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INTRODUCTION

The adaptation of techniques used in micrescopic observaiions
of bleod flow in organs of adult mammals has permitied me to observe
the dynamics of tlood flow in fetzal mice. The resulis of this study,
cembiéed with earlier cbservations by cthers on the development of
the vascular system, provide reascnable concepts of the process by
which embryonic peripheral vascular morphology is transformed to
the pattern seen in the newborn, of the relationships between dynamics
of flow and vascular morphelogy, and of possible effects of changes
in dynamics of flow on development of specific areas of the fetus,.

Present concepts of peripheral vascular developmental mechanics
in mammalian embryos are reasonably rational extrapolations from
direct observations of capillary beds and the davélopment of vascue
lar channels in adult tissues, or are based on injections of embry-
onic vessels with opague material. The former resembles the embry-
onic situation only in certain respects, and the latter, although
it does indicate the presence and general pattern of vessels, gives
no indication of the dynamics of flow and produces distortion and
distension in the minute, sensitive, thin-walled vessels.

Two positions have been taken concerning the development of
the vascular system. The older states that arteries and veins grow
out of single trunks to thelr respective territories. This method
of development implies that in & given area functiconal circulation
can not exist until connection has occurred between capillary oute

growths from venousg and arterial trunks.
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The current position is that the initial vessels in any area
are those of capillary size from which arteries and veins arise ‘
secondarily. Proponents for the capillary plexus ancestry of
larger vessels view the vascular system as functloning from the
begimning. The latter theory was first recorded by Aeby in 1868
(1), following a study of adult vascular varistions and arterio-
‘venous anastomoses. Kr#use (20) in 1876 accepted Aeby's hypothesis
when discussing blaod‘vessal variations. Wevertheless, Aeby's
congept gradually fell into disrepute as & result of comparative
investigations, which showed consgistency in the mumber and disiri-
bution of vessels with respect to other structures such as muscles,
nerves, etc. (12). Ruge in 1883 (29) explained the appearance of
vascular variations by the over development of normally incomspicuous
vessels rather than by the presence of capillary anlagen. In 1691
Hochstetter (16) denounced the Aeby-Krause theory and declared he
could find no indifferent condition of the vascular system in the
limb buds of Triton. Thoma (3L) attempted to determine the method
of development of arteries and veins by studying the development of
vascular patterns in the yolk sacs of chick embryos at various stages
of incubation. Early in development, he saw only an indifferent
network of vessels in which no predominant channels could be identi-
fieds In successive preparstione he showed the gradusl formation
of arteries and veins from this cpaillary-sized net. This tranafor-
mation of capillary-sized vessels into larger ones was described as
beling representative of a functional adaptation of this network te

the demands of the circulation. The decision as to which channels



of the net weuld become arteries and veins was considered to be
dependent on the position with respect te the largest guantity of
incoming arterial blood and Yo excurrent venous channels. Thoma's
postulates have subsequently be:n shown by vascular injections to

be applicable to the development of the vascular system of mammalian
fetuses (25).

The presence of caplllary nets peripheral to larger developing
vascular chanuels. in mammalian fetuses was first noted in 1894 by
Zukerkandl (38). He described the early appearance of the median
artery of the arm as a chain of capillaries accmmpanying‘the nedian
nerve. Studies of the submaxillary gland and lung by Flint (1j)
and of the liver by Mall (24) reveal development of vascular trunks
from pre-existing capillary plexuses. Rabl's studies (28) of the
wing bud of the dnck and Goppert's (15) studies of the developing
fore limb in mice showed the formation of the subclavian artery and
its branches from a capillary plexus.

Evans (11), utilizing a technique of injecting the vascular
syvstem of live chick embryes, traced the earliest vascularization
of the limb buds. He saw an early capillary plexus arising from
the lateral aortic wall from which the subclavian er sciatic arteries
ware formed ﬁy preservation and enlargemsnt of specific vessels,
Evans traced the development of the internal caretid artery and jugu=
lar velins from a stege when & capillary plexus connscted with the
aorta and vitelline vein compesed the entire vascular system of the
head of the chick embrye. Similar development of pulmenary arteries,

gut arteries, caundal end of the zorta, and the zortic arches from
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capillary anlagen was noted by Evans. Bremer (L) described an
7

endothelial anlage for the entire cephalic portion of the aorta \

\
{

in five somite rabbit embryos. i

Visualization of the finest radicles of the vascular system, |
made possible by the injection techniques noted above, gives strong
evidence that blood vessels are formed from capillary anlﬁgen. The \
apparent predetermination of the position of vessels (eg‘ the aorta)
isvshown not to result from the direct outgrowth of arteries and:
veins, Contrary to previous observations of investigatoréawvrking
with uninjected embryos, Evans saw no evidence in the ehieﬁ of
vessels not connected to the general system.

Direct observations of develeopment of blood vessels have been
performed on the transparent tails of living larval amphibia,

- Clark (7), working with the tadpole, noted specific peripheral
capillaries in early stages which gradually became the arterial
patlway to new capillaries in the expanding periphery.

Development of the inferlor vena cava presents an interesting
adaptation of the above described transformation of capillaries
into larger vascular trunks. Lewis (21), working with rabbis
enbrycs; showed that the inferior vena cava is formed through an
inosculation between one of the posterior hepatic veins and the
right subecardinal vein, The union between these two functioning
venous trunks results in the formation of a channel through the
caval mesentery. Uavis, working on pig embryos, (9) demonstrated
that the connecting channels across the caval mesentery were the

result of fusion of capillary sprouts from the hepatic and subgare

dinal vessels,



As pointed out by Bvans (11), tissue at one time permeated
with a uniform cepillary mesh may leter show differences in amounts
of blood supply to specific areas, Evans felt the variations inm
tissue ecapillarity were coilncident with corresponding changes in
the nature of the tissue and often positive evidence of these
changes, e described premuscle and precartilage as being charac-
teristically nonvascular arecas circumscribed by capillary flow to
the adjacent tissues., He used the anteriocr limbk bud of the duck
as an example of tissue which initially has a uniformly distributed
capillary net and later has areas which caplillaries appear to aveid,

Woolard (37), studying injected plg embryos, described three
stages in the formation of an arterial supply to the anterior limb
bude Initially, he deseribed the stage ol the capillary net,
sscond the retiform stage characterized by enlarged, coelescing
vagsels which have 2 tendency to fuse, and third the formstion of
& definite stem. He described esach stage as a response to definite
physiclogical demamis, the flrst being an angloblastic response to
tissue neede, the second representing the changes taking place
according to the previously mentloned postulates of Thoma and which
lead to the formation of a sinsle arterial vessel (the third stage).
Straeter {33} deserived a final stage of completion of histological
differentiation of the walls of the vessels,

Hughes' study {17) of the histogenesis of the main arteries
of the chick embryo clarifiess the important determining fators in
this later stage of developuent. He points out the existence of

primitive endothelial tubes when circulation begins and the direct



correlation of histolegical differentiation of the meseanchyme
arcund vessels with the pressure of flow within vessels. This
correlation is in agreement with the principle of Thoma (3L4)

that "the grewih in thickness of a vessel wall is propertienal

te the tension in the wall which itscif is determined by the
diameter of the vessel lumen and by the bloed pressure.®” The
second determining facter for histelogicul differentiation bointed
out by Hughes is the role played by the tissues surraun&ingéa given
vessel.

Striking examples have been given of differences in stfﬁctura
between adjuacent arteries which can not be explained by the dynam-
ics of bleed flow, In mammals, the ﬁuctus arteriosus is a muscular
vesssl whereas pulmonary and sortic arches are elastic. Im birds,
the ductus arteriosus is extremely thin in the region which cioses
at the time of hatching (5). Also in the chick, a thickening of
the wall occurs in the common carotid just before the bifurcation
and in the proximal portion of the internal and external carotids
(5)s An abrupt cessation of elastic fibers occurs in the omphalo=
mesenteric artery as it passes beyend the bedy wall (8).

¥uch evidence for Thoma's hypothesis has been derived from the
study of adult vesssls and growth of tension-bearing, vascular ele-
ments in tissue culture. Fisher (13) described a thickening of
velns when transplanted inte arteries. Schaeffer and Radsech {31)
deménstrat@& gradual less of the normal structure of the cemmen
carotid artery follewing ligation and there'y interruption of

circulation through the vessel. Tissue culture experiments (10, 27,
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36, 26) have lead to the conclusion that mechanical tensien within
the medium is necessary for the formation and maintenance of the
tensionebearing elements of fully develeopsd vessels (that is, extrae
cellular elastic and collagenous fibers, and smeoth muscle).

Benninghoff and Spanner (3) in their study of an acardiac fetus,
in which a normal twin was reépansible for the eirculation in both
fetuses, noted all the main arteries of the acardiac twimvcoﬁl& be
physiclogically peripheral arteries of the nermal twin. The dorsal
sorta and common carctid arteries were muscular rather than elastic
in type.

The sortic arches of the chick embrye, although having similar
gross structure and merpheolegical position, nevertheless show marked
differences in wall thickness which is largely attributed te differw
ences in bleed pressure and flow rute within them (17).

Lieter (23) and Silverman (32) first reported the use of fused
quartz reds for illumination of microscopic material., Wearn, et al.
(38) used a similar red to conduct "cold® light in the study of
intact memmalian lungs. Subsequently, Knisely (18) devised a methed
permitting direct microscopic ecbservatien of living organms in sitmn
illuminated by & quart: rod while maintaining experimenial conditions
similating the normal enviromment of the organ. Chambers and Zweifach
(6), using this technique, have arrived at & concept of the structural
vascular unit (Fig. 1) based on their microscoplic observations of
blood flow in the mesoappendix of the rat. Capillaries ware shown
te be the comnecting links betwe:n the smallest ramifications of

the arterial and venous %tress (arterioles and venules)., Occassicnal
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vessels of capillary dimensions were noted to transpert more rapid
flow than that which was cccuring in adjacent capillaries. These
latter vessels, termed central or thoroughfare chanmels, originated
as branches or prolengations of terminal arteriocles., The proximal
portion of a central channel and the proximal segments eof eapiilariea
arising from ithis porticn of the ceniral channel were shown to
eontaln conmtractile smooth muscle in contradistinetion to the remainder
of the capillary bed. The amount of flow through central channels and
ad jacent capillaries was noted to be a function of periodic contrace
tions by thesc smooth muscle cells.

The observations to be roported below have been obtained by
the adaptation of the technique described by Kaisely (19) to the

study of fetal mice.



Figure 1

These illustrations are diagramatic
representations of Chamberys and
Zweifach's (6) concept of 2 functione
al vasculer unit in the mesoappendix
of an adult rate.
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MATSRIALS AND METHODS

Records of microscopic observations have been made of the
dynamice of bleod flow in fetal mice at various stages of gesta-
tion from 10 1/2 to 17 days. All fetuses were from the first
litters of Webster strain albino mice which had been mated with
Hebater strain malss, The mice were raised in small wire cages
under uniform conditionse Their diet consisted of Purina Lab Chow
supplemented with lettuce once a week.

Males and females were placed together for mating perieds which
varied from 1 to 48 hours. The age of individual fetuses was deter
mined within the limits imposed by the length of the mating peried,
by elapsed time f{rom observed mating, and were checked by measure~
ments of preserved fetuses. The age of the mother mice varlied from
3 to 12 months.

Anesthetic.

The pregnant mice were anesthetized by & mixture of Nembubal
in 10¢ ethyl alcohol administered by intraperitoneal injection.
Light anéatheﬁia, judged by the type of respiration and the response
to pain, was initiated by giving .063 mgms. of the anesthetic per
gram of body welght. Additional small quantities of the anesthetic
were occassionally given after the first hour in order to malntain
a uniform level of anesthesia.

Dissectione

A 1 1/2 centimeter, oblique, abdominal incision through skin,

muscle and peritonsum was made directly over and parallel to one

of the uterine horns in the prsgnant mouse. Hajor vessels of the
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body wall {e.g. inferior epigastric) and of the peritonsum were
avolded in order to prevent hemorrhage inte the peritoneal cavity.
Being careful to avoid unnecessary manipulation, a lengitudinal
incisien adequate for ecusy celivery of the fetus was made through
the antim@smﬁetrial side of the uterine horn in order teo aveoid the
plagenta which is located on the mesometrial side at this stage of
gestation., This side of the uterus is also considerably less vascu-
lar; and, thersfors, less loss of blood occurs by folldwing this
procecdura. The fetus within its yolk sac and with its placental
attachment in tact was thus exposed. Due to the grest amount of
blood flow within the yolk sac, the final stage in expusure is
eritical and must be done with the aid of a dissecting microscope
(I used approximately 27X magnification). Because of the small
total blood volume of the fetus, hemorrhage from yolk sac vessels
greatly alters the hemodynamics of fetal circulation and thus must
be aveided. The yolk sac incision was made aiove the particular
part of the fetus to be observed, in this instance the posterior
linb bud, while attempting to leave the underlying amniotic sac in
tact. In order to maintain reasonably normal conditions for the
fetus, observations were made when possible through this clear,
bloodless membrane. Tension or pressure of any sort on the umbilie
cal cord was specifically avoided vecause of the relative ease with
which the umbilical vein can be Qccluded.

Maintenance of "Physiologic® Conditions.

By the use of the gquartz rod technique as described by Knisely,

the exposed fetus was kept in an enviromment as nearly as possible
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simulating the normal fetal habitat. Precautions were taken to
minimize trauma, control temperatures and adeguately irrigate the
exposed organs of the mother as well as the fetus itself with a
physiologic salt solution, which had been warmed to 38,5°C. This
solution contained 160 mEq./L of sodium, 6 mEq./L of bicarbonate,
lie3 mEqe/L of calcium, 164 miq./L of chloride and 5.6 mEq./L of
potassium. The solution was difected to & position immediately
beneath the fetus through hollow, fused quartz, light-conducting
rod and dripped from above through & polyethylene tube (Fig. 2).
Temperat ure of the ambient air was not specifically controlled but
varied between 70 and 75°F. The anesthetized mether was placed on
8 wire frame which allowed the excess saline to drip away and there-
by decrease the amount of cooling due to evaporation from her body
surface (Fig. 2).

The fetuses were illuminated by light from a 750 watt projec-
tion bulb conducted through s fused quarta rod (Fig. 3). Again in
order to aveoid trauma to the febtus, great care was taken in easing
the tip of the rod under it. Transmission of a "eold" light of
the spectrum visible to the human eye, combined with the property
of internal reflection which makes possible the transmission of
light around curves by fused quartz, have been the principle factors
in the success of this technigue. The low thermal conductivity of
fused quartz and division of the rod intc two segments reduce heatw
ing of tissue to a minimum. Constant flow of saline through the
hellow tip of the rod removes the heat formed by transformation of

radiant energy within the tissue. The high specific heat of water
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in the flowing saline enables the soluticn te take up heat as fast
as it is produced with little change in ite owm temperature,

Due presumably +o0 the high concentration of water in fetal
tissues and the transparency and thinness of the posterior limb
bud, the production of heat by “absorption® of light has not been
sufficlent to result in any visible alteraticns in the fetal circula=-
tion. The microcirculation is notoriously sensitive to such external
stimuli, and it seems very likely that if significant amounte of heat
had been produced, visible changes would have ﬁeen observed. Fig. 2
depiecte the quartz rod spparatus used in this study. The physioclogie
cal saline contained within the 18-liter bottle at the top of the
photograph was transported to the fetus through a small polyethylene
tube by gravitye The course of flow of this saline was directed
through thermostatically controlled, constant temperature baths.

The water, which was heated to 38.5°C, was pumped through rubber
hoses which encased the polyethylene tubes and thereby kept the
physiclogical saline at the proper temperature unitil it was delivered
te the fetus.

The tall pipe or “chimney" enclosing the light source functioned
as a convector of the alr warmed by the hoi prejection bulb. The
heated air rising in the convector pulled in cool air from below
and very effectively prevented cover«hsating of the light source and,
at the same time, eliminated the problem ef vibration which would

be produced by motor driven, al r cooling devicea.
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Qbaervatien}and Recording Procedures.

With the aid of a dissecting scope (Fig. 3), the tip of the
quartz rod was insinuated into position beneath the fetus. Adjust-
ment of the amount of illumination was accomplished with & variable
transformer,

Initislly, observations ware made for evidences of fetal or
maternal hemorrhage, regularity and rate of fetal heart besb,
tension on yolk sac and wsbilical vessels, impingment on the
exposed portion of the fatus by the yolk sac and any abnormsli
ties in the general periphersal eirculation of the fétuﬁ. Is
conditions appeared normal, observations of vascular morphelogy
and flow patterns were made with an American Optlcal stereoscoplc
mieroscope at magnifications varying from 27K to 7283 and the
results of these chservations recorded by drawings with accompanyw
ing notes and impressions and, in many instances, wverified Ly
later study of motlon pictures taken during these observations.

Motion pictures were made with & 16 mm Cine Speciel II Kodak
camera through a specially constructed wongcular microscope {Fig. 2
and 3). ?ha monocular microscope had a side arm viewer with &
partielly silvered mirror deflecting 10% of the light to the eye
of the observer and passing the remaining 90% te the film,

Kodachrome and Kodak ER film wers used, Camera speed was
ordinarily 16 or 32 frames per second. By running the camera at
the faster speed and showing the film at 16 frames per second, I
wes able to decrease the amount of appareat limb bud movemants

secondary to respiraiory movements of the wmother. Due to the
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weight of the camera and microscope and the inherent vibrations
of the movie camera, a rather massive; specizlly constructed stand
was required to held the photographic equipment. The optimal
amount of illumination required for recording the dynamics of
flow varies with the angle at which the light passes through the
fetus, the thickness of the tissue, and the size of the vessels.
Thus, the amount of detall visible and the general quality of the
motion picture records are improved if the intensity of the light
is varied gradually during the photography.

Duration of observations on & single fetus varied from 5
minutes to 90 minutes, although almost all data reported here
were recorded from observabtions made within 10 minutes after
exposure of a given fetuse Fetuses from a single litter were
often exposed at varyimg intervals from 5 minutes te 21 hours apart.
If the interval between exposures sxceeded 3 hours, the mother's
abdominal incision ﬁaﬁ closed with fine sllk suture and the mother
was allowed to raga%n conscicusness while being kept warm with
heat from a small 1émp. The mother was then re-anesthetized at
£ha appropriate timd,

Records of all 'fetuses observed have bee: kept on coded ﬁaﬁa
sheets. E@gfesemt&%iva fetuses from specific litters emposed &b
a given time have been numbered and preserved in 10% formalin.
Approximately 200 febuses from 61 litters are represented im the

observaiions reporbted here.



Figure 2

Apparatus employed for observation and
recording of microcirculatory patterns.
Parts ars numbered cn the photograph and
identified in the following list.

1.
2e

3e

ke
5e

6.

Te

Be
9.

10,
11.

Reservolr of physiological saline
Convector chimney for cooling light
source which is enclosed in its base
Polyethylene tube conducting saline
through the warmed water bath and

finally to the sight of the opera-

tion

Controlled temperature water bath
Kodak Cine-Special II 16 mm meotion
pleture camera

Side arm viewer deflecting 10% of
the light passing through the
monocular scope and transmitting
90% to the film

Dissecting microscope on adjuste
able arm

Konocular scope

Terminal end of polyethylene saline
conduit

Fused quartz rod drilled to deliver
saline to lower surface of tissue
Variable transformer

12. Stand
13, Wire mesh operating stand

.

Rubber hose water jacked






Figure 3

Detall of apparatus shown in Figure 2.
This photograph shows a gravid mouse
secured to the wire mesh operating stand.
The fused guarts rod is under, and the
terminal end of the polyethylene saline
conduit is positioned over, an exposed
fetus« The monocular scope which directs
light to the movie camers is focused
directly above the fetus.






OBSERVATIONS

Serial microscopic observations and motion pictures of
vascular morphology snd dynamics of flow in the postericr 1limb
buds of fstal mice have provided cbjective evidence for altera~
tions in the arrangement of patterns of capillary flow and vencus
drainage in this structure during development. The emphasis of
this study has been on the changes occuring between 12 1/2 and
1L 1/h days of gestation. Earlier development was seen to be in
accordance with observations on limb buds of injected plg embryecs
(37)s Initially, blood flow coursed from a uniform capillary
mesh to a sinus-like vein, usually referred to as the border vein,
which lay along the entire periphery of the flattened limb bud.
This peripheral vessel has been shown in rabbit embryos to drain
ceghalically inte the umbilical network of veina»amﬁ caudally inbteo
the posterior cardinal vein (22). In the mouse embrye, the proxi
mal portion of the border vein of the anterior aspect of the limb
bud disappsared at about 12 days; and the comnectien to the umbili-
cal vein was thereby lest. The entire venous drainage then continued
into the remainder of the border vein which coursed around the caudal
agpect of the limb bud into the posterior cardinal drainage systam
(Figs ).

Farly in development, the only arteriolar and capillary flow
which could be seen emanated from an arterial trunk centrally
located in the limb bud and drained to the periphery of ﬁhe limb
bud. Iﬁ embryos of about 12 1/} days gestation, superficisl capile

lary flow was noted over the outer aspect of the proximal portion
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of the posterior limb bud (Fige L4)es The multiple, parallel drainage
pathways from this new capillary plexus constituted the anlage of
what has been interpreted, on the basis of studies on injected rabbit
embryes by Lewis (22), as the anterior tiblal vein. The amount of
drainage into this vessel gradually increased as the new capillary
network grew cut to the periphery of the limb buds Between 12 1/2
and 12 3/L days, the au%g?uwtﬁ of this new capillary ﬁetwerkvmat
the pre-existing peripheral mesh of capillary~-sized vessels along
the cephalic border of the limb bud (Fig. %). Thus, confluence
was established between two dreinags systems. For a few hours after
this aratomical connection was complsted, specific vessels could be
visualized which gave off capillary flow to beobh drainage systems
(eeg. point x in Figs 5)e Fetuses from 13 litters (¥-12, 16, 19,
20, 23, 25, 27, 29, 32, 33, 36, 55 and 57), gestation ranging from
12 1/ to 13 days, have besn observed te have & vascular architec-
ture and pattern of flow similar to that dencted in Fig. 5.

In fetuses from 18 litters (P=-3, 7, 12, 19, 20, 2L, 25, 27,
28, 29, 32, 33, 4O, Lb, L7, 50, 55, and 57), gestation ranging
from 12 3/ to 13 1/L days, the direction of bleed flow within
the border vein along the cephalic border of the posterior limb
bud was seen i¢ have reversed (Fig. 6). From the cephalic segment
of the vorder vein, bleod flowed proximally inte venules or capil-
laries which had previously carried flow from the outer aspect of
of the limb vud distally toc the border vein. By means of connec-
tions with the new capillary plexus, described above, blood [lowed

from the border vein to the axlage of the asterior tiblal velin.
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This flow pattern in which blood which has been gathered into a
vein is dispersed to a capillary bed and finally to another vein
is essentially a local "portel system™. Initially, the reversal
of flow within the cephalic portion of the border vein involved
only & short terminal segment. (Duriag the last 10 mimtes of
observation of the particular limb bud diagrammed in Fig. S,
reversed flow was noted to proceed from the cephallic termination
of the border vein in the manner described above.) Within a few
hours of the appearance of this altered system, the portion of
the vein involved usually extended to the web between the develope
ing second and third digits. The increase in flow through the
capillaries of the oubter aspect of the limb bud, subsequent {0 the
reversal in the border vein, resulted in enlargement of certain
channels. Figures 5, 6 and 7, all of fetuses from litter F-19
{fetuses 2 and 3 exposed 1 1/2 and 2 1/2 hours after fetus 1),
show the transiition in pathways for bloed going from the cephalic
termination of the border vein to the anterior tiblal vein. In
fetus 3, as depicted in Figure 7, the reversed flow was confined
te one pathway which wes enlarged to a diameter comparable to
that of the border vein. However, much of this newly formed
vessel, along with the berder vein disappeared during the nexd
30 to 36 hours of development (Fig. 9). Ceincident with the
appearance of the new system, developmental changes in the limb bud
were noted which, by exerting pressure on the border vein, may very
well increase the resistance %o flow through this large vessel

distal te its junction with the anlage of the anterior tibial vein,
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Expansion of the tips of the digits from the previously smooth
contour of the limb bud established a sinuous course for the
peripheral portion of the horder vein (Fig. 8). Rotation of the
limb bud, c-mbined with more rapid thickening of the proximal
portion of the bud than that which cccurs at the distal end (which
was to become the foot and remain relatively flat), resulted in
further distertion of the initial pathway of the border vein
(Fige 5)e No specific constriction or degeneration of the border
vein was noted between the second and third digits prior to the
establishment of that peoint as the bifurcation in dirsction of
flow (Fige 6)s Distinct narrowing of the berder vein, however,
did occur in this area following the reversal of flow. In fetuses
from § litters (F=35, 37, L2, L8, and L9) of 13 1/2 to 1 1/L daye
gestation, the mid-portion of the border vein was absent (Fig. 9).

Observations of fetuses from 3 litters (P=7, 24 and 32) of
about 13 days gestation revealed capillary drainage from the inner
aspect of the limb bud to the border vein on the cephalic edge of
the 1imb (Fig. (4)e Reversed flow from the cephalic termination
of the horder vein over beth tne inner and the outer aspects of
the limb bud was noted in fetuses {rom 2 litters (F28 and LO) of
13 1/k days gestation (Fig. 8B). Reversed flow from the border
vein to the inner aspect of the posterior limb was noted in fetuses
from 12 litters (F-10, 1k, 22, 31, 3L, 42, L3, i, b8, 49, 51 and
52) of 13 1/4 to 1L 1/h days gestation (Fige. 8C)s In the more
mature fetuses, the flow going io the inner aspect of the limb

seened t¢ be confined to a single vessel wiich entered the beorder
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vein on the caudal aspeet of the bud near the junction with the
anlage of the anterior tibial vein.

Iin one fetus of litter F=l19 (gestation 12 3/l days), capillary
flow was noted to proceed from the imnmer aspect of the pesterier
bud to the border vein on the cavdal margin of the bud opposite
its Junction with the anterior tibial vein. Attempls were made
to duplicate this cbscrvation but were abandoned because of the
great difficulty in getting adequate exgésure of this area without
trauma and consequent distortion of normal dynamics of flow. It
was felt, howsver, that these observations indicated that, on the
inney aspect of the posterior limb bud, capillary networks draine
ing in opposite directions met and theveby formed a vascular pathe
vay connecting the cephalic and caudal segments of the border vein.

&s the superficial vascular netwerk on the onter ampeet of
the posterier limb bud which drained into the anla e of the anterior
tibial vein continued to expand, mere and more communications were
estsblished with cepillaries draining to the border vein {(Fig. 8C),
Follewing these connections, capillary {low which had originally
gone t%¢ the border vein reversed and drained inte the developing
antericr tibial vein {Fige 9)s With the decrease in volume of
flow, the border vein decreased in size (Fig. 98), Converssly,
follewing an increase in flow over the outer aspect of the limb,
enlargement of specific vessels has been obgerved (Fige 9B),

Figure 9 depicts "portal systems® which have resulted Irom this

bvapuing of capillary supply to various porticns of the borusr vein.
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Further evidence for relation between volume of {low and
vessel size is provided by an isclated observation on a fetus
of litter F=60 (13 1/2 days gestatien) in which a small puncture
wound was inadvertently made in the berder vein between the
fourth and fifth digits. Flew, seecking the path of least resisti~
ance, once again coursed through the narrowed portion of the
border vein between the second end third digits and resulted in
dilation of this segment to a diameter comparable to adjacent
portions of the vein.

Fxposure of fetuses from the sume litters at intervals
between the ages of 12 1/2 and 14 1/h days gestatiocn gave evidence
of the rate of change in vascular morphology. Figures 5, 6 and 7,
which are described above, provide an example of the morphologie
changes that occur at 12 3/L days gestation.

Figure 9 (¥F-35, fetuses 3 and 1) denotes vascular patterns
in fetuses from the same litter as that shown in Figure 8C (F-3k,
fetus 1)s The fetuses (gestation 14 1/l days) represented in
Figure 9, which were exposed within the same hour, are good examples
of the final stages in the comwplete disappearance of the border
vein. Another fetus (F-35, fetus 2), from the same litter as those
shown in Figures 8C and 9, which was exposcd at the same time as the
fetuses represented in the latter figure and 18 hours after the fetus
ghown in Figure 8C, had no remnants of the border vein.

Variability in vascular patterns in the posterior limb buds

of fetuses of the same litters exposed at the same time (as described
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above in litter F-35) has been noted in most of the 61 litters
investigated.

The original connection betwe:n the berder and anterior
tibial veins on the caudal berder of the limb bud also disap-
peared at about 1i 1/L days. Prioer to the disappearance of this
junction, tapping of flow from the berder vein inte the anterier
tiblal drainage system in the manner described abeve resulbed in
local "portel systems® over the fifth digit. Fetuses from 3
litters (F-, 17 and 39) of gestation 13 3/k te 14 1/L days showed
the role of these "portal systems" in the disappearance of the
eriginal connection between these two veins. The transition
correlated exactly with the transition, noted in Figure 9, in
the disappearance of the berder vein on the cephalic veorder of the
limb bud.

#Portal systems" have also been noted in the anterier limb
bud (Fig. 10) and in the pesterolateral body wall.

Figure 10 (F-32, fetus 3) shows flow proceeding from the
caudal terminatien of the border velin inte a capillary netwerk on
the onter aspect of the aﬁterior limb bud. The venous channel
inte which these capillary-sized vessels direet the bleood flow is
appavently the developing median vein. Fetuses from 3 litters of
about 13 1/L days gestation were observed to haVarsimilar flow
patterns in thelr anterior 1limb buds.

Fetuses from two litters (F-23 and 25) of 12 3/l days gesta=
tion had a "portal system® at the proximal caudal margin of the

outer aspect of the posterior limb bud. Bloeod flow was seen teo



22

course oub of a vein of the posterclateral bedy wall inte
capillaries which drained te the border vein.

Y¥e "portal systems™ were noted in the posterior limb after
the disappearance of the berder vein at about 1y 1/4 days pgestae
tion., Fetuses from 11 litters (F-9, 13, 15, 17, 26, 30, 37, 38,
hl, 46 and 53) of 14 1/h to 15 1/2 days gestation were obssrved
to have no remnants of the border vein. After 1l 1/L daye, venous
flow on the cuter aspect of the limb bud was gradually encompassed
within fewer and fewer vessels until the anterior tibial vein
extended as a single vessel to the dorsum of the developing foot.

4 seven minute film has been prepared as & portion of this
thesis which prevides geod examples of the dynamics of flow and
morphologic pattern at specific stages of development of the
posterior 1imb bud. A copy of this movie will be kept in the
Anatomy Department at the University ¢f Oregon Medic¢al School.
The following fetuses are represented in this filme

(1) F-57, fetus 1 (gestation 12 3/k days). The yolk

sac circulation is shown in order to point out the
great amount of flew which courses through the
yolk sac. A indicated in the section on Materials
and Methods, this network of vessels presents a
major technical problem. Avoiding the yolk sac
vessels when incising the yolk sac 1s critical
since even minute hemorrhages might represent a
high enough propertion of the tetal fetal bleoed

volume t¢ alter normal hemodynamics.



(2)

(3)

(L)

(5)

F-50, fetus 1 (gestation 12 3/l days). The
vascular pattern and direction ¢f flow en the
outer aspect of the posterior limb bud is
similar to that diagrammed in Figure 6.

Pa55, fetus 1 {geat&tiun 12 3/l days). The
vascular pattern and direction of flow on the
onter aspsct of the posterior limb bud is similar
to that noted in Figure 5. Flow from small
vessels coming toward the surface near the
cephalic termination of the border vein can

be seen to give off capillary flew to both the
anterior tibial and border veins.

Fw55, fetus 2 (gestation 12 3/ days). The
vascular pattern and direction of flow on the
outer aspect of the pesterior limb bud is
similar to that diagrammed in Figure 6. A
"portal system" consisting of flow proceeding
from the cephalic terminatien of the border

vein to capillary-sized vessels and finally

to the anlage of the anterier tibial vein is

in focus.

Fuly, fetus 1 (13 1/4 days gestation). Bifurca-
tion of the direction of flew in the border vein
between the second and third digits of the posterier

limb bud is clearly shown.



(6)

(7)

{8)

P47, fetus 1 (1 days gestatien). The
vascular pattern and direction of flow on the
outer aspect of the postericr limb bud shown
in this part of the film is similar to that
noted in Figure 94, BSmall vessels coming
toward the surface near the periphery of the
limb bud can be seen giving off flow to the
border vein and alse in the direction of the
anterier tibial vein. The berder veln is
guite narrow at this stage.

Feli9, fetus 1 {13 3/l days gestation). The
border vein is seen to be divided into two
distinct segments by less of continuity at
the periphery of the limb bud, Flow proceeds
from the cephalic pertien of the border vein
40 the inner aspect of the limb bud (as in
Figure 94), and a small romnant ef the border
vein is noted to collect flow aleng the caudal
border of the fifth digit.

F-53, fetus 1 (14 1/2 days gestation). Ne
remaanta of she berder vein of the posterior
1imb bud can be seen. The anterier tibial
vein extends as & single vessel to the dorsum

ef the developing foot.



ILLUSTRATIONS

Fach drawing is a diagrammatic representation of the vascular
patiern in a limb bud of a particular fetus of the age indicated
in the caption. - Patterns of flow pertinent te interpretation of
vascular development in specific aresas are represented. Thus,
although figurs 5 is relatively complete, the cthers show large
arsas where vesgsels have not besn drawn in.

Pigures 6 and 7 represent patterns of [low scen on the outer
aspect of the posterior limb buds of fetuses from the same litler
as that frem which the specimen in figure § was obtained., Figure 6
is of g fetns exposed 1 1/2 hours and figure 7 is of 2 fetus exposad
2 1/2 hours after the fetus shown in figure 5.

Figures 95 and 98 represent patterns of flow ssen on the outer
aspect of the posterior limb buds of fetuses from the same litter
as that from which the specimen in figure 8C was obtained. Figures 94
and 98 are of fetuses expos-d 18 hours after the fetus shown in
figure 8C,

The symbels are as fellows:

a. border vein of posterior limb bud
be anterior tibial #&in
c. area of termination of central arterial trunk
d. point of division of flow and ecventual
structural divisien of vein
e, cephalic termination of bvorder vein
f. vascular connection between capillary-sized vessels

en inner and outer aspects of limb bud
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cephalic border of limb bud

median vein

border vein of anterier limb bud

caudal bovder of limb bud

peint of emergence of a deep vessel which divides
its flow uetween anterior tibial and berder veln
drainage systems

caudal terminatiicn of border vein



Figure 4

This illustration depicts the cuter
aspect of the posterior limb bud of
a mouse fetus of 12 1/k days gestation.

Capillary draina.e from the outer
aspect of the proximal portion of

the limb bud is directed into the border
vein (a). The multiple, parallel
drainage pathways from this capillary
network constitute the anlare of the
anterior tibial vein (b).

Arterial flow to the peripheral portion
of the flattened limb bud emanates from
a central arterial trunk (¢) and drains
inte the border vein (a) through vessels
of capillary size.

(F‘-—Ea, fetus 3)
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Pigure S

This illustration shows the outer aspect
of the posterior limb bud in & mouse fetus
of 12 3/L days gestation. It depicis ihe
vageular cenflusncs betweqn the anlerier
tibial {b) and verder (a) veins. The
veseesl epproaching the surfecs at the
cephalic aspect of the flatiened bud (x)
centritutes flow te hoth dre nuge systems,

Flow to the anterier tivlal vein (b),
although primerily from the outer surface
of the preximal portien of the bud, is
also shown to be riming Crom small vessels
near the «rea in which arterial vessels can
be seen smanating from & central arterial
trunk (c).

Junction of the anterior tibilal and bordspr
veins om the caudal aspect of the limb bud
ig obscur~de Arterial anc capillary {low
to the clstal portion of the limh bud is
unlformmly uistributed at this stage.

(P19, fetus 1)






Figure &

This illustration shews the cuter aspect

of the posterior limb bud in a mouse fetus
of 12 3/4 days gestation. Flow proceeds
from the terminal portien of the berder
vein (e) on the cephalic aspect of the limb
bud (g) to smaller vessels including
cnamnels of capillary size on the outer .
aspect of the limb bud. These in burn drain
into the anterier tibial vein (b). The
segment of the border vein at the bifurca-
tion of flew (d) is shown to be patent
although somewhat narrower than adjacent
segmenta of the vessel,

(F=19, fetus 2)






Figure 7

This illustration shows the outer aspect
ef the posterior limb bud in a mouse fetus
of 12 3/L days gestation. Flow frem the
cephalic termination of the border vein
(8) to the anterior tibial vein is almost
completely confined te one pathway, which

is enlarged to a diameter comparable to
that of the border vein,

(Ful9, fetus 3)






Figure 8

These diagrams are of three posterier limb
buds viewed from the cephalie aspect.

A,

B

Co

A fetus of gestution sge 13 days. Flow
from the cephalic termination of the
berier vein (e) is directed inte vessels
of varying sizes which lie on the outer
agpect of the bud and connect with the
anlage of the anterior tibisl vein. The
snall vessels (f) near the cephalie termi~
nation of the Lorder vein direct flow
frem the inner to the vuter aspect of the
limb bud.

(732, fetus 1)

4 fetus of gestation age 13 1/ days.
Plow Irom the _ephelic pertion of the
berder vein (e) is directed in squal
proportions to baoth the inner and outer
aspects of the limb buds Flow %o the
cuter aspeet of the bud draine inte the
anlage of the anierier tiblal vein.

(F-li0)

A fetus of gestation age 13 1/2 days.
411 Tlow from the cephalic termination
of the beorder vein {e) is directed to
the immer aspect of the limb bud and
subsequently te the border vein on the
caudal aspect cf the hud ss deseribed
aboves Numerous vessels appreaching the
surfice {Jencted by small circles) are
shown to give off flow both te the berder
vein (2} and to the developin: anterior
tibial vein (not shown in dlagram),

Marked narrowing ¢f the border vein has
sccurred in the segment in which the
bifurcation of flew occurs (d).

(F=34)
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Figure 9

Gestation age 1 1/l days. Continuity
of the bordsr vein (a) along the
periphery of the limb bud has been
lost betwzen the sccond and third
digits. Flow from the border vein te
vesgels of capillary size which evene
tually drain into remifications of the
anterior tiblal vein is noted hetween
the first and second di:its., Flow
through this narvowed, discomnected,
cephalic portien of the berder vein is
directed to the imner aspect of the
limb bud at the cephalic margin (g).
Mo vessels other than those shown were
sesn to empty inte this segment of the
veln.

(F-35, fatus 1)

Gestation age 1h 1/k days. 4 small
remnant of the berder vein (a) is
neted te extend hetween the first

and fourth digits. The berder vein
branches inte capillary-sized vessels
in the inter-digital groove between

the first and sccond and betwsen third
and fourth digits. Thes: esmall bronches
direct flow to the developins anterior
tibial vein (b).

(Fe35, fetus 2)






Figure 10

This illustration shows the outer aspect
of the anterior iimb bud of a mouse febus
of 13 days gestation. The limb bud is
viewed from the caudal aspect.

A porticn of the blood flow from the
caudal termination of the border vein (y)
cn the caudal border of the limb bud (j)
is shomn to proceed to smaller vessels
including channels of capillary size on
the outer ascpect ef the limb bud. These
in turn drain into the median vein (h).

(F-32, fetus 3)






DISCUSSION

Discussion of the results of this new approach for assessing
the hemodynamic aspects of fetal circulation necessitates correlaw
tion with previous observations of fetal vascular patterns and
theories of vascular development, consideration of significance,
and projection of possible ramifications of this study.

It should be pointed cut ilmmediately that there are difficulties
in ecategerizing the vessels which have been studied. The large
vessels draining an aresa have been called veins although structurally
they appear to be single endothelial tubes of varying diameter and
probably sheuld be termed simusolds. The vessels referred to here
as capillaries are undiffersntiated vascular channéls of capillary
size which may exiﬁt only temporarily In this state, poing on %o
become larger vessels, sprouting new vessels to keep pace with
growth of the rogion, or disappearing completely to give place to
new local systems. Only the terminations of what presumably are artee
rial, or potential arterial, channels can be seen in these prepara-
tionsy but many of the vessels I have termed capillaries must eventoe
ally‘b@cema arterial, The direction of flow in most channels seen
during these studies appesrs to be variable and may change, posaibly
several times, in the history of a given vessel.

Hy cbservations appear to fit with Evans' distinction between
primary and seeondary veins (12). The shift from the border vein
to the anterior tiblsl as the predominant venous drainage appears
to be a clear example of the alteration of pattern from one of widely

separated arterial and venous pathways te one of parallel and clesely
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approximated afferent and efferent channels characteristic of the
definitive peripheral vascular system. The dynamics of flow during
such & transfermation have net been deseribed previously. The
border vein would be & primary veln and the anterior tibial a
secondary veln in Ivang' sense.

The establisiment of the anterior tibial vein from a channel
or channele in a previously uniform plexus, as the tapped border
vein reverses flow and pours blood into the plexus, effectively
dsmonstrated in a living embryonic system Thoma's pestulate that
capillary-sized vessels are transformed into larger ones as func-
tional adaptation te cireculatery reculrements. The dlsappearance
ef large vessels such as the berder vein fellowing reduction in
flow supports the contention cf Hughes (17) that "...once the

lairculatien has acted on a network in this way, the callbre of
the larger vessels thus formed is only maintained if the circulaw
tion continves.® The cobservations do not, however, eliminate the
concept that gemetic pattern may play sn important part in the
respense of the vessels and the establishment of the definitive
arrangemént.

The interaction of limb bud mesoderm and th2 spical ectodermal
ridge in the development of & normal limb seems te be well established
(30, 39), I would like to suggest that the system of capillaries,
which at an early stage drains distally into the border vein (or
ginusoid) in intimate relatien te the bass of the ectodermal ridge
throughout its length and later the raversal of flow and establishe

ment of "portal systems", provides a vascular channel for the
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reception, trangporbaticn and diffusien of agents contrelling
noymel morphojeresis of the limb. B2leed which flows slowly
through the border vein, nearly in contaet with the bese of the
ectodermal ridge, is for a time distributed through 2 mesh of
capillakias Lo the rapidly growing preoximal portion of the bud
before being gothered agzain inte the anterler tibial vein, If
the sctodermal ridge is producing & diffusable substance to which

1,

relatively distant mesoderm is to react, these wvascular pathways seem
to constitute & ressonable mechanism for its tranaportatisn. It

may be that similar vascular arrangements will be feund té exlst

in other interacting systems of the embryo te account for continued
organization of complex parts until differentiation is complete.

Cn the basis of preliminary observations, it seems reascnuble to
predict that such a system will be found to exist in the eye.

Since this paper represents the initial rocording of direct
microsceopic observaticns of mammallan fetal cireulatery hemodynamics,
the possible ramifications of this study are numerous. Transparency
of the fetal epidermis at an early stage permits observation of the
vascular system in the tail, tody wall and brain as well as in the
antsrior and posterier lismb buds. Comparisen of circulatery develope
ment in these areas, and of the relation of vascular development to
hemodynamics, is the mest ebvious study which might be performed.

Observation of cerebral hemodynamics without the necessity of
dissection of skin, cranium and durs coffers an excellent oppertunity
for testing ths offects of various substances (e.g. drugs, hormenes,

etc.) on cerebral vess:ls. I have noted constriction ef cerebral
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arteries and artericles in response te nor epinephrine {paper to
be published).

Comparisce of fetal micrecirculation before and after adminise
tration of & substance to the mother, which has previously been
noted to have a direet effect on fetal hemodynamics, will give
‘evidence as to whether or net the substance will pass the placental |
barriers I did not chserve constriction of microvasculature over
tne ouler aspects of the telencephalon and limb huds in fetal mice
felleowing imtraperitoneal and/er IV injections of ner epinephrine
te the mother mouse {paper %¢ be published).

Relative avascularity of the chest wall permits dissectien
with negligible blocd loss., Utillzatien of the fused guartz red
technigue previously described has ensbled me to place the tip of
the quartz rod under the Leating heart. Hovies of the heart taken
at high speed and projected at a slow speed might well delineate
the manner of cardiac [illing and the evelopmental morphelogy and
hemodynamies of the coronary cirgulation, ILikewlss, evamination
of intrathoracic or intra shdcminal organs can be carried out in
a similar manmere

Chservaiblon of 2 given vasculsr nsbwork with hipgh magnificaw
tion should rovesl the staze at which the vasculature beiins e
demonstrats perl dic constriction and dilatation of prscapillary
gphincters (as described by Chambars and Zweifach).

The high concentration of vess:ls nobed in areas of rapid
fetal growth poses once again the guestion of correlation between

these twe interesting phenomena. Speculution on this question leads
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me te wonder if rapidly grewing tissue produces 2 substance which
either stimulstes existing undifferentiated mesenchyme to form
vascular chemnels or stimulate sxlsting vaseulsr networks to extend
capillary buds inte nevly formed tissue,

Algire (2), based om siudies of vascularization of grafis,
peints gut that veszel remnants in grafts of rapldly growing tumors
ars not active in forming commections with the host. He states
that tumor stimulstes the growth of new capillariss from the host,
whereas blood vessels within grafts of nermal tissuss frecuently
play an active role in making comnectlons with the hest., Rapidly
growlng tumors, by stimulating oulpgrowth of new capillaries from
the surrounding tissues, are shown te scguire a rich supply of
afferent and efferent vesscls. Limited differentiation inte artee
rioles, irresular anastomesing of the caplllary notwork, and steady
ra hay »ointermittent flow characterizes the blecd supply te the
rapidly growing tuﬁcrs.

The characteristics of the vascular patiern and hemodynamics
in rapldly growing tumor grafts described by Algire are alse
typical ef microcirculation noted in fetal mice, I fesl it is
likely thet a similar substance is produced by rapidly growing
tumers of adult tissue and Ly rapldly growing embryonic tissue
which stimulates vascular supply. I feel an attempt should be
made to iselate such a substance.

Since the fetus is physicleglcally immature, it is necessary
to constantly re-svaluate the methods by which the enviromment of

the expessd fetus is contrelled. For further studies on fetal
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eirculaiion, I suggest the adciticn of a colleid to the "physiolo-
gleal® saline solutien, comparison of the =ffects on fetal circula-
tion of varleus anesthetics with and wi.thout spscifie analgesics,
use of & thermister or thermoccuple at the tip ef the quartz rod
beneath the exposed febus, provision of a water bath for the fetus
(e«ge plastic cup surrcunding the %ip of the quartz red), and
performance of the gperation in a reoowm in which the temperature

&nd humidity can be comtrolled accuratelye.



SUBNARY

The equipment and techmiques used in the study of adult
microcirculation have been adapbtzd teo abéarvations on mammalian
fetuses.,

This paper is mainly concernsd with the changes in hemcdynamics
in the postericr limb vuds of fetul mice occurring between 12 1/2
and iy 1/ days of gestation, Serial microscopic observations and
motion pictures of vascular morpholegy and dynamics of bloed flow,
ecombined with earlier observations on the development of the
vagcular system, proviae recscnavle concspts of the process by
which embryonic peripheral vascular morpholopy is transformed to
the pavtern seen in the newborn, of the relationships betwsen
dynamiegs of flow and vascular morphology, and of possible :ifects
of changes in dynamics of flow on development ef spsc fic areas of
the fetus.

it is sugested that the temporary portal systems ooserved
here muy provide a mechanism fer transfer of substances between
interacting pertvions of the ueveleping limb bud.

The possivilities for futuwre studies of microcirculation of

mammalian fetuses are numerous.
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