigravi-
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 Abbreviations used in this paper:

 

 ACh, acetylcholine; AVP, argi-
nine vasopressin; BK, bradykinin; HELLP syndrome, acronym for a
disease variant which stands for Hemolysis, Elevated Liver enzymes
Low Platelet count; INDO, indomethacin; NNLA, 

 

N

 

G

 

-nitro-

 

L

 

-argi-
nine; NO, nitric oxide; PSS, physiological salt solution; SNP, sodium
nitroprusside.
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das; group 3, primigravidas with preeclampsia; group 4, pregnant
women with chronic hypertension; group 5, pregnant women with
chronic hypertension and superimposed preeclampsia; and group 6,
nonpregnant normotensive premenopausal women. Preeclampsia
was defined as de novo hypertension (diastolic BP 

 

$

 

 90 mmHg, Ko-
rotkoff phase V) appearing after gestational week 20, accompanied
by appearance of proteinuria (

 

$

 

 300 mg/24 h, or 

 

$

 

 2

 

1

 

 by dipstick),
and a serum uric acid 

 

$

 

 5.5 mg/dl. Chronic hypertension was diag-
nosed by history or by documentation of elevated BP before midges-
tation. The diagnosis of preeclampsia superimposed on chronic hy-
pertension was made when the patients developed evidence of the
“HELLP” syndrome (an acronym for a disease variant which stands
for Hemolysis, Elevated Liver enzymes Low Platelet count), mani-
fested by evidence of microangiopathic hemolytic anemia (i.e., schis-
tocytes on the blood smear), elevated transaminase and lactate
dehydrogenase, and thrombocytopenia. Exclusions included other
diseases known to alter vascular responsiveness, including diabetes
mellitus, renal disease, collagen vascular disorders, infection, and also
estimated operative blood loss 

 

.

 

 800 ml (10). The research protocol
was approved by the University of Chicago’s Institutional Review
Board, and informed consent was obtained in writing from each par-
ticipant.

 

Microvessel preparation and tension measurements.

 

Methods were
basically as described previously by ourselves and others (11, 12).
Briefly, the omental specimen (

 

z 

 

2–4 g) was immediately placed in
cold oxygenated physiological salt solution (PSS), consisting of 118.2
mM NaCl, 24.8 mM NaHCO

 

3

 

,

 

 

 

4.6 mM

 

 

 

KCl, 1.2 mM KH

 

2

 

PO

 

4

 

, 1.2 mM

MgSO

 

4

 

, 2.5 mM CaCl

 

2

 

, and 10.0 mM dextrose. A small artery (

 

z 

 

200

 

m

 

m normalized internal diameter [L

 

0

 

]) was dissected into two 0.5-mm
rings, which were each mounted in a Mulvany-Halpern myograph
(Living Systems Instrumentation, Burlington, VT) using 16-

 

m

 

m tung-
sten wires. The myograph bath contained PSS at 37

 

8

 

C, bubbled with
5% CO

 

2

 

 in O

 

2

 

 (pH 7.4). After 1 h of equilibration, including six bath
changes, the artery underwent two conditioning stretches of 0.6 mN/
mm. Passive tension-circumference characteristics were determined,
each ring was set to an L

 

0

 

 which resulted in wall stress equivalent to
that due to a transmural pressure of 100 mmHg (Table II), and was
then studied under isometric conditions. Preliminary experiments
demonstrated maximal arginine vasopressin (AVP)-induced contrac-
tion, with preservation of endothelium-dependent relaxation, when
resting vessel circumference was set in this manner.

 

Study design.

 

The arteries were initially contracted twice in po-
tassium-substituted PSS (KSS) in which 60 mM of NaCl was replaced
by KCl. After washing and reequilibration in PSS, a cumulative dose–
response curve was constructed for AVP (0.1–100 nM)-induced con-
traction. Endothelium-dependent relaxation by either ACh (0.01–10

 

m

 

M) or bradykinin (BK, 0.01–10 

 

m

 

M) was then assessed in vessels
which were submaximally preconstricted with AVP and this proce-
dure subsequently repeated in the presence of 

 

N

 

G

 

-nitro-

 

L

 

-arginine
(NNLA, 100 

 

m

 

M) and/or indomethacin (INDO, 10 

 

m

 

M). Responses
after NNLA (100 

 

m

 

M) were confirmed by observing similar effects
with either NNLA (1 mM) or methylene blue (10 

 

m

 

M); similarly,
meclofenamate (10 

 

m

 

M) yielded responses similar to those observed
with INDO. As well, time controls demonstrated reproducibility of

 

Table I. Clinical Characteristics of Study Groups

 

Gestational age SBP DPB Proteinuria Fetal weight

 

wk mmHg mmHg

 

1

 

kg

 

Nulliparous
Normotensive (

 

n

 

 

 

5

 

 11, age 

 

5

 

 29

 

6

 

7) 39

 

6

 

1 118

 

6

 

11 69

 

6

 

7 Negative 3.3

 

6

 

0.7
Preeclamptic (

 

n

 

 

 

5

 

 11, age 

 

5

 

 24

 

6

 

6) 33

 

6

 

4* 170

 

6

 

14* 103

 

6

 

10* 3

 

6

 

1 2.1

 

6

 

1.2*
Parous

Normotensive (

 

n

 

 

 

5

 

 11, age 

 

5

 

 29

 

6

 

5) 38

 

6

 

2 117

 

6

 

8 71

 

6

 

5 Negative 3.3

 

6

 

0.6
Chronic hypertensive (

 

n

 

 

 

5

 

 5, age 

 

5

 

 33

 

6

 

2) 38

 

6

 

2 134

 

6

 

4 77

 

6

 

5 Negative 3.5

 

6

 

0.8
Chronic hypertensive 

 

1

 

 HELLP
(

 

n

 

 

 

5

 

 4, age 

 

5

 

 32

 

6

 

4) 32

 

6

 

2 173

 

6

 

13 105

 

6

 

5

 

‡

 

2

 

6

 

1 1.8

 

6

 

1.0

 

‡

 

Control
Nonpregnant (

 

n

 

 

 

5

 

 11, age 

 

5

 

 38

 

6

 

5) 126

 

6

 

8 71

 

6

 

5 Negative

*Preeclamptic versus nulliparous normotensive; 

 

‡

 

Chronic hypertensive 

 

1

 

 HELLP versus chronic hypertensive (

 

P

 

 

 

,

 

 0.05). 

 

SBP

 

, Systolic blood pres-
sure; 

 

DBP

 

, diastolic blood pressure. Data are mean

 

6

 

SD.

 

Table II. Vessel Dimensions and Contractile Responses

 

KCl (60 mM) AVP (100 nM) AVP ED

 

50

 

 (95% CI) L

 

o

 

mN/mm mN/mm nM

 

m

 

m

 

Nulliparous
Normotensive (

 

n

 

 

 

5

 

 11) 2.1

 

6

 

1.1 3.1

 

6

 

1.2 0.78

 

 

 

(0.54–1.12) 197

 

6

 

34
Preeclamptic (

 

n

 

 

 

5

 

 11) 3.3

 

6

 

1.1* 4.5

 

6

 

1.2* 0.85 (0.49–1.49) 197

 

6

 

39
Parous

Normotensive (

 

n

 

 

 

5

 

 10) 2.4

 

6

 

1.1 3.1

 

6

 

1.3 0.93 (0.55–1.57) 212

 

6

 

34
Chronic hypertensive (

 

n

 

 

 

5

 

 5) 2.7

 

6

 

0.7 3.2

 

6

 

0.6 0.93 (0.59–1.46) 181

 

6

 

19
Chronic hypertensive 

 

1

 

 HELLP (

 

n

 

 5 4) 3.460.4 5.060.6‡ 0.76 (0.33–1.75) 217671
Control

Nonpregnant (n 5 11) 2.761.1 3.261.2 0.77 (0.40–1.40) 209655

*Preeclamptic versus nulliparous normotensive; ‡Chronic hypertensive 1 HELLP versus chronic hypertensive (P , 0.05). Data are mean6SD.
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relaxation in the absence of added inhibitors and stability of contrac-
tion in the absence of added vasodilator. At the end of each experi-
ment, endothelium-independent, cGMP-mediated relaxation was as-
sessed with the exogenous NO-donor sodium nitroprusside (SNP, 10
mM); we have noted previously that SNP-induced relaxation of these
omental vessels is inhibited by methylene blue. In addition, some
rings were mechanically denuded of their endothelium by passing a
human hair of appropriate diameter through the vessel lumen, and
the relaxation protocols were repeated.

Chemicals. ACh chloride, AVP, BK, SNP, INDO, and NNLA
were obtained from Sigma Chemical (St. Louis, MO). Stock solutions
of reagents were prepared fresh daily in distilled water and diluted se-
rially.

Data analysis. Sigmoid dose–response curves were individually
fit to a log-logistic equation; maximal responses are presented as
mean6SD and potency as 2log EC50. Data from multiple rings from
the same subject were averaged; n refers to the number of subjects.
Group data were compared by paired and unpaired t tests, with cor-
rection for multiple comparisons, as appropriate. P values , 0.05
were considered significant.

Results

Patient demographics. The vessels of 53 women were studied
including 11 nulliparous normotensive gravidas, 11 parous nor-
motensive gravidas, 11 nulliparous preeclamptic women, 5
pregnant women with chronic hypertension, 4 chronically hy-
pertensive women with superimposed preeclampsia, and 11
nonpregnant subjects (Table I). The nulliparous normotensive
pregnant women served as controls for the nulliparous pre-
eclamptic women, while the parous normotensive gravidas
were matched to the women with chronic hypertension, all of
whom were multiparous. Women with preeclampsia all mani-
fested proteinuric hypertension, by definition, and tended to
deliver low birthweight babies prematurely. Most of the women
with chronic hypertension had adequately controlled BP.

Contraction studies. Maximal contractions, whether in-
duced by KSS or AVP, were augmented in arteries from nul-
liparous preeclamptic women compared with those from nor-
motensive gravidas (Table II). Contraction was also enhanced

in patients with superimposed HELLP syndrome when com-
pared with pregnant chronic hypertensive patients, such that it
did not differ from values in preeclamptic nulliparas. By con-
trast, there were no differences in maximal contraction when
comparing vessels from any group without a diagnosis of ei-
ther pure or superimposed preeclampsia, whether or not they
were pregnant, parous, or had a history of hypertension. Vas-
cular sensitivity to AVP, expressed as EC50s, did not differ
among groups (Table II).

Vessels from preeclamptic women, or from those with

Figure 1. Representative origi-
nal traces of force versus time 
for vessels from a preeclamptic 
woman (top traces) and from a 
normotensive gravida (bottom 
traces). Arrows denote the cu-
mulative addition of AVP (log 
concentration, M). In the right-
hand traces, AVP was added at 
only a single, submaximally ef-
fective concentration of 1028 M. 
At all intermediately effective 
doses, AVP led to phasic oscilla-
tory activity in the vessel from 
the preeclamptic woman; only 
tonic responses were observed in 
the vessel from the normal 
gravida.

Figure 2. Six traces (force versus time) are shown for two vessels 
from preeclamptic patients. The two left-hand traces show oscillatory 
activity after preconstriction with a single dose of AVP. The two mid-
dle traces show that pretreatment with the NO synthase inhibitor 
NNLA (1024 M) failed to alter these oscillations. The top right-hand 
trace shows that pretreatment with INDO (1025 M) abolished the os-
cillations. Endothelial denudation (bottom right-hand trace) similarly 
abolished oscillations, again resulting in contraction which did not 
differ from that observed at the peak of the previously observed pha-
sic activity.
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HELLP syndrome, all exhibited characteristic oscillations af-
ter intermediate doses of AVP, with tonic contractions ob-
served only at maximal doses (Fig. 1). By contrast, vessels
from normotensive gravidas exhibited only tonic contractions
at all AVP doses. Oscillations in arteries from women with
preeclampsia were abolished by either endothelial denudation
or by cyclooxygenase inhibition with either INDO or meclofe-
namate, but not by NO synthase inhibition (Fig. 2). In each
case, cyclooxygenase inhibition led to tonic contractions simi-
lar to those observed at the peak of oscillations, suggesting
that the oscillations represented phasic relaxation.

Dilation studies. Vessels from normotensive pregnant women
relaxed completely and in a strictly endothelium-dependent
manner (i.e., vessels failed to relax after mechanical denu-
dation of endothelium), in response to either ACh or BK, as
has been shown previously (11). By contrast, ACh was without
effect in vessels from preeclamptic women (Fig. 3 a), an effect
which could be observed more clearly when preeclamptic os-
cillations were abolished by addition of INDO (Fig. 3 b). Un-
like ACh, BK relaxed vessels from preeclamptic women in the

absence or presence of INDO; its effect was only abolished af-
ter removal of the endothelium (Fig. 3 c). Indeed, complete
dose–response curves showed that preeclampsia was without
significant effect on BK-induced relaxation, while it abolished
the response due to ACh (Fig. 4). Vessels from patients with
superimposed preeclampsia exhibited the same selective relax-
ation defect to ACh as vessels from preeclamptic nulliparas.
By contrast, vessels from all other groups relaxed completely
in response to either agent.

NO synthase inhibition. NNLA was used both to reveal
contributions of basal NO synthesis to modulating vasocon-
strictor responses and to determine the role of NO in the dose-
and endothelium-dependent relaxations induced by either
ACh or BK. Indeed, NNLA (0.1 mM) led to small increments
in response to submaximal doses of AVP, implying contribu-
tions of basal NO synthesis to modulate vasoconstriction in
these vessels. Comparable contractile augmentation was ob-
served in vessels from normal gravidas and preeclamptic
women (normal 2NNLA/1NNLA: 2.0561.20 vs. 2.2061.28
mN/mm, n 5 16, P 5 0.006; preeclamptic 2NNLA/1NNLA:
2.3661.09 vs. 2.9161.28 mN/mm, n 5 14, P 5 0.07). By con-
trast, NNLA failed to alter dose-dependent ACh- or BK-
induced relaxation in arteries from any group (Fig. 5). Cy-
clooxygenase inhibition (data not shown) was similarly with-
out effect on agonist-induced vasodilation.

Discussion

Preeclampsia is peculiar to human pregnancy, as no animal
models completely mimic its protean manifestations. There-
fore, we focused on human omental vessels small enough to
contribute to the regulation of systemic vascular resistance.
We found several abnormalities in small artery function, which
may explain the hypertension associated with preeclampsia.
First, in vitro contractility was augmented. These vessels also
displaying unique phasic oscillations during submaximal con-
traction, which appeared to depend on an endothelial vasodi-
lator prostanoid. Protocols to explore agonist-stimulated va-
sodilation were equally revealing. ACh and BK each relaxed
arteries from normotensive gravidas in a dose-dependent,
strictly endothelium-dependent, yet NO-independent man-

Figure 3. Three traces (force versus time) are shown from a single 
vessel from a preeclamptic patient. Trace a shows AVP preconstric-
tion leading to oscillatory activity, without apparent relaxation after 
graded addition of ACh. BK (1025 M) led to complete relaxation and 
cessation of oscillations. Trace b, after addition of INDO (1025 M)
to abolish oscillations, again demonstrates no relaxation after ACh 
but complete relaxation after BK. Trace c, after denudation of the 
endothelium, shows loss of (endothelium-dependent) BK-induced
relaxation, with preservation of relaxation induced by the nitro-
vasodilator SNP.

Figure 4. Dose–response curves for per-
cent relaxation versus log concentration of 
BK (left) or ACh (right). Data from normal 
gravidas (open squares) and preeclamptic 
women (closed circles) are shown (6SD). 
Dose-dependent BK-induced relaxation 
did not differ between groups. ACh-induced 
relaxation was selectively ablated in vessels 
from preeclamptic women.
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ner. However, ACh failed to dilate the arteries from pre-
eclamptic women, while the response of these vessels to BK re-
mained intact. These data do not support views that gestational
vasodilation is due primarily to increases in basal and vasodila-
tor-stimulated release of NO, or that vasoconstriction in pre-
eclampsia reflects deficiencies in production of this factor.

Contractile properties of human omental vessels. Maximal
contraction, induced by either potassium or AVP, was in-
creased in preeclampsia, while reactivity in vessels from preg-
nant patients with chronic hypertension was unaltered, unless
superimposed preeclampsia occurred. Our observation that
preeclampsia augmented maximal contraction without a
change in agonist potency differs with some reports in omental
and subcutaneous resistance sized arteries (13, 14), and larger
omental artery segments (15), but is in accord with one report
using human inferior epigastric artery (16). Our findings are
also consistent with observations that the media thickness/lu-
men diameter ratio of these vessels is increased in preeclamp-
sia (13), leading to increased force generation when comparing
vessels of similar caliber.

Oscillatory activity during submaximal contraction with
AVP was another in vitro characteristic of vessels from women
with preeclampsia but not those from nonpregnant women,
normotensive gravidas, or chronic hypertensive gravidas; the
latter vessels exhibited only tonic contractions. Since endothe-
lial denudation or cyclooxygenase inhibition led to tonic con-
tractions similar in magnitude to the peak of oscillatory ten-
sion, we concluded that these were phasic relaxations due to
the action of an endothelium-derived prostanoid vasodilator.
Since similar oscillations were not noted in subcutaneous resis-
tance vessels from preeclamptic women (14), our observation
may represent an example of regional vascular heterogeneity.

Aalkjaer et al. noted oscillations previously, but in vessels
from both preeclamptic (14/18) and normotensive (3/15) gravi-
das (13). While such observations could represent pathophysi-
ological phenomena, they may have also included artifact,
since assessment of endothelial integrity was not a focus of
protocols at that time. More importantly, most of their pre-
eclamptic subjects were multigravidas, a group in which the
clinical diagnosis of preeclampsia, even by strict criteria, is of-
ten incorrect (17). Our observations extend theirs (13) by es-

tablishing that the oscillations are not artifactual, require an
intact endothelium, appear unique to preeclampsia, and de-
pend on cyclooxygenase. In these respects, a preliminary re-
port (18) that rat mesenteric microvessels incubated in condi-
tioned medium from hypoxic human trophoblast to mimic the
placental hypoperfusion thought to eventuate in preeclampsia
(1, 19) demonstrated not only increased vasoconstriction, but
also exaggerated vasomotion (i.e., oscillations) is intriguing.

Oscillatory activity of myograph-mounted vessels has been
observed in other experimental preparations. Strips from ham-
ster aorta or rat small mesenteric vessels often display oscilla-
tions, which are exaggerated in some models of hypertension
and depend on the continuous release of endothelium-derived
NO, as the phasic activity can be ablated by endothelial denu-
dation or NO inhibition, and then restored by exogenous ni-
trovasodilators or cGMP analogues (20–22). Such data, along
with rhythmic variation in smooth muscle membrane potential
(21), imply NO-mediated endothelial facilitation of spontane-
ous phasic activity arising in smooth muscle. Oscillations of
both membrane potential and force were ablated by ACh-
induced hyperpolarization and vasorelaxation (21) and dimin-
ished coincident with hyperpolarization during normotensive
rat pregnancy (23), suggesting inhibition by the hyperpolariz-
ing vasodilator in these vessels (24). An analogous model, de-
pending on facilitation by endothelial prostanoids, may ex-
plain our results.

The physiologic significance of vascular oscillations in resis-
tance vessels remains unclear, with uncertainty as to whether
they serve to increase or decrease vascular resistance and
whether they may be linked in a causal way to hypertension
(25), as opposed to representing a failed compensatory re-
sponse to elevations in arterial pressure. Likewise, we do not
know if these pathologic oscillations precede hypertension in
women with preeclampsia.

Dilation in human omental vessels. Our postulate that al-
tered NO synthesis would have central roles in mediating vas-
cular changes in pregnancy (vasodilation) and preeclampsia
(vasoconstriction) was based on various lines of evidence. Lev-
els of NO metabolites and cGMP are increased (5) and NO
has been implicated as the mediator of renal vasodilation and
hyperfiltration in rat pregnancy (6). NO synthase inhibition se-

Figure 5. Dose–response curves for per-
cent relaxation versus log concentration of 
BK (left) or ACh (right). Data (6SD) are 
all from normal gravidas in the absence 
(open squares) or presence (closed circles) 
of the NO synthase inhibitor NNLA 
(1024 M). Dose-dependent due to either 
endothelium dependent vasodilator was 
not altered significantly in the presence of 
NNLA. Similar results were obtained for 
BK-induced relaxation of vessels from 
preeclamptic women (not shown).
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lectively increases vascular resistance in the hand of human
gravidas (8), inhibits ACh-induced relaxation of mesenteric
microvessels in pregnant rats (7), and provokes proteinuric hy-
pertension in this species (9). Yet, we found no role for NO in
mediating ACh or BK effects in human omental vessels and no
defect of basal NO synthesis in preeclampsia. Along with evi-
dence that the augmented NO synthesis in rat pregnancy may
not be of vascular origin (26), our data have led us to reevalu-
ate mechanisms pertinent to human gestational vasodilation.

The role of hyperpolarizing vasodilators acting at Ca21-
activated K channels may dwarf that played by NO or cGMP
in mediating endothelium-dependent relaxation of many rat
arteries (7, 11, 19, 24, 27, 28). ACh-induced relaxation of hu-
man subcutaneous small arteries likewise depends more on a
K conductance-mediated hyperpolarizing vasodilator than on
NO (28) and maximal ACh- or BK-induced relaxations in hu-
man omental microvessels depend on a CTX-insensitive K
channel, appearing glyburide-sensitive in some preparations
(11). We extend these findings by showing that NO synthase
inhibition fails to shift ACh or BK dose–response curves in
normal gravidas. Importantly, our protocols were conducted in
the absence of flow, a major stimulus for endothelial NO syn-
thesis in vivo, suggesting caution in mechanistic comparison of
our results with those from whole animal or perfused vessel
systems.

Pregnancy augments endothelium-dependent relaxation of
some rat vessel preparations, but not others (7, 29, 30), per-
haps by increasing sensitivity to flow or by favoring contribu-
tions of NO (7, 31, 32). Studies of human resistance vessels in
vitro are more limited; they suggest increased shear stress re-
sponsivity and contributions by a novel hyperpolarizing va-
sodilator, but no augmentation of ACh or BK effect (11, 33).
There are no data regarding mechanisms which might effect
these gestational changes or account for species differences.

BK-induced relaxation was well-preserved in vessels from
preeclamptic women, though ACh failed to relax these arter-
ies. This striking difference contrasts with results described in
subcutaneous resistance vessels (14, 34), but is in accord with
reports that flow-induced vasodilation is completely lost in
these latter arteries from preeclamptic women (33) and that
ACh-induced relaxation is abolished when these vessels are
perfused with human syncytiotrophoblast microvillus mem-
brane vesicles (35). Our observation of preserved endothe-
lium-dependent BK responses and endothelium-independent
SNP-induced relaxations suggests a specific endothelial target
in preeclampsia, more likely a defect of muscarinic signal
transduction than of endothelial receptors or relaxing factors,
per se. Indeed, there is an informative precedent for this selec-
tive loss of endothelium-dependent relaxation to specific ago-
nists, suggesting defects at the level of G protein–mediated sig-
nal transduction, vide infra.

Impaired endothelium-dependent relaxation to ACh has
also been observed in conduit artery preparations from dia-
betic animals. In such preparations, defective endothelium-
dependent relaxation might be due to glucose shunting
through the polyol pathway leading to aldose-reductase stimu-
lation (36) or to protein kinase C–mediated downregulation of
NO synthase activity consequent to hyperglycemic diacylglyc-
erol synthesis (37), although neither of these suggested mecha-
nisms would predict selective defects in the response to dif-
ferent endothelium-dependent vasodilators. More recently,
observation of selective deficits in ACh-, but not BK-induced

relaxation of small mesenteric arteries from diabetic rats (38),
led to the hypothesis of a mechanism based on protein kinase
C–mediated phosphorylation of Gi proteins (39). Likewise,
both balloon injury and experimental atherosclerosis also lead
to selective defects in agonist-induced endothelium-dependent
vasodilation (40). Human hypercholesterolemia also results in
impaired ACh- but not BK-induced forearm vasodilation in
vivo (41). Taken together with our results in preeclampsia,
these findings may all be consistent with a final effector path-
way that interferes with Gi-mediated signal transduction and
therefore would have the greatest effect on those agents or
physical forces which seem to depend importantly on this
pathway (42).

In summary, we found augmented contraction, exagger-
ated vasomotion, and selective ablation of ACh-induced relax-
ation in omental resistance arteries from women with pre-
eclampsia. These effects all appear due to selective endothelial
cell dysfunction. If such a vascular abnormality were to occur
in vivo, it could represent an effector mechanism leading to the
hypertension and pathologic vasospasm which characterize
this uniquely human disorder.
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