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Studies were initially conducted to determine the action of

intravenous serotonin on perfused segments of human umbilical

cords in vitro. Intravenous serotonin, via bolus injection or

continuous infusion, was found to elevate venous perfusion pressure,

while intra-arterial serotonin failed to alter venous pressure.

Norepinephrine, administered to the venous perfusate, was shown

to elevate venous pressure in approximately one-fifth the cords

responding to serotonin. Methysergide (UML-491) failed to alter

the response to intravenous serotonin, whether administered to

the vein or to the arteries.

Longitudinally and spirally cut strips of umbilical artery

and vein were prepared and examined in a tissue bath-kymograph

apparatus. Both serotonin and norepinephrine caused contractions

of these vascular strips. Methysergide was shown to depress the

contractions resulting from serotonin but not those from



norepinephrine.

Increase in venous perfusion pressure in segments of

perfused umbilical cord receiving serotonin in the venous

perfusate were abolished by removal of the arteries from the

cord segment. Insertion of a stainless steel rod into one artery,

thus uncoiling the arteries from around the vein, and manual

untwisting of the cord segment to accomplish the same end, both

abolished the response to intravenous serotonin. Removal of the

rod or restoration of the twisted configuration of the cord segment

was followed by a return of the response to intravenous serotonin.

It is postulated that intravenous serotonin caused the

increase in venous pressure by eliciting a contraction of arterial

longitudinal muscle fibers, thus tightening the arterial spiral

around the vein. The mechanism by which intravenous serotonin

caused contraction of arterial muscle fibers remains to be

elucidated, however, this study has shown by fluorimetry that

approximately one-half of one percent of the serotonin infused

into the vein appears in the surrounding bath fluid during the

course of a 15 minute perfusion. Perfusion of the arteries in

the cord with serotonin failed to produce a detectable level of the

drug in the bathing medium. Serotonin administered to the

arteries failed to cause contraction of longitudinal fibers in that



vessel, although these fibers lie in the internal muscular layer of

the artery. This leads to the suggestion that extra-arterial neural

elements in the cord may mediate the response to intravenous

serotonin.

It is suggested that this mechanism could operate in utero

to reduce the amount of vasoactive substances reaching the

central fetal circulation by reducing blood flow in the cord prior

to the drug reaching the fetus itself. If intravenous serotonin can

also be shown to increase arterial perfusion pressure in isolated

cord segments, this mechanism may further act to maintain constant

placental volume by simultaneously regulating arterial and venous

flow in the umbilical cord.



Studies on the Human Umbilical Cord

by

Ronald Howard Winters

A THESIS

submitted to

Oregon State University

in partial fulfillment of

the requirements for the

degree of

Doctor of Philosophy

June 1970



APPROVED:

Redacted for Privacy

Professor of Pharmacoldlgy
in charge of major

Redacted for Privacy

Head of Depl.rtment of Pharmacology

Redacted for Privacy

Dean of Graduate School

Date thesis is presented 2rJ Fr gb?
Typed by Mary Lee Olson for Ronald Howard Winters



ACKNOWLEDGEMENTS

Thanks and appreciation are extended to my major professor,

Dr. Donald C. Dyer, and to the other members of my thesis

committee, Drs. Gregory B. Fink, Robert E. Larson, Frederick

L. Hisaw, and Hugo Krueger, for their interest and counsel

throughout this investigation and in the preparation of this thesis.

Sincere gratitude is also extended to Dr. Thomas K.

Griffith and the other physicians practicing obstetrics at Good

Samaritan Hospital, Corvallis, as well as to the nursing staff on

that service, without whose kind cooperation this study would not

have been possible.

Appreciation for diligent technical assistance is extended

to (Mrs. ) Susan Lewis and Mr. Michael Brinkley.

Special thanks are offered to Elaine Winters, whose help

and understanding contributed greatly to the completion of this

work.

Funds supporting these studies were from the Medical

Research Foundation of Oregon and the Oregon Heart

As sociation.



TABLE OF CONTENTS

I. GENERAL INTORDUCTION 1

Anatomy 1
Physiology - Pharmacology
Statement of Problem 14

II. GENERAL METHODS 17

Solutions 17
Collection of Umbilical Cords 18
Clinical Data on Umbilical Cords 19
Isolated Vascular Strips 21
Perfusion of Umbilical Vessels 25
Fluorimetry 33
Source of Drugs 34

III. RESULTS AND DISCUSSION 35

Responses of Isolated Umbilical Blood
Vessels to Drugs 35

Arterial Influence on Venous Perfusion
Pressure 48

Movement of Serotonin Within the Cord 52
General Discussion 57

IV. BIBLIOGRAPHY 69



LIST OF FIGURES AND TABLES

Figure

1 Diagram of the fetal circulation .

2 Clinical data formpreliminary report of
delivery. 20

3 Clinical data form--physician's report. 22

4 Schematic of umbilical cord perfusion apparatus. 29

Page

2

5 Spirally cut artery: cumulative dose-response
record for serotonin and norepinephrine. 36

6 Longitudinally cut artery: cumulative dose-response
record for serotonin and norepinephrine.

7 Spirally cut vein: cumulative dose-response
record for serotonin and norepinephrine.

36

37

8 Longitudinally cut vein cumulative dose-response
record for serotonin and norepinephrine. 37

9 Semi-logarithmic plot of contractions elicited by
serotonin on spirally cut artery and vein and on
longitudinally cut artery and vein. 38

10 Semi-logarithmic plot of contractions elicited by
norepinephrine on spirally cut artery and vein and
on longitudinally cut artery and vein. 39

11 Cumulative dose-response record of longitudinally cut
artery to serotonin before and after methysergide. 42

12 Semi-logarithmic plot of contractions elicited by
serotonin on longitudinally cut artery before and
after exposure of the tissue to methysergide for
five minutes at a concentration of 5 x 10-8g/ml. 43



13 Pressure changes from repeated doses of serotonin in
perfused umbilical vein. 45

14 Pressure changes from serotonin in perfused
umbilical vein before and after insertion of a stainless
steel rod into one artery.

15 Pressure changes from serotonin in perfused umbilical
vein before and after untwisting and suturing of the
cord segment.

50

51

16 Section of umbilical cord following perfusion
of arteries and vein with cardiogreen. 54

Table

1 Bath concentration of serotonin following venous
and arterial perfusion with the drug. 56



GENERAL INTRODUCTION

Anatcmy

The mammalian umbilical cord represents the sole vascular

connection between the placenta and fetus in utero. Arising from

embryonic mesoderm, the cord grows to enclose the body stalk

and yolk sac, the former of which already contains the umbilical

vessels. In humans, these consist of two arteries and one vein.

Eventually, body stalk and yolk sac mesoderm combine to form

the gelatinous matrix of the cord, commonly referred to as

"Wharton's jelly" (7, p. 42).

Within the abdominal cavity of the fetus, the umbilical vein,

returning blood to the fetus from the placenta, passes along the

falciform ligament terminating in several branches at the fetal

liver. The fetal aorta branches in the lower abdominal cavity

to form the two common iliac arteries, each of which branches

further to form an external iliac artery and an internal, or

hypogastric, artery. The internal iliac arteries pass out of the

abdominal cavity through the umbilicus and become the umbilical

arteries of the cord (7, p. 542). Figure 1 shows a diagrammatic

representation of the fetal circulation.
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Figure 1. Diagram of the fetal circulation. (From Gray, Anatomy
of the Human Body, 1966, p. 542) Note spiralling of
arteries around vein in cord.
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It is important to note that while the cord itself may follow

a curved or even highly twisted course from fetus to placenta,

the umbilical vein normally takes a rather straight path through

the tissue of the cord. Conversely, the two umbilical arteries

are shown to be tightly spiralled around the vein throughout the

length of the cord. In reality, there are often segments of cords

taken from normal fetuses in which the arteries do not twist

around the vein, rather, they lie parallel to it. Further, the

umbilical arteries often contain a number of nodules or

"pseudoknots", sometimes called Hoboken nodes, which interrupt

the regular spiralling of the vessels. As a rule, most of the cord

is structured as represented in the above diagram (2, p. 278).

The umbilical artery itself differs markedly from systemic

arteries of approximately the same functional diameter. The

intima, without an internal elastic layer, is comprised solely of

endothelium. The middle layer, or tunica media, consists of

two separate and distinct muscle layers; the inner one is composed

of fibers running longitudinally (parallel to the axis of the vessel),

while the outer layer consists of circular muscle. In normal

umbilical artery one finds many protrusions of longitudinal

muscle fibers from the tunica media into both the lumen of the

vessel and through the outer circular muscle layer. The tunica

adventitia of the umbilical artery is apparently unremarkable(2, /1278).
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The structure of the umbilical vein is apparently unusual

only in that tangential muscle fibers are found in the subendothelial

connective tissue layer (2, p. 280). The physiological significance

of the histological structure the umbilical vessels will be discussed

in some detail in later sections.

The innervation of the human umbilical cord, if such

innervation exists, is of fundamental importance to this study.

It had been assumed for many years (16) that the cord was devoid

of innervation; studies conducted as recently as 1965 (13) took

as their premise the statement that human umbilical cord

contained nerve-free vessels, thus providing a unique field for

investigation of vasoactive substances. Support for the thesis

that at least no sympathetic innervation is present in the cord

was derived from the findings of Davignon, Lorenz, and Shepherd

(3) and of Eltherington as reported by Dawes (4, p. 73), who

showed that the norepinephrine content of human umbilical artery

was less than 5 x 109 grams per gram of tissue, while that of the

dog femoral artery, a structure known to be sympathetically

innervated, was at least 3 x 10-8 grams per gram of tissue.

It is concluded from these data that insufficient neurotransmitter

(allegedly norepinephrine) is present in the umbilical arteries

to account for sympathetic innervation. It is to be noted that

these studies were carried out on tissue taken from the midsections
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of cords, whereas Zaitev (17) showed the existence of fetal

neural elements extending into the cord to ten centimeters from

the abdominal wall of the fetus,

Recently, however, Jacobson and Chap ler (8) and Fox and

Jacobson (5), using an improved methylene blue staining technique,

have shown the existence of fine neural fibers coursing throughout

the umbilical cord, and far beyond the ten centimeter limit noted

by Zaitev. These workers could not readily identify the origins

of these fibers, but reported they typically passed through the

jelly of the cord with little or no branching to terminate in sparse

plexuses on the umbilical vessels. No suggestions were offered

as to either the activators or transmitters of this neuronal

system.

An interesting and fundamentally important property of

umbilical vessels is their difference in acting as barriers to

diffusion, More than 50 years ago, Runge, Baur, and Hartmann

(12) found, by perfusing umbilical vessels with various organic

and inorganic dyes in Tyrode's solution, that the umbilical vein

was extremely "porous", in that dye would appear in the

surrounding bath within 20 minutes after the perfusion was begun.

The artery, on the contrary, was able to contain all the coloring

within its lumen to the limits of detection. In a more recent
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study by Plentl (11), it was shown that tritiated water infused into

an umbilical arterio-venous circuit quickly appeared in the

bathing medium. The author suggested that this may function

physiologically in the regulation of amniotic fluid volume and

osmolarity, but did not specify as to which of the vessels involved

is the major pathway for water loss in the system. That the

vein is the most likely candidate, consistent with the study

previously mentioned (12), will be shown later.

Several techniques have been employed in the last 50 years

to study the reactivity of umbilical vessels to drugs, but in a

general sense, two basic types of examination have been conducted.

The first is usually termed perfusion, in which some fluid

(either blood or an artificial electrolyte-glucose solution) is

pumped through the vessels, either in their normal location

within the cord or after they have been excised and properly

suspended. A second methodology involves the use of isolated

strips of vascular smooth muscle, suspended in tissue baths,

and connected to a measuring-recording system. The smoked-

drum kymograph has been the most widely used system for

recording the contractions of such strips, while the employment

of linear and force displacement transducers and electronic

recorders have grown steadily in popularity. Each system has,

of course, its own advantages and shortcomings, and the systems
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employed in this study will be discussed at some length in a

following section. This somewhat brief introduction is presented

here only to assist in the presentation of some of the background

work that has been conducted in this area.

Physiology - Pharmacology

The functional significance of the placenta in pregnancy

was recognized long before attention was focused on the umbilical

cord. While there is a well-developed folklore regarding the

implications of umbilical cord structure with respect to the

character and future of the child, it was generally believed that

the cord functioned primarily as a "pipe" to carry the fetal

blood to and from the site of nutrient and metabolite exchange,

the placenta. In other words, the regulatory nature of the cord

itself, if such exists in fact, was largely ignored. Thus, in the

earlier studies in this general area, it was often the placenta

that was perfused, with or without the cord attached, and changes

in flow and pressure observed following the administration of

drugs were usually ascribed to activities of the placental vessels.

With the growing belief that the vessels of the cord were free of

nervous supply, attention began to fall on the vessels themselves,

whereas the primary area for placental study remained the

investigation of the so-called "placental barrier" to diffusion of
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substances from maternal to fetal circulations and the reverse.

One of the first comprehensive studies of the umbilical-

placental circulation with respect to its reactivity to drugs was

that of von Euler in 1938 (16). Using Ringer-Locke solution at

3-6-38°C, von Euler perfused human placentae with the cords

attached by cannulating the umbilical arteries for the inflow and

allowing the venous return to pass through a simple flowmeter

before being discarded. A variety of drugs were injected into

the perfusion fluid. Von Euler used a wide range of perfusion

pressures in his experiments (40-100mm Hg), although it was

well known at the time that umbilical artery pressure was

essentially identical to fetal systemic arterial pressure, or

55-60mm Hg. Further, von Euler was early to note a problem

that has besieged investigators in this field for some time, i, e.,

the extreme difficulty in obtaining physiological flow values in

such preparations even when normal physiological pressures

are used. The best presently available data on umbilical blood

flow are those published by Stembera and his co-workers in

1965 (14), where they measured flow in the umbilical vein, by

local thermodilution, less than one hundred seconds after birth.

They reported an average of 75 milliliters of blood per minute

per kilogram of baby's weight at birth or, in an average seven

pound baby, about 240m1/min. Yet the highest flow von Euler was
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able to obtain was about 60mlimin. In general, it has been

impossible to re-establish normal flow in umbilical vessels once

the cord has been clamped and the blood drained from it (1, 6, 10).

Utilizing single bolus injections of drugs into the perfusion

fluid, von Euler (16) was able to characterize the umbilical-

placental circulation with respect to five agents. He found

that epinephrine, histamine, vasopressin, a somewhat crude

preparation of prostaglandins, and high doses of acetylcholine

all caused a rise in perfusion pressure, while somewhat

lower doses of acetylcholine produced a reduction in perfusion

pressure. It is impossible from this study to determine

which vessels were responsible for the changes in perfusion

pressure and flow in response to drugs, but von Euler's

interpretation seems to suggest that he felt the placental

vessles and not those in the cord were the prime regulators.

Astrom and Samelius (1) perfused isolated placentae

without cords and found that the action of serotonin on placental

vessels alone was highly susceptible to modification by a number

of antagonists or blocking agents. Using perfusion pressures

of 60-80mm Hg and obtaining flows of 20-40m1/min in 48
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placentae, they found the rise in perfusion pressure caused by

serotonin could be effectively blocked by phentolamine, yohimbine,

chlorpromazine, lysergic acid diethylamide, tryptamine, and

high doses of trimetaphan. The antihistamine, phenbenzamine,

blocked serotonin in about one-half of the preparations tested.

Epinephrine was also found to cause an increase in perfusion

pressure in this study, and a number of the antagonists listed

blocked it as well. It is difficult, however, to conclude anything

substantial from such work since the antagonists used represented

such a wide variety of drugs of different pharmacological classes.

The salient feature, if there is one, is that the drugs which in

general have anti-adrenergic and antihistaminic activity seemed

to block the action of serotonin on the placental vessels.

The experiments of Panigel (10) present a far clearer picture

of the events occurring in the cord. Using pulsatile flow perfusion

of cord and placenta at a pressure of 50-70mm Hg, and by

monitoring perfusion pressure and flow, Panigel found the

threshold dose of serotonin in a continuous infusion to be of the

order of 107 grams of serotonin base per milliliter of perfusion

fluid. In other words, this was the lowest concentration of

serotonin that produced a perceptible rise in perfusion pressure.

Further, he found that serotonin at about 10-6g/m1 caused complete

closure of the umbilical arteries. Methysergide (UM L-491) in
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a concentration of 10-7g/m1 was able to block the action of

serotonin on the arteries. Histamine, in a bolus injection of

2. 5 x 10"g caused arterial constriction, and this effect could be

abolished by pretreatment of the vessels with promethazine, a

well-known antihistamine.

Panigel was one of the first to perfuse umbilical vein

alone. In doing so at a pressure of 15-30mm Hg (as compared

to a normal physiological pressure of 10-15mm Hg), he found

epinephrine, norepinephrine, and histamine all produced

constriction in concentrations less than 10-5g/ml, while serotonin

had a similar effect at about 10 -7g/ml. Pretreatment of the

preparation with methysergide at 10 -7g/m1 reduced the rise

in perfusion pressure from serotonin to about one-fourth its

original value. Panigel also observed the high degree of

variability in responses of his preparation to injected serotonin.

Unlike the phenomenon of tachyphylaxis, where repeated doses

of a given drug elicit ever decreasing responses, Panigel

reported no uniform pattern to the responses obtained from

successive doses of serotonin; two or three successive

responses may be nearly identical, followed by one significantly

greater and perhaps one much smaller in magnitude. No

cogent explanation is offered for these results by Panigel.
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Somlyo, Woo, and Somlyo (13) reported on their studies of

isolated human umbilical artery and vein. Using spiral preparations

of these vessels suspended in tissue baths in a Krebs solution

medium, these workers measured isometric contractions

elicited by a variety of drugs. They reported the adrenergic

agents norepinephrine , metaraminol, mephente rrn ine, and

methoxamine all produced contractions in that order of descending

potency. Serotonin was reported to be a potent contracting agent,

with a threshold dose often less than 10-9g/ml. Isoproterenol

failed to elicit a relaxation, even when given at the height of a

serotonin-caused contraction. Very high doses of isoproterenol

(7. 5 x 10-8g/m1), however, generally caused contraction of the

tissue. Vasopressin, in doses less than 200 mU/ml, produced

contractions, while higher doses often caused relaxation.

Oxytocin, too, caused the strips to contract. Angiotensin

sometimes produced a slight contraction, but generally elicited

no definitive response.

Gokhale and co-workers (6) reported findings obtained

by perfusing only one artery in ten centimeter sections of human

umbilical cords suspended vertically in a tissue chamber. Using

a Mariotte bottle instead of a pump, they perfused the vessels at

a pressure of 40-60mm Hg obtaining flows of 6-12m1/min. A

temperature of 34°C was used to minimize any spontaneous
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activity of the tissue that may have been present. Their results,

among other things, illustrate the great variability of such a

preparation. For example, in perfusing with acetylcholine in

doses of 8 x 10-7 to 8 x 10-5g/m1 they found increases in perfusion

pressure in 12 cords, decreases in eight, and no change in six.

Further, they reported the increases appeared to be dose-dependent,

whereas the decreases were not. Atropine abolished all responses

to acetylcholine. Epinephrine and norepinephrine followed the

same general pattern as acetylcholine, with respect to

variability of response and dose dependency. Isoproterenol, in

doses greater than 2 x 10-4g/ml, failed to produce any change

in perfusion pressure. Serotonin, on the other hand, caused

a prompt rise in perfusion pressure lasting one to four minutes

at a threshold dose of about 2 x 10-9g/ml. These workers also

commented on the variability of the response to serotonin,

however. They further noted that bromolysergic acid (BOL),
-6administered in a single bolus of 10 to 1. 5 x 10-6g or with

this amount infused over a period of three minutes, failed

itself to cause a change in perfusion pressure, but was able to

abolish the response to serotonin. Histamine, bradykinin,

and oxytocin also caused increases in perfusion pressure, while

angiotensin was without effect.

Lastly, in a report that will be discussed in greater detail
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in later sections, Karim (9) conducted an analysis of human

umbilical vessels for prostaglandins. Four prostaglandins

were isolated from this tissue, types E1, Ea, Fla, and Fla.

Of these, the first caused a relaxation of isolated umbilical

artery strips, and the remaining three each caused a contraction

with Ez and Fla, approximately equipotent, and Fla considerably

less potent. When all four types were added to the bath

simultaneously, and in the concentrations found normally in the

cord, a contraction resulted. Whether or not these findings

have relevance to the earlier reports of apparently non-adrenergic

nerves in the cord remains to be established.

The general overview that is created by these reports is

that the vessels of the umbilical cord, both the arteries and the

vein, are quite sensitive to a variety of agents, in concentrations

that could readily be achieved from administration of the drugs

to the mother during pregnancy. The illusion that the umbilical

cord of man is merely an inert conducting vessel is dispelled,

and the possibility that the structure described may subserve

some regulatory function cannot be overlooked.

Statement of Problem

The present study was originally begun in an attempt to clarify
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some of the discrepancies discussed in preceeding paragraphs.

It was felt that the reactivities of the umbilical vessels to a

number of drugs could best be determined under the conditions

of constant flow perfusion with monitoring of perfusion pressure.

This approach was chosen primarily because it was felt that the

constant flow perfusion method offered the closest approximation

to the functional state of the tissue in utero.

In most cases, it is generally accepted that the arteries of

a given vascular system play the primary role, over the veins,

in regulating blood flow in the given area. Thus, the first

attempts were made to perfuse one or both arteries in small

segments of human umbilical cords. Unfortunately, human

umbilical arteries are highly contractile tissues, and because

of primitive tissue collection methods and inadequate temperature

regulation, it was impossible to cannulate these vessels for

perfusion. While these difficulties were being attacked, it was

decided to perfuse the easily cannulated vein, merely to check

the apparatus being used. Consequently, a number of cord

segments were prepared in which only the vein was perfused,

the perfusate then being discarded and not recirculated through

the arteries. To evaluate the pressure-measuring devices,

drugs were injected into the perfusate. Surprisingly, exceedingly

small doses of serotonin caused a rise in venous perfusion pressure,
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as did a number of other agents falling into a variety of pharm-

acological classes. In an effort to rule out extraneous influences

in such an experiment, the arteries were carefully removed from

a number of cords after responses to serotonin had been obtained.

In every case, removal of the arteries, leaving intact perfused

vein, abolished the response to serotonin. In other words,

the presence of the arteries, though they in no way participated

in the perfusion circuit, was necessary to obtain an increase

in venous perfusion pressure following the addition of serotonin

to the perfusion fluid.

It was then recognized that the arteries of this preparation

differ from those in most other tissues in that they spiral about

the vein throughout the length of the cord segment. The

hypothesis naturally followed that it was, in fact, constriction

of the arteries around the vein that caused the rise it venous

perfusion pressure from serotonin, and not constriction of the

venous circular muscle itself. The following sections present

methods, data, and discussion of an investigation into the

physiological and pharmacological parameters of this phenomenon.
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GENERAL METHODS

Solutions

Modified Krebs-Henseleit (Krebs) solution was used

throughout the study, both as a perfusion fluid and as the

medium in the isolated tissue baths. This solution consisted

of sodium chloride (6. 74g/1), potassium chloride (0. 35g/1),

calcium chloride (0.20g/1), magnesium sulfate (0.14g/1),

potassium dihydrogen phosphate (0.16g/1), sodium bicarbonate

(1. 8601), and glucose (1. 42g/1).

The salts and glucose were dissolved in doubly distilled

water, the last distillation of which involved no contact of the

water with metal of any kind. The solution of dissolved salts

and glucose was equilibrated with oxygen and carbon dixoide

by bubbling it with a mixture of the gases (oxygen-95%, carbon

dioxide-5%) for several minutes immediately before use.

Solutions prepared in this manner proved to have a pH of 7. 4;

however all solutions were tested with narrow-range pH paper

prior to use. Solutions were prepared in quantities of one to

four liters, stored at a temperature of about 4°C, and used

within 48 hours after preparation.
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Collection of Umbilical Cords

All cords used in this study were obtained from Good

Samaritan Hospital, Corvallis, Oregon. The cords, from

pregnancies of 37 to 41 weeks duration and from non-induced,

spontaneous deliveries, were clamped and/or tied at both

ends in the delivery room while blood still flowed through the

vessels. The cords were then severed at the fetal end between

the two ties, and distal to the placental-end tie, and placed

in an insulated plastic container filled with Krebs solution at

a temperature of 31-37°C. The tissue was returned to the

laboratory within one hour after delivery, and was either

used immediately or was stored for a period no longer than

18 hours prior to use. Prior to storage, the tie at one end

of the cord was removed and the blood gently massaged out

of the vessels. The cord was then placed in fresh Krebs

solution at room temperature (21 -26 °C) and the container

(generally a 1000m1 Pyrex beaker) was placed in a refrigerator

at about 4°C. When the tissue was to be used in an experiment,

it was allowed to return to room temperature by standing

undisturbed in the laboratory. Subsequently, the cord was

placed in a bath of Krebs solution warmed to the desired

temperature.
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Tissue treated in this manner was found to retain its

responsiveness to drugs after as long as eight days in storage,

provided the Krebs solution was changed daily. No cord used

in this study was preserved more than 18 hours by this method.

It was essential for survival of the tissue, however, that as

much blood as possible be removed from the vessel prior to

storage, and that blood entering the solution from the vessels

during storage (due to cold-caused vasoconstriction) either

is removed or the solution is replaced with fresh Krebs.

Clinical Data on Umbilical Cords

In an effort to better control the physiological parameters

of the experiment, care was taken to utilize as uniform a group

of tissues as possible. To this end, two forms were prepared

to be filled out by the hospital staff for each cord collected.

Figure 2 shows the preliminary form filled out by the head

obstetrical nurse at the time of delivery. Using this system, it

was possible to cross-index all cords with respect to date and

time of delivery, patient's hospital number, patient's initials,

and sex of the baby, thus assuring adequate identification of

the tissue while preserving the anonymity of the donor.

A somewhat longer form, shown in Figure 3, was given

to the attending physician to be filled out at his leisure a few days
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EXPERIMENTAL UMBILICAL VESSEL PROGRAM

R. H. Winters
7541709 0. S. U.
752-8700 Home

Hospital Case # Patient's initials: Date: - 69

Time of Delivery: A. M.
P. M.

Vaginal
Delivery

Or C- Section n In Labor: Yes
No

# of babies this delivery: 1 2 3 Sex: # males # females

Duration of pregnancy: weeks

Drugs (including anesthetic) administered during delivery:

Comments: (if any)

Figure 2. Clinical data form--preliminary report of delivery.
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after the delivery. With this information, it was possible to better

characterize the tissue with respect to its long-term environment

during the pregnancy.

No cords were included in this study from babies whose

mothers were reported to have any contagious disease, other

than a "cold" or the "flu". Cords from pregnancies of diabetic

mothers were also excluded, as were those where the attending

physician felt there may have been a Rh factor problem. Cords

from induced deliveries were omitted from consideration since

they were generally found to be quite erratic in their response

to drugs. Cords from babies reported to have congenital

cardiovascular deformities were occasionally examined, but

almost without exception found to be aberrant in vascular

structure, and thus were also excluded from consideration

herein. Lastly, cords from babies whose mothers had

received medication of the antihistamine, anti-adrenergic, or

anticholinergic variety during the last 30 days of the pregnancy

were discarded. The use of morphine during this period was

also reason for discarding the cord.

Isolated Vascular Strips

Spirally and longitudinally cut strips of umbilical artery



EXPERIMENTAL UMBILICAL VESSEL PROGRAM

R. H. Winters, Department of Pharmacology, 0. S. U.

PHYSICIAN'S REPORT

Hospital Case #

I. MOTHER

Weight at term:

Patient's Delivery
Initials: Date:

lbs. Age:

22

-69

Drugs administered on a chronic basis during pregnancy (Excluding vitamins):

Yrs-

General Health of mother during pregnancy: Good Fair ti Poor

Comments:

Racial origin of mother: Caucasian Negro Oriental Other

Racial origin of father (if different):

II. BABY

Weight at birth: lbs. oz. Length: in.

General condition of baby: Good Fair Poor

Comments:

Please sign or initial

Figure 3. Clinical data form--physician's report,
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and vein were prepared by fine dissection using standard

iridectomy scissors and forceps. The tissue was kept submerged

in warmed, circulated Krebs solution throughout the dissection

process. Prepared tissue strips were cut to 2. 5cm in length,

trimmed of excess fat and jelly, and hung in tissue baths

containing Krebs solution at 35°C. The upper end of each

strip was affixed, using 000 silk suture material, to the end

of a 22cm kymograph frontal writing lever, the fulcrum of

which was two centimeters from the point of suture attachm.ert .

This provided a tenfold magnification of movement. The

levers were adjusted to scribe on a smoked-drum kymograph

(Palmer).

The baths, each with a volume of ten milliliters, were

arranged to allow removal and addition of Krebs solution

from two orifices at the bottom of each bath. Drugs were

added by syringe to the top of the bath, and mixed with the

bathing medium both by the force of injection and by the

constant stream of gas bubbles (oxygen-95%, carbon dioxide- 5 %)

caused to flow in the bath. An effort was made to minimize the

time between draining and filling of the bath, such that the

tissue would be exposed as little as possible to the air. This

period was generally less than five seconds.

Prior to addition of drugs, each strip was allowed to remain
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undisturbed under a tension of one gram for a period of 90 minutes,

in order to allow a stable level of relaxation to be reached;

vessels which failed to stabilize in that period of time were not

used in this study. Contractions were recorded isotonically

under a tension of one gram, and measurements were made on

the shellac-preserved paper after drying. All values are

reported to the nearest half-millimeter.

Stock solutions of drugs were prepared in doubly distilled

water and their pH adjusted to about two (using narrow range pH

paper) with 1N HC1. Stock solutions of all drugs were kept

refrigerated at about 4oC and those of serotonin and norepinephrine

were used within 20 days of preparation. Serial dilutions of

these solutions, also made with doubly distilled water, were

administered to the tissue baths. Solutions of methysergide

were used within five days of their preparation.

With the kymograph paper moving at 1. 5mm/min, agonists

were added to the bath in volumes of 0.1-0.3ml. The drug was

allowed to remain in contact with the tissue until the contraction

reached an equilibrium plateau. The next dose of drug was

added at this point in the case of a cumulative dose-response

experiment or, the bath was washed several times with Krebs

and the tissue allowed to return to the baseline level of

relaxation before more drug was added. If a given concentration
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of an agonist failed to elicit a contraction within five minutes,

the next dose of drug was given. The antagonist, methysergide,

was added to the baths in the same manner as the agonists, but

allowed to remain in contact with the tissue for five minutes before

the agonist was administered.

Perfusion of Umbilical Vessels

In order to measure vascular constriction in a system of

perfused vessels it is necessary either to measure flow under

constant pressure or to measure pressure under constant flow.

In this study, the latter procedure was followed primarily for

two reasons: 1) it is technically easier to obtain pumps that

maintain constant flow than those that maintain constant pressure,

and 2) the measurement of pressure is more precise using

strain guage pressure transducers and electronic recorders

than is the measurement of flow using electronic flowmeters

of comparable cost and complexity. Furthermore, as compared

to the normal physiology of the umbilical system, a constant

flow system is probably more reasonable.

The term "constant flow" is not entirely correct. Many

investigators have chosen to use pulsatile flow pumps and still

have measured perfusion pressure. It is merely necessary under
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such circumstances that the corresponding points on the pressure-

time curve be compared when measuring changes in perfusion

pressure. In this sense, the flow of the system is not constant

from second to second, but rather it is constant with respect to

a longer time period, perhaps ten seconds to half a minute.

Within the frequency interval, the flow of the system may vary

a great deal, even zero to maximum, and, consequently, the

pressure will also vary. In the present study, a non-pulsatile

pump system was utilized that produced a flow of 12m1/min

varying not more than lml/min from that value. Consequently,

under constant conditions, perfusion pressure varied no more

than one to two millimeters of mercury within a given experiment

or from one experiment to another. Using the greatest feasible

sensitivity of the recorder, the pressure baselines were

essentially smooth and directly comparable from day to day.

A number of investigators, already discussed in previous

sections, preferred to use pulsatile flow in the belief that it more

closely mimicked the action of the fetal heart. There is no doubt

that a system could be constructed that would, in fact, mimic

the fetal heart's pressure-flow profile, but such a device would

entail considerable complexity and great expense. Merely

duplicating the frequency of fetal heartbeat and the maximum

and minimum flows and/or pressures therefrom obtained does
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not satisfy the requirement, since the shape of the pressure-flow

wave could be quite different from that in vivo.. In general,

the reports of most investigators using pulsatile flow show wave-

forms considerably steeper in onset and termination than is

observed in normal blood pressure recordings (6, 10, 17).

Further, in the light of the findings of Davignon and his co-workers

(3) who reported the presence of what appears to be a reflex

constriction of human umbilical artery to sharp increases in

transmural pressure, it would seem unwise to perfuse such

tissues with a pulsatile flow that is, indeed, sharper in its

pressure wave than is the normal pressure in the system. For

these reasons, it was decided to perfuse umbilical vein in this

study with constant, virtually pulseless flow.

In an attempt to approximate in utero conditions of the

cord, umbilical artery was perfused in many cords simultaneously

with the vein. Since only relatively small flows could be attained

in umbilical artery, perfusion of this vessel was carried out by

the use of a Mariotte bottle raised to a height of 74-81cm above

the preparation in order to maintain a constant pressure of

55-60mm Hg. In such experiments, it was not the intent to

measure either pressure or flow in the arteries, and the Mariotte

bottle served well merely to distend the arteries to their normal

degree under a physiological pressure.
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The perfusion apparatus used in this study was composed of

seven parts: 1) perfusion fluid reservoir, 2) pump,

3) oscillation damper, 4) flowmeter, 5) heat exchanger,

6) pressure transducer, 7) tissue chamber. All tubing used in

the apparatus was either Tygon or polyethylene (PE). Two

glass Y-tubes and one short stainless steel Luer-Lok connector

were also employed. Figure 4 depicts the perfusion apparatus

schematically. The reservoir consisted on a one gallon Nalgene

bottle fitted with an outflow nipple near the bottom, to which

was connected a 50 cm length of Tygon tubing (0. 25in. I. D. ,

0. 375in. 0. D. ). By passing a short length of PE 50 tubing

through the Tygon and into the bottle, it was possible to

continuously bubble the fluid in the reservoir with oxygen and

carbon dioxide (95%/5%). The outflow from the reservoir was

split at a glass Y-tube into two channels, each in the same

diameter Tygon used at the reservoir. Each channel passed

through one head of a dual-head Harvard (Model 600-000)

peristaltic pump, then recombined into a single tube by another

glass Y-fitting. The use of both heads of the pump served as

an initial reduction of oscillations in the system, since the two

pump heads operate in a reciprocating fashion. The combined

pump outflow was passed into a single oscillation damper. This

consisted of a 250m1 filter flask whose sidearm had been occluded.
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The flask was fitted with a two-hole rubber stopper through

which passed two pieces of glass tubing of equal length, each

reaching to one centimeter from the bottom of the flask.

The pump outflow was connected to one of the glass tubes,

and the outflow from the damper passed out the other one.

By filling the damper approximately one-half full of perfusion

fluid (Krebs solution), such that the ends of both glass tubes

were covered and at least 50 ml of air remained above the surface

of the liquid, oscillations of the pump were effectively reduced

to the limits previously noted.

The outflow from the damper passed through Tygon tubing

to a Gilmont No. 12 flowmeter, held vertically with the inflow

at the bottom. The upper end, the outflow, was connected to

the heat exchanger, a 300 mm Graham condenser positioned

horizontally in two secure clamps. The condenser was arranged

to permit the perfusion fluid to pass through the coil while

warmed water from a heater-circulator flowed through the jacket.

The outflow from the condenser was passed through Tygon

tubing interrupted by two plastic T-fittings. The sidearm of

the first permitted the attachment of a Statham P23DB pressure

transducer, which was arranged to record on a Beckman

Dynagraph with a chart speed of five mm/min. The sidearm

of the second T-tube was fitted with a rubber injection cap from
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a serum bottle, through which all additions of drug to the perfusion

fluid were made. The outflow was then passed to a Luer-Lok

connector, to which was attached the polyethylene tubing (PE 180)

used to cannulate the umbilical vein.

The vessel chamber consisted of a plexiglass trough

(8" x 4" x1.5") built atop a plexiglass box (8" x 4" x 4"). The

trough, enclosed only on five sides, permitted ready access to

the tissue. The enclosed box beneath was fitted with two tube

connectors to permit circulation of warmed water through its

interior. With the trough filled approximately one-half full of

Krebs solution and the chamber beneath maintained at 36 -37 °C,

the temperature of the Krebs solution was held at 35+1.5°C.

In order to stabilize the temperature of the vessel chamber

fluid within narrower limits, a secondary heating-circulation

system was employed. A separate reservoir of Krebs solution,

with a volume of 2800m1, was arranged to be heated by an

immersion element while being bubbled constantly with oxygen

and carbon dioxide (95%/5%). The fluid from this reservoir

was pumped through Tygon tubing to the tissue chamber, and

was returned from the tissue chamber to the secondary reservoir

by a siphon, thus maintaining the identical fluid level in tissue

chamber and reservoir. By maintaining the temperature in

the secondary reservoir at 41°C, and by careful adjustment of
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the pumping rate, the temperature in the tissue chamber was

held at 35+0.50C. Further, this system increased the effective

volume of the bathing medium in the tissue chamber to 3000m1,

thus reducing by this order to magnitude the concentration of any

drug which may have gained access to that fluid.

The tissue was held in a fixed position in the trough by

placing it in a styrofoam cradle, and by taping the ends of the

inflow and outflow cannulae to the rim of the trough. Stainless

steel weights, not in contact with the perfusion or bath fluids,

were used to hold the styrofoam to the bottom of the trough,

thus keeping the cord segment completely immersed in Krebs

solution at all times.

When the arteries were perfused, the outflow from a

Nalgene Mariotte bottle was divided by a plastic Y-tube, and

each channel was connected, by glass adapters, to PE 60 tubing

used to cannulate the vessels. The addition of drugs to this

system was accomplished either by mixing the drug with the

fluid in the bottle prior to the perfusion, or by injecting the

drug, with a syringe, into the rubber tubing from the bottle

very near the glass adapter. In this way, both bolus injections

and continuous infusion could be achieved.

In the case of the vein, bolus injections were made by

syringe into the injection cap at the second T-tube, and
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continuous infusions were achieved by pumping the drug solution

into the same orifice with the aid of a Harvard infusion pump.

In this fashion, the perfusion fluid reservoir was never

contaminated with drug, and drug solutions could be readily

and quickly changed. At a flow of 12m1/min, approximately

two seconds elapsed between bolus injection of cardiogreen

and the appearance of the dye in the tissue. In the case of the

arteries, the latency of dye appearance was approximately twice

as long.

It is important to note that all segments of the apparatus

must be securely fastened to a sturdy surface, or at least

held firmly in clamps, such that vibrations are greatly reduced

or eliminated. Should this not be achieved, even minor

vibrations and jars, as caused by persons entering the laboratory,

will be recorded as changes in perfusion pressure caused by move-

ments of the transducer and associated tubing.

Fluorimetry

Fluorimetric analysis for serotonin was conducted using a

Turner fluorimeter with a 110-810 primary filter, and two

secondary filters, 110-818 and a Corning 4 -97. All solutions

tested, including standards and blanks, were prepared in fresh
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Krebs solution and placed in quartz cuvettes for reading. In all

cases, two milliliters of the solution to be analyzed was combined

with 0. 6ml of 12N HC1, yielding a solution of three molar with

respect to the acid. This solution was read directly in the

instrument; concentrations of serotonin reported are based on

readings to the nearest one-half scale marking. Using the

filters indicated, the activation wavelength for serotonin employed

here was 295mp.. The lowest concentration of serotonin detected

by this system was 9 x 10-1°g/ml.

Sources of Drugs

The serotonin and norepinephrine used in this study were

purchased from Calbiochem Inc. , Los Angeles, California. The

methysergide (UML-491) was obtained from Sandoz Pharm-

aceuticals, Hanover, New Jersey.
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RESULTS AND DISCUSSION

Responses of Isolated Umbilical

Blood Vessels to Drugs

In an effort to establish the relative sensitivity of the

umbilical vessels to serotonin, spiral and longitudinal strips

of umbilical artery and vein were prepared and subjected to

increasing doses of serotonin and norepinephrine in the tissue

bath-kymograph apparatus. Figures five through eight show

cumulative dose-response records for spiral artery, longitudinal

artery, spiral vein, and longitudinal vein respectively. Figure

nine shows a semi-logarithmic plot of the data for serotonin,

and figure ten shows a similar plot for norepinephrine responses.

The results of these experiments shown in the above figures

indicate a threshold dose of serotonin to be less than 3 x 10-9g/m1

and that for norepinephrine to be somewhat under 10 -7g/ml. These

data are consistent with those reported by Somlyo, Woo, and

Somlyo (13). Further, comparison of the plots shows the potency

of serotonin in causing the contraction of all the strips to be

approximately 100 times that for norepinephrine in the lower

portion of the dose-response curve. In comparing the responses

of the two kinds of arterial muscle and the two kinds of venous

muscle, it is interesting to note that the dose-response curves
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for spiral and longitudinal artery contractions to serotonin are

nearly identical, while the corresponding pair of curves for the

vein are also parallel. Further, the curves for the arterial

muscle appear to be different from those of the venous tissue.

This finding lends support to the thesis that the mechanisms of

contraction of the arterial and venous musculature are, indeed,

different. In addition, it should be noted in all such presentations

that no claim is made that the total amount of contractile tissue

of each type is the same, and it is more likely that differences

of significant magnitude would appear between the longitudinal

and spiral preparations. While this would tend to alter the

absolute magnitude of the responses of the various tissues, it

would not be expected to alter the slopes of the cumulative

dose-response curves. Thus, the observation that arterial and

venous muscles respond with different (i.e., non-parallel)

dose-response relationships is probably more due to differences

in their contractile mechanisms rather than inequities in tissue

length.

In order to demonstrate the specificity of serotonin in

causing contractions of these vessels, the drug was added to

tissue baths containing longitudinal arterial strips that had been

in contact with methysergide (UML-491) at a concentration of

5 x 10 8g/ml for five minutes. Norepinephrine was given before
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and after methysergide and serotonin, and the contraction

elicited by 3 x 10 -6g/ml of norepinephrine was undiminished by

the serotonin antagonist, while the contractions obtained with

serotonin were decreased by the methysergide. Figure 11 shows

the kymograph record from such an experiment, and Figure 12

shows the semi-logarithmic plot of the data. The cumulative

dose-response curves shown in Figure 12 are nearly parallel,

tending to indicate a portion of the antagonism of methysergide

for serotonin is competitive in this system. Support for

the conclusion that the antagonism is at least in part non-com-

petitive is provided by the observation that pretreatment of

the tissue with 5 x 10-8g/m1 of methysergide prevents the

tissue from contracting to the maximum level attained with

serotonin before the antagonist, regardless of how much serotonin

is used in an effort to overcome the blockade.

The variability in response of perfused umbilical vein

to the administration of serotonin that has been reported (10)

inherently constitutes an obstacle to the use of such a system

for bioassay of serotonin, since it is the reproducibility of a

bioassay method that is one measure of its value as an analytical

tool. To obtain a measure of the variability of the venous

perfusion system in this study, segments from 20 umbilical

cords were perfused, arteries and vein simultaneously, in the
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manner described, with a venous perfusion pressure of 10mm Hg,

a venous flow of 12m1/min, and an arterial pressure and flow

of 55 mm Hg and 7m1/min/artery respectively. serotonin, 2 x

10-8g, was repeatedly administered to the venous perfusate and

perfusion pressure in the vein was recorded. After a series of

drug administrations, and when venous perfusion pressure had

returned to 10 mm Hg, serotonin was injected into the arterial

perfusate in bolus injections of 10 4g/artery, and in 12 cases,
-8

as much as 10-3g/artery. In every case, 2 x 10 g doses of

serotonin caused increases in venous perfusion pressure and

visible tightening of the arterial spiral when injected into the

venous perfusate. The administration of the drug at as much

as 50,000 times that dose to the arteries failed to alter venous

perfusion pressure or cause tighter coiling of the cord, although

arterial flow was rapidly terminated. Figure 13 shows the

record from a typical experiment of this kind, in which changes

in venous perfusion pressure resulting from the administration

of serotonin to the vein can be seen. It is of importance to note

in Figure 13 that there was a high degree of variability in the

responses obtained with repeated identical doses of serotonin.

When norepinephrine was injected into the venous perfusate of a

cord segment perfused in the same manner, variable responses

also occurred. Further, the administration of 1 x 104 to 2 x 10-4g
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of norepinephrine to such a preparation caused increases in

venous perfusion pressure in only about one-fifth the cords

responding to serotonin; in such cases, the general form of

the perfusion pressure rise could not be distinguished from

that elicited by serotonin in the same tissue, In other words,

serotonin, while producing highly variable responses, appeared

to be the most reliable control to use, compared with other

agonists previously reported.

That administration of serotonin to the arteries fails to

elicit increases in venous perfusion pressure, although the

longitudinal muscle of the artery is its innermost muscular

layer, does not refute the hypothesis that it is the longitudinal

muscle that is responsible for the rise in perfusion pressure in

the vein from intravenous serotonin. Firstly, there is no

evidence that the drug can cross the arterial intim a and reach

the longitudinal muscle fibers, and, secondly, there is no

evidence that these fibers can be stimulated by serotonin from

the lumenal side, perhaps without the involvement of neural

elements.

In order to determine the sensitivity to the serotonin

antagonist, methysergide, of the intravenous serotonin-caused

rise in venous perfusion pressure, six cord segments were

perfused with methysergide at a concentration of 10-7g/m1 in the
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vein for a period of 20 minutes. Serotonin was administered

six times to the venous perfusate, 10-7g each time as a bolus,

both before and after the methysergide. Because of the

variability of the serotonin-elicited response, it is impossible

to present the usual agonist-antagonist data for such an experiment,

but in no case did the response to serotonin appear generally

reduced after the methysergide. In two of the six preparations,

the response immediately following the methysergide was

greater than any of the six responses obtained with serotonin in

that cord before the "antagonist" was given. Six experiments of

this kind in which the serotonin and methysergide were administered

to the arteries also failed to show any effect of the agonist or

antagonist on the venous perfusion pressure. In the remaining

six cords, the arteries were perfused with methysergide, 10 _7g/ml,

for 20 minutes while the vein received the serotonin. In no case

did the methysergide alter the venous perfusion pressure response

to intravenous serotonin. As a control, all methysergide solutions

were tested on isolated arterial longitudinal muscle both before

and after the perfusion experiments, and all were found active on

that preparation.

In summary, methysergide failed in every case to alter the

response of perfused umbilical vein to serotonin, regardless of

whether the methysergide was administered to the venous or the
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arterial perfusate. Surprising as these results may appear, a

possible explanation and a test of that hypothesis appear in a

following section.

Arterial Influence of Venous Perfusion Pressure

It has already been stated that this study originated

following the observation that removal of the arteries from a

segment of perfused umbilical cord abolished the response to

serotonin in the vein. In more than 50 cords so examined, no

exception to this observation has been found, even with doses

of serotonin five to ten times that required to elicit a rise in

perfusion pressure with the arteries present. Since these

observations fall essentially into an "all-or-none" category, an

effort was made to conduct further experiments in this way.

In other words, experiments were conducted on the premise

that any exception to the basic observation constituted refutation

of the hypothesis that the arteries were responsible for the rise

in perfusion pressure in the vein following the administration of

serotonin to the latter vessel.

Twelve cord segments, from 12 different cords, six from

male and six from female offspring, were perfused in the manner

described. After elicitation of a rise in venous perfusion

pressure of at least 20 mm Hg from no more than 5 x 10-8g of
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serotonin, a stainless steel rod with a smoothly rounded end

was gently passed through one artery in the cord segment, thus

forcing the tissue into an uncoiled, non-spiralled configuration.

The original dose of serotonin was then re-administered. In

every case, the rise in perfusion pressure was unobtainable

with the rod in place, even with doses of serotonin ten times

that originally necessary to produce such a change. Further,

when the rod was carefully removed, the responsiveness of the

tissue to serotonin returned. Figure 14 illustrates the results

obtained in such an experiment.

An additional twelve segments were perfused in the same

manner to obtain standard responses to the drug. Subsequently,

the tissue was manually untwisted and held in that configuration

by a few sutures passed through the jelly of the cord and into

the styrofoam cradle supporting the tissue. In every case, this

procedure abolished the response to serotonin, while removal

of the sutures was followed by a return of the response to

serotonin. Figure 15 shows the results of such an experiment.

To test the possibility that removal of the arteries may

damange the vein in some way, thus rendering it less sensitive

to serotonin, or, more likely, rendering it incapable of responding

to the drug, isolated vascular strips of spiral vein were prepared

from the cords used in these experiments. In no case could a
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Figure 14. Pressure changes from serotonin in perufsed umbilical vein before and after
insertion of a stainless steel rod into one artery. Serotonin was injected as a
bolus at "x" (10-8g) and at "y" (10-7g). The rod was inserted during interval
"A" and removed during interval "B". Note that changes in perfusion pressure
could not be obtained with serotonin while the rod was in place. Removal of the
rod was followed by a return of the response to intravenous serotonin.,
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Figure 15. Pressure changes from serotonin in perfused umbilical vein before and after
untwisting and suturing of the cord segment. Serotonin was injected as a bolus
at "x" (10-8g) and at "y" (10-7g). The cord segment was untwisted and sutured
during interval "A" and was restored to the twisted configuration during interval
"B". Note that changes in perfusion pressure could not be obtained with serotonin
while the cord was untwisted. Removal of the sutures was followed by a return of
the twisted configuration of the cord and the response to intravenous serotonin.
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difference in sensitivity or response to serotonin be noted between

the strips from unperfused vein, vein perfused with the arteries

present, and vein perfused with the arteries removed. That the

response to serotonin in the untwisted cord returned after removal

of the sutures, and the response to the drug in the cords through

which the rods were inserted returned when the rod was removed,

testifies to the fact that the contractile mechanism was undamaged

by such maneuvers.

Finally, in ten cords that were perfused in the same manner,

but where only one artery was removed after obtaining control

responses to serotonin, the response to the drug was diminished

66 to 70 percent (as measured by comparing the largest response

before removal of the artery with the largest after removal).

When the remaining artery was removed from the preparation,

the response to serotonin in the vein completely disappeared.

It is felt that these data represent evidence that the arteries

are, in fact, responsible for the rise in perfusion pressure in

the vein following the intravenous administration of serotonin.

Movement of Serotonin With the Cord

If serotonin administered to the perfused vein is to cause

the contraction of arterial muscle, then the drug must either
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leave the vein and somehow reach the arteries or neural elements

in the jelly, or neural elements must be present in the wall of

the vein which terminate in arterial muscle. To examine the

first possibility, a modification of the simple experiment of Runge

and his co-workers (12) was first used. Both arteries and the

vein of a ten centimeter segment of umbilical cord were perfused

with cardiogreen (indocyanine green) dye in Krebs solution for

five minutes using the flows and pressures previously designated.

At the conclusion of this period, a one centimeter segment of the

cord was removed from the center of the longer section by

sharp dissection and photographed on end where the vessels

emerged. Figure 16 shows such a photograph. It can be readily

seen in the photograph that while virtually no dye appears to have

left the lumena of the arteries, considerable diffusion out of the

vein has occurred. That the movement of dye is following a

simple pressure gradient from vein to artery is obviated by the

fact that arterial pressure in these experiments was at least

four times that in the vein. Further, the same phenomenon

observed with cardiogreen was also seen with Evan's Blue and

household vegetable coloring.

To determine the quantity of serotonin that may be leaving the

vein during venous perfusion with the drug in Krebs solution, one

segment from each of 16 cords was perfused, both arteries and
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vein, without the secondary heating system in the circuit. Instead,

the volume of the bathing solution of the cord was adjusted to 85m1

and remained undisturbed, i.e., no circulation, throughout the

perfusion. In eight cords, the vein was perfused with 10 5 g/min

of serotonin for 15 minutes, while the arteries received Krebs

solution without drug. In the remaining eight cords, each artery

received 10 -5g/min of serotonin for 15 minutes and the vein

received no drug. Both before and after the drug perfusion period,

two milliliter samples were removed from the bath and examined

for serotonin by fluorimetry.

I

Figure 16. Section of umbilical cord following perfusion of
arteries (A) and vein (V) with cardiogreen (indocyanine
green). 5X. Note the diffusion of dye from the vein,
but the failure of the dye to leave arterial lumena.
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In the eight experiments in which the vein was perfused with

drug, fluorescence was found in the bathing medium corresponding

to a concentration of serotonin of 1.10 x 10-8g/m1 to 1.21 x 10 -8g/ml,

with a mean of 1.14 x 10 -8 g/m1+ 0. 04 x10 8(S. D. ). In the total

bath volume of 85m1, this means perfusion of the venous segment

with a total of 1. 5 x 10-4g of serotonin resulted in 9. 69 x 10 -7g, or

about 0. 6 %, of the drug appearing in the bath. In every case of

arterial perfusion with serotonin, the analysis failed to show

fluorescence in the bathing medium. When arteries in six additional

segments were perfused with 2 x 10 5g/min of serotonin for 15

minutes, there was still no detectable serotonin in the bath.

In six cord segments, venous perfusion was conducted with

2 x 10-5g of serotonin per minute for 15 minutes. The resulting

bath concentrations ranged from 1.81 x 10-8g/m1 to 1.96 x 108g/ml,

with a mean of 1.90 x 10 8g/ml + 0.06 x 10-8 (S.D. ). Table 1

shows the results of these experiments.

That the material appearing in the bath after perfusion of

the tissue with serotonin is also serotonin would best be shown

in this case by bioassay. Unfortunately, the concentrations

obtained in the bathing medium were at the very lowest limits

of detectability in the bioassay system, thus they yielded

somewhat erratic results. To overcome this difficulty, some

samples of bath fluid were extracted with butanol according to the



Table 1. Bath Concentrations of Serotonin Following Venous and Arterial Perfusion with the Drug

Treatment

Exper.
Number

.
10

5g/rmn
5-HT to vein

2 x 10 5g /min
5-HT to vein

10 -5g /min 5-HT
to arteries

2 x 10-5g/min
5-HT to arteries

1

2
3

4
5

6
7
8

1.16a
1.11
1.10
1.11
1.13
1.16
1.21
1.10

1. 88a
1.96
1. 86
1.96
1.81
1. 95

< 0. 09 b

<0. 09
<0. 09

.

<0. 09
<0. 09

<0. 09b
<0. 09
<0. 09
<0. 09
<0. 09
<0. 09

Mean

S.D.

1.14a

0. 04c

1. 90a

O. 06c

aBath concentration of serotonin x 10 -8g/ml.

-10Less than 9 x 10 g/ml,i.e. , below the level of detection

c Standard deviation x 10-8
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technique of Udenfriend (15), in order to further concentrate the

drug. These attempts were also foiled by the repeated failure

of the standards to extract uniformly. Further, extractions

performed on bathing fluid from perfusion studies also yielded

results that varied typically by as much as three-fold from a

single experiment. It is felt that some component or components

of the Krebs solution caused this phenomenon, although no

explanation can be offered at this time. The problem could

quickly and conveniently be solved by the perfusion of this tissue

with radioactively labeled serotonin, and the subsequent

determination of activity in the bathing medium via liquid

scintillation. Studies of this kind will be conducted in the near

future.

General Discussion

Increases in venous perfusion pressure following the

injection of serotonin into the vein require the presence of at

least one umbilical artery in the preparation. This seems to

indicate that the arteries of the umbilical cord must play a role

in maintaining and altering venous pressure, at least in the in

vitro situation. Two general areas are involved in the explanation

and characterization of this phenomenon: 1) the manner in which

the arteries effect changes in venous perfusion pressure, and
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2) the mechanism by which intravenous serotonin (and perhaps

other drugs) brings the arteries into play on the vein.

The data presented appear to paint a rather unique picture

of the relationship between arteries and vein in the cord. Since

not only removal of the arteries abolished the response to

intravenous serotonin, but untwisting or unspiralling of the arteries

from around the vein also had the same effect, it would appear

that the configuration essential for this phenomenon to manifest

itself is a cord in which the vein lies within the double arterial

coils. The only known musculature in the human umbilical cord

is that in the vessel walls, and as previously stated, in the

arteries there is both longitudinal and circular muscle.

Contraction of arterial circular muscle could not conveivably

alter venous diameter, even in the coiled configuration, but

contraction of arterial longitudinal muscle could very well

accomplish this end. In contracting, the longitudinal muscle

of the arteries act to reduce the overall diameter of the spiral,

which, of course, includes the connective tissue and vein

within. Such a compression can be envisioned to diminish the

diameter of the relatively thin-walled vein by first compressing

the connective tissue surrounding it. An analogy is created

by winding several loops of string about a length of rubber

tubing. With the tubing lying undisturbed on a flat surface,



59

tension applied to the ends of the string causes the coils to tighten

about the tubing, thus reducing its diameter. Since the ends of

the umbilical cord in utero are fixed in a rather secure fashion,

contraction of arterial longitudinal muscle can only shorten the

arterial spiral by reducing the length of the arteries themselves,

and this can only be accomplished by a reduction in the diameter

of the spiral.

Although the data presented herein are consistent with the

hypothesis, room remains for future elucidation of mechanisms.

It should be possible, for example, to embed a miniature pressure

transducer in the jelly of the cord between the arteries and vein.

If the proposed mechanism is correct, one would expect a rise

in pressure at the sensor during longitudinal muscle contraction.

On the contrary, contraction of arterial circular muscle should

not alter pressure in the connective tissue of the cord, or if

anything, should reduce it.

It is, at first, surprising that this observation was not made

earlier, considering the amount of work that has been conducted

in this area. Several factors, however, may have contributed

to this oversight. The arteries have generally been the vessels

of interest, simply because they were recognized very early to

be responsive to drugs, and total regulation of blood flow and

pressure in most systems is often wrongly ascribed to the arteries.
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Where umbilical vein was perfused, it was most often done without

the arteries present, since it was thought they would interfere

with the experiment, or the vein was perfused along with the

arteries to maintain something approaching a "normal" system,

but with the drugs added to the arterial and not the venous

perfusate. Much of the work on the umbilical circulation in

mammals has been done with sheep. As with any model system,

this one has certain disadvantages. The sheep cord has two veins

as well as two arteries, and while the arteries are found to lie

in a spiral configuration, the veins, too, often follow the spiral

and do not lie within it. Further, and perhaps of even greater

consequence, longitudinal strips of sheep umbilical artery do not

contract to serotonin or norepinephrine 1, which may indicate

the absence of longitudinal muscle fibers.

The mechanism by which a drug in the lumen of the vein

can ultimately cause the contraction of the inner layer of

arterial muscle (longitudinal fibers) is indeed more difficult to

explain, but several possibilities are open to investigation.

Neural elements may be present in the venous wall which

terminate in the appropriate layer of arterial musculature. By

stimulating those elements, a drug could cause the phenomena

1 Dyer, D. C. , Assistant Professor of Pharmacology, University
of Washington, Seattle, Washington. Personal Communication.
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described herein, although no such neural system has been found.

It is possible, however, that the nervous network described by

Jacobson and his co-workers (5) could function in this manner,

since they were able to see branches of "umbilical nerves"

terminating as plexuses on the vessels of the cord. Even if these

fibers are essentially vestigial, and have no connection with the

nervous system of either the mother or the fetus, they could

subserve a function such as one described in a manner analogous

to the "axon reflex". In other words, if the plexuses on both vein

and arteries arise from a single fiber, it is possible that

stimulation of one plexus could lead to antidromic conduction

of the impluse to the point of branching, whereupon the wave of

depolarization could proceed to the other plexus in an orthodromic

fashion. Because of the extremely small diameters of the fibers

involved, this is a very difficult hypothesis to test, since it calls

for a degree of microdissection, without staining of structures,

that has not been attained. Further, the size of the structures

involved precludes the use of microelectrodes. That the neural

elements are involved is supported by the observation that

serotonin injected into the arterial perfusate does not cause a rise

in venous perfusion pressure, even when one considers that

the longitudinal muscle fibers are the innermost muscular layer

of the arteries. Of course, it is possible that the intima of these
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vessels is of such a nature that the drug cannot reach the muscle

fibers, but it is possible that the drug must act via the neural

elements, the terminal segments of which are not accessible by

this route. In the longitudinal vessel strips, on the other hand,

it is entirely possible that portions of the nervous network do

remain attached to the vessels, and thus, the stimulus for

contraction is conducted to the muscle fibers. It is also possible

in the case of the isolated strips, that the drug can reach the

longitudinal fibers from the outside of the vessel, and not through

the intima in the lumen. Such a mechanism does not require the

presence of neural elements.

Because it has been shown that serotonin readily leaves

the vein during venous perfusion, and subsequently that the drug

appears in the surrounding bath, it is tempting to postulate that

it is the drug that diffuses out of the vein that ultimately causes

stimulation either of neural structures or of the arterial

musculature itself. This is not necessarily the case, however,

since it is possible that the neural terminals in the venous wall

bear the serotonin receptors and the "leakage" of drug out of the

vessel is an entirely unrelated phenomenon. An approach to this

problem may be to use agonists of higher molecular weight

than serotonin in an effort to reduce or eliminate diffusion of the

drug from the venous lumen. If the movement of drug out of the
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vein is simple diffusion, and if it is limited by pore size, it may

be possible to find agents which cause a rise in venous perfusion

pressure but do not leave the venous perfusate while doing so.

At least for such an agent, it could be shown that the drug need

not leave the vein to be active in this system. Several naturally

occurring compounds are ready candidates for such a study,

viz., oxytocin, vasopres sin, angiotensin, and the various

prostaglandins. The last of these is especially interesting in

light of the findings of Karim (9) on the presence of such compounds

in the cord in combinations and concentrations that produce con-

tractions of isolated umbilical vessel strips. With the ability

to radioactively label these compounds, detection of their passage

from the venous or arterial lumena is greatly simplified, and

much could be learned as to the mechanisms involved in this

area.

In the consideration of possible mechanisms by which

intravenous serotonin can effect contraction of longitudinal

arterial muscle, it is surprising indeed that methysergide failed

to alter the response to serotonin when this antagonist is

perfused through the vein prior to the contracting agent. If

diffusion of agonists and antagonists out of the vein, or at least

into the medial layers of the vessel wall, is required for drug

action, then it is obviously possible that methysergide does not
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leave the venous lumen, and, therefore, cannot reach the "serotonin

receptors". This problem is also easily overcome with the use

of radioactively labeled (probably tritiated) methysergide. By

examining the bath fluid via liquid scintillation after perfusion

with radioactive methysergide, one could determine if the drug

had, in fact, left the vein. Further, autoradiography would

show if the drug had left the venous lumen, but had not succeeded

in penetrating the wall of the vein. Lastly, it is possible that the

"serotonin receptors" that mediate the rise in venous perfusion

pressure are not the same as those that mediate contraction of

the isolated vascular strips and, therefore, methysergide is

active as an antagonist on one but not the other. It could be

fruitful, in this regard, to search for an antagonist to serotonin

in the perfusion system.

The finding that prostaglandins occur normally in human

umbilical tissue is of interest from more than one point of view.

They may, of course, have no physiological function in this

system, and are merely present as a biochemical fossil in the

cord. On the other hand, they may serve as a transmitter in the

neural network previously noted. In such a capacity, it may be

that serotonin, as well as other drugs, serves either to release

a prostaglandin which stimulates the neural plexuses or,

stimulation of the neural plexuses by serotonin ultimately causes
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the release of a prostaglandin at the vascular wall. In the latter

case, it would be the prostaglandin that would cause the contraction

of the muscle, and it has already been established that the

combination of prostaglandins present in the cord will cause the

contraction of isolated arterial strips.

The development of antagonists to prostaglandins would aid

in testing this hypothesis. If pretreatment of the cord tissue with

a prostaglandin antagonist abolished the response to serotonin,

while it did not have this effect on isolated muscle, one may

conclude the prostaglandin was involved in the serotonin-elicited

response. A cursory examination of recent literature suggests

that prostaglandins may prove to be virtually ubiquitous in

mammalian tissue, such that caution must be exercised in attaching

too great a significance to their presence in the cord. It is

possible, however, that they do play a vital role in this system,

and it is essential that this possibility be explored.

Lastly, it is of interest to conjecture as to the significance

to the fetus of a mechanism such as the one described herein.

Of what value is it, if any, to the organism for the arteries to

respond to chemical agents in the vein? It is difficult, in such

a consideration, to avoid teleological arguments, but certain

facts do emerge. Firstly, in the absence of such a mechanism,

a chemical entity which crosses the placental barrier and enters
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the fetal circulation must reach either the systemic circulation

of the fetus itself, or perhaps as far as the umbilical arteries in

the return circulation, in order to alter the fetal perfusion of the

placenta. If such a chemical is harmful to the fetus, a reduction

in fetal umbilical blood flow, tending to limit fetal uptake of

the agent, cannot occur until the agent is already in the fetus.

With the arterial-venous mechanism in force, however, a

vasoactive substance entering the umbilical vein just after crossing

the placenta could effectively reduce placental blood flow from

the fetus before the agent itself entered the central fetal

circulation. Further, and perhaps more important, is the fact

that such an action would tend to simultaneously reduce placental

inflow and outflow. In other words, constriction of the vein alone

would tend to decrease placental outflow, while inflow remained

essentially normal for some time. Being a distensible organ,

the placenta would increase in size. If the arterial flow and

venous flow simultaneously decreased to approximately the same

extent, placental size would remain relatively unchanged. This

may be of extreme importance to man, where the fetus rests

is a somewhat precarious position over the birth canal during

much of pregnancy. With the relatively weak attachment of

the human placenta to the uterine wall, compared for example

with the sheep, abrupt changes in placental size could lead to
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detachment and premature termination of pregnancy. In the

sheep, intra-uterine conditions are somewhat different. The

fetuses of the quadruped are carried in a position not as readily

available to the birth canal, but rather on a more horizontal

plane with it throughout much of gestation. Further, the attachment

of the sheep placenta to the uterus is a very secure one, consisting

of a number of boutons virtually grown into the uterine wall. In

a simple sense, then, the sheep may have no need for such a

mechanism while it may prove of benefit to man. It would indeed

be interesting to examine this system in a lower primate,

particularly a tree-living monkey, where one would expect the

gravitational stresses on the fetus in utero to be rather great

while the mother occupies a more-or-less vertical position with

respect to the ground most of the time.

This study has opened several areas of future investigation,

beyond the further delineation of the phenomenon itself and the

various parameters of its function. It would be useful for

obstetricians, for example, to have a simple catalog of those

agents which might produce the changes reported herein. Fetal

circulation is compromised in a number of pregnancies, and it

is clearly to the detriment of both mother and fetus to further

encumber such a system. In addition, the mechanism described

in this study may help to explain some of the toxic reactions seen
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with a variety of agents in pregnancy, especially those which tend

to cause premature placental detachment, perhaps by selective

vasoconstriction in the umbilical circuit. In any case, the

phenomenon clearly represents a unique vascular relationship

the study of which should yield considerable useful information to

the fields of pharmacology, physiology, and medicine.
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