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Abstract

Contractions to serotonin (5-HT) and endothelin-1 (ET-1) in
infant (0-2 yr) and adult (38-71 yr) vertebral arteries were
examined in the presence of either the cyclooxygenase inhibitor
indomethacin or NV-monomethyl-L-arginine (L-NMMA), an
inhibitor of nitric oxide production. In addition, endothelium-
dependent relaxations to acetylcholine were characterized in
arteries contracted with agonist. The results showed that: (a)
Contractions of infant arteries to 5-HT or ET-1 decreased to
44±8% and 27±13%, respectively, within 10 min. Indometha-
cin or removal of endothelium abolished this decreased re-
sponse, whereas L-NMMAhad no effect. (b) Adult arteries
produced sustained contractions to 5-HT or ET-1 that were
unaffected by indomethacin, endothelium denudation, or L-
NMMA. (c) Endothelium-dependent relaxations to acetyl-
choline were greater in infant than adult arteries and were
abolished by indomethacin (but not L-NMMA) in infants and
L-NMMA(but not indomethacin) in adults. Thus, endothe-
lium-dependent responses in infant arteries are attenuated be-
cause of increased prostaglandin activity not observed in adult
tissues.

Additionally, there is an age-dependent change in the pri-
mary mechanism responsible for acetylcholine-induced vasodi-
latation. Apparently, endothelium dependency of acetylcho-
line-induced relaxation is highly dependent on cyclooxygenase
activity in the infant vertebral artery, but in the adult artery,
nitric oxide is linked to the vasodilator response. (J. Clin. In-
vest. 1994. 93:1339-1343.) Key words: nitric oxide - serotonin
endothelin-1 * acetylcholine * prostaglandins

Introduction

Numerous investigators have documented the effects of nor-
mal development and aging on the vascular endothelium. Mor-
phometric analysis suggests that aging is associated with thin-
ning and loss of endothelium ( 1, 2) and functional evidence
supports an age-related impairment in endothelium-depen-
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dent relaxation in thoracic aortae (3), mesenteric arteries (4),
and carotid arteries (5) from rats. Two potential mechanisms
involved in the attenuated vasodilation observed with aging are
the prostaglandin and nitric oxide pathways.

Prostaglandins are a family of eicosanoids that are byprod-
ucts of arachidonic acid metabolism via the cyclooxygenase
pathway. Prostacyclin (PGI2)' and PGE2are the primary pros-
taglandins produced, and in most species, both eicosanoids are
potent vasodilators. Prostaglandins have been known to play
an important role in fetal development for many years. Cly-
man et al. (6) showed that prostaglandins (particularly PGE2
in humans [7]) were important in preventing premature clo-
sure of the ductus arteriosus in fetal lambs, and that sensitivity
to PGI2 or PGE2 was dependent on gestational age. Further-
more, contractions to indomethacin were significantly greater
in vessels from immature fetuses than in near term lambs (8).

Nitric oxide (NO) is produced when L-arginine is cleaved
by nitric oxide synthases to L-citrulline. NOstimulates guany-
late cyclase to convert GTPto cGMPand hence is a powerful
vasodilator of vascular smooth muscle. As with certain prosta-
glandins, NOmay play a role in regulation of vascular tone in
vivo.

The goal of our study was to investigate any differences in
vascular reactivity between infant and adult human vertebral
arteries in response to agonists and to characterize our results
as primarily resulting from a prostaglandin or from a NO-me-
diated mechanism. The hypothesis to be tested was that prosta-
glandins play a larger role in vascular responses to contractile
agonists in infant vertebral arteries than in adult vertebral arter-
ies, and that this difference was endothelium dependent in in-
fants.

Methods

Human vertebral arteries were isolated within 18 h postmortem from
infants (0-2 yr) and adults (38-71 yr) who died from causes unrelated
to the cardiovascular system (Table I). The vessels were immediately
placed in a calcium-containing physiological salt solution ( 130 mM
NaCl, 4.7 mMKCI, 1.18 mMKH2PO4, 1.17 mMMgSO4/7H20, 1.6
mMCaCl2/2H20, 14.9 mMNaHCO3, 5.5 mMglucose, and 0.03 mM
EDTA). Under a dissecting microscope, the arteries were cleaned of
periadventitial fat and connective tissues, and were cut into helical
strips - 2 x 10 mm. Where appropriate, endothelium was removed by
gently rubbing the intimal surface with a cotton swab. Arterial prepara-
tions were then anchored and attached to isometric force displacement
transducers (model 0.03; Grass Instrument Co., Quincy, MA), and

1. Abbreviations used in this paper: ET-1, endothelin-1; 5-HT, seroto-
nin; L-NMMA, NG-monomethyl-L-arginine; NO, nitric oxide; PGI2,
prostacyclin.
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Table 1. Patient Characteristics

Gender Age Weight Chronic therapy Etiology

yr kg

Adults
Male 38 None Respiratory arrest
Male 62 77 None Closed-head injury
Male 60 64 None Metastatic lung cancer
Male 55 63 Ranitidine Lymphoma, sepsis
Female 71 60 Theophylline, chlorthalidone, midazolam, KCI Metastatic carcinoma
Female 38 66 Furosemide, levothyroxine Respiratory failure
Female 53 96 Naproxen, acetaminophen Metastatic carcinoma
Female 48 - Morphine Metastatic breast cancer

Infants
Male 2 12 None Myocarditis
Female 0 - None Respiratory failure
Male 0.75 8.6 Digoxin, Furosemide Congenital heart disease, acute renal failure, respiratory arrest
Female 0.25 4 Phenobarbital Perinatal asphyxia, acute renal failure
Female 0 - None Respiratory failure
Female 0.58 1.4 Chlorthiazide, oxygen Bronchopulmonary dysplasia, congestive heart failure

Gender, age, weight, chronic medications, and etiology of death are listed for six infant and eight adult subjects.

suspended vertically in a 50-ml tissue bath containing physiological salt
solution maintained at 370C and continuously aerated with 95% 02/
5% CO2. For experiments involving endothelin-l (ET-1), tissue
chambers were coated with silicone (Sigma-Cote; Sigma Chemical Co.,
St. Louis, MO) to prevent peptide adherence to the glass. Tissues were
then allowed to equilibrate for 90 min with a passive force that allowed
maximal contractile activity to agonists.

Stock solutions of serotonin (5-HT) (Sigma Chemical Co.), ET- 1
(Peptides International, Inc., Louisville, KY), N0-monomethyl-L-ar-
ginine (L-NMMA) (Calbiochem Corp., San Diego, CA), and acetyl-
choline (Sigma Chemical Co.) were prepared in distilled water with
serial dilutions also carried out in distilled water. Stock solutions of
indomethacin (Sigma Chemical Co.) were prepared in ethanol, with
serial dilutions carried out in distilled water. Cumulative concentra-
tion-response curves were generated by addition of 5-HT (10"1 to
l0-5 M) or ET-I (1010 to 3 X 10-7 M) to the tissue baths containing
intact and endothelium-denuded infant and adult vertebral arteries.
Results were expressed as a percent of the maximal response to each
agonist. To measure endothelium-dependent relaxation responses, in-
tact adult and infant vertebral arteries were contracted with an ECso of
5-HT (3 X 10-8 M) followed by cumulative addition of acetylcholine
( 10-10 to 10-5 M). Results were expressed as a percent relaxation from
the initial contraction to 5-HT. All experiments were repeated in the
presence of indomethacin (3 x 10 -6 M) or L-NMMA(3 X 10 -4 M) to
inhibit cyclooxygenase or nitric oxide synthase, respectively. Data were
reported as mean±SEMfor all experiments. EC50 values were calcu-
lated by log-log transformation and curve fitting using unweighted
least squares linear regression. Unpaired Student's t tests were used for
comparisons of force at various agonist concentrations using a Bon-
ferroni correction for multiple comparisons. P < 0.05 was considered
statistically significant.

Results

Both infant and adult vertebral arteries demonstrated similar
concentration-dependent contractions to 5-HT over the range
tested with no significant difference in responsiveness to the
agonist (EC50 - 10 -8 M, P< 0.05) (Fig. 1). Force generated in
response to 10 ,M 5-HT was significantly greater in adult

(1,048±197 mg) than infant (628±47 mg) vertebral arteries
(Fig. 1, inset). Similarly, force generated in response to 0.3 zM
ET- 1 was significantly greater in adult (1,680±136 mg) than
infant (1,188±324 mg) vertebral arteries (Fig. 2, inset). How-
ever, infant vessels demonstrated an increased responsiveness
to ET- I (EC50 = 3.3± 1.2 nM) as noted by the leftward shift in
the mean concentration-response curve compared to adult
vertebral arteries (EC50 = 9.5±2.6 nM, P< 0.05; Fig. 2). Fig. 3
shows the individual concentration-response curves to the cu-
mulative addition of acetylcholine after contraction induced
by an EC50 of 5-HT for five adult and two infant experiments.
The inset shows the corresponding mean concentration-re-
sponse curves and demonstrates significantly increased relax-
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Figure 1. Contractions to serotonin. Maximal contractions to 5-HT
(inset) were significantly greater in adult vertebral arteries (dark
hatched bars) than infant vertebral arteries (light hatched bars), P
< 0.05. However, responsiveness to 5-HT was not significantly dif-
ferent between adults (open circles) and infants (closed circles). Val-
ues are the mean±SEMfor n patients.
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Figure 2. Contractions to ET- 1. Maximal contractions to ET- 1 (inset)
were significantly greater in adult vertebral arteries (dark hatched
bars) than infant vertebral arteries (light hatched bars), P < 0.05.
Compared to adult vertebral arteries (open circles, EC50 = 9.5±2.6
nM), responsiveness to ET- 1 was increased in infant vertebral arteries
(closed circles, EC50 = 3.3±1.2 nM), as evidenced by the leftward
shift in the concentration-response curve (P < 0.05). Values are the
mean±SEMfor n patients.

ations to acetylcholine in infant vertebral arteries (IC50
= 8.6±0.4 nM) compared to adult vessels (IC50 = 121±71 nM)
as seen by the leftward shift in the concentration-response
curve (P < 0.05).

Contractions in infant vertebral arteries with intact endo-
thelium demonstrated an inability to sustain contractile re-
sponses to 5-HT or ET-I (Fig. 4), with a rapid initial contrac-
tion and a fall to a steady state (27±13 and 44+8%, respec-
tively) within 10 min. Removal of endothelium or
pretreatment with indomethacin potentiated the initial contrac-
tion and abolished the attenuated responses (Fig. 4). Fig. 5 A
shows the contractions to an EC50 of 5-HT for adult and infant
vertebral arteries in the presence of indomethacin, L-NMMA,
or after rubbing to remove endothelium. Data are presented as
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percent of initial control response for each age group. The data
show that none of the treatments affected the contractions to
5-HT in adult vertebral arteries; however, addition of indo-
methacin or endothelial denudation significantly enhanced the
contractions to 5-HT in infant vessels compared to untreated,
intact control vessels. Similarly, Fig. 5 Bshows the contractions
to an EC50 of ET- 1 for adult and infant vertebral arteries in the
presence of indomethacin, L-NMMA, or after rubbing. Again,
only the infant vertebral arteries were affected by any treat-
ment, and addition of indomethacin or removal of endothe-
lium significantly enhanced responsiveness to ET-1. Fig. 6
shows the relaxations to an IC50 of acetylcholine in adult and
infant vertebral arteries in the presence of L-NMMAor indo-
methacin. The data show that L-NMMA(but not indometha-
cin) significantly reduced the responses to acetylcholine in
adult vertebral arteries (- 16±6 and -96±4%, respectively). In
contrast, indomethacin (but not L-NMMA) significantly re-
duced the relaxations to acetylcholine in infant vertebral arter-
ies (-42±5 and -97±2%, respectively).

Discussion

Our experimental results showed that responses of adult cere-
bral arteries to 5-HT or ET- 1 were sustained and unaffected by
pretreatment with indomethacin, L-NMMA, or removal of en-
dothelium. In contrast, contractions of infant cerebral arteries
to 5-HT or ET- 1 were attenuated within 10 min after addition
of agonist. Pretreatment with indomethacin or removal of en-
dothelium abolished this decreased response, whereas L-
NMMAhad no effect. In addition, endothelium-dependent
relaxation to acetylcholine was greater in infant than adult cere-
bral arteries, and was abolished by pretreatment with indo-
methacin (but not L-NMMA) in infants and L-NMMA(but
not indomethacin) in adults. These data show that endothe-
lium-dependent contractions in infant cerebral arteries are at-
tenuated because of an increased prostaglandin activity not
observed in adult tissues.

In 1985, Hayashi et al. (9) demonstrated an increased endo-
thelium-dependent relaxation response to PGE,, PGE2, and
PGF2., in premature and newborn baboon cerebral arteries
compared to adults, and additional studies have shown in-

o Adult (n=5)

* Infant (n=2)

Figure 3. Relaxations to acetylcholine. After contrac-
tion to 5-HT (ECm = 3 X 10-8 M), infant vertebral
arteries (closed circles; IC_0 = 8.6±0.4 nM) relaxed to
a greater extent in response to acetylcholine than
adult vertebral arteries (open circles; ICs0 = 121±71
nM) as evidenced by the leftward shift in the mean
concentration-response curve (inset, P < 0.05). Each
curve represents data from a single infant (closed cir-
cles) or adult (open circles) experiment.
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Figure 4. Contractions to serotonin and endothelin- 1 in infant verte-
bral arteries. After addition of an EC50 of 5-HT (upper tracing) or
ET-I (lower tracing) to an infant vertebral artery, there is a rapid ini-
tial contractile response followed by relaxation within 2 min to a
lower steady state level of contraction. Pretreatment with 5 A4M indo-
methacin potentiates the initial contractile response to 5-HT or ET- 1
and abolishes the relaxation phase.

creased levels of prostaglandins in newborn humans, primates,
cats, and rats, further supporting an important role for prosta-
glandins in infancy (9-13). Other investigators (4, 5, 10, 14)
have shown an age-related decrease in endothelium-dependent
relaxations. In particular, Mayhan et al. (15) demonstrated
impaired endothelium-dependent relaxations to acetylcholine
and bradykinin (but not nitroglycerin) in cerebral arterioles
from aged (22-24 mo) compared to adult (6-8 mo) Wistar rats
that were unaffected by intravenous indomethacin treatment.
These findings are consistent with the hypothesis that sensitiv-
ity to prostaglandins is decreased with age and that NO is a
primary mediator of endothelium-dependent relaxation in
adulthood.

Results of the present study showed that human infant ver-
tebral arteries with an intact endothelium did not sustain con-
tractile responses to ET- 1 and 5-HT. Rather, the contractions
showed rapid attenuation that was abolished by pretreatment
with the cyclooxygenase inhibitor indomethacin, but not by
L-NMMA(an inhibitor of nitric oxide synthases). In contrast,
vertebral vessels from adults responded in a potent and sus-
tained fashion to both contractile agonists. These data suggest
that endothelium-dependent contractions in human infant
vertebral arteries are attenuated because of an increased prosta-
glandin activity not observed in adult tissues. Furthermore, we
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X l0-4 ML-NMMA(0), 5 x 10-6 M indomethacin (X), or after
rubbing to remove endothelium (o), compared with endothelium-
intact, untreated control arteries (a). In contrast, 5 X 10-6 M indo-
methacin or rubbing (but not L-NMMA) significantly enhanced con-
tractile responsiveness to an ECoof endothelin- 1 in infant vertebral
arteries compared to controls. Values are mean±SEMfor n patients
and asterisks represent values where P < 0.05 compared to control
values.

have observed that there is an age-dependent change in the
primary mechanism responsible for acetylcholine-induced va-
sorelaxation from infancy to adulthood. In infants, acetylcho-
line-induced vasorelaxation was significantly inhibited by pre-
treatment with indomethacin, but L-NMMAhad no effect. In
contrast, in adult vertebral arteries, the reverse was true, and
L-NMMApretreatment resulted in significant attenuation of
acetylcholine-induced relaxation, but indomethacin had no ef-
fect. Thus, in infants, the primary mechanism for endothe-
lium-dependent relaxation is prostaglandins and for adults,
NOis the major contributor. It is also possible that both en-
zymes are present in the infant and adult arteries, but that the
smooth muscle cells show a differential response.

One speculative implication of these data is that increased
prostaglandin activity or sensitivity of infant cerebral arteries
may provide an explanation for the lack of cerebral artery vaso-
spasm after intraventricular hemorrhage, a frequent complica-
tion of prematurity. In 1987, Rennie and colleagues ( 16) ob-
served an increase in PGFIa activity by radioimmunoassay in
serum from preterm infants after intraventricular hemorrhage.
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Figure 6. Relaxations to an ICo of acetylcholine after contraction to
an EC50 of serotonin. Relaxations to an IC5o of acetylcholine in adult
vertebral arteries (0) were significantly attenuated after pretreatment
with 3 x 10 -4 ML-NMMAcompared to controls, but were unaffected
by pretreatment with 5 X 10-6 Mindomethacin. In contrast, in infant
vertebral arteries (X), relaxations to an IC_0 of acetylcholine were
significantly attenuated after pretreatment with 5 x 10-6 Mindo-
methacin, but not after L-NMMAtreatment. Values are mean±SEM
for n patients, and asterisks represent values where P < 0.05 com-
pared to controls.

In fact, PGI2 has been shown to reverse contractions of human
tissues to bloody cerebrospinal fluid after subarachnoid hemor-
rhage ( 12). In adults with aneurysmal subarachnoid hemor-
rhage, however, cerebral artery vasospasm remains the leading
cause of death and disability ( 17).
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