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Extract

Response of the ductus arteriosus and umbilical artery to changes in oxygen tension,
to acetylcholine, and to sympathetic and parasympathetic blocking agents was studied
in vitro in isolated rings obtained from 22 fetal lambs of 98- to 147-day gestation.

After stabilization of tension at a baseline level (0.3-0.7 g) in a P,, environment
of 3545 mm Hg, both increase of the Py, to 550 mm Hg and decrease of the P, to
8 mm Hg of the bathing solution produced constriction. The mean maximal tension
developed by the ductus arteriosus.was 3.91 g at high P,, and 3.87 g at low P,,. The
increase in maximal tension developed with advancing gestation was also similar at
both high and low Po,.

At Py, levels of 8-550 mm Hg, acetylcholine produced a further increase in tension,
whereas bradykinin only produced an increase in tension at high Po,. Alpha and
beta sympathetic blockade had no effect on the constrictor response to oxygen.
Atropine relaxed the ductus arteriosus and umbilical artery at both high and low
P,, levels; the degree of relaxation was related to drug concentration. Acetylcholin-
esterase also relaxed the ductus arteriosus constricted by oxygen. The cholinesterase
inhibitor, edrophonium, produced ductus constriction at P, of 35-45 mm Hg with
little further effect from high Po,,. The constrictor effect of high or low P, on the
ductus arteriosus and umbilical artery seems to be mediated through release of acetyl-
choline.

Speculation

Postnatal closure of the ductus arteriosus is effected by an increase in oxygen environ-
ment. This is probably mediated by the release of acetylcholine. Inability of many
premature infants to close effectively the ductus arteriosus is therefore probably due
to an inability to synthesize or release adequate amounts of acetylcholine rather
than to lack of the mechanism of muscular constriction.

Parasympathetic blocking agents may be of use in preventing constriction of the
ductus arteriosus in infants with congenital heart disease who are dependent on its
patency for survival.
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Introduction

The ductus arteriosus, a wide channel approximating
the aortic diameter in the fetus, is functionally oblit-
erated by means of constriction of its wall within a
few hours after birth. The exact mechanism responsi-
ble for this constriction is as yet not known. However,
it is well known that the ductus constricts when ex-
posed to an elevation of oxygen tension, either by in-
creasing the Po, of blood in the intact animal, or by
raising the Po, in the environment of the isolated
vessel [2, 4, 7, 8, 11, 13, 14, 17, 19, 20]. The umbilical
artery shows a similar response on exposure to oxygen
[4, 9]. The rise in arterial Po, which occurs after birth
following ventilation has therefore been thought to be
important in causing ductal and umbilical arterial
constriction. The isolated ductus arteriosus and um-
bilical artery are also constricted by norepinephrine
and epinephrine, and by acetylcholine, but the role of
the autonomic nervous system and of vasoactive agents
such as catecholamines and peptides in normal closure
isuncertain [1, 5, 6, 14, 16, 17].

The possibility that the effects of oxygen could be
produced through release of a chemical mediator has
been entertained by several investigators. Bradykinin
is released into the arterial circulation of fetal lambs
when they are ventilated with oxygen, and the possi-
bility that the effect of oxygen on the ductus is me-
diated through bradykinin has been considered [10].
The role of acetylcholine release by parasympathetic
stimulation and of catecholamine release in producing
the constrictive response to oxygen has been studied
by examining the effects of specific pharmacological
blocking agents on the ductus arteriosus and umbilical
artery.

Kovaldik [14] has shown that constriction of isolated
lamb ductus arteriosus on exposure to oxygen was not
prevented by blockade with phenoxybenzamine or
atropine. These studies were performed in ductal
strips from fetal lambs of 78- to 144-day gestation, but
gestational ages were not specified in the studies in
which specific drug responses were examined. Recently
we showed that the constrictor response to oxygen of
the fetal lamb ductus arteriosus increases with ad-
vancing gestational age {17]. We were therefore con-
cerned that the effects of pharmacologic agents on the
oxygen response might not have been evident if the
tissue examined was obtained from premature lambs.
Furthermore response of the ductus arteriosus to vary-
ing concentrations of pharmacologic agents was not
studied. We have therefore reexamined the pattern of
response of the ductus arteriosus and umbilical artery

to changing levels of Po,, and, in order to define the
mechanisms involved, we have evaluated the influence
on the oxygen response of sympathetic and parasympa-
thetic blocking agents.

Materials and Methods

Twenty-two fetal lambs which weighed 780-4900 g and
were of 98- to 147-day gestational age [3] were delivered
through a midline abdominal incision in the ewe after
low spinal analgesia with 20 mg tetracaine HCI [23].
The fetus was prevented from breathing by the im-
mediate placement of a saline-filled rubber glove over
its head, and it was killed by rapid exsanguination.
Two concentric rings 2 mm thick were cut from the
midsection of the ductus arteriosus and from one um-
bilical artery 5-10 cm from the fetal abdominal wall.
The two ductal rings were suspended in series in an
isolated organ-tissue bath [24] containing Tyrode’s so-
lution (NaCl, 8 g; KCl, 0.2 g; CaCl,, 0.2 g; MgCl,-
6H.0, 0.1 g; NaH,CO;, 1 g; NaH,PO,-H,0, 0.05 g;
dextrose, 1 g; and distilled water to 1000 ml). The two
umbilical arterial rings were similarly suspended in a
second bath. The two organ baths were immersed in a
constant temperature water bath at 38°. The rings,
both ductal and umbilical arterial, were attached to
a glass hook at the base of the bath and suspended
from an isometric linear force displacement transducer
[25]. Changes in tension were recorded on a direct
writing polygraph [26]. A change of 0.1 g in tension
produced a linear displacement of 20 um and the
recorder was calibrated so that this produced a de-
flection of 2 mm. In all preparations, initial tension
was set at about 0.5 g but the range of this tension in
individual experiments was 0.3-0.7 g. Gas mixtures
containing 5% CO, with varying concentrations of Oy
and N, were bubbled through copper tubing into the
organ bath and also into a reservoir bottle which was
used for fluid replacement to each bath. Small samples
of the bathing solution were repeatedly withdrawn
from the organ bath and pH, Pco, and Po, were
measured, using microelectrodes and blood gas ana-
lyzer [27]. Changes in Po, levels ranged from 8 to 550
mm Hg, whereas pH and Pco, were maintained at a
relatively constant level. Pco, varied from 30 to 40 mm
Hg and pH from 7.35 to 7.45 in the whole series of
experiments; however, within any individual experi-
ment there was a smaller variation of 5 mm Hg Pco,
and 0.05 units of pH.

A period of 2 hr was allowed to elapse while the
rings were suspended in Tyrode’s solution equilibrated
with 5% 0,-5% CO0,-90% N, This provided a
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Po, level in the bathing solution ranging, in individ-
ual experiments, from 35 to 45 mm Hg. After this pe-
riod, the ring tensions were constant in all prepara-
tions and this was accepted as the baseline tension
since previous pilot studies had shown that the ductus
arteriosus was maximally relaxed at this level of Po,.

An oxygen dose response curve was obtained in 8
preparations by increasing the Po, stepwise by incre-
ments of about 25 mm Hg to a level of 150 mm Hg and
then by increments of about 200 mm Hg to a maximal
Po, level of 450-550 mm Hg. In some of these studies,
when maximal constriction had been accomplished,
the Po, was decreased in similar steps to the baseline
level of 35-45 mm Hg. After stabilization at that level,
it was further reduced to the lowest level attainable
with 5% CO0,-95% N.; this ranged from 8 to 20 mm
Hg in different experiments. These changes in Po,
from high to low levels were repeated several times in
five studies. In nine other experiments, after initial
stabilization at a Po, of 35—45 mm Hg, the order was
reversed and Po, was first decreased to the lowest level
and then subsequently increased to 450-550 mm Hg.
Maximum constrictor responses to changes in Po,
level could be elicited for periods of at least 12 hr
after the rings were suspended in the bath.

When maximal constriction of either the ductal or
umbilical arterial rings had been achieved either at
high or low Po,, the effects of several drugs on the con-
strictor response were examined. These studies were
performed in order to determine whether the ductus
responded in a manner similar to that previously re-
ported. In 13 studies, acetylcholine chloride [28] was
added to the bath at either high (450-550 mm Hg) or
low (8-20 mm Hg) Po, ranges to produce concentra-
tions of 10— to 10—3 . The effect of bradykinin [29]
was examined in 5 studies at bath concentrations of
0.1-10.0 pg/ml at both high and low levels of Po,. In
four studies, alpha adrenergic receptor blockade was
produced by adding phentolamine methanesulfonate
[30] to produce a concentration in the bath of 10~6-
10-3 M. In three preparations, beta adrenergic receptor
blockade was produced by adding propranolol HCI
[31] to produce concentrations of 10—%-10—* M. Dose
response curves for these drugs were not, however, con-
sistently obtained.

Parasympathetic blockade was accomplished with
atropine [32] in bath concentrations of 10-6-10—3 m in
17 animals aged 98-147 days. Effects of atropine were
examined in more detail, and dose response curves
were established for the ductus arteriosus in 7 prepa-
rations at a high Po, level and in 5 at low Po,. In the
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Fig, 1. Tension developed by ductal rings of 4800-g fetal lamb
successively exposed to Po, of 35 mm Hg, 10 mm Hg, and then
increasing Py, levels.

umbilical arterial studies, dose response curves were
obtained in 3 preparations at high Po, and in 4 at
low Po,. In five of the ductus preparations utilizing
atropine, acetylcholine was added in increasing doses
to the organ bath, after maximal atropine responses
had been obtained, to test for competitive inhibition.
In three studies, the effect of bradykinin was similarly
tested following a maximal response to atropine. The
effects of acetylcholinesterase in concentrations of 0.01—
10 pg/ml [33] and of edrophonium chloride [34] in
bath concentrations of 10-6-10-3 M were each ex-
amined in three preparations.

Results

Responses of Ductus Arteriosus and Umbilical Artery
to Changes in Po,

Responses of both ductus arteriosus and umbilical
artery to variations in Po, were slow. Response was
observed 10-15 min after a change in Po, in the
bath, and the maximal response at any given Po, level
was reached only after 20-30 min.

In all 19 preparations examined, either an increase
or decrease in Po, from the resting baseline level of
35~45 mm Hg produced constriction of the ductus
arteriosus as evidenced by an increase in tension de-
veloped. A representative oxygen response curve for
one animal is shown in Figure 1.

When the ductus arteriosus was initially exposed
to a low Po, (8-20 mm Hg), the mean tension devel-
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Fig. 2. A. Maximal increase in tension above baseline tension
(at Py, of 35-45 mm Hg) developed by ductal rings exposed to
high P,, (450-550 mm Hg) as a function of fetal gestational age.
Linear regression is plotted and P value refers to significance of
linear regression. B. Maximal increase in tension above baseline
tension (at Py, of 35~45 mm Hg) developed by ductal rings ex-
posed to low Po, (8-20 mm Hg) as a function of fetal gestational
age. Linear regression is plotted and P value refers to significance
of linear regression.

oped was 2.9 g (range, 1.6-5.5); however, after exposure
to higher Po, levels, subsequent exposure to the same
low Po, produced a significant increase in tension de-
veloped (mean, 3.8 g; range, 1.6-7.5) (P < 0.05; paired
¢ test). On exposure to high Po,, the tension developed
on the first exposure (mean, 3.6 g; range, 1.5-4.6) was
not significantly different from that developed on a
subsequent exposure to the same high Po, level (mean,
3.8 g; range, 2.2-4.8). The maximal tension developed
at high Po, after several exposures (mean, 3.91 g;
range, 2.2-6.7) was not significantly different from that
similarly developed at low Po, (mean, 3.87 g; range,
1.6-7.5).

With increasing Po,, the level at which constriction
first developed varied with gestational age. In 5 fetuses

of 98- to 110-day gestation, constriction was first noted
at Po, levels of 80-100 mm Hg, whereas in fetuses older
than 125-day gestation, constriction was first noted at
Po, levels of 50-60 mm Hg. The maximal tension de-
veloped was also related to gestational age; younger
fetuses developed less tension than did older at both
high (Fig. 24) and low (Fig. 2B) Po,.

With repeated sequential exposure to high and low
levels of Po,, the degree of relaxation at the baseline
level of Po, (35-45 mm Hg) lessened and tension at
this Po, level gradually increased toward the point of
maximal tension (Fig. 3).

The umbilical artery had the same pattern of re-
sponse. However, increases in tension resulting from
changes in Po, were far less than those developed by
the ductus arteriosus at similar Po, levels. Maximal
tension developed by the umbilical artery at high Po,
(mean, 2.3 g; range, 1.4-4.2) was also not significantly
different from that developed at low Po, (mean, 2.1
g; range, 0.9-4.1).

Response to Drugs

Acetylcholine and Bradykinin. In all 16 instances,
acetylcholine increased the tension developed by the
ductus arteriosus at all levels of Po, tested (from mean,
3.38 g; range, 1.9-5.4 to mean, 3.89 g; range, 2.3-4.7)
(P < 0.001). This response was similar to that in the
perfused ductal preparation {17]. The umbilical artery
responded similarly. Bradykinin produced an increase
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Fig. 3. Effect of repeated sequential exposure to high P,,, then
low P,,, on tension developed by ductal rings. Arrows indicate
order of exposure. The baseline tension at Py, = 40 mm Hg in-
creased progressively to approach the maximal tension developed.
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in constriction at high Po, levels but differed from
acetylcholine in that it had no effect at low Po, levels.

Sympathetic Blockade. Phentolamine had no effect
on the ductus arteriosus at any level of Po,, but at
high concentration (10—?* M) it did produce a slight
reduction in tension in 3 umbilical arterial prepara-
tions. Propanolol had no effect on either ductus ar-
teriosus or umbilical artery at any level of Po,. Con-
centrations of both drugs were adequate to produce
alpha and beta adrenergic blockade.

Parasympathetic Blockade. Addition of atropine to
the bath produced relaxation of all ductus arteriosus
and umbilical arterial rings at both high and low
Po, levels (Fig. 4). In order to compare the responses
to atropine in different preparations, the degree of re-
laxation was expressed as the percentage decrease of
tension from that developed above baseline on ex-
posure to high or low Po,. Dose response curves to
atropine by the ductus arteriosus are presented in Fig-
ure 54 and by the umbilical artery in Figure 5B. The
amount of relaxation of the ductus arteriosus pro-
duced by similar concentrations of atropine was greater
(P < 0.05) when constriction had been produced by
exposure to high O, levels than when constricted by
low O, The pattern of response of the umbilical
artery was similar to that of the ductus arteriosus
but of slightly less degree.

Constriction always recurred when atropine was
washed out of the bath by fresh Tyrode’s solution at
the same Po,. In the presence of atropine, constriction
was also renewed by addition of acetylcholine to pro-
duce concentrations of 10—5-10—3 M. When bradykinin
was added to the bath to produce concentrations of
100-1000 pg/ml in the presence of atropine, constric-
tion occurred only at the high Po, level and not at
low Po,.

Relaxation of the ductus arteriosus to baseline lev-
els was produced when acetylcholinesterase was added
to the bath at both high and low levels of Po,.

When the ductus arteriosus was relaxed at baseline

EFFECT OF ATROPINE
ON CONSTRICTED DUCTUS ARTERIOSUS
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Fig. 4. Actual recording of effect of atropine (10 M) on ductus
arteriosus rings from 3800-g fetal lamb maximally constricted by
high Po, (450 mm Hg). Arrow indicates point at which atropine
was added.
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Fig. 5. A. Dose response curves for atropine-induced relaxation
of ductus arteriosus rings which had been maximally constricted
by high Py, (95% O,) and low Pg, (N;) environments. The per-
centage decrease in tension from the maximal tension developed
is related to concentration of atropine in bath. Mean values and
standard errors of the mean are shown. Seven preparations were
studied at high P,, and 5 at low Po,. B. Dose response curves
for atropine-induced relaxation of umbilical arterial rings which
had been maximally constricted by high Py, (95% O,) and low
Py, (N:) exposure. The percentage decrease in tension from the
maximal tension developed is related to concentration of atropine
in bath. Mean values and standard errors of the mean are shown.
Three preparations were studied at high Py, and 5 at low Pg,.

Po, (35-45 mm Hg), edrophonium produced an in-
crease in tension. After maximal tension had devel-
oped, reduction in Po, to low level produced no fur-
ther constriction but increase in Po, to 450-550 mm
Hg produced a small additional increase in tension.

Discussion

The importance of O, in constriction of the ductus
arteriosus has been appreciated for several decades
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[13]. However, the exact pattern of response of the
ductus arteriosus to changing levels of Pos had not
been carefully delineated. Recently [17] we showed
the constrictor effect on the ductus arteriosus of fetal
lambs of increasing Po, from 15 to 600 mm Hg and
demonstrated that response was related to gestational
age. Ductus arteriosus in lambs under 125-day gesta-
tion showed a minimal response to Oy, yet it had the
capability to constrict with acetylcholine or norepi-
nephrine. These observations help to explain the
findings which showed that the ductus arteriosus iso-
lated from human fetuses of 10- to 20-wk gestation
failed to constrict when exposed to O,, but did re-
spond to catecholamines, acetylcholine and bradykinin
[1, 5, 6, 16]. In our previous study, response to increas-
ing Po, was curvilinear, and in the term fetus the
initial level of Po, to which the ductus arteriosus re-
sponded was in the range of 60 to 80 mm Hg. However,
sensitivity of the method was quite low since the de-
gree of ductal constriction was assessed by measuring
the pressure drop across a perfused ductus, In the pres-
ent studies, response to increasing Po, was again
curvilinear, but the initial level of Poy, to which the
ductus arteriosus of the term fetal lamb responded
was 50-60 mm Hg.

In the isolated ductus arteriosus in the organ bath
it was also technically possible to develop Po, levels
consistently lower than those achieved in the perfused
ductal preparation. Response of the ductus arteriosus
below Po, levels of 35 mm Hg was of considerable
interest in that constriction occurred when Po, was
lowered to 8-20 mm Hg. On initial exposure to low
Po, (8-20 mm Hg), the amount of tension developed
by the ductus arteriosus was not as great as after initial
exposure to high Po,. However, after repeated ex-
posures of an individual ductus arteriosus to different
Po, levels, the maximal tensions developed at both
high and low Po, levels were similar.

The observation that the ductus arteriosus does not
relax to its original baseline tension at Po, of 3545
mm Hg after repeated constriction in high or low Po,
ranges is difficult to explain. It is possible that this
results from a persistent change in the constrictor
muscle. However, this does not seem likely since re-
laxation could be produced with atropine. It seemed
likely therefore that it could result from accumulation
of an active mediator in the ductal tissue, or from de-
pletion of an antagonist or a substance which degrades
the mediator.

The effects of pharmacologic agents, particularly
sympathomimetic and parasympathomimetic drugs, on
the ductus arteriosus have been extensively studied

in different species [1, 5, 6, 14, 16, 17, 22]. These studies
have demonstrated that norepinephrine, epinephrine,
and acetylcholine constrict the ductus arteriosus. This
has raised the question as to the possible role of the
autonomic nervous system in constriction of the ductus
arteriosus in response to changes in Po,.

Through use of fluorescent staining techniques,
sympathetic nerve fibers have been demonstrated in the
outer third of the medial muscle layer of the ductus
arteriosus in 10- to 20-wk human fetuses [1, 6], fetal
lambs [12], and fetal guinea pigs [15]. In view of the
presence of networks of sympathetic nerves and the
fact that tyramine produces a contractile response in
the ductus arteriosus, Aronson et al. [1] suggested
that adrenergic mechanisms were important in normal
ductal closure. However, Kovaltik et al. [15] have re-
cently demonstrated that ductus arteriosus obtained
from guinea pigs treated with reserpine still constricts
markedly on exposure to O,. Our studies with isolated
lamb ductus arteriosus confirm the original observation
of Koval¢ik [14] that response to high levels of Po, is
not influenced by either specific alpha or beta adre-
nergic blockade. Furthermore we have shown that
constriction of the ductus arteriosus in a low O, en-
vironment is also not prevented by specific adrenergic
blockade.

Investigators who have examined responses of the
ductus arteriosus have been impressed by the fact that
acetylcholine produces a more significant contraction
than any other drug tested, e.g., norepinephrine, epi-
nephrine, 5-hydroxytryptamine, and bradykinin. Hu-
man fetal ductus arteriosus at 10- to 20-wk gestation is
also constricted by acetylcholine, but histologic studies
have failed to reveal any significant number of cholin-
ergic nerve fibers {1]. On the basis of these observa-
tions and Koval¢ik’s data [14] that atropine had no in-
fluence on isolated ductus arteriosus of fetal lamb, the
possible importance of acetylcholine in the O, response
of the ductus arteriosus previously was not seriously
considered.

Our studies show conclusively that atropine does, in
fact, completely reverse constriction of the ductus ar-
teriosus on exposure to high Po, environment. How-
ever, the degree of relaxation was less prominent at
low O, with similar concentrations of atropine. This
difference cannot be explained. Elution of atropine
from the bath resulted in a return to the constricted
state. Relaxation is not a toxic effect of the atropine
on the ductus arteriosus muscle, as is confirmed by the
fact that addition of acetylcholine overcomes the re-
laxant effect of atropine.

In an attempt to provide more conclusive evidence
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that constriction with high or low O, was specifically
related to acetylcholine release, and that the antagonis-
tic effect of atropine was specific, we demonstrated that
acetylcholinesterase also relaxed constricted ductus ar-
teriosus at both Po, levels. Additional evidence in sup-
port of the fact that the constrictor effects of changes
in O, environment are mediated by the release of acet-
ylcholine are afforded by the studies using edropho-
nium, a cholinesterase inhibitor. Upon addition of
edrophonium to the organ bath when the ductus ar-
teriosus was relaxed in an O, environment of 35-40
mm Hg, constriction occurred; afterwards, elevation
of Po, to 450 mm Hg produced only a minor degree
of further constriction.

Dependence of ductal constriction on gestational
development may also be explained by the pattern of
development of cholinergic nerve endings in the ductus
arteriosus. As mentioned above, human fetal ductus
arteriosus between 10- and 20-wk gestation does not
contain cholinergic nerve endings or significant quanti-
ties of cholinesterase. Ductus arteriosus at this stage
of development does not respond to O, but will con-
strict following direct exposure to acetylcholine. Duc-
tus arteriosus of fetal puppy at term [18] as well as
that of fetal lamb at term [21] have been shown to
contain large quantities of cholinesterase. It has been
suggested by Silva and Ikeda [21] that demonstration
of cholinesterase by histochemical staining techniques
indicates the presence of cholinergic nerves in the
ductus arteriosus. The very active constriction of the
ductus arteriosus of late gestation fetal lamb on ex-
posure to changes in O, environment could therefore
be related to a mechanism promoting release of acetyl-
choline.

The umbilical artery of the lamb shows identical
qualitative responses to changes in O, environment and
to atropine, as does the ductus arteriosus. We have not
examined the umbilical artery in the region from
which the rings were obtained by histochemical tech-
niques for cholinergic nerve endings or acetylcholin-
esterase activity. However, it is generally thought that
umbilical vessels do not have a nerve supply, but this
requires further confirmation. If, in fact, the umbilical
artery does not have a nerve supply, then it is possible
that acetylcholine is being released locally from non-
neuronal tissue and is exerting a direct local physiologi-
cal effect in response to changes in O, environment.

The fact that acetylcholine produced additional con-
striction over and above that produced by changes in
Po, at each level over the whole range of O, environ-
ment studied (8-550 mm Hg), whereas bradykinin was
only effective in the higher Po, ranges, suggests that

the mechanism for constriction by bradykinin was dif-
ferent from that for acetylcholine. However, there may
be some interrelation between the responses inasmuch
as, when the ductus was relaxed by atropine at high
Po, levels, much larger concentrations of bradykinin
were required to produce constriction than were nec-
essary in the absence of atropine.

It would thus appear that there are several physi-
ologic mechanisms which may be active in the produc-
tion of constriction of the ductus arteriosus. The most
effective of these is an increase in Po,, the effect of
which is mediated by local release of acetylcholine.
Sympathetic stimulation may also constrict the ductus
arteriosus by either direct local release of catechola-
mines or by release into the general circulation. Sim-
ilarly, systemic release of bradykinin at birth may also
play a role in postnatal ductal constriction.

Summary

In fetal lambs constriction of the ductus arteriosus and
umbilical artery is produced by both increasing and
decreasing Po, from a baseline level of 3545 mm Hg.
Maximal constriction increases with increasing gesta-
tional age. Atropine and acetylcholinesterase reverse
this constriction whereas acetylcholine enhances it.
Edrophonium increases tension above baseline. Sympa-
thetic blockade has no effect on the oxygen response.

These studies suggest that the constrictor effect of
oxygen is mediated by release of acetylcholine.
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