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Exiract

Development ol the constrictor response of the ductus arteriosus to O, and selected
vasoactive drugs (acetylcholine and bradykinin) was studied in 20 fetal lambs weigh-
ing 680—4800 g (90- 10 150-day gestation). The isolated ductus arteriosus was perfused
in vitro with Tyrode’s solution at constant flow, temperature (38°), pH (7.3-7.4), and
Peo, (3040 mm Hg), and the mean pressure difference across the ductus was meas-
ured. Ductal resistance was calculated at different levels of Py, (10-700 mm Hg),
raised stepwise to produce dose-response curves. Three young letuses failed to respond
initially to O, and in the other 17 the initial response occurred at progressively lower
Po. levels with advancing gestation. The maximal degree of constriction developed
showed a progressive increase with advancing gestational age.

At any given Po,, both acetylcholine and bradykinin produced a further increase
in resistance when added to the perfusion solution, but this further increase was inde-
pendent of age. The levcl of Py, at which an initial response occurred was decrcased
after exposure to acetylcholine but not bradykinin.

Speculation

The ductus arteriosus of the fetal lamb constricts when exposed to oxvgen. The inital
level of P, at which this constriction occurs decreases, and the maximal degree of
congstriction increases, with advancing gestational age. The poor response to oxygen of
the duclus arteriosus in the immature fetus may be the mechanism responsible for the
high incidence of patent ductus arteriosus in premature infants. Constriction following
oxygen may be angmented by the exposure to acctylcholine or bradykinin.

Fntroduction shown that O, constricts the ductus arteriosus in both

fetal and newborn animals of various species, as well

In the normal transition from the fetal to the neonatal as in the human infant [1, 5, 9-11, 185, 15, 16]. In the
circulation, the ductus arteriosus is usuvally function- premature human infant, ductal closure may be de-
ally closed within 10-15 hr after birth [18]. It has been layed even though oxygenation seems adequate [6].
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The isolated perfused human fetal ductus arteriosus
from the sccond irimester of pregnancy does not con-
strict with O., indicaung that this response develops
Jater during fetal gestation [14]. There is little infor-
mation regarding the patterns of response of the duc-
tus arteriosus 1o changes in Po,, nor is there any cvi-
dence to show when the ductal constrictor response to
O, develops during gestation. The first part of the
present study was designed 1o examine these relations,

Although increased oxvgenation does constrict the
ductus arteriosus, ie 1s not clear that this is the only
mechanism responsible for normal ductal closure. Sev-
eral scuchies have shown that various vasoactive agents
may cause ductal constriction. Kovalik [13} showed
that epinephrine, acetylcholine, and also bradykinin
constricied the isolated lamb ductus arteriosus. Boréus
and others found that acetylcholine and epinephrine
produced similar constriction in the isolated human
ductus arteriosus during both the early and late por-
tions of the sccond (rimester [3, 4, 14]. In addition,
recent studies Lave demonstrated the interaction of O,
with bradykinin in relation to other adjustments from
the fetal to neonatal circulation T7, 8]. Therefore, in
the second part of the study, we examined the interre-
lations between ductal response to O and to acetyl-
choline and bradykinin.

Materials and Methods

Studics were performed on 20 fetal lambs weighing
6801800 g, and between 90- to 150-day estimated gesta-

GAS JOURCE

tional age [2]. The ewc was anesthetized with low
spinal analgesia (20 mg tetracaine I1Cl). The [ctus was
then delivered by cesarcan section and prevented from
breathing by immediately placing a rubber glove over
its head. Tt was killed by rapid exsanguination. Intact
specimens of the ductus arieriosus and adjacent pul-
monary arteries and aorta were dissected and im-
mersed in Tyrode's solution (NaCl, 8 g; KCl, 0.2 g;
CaCls, 0.2 g MgCly-6I1,0, 0.1 g; NaH.CO, 1 g
NaH,PO, 1110, 0.05 g; dextrose, 1 g: and distilled
water to 1000 ml). They were prepared for perfusion
by caanulating the main pulmonary artery (inflow)
and descending thoracic aorta {outflow) and securely
suturing both right and left pulmonary arteries and
the aorta just proximal to the ductus, This preparation
was immersed in a constant temperature (88°) 50-ml
bath of the Tyrode's solution and perfused by the same
solution in a closed system. A diagram of the perfu-
sion apparatus is shown in Figure 1.

Common teservoirs supplied the system with the
perfusion solution through which various gas mixtures
of O,, Ny, and 5% CO, were bubbled to change the
Po, over a wide range (10700 mm Flg) at constant
Pco, (30-10 mm Hg). Gas sampling was done on the
warmed perfusion solution (38°) just before entry into
the ductus; pH, Pog, and Pco, were meastred using
Radiometer electrodes and blood gas meter, A peristal-
tic pump [19] provided a constant flow at 70-250 ml/
min, depending on fetal weight. The pump was cali-
brated after each study by timed collection of the per-
fusion solution. A differential strain gauge transducer
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Fig. {. Diagrammatic representation of the perfusion system used.
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[20] continuously monitored proximal (puimonary ar-
terialy, differential, and distal (aortic) mean pressurcs,
which were recorded on 4 direct-writing polygraph
[21. Ductal resistance (Rp,) was caleulated by divid-
ing the pressure difference by flow. The ductus AFLerio-
sus was initially perfused with the Tyrode's solution at
the lowest obtainable Po., which was 9-15 mm Hg.
The flow rate was adjusted to produce a mean perhi-
sion pressure, proximal to the relaxed ductus arterio-
sus, of beltween 35 and 55 mm Hg, depending on fetal
weight. The pressure for cach perfusion was sclected
accdrding to our own obscrvations in undisturbed fetal
lambs in wiero ai diffcrent gestational ages [17]. When
the pressure was constant at the required preset level,
with constant flow for about 30 min, the preparation
was considered to be in a base line state. If any change
in the perfusion pressure occwrved later at the original
base line Po, of about 10 mun Hg, the flow rate was
adjusted to bring the pressure back to the original
level.

Base line mean differential pressure across the duc-
tus arteriosus was 1-3 mm Hg, which gave a calculated
base line ductal resistance of 5-50 mun Hg/liter/min,
bui. was generally under 20 mm Hg fiter/min. First,
an (ry, doscresponse curve was obtained by starting
from this hase line level at the lowest "oy (10 mm Hg)
and progressing stepwise up to the highest To,
{(600-700 mm Hg). Initially, 15-20 mm Hg increments
were used until a Po, of about 100 mm g was
reached. Thercalrer the TPo, was raised in steps of
50-100 mm Hg. After any ductal contraction, the Po,
of the perfusion selution and the proximal pressure
were returned to the base line level belore proceeding
with the next step.

‘T'he entire procedure was repeated by starting again
at the lowest Po, and increasing it stepwise to wmaxi-
mum. In additon, however, after a stabilization pe-
riod following O, cxposure, during which cither no
constriclion or a stable O, vesponse was clicited at cach
given Po, level, a freshly prepared drug—either ace-
tycholine or bradykinin, was added to produce a
known concentration {generally 0.1, 1.0, or 10 ng/ml)
in the reservoir for continuous perfusion of the ductus,
The drug was then completely washed oul of the sys-
tem from another reservoir and the ductus was relaxed
to the hase line helore proceeding 1o the next higher
step in Po, level, with subsequent infusion of the sane
concentration of drug at the higher level of Po, In
this way, a second O, dosercsponse curve was also
obtained, but followed drug exposure. Continuous ex-
posure to the drug was the only successful means of

eliciting a ductal response, There was no ductal con-
striction following either rapid direct injection of a
single bolus of drug into the system just before entry
into the ductus or o the addition of the drug divectly
to the bath containing the ducrus.

“Uhe response to Op before and after drug exposure
was evaluated and plotted against the increase in duc-
tal resistance from the base line level, The additional
response to the drug at eacl Pos was also plotted.

Dieterminations were also made, both before and
after drug exposure, of the Po, level of the first con-
strictive response and of the maximal increase in duc-
tal resistance from the basc line level to the highest
Po,.

Statistical analyses of these observations before and
after exposure to either acetylcholine ov bradykinin
were made and, because of asymmetric distribution of
the data, the Wilcoxson signed rank test was used.

Results

Response o Oy

In three fetuses with gestational ages of 103, 120,
and 125 days, no increase in pressure dilference across
the ductus arteriosus occurred when the perfusion so-
lurion Pos was raised to 650-700 mm Hg.

In the other 17 fetuses, the first increase in pressure
dilference developed at perfusion solution Pogy levels
between 67 and 700 mm Hg. The relation between
gestational age and the level of Poy at which the first
increase in pressure difference developed is shown in
Figure 2. The decrease in the level of Pos, required to
produce the initial constriction was linearly related to
advancing gestational age (P < 0.01). In the two oldest
fetuses of 1a0-day gestational age, obtained while the
ewe was in labor, the constriction first occurred at 67
and 83 mm Hg.

In 5 of these 17 studies, the initial response in 3 was
observed only when the Po, was raised to 700 mm Hg
and, therefore, further stepwise increase was not possi-
hle. Inn two, the study was discontinued for technical
reasons alter the initial response was obtained, 1n the
remaining 12 stuclies, the stepwise increasc in Po, was
continued above the level at which the initial constric-
tion was detected, This resulted in a progressive in-
crease in the pressure difference across the ductus ar-
teriosus. In 2 of these 12 studies, rupture of the dnctus
arteriosus occurred following intense constriction at
Po, levels of about 300 mm Hg.

The response of the ductus arteriosus to Oy was
slow; the maximal pressure difference at any given
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Fig. 2. Oy level of the initial ductal response to O, alone hefore
drug exposure in the isolated perfused ductus arteriosus in fetal
lambs of increasing gestational age (90-150 days). Three of the
yvounger [etuses below 125 days did not respond at all and are
not shown; four others below 125 days responded only at very
high Pg, levels, The older fetuses responded at much lower Pg,
levels.

level of oy required 5-10 min to develop. Actual re-
cordings from one cxperiment are shown in Figure 3.

The degree of decrease in ductal diameter with con-
striction was assessed by calculating the Ry, based on
pressure-flow relations. The maximal increase in resist-
ance which could be achieved with O, was also related
to gestational development, as shown in Figure 4.
Thus, the amount of ductal contractile response was a
function of both O, concentration and age. As Po,
was raised, Ry, increased and the degree of this re-
sponse 10 O, increased with age (Fig, 5.

Response to Drugs

The cffects of acetylcholine or bradykinin on the
ducius arteriosvus at different levels of Po, were exam-
ined in 15 of the fetuses. In most instances acetylcho-
line and bradykinin, when added to the perfusion so-
lution, produced an additional increase in the pressure
differcnce across the ductus arteriosus over and abave
that produced by O, alone at any level of Po, tested,
In one fctus (103 days) neither drug produced constric-
tion; two others {100 and 150 days) responded only to
acetylcholine.

The effects of either drug and of Oy were additive.
T eight studies the average maximal increase in Ry,
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Fig. 3. Actual recordings of Owinduced contractions in an isolated perfused fetal lamb ductus arteriosus (142 days, 3.5 kg). The mean pres
sure gradient across the ductus rose progressively from 5 to 90 mun Ilg as the Po, level was increased from 96 to 610 mum Hg. There was
no response from a Po, of 10-96 mm Hg. In between contractions, the Py, level was reduced 1o 10 mm g so that pressure recurned 1o the
base line level of 2.0-2.5 mun Hg. Calculated ductal resistance increased from the base line level of 18 10 500 mm Hg, the maximom value
at the highest Pg,. The pH and Peo, were constant at 7.38 and 40 mun g, respectively. In panels 2, 3, and 4, the scositivity of the recorder

was changed when the pressure difference exceeded the original seale.
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Fig. 4. Maximum ductal respouse to TPy, levels over 600 mm Hg
before drug cxposure in the isolated perfused ductus arteriosus
in fetal Jambs of increasing gestational age {90-150 daysy. The
response is age-related, Three of the younger fetuses (<125 days)
did not respond at all. In the four other fetuses < 125 days the
increase in maximum Rp, from base line rclaxation level was
consitlerably less than in fetuses over 130 days oid. The zero Ry,

is the base line resistance, which varied from 7 to 40 mum Hg/
liter jmin,

from base line with O, alone was 103 mm Heg/liier/
min. After the addition ol acetylcholine, at the same
Po, in cach instance, the average rose to 290 mm g/
liter/min (P < (.01} In seven similar studies with
bradykinin, the average rose from 237 to 331 mm Hg/
liter /min (P < 0.05). The ability to respond when
exposed to each drug was noted in ductuses from all
gestational ages studied. The additional response to
bradykinin was noted only when a response to O,
alone had already heen produced. However, addition
of acetylcholine produced a constriction at a Poy level
below that at which constriction resulted [rom O,
alone. The average Po, at which constriction was first
detected with O, alone was 424 mm Hg; following
addition of acetylcholine, this fell to 204 mm Hg (P <
0.05). An example of the effect of acetylcholine is
shown in Figure 6,
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Fig. 5. Oy, dosc-response curves from isolated perfused fetal lamb
ductus arteriosus of varying gestational ages (80-150 days), The
mast mative fetus (150 days) was obtained during labor. Rj,
fncreased with progressively higher Pp, Ievels. The earlicse re-
sponses to Oy and the greatest degrees of response were seen in
the oldest fetuses. The youngest fetuses responded minimally
at the highest Po, level, The rero Kp, is the resistance at base
line level, which varied from 8 to 40 .nm Hg//liter/min.
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Fig. 6. O response curves for the first O, cxposure before drugs
(W), the sccond O exposurc after previous drug contact (),
and for acetylcholine 1) ng/ml (@) following a stable responsc
of the second O, exposure in an isolated perfused fctal lamb
ductus arteriosus {146 days, 3.6 kg). T'he first and second O, re-
sponses occur initially at the same Py, {155 mm Hg), but the
response of the sccond O exposure is higher, The initial responsc
to acetylcholine occurs at a much lower Po, (17 mm Hg) and is
greater then the second O, response. Zero base line level is 20
mm Hg/liter /min,
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Response to Oy Following Exposure to Acetylcholine
und Bradykinin

In 13 of the 20 fetuses, responses to increasing O,
levels were determined a second time following drug
exposure. In three (90, 100, and 105 days), there was
no change in initial response; two (120 and 125 days)
that had not responded previously 10 O, alone now re-
sponded at Po, levels of 171 and 650 mm Hg, respec-
tively, T'wo other young fetuses (108 and 125 days) had
previously responded to Oy (300 and 640 mm Hg), bur
on second exposure the Po, level of the initial response
was considerably lower (161 and 290 mam Hg, respec-
tively). In the six older fetuses over 130 days, the Fos
level of the initial response to Oy following drug ex-
posure (mean, 149 mm Fg) was unchanged from be-
fore (mean, 145 mm Hg). Thus, reduction of the
threshold Po, level for initial ductal constriction to O,
after drug exposure occurred only in the group below
130 days.

The maximal degree of constriction that could be
obtained with high Po, levels following drug exposure
was studied in only six fetuses. The average masimal
increase in Ry, for Oy exposure prior to drug adminis-
tration was 268 mm Hg/liter/min; this rosc to 280 mm
Hg/liter /min on the second cxposure to Oy alter drug
responses had been measurcd. Although this showed a
trend, it was not statistically significant.

Discussion

Closure of the ductus arteriosus after birth is fre-
quently delayed in premature human infants [6], Re-
cently, a review of 111 inborn infants weighing under
1750 g vevealed that 15.3% had variable degrees of
patency of the ductus arteriosus beyond the Ist weck of
life, confirmed by cardiac catheterization in many in-
stances [12]. The reason for this high incidence has not
been evident, but several possibilitics are suggested.

A level of Pos sufficient to produce ductal constric-
tion may not be achieved if there is inadequate ven-
tilation. Other possibilities include an inadequate
arnount of ductal smooth muscle to elfect constriction,
absence of the receptor sites responsive to Qg or lack
of development of a chemical mediator which pro-
duces the constrictor response to increased Po,.

Our present studies provide evidence that, in the
tetal lamb, the response of the ductus arteriosus to Oy
is related to gestational age. No constriction was noted
in ductuses derived from three young lamhbs despite a
rise in the perfusion solution Poy ta 830 mm Hg or
higher. In those which responded, therc was, with ad-
vancing gestation, a decrease in the level of Po, which

produced the initial constriction, ranging from
300-700 mm Hg in the 90- to 110-day fetuses to about
70-90 mm ITg in the term fetuses. Although resporses
of the isolated perfused ducius arreriosus cannot be
compared with those in wivo, ibis latter Po, is
achicved soon after birth in most premature as well as
mature infants. Thus, the high incidence of persistent
patency of the ductus arteriosus in premature human
infants could be related to a lack of responsiveness of
the ductus arteriosus to Oy at an early gestational age.

We found, too, that the maximal degrec of constric-
tion attainable by increasing Po, was also related to
gestational age. Lirtle or no constriction was obtained
in 90- to 125-day fetuses, whereas afier 130 days there
was o sharp increase in the amount of constriction.
Assall ¢f al. [1] have shown that in the lamb near rerm
there was a linear rclation between ductal How and
Po, levels of 50-700 nnn Hg, Iowever, we found a
cwrvilinear type of response, with complete constric-
tion and ropture of the ductus, in two instances at a
Pos; level of 300 mm IHg.

It is important to realize that in the type of prepara-
tion nsed i this study, the ductus might have been
held open by the high perfusion pressurcs which devel-
oped when constriction occurred, Since the initial pres-
sures and flows were shmilar 1o those estimated to be
present in the living fetus in utere, and since llow was
maintained constant, increasing ductal consiriction re-
sulted in higher perfusion pressurcs. It is quite possi-
ble that complete closure might have been accom-
plished if intraluminal pressures were not as high. In
the younger fetuses, since high inraluminal pressure
did not develop, this was not an important considera-
tion in the [ailure to demonstrate eilective constriction
in response ko Oy

The techinique may be criticized for its relative in-
sensitivity Lo demonstrate small changes in muscle
length. On the basis of the Poiscuille cquation, the
pressure difference measured across the ductus with
constant laminar llow is inversely related o the fourth
power of the radius, Thus, the same change in muscle
lengih would produce a greater change in ductal resist-
ance and pressure differential in a ductus with a
smaller resting radius than with a larger one. 'There
fore, the method that we wsed would be more sensitive
for showing constriction in ihe j-'ourlger fetus with a
ductus arteriosus of small diawcter than in the older
fetus. The changes in ductal resistance which we ob-
served in the larger ductuses at later gestation, there-
fore, indicate comsiderable degrees of muscular re-
sponse to Oy and reduction in lumen diameter,

The dircet measurement of changes in muscle ten
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sion is more sensitive than the method that we used
and, in preliminary studies with ductal strips or rings
suspended in a bath, small degrees of response to Oy
have been observed at gestational ages below 90-100
days.

Acctylcholine and bradykinin each produced an in-
crease in the degree of consiriction of the ductus ocour-
ring at different Po, levels. We did not examine the
cifect of acetylcholine and hradykinin together, so it is
not known whether they sharc a common pathway in
their action. However, an important difference in the
eflcct ol acetyicholine and bradykinin was observed.
The initial response to bradykinin occurred at the
same Po, level at which any response to O, was first
noted; with aceiyleholine, the constriction was ob-
served at a lower level of Po, than that produced with
Oy alone. This difference in the effect of the two drugs
is unexplained, although the mechanism of action of
acctylcheline may be independent of O, but that for
bradykinin may he operative only in the presence of
high concentrations of O..

Following exposure to both hradykinin and acetyl-
choline, the ductus arteriosus of the vounger fetuses
responded initially to a lower 1Pop than before expo-
surc to the drugs. This effect persisted for at least
several hours after the drug had been completcly
washed out of the bath, It could indicate some long
term attachment of the drug in amounts which were
mneffective alone in producing comstriction, or there
could be some alterations in the receptors responding
1o O,

These studies suggest that delayed closure of the
ductus arteriosus o pranature infants is related to an
ineffective constriction of their ductuses in response to
increases of Po,. Tt has not, however, resolved the gues-
tion as to whether this is dve w an inadequate muscn-
lar growth or to lack of development of adequate re-
ceptor function. The fact that acetylcholine lowers the
Po, at which ductus arteriosus constriction occurs in
the isolated premature lamb ductus suggests the possi-
bility that it could be useful in stimulating such con-
striction in the premature human infant when O;
alone is ineffective.

Summeary

Consiiction of the isolated perfused ductus arteriosus
in tetal lambs is produced by increasing the Po,, of the
perfusing solution, The Doy, level at which constriction
is first produced is age-dependent, the ducius from the
older fetuses responding at a significanily lower Pog
level than that {from the younger fetuses. Likewise, the

maximal constriction developed at high Po, (600 mm
Hg) is age-dependent, with the ductus arteriosus from
older fetuses constricting more than those from
younger fetuses.

Both acetylcholine and bradykinin were able to in-
crease the amount of constriction of the ductus arterio-
sus at any level of Do, irrespective of the age of the
fetus.
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