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SUMMARY

Catheters were inserted into the fernoraL artery and vein, urinary

bladder a¡rd anniotic sac of foetal sheep and sanples were collected dal1ry

during the last 35 days of gestation. Analysis of these samples revealed

changes in the conposition of foetal urine that were significantly correlated

with foetal age. A series of experiments involving the administration of

hormones and diuretic chemicals was then carried out i¡ an attempt to

determine the cause of the changes in urine composition. Kidney norphology

was also exarnined.

Foetal glornemlar filtration rate (GFR) was fot¡¡rd to increase

progressively and rnature foetuses were able to increase GFR by as rmch as

80%. The diuretic experiments confirmed the existence of active Na+

reabsorption i¡ the foetal nephrons and the reabsorption appeared to be

1i¡ked to K+ secretion. The Na+ reabsorption was also accompanied by

passive water reabsorption. Carbonic anhydrase activity in the foetal

nephrons and its i¡volvenent in Na* - H* exchange, was also demonstrated.

With respect to rnaturational changes, evidence was obtai¡red that the

capacity for Na+ reabsorption in the loops of Henle increases with

gestational age, as well as distal Na* - K+ and Na* - H+ exchange. The

hormone administration experirnents indicated that during the last 35 days

of pregnanry, aldosterone promotes Na+ retention and that cortisol has a

nild natriuretic and diuretic effect. Also dexamethasone administered

a1one, or in combination with metyrapone, produced changes in urine output

and cornposition that were consistent with the existence of pituitary-adrenal

interactions in the foetus, 119 hydroxylase activity in the foetal adrenals

and responsiveness of the foetal kidneys to ll--desoxycorticosteroids. Other

hormones including progesterone, ADFI and angiotensjn produced variable



effects on urine composition, but AXFI and angiotensin reduced urine output,

presunably by increasiag renal vascular resistance. These hormone

experiments were of a prelirninary nature and further work will be necessary

to confirm the observations made. Nevertheless on the basis of these

experirnents and the obseryed relationship between endogenous hormone levels

and normal urinary parameters; it is suggested that i¡creasing plasma

renin activity plus a greater capacity for Na+ reabsorption was responsible

for the decrease in urinary Na* concentration that occurred prior to the

145th day of pregnancy. However, the preparturient increase in urinary

Na* concentration and Na+ excretion rate is thought to have been due to a

rise in GFR induced by an increase ín plasna cortisol concentration. Because

LL

of Na' - K' exchange in the foetal nephrons, these factors also appear to

have influenced urinary K+ concentration during gestation. The urinary

concentrations and excretion rates of uric acid and urea h/ere related to

the gradual increase in GFR that occurs prior to ðay 145 and to the

exponential increase in GFR during the last five days of pregnancy.

The ability of the foetal kidney to compensate for disnrptions to

normal fluid and electrolyte balance hrithirr the foetus was also studied.

This ability was apparent in foetuses older than 115 days, irrespective of

whether the disruptions were the result of direct nanipulation of foetal

body fluids or i¡rdirect disruptions consequent upon changes i:r the

composition of maternal body fluids or amniotic fluid. The renal mechanisns

involved in these homeostatic activities jncluded both changes in GFR and

changes jn the reabsorptive activity of the renal tubules. The relative

involvement of each appeared to be a function of foetal age and the nature

of the imbalance i¡ the i¡rternal environment of the foetus.
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I TNTRODUCTTON

The objective of this research was to examine the firnctional

clevelopment,of the foetal kidney during gestation. The sheep was chosen

as the subject of this research because it is particularly arnenable

to the surgical i¡tervention necessary in studying foetal kidney ft-nction

i¡ vivo.

At the tirne this study was comnenced, rnuch of the information

relating to foetal kidney fu'rction concerned acute experiments carried

out on sheep foettrses. However, a few reports of renal studies using

chronically catheterised sheep foetuses had appeared in the literature

and the ímportance of chronic preparations , as a means of conducting

long-term physiological and biochsnical studies on trtstressed foetuses

was begirning to be recognised. Important pioneering studies in this

area were carried out by D.P. Alexander and her colleagues during the

1950's (Alexander et al 1958 arb.). However, their early preparations

were acute and involved exteriorisation of the foetus and it was not

until the mid-1960's that the technical difficulties of establishing

irr utero preparations with chronically catheterised foetuses were over-

come (Meschia, 1965).

In L972, Mellor.r. IVillians and lrdatheson published a paper

describing a technique for the chronic catheterisatio¡r of the foetal

sheep bladder and since that ti¡ne these authors have anployed their

technique in a variety of renal studies. The technique described by

Mellor et al is sirnilar to the technique developed independently for

use in the present work, although Mellor et al did not include vascular

carurulae in their preparation. As will be seen in section 3.0, the

preparation used in the present research included the establislrnent of

inó¿elting catheters in the femoral artery and vein of the foetus and

at the tirne this preparation was developed no other had been described
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in which foetal fluids, foetal urirre and foetal blood could be collected

simulta¡eously.

Once this experimental preparation could be reliably established,

the first step in the project was to determine normal values for the

various parameters selected as indices of kidney ftrnction. These

ilcluded uriaary Na*, K*, pH uric acid, urea and creatinine concentration

plus flow rate and glómerular filtration rate (GFR). From this data

certain trends in kidney activity during foetal life were established

with particularly dranatic changes apparent during the last 10-15

days of gestation. Thus the next step was to attenpt to relate these

trends to anatomical or finctional changes in the developing kidney

or to other developnents in foetal physÍology.

Since foetal GFR was found to be significantly correlated with

foetal age, the characteristics ofgionerular filtration were studied i¡

nore detail. Changes i¡r total glomerular surface area were considered

as hrere the ultra-structural feattres of the filtration barrier in

foetuses of various ages. In additicn, the influence of foetal arterial

blood pressure and renal vascular resistance on glonerular filtration

was exa¡nined. Finally, sirce the GFR of foetuses i-s reputedly more

variable than that of adults, foetal GFR was studied during drug-induced

diuresis.

The fu-rction of the renal tubules was studied in two ways.

Firstly, the fractional reabsorption of water and electrolytes was

assessed throughout gestation. Secondly, foetuses of varying rnaturity

were treated with a range of conrnon diuretic agents. It was anticipated

that the second approach would prove useful for a nunber of reasons.

Since the pharmacological action of these drugs often involves the

inhibition of transport mechanisms j¡ the renal tubules and silce, in

many cases, the nature and site of this inhibition is relatively well

established; it was felt that the diuretics could be used to i¡dicate
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the existence of sinilar mechanis',rs in the tubules of the foetal kidney._

Secondly, should the diuretics induce a response, the magnitude of the

response rnay indicate the degree of maturity of the particular mechanism

i¡rhibited. In effect, the use of these diuretics enabled a cønparison to

be made between the ftmction of the renal tubules in foetal sheep and

the function of renal tubules in adult mannnals.

Next, j¡ a series of prelirninary experiments, hormonal influences

on foetal kidney fi.rnction urere examined and particular attention was paid to

the involvsnent of the foetal pituitary-adrenal axis. The degree of 17c Q

11g hydrorylase activity in foetal adrenals at various stages of gestation

is currently in dispute, hence the involvement of foetal mineralo-corticoids

in regulating electrolyte netabolism il the foetus is unclear (Wintour et al,

1975; Thcrnas et al, 1976).

This question was studied by treating foetuses with cortico-

steroids, corticotrophin and a cortico-static agent. It was also exami¡ed

by relating endogenous cortico-steroid levels to uri:re composition i¡

untreated foetuses. In addition, the responsiveness of the foetal kidney

to vasopressi¡r was tested and the i¡rvolvenent of the renin-angiotensin

system in foetal water and electrolyte homeostasis assessed. The latter

was achieved by infusing angiotensin II and by measuriag plasma renin

activity throughout the last third of gestation.

Firrally the homeostatic capacity of the foetal kidaey was

examined to determine its ability to regulate the internal environment

of the foetustlrroughout gestation (Gellhorn Q Flexrer, 1942;

Hellnan et al, 1948; Stanier, 19ó5). The renal response of the sheep

foetus to stimulii such as salt loading a¡rd haemorrhage was assessed.

In addition, the i¡rternal environment of the foetus was manipulated

indirectlL bl altering the salt concentration and osmolality of maternal

plasma, thereby establishing transplacental gradients which disrtrpt the

normal transfer of electrolytes and water across the placenta. The ability
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of the foetal kidney to control electrolyte and water excretion, under

these circr.mstances, is of particular interest since it is l,nown that the

placenta offers little resistance to the transfer of water. The tra¡rsfer

of the physiologically important cations is only slightly more restricted.

Thus any regulatory capacity of the foetal kidney, would enable the

foetus to limit changes of its body fluid composition in situations where

dietary or environrnental conditions had altered the ccrnposition of

naternal body fluids.
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2 LTTERATURE REVTEW

2.r The methodoTogg of foetaT kidneg research

It is only during the last two decades that research into the

ft:nction of foetal kidneys has rnade significant progress. Previously,

isolated observations ard unrelated irrvestigations characterised the

rneagre intrusion of this subject j¡rto the physiological literature.

Leonardo da Vinci, at the conrnencement of the 1-6th century'

noted that hrman foetuses produce urine durirrg foetal life (quoted by

Needham, 1931). In 1902 Jacque ccrnpared the osmolality of amniotic and

allantoic fluid in sheep, with that of foetal urine and concluded that

urj¡e passes into the allarrtoic sac via the urachus r-¡ntil about the 90th

day of gestation. He further suggested that thereafter the uri¡e

passes increasingly into the amniotic sac as the urethra becomes more Patent.

It was not until 1958 that Alexander et al, provided corroborative

evidence for Jacquets theory. In the rneantime, a few trtrelated studies

of foetal kidney function had been published.

Makepeace et al (1931) analysed foetal bladder samples from

hr.rnans and discovered that hr¡nan foetuses produce hpotonic urine. About

the sane time the glomerular excretion of ferrocyanide and the tubular

excretion of phenol red was reported in the foetal rabbit, cat, oposstm,

clrick and pig (Gersh L937). Later, lVells (1946) and Daly et al (L947)

demonstrated that the foetal rat kidney produces a diuresis in response

to sub-cutaneous injections of urea. In 1947 quantitative observations

on phenol sulphophthalein excretion by the foetal rabbit kidney were

published (Williamson and Hiatt 7947) and fina11y, i¡ the early l-950rs

Kin¡runen and Paalanen (1952) examined the excretion of uric acid in hrmran

foetuses.

In studying the kidney fi.rrction of hr¡nan foetuses, investigators

have been particularly lirnited. They have had to be content with

collecting urine from foetuses taken duri-ng natural or artificial abortion
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or i{ith collecting uri¡e voided soon after delivery. Other approaches

have i¡cluded histological examination of kidneys from the abortus

and radiographic study of dye excretion. Obviously the use of abortuses

provides no opportunity for the prolonged study of individual foetuses

and in the case of foetuses that were naturally aborted, it is likely

that their physiology is deranged. The study of newborn i¡fants is also

of limited value. The belief that the analysis of samples taken at

birth, particularly from premature j¡rfants, will provide information

concerning in utero kidney fi.rrction, is questionable. The physiological

changes associated with parturition are marked and not consistent with

the rnore quiescent period of foetal life.

Thus it has beccrne apparent that a¡rirnal experirnents must form

the main basis for the study of renal function during foetal life.

Hopefully, such studies may provide a context for the ilterpretation of

the less extensive hr¡nan data; although variation between species,

in other better researched areas of reproductive physiology, suggests

that this hope nay not be fulfilled. Nevertheless, attention has now

centred on the developnent of surgical procedures which will nake the

kidneys of animal foetuses accessible to experimental nanipulation.

Intra-uterine foetal surgery has been attempted for over half

a century with varyiag degrees of success. Perhaps the first success

was achieved by Mayer i¡ 1918 who tra¡splanted the foetus of a gUinea-pig

from the uterus to the peritoneal cavity. Soon after, in 1919, Wolff

applied a similar technique to rabbits. Foetal surgery on sheep was

successfully performed by Barcroft and Barron i¡r 1-936 during their studies

on foetal respiratory movsnents a¡d again in 1953 by Schinckel a¡d Ferguson

who conducted skin transplants on foetal lanbs. However, with respect to

foetal kidney ftrnction, the most significant era began with the work of

Alexander et al irr 1-958.
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Alexanderfs group pioneered the use of sheep foetuses for

quaatitative experimentation and their initial work centred on kidney

ftnction. It is fron this point that we can date the evolution of

ordered research on the foetal kidney.

TIte sheep was chosen as the experirnental animal because it is

docile, has a relatively long gestation and because conception can be

accurately timed. In addition, the pregnant utems is thin wal1ed with

wide intervascular and i¡rtercotyledonary spaces, allowing easy access

to the foetus. For these reasons, the sheep conti¡ues to be the rnost

popular research animal i¡ this field. In their early work, Alexa¡rder

and her colleagues used exteriorised foetuses with their placental

circulation mai¡tained. This technique has since been emulated by other

workers (Srnith et al, 1966).

tlnfortr-u-rate1y, these acute preparations have major deficiencies;

the experimenter must contend with surgical and anaesthetic stress and

deterioration of the preparation. Heyman (19ó7) has demonstrated that

followi¡rg exteriorisation of the sheep foetus, placental vascular

resistance is increased and. trnbilical blood flow decreased.. Iftlat is

particularly important, is that these chaages i¡r foetal circulation are

not accompanied by najor change in foetal blood gas levels or pH. Thus

experiments i¡ rdrich these blood parameters are used to monitor the

physiological normality of the foetus (snith et al, 1966; Alexander

and I'lixon, 1961) are suspect.

Many of the artefacts proô.rced in acute preparations have only

becone obvious by ccmparison with the results of later chronic experi-

ments. For example, progressive foetal hypoxia, obseryed i¡ acute

experiments using near term foetuses, was fourd to be an artefact of

teclrnique (lvleschia et aI, L965; comline and silver, 1970 and Lgzz).

sÍnilarly, Alexander et a1 (1958b), reported that low excretory rates

of hypertonic urine are observed more conflronly .an sheep foetuses close
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to term. But Gresham et al (L972) claim, i¡ the light of their chronic 
_

studies, that this trend rnerely represents a more pronounced response of

the older foetuses to stress.

There is general agreement amongst experimenters in this field,

that a period of days (5-7 days) is required for the foetus to return to

normal followirrg surgery. Foetal recovery cannot be cornplete rmtil the

ewe has returned to normal. These facts emphasise the limitations of

using acute preparations to study foetal kidney function.

The above indictnent of acute studies is not intended to detract

frcrn the earLy work of Alexander and her colleagues. These eatLy

studies denonstrated that the foetal kidney h¡as amenable to research and

produced rezults that initiated many subsequent irrvestigations. They not

only added to the meagre knowledge of renal fi.rrction in foetuses, but more

significantly they stimulated criticisn and i¡novation and created the

startiag point for the subsequent developnent of chronic foetal preparations.

In 1965 Meschia et al described a nethod for the chronic

catheterisation of the r¡nbilical vessels i¡ the sheep conceptus. Si¡ce

that time the use of inô^relling catheters in chronic preparations has

beccrne the prirne nethod for studying the physiology of foetal animals.

The range of available techniques has been extended and in studies of

kidney ftmction, various anatomical approaches to the foetal urinary

tract have been used. These include catheterisation of the foetal

urethra (Buddingh et al 1969), bladder ${ellor et al L97Z), urachus

(Gresharn et al 1972) and ureter. Some workers emphasise the imlnrtance

of placing catheters into the foetal fluid sacs to enable the foetal

uri¡e to be recirculated i¡ a normal manner. Buddingh and his

associates claim that failure to do so will not only disrupt normal urine

flow rate and composition, but will prohibit the nailtenance of the

preparation. On the other hand, Gresham et al (1972) have reported that

the continuous drain"g" àf foetal urine for as long as 18 days, does not
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effect foetal viability. Further, in those foetuses where the urine

had been drained, all uri¡rary parameters were conparable with those in

foetuses where the urine was recirculated. However, one clear effect of

continuous urine danage is a marked redtrtion i¡ the volt¡ne of allantoic

and anrriotic fluid. Thus, despite Greshamts asburances, it is desirable,

from the point of view of maximising physiological normality to

recirculate urine.

Although a great deal of information regarding the frnction of

foetal kidaeys has been obtai¡ed usilg chronic preparaticns, the use

of these preparations has certain lirnitations and difficulties. The

controversy regarding the necessity of recirculating urile indicates

that there is still uncertainty with respect to the proper use of

chronic models. Also, the different methods used for collecting foetal

urine could have subtle jnfluences on the results obtained; as could

other factors such as partial urilary obstmction due to the catheter

and leakage of urine through uncannulated channels. More importantly,

if chronic erçeriments are to offer real advantages over acute studies

and the reliability of. the results assured, there are certaia practices

that m¡st be adhered to. Firstly, care must be taken to adapt the

pre-operative animals to pens and handling. Secondly, sufficient time

for recovery should be allowed after surgery before experiments

commence and, fiaally, sterility should be rnai¡rtained without excessive

use of antibiotics.

2.2 FoetaL kidneg development

The remai¡rder of this review will sumnarise the results of

m-rch of the research that has been conducted on foetal kidney function.

It is, however, not a complete review of all such work, as the emphasis

has been placed on those studies of particular relevance to the present

work.
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2.2.L Morplmlogical development

The anatomical and ultrastructural aspects of renal development

have been reviewed by Vernier and Srnith (1968). Therefore, only a

brief swmary of this aspect of renal development will be presented.

In most vertebrates, the kidney develops through three

stages; pronephros, mesonephros, and metanephros. In hr.una¡rs, the

existence of the pronephros is short-lived and it is replaced in

the 4rm. enbryo by the mesonephros. The size and persistence of the

mesonephros varies between species; in some, e.g. nan and rat, it

degenerates rapidly, while i¡r others, including the sheep, it persists

rurtil relatively Iate irr gestation. In the sheep, the mesonephros

has almost completely degenerated by the 55th. day of gestation

(Davies and Davies L950) and in fact, rnetanephric development begins

even earlier.

The onbryological sequence of renal development has been studied

in luna¡rs. It was for:nd that the caudal end of the mesonephric duct

develops i¡to the ureter, renal pelvis and. collecting duct, while the

nephrogenic cord of the ønbryo gives rise to the tubular systøn.

Llttimately, the collecting duct and tubules come into apposition and a

glomerulus forms i¡r the blind end of the tubu1e.. This conpletes the

developnent of the nephron in the netanephric kidney. Despite

chronological variations in the rnetanephric development of different

species it is probable that the ønbryologica1 seqr:ence is similar.

Once the metanephric kidney is established, maturational changes

continue, but the details of these changes are not clear. Histological

examinations imply that the tubular elements of the nephron but not the

glomerulii are well developed at term, although there is some evidence

that the kidney tubules continue to lengthen after birth. In an early

study, Gmenwald and Popper (1940) concluded that the talI colurnar

epithelitrn of the glomerular capsule in hunan foetuses would lïnit
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filtration turtil the epitheliun was shed at birth. A rnrltitude of

fr¡nctional studies have since shown that filtration does occur in foetal

life and that, in fact, the foetus often produces a higher urine flow,

per trnit of bodyweight, than does the adult (Alexander et al, L958b).

Nevertheless, rnuch of the detail of glomerrlar developnent remai¡s

controversial. llntil recently, even the origil of the vascular

elements of the glomerulus was not clear. Ore view was that the glon-

en¡lar capillaries develop irr place, along with the tubular elements of

the glomenrlus. Another view was that the developjng glomerulus is

penetrated by a branch of the prinitive renal artery which ramifies to

produce the network of glomerular capillaries. Microdissection studies

combiled with dye injections support the latter view (Osathondh and

Potter, 1965).

Electron microscope studies of foetal glomerulii in hunans,

have revealed changes i¡ ultrastructure that appear to be'of fi.rrcticrnal

significance. Vernierand Birch-Andersen (L962) have noted that the

endothelial cells of the glonemlii beccrne progressively thimer as

gestation proceeds and that increasing ntrnbers of fenest¡ae appear. These

endothelial fenestrae or pores, are crossed by a thirt membrane and are

a typical feature of the capillary endothelitrn i¡ adult glomerulii.

It was also observed that the epithelial ce1ls develop nore foot-processes

as gestation continues and that in the space between the endothelial and

epithelial ce1ls, a basqnent mqnbrane appears which becomes denser and

broader as term approaches. At term, the basernent mernbrane is approx-
o

imately 1000Ã in width and it continues to widen after birth.

It is assr¡ned that the development of increasi¡g nunbers of

endothelial fenestrae and epithelial cell foot-processes would facilitate
glomerular filtration, however this filtration probably becomes more

selective as the bassnent membra¡re develops. The permeability character-

istics of foetal glonerulii have been evaluated using ferriti¡ and it
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appears that at least for that substance, the basement rnembrane is a

filtration barrier. More recently, Grahan and Ibrnovsþ (1966) have

dsnonstrated that the rnsnbrane r,vhich crosses the charurels between the

epithelial cell foot-processes also acts as a filtration barrier.

Vernier and Birch-Andersen (1962) have also shown that ix

hrrnans, anatomical developnent of the kidney contjnues after birth, si¡ce

the glomemlii increase i¡ dianeter from about 100¡r at birth to about

200y at 20 years of age. With respect to the renal tubules, Fetterman

et aL (L965) have reported that in full-term hr-rnan foetuses, Z)eo of the

nephrons have loops of Henle which are stil1 h'ithirr the renal cortex.

After birth they for-rnd that the tubules jncreased in length and size,

thereby providilg a greater surface area for the norrnal reabsorptive a¡rd

secr:etory functions of kidney tubules. It has been suggested that this

developnent would increase the capacity of the developing kidney to act

as a homeostatic organ. It nay also be that the norrnal hpotonicity of

foetal urine reflects the limited reabsorptive area available to the

foetus a¡rd the inability to establish renal medullary solute gradients,

before elongation of the tubules.

The developnent of the foetal urinary tract apart from the foetal

kidney, merits discussion. The developmentof the lower urinary tract is

similar in hunan and sheep foetuses. (Tanagho I}TZ)'. In the sheep foetus

the uro-genital sinus separates from the cloaca a¡d differentiates into

the urinary bladder and the urethra (Tanagho L972). The bladder extends

to the r"mbilicus and opens directly into the allantois duriag the first

two thirds of gestation. By about the 75th day of gestation the urethra

is well formed but it rernai¡rs packed with epithelial cells and is not

yet patent. It is not u'rtil about the 90th day of gestation that uri¡e

is passed via the urethra into the anniotic sac. Also about this time,

the bladder begins to descend caudally, separating from the unbilicus

and pulling on the attaclment of the allantois such that the urachus is
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graùrally obliterated.

Tanagho (L972) has shov,¡n that when partial îrethral obstruction

is surgically induced in foetuses at about the 75th ðay of gestation, there

is no resultant pathological effect. This is because the openilg of the

bladder through its apex to the allantois acts as a safety outlet and

protects the upper urinary tract. If however, a similar obstruction is

introduced after the 90th day, pathological changes ö occur. These

experiments confirm the relative importance of the urachus and urethra

before and after the 75th day of gestation í¡ the ovi¡re foetus.

The ultrastructure of the urinary bladder epitheliun in foetuses

ranging in age from 50 to L4L days has been studied (France et a1, 1974).

ûf particular i¡terest were the tight intercellular junctions which bind

the epithelial cells together to form a barrier to the free diffusion of

solutes across the epithelir¡n. There was no visible change in the

general ultrastructure of the epitheliun nor in the nature of the tight
junctions that would i¡rdicate that the permeability of the foetal bladder

alters duriag gestation.

2.2,.2 Fr.u"rctional developnent

The urine flow per unit tine, from an individual foetus varies

considerably, irr fact, the snaller the test period, the greater the

variation i¡ flow will appear. Nevertheless, the output of foetal urine

is usually high and as Alexander et al (1958 a,b. ) obseryed the foetal

sheep produces a higher urine flow per r:nit body weight than the basal

urine flowof the ewe. In an acute study, Alexander et al (1958 a,b.)

recorded. a flow rate of 1.9n1/mi¡/Kg in a 6L ðay-old foetus. Withnore

mature foetuses the flow rate rvas fotrrd to decrease progressively,

reaclring a minimr¡n of 0.}4nl'/ntn/Kg in a L42 day-o1d foetus. Bernstine

(1970) i¡ discussing urine flow rate, conrnented that a value of 0.64n1Ánin

quoted by Alexander et al (1958 a,b.) for a II7 ðay-old foetus was
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abnormally high since a sustai¡ed flow rate of that nagnitude would

yield a 24 hour uri¡e volune of 921n1. Certainly, this is an above

average rate of urine flow, but experience in the present work indicates

that it is not abnormal. In a larger series of acute experiments,

Snith et al (1966) recorded an average flow rate of 0.053 1 O. OtZ*t /ntn/Kg

in near tern foetal sheep. In other work, using chronically catheterised

foetuses in which 24 hour urine collections were made, an average flow

rate of LL.4! 8.0m1/hr was calculated for the period between 108 and 125

days of gestation arñ. I4.E 1 g.7mL/hr for the period between L26 and L43

Mys.

In general, it appears that a urine flow rate of between 0.15 and

0.3rn1/min is average for mature sheep foetuses although in rnost reports

occasional values below this range are quoted, particularly for near

term foetuses. In other species, Rahill and Subramanian (1973) found

that for canine foetuses within 10 days of birth, the average urile flow

rate was 0.18 1 0.08n1/nin (n=11) while Chez and Snith (1-964) recorded

a flow rate of 0.03n1ánin in a fu11-term rhesus monkey. lVith hinnan

foetuses measursnent of urine production rates can now be made using

ultrasonic techniques. Madimiroff and Campbell (1974) applied these

techniques on 92 antenatal patients and estjmated that the average rate

of foetal urine production was 9.ún1/hr at 30 weeks arÃ 27.3n1/hr at

40 weeks. The latter figure is surprisingly high, particularly since

direct measurements of urine production in prønature infants within 48

hours of delivery, yield values of between 3.0 and 4.Srnl/hr.

(l'Iilkinson, l-973).

iVith respect to the composition of foetal urine, rnost studies

have confirmed Alexander et alfs (1958 arb.) observation that foetal

urire is hypotonic il relation to foetal plasma. Alexander et al also

forxrd that the percentage reabsorption of filtered electrolytes increases

as gestation proceeds. On the basis of these observations, Alexander et al
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þroposed that the onset of glomerular filtration precedes the develop-

nent of the overall reabsorptive capacity of the renal tubules and that

this lack of tubular reabsorption results in the fornation of large

volunes of hypotonic uri¡e. Alexander further suggested that as the

renal tubules extend. and mature, the reabsorptive capaciq develops and

the urine becomes increasingly hypertonic. However, in a series of

chronic experiments Bernstine (1970), fou'rd that the osmolality of

foetal uri¡e did not change with increasing gestational age. He for-rrd

that despite short-term fluctuations in uri¡re osnolality, when urine

specimens collected over a, period of several hours were pooled, the

osmolality changes between successive samples were slight. With respect

to tlie concentration of specific solutes, Bernstine fould, as did

Alexander et al, that the sodiun concentration of foetal urine decreased.

as tenn approached. However, the average decrease for the 7 foetuses

Bernstine exami¡ed was not as large as the difference between the two

foetuses Alexander et al studied. A1so, the urinary potassiun concen-

trations reported in these two studies are quite different and there is

no consensus il either absolute values or gestational trends. In

contrast, both studies report i¡rcreased levels of urinary creatjnine in

older foetuses although again the concentrations quoted are of a different

order.

This lack of consensus between the work of Bernsti¡re (1970)

and that of Alexander et al (1958) is obviously due to differences in

experimental technique and to variation i¡r sanple size. However,

although Bernsti¡e examined more animals than Alexa¡rder et al, neither

study was comprehensive enough to reliably reveal trends in uri¡re

composition.

Table l- st¡nmarises the data from these studies and also

includes infornntion from reports by Srnith et al (1966), Rahill and

Subrarnanian (1973) and Chez and Snith (1964).



TÂBLE 1: COIÍIÐSITION OF FOl:-lAL U|ìINE

ANIMAL P¡,RATflJTER EARLY

GES'TA'TION PI]RIOD

MID
Xt ss

LATE
Xt se

SIIEEP Osmolarity 239 (n=2)
QnOsn/L)

207 (n=2)
2s7.4 ! 92.8 (n=7)

116 (n=7)
zS8.i r -83.5 

(n=7)
Z7t t 38 (n=18)

z)
L6.5 (n=7)
tZ (n=18)

26 (n=2)
60.7 t 3L.S (n=7)

ICreatinine]
(mgl10ùn1)

[Na+]
(rmq/1)

81 (n=2)

4 (n=2) 4
L7

6 (n=2)
12.3 t ].L.4 (n=7)

7I (n=2)
74.6 t 40.6

(n=z)
.7 t L9.0 (n=7)

3 (n=2) (n=
q+
(+

27
19.
35.

7)(n=

ll(*l
(nEq/1)

8 (n=2)
14.6 t 9.8 (n=7)
4.8 t 2.9 (n=18)

7)
2)

[Urea]
(ngl100rn1)

nZ (n=2) LZ3 (n=2) 287 (n=2)

pH n
n

7.75 t
6.84 r

0.41
0.44

(
(

MG Osmolarity
(rOsm/L)

346 t 50 (n=8)

99.2 t 16.5 (n=8)

15.4 t 4.6 (n=8)

INa+]
ûw1
lK*I
(nEq/1)

)

I'1]NKEY Osmolarity
(r0sm/L)

ICreatinine]
(ng,/100rú)

lNa+¡
(mEq/1)

lK*l
(nEq/1)

271 t 1,8.5 (n=9)

28.4 ! lZ.7 (n=9)

106 ! 25.3 (n=9)

7.6 t 4.3 (n=9)

( See text page I 5)
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The most ccrnplete study of foetal urine ccrnposition to date is 
-

that of Mellor and Slater (XgVZb) who catheterised the bladders of 10 sheep

foetuses between the 79th and 96th day of. gestation and obtained sarnples

of urine and foetal fluids each ðay r¡rtil term. They did not, however,

i¡c1ude vascular cannulae to sanple foetal blood.

As in other studies (Bernstile 1970), Mellor and Slater fourd

that foetal surgery effected the concentration of most urinary solutes.

Potassiun and urea were particularly effected, both showing rnarked fal1s

j¡ concentration duriag the first two days after surgery but i¡creasing

gradually thereafter. With respect to gestational trends in the

conrposition of urine, it was forl'rd that in unstressed foetuses the

average [,¡"*] decreased fron 60 - 28 n Eq,/L tn the period between 91

and 130 days of gestation. In ccrnparison, the average U(*] íncreased

from 1.7 nEq/L between days 91- a¡rd 97, then fell to 2.5m Eq/L on the

130th day of. gestation. During the same interval,. the urea concen-

tration of foetal urite renained withirr a relatively constant range

(10.5 mM - 13.4 mM) as did urinary pH (7.24 - 7.30).

In the L4 ðays inrnediately prior to birth far more dranatic

changes r^rere recorded. The average [Na+] of foetal urine continued to

decrease urtil 4 ðays before birth at vihich poiat it began to rise from

a level of 22. 5 nEq/L to reach 47 .5 nrF4./L during labour. The average

¡f+1 which had started to rise at day 118 of gestation, contiaued to

ìrrcrease durilg the last 14 days of pregnancy, risilg fron 3.2 rrlFq/L

14 days before birth to 26.2 nÊq/L during parturition. Urea concentration

also showed a preparturient rise, although no significant ilcrease was

noted r.rrtil 8 days before birth, at which time the average urea

concentration was 8.srM. Thereafter the urea concentration rose sharply

to reach 47.1mM at term. Conversely the rnean pH of foetal urile re-

mai¡ed between 7. l-9 and 7 .24 tntll 8 days before birth and then began

to decline, reaching a rninimrln of 6.27 at term. This latter result
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confirms the preparturient decrease in urinary pH previously

observed by Mel1or and Slater (L972a).

Thus, in addition to haviag analysed the changes in the

concentration of urinary solutes fron 9l- to 130 days of gestation;

Mellor and Slater have reported for the first time, that dramatic

changes of foetal urine composition occur during the last L4 days of

foetal life. The present study corroborates rnany of these findings

and, irr addition, the simultaneous collection of foetal plasma i¡ the

present work perrnits a consideration of these changes in terms of the

i¡ternal environment of the foetr¡s.

Alexander et al (1958 b) were the first to report on the

clearance of plasna constituents by the foetal kidney. Agaia, these were

acute studies on ovi¡e foetuses. They for.u'rd that the clearance rates of

non-ionic plasma constituents such as urea, creatili¡e and fructose were

basically the same and that when these values r4rere corrected for foetal

body weight, the clearance rates decreased with i¡rcreasing gestational

age. At day 61 of gestation, the clearance rates were Z.4nL/nin/Kg

while at ðay 142 they were 0. aÍtl/ntn/Kg. In a later study, Alexarder

and Nixon (1962) atternpted to analyse GFR and tubular secretory activity

in the ovj¡e foetus by measuring the clearance rate of exogenous inuli¡

and p-amino-hippuric acid (PÆ). They fotnd that the clearance of

PAH i¡rcreased with foetal age suggesting a progressive ircrease i¡ tubular

secretory activity. Sirnilarly the clearance of inulin rvas positively

correlated with foetal age implying an jrcrease in GFR as gestation

proceeds. Subsequently, Snith et al (1966) who also used exteriorised

s)reep foetuses, reported that in 120 to 130 day-old foetuses, inulin

cleara¡rce did not rise, but in 130 to L42 day-o1d foetuses there was an

i¡crease. In near term foetuses, Smith et a1 (1966) recorded an average

inulin clearance rate of 0.75ml/nin/Kg which is comparable with Alexander

and Njxonrs (1962) fiadings. In this sane study, the average fate of
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creatine clearance for foetuses aged between L30 and 142 ðays' was

0.45ml/nin/Kg. More recently, Bernstine (1970) carried out a series

of erperiments on foetal sheep using chronic preparations and fourd that

endogenous creatinine clearance increased from 0.77ml/min at 110 days

gestation to 1.26nL/ntn at L26 days. l\rhen these values were corrected

for foetal body weight it becane apparent that the observed i¡crease was

due to enlargement of the kidney.

In reference to the association between i¡uli¡ clearance and

GR, it should be noted that although early workers used inuli¡ clearance

as an estimate of GFR, they did so without valid grorl-rds. Applying this

association to foetuses pre-supposes that the permeability characteristics

of the renal tubules of foetuses are similar to those of adults. It is

only recently (locklnrt and Spitzer, L974) that any evidence irr support

of this sr-pposition has been advanced.

Drring 1970 Srnith and Schwartz introduced isotopic rnethods into

the study of renal clearance in foetal animals. They measured the

clearance of iothalamate which had been labelled with Jr3r. The

advantages of isotope techniques were quickly recognised and Buddingh

et al (1-971) used inulin, labelled with tuc, to determine jrrulin clear-

ance. This rqnains a useful method for studying foetal kidney furrction.

In a series of experiments Buddi¡gh et al fourd that i¡u1in-r4c

clearance remairted relatively constant in foetuses aged between 120 and

130 days. However, h foetrxes older than 130 days, inulin-rhc clearance

increased rapidly. Between 120 and L30 days of gestation the i¡ulin-r+C

clearalce, which nor,ir c¿rn be regarded as a valid estirnate of foetal GFR,

varied between 0.8 and 1.Sml/nirr a¡rd i¡rcreased to between 2.9 and 4.0

nl/min on day 140. If these values are corrected for foetal weight, the

GFR for foetuses between 120 and 130 days of gestational age is irr the

range 0.4 to O.&nl/ni¡/lQ, while on day 140 it is between l-.0 and

1.5n1/nin/Kg. Conparing these figures it appears that much of the increase
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in filtration observed by h:ddingh et al (1971) reflects the quickening

enlargement of the foetal kidney near term. However, when this factor

is removed, there remains a residual increase in GFR which nay be due to

functional changes h¡ithin individual nephrons.

Gresham et al (L972) also used inulin-rac to measure GFR jn

foetal sheep. In their work, 14 measurements were made in 8 foett.rses of

between L22 anð. L34 ðays of gestational age. The overall average for

GFR was L.07mI/mtn/IQ while the individual values for foetuses aged

between I22 and 130 days varied between 0.86 a¡rd 1.08n1/nin/Kg. Over the

remainder of the age range examined, the values were generally higher,

varying between 1.13 and L.54nl/mtn/Kg. However, in the 4 day period,

between days 130 artd I34, the estimates of GFR were variable and there

was little association with foetal age. The nost recent study of foetal

GFR was carried out by Robillard et al (1974). In a series of acute

preparations, GFR was measured using sodir¡n iothalamate-r2sl and it was

for¡nd that GFR was significantly correlated with foetal age. However,

there was no significant increase in GFR expressed as nl/min/Kg of body

weight or in nJ'/ntn/gn of conbined kidney weight.

Apart from studying inulia-rac clearance, Gresharn et al also

determined the renal clearance of fnrctose, urea and creatini¡e. The

average clearances (expressed in nl/nin/Kg) for fn¡ctose, urea and

creatinine were 0.59, 0.59 and 1.58 respectively. Over the period of

gestation analysed, there was no significant correlation between the

individual clearance values for these substances, and foetal age.

The values for GFR reported by Gresham et al (1972) were slightly higher

than those reported by Buddingh et al for foetuses of correspond,ing ages.

In both studies there was an overall i¡crease in GFR as the foetal kidney

enlarged, presunably due to the proliferation and enlargement of

glomerulii. In addition, there appeared to be a smaller i¡crease in

GFR that ivas ildependent of kidney enlargement. However, the evidence
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for these associations is slight and the relationship betrveen GFR and

other features of kidney developnent have been further studied in the

present work.

2.3 FoetaT kidneg function and the composition of foetaT

fTuids

As mentioned previorrslL speculation on the relationship betlveen

foetal fluids aird foetal urinedatesback to Jacquets work in 1902.

Despite this long history, the dynamics of foetal fluid circulation and

the contribution of foetal uri¡e is poorly u:rderstood. However, the fact

that the amniotic and allantoic fluids are not static acct¡nulations of

fluid is clear. In the guinea-pig it has been established that the

entire anniotic fluid is replaced jn less than one hour while in ht¡nans

it is replaced in slightly less tha¡r three hours (Bor et a1, 1964).

Therefore, we lrrow that the anrriotic fluid undergoes active circulation

a¡rd that the nett result of this circulation i-s to produce long and

short term changes in the composition a¡rd volume of this fluid. For

example, the voh.rne of anniotic fluid il hr¡nans increases during

gestation and at 18 weeks gestation, the liquor volune increases by

10 - 13n1 per day (Abramovich 1970). Sirnilar long term changes of ann'riotic

fluid volune are seen in other species, noteably the rat and the sheep

(I4a1an et aI , 1937; Cloete, 1959; and Mellor and Slater, 1-971).

Several nechanisms includi¡rg free diffusion, active transport,

ionic gradients and pinocytosis, have been proposed to erçlain the

passage of water and solutes to and from the foetal fluid compartnents.

A1so, a variety of orgals and tissues have been ìrnplicated jn these

exchanges. It is now apparent that the foetal kidney is an important

contributor to both the alla¡rtoic and anniotic fluid but it is by no

means the sole contributor.

Alexander et a1 (1958 a) studied gestational variation in the
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composition of foetal fluids a¡d foetal urine. They for¡nd that

anniotic fluid has osnotic and other characteristics nore closely

related to those of foetal plasma than to foetal urine. But on the basis

of the relative concentration changes they reiterated Jacquers (1902)

proposal that in late pregnanry foetal urine enters the anuriotic fluid
and i¡fluences its cornposition. With respect to allantoic fluid, they

noted that its conposition resembles that of foetal urjle and concluded

that this was the major contributor to allantoic f1uid.

It4cre recently, Mellor and Slater (lg72b,L9T3) have used

chronically catheterised foetuses to collect sanples of foetal urine,

anniotic fluid and allantoic fluid. The data obtained fron the

analysis of these sanples zupports the hypothesis that foetal urile is

only one, of possibly many sources of the foetal fluids in late pregnancy.

With respect to specific characteristics of the foetal fluids, Mellor

et aI concluded that the passage of foetal uri¡e into the foetal fluids

decreased their osmolality and decreased. the concentration of Na+,

K+ and. C1- in both annriotic and allantoic fluid. Conversely, the

addition of uri¡e i¡creased the concentration of urea in both foetal

fluids. So in ganeral, it seens that the urine of sheep foetr¡ses enters

the allantoic sac at a decreasing rate urtil about the 100th day of

gestation and there is a¡r increasing passage of foetal uri¡re i¡rto the

anniotic sac from about the 80th day. Nevertheless, according to Mellor

a¡rd Slater (1971 , L973), foetal urine contributes to both fluids r-rrtil
tenn and the relative contribution to the two fluids remails r.rrchanged

after the 110th day of pregnancy.

Despite the obvious importance of the passage of foetal urine

into the amniotic fluid, as mentioned, rnany other mechanisns have been

implicated i¡ the dynarnics of this fluid. Although Ptentl (1966)

dismissed the foetal skjn as a site of significant exclunge of solute

between the foetus and anniotic f1uid, Lind et al (L972) claimed that,
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at least in early pregnarìcy, the foetal skin is so permeable to water

a¡rd electrolytes that the anniotic fluid is virtually an extension of the

foetal extracellular fluid./ Bor et al (1964) for.u-rd that following the

injection of Na22 into the anniotic sac there w?s a high activity in

the foetal skin indicating that Na+ enters the foetus via the ski¡.

Finally, Mellor and Slater (L971, L972, L973) have produced evidence that

u:rtil about the 130th ðay of pregnarcy, CL- is transported i¡to the

anniotic sac from blood vessels i¡r the annion and foetal skin. Thus

the fact that foetal ski¡ is involved i¡ the circulation of anniotic

fluid appears certain, but to what degree it is i¡rvolved is trtcertain,

as is the precise mecha¡rism of exchange for the various fluíd constituents.

The foetal lulgs and respiratory tract are also l.rrown to con-

tribute to the anrriotic fluid. Adamson et a1 (L973) estimated that

between 100 and 20ùn1 of fluid are secreted daily by the foetal hllgs irr

late gestation. It has been determined that this flow begins at about

the 60th ðay of gestation in sheep (Berton 1969) although the rate of

secretion and the composition of this fluid in early pregnancy' is

not l<nown. In other ercperiments, Merlet et a1, as cited by Mellor and

Slater (1971), reported that i¡r 2 mature foetuses the average flow rate

of fluid from the trachea was &nl/hr., while i¡r near term foetuses, flow

rates of 10-30rn1/hr. have been recorded (Adams et al , Lg67). The [t'1"*]

of this pulmonary fluid resembles that of foetal plasma (Adams et al,

1e67) .

ûther tissues including the annion and chorion and parts of the

foetal gut have been implicated in the exchanges that occur between the

foetus and the anniotic fluid (Plentl 1-966; Bor et al, 1968; Bourne

and Lacy, 1960; Wjndle et al, L959 and Pritchard, 1966). However, few

qr-rantitive studies have been carried out and consequently the nature of

the i:rvolvsntrlt of these tissues in arniotic fluid dynarnics is obscure.



23

Most research indicates that the formation of allantoic fluid is less

complex tha¡ the fornation of anniotic fluid. Agaia foetal uri¡re is

a rnajor contributor, but there is evidence that the uri¡e flowing into

the allantoic sac, via the urachus, has its composition nrodified by

equilibration with rnaternal a¡rd foetal blood. Once i¡ the allantoic sac,

the fluid composition is nodified further by the active transport of

various constituents into a¡rd out of the foetus (Mellor L970; Mellor

and Slater, L977rL972b and 1975). Soditrn appears to be actively

transported from the allantoic fluid into the foetal blood. and K+ in the

reverse direction. Mellor a¡rd Slater (1-971-), have suggested that the

transport of these substances may be coupled and is probably influenced

by foetal corticosteroids.

2.4 FoetaT kidneg function and the foetal environment

2.4.1 The honeostatic ability of the foetal kidney

The ability of the foetal kidney to act as a homeostatic organ,

could protect the foetus in situations where maternal imbalances would

otherwise disrupt the internal environment of the foetus. Therefore,

whether or not the foetal kidney possesses a significant homeostatic

capacity and, if so, rùrether or not the nechanisms involved are similar

to those of the adult kidney, are questicns that have been investigated

i¡. the present work.

It,lcCance (1972) has discussed the role of the developing kidney

in the maintenance of i¡ternal stability. Although his review emphasises

the situation i¡ hr¡nan i¡rfants, the conclusions arrived at can serve as

a nodel for considering renal homeostasis il foetuses and neonates of

other species. McCance points out that neivborn i¡fants have a very limited

capacity to excrete water admi¡istered in excess (A,rnes 1953 a¡rd Barnett

et al, 1952). Also, they tend, to reabsorb most of the filtered Na+ even
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when Na+ salts have been aôninistered i¡ excess. (Theodonius et aI, L97L).

Finally, NbCance notes that newborn hurna¡rs have a lfunited ability to

excrete H+ even in conditions of nild non-respiratory acidosis

(llatemi ard McCance, 196L).

What is the situation i¡ other species? The neonatal

guinea-pig, which at birth is rnore mature than hunan infants, does

respond to a r^rater load by increasing urine flow (Dicker a¡rd Heller,

1951). Conversley, the rat, which is i¡rnature at term, shows no diuretic

response to excess fluids adninistered in the irmnediate post-natal period.

The response of newborn dogs to saline loading has been stlrdied by

Goldsrnith et al (7974) and Kleinma¡r (1975). Both report that pups

respond to saline loading, but that the ability to excrete the excess

I4rater and Na+ is more limited than in adult dogs. Each report offers a

different reason for this lirnited response. Goldsmith and his

colleagues believe that it is &re to the 1ow GFR of the newborn and the

inability to adjust the GFR when necessary. ltrcwever, Iüeinman and

Hsieh (L974) argued that both pups and adults show an equivalent increase

in GFR in response to similar salt load.s. They believe the lirnited

response of the young a¡rimals is due to increased sodiun reabsorption in

the distal tubules even though rnost researchers believe the reabsorptive

capacity of neonates is lirnited. Obviously this is an area that reqr-rires

further study. The infornation, regarding the homeostatic ability of

the foetal kidney is no nore defi¡ite.

Bernstine (1970) reported tlut the intravenous aönjnistration

of 3L. of 5% dextrose i¡ water to a, pregnant dog at termrdid not

result in a significant increase i¡r foetal urine output; nor was

foetal urine flow increased when similar amor-nts of physiological sali¡e

were i¡fused into the bitch. However, when 20m1 of physiological

saline was aùninistered i¡rtravenously to 'a foetal dog there was a large

j¡crease (1000%) in urine output with no significant change j¡ urj¡e
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osÍÐlality. This increase in uri¡e flow followed a decrease irt plasma

osmolality which returned to normal after the diuresis. The increased

fluid output by the foetal dog in tlire 2 hours following saline infusion

acconnted for about L/3 of the salile infused and Bernsti¡e concluded

that the remainder crossed the placenta into the maternal circulation.

In a similar study, Alexander and Nixon (1-961-) fotnd that the urile

output fron the sheep foetus could be jlcreased by infusing hpotonic

sulphate solution directly into the foetr-rs. Irbore et a1 (1974) have

since confirmed this response by infusiag hl.potonic saline into the

foetal 1a¡nb.

The effects of varying the plasrna concentration of electrolytes

in pregnant anjmals and their foetuses has been studied on a few

occasions. Kirksey, Pike and Callan (1962) found that if a sodium

deficient diet was fed to pregnant rats there was no significant change

irr the [tl"*] of foetal plasma and amniotic fluid, despite obvior¡s

depletion of the sodir.un il naternal plasna. In contrast, Winkler et al

(1962) reported. that the [t¡"*] of foetal plasma showed correspondiag

changes to fluctuations in the [],¡"*] of maternal plasrna induced by

peritoneal dialysis. However, Wi¡kler et al did fi:rd that a fall of

approximately 15rnEq/L irr the [i'¡"*] of maternal plasma caused a smaller

reduction, about 6nF4/L, in the plasma [t¡"*] of the foetus. Thus it

would appear that some mechanism exists that enables the foetus to mai¡rtain

its plasma Na+ level relatively constant despite large fluctuations in

the [lUa+] of naternal plasma. Whether or not this nechanism involves

the foetål kidney cannot be determi¡red fron the experiments described.

In other experirnents where pregnant rats were fed diets

d-eficient in K+ and. the maternal plasma [f+] was redrrced by half , it was

found that the [K*] of foetal plasma did not change significantly. If,

however, maternal hperkalenia was produced by K* iafixion, foetal

hyperkalemia developed (Dancis and Springer, 1970). Again it may be that
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as a result of maternal hypokalemia there is a loss of foetal K* across

the placenta but that the effect on the [K*] of foetal plasma is

buffered by decreased K+ excretion by the foetal kidney. Similarly,

even though the K+ infusion produced hyperkalemia in the foetus,

there may have been a disproportionate increase in the [K*] of foetal

urine. In the absence of i¡rformation on the electrolyte concentration

of foetal urine the homeostatic ability of the foetal kidney carurot be

assessed.

The effect of Na+ depletion in pregnant sheep was j¡westigated

by Phillips and Sundaraman (1966). Sodiun depletion was jnduced by

draining parotid saliva for up to 6 days. Single samples of foetal

fluids were obtained at the end of the depletion period when the foetus

was delivered by caesarian section. In these sodir.un depleted ewes, the

[t¡"*] of foetal plasma and anniotic fluid were lower than i¡ control ewes

and the volune of allantoic fluid was greater. In view of the relation-

ship between foetal urine composition and the cønposition of amniotic and

allantoic fluid, Phillips and Sr.u-rdarallìan (1966) claim that their

findiags indicate that, "the sodiun deficient foetus, like a sodiun

deficient adult, responds to the deficiency by restricting sodiun losses

in the uri¡e and by excreting waterrr. Nevertheless, since foetal

trrine was not sampled, the evidence is i¡direct and not conclusive.

More conclusive evidence is available, concerni¡g the ability

of the foetal larnb to vary urìnary acidification in response to

artificially induced netabolic acidosis. Snith and Schwartz (1970),

i¡duced acidosis by infusing 0.1 or 0.5M hydrochloric acid i¡rto foetuses

and in all cases there was a significant increase i¡r the urinary

excretion of ammoniun phosphate and titratable acid and, accordingly,

there was a decrease irt urine pH. However, the response obtained was

nore limited than that which would occur, with similar treatment
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j¡ adults. this agrees with the findings of Vaughan et al (1968)

who determined that the acid load necessary to i¡duce significant

changes in urinary acidification is 3 tjmes greater in the foetal lanb

than in the adult sheep. It also agrees with the work of Daniel et al

(1975) who fotmd that followirrg lactic acid infusion jnto foetal lambs

(115 - I25 ðays old), the kidneyma'kêsa limited contribution to foetal

homeostasis by increasing H+ excretion and by slightly iacreasing

phosphate and annnonia excretion. Thus, although it is apparent that

the foetal lamb can respond to acid loads and prolonged acidosis by

increasing H+ excretion, this cornpensatory ability is more li¡nited in

the foetus than in the adult sheep. Moore et al Q972) infused sodit¡n

sulphate solution irrto foetal lambs resulting in a decrease of foetal

urine pH and an i¡crease in the excretion of titratable acid and annnonir¡n

ions. They then concluded that uri¡ary acidification occurs by a process

of Na+ - H+ exchange withia the nephron a¡d that any factor which

increases Na+ reabsorption will also i¡crease H+ secretion.

2.4.2 Placental transfer of water and electrolytes

The lirnited evidence available suggests that at least in

rnature foetuses, the kidneys can regulate water'and electrolyte

excretion in response to variations in plasrna electrolyte concentration

and osmolality. The most likely cause of such ösruption to the foetal

environment would be changes i¡ the osmolality and electrolyte con-

centration of maternal plasrna and subsequent equilibration between

mother and foetus i¡rvolving transfer of water and electrolytes across the

placenta. Changes in the maternal fluid cornposition would potentially be

amplified in the foetus and in sr¡ch circr¡nstances the homeostatic ability

of the foetal kidney r,çould enable the foetus to lirnit the disrtrption of

its body fluids. Since the composition of maternal body fluids could be
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effected by dietary or other environmental conditions, it is likely that

in the absence of a significant placental buffer, the homeostatic ability

of the foetal kidney would be essential for the survival of the foetus.

It has been mentioned above that in rats, (Winkler et al,

1962), ild sheep (Phillips and Sundar¿rman, 1966) there is a tendency for

the electrolyt.e concentration of mother and foetus to equilibrate. More

precise studies of placental electrolyte transmission, in a variety of

species, have been carried out using Na2a (Flerror and Ge11horn, 1942;

Hlexner and Poh1, I94T arb). These studies indicate that at least in

rodents, the rate of passage of Na+ is not rapid as it takes 10 hours for

10% equilibration of l.la+ between maternal and foetal blood.

McGaughey et al (1958) have also reported that the placenta offers con-

siderable resistance to the movement of ions. Meschia et aT (1958),

measured the difference in electrical potential across the placenta of

goats and found potentials of 25 to 133 mV between maternal and foetal

blood, with the foetus being negative. The potential was higher in

early gestation and lower nearer term and the chorion was suggested as

the site of origin of the potential. Similar findings have since been

reported by Mel1or and Slater (1970). The existence of these electrical

potentials was given significance by the findi¡g of Crawford and McCance

(19ó0), that the chorioallantois of the pig actively transfers sodir.rn

ions from the foetal to the maternal surface. Such an active transport

of lb+ would establish a transplacental potential in favour of a

passive movernent of Na+ and in fact all cations, across the placenta

from mother to foetus.

More recently, the hypothesis that the total flux of Na+ towards

the foetus results frcrn passage across the placenta, has been challenged.

It has been suggested that in some species a path irrvolvilg the amniotic

fluid nay make a significant contribution (Mellor, 1969; Mellor and

Slater, 1971). However, h goats and sheep, this is unlikely as the
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arnnion sesns to be relatively impermeable to ions. Even in other species,

including rabbit, guinea-pig and man, the evidence of Na+ transport via

the amniotic fluid is not conclusive.

With respect to the transfer of hrater, Gellhorn and Fle ner

(Ig42), using tracer nethods, have shown that water freely crosses the

placenta. Rates of water movement, expressed as nl-/fff/gn of placenta,

have been given as 10 for man and 20 for guinea-pig (Hellman et al,

1948) for the direction from mother to foetus and a figure of 3.6 has been

given for the reverse direction in the pig (Stanier 1965). These rapid

rates confirm that the placenta offers litt1e resistance to the transfer

of water. Following a theoretical and experimental study of trans-

placental diffusion using tritiated water; it has been stated by Meschia

et aI, 1967, that at least in the sheep, water diffusion is limited only

by unbilical and uterine blood flows and is not a function of placental

permeability.

Sj¡rce the evidence suggests that there is very little resistance

to the transplacental exchange of water, it is not surprisiag to find

that this exchange can be altered by disturbing the osmotic equilibritrn

that exists between rnother and foetus. This has been observed i¡r a

nunber of species. In the rabbit, an artificially i¡duced itcrease i¡

the osmolality of maternal plasma produced changes i¡ the proteia and

electrolyte concentration and osmolality of foetal plasma that were

consistent with a loss of water from foetus to mother (Dancis et al,

1957; Brr.u"rs et al, 19ó3) . This response h/as presunably due to the

establishment of an osmotic gradient across the rabbit placenta. The

substance used in these experìments to increase the osmotic pressure of

the maternal plasma, was mannitol. Other experirnents jn rats (Adolph

and Hoy, 1963), sheep (Faber and Green, l97Z) and monkeys (Bruns et al,

1964), using mannitol or other osmotically active substances have

yielded si¡nilar results. It does appear, however, that il the rabbit
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the placenta is more penneable to small solutes than is the case in

the other species. Accordingly, about 50% of the increase in foetal

plasma osmolality, following mannitol infusion into the doe, is due to

the placental transfer of rnaruritol. A si¡nilar leakage of solute, across

the placenta into the foetus probably occurs in all species; but the

degree of leakage is much less and accordingly the osmotic gradient is

more effective.

It is apparent, from the above reports, that it is possible to

dehydrate foetuses by creating an osmotic gradient across the placenta.

Bruns et al (1964) also dehydrated foetuses by producing a solute grad-

ient between the amniotic fluid and foetal plasrna. This was achieved

by injecting a hypertonic dissacharide solution into the amniotic fluid

of the monkey conceptus and resulted in a reduction of the total body

water of the foetus.

llnfortr¡nateLy, in rione of these studies could the response of

the foetal kidney to foetal dehydration be assessed, since foetal urine

was not collected.

2.5 Hormonal infTuences on foetal kidneg function

There is little doubt that the foetal kidney is r.rrder the

i¡fluence of foetal hormones. It is lmor¡n for instance, that

anencephalic infants and infants without pituitaries have rnal-developed-

kidneys, so it is logical to asstme that the lack of circulating hormones

from the pituitary have resulted in these abnornalities (Naeye et al,

1970; Naeye, 1970). Other evidence has been provided by Mellor and

Slater (1974), who found that the intravenous i¡fusion of ACTH was

followed by changes in the ionic conposition of allantoic fluid. Since

allantoic fluid composition is largely i¡fluenced by foetal urine and

since ACTH infusion causes adrenal hypertrophy (Liggins 1968;

Ittrathani.elsz et a]-, 1972) and an increase in the plasma leve1s of
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corticosteroids (Liggins 1968; Liggins et al , L973; Basset a¡rd

Thorburn, 1969), it is probable that the corticosteroids alter the

electrolyte concentration of foetal urine and hence, of allantoic fluid.

However, the results obtai:red by Mellor and Slater (L974) may also

indicate a corticosteroid influence on the ionic pr.unping mechanisms of

the chorio-allantois $4e11or and Slater, L97Z b). To distinguish between

these possibilities it would be necessary to directly assess the effect

of ACTH treatment on the electrolyte concentration of foetal uri¡e.

Secondly, since it appears that in dogs (Jackson et al, 1973)

and rodents (Jost and Picon, 1970), the ftrnction of the foetal pituitary

adrenal axis is affected by that of the mother; the maternal endocrine

system probably influences foetal kidney fi¡rction. This possibility is

strongly supported by the work of Alexander and lVilliams (1968) who

for-md. that when pregnancy is rnaintained in ovaTiectomised sheeP, bY

aôni¡ristering progesterone, there is an excessive'accr¡nulation of

allantoic f1uid. If, horrrever, a sma1l amor¡nt of oestrogen is given in

addition to the progesterone, this accunulation of fluid is prevented.

the [tla+] of allantoic fluid also i¡creased when progesterone was adnin-

istered alone, but not vfien oestrogen was included. Thus, it appears

that the ability of the foetal kidney to retai¡ water and Na+ is

influenced by maternal leve1s of oestrogen and progesterone. Further,

this effect is probably nediated by the foetal adrenals, since Eguchi

(1962) has found that in pregnant ovariectomised rats, the foetal adrenals

will atrophy tnless oestrogen is aùninistered i¡r conbi¡ation with pro-

gesterone.

It can be seen that the question of hormonal influence on the

foetal kidney is potentially complex, with the probable i¡volvenent of

both the maternal and foetal endocri¡e systems. The nature of these

i¡teractions and their effects on foetal kiùrey fi:nction are poorly

r.ulderstood and to discuss all of the possible i¡rfluences would require
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almost a cornplete revier4r of the endocrinology of pregnancy. However,

to provide a context for the possible interpretation of gestational

trends in renal firnction, mention will be made of those hormones which

show obvious changes in secretion rate and plasna concentrationr during

gestaticn. The role of foetal vasopressi¡r and the renin-angiotensin

systern will also be considered. Much of this information relates to

sheep, siace the endocrinology of pregnancy has been studied intensively

in that species.

In the pregnant ewe, the concentration of progesterone in the

peripheral plasma reaches its highest level during the last 2 - 3 weeks

of gestation and decreases before delivery (Bassett et al, 1969;

Fylling, 1970). In contrast the level of turconjugated oestogens

reaches a peak on the ðay of parturition (Challis, 1971-; Challis et aL,

L974). The major oestrogens in maternal plasna are oestrone,

oestradiol-L7g and oestradiol-L7* in a ratio of approxirnately Z:L:L

(Thorburn. et al, L97Z) .

In the foetus the hornronal patterns are quite different to those

in the mother, Foetal oestrogens, formed in the placenta and present

mainly in the form of sulphoconjugate oestrogens, reach a peak about

25 days before parturition (Findlay, 1970). Foetal cortisol levels

show even more dramatic changes as gestation proceeds. These changes

reflect the progressive maturation of the pituitary - adrenal system

which has major significa¡rce with respect to the initiation of parturition

and which nay also effect renal fi:nction. Duriag the last 7-10 days

of gestation there is a gradual increase in the cortisol concentration

of foetal plasma. Then, about 24 hours before parturition, there is a

large and rapid rise i¡r the cortisol level (Bassett and Thorburn, 1969;

Comli¡e et al, 1970). Analysis of the secretion and clearance rates of

cortisol, suggests that the rise in plasma cortisol concentraticn is due

to ilcreased secretion of cortisol by the foetal adrenal (Liggins et al,
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L973). This is confirned by the fact that there is no sjmultaneous

increase i¡ the corticosteroid level of maternal plasna and the fact that

the foetal levels exceed the rnaternal levels. Cortisol is not the only

foetal corticosteroid to show a pre-parturient rise i¡r concentration.

Thcmas et al (L976) have denonstrated that ll--dêoxy cortisol i¡creases

in concentration during the last 8 days of pregnancy, although not as

dranatically as cortisol. In contrast, the corticosterone concentration

of foetal plasma decreased slightly in the last week of gestation.

The stimulus for the growth and increased secretory activity

of the adrenal cortex is thought to be ACTII fron the foetal pituitary.

Although this is yet to be confirmed; hypophysectomy experiments support

the proposal, as does the finding that AüIH is certainly present in the

plasma of foetal sheep after the 130th day of gestation (Alexander

et al, tgTL). The lack of correlation between rnaternal and foetal

ACTH levels i¡dicates that there is little placental transfer of ACTÍI.

With respect to the mechanisn of ACTH stimulation, there is evidence that

ACTH induces changes in the enzyme activity of the adrenal cortex and

facilitates the i¡rcreased biosynthesis of cortisol. Specifically, it is

thought that ACTFI stimulates the 11ß hydroxylation of ll-deoxy-cortisol

to cortisol. The simultaneous measurement of cortisol, corticosterone

and ltdeoxy-cortisol in foetal plasma (Thonas et al, L976) yielded

concentration ratios which indicate that 17- and L1ß-hydrorylases are

largely ilactive in the adrenals of foetal larnbs before parturition-

However, there does appear to be some increase in the activity of both

enzymes dr:ring the 5 days prior to delivery. In contrast, Wiatour et al,

(1-975) have shown that 17* and 1-1-ß hydroxylases are active in the

adrenals of foetal sheep from as early as the 40th day of gestation.

In the presence of ACTII, the adrenal of a 40 day-old foetus proù.rced more

cortisol pergm. of body weight than a term adrenal. Accordingly, an

hypothesis other tha¡r increasing hydroxylase activity, has been proposed
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to explain the pre-parturient rise in cortisol secretion. It is

suggested that ACTH receptors withi¡ the foetal adrenals i¡crease in

nunber as gestation proceeds and, therefore, ACTH more effectively

stimulates the adrenal cortex. Ftrther, it is proposed that the irl-

creased cortisol leve1 induces the operation of additional ACTH receptors

resulting i¡ further stimulation of the adrenals and greatLy elevated

cortisol 1eve1s.

A consideration of the activity of hormones from the foetal

pituitary raises the question of the ability of the pituitary to produce

vasopressin and of the influence of that hormone on foetal kidney

function. Vasopressi¡ has been isolated from the pituitaries of foetal

sheep, guinea-pigs and seals (Vizsolyi and Perks, 1969) while Alexander

et a1 (1971) have detected arginine vasopressin (AVP) in the plasna of

sheep foetuses as early as the 107th day of gestation. Alexander and her

associates also found that the basal levels of AVP (10-90uU/m1) were not

correlated lr'ith foetal age but that there was a marked increase in AVP

concentration in response to haemorrhage. Followirtg haemorrhage,

values of up to 1800pU/rn1 have been recorded i¡ a I40 day-oId sheep foetus.

Despite the fact that the presence of vasopressin in the foetus

has now been established, there remails considerable debate on the

responsiveness of the foetal kidney to this hormone. As the foetus pro-

duces dilute urine during intra-uterine 1ife, it was thought that the

foetal kidney is insensitive to the antidiuretic effect of vasopressin.

In support of this idea, Alexander and Nixon (1961) reported that sheep

foetuses do not respond to intra-muscular injections of vasopressin.

Sirnilarly, Ames (1953), fornd that hrunan i¡rfants do not respond to

vasopressin aùninistered durilg the first three days of 1ife. However,

Vernier and Snith (L968) point out that failure to observe a decrease i¡r

uri¡e flow rate or an increase i¡ the osmolality of foetal urire, can¡rot

be interpreted sirnply as unresponsiveness of the foetal kidney to
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vasopressin. Vernier and Snith (1968) argue that other aspects of the

renal concentratilg mechanism must be considered, including the length

of the loops of Henle and the existence of osmotic gradients within the

kidney tissue. The involvqnent of the loops of. Henle has previously been

discussed, but the existence and influence of osmotic gradients within

the kidney have not been considered.

It has been reliably established that in adult kidneys the

counter-current mechanism proposed by Wírz (1961) is an integral part of

the renal concentratilg mechanisn. The effectiveness of this mechanisn

depends upon the existence of osmotic gradients withi¡ the renal nedulla.

Therefore, iaformation on the existence and rnagnitude of such gradients

in the foetal kidney i^nuld be valuable i¡ assessing whether a cor.nter-

current mechanism operates. One such study has been carried out by

Stanier (L972), who for¡rd tløt a foetal lanb of L37 days gestational age

had a steep intra<enal gradient for sodiun. Unfortunately, these results

are linited and no i¡formation about younger foetuses is available but it

is 1ike1y that the gradient obseryed is the end-proó.rct of a gradual

development during foetal life. However, none of what is currently l,norlin

about intra-renal osmotic gradients or nephron anatony provides much

assistance j¡ u'rderstanding the urine concentrating nechanisn of the

foetal kidney.

Much of the early work irr which plasma levels of vasopressin were

measured has been brouglrt into question by Skowsþ et al (1973), who

exanjled the kinetics of AVP secretion jrr the foetus using radio-

imnuloassay measurements in a system where the high leve1s of vaso-

pressinase were inactivated. They fornd, il contrast to the earlier

findings, that mature nonkey and sheep foetuses have a high rate of vaso-

pressin production resulting in plasma levels significantly greater than

in the adult. Skowsþ et al (l-973) offer no conrnent on the physiological

significance of the high vasopressin levels in the foetus, but they
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do reiterate Vernier and Smithts view, that the 1ow osmolality of foetal

urine is more probably the result of an jlherent limitation in renal

concentrating capacity than a lack of responsiveness to vasopressin.

Mellor and Slater (1973) have also disregarded the theory of

foetal unresponsiveness to vasopressin. They have postulated that the

foetus alters renal water retention by varying vasopressin secretion in

response to changes of foetal blood volune and in older foetuses, to

changes in plasma osmolality. The basis for this proposal was their

observation that changes occurred in the osmolality of rnaternal plasna

arrd. foetal urjne when ewes drank af.tet feeding. They suggest that when the

ewes drank, transplacental water exchange rnay have been altered, thereby

altering foetal plasma volune and osmol-aLity and sti¡rmlating changes in

vasopressi¡ secretion rate. Despite the logic of Mellor a¡rd Slaterrs

argrnnent, their evidence is jndirect and other ilterpretations of their

findings could be nade. They provide no concrete evidence that vaso-

pressin is involved i¡ controllilg water reabsorption in the foetal kidney

and this remai¡rs a matter that requires further jnvestigation.

si¡ce the renj¡-angiotensia systøn (RAS) is an important

nechanism in the mailtenance of cardiovascular and electrolyte homeostasis

i¡ adults it is logical to consider its role during foetal life' Many

of the physiological prerequisites for a frnctional RAS are present

quite early i¡ the foetal life of a sheep. Baroreceptor reflexes in

foetal lambs are developed as early as 90 days gestation, since the

acute bradycardia caused by the iajection of adrenalin and nor-adrenalirt

is abolished by cutting the vagii (Dawes, et al 1956), ffid haemorrhage

causes sustaired bradycardia (Dawes and Mott, 1964). Also there is an

increased j¡wolvement of the autonomic nervous system i¡ the control of

circulation in sheep foetuses near term (Born et al, 1956).

The najor requironent for a fi.rrctional RAS in foetal life, is

of course, the ability of the foetal kidneys to produce reni¡. There is
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little doubt that this is so. Granulated juta-glomerular cells have been

fourd in foetal pigs (Bi¡g and Kazjmierczak, 1963) foetal sheep (Smith et al

Ig74), hurnan foetuses (Ljungqvist and Wagermark, 1966), newborn puppies

(Granger et aI, 1971) and perinatal rats (Eguchi et al, 1975). Also, Bing

a¡id Kazimierczak (1963) have denonstrated that kidney extracts frøn pig

foetuses have a plessor activity probably due to the presence of renin'

Sirnilarly, Mott (1973), has reported a plessor response when extracts of

foetal sheep kidney are injected into nephrectomised foetal lambs'

reduced,maternal:foetal PRA ratio from in excess of 1-, to as 1ow as 0.03.

In such circr-unstances, the maternal PRA was jlcreased by as much aS

335%, during furosqnide treatnent and no effect on foetal PRA was ob-

seryed (Oakes, Catt and Chez, 1975). This is consistent with information

obtained from an anephric hrmun foetus at term (Symonds a¡rd Furler, 1973).

In cord blood samples fron this foetus there was no detectable plasma

renin activity (PRA) arrd plasna renin concentration (PRC) was less than

L0% of normal cord blood values. l'lct only does this indicate that the

foetal kidney prodrrces renil but it also implies that physiologically

active renj¡ does not cross the placenta.

Although it is well established that renal reni¡r is present in

foetal anjmals, the tine in foetal life when reni¡ secretion begins is

lnlororn and the ftnction of foetal renin has not been fu1ly established.

Mott (1973), has pointed out that the presence of renal renil, although

necessary for the fi-rrctionj¡g of the RAS, does not necessarily irnply that

fi.rrction. However, in the foetal lamb steps have been taken toward

elucidating the ftu-rction of the RAS.

With respect to the involvement of the RAS in cardiovascular

activity, an arterial pressor response to angiotensi¡ and renin has been

established. Behrman and Kittinger (1968) jnfused high doses (0.5-2.5Ug)

of angiotensi¡ I into the fsnoral vein of foetal monkeys a¡rd induced large
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increases jn rnean arterial pressure (lttAP). These workers reported

similar but less dramatic effects using lower doses of angiotensin I

(0.lpglKg). In the sane study Behrman and Kittinger (L968) failed to

i¡rduce any change of foetal blood pressure with an injecticrn of l-.Zyg of

angiotensin I i¡rto the urbilical vein of a sheep foetus. This led to

the suggestion that angiotensin injected by this route is largely

inactivated during passage through the foetal 1iver.

Broughton - Pipkin et aI (\974a), have found that foetal sheep

in the last quarter of gestation, show an i¡creased angiotensi¡ II like

activity in arterial blood followi:rg a 25% reduction of feto-placental

blood voh¡ne. The levels reached under these circunstances were 0.2-I.Sng/nl

as measured by bioassay. Conparable changes in angiotensin II like activity

in the arterial blood of neonatal sheep, following similar treatment, had

previously been observed (Broughton - Pipkin et al, I97L). Smaller

reductions il blood volune (3%) have also been shown to increase PRA in

foetal sheep (Broughton - Pipkin et al T974). Thus it appears that in sheep,

the nature foetus and neonate, possess converting enzyme and reni¡ substrate

in addition to renal reni¡. Also they are capable of responding to reduced

extra-ce1lular fluid volune, by increasilg PRA and increasing angiotensin II

activation. Sirnilarly Hyman et al (1975) have shor,vn that the constriction of

one renal artery i¡ a foetal lanb induces narked arterial hyperteniion and

Srnith et al (1974) have shown that aortic constriction increases foetal PRA.

Apparently the RAS is stjmulated as a result of the reduced renal blood flow.
The ability of the RAS to ft¡"rction as a Na* conserving nechanism

in the foetus has not been established. Trimper and Lrmbers (1972)

treated foetal sheep with furosemide which is larown to be a potent

natriuretic and to stimulate renin release in adult animals (Vander

and Carlson, 1969). In 4 of the 5 foetuses treated., the PRC of arterial

blood increased significantly over a period of 90 minutes. The youngest

foetus to show this response rtras 1-10 days old. On t]re basis of these

findiags plus measurements of the relative increase irr PRC induced by
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similar doses of furosenide ad¡iinistered to non-pregnant ewes; Trimper

and Lunbers (L972) concluded that the foetal kidney shows a greater response

to furosernide than the adult kiöaey. This 1ed them to further propose

that the RA.S has an important role i¡ the naintenance of foetal

circulatory homeostasis, possibly to conpensate for the incomplete develop-

nent of the neryous control of the circulation. Since these were acute

studies, with the ewe rnder anaesthesia and the foetal head exteriorised,

foetal stress r^ras no doubt considerable. thrder these circr¡nstances

reni¡ secretion was probably increased due to stress as much as to the

furosenide treatnent.

Thus the basis for Tri.nper and Lunbersr proposals is tenuous.

Furthermore, the natriuretic effect of furosemide jrr the foetus could not

be confirmed in these experiments. There is no evidence that firosemide

caLrsed any iacrease in the urilary excretion of Na* nor is there any

evidsrce that the [tL*] of foetal plasma was significantly changed. As a

result, these experiments provide little information on the involvement

of the RAS i¡ the I'Ja+ conservilg ability of the foetus

In a recent study, Fleischman et al (1975) used 15 foetal sheep

with chronic i¡tra-vascular catheters to rneasure PRA in the foetus and

ewe throughout gestation. They found that naternal PRA increased

frorn base levels during the last third of gestation and remajned elevated

for lZ weeks after delivery. Foetal PRA 1evels were variable, but

generally greater than maternal levels. This latter findi¡rg provides

more substantial support for the proposals advanced by Trimper and

Ltrnbers than does their oun work. Fleischman et al (1975) also

tested the response of foetuses to intra-verìous injections of furossnide

and found that the response was apparently dependent on the basal PRA.

If the initial PRA was low, furosemide usually stimulated a significant

increase. In contrast, foetuses with high initial PRA did not respond;
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probably because renin secretion was near maxinn¡n prior to treatrnent.

Although this work represents a more physiologically valid exarni¡ation

of the effect of natriuretic agents on the RAS of foetal sheep;

again the natriuretic effect of furosemide in the foetus is r¡¡rsub-

stantiated a¡rd no direct erridence regarding Na* homeostasis in the

foetus is provided. Experiments of a similar nattre were conú;cted as

part of the present work, before the work of Fleischman et al was

published. However, in the present work, not only was PRA measured ín

chronically catheterised foetuses, but the composition of simultaneously

collected urine samples was analysed.

Despite the fact that the RAS appears to be ftmctional in

foetal a¡rimals, its role in Na* honeostasis is obscure. More specifically,

it is not lalown whether there is any relationship between aagiotensi¡

II activation and aldosterone secretion. Nor, in fact, whether the foetal

kidney responds to aldosterone in the same way as the aú:lt kidney. It

has been established that the adrenal cortex of foetal lanbs secrete

aldosterone, although the relationship between the changes that occur in

the adrenal cortex of the sheep foetus near term and the secretion of

aldosterone are confused. lVi¡tour et al (1975) measured the peripheral

blood levels of aldosterone in foetal larnbs fron 60 days of gestation

rntil term. They for.md that the levels hrere significantly lower in

90 - 120 day-old foetuses than irr younger or older ones and that ACIH

was a potent stinnrlus to aldosterone secretion in even the yorrtgest

foetuses. Despite these findings, the responsiveness of the foetal ki&rey

to endogenous aldosterone is u'rclear and consequently its irnportance

in electrolyte homeostasis is unassessed.

The ability, if any, of progesti¡s to influence foetal kidney

function can only be speculated r-pon. Although there is no er¡idence

that progesterone or any of its metabolites influence foetal kidney

fi.nction, it is not j¡conceivable that such an influence exists. It could
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Finally in the Discussion section an attenpt is nade to 'integrate

the findings reported i¡ this thesis. The experimental data is discussed

and interpreted and the information obtained is used in a¡r atterpt to

tnderstand the fi¡nction of the foetal nephron and to elçlain the observed

gestational variations in foetal kidney output.. The reported horneostatic

capacity of the foetal kidney is also considered in the fight of iúformation

gleaned from the foetal experiments.
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depression of the central nervous system ranging frcrn nild sedation

to deep basal narcosis. It was a particularly useful drug, not only

for pre-medication, but also as a supplement to the analgesia i¡duced

with an epidural injection of lignocaine hydrochloride (Xylocaine).

There is no contra-indication in sheep to the combination of Xylazine and

lignocaiae hydrochloride.

3.2.3 Lunbar Epidural Analgesia

An epidural nerve block provided excellent analgesia for

abdsnilal surgery. A lrrnbosacral injection was made at a site imnedíately

behind the spinous process of the last lunbar vertebra. The area around

this site was shorn, disinfected and infiltrated with ?mI of 2%

lignocaine. A sterile needle (25G Ltitt), r^ras ilserted through the h¡nbo-

sacral space to a depth of about 2-3qn. When the needle had penetrated

the ligamenttrn flavun, a loss of resist¿rnce was felt and l-0rn1 of 1.5%

lignocaile with adrenalin (adrenalin 1:100r000) was slowly infused. In

earlier work, up to 15n1 of Zeo lignocaj¡e was used, but this occasionally

caused irritation of the meni:rges, as noted at post-mortern, and increased

the risk of foetal death (Morishirna et a1, 1972). The lower dose avoided

these problems, Iet provided satisfactory analgesia for about two hours.

Fig. 1 shows that the maternal dose of lignocaine and 4¡lazine may

effect the composition of foetal urine. This is of little consequence since

all experirnents and normal collections were not conrnenced r-rrti1 several

days after surgerY.

3.3 Surgical Procedures

CIrce the i¡fusion of lignocaire was finished, the sheep was

placed on its back in a wooden cradle to aid the dispersal of the

lignocaine solution and to ensure bilateral analgesia. In this position

preparation of the abdomen could proceed.
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3.3.1 Preparation of the Surgical Field

The entire abdcmen of the sheep was closely shorn and the

following steps were employed in the preparation of the surgical fieId.

(i) The shorn abdomen was washed with Sapoderm surgical soap and

a depilatory cream applied. The crean was removed after about

5 minutes and the abdonen washed again.

(ii) The skin was rinsed with a solution of chlorohexidine and cetri-

mide in alcohol and after a few minutes, dried, using sterile

abdomi¡al sponges. This step was repeated twice.

(iii) The surgical field was spïayed with antibiotic powder

(Polybactrin, Parke Davis).

Finally, the sheep was transferred to the surgery and clraped

as quickly as possible to prevent re-contamination of the surgical site.

A plastic drape with a¡r adhesive backing (Steridrape, Ethnor) was placed

over the incision site and covered with linen drapes

Proper preparation of the surgical field was vital, as swabs

taken fron the skin of ínconing sheep revealed a mixed population of

aerobic spore bearing bacilli, coliform bacteria, pseudomonas aeru-

ginosa and, invariably, streptococcus faecalis. Foetal organs and fluids,

sanpled during the post-mortern exarni¡ation of unsuccessful preparations

were often contami¡ated with these bacteria. However, by adhering to

a strict fornat of skin preparation and sterile teclrnique, the incidence

of foetal contamj¡ation was reduced. The developnent of a good sterile

technique, plus the gradual refinement of the surgical procedure, resulted

]n 75e" of all post-oþerative animals surviving beyond 3 weeks.

3.3,2 Exposing the foetus

The maternal abdomen was opened with a mid-ventral incision.

The wrderlyi¡g muscles were parted by blunt dissection and the peritoneal

rnembrane cut. At this point, a wor.rrd protector (Parke-Davis) was
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into the incision. The wound protector has a flexible plastic ring

which rras pushed into the ewest peritoneal cavity through the incision.

The plastic drapes attached to the rilg were then spread to allow access

to the gravid uterus and to form a barrier between the edges of the

abdoninal incision and the utems. This furthei reduced the danger of

contaniriating the foetus with pathogenic bacteria fron the surrounding

skin. To reinforce this innovation, all materials, including gloves,

swabs a¡rd instn¡nents which had been in contact with the maternal skin,

were discarded.

Once erposed, the gravid utems was positioned at the abdoni:ral

opening and palpated to locate a foetal hind lirnb. The foetus was then

re-orientated to briag the hi¡d limb into apposition with the area of

the uterus selected for incision. Care was taken when opening the uterus

to avoid areas of placental attachrnent and large inter-placental blood

vessels.

Next, the chorioallantoi-s and annion rtrere punctured and A11is

clamps positioned to hold the cut edges of both the uterire wall

and the membranes. The edges of the ìncision could then be raised to

mininise the loss of foetal fluid.

By grasping its hirrd lirnbs, the foetus was withdrawn from the

uterus to a poilt nidway between the peritoneum and the rrnbilicus and

was held i¡ this position by clarnping its ski¡ to the uterine incision.

Exposiag the foetus in this way ninirnised anniotic fluid loss and linited

disturbance to the tunbilical blood flow (see Plate 1).

3.3.3 Ca¡urulati¡g the foetus

Ore hi¡d leg was then selected for carurulation, and the remain-

ing ocposed areas of the foetus wrapped in an abdoninal sponge which

had been soaked in warm isotonic saline. By keeping the foetus warm i¡

this way, the drop in deep body temperatr¡re could be limited to less

than Loc.
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A pulse was located on the i¡urer surface of the hirrd leg to

determi¡e the correct site for exposing the femoral artery and femoral

vein. The skin overlying this site was cut and the muscle jr.urction

inrnediately below was parted by blurt dissection to isolate the femoral

artery and vein. These vessels were cleared of surror.rrding tissue and

cannulated (see Plate 2).

The polyvinyl (PV) cannulae used were 2.0nun and L.4nun outside

diameter (0D) for the artery and vein respectively and hrere pre-

sterilised with ethylene oxide gas. Linen sutures (size 2/0) were

used to tie the cannulae in place and the foetal skin was closed with

z/0 sft.
To cannulate the bladder, the foetus hras held with its ventral

surface upward and its back slightly arched. In this position the

bladder was raised into contact with the ventral surface of the foetal

abdcrnen.

The bladder v/as then exposed through a 2on incision rnade

near the rnid-line in the posterior third of the abdomen and a single

purse-string suture r^ras laid through the bladder wall using 3/0 silk

on an atrar¡natic needle. Care was taken to avoid the snall blood vessels

in the bladder wall and the unbilical arteries which are apposed to

the lateral surfaces of the bladder. A srnall incision was made withi¡

the suture ring and a cannulae pushed through this incision into the

bladder. The ca¡nula was secured by closing and tying the purse-strilg

suture.

The c.annula used in the blaclder was specially designed. It

consisted of PV tubing (3.0nm OD) and had a Scrn tip separated from the

rest of the tube by a small silastic cuff. The tip was rounded to avoid

damage to the i¡terior of the bladder and had a m¡nber of holes along

its length to facilitate uri¡e drainage (see Plate 3). lVhen cannulating

the bladder, the silastic cuff was pushed through the incision and
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inch.¡iled in the purse-string suture. This prevented the catheter

pulling out and helped seal the bladder incision. To close the abdominal

incision in the foetus, the rmrscles and skin were sutured independently

using 2/0 pft. (See Plates 3 and 4).

while the foetus was still exposed, a fourth PV ca¡rnula

(3.0nm OD) was stitched to the skin of the tuloperated hind limb. This

cannula was included to enable the urine draining fron the bladder to be

re-circulated i¡to the anniotic cavity.

3.3.4 Replacíng the Foetus

once the four cannulae were in place, the clanps holdi:rg the

foetus were removed and it was eased back into the uterr¡s. Particular

care vJas taken to avoid tearing the foetal mqnbranes or the uteri¡e wall.

About 40crn. of each ca¡nula was fed into the uterus to allow for foetal

movement. Then the edges of the uterine j¡cision and the foetal

membranes were gathered together usi¡g Allis clanps and closed with a

continuous li¡e of chronic 2/0 sutures. This was oversehlrl ltlith internrpted

sutr.u'es of chromic 0 to ensure an effective seal. Both the rnuscle layer

of the maternal abdomen and the peritoneal mqnbrane were closed i¡r a

single suture li¡re which was oversewn u¡ith internrpted sutures for

additional support (chrornic 0). The skj¡r was closed with contirmous

sutures of 2/0 got. (See Plate 5).

All cannulae hrere brought out through the laparotomy i¡cision

and sevm to the skin on the ewets flank. Precautions were taken during

exteriorization of the catheters to ensure an r.nobstructed flow.

3.3.5 Cannulating the ewe

For continuous sampling of maternal blood, or for j¡rfusion into the

evüe' one or both of the external jugular veins rnlas cannulated using a H/

cannula (1.4nrn OD), passed i¡rto the vein through a 1-6-gauge needle. If







PT,ATE 2.

An incislon ln the hind-Iimb of the foetus exposing the femoral
artery. Cotton sutures are being placed around the artery in
preparation for cannulation.

A cannula being introduced ínto the femoral artery of the foetal
tamb.

The femoral artery after cannulation and the femoral vein exposed
in preparation for placement of the venous cannula.
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urine was to be sanpled, the maternal bladder was cannulated using

a Foley FG14 catheter (Folatex).

i.4 Pos t-Opet at ive M anag ement

All post-operative anj:nals were kept in metabolism cages.

Despite the inability of sheep to exercise normally in netabolism cages,

this confi¡ernent was the only satisfactory means of preventing the

sheep from dislodging the indwelling catheters. Sheep wh-ich were

confined for long periods were occasionally removed from their cages

and allowed to exercise. Drring ercercise, the indwelling catheters

were put i¡to a canvas bag strapped arou-rd the ewets abdomen.

All post-operative sheep were fed 1 kgn. of lucerne chaff per

day and allowed free access to water. Some'animals did not regaia their

appetite inrnediately after surgery, and were givør B complex vitamins

(Floechst) by intra-muscular injection urtil they resuned eating.

3.4.L Uri¡re Recirculation

Approximately 50cm of each indwelling catheter was left

outside of the ewe. The car¡nula into the anrriotic sac was connected to

the cannula from the foetal bladder via a stainless steel.stop-cock.

This enabld the urine draiaing fron the bladder to pass into the

anuriotic fluid. When a urine sample was required, the stop-cock was

adjusted to internpt th-is recirculation and allow the urine to drain

through a side arm into a collecting tube. When not in use, openilgs

in the stop-cock were sealed.

A similar teclrrique for the recirculation of foetal urine into

the anniotic sac was described by Buddiagh et a1 (1-969). Buddingh and

his co-workers clained that recirculation of uri¡e was essential for

the survival of the foetus duriag the last trirnester of pregnancy

(Buddingh et aI, l-969, 1-97L). Ilowever, Gresham et al (L972), had two
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foetuses in which the urinary output was drained for 7 and L4 days,

and apparently normal lanbs were delivered by caesarian section on the

148th day of gestation. They did note a virtual absence of anniotic

and allantoic fluid in these preparations.

In the presørt study, the catheter into the arniotic sac was

occasionally dislodged, preventing the recirculation of urine. In

these cases, trrile flow rates and composition rtlere comparable with

preparations in which urj¡e was recirculated. On one occasion, urine was

drained from a foetus for 22 days, and a lamb weighing 4.6kg was delivered

vaginally on the 150th day of gestation. All cannulae r,.lere cut during

the delivery of. this foetus and samples were obtained fron the lanb wttil

10 days after birth. Drring tlne 22 days of urine drainage, the foetus

lost a total of L2.7 litres of uri¡e. Table 2 shows estimates of the

dariry and total losses of Na+, K+, creati¡i¡e and uric acid dr¡ring the

drainage period.

The loss of large quantities of substances, rdrich wtder normal

circunstances are recirculated back to the mother and foetus via the

arniotic and allantoic sacs, maI have subtle effects wtrich impair the

reliability of such preparations as experimental nodels. Therefore,

recirculation of urine is desirable, but the assertion of Buddi-ngh et al

(1969 ana fSZfl, that recirculation is essential for foetal survival is

refuted.

3. 4.2 Capping Intravascular Cannulae

Cannulae fron both the foetus and the ewe were fitted with

blunted hypodermic needles and sealed with metal plugs. The fittings

were pre-sterilized and. the cannula ends hrith their attached fittings

were kept inrnersed i¡ sterilizing solution.

3. 4.3 Antibiotic Treaûnent

tmnediately after all operations, sarnples of foetal blood,
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urine and anniotic fluid were collected for culture and bacteriological

exani¡ation. A1so, i¡rnediately after surgery, the foetus was given 20

ng/Kgn. of Cephaloridine (Glaxo) and 5 nglKgn. of Gsrtanicin (Schering)

via the venous catheter. (The weight of the foetus was estimated from

an age - weight nomogram; see Fig. 2). The ewe was given an intra-

rm¡scular injection of 200 ng. of Caphaloridine and 50 ng. of Gentanici¡.

If the cultures of the blood a¡d foetal fluids, collected

inrnediately after surgery, showed contami¡ation, antibiotic treaûnent was

repeated on the 3rd ðay after surgery and further samples were taken for

culture. This entire procedure r,tlas repeated every 3 ðays r.mtil no

pathogenic organisms could be detected. Although results obtained fróm

foeû-rses being treated with antibiotics showed no disnrption of uri¡e

composition that could be attributed to the antibiotics, (see Fig. 3),

no foetus was used in experirnents while an i¡rfection persisted and anti-

biotics were bejng used.'

3.4. 4 li4aintai¡ing Carmula Patency

Because of the conti¡uous flow of urine through the bladder

catheter, it rarely became blocked.. However, when partial or complete

blockage did occur, it was usually because the drainage holes were

covered by foetal tissue. This could be corrected by fhrshing a srnall

voltune of sali¡e .i¡to the bladder and the saline iltroduced was cleared

i¡r a few mi:rutes, dependilg on the rate of uri¡e production. A similar

tectrrique was used to clear blockage of the ann"riotic cannula.

Intra-vascular catheters proved to be nore difficult to keep

patent. All vascular cannulae were flushed daily with saljne containing

50 U/nl of heparin. The concentration of heparin was kept to a ninirnrm

to offset any effects of heparia on sodir.un netabolism (Bailey and

Ford, L969). The lunen voh¡ne of each catheter was l<now¡r, so the volune

of saline flushed into the foetus could be regulated. This voltme never
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exceeded ln1.

If blood clots formed in a catheter, a 2000 U/ml solution of

fibrinolysin (thrombolysin - Merck, Sharpe and Dotrne), was forced into

the catheter to lyse the clot. If the clot dissolved, the tube was

refilled with hepari¡ised sali¡e.

3.4.5 Checkiag Ca¡rrula Placement

At times it was found that fluid could be infused into a venous

cannula, yet withdrawal of blood was impossible. Fibrinolysin did not

correct this problen. Post-nprtem examinations revealed that it was

caused by the formation of a flap gf tissue over the tip of the catheter.

Usually, this did not seriously i:npair the usefulness of the preparation

because blood could be obtained from the arterial cannula and the venous

tube could still be used for jnfusion. However, it was necessary to

verify that the venous ca¡nula was in fact still in the femoral vein.

To do this, 2 nLL. of 70% rnethylene blue was injected into the venous

carmula and fh¡shed i¡ with 0.5m1. of sali¡e. If the dye subsequently

appeared i¡ the foetal urine, proper placement of the cannula was

confirmed. In all experiments, the placement of the cannula used for

infusion was checked either by this nethod or simply by drawing blood

into the tube.
3.5 Sample CoTTection

In tntreated foetuses used to establish normal data, blood and

urine samples were collected daily between 9.00 an and 10.30 a.m.

3.5.1 Urine Collection

When single samples of foetal urine were collected, the stop-cock

on the bladder cannula was adjusted to allow the uri¡e to flow directly

into a measuring cylinder. The collection period was timed with a stopwatch

and the vo¡.rne of urine recorded. Usually about 8m1 of foetal urine was

collected over a period of 15-30 ninutes, depending on flow rate. An

aliquot of each urine saûple was stored at -10oC.

For continuous sampling of urine, the bladder catheter rtIas
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connected to a li¡ear fraction collector (Paton Industries, S.A.).

The fraction collector was modified to allow the sirnultaneous collection

of rnaternal and foetal urine and the time base control permitted the

collection of uri¡re over precisely rneasured intervals. A1so, the photo-

electric drip cor.rrter i¡ the fraction collector was connected to a chart

recorder (Servoscribe) to plot variation in the rate of urine flow withi¡

a given collection period.

After a serial collection, the volune of urine i¡ each tube was

measured and a¡r aliquot f.rozen. In experiments where urine storage

rvould be delayed, 3-4 drops of a preservative solution (10% thynol in

butanol) was added to all collection tubes before sanpling.

3.5.2 Conrnents on Foetal Urine Collection

In studies of foetal kidney frn'rction, the aim is to obtai¡

urine samples that represent, as nearly as possible, the direct output

of the kidney a¡rd to offset possible modification of the composition

of urine after it is formed.

Foetal bladder volunes were measured at post-mor'tsn by filliag

the bladders with saline and measr:ring the volule aspirated. The volune

of a fully distended bladder, varied between 14 and z1lrt:ú. i¡ foetuses

aged 120 days or over. Ttris voh¡ne, plus the voh¡ne of the urine catheter

(1.9rn1.), ms asstrned to represent the dead space in the urine collection

systen. To estimate the tìme interval between urire production and

collection, urirte was collected frøn two foetuses at 1min. intervals,

following an intra-venous injection of i¡ulin 
tnc. 

Radioactivity was

detected in the 5th a¡d 7th samples respectively. (See fig. 4).

In two further experiments, tritiated water l4ras inj ected directly into

the exposed bladder of two foetuses during surgery. The femoral artery

cannula had previously been implanted to enable blood sanples to be

taken at 1 min. interyals after the injection of tritiated water.
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Radioactivity was present in the first sample i¡ both foetuses, indicating

a rapid effh.uc of water from the foetal bladder. (See Fig. 4).

However, this was only a one-way rneasurement; the work of France et aL

(L974) i¡dicates that there is a continuous infh¡c and efflt¡x of water

and electrolytes which result in only mi¡or nett changes. Nevertheless,

the fact that such changes are occurring at a rate faster than the time

necessary for urine to pass through the uri¡ary tract, suggests that

nodifications of urite composition will occur before the urine is

sanpled. The extent of these modifications cannot be accurately defined

until further studies of transport across the bladder wall have been

conducted.

In view of these difficulties, a more suitable technique would

seqn to be to ca¡uulate the ureters of the foetus. In the early stages

of this study, chronic ureter cannulations were attempted, but were

rarely successful.- The trar.una caused to the foetus, by exposing and

handli:rg the kidneys while locating the ureters' was a major probløn.

In those ureter samples collected and analysed, the concentration of the

various urine solutes was comparable rrrith the concentration of solutes

in sarnples of bladder tnile collected from foetuses of similar ages.

Apart fron the technical difficulties of the operation, the

desirability of ureter cannulations is questionable. Tanagho (1972), fourd

that partial obstruction bf the ureters of foetal lanbs caused rapid and

massive hydronephrotic atrophy of the renal parenchyma. Such gross

pathological changes Lrere usually fourd il preparations attempted i¡ this

study. Sinilarly, Bernstine (1970) reported that when the r¡reters of foetal

sheep were cannulated, changes occurred in the foetal kidney which were

similar to those accompanying polycystic disease of the kidney. Therefore,

despite the possible problens of collecting urine via a bladder catheter,

it remains the nost practical and physiologically reliable means of sanpling

foetal urine.
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l4lhen the foetal bladder is ca¡urulated, there is also a

problem of uri¡e leakage, either voluntary, or involtrrtary through the

urethra or urachus. In older foetuses, this would be predoninantly

through the urethra. To prevent this leakage, some workers ligate

the penile urethra i¡ male foetuses and avoid u3ing female foetuses

(Bernstine 1970). However, Rankin et al (L972), clairn that if the free

end of the bladder catheter is sone distance below the 1evel of the foetus,

this will create a slight negative pressure in the foetal bladder and

prevent urine leakage. In the dog.foetus, it has been shown that dis-

charge of uri¡e via the urethra usually occurs when the pressure within

the bladder exceeds lSnnn Hg. (Bernstiae 1970). A sirnilar pressure is

probably required i¡ the sheep foetus where spontaneous micturition

has been demonstrated (Robillard et aL, 1973). Thus, if. a negative pressure

is applied to the foetal bladder, continuous draiaage will be prcrnoted

and it is unlikely that the pressure within the bladder will reach the. point

where urine drainage through the r¡rethra will be significant. In the

present work, the free end of the bladder catheter, at the poiat of

collection, hras 90crn below the 1eve1 of the foetus. Therefore, urine

leakage would be ninirnal.

3.5.3 Blood Collection

To obtai¡ a blood sample, the hepari¡ised salile in the vascular

carurula was aspirated into a syriage; then usiag a clean syringe, the

required arnount of blood was withdrawn (usr.rally 2 rn1). The blood was

transferred inrnediately to a hepari¡rised tube and nixed gently. , Finally,

the blood was flushed out of the carurula. Throughout these steps, care

was taken to avoid contaminatiag the cannula fittings. l4rhen a nt-unber

of blood samples were to be taken i¡ a short time, the packed cell voh¡ne

(PCV) of each sample was measured. If, during an experiment, the PCV

changed significantly, the rate of sanpling was reduced.
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Blood required for progestin analysis was placed directly into

a glass extraction tube contai¡j¡rg arl equal volune of redistilled

cyclohexane. The extraction tube was weighed before and after the blood

was added to measure the exact weight of blood. Finally, the tube was

æpped and shaken vigorously to conrnence extraction.

l4lhere plasrna samples hrere required, the blood was centrifuged

(3000rpm, l0 nin. ) , md the plasna decanted. All samples were stored at

-10oC r.ntil analysed.

3.6 Infusion and Injection Teclniques

As nentioned above, no injection or i¡fusion was made into a

vascular cannula urless the placement of the cannula was confirmed.

Drugs injected via a cannula were flushed in, with a snall volune of

saline. Nonnally, injections and infusions i¡rto the foetus were made

via the catheter into the femoral veirr and blood withdrarrn via the

catheter into the fqnoral artery.

Siagle blood samples were obtaíned from the ewes by jugular

venepr.nctr.re, rrrtrile for serial sarnpling or for infusion, one or both of

the exterrnl jugular veins was cannulated.

Infusions v{ere carried out with a variety of syriage Fn-mps,

including constant speed clockwork ptilrps and variable speed electric

punps. For long term i¡Éusions, a drip system or constant speed roller

pmp, drawiag fron a reservoir, was used.

3.7 Bl-ood Pressure Measurement

Foetal blood pressure was recorded by connecting the arterial

catheter via a press'ure transducer (Statham P23AA), to a Servoscribe chart

recorder. A 3-way stopcock on the arterial canrula allowed blood samples

to be taken with little disruption to the blood pressure record.
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3.8 La.boratorg Methús

3.8.1 Non-Hormone Analyses

(i) The pFI of maternal and foetal uri¡e hras measured using an

ATHO,I pH rneter nodel 22R. The instnrnent was calibrated using

standard pH solutions.

(ii) The sodiun and potassitun concentration of plasna and urine was

rneasured using an IL flane photoneter (Model 143) with an

autonatic dilutor and Lithir-un standard.

(iii) The Osnolality of uri¡e samples was measured on a Fiske ognorntter

nodel G.

(iv) The urea concentration of urine was measured us ing the nethod

(v)

(vi)

(vii)

of Natelson et al (1951)

A Technicon autoanalyser (series II) was used for the deternin-

ation of uric acid and creatinile concentration irt plasna and

urine. Creatini¡e was determined using Technicon programne

AA 11-11.

Uric acid was determinedusing Technicon progralrune AA 11-13a.

To measure packed celI volune (PCV), r.rihole blood was drawn into

a heparinised capillary tube, and the tube sealed. It was then

centrifuged for 5 minutes at 12000G and the results read using

a Flawksley micro-hasnatocrit reader.

Glomerular Filtration Rate (G.F.R.) was measured using a

technique similar to that of Ranki¡ et al (L972). Inulin -

carboxyl - r4C (New England lfuclear) was injected into the

femoral vei¡r of the foetus (10uc in 2 nl saline). Blood

samples (1-n1) were drar¡n from the femoral artery of the foetus

at i¡teryals of 200, 300, 400, 500 and 600 ni¡utes after the

inuli¡ injection. Foetal uri¡e was drained via the bladder

catheter throughout the experiment and collected in 30 ni¡.

fractions.
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The plasma and uri¡e samples were analysed by nixing 0.2m1 of each

sample with lnl of tissue solublizer (Biosolv. BBS-3 Beclsnan Instrunents)'

in a sci¡tillation vial. The vials containing plasrna were shaken for 24

hours and after solublizing, 10rnl of toluene-triton scintillation fluid

was added to each vial. The radioactivity u¡as measured in an ISOCAP 500

liquid scintillation cor-rnter (l,Iuclear Chicago) and cot¡:rting efficiency

determined using the channels ratio nethod. The data was analysed as

described by Rankin et al (lg7}) and inulin rqc clearance calculated as

an estimate of GFR.

3.8.2 Hormone Analyses

(i) Progesterone . I7a Ffydroxy-Prog esterone (17ûI{P) and 20cl Hydroxy-

Pregn -4-En-S-One (2OcrHP) were measured using an assay developed

by Searnark and Lutwak-Mann (L972). In this assay, the progestins

were extracted frcm whole blood with cyclohexane and separated

using aluni¡a colunurs. The coh.unns were eluted with ryclohexane

contaiailg ethanol at various concentrations. The elution

procedure was as follows: 5n1 0.5% (v/v) ethanol (discard), 3 m1

0.6% ethanol (progesterone fraction), 3m1 L.ZS% ethanol (2OqlIP

fraction), 2.ùn1 2.0% etlnartol (l7qllP fraction). The progesterone

alrd 17alIP fractions were then assayed using a competitive protein

binding assay developed by Obst and, Seanark (1970). This assay was

based on earlier work by l"lurphy (1967) and Bassett and Hinks (1969) '

The binding protein used was cortico-steroid binding globulin

(CBG) obtai¡ed frorn dog or hen plasna. The residues of the steroid

fractions were incubated with the CBG solution (45oC for 30 rnins)

and then an aliquot of each sample was transferred to a smal1

Sephadex coh.unn (0.5grn of G25 fine). The protein bowrd steroid

was eluted with phosphate buffer into scintillation vials
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containing dioxane scintillator and the activity neasured. The

steroid concentrations were calculated by reference to standard

curves.

The ZOaFIP fraction was reacted with a specific enzyme, ZM

hydrory steroid-oxido reductase prepared frcrn foetal sheep blood

(Seanark, Herriot and Nancarrow, urrpublished) (Seanark, Mclntosh

and Ir¿foor L973). The reaction mixture contained lrn1 bicarbonate

buffer (0.1M, ph 9),0.27pno1 NADP, 5.7¡:rno1 nicotinanide and 0.02n1

enzyme a¡rd was i¡cubated at 37oC for 20 ninutes. The reaction

products were extracted with cyclohexane and the progesterone

concentration rneasured using the above nethod. All samples were

pre-equilibrated with a srnall amor¡nt of tritiated 17oFIP, ZOolIP and

progesterone to be assayed as internal recovery standards. Therefore

the level of each progestin could be calculâted from the assay

result and the percent recoVêr/; For further details, see appendix.

Corticoid concentration ín plasma was determined by the method of

Bassett et al (1969).

Plasma Renin Activity (PRA). The nethod used to estirnate PRA

measures the amount of angiotensin-I, produced by the action of

renin on its substrate. lhe rate of angiotensin-I formation i¡

plasna incubated i¡ vitro is proportional to the time of incubation.

A\<nown volurne of each plasrna sample was dialyt"d t: 16 hours

agaiast pH 7.5 buffer at 8oC. Ttre buffer used was dibasic-monobasic

phosphate buffer contai¡ing 0. 005m EUIA (ethylene diamjne tetra

acetate) a¡rd made 0.1611 with NaCl. After dialysis angiotensinase

irùribitors hrere added to the plasma (0.01n1 dimercaprol/nl and

O.Sn EDTA/n1) and the original vofuune restored, if necessarY, bY

the addition of pH 7.5 buffer. Next the plasma sarnples were

incubated at 37oC and aliquots taken for angiotensi¡-I assay at 30,

60 and 90 ni¡s. When these results were determined, the amor¡nt of

(iii)
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angiotensin generated per hour j¡ each sarnple could be calculated.

This value indicated the intial velocity of reaction o-C renin with

reni¡ substrate and was an estimate of the activity of renin sn

renin substrate in the original samples. The angiotensin-I assay

used was a radio-j¡nnunoassay developed by Lrrnbers, Seamark and

Pickles (Lg7L unpublished) , and was sinilar to a nethod described

by Haber et al (1969). The antiserurn used was raised in goats by

injecting angiotensin-I coupled to poly-L-lysine (tlaber et aI,

1965) and the tracer was produced by labelling angiotensin-I with

llzs (Fft:nter and Greenwood, 1962). Bor..rnd and free hormones were

separated using Dextran (T-40) coated charcoal (Norit A), (Herbert

et al, 1965) and sanple activity was cognted in a Packard Tri-carb

liquid scintillation cot¡nter with a gaÍma spectrometer attaclrnent.

3.8.3 Histology

For morphological study of foetal kidneys; the kidneys were

removed frcrn the foetuses as quickly as possible after the ewes were

slaughtered and a slice of tissue was taken dov¡n the long axis of each

kidney. This slice included tissue fron the cortex and nedulla. The

kidney slice was placed into a glass dish contaiaing cold fixative solution

and snu.ller pieces of tissue cut from the regions selected for study.

These were transferred to a drop of fixative and trinnned i¡to about

lmn cubes. Preparation of the specimens then proceeded as follows:-

(a) Fixed for 2 hours with 2% gluteraldehyde i¡ Sorensen's phosphate

buffer (0.2 M pH 7.2) at 4oC..

(b) Washed overnight i¡ Sorensents phosphate buffer.

(c) Post-fixed for 2 hours in 1% osmir¡n tetroxide in Sorensenrs buffer.

(d) Washed in distilled water for t an hour.

(e) Dehydrated in graded acetones; 30%,50%, 70%, 90% (2 times),

100% (2 times).

(f) Infiltrated for 2 hours in I00% Epon 812 (under light vacur.nn).

(g) Bnbedded in fresh epon for 30 hours at 60oC.
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ftrick sections (1-2u) vlere cut for light microscope exanination

and studied either t¡nstained usiag phase contrast or stai¡ed with basic

fuchsin and crystal violet.

Ultra thi¡ sections (500-700Å) were cut for electron rnicroscope

exanination. These sections were stained with a saturated solution of

nranyl acetate fot 20 mi¡s. and lead citrate solution for 5 mi¡s. They

ürere examined with an AEf - 81801 electron microscope.
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4 RESULTS FROì'I UNTREATED FOETUSES

4.7 Ptesentatìon of Resu-Z.ts

The first section of this study involved daily collection of

sarnples of urine, blood a¡d anniotic fluid from sheep foetuses with

indwelling catheters. The aim was to establish the concentration of

specific coÍponents of these fluids and to determine their relationship

to foetal age and foetal kidney developnent.

Daily samples were obtained fron 26 foetuses which, at the time

of the first collection, were between ILZ and 139 days of gestational

age. Samplirrg conti¡ued for an average of 18 days and 14 of the foetuses

were delivered normal1y. The average age at delivery was I47 ðays. The

samples obtained from the foetuses were analysed as described in

section 3.

The data from ssne individual foetuses will be presented, but for

the detennination of norrnal ranges and gestational trends, composite

results have been derived. The mean (x) and sta¡rdard error (SE) has been

calculated for each parameter, on each day of gestation observed,

using the results frsn all foetuses. Foetal age is given as either, "days

after mating" or "days prior to parturitiont'. In the latter cases, the

results used are fron the 14 foetuses which were delivered norrnally.

Three foetuses in which the plasma cortiSol levels remained low,

inrnediately prior to delivery, hrere regarded as abnormal and were excluded

fron all results.

The individual values for the concentration of urine

constituents have been combined hrith the flow rate rneasured at the time

of collection, to deterni¡e excretion rates. Also the creatinine con-

centration in simultaneously collected plasma and urine sarnples have been

combined with flow rate to calculate endogenous creatini¡e clearance.

Average excretion rates and clearance values have been calculated for each
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day of gestation on which samples were collected. Finally, all absolute and

derived values relating to urine output and cornposition have been corrected

for changes in foetal kidney weight. Standard kidney weights, based on

measurenents made in foetuses of larov¡n gestationaL age, were used for these

corrections. (See table 3).

4.2 Foetal Sodium

4.2.L Plasma Sodium

A feature of these data and most of the subsequent data is the

small ntrnber of samples collected between days 115 a¡d 120 a¡rd days 145 and

150 compared with the mrnber of sanples collected within these extremes.

Because of this, the results have been grouped to produce averages for each 5

day period after day 115. Nevertheless, considerable information can be

obtained frcrn the urgrouped data which are presented in the appendix tables.

(Appendix table 1).

Figure 5 illustrates the difficulties caused by the lfunited ntrnber

of results at the extrernes of the foetal age span. The plasma [tta+] varied

considerably between days 115 and 120 and between days 145 and 150, but

h¡ithin these limits the variation was reduced and there was a gradual increase

in [tla+]. Over the total r¿rnge sanpled, there r,.ras a significant correlation

between foetal age and plasma [tt"*] (r = 0.2231 0.01 > P > 0.001, n = 156)

(Pearsons coefficient), but exami¡ation of the grouped data suggests that

this correlation was not retai¡ed after day 139. Between days 115 and 120 the

average plasma [¡¡a*] was 134.6 nEq/L (n = 9) and rose to 146.5 nEq/L (n=27)

between days 130 and 135 and then fell to 145.3 nEq/1, (n = 8) between days

144 and 148. l4e11or (1970) reported that the mean plasna [],¡r*] for sheep

foetuses aged between 76 and 140 days was 1-52 n:ü,q/L (n= 14) which is higher

than the value obtained i¡ the present work. There are no other reports of

gestational trends i¡ foetal plasna [t¡r*] similar to those reported here.

4.2.2 Urine Sodiun

As night be expected, the variation between the daily averages

for urinary [{"*] was greater than for plasma [Na+]. Such variability is



TABLE 3: TUTAL KIDNEY IVDIGITT OF FOI]¡USES CO¡ÍPAIìED II'I'NI GESTAI.IONAL AGE

( These total kidney weights were used as standard values when parameters
relating to kidney function in foetuses of different ages were standardised
on ths-basis of unit kidney weight)

DAY OF GESTATION TUTAT KIDNEY WEIGI-TI

(sn)

115
116
LL7
118
1-19

l?0
lZI
LzZ
L23
LZ4
IZ5
r26
727
728
r29
130
r-31
r32
133
134
135
136
\37
138
139
140
141
]-42
]^43
144
145
r46
t47
148
149
150

T7
L7
r_8

18
19
19
19
z0
20
?.0

2t
zt
zt
22
22
22
z2
23
z3
z3
23
23
23
23
23
z3
23'23
23
z3
z3

15. 30
15.70
16.20
L6.70
t7.L0

.s0

.90

.30

.80

.20

.60

.90

.20

.60

.90

.20

.50

.80

.10

.40

.60

.80

.00

.?.0

.40

.s0

.55

.60

.65

.70

.70

.70

.70

.70

.70

.70

( See text page 63)
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apparent in all comparable studies of foetal kidney ftrrction. However,

despite short term fluctuations i¡ the composition of urine fron indi-

vidrlal foetuses and variation i¡ urinary ccnrposition between foetuses

of the same age, a gestational trend was apparent. Urinary [Na+] was

negatively correlatedwith foetal age (r =-0.258, P < .001, n= 185).

(See fig. 5). In the period between days 115 and I20 the average

concentration was 42.6 rlüq/L (n = 8) while between , ðays 130 and 135 and

days 145 and 150, the averages were 24.0 mEq/L (n = 35) and 20.4 rrfq/L

(n = 17) respectively. I{lhen the values for urinary [t{a*] hlere coïrected

for changes in total kidney weight, the correlation with foetal age

r4ras more significant (r = -0.389, P < .001, n = 183). (Appendix

tabLe 2).

When urinary [ltla*] rvas plotted against 'rdays prior to partur-

ition", the distribution of observations was changed. The total mmber

of observations is reduced from 156 to 99 of which 75 relate to the

period between day -16 and terrn. (See fig. 5). Again a decline in

urinary [],la*l was evident, but only untiT day -6 after which there was

a rapid increase in [tta+] fron 11.5 nEq/L at ðay -6 to 53.3 nEq/L at ðay

-1. This rise i¡ the last 6 days of gestation was highly significant

(r = .46, P <.001, n = 29). (þpendix table 3).

In other studies, Alexander et a1 (1958a) obtained a mean

of 71 nrEq/1, for the urinary [t'¡"*] of foetuses aged between 104 a¡rd 117

days and a mean of 20 mEq/L for foetuses aged between 130 and 142

days. Bernstine reported ¿rn average of 60.7 ! 40.6 nEq/L (n = 7) for

foetuses aged between 108 a¡rd 125 days and an average of 60.7 t 31.5

ffiq/1, (n = 7) for foetuses aged between L26 arñ 142 days. In the

present study, the average urinary [t'¡"*] of yowrg foetuses (115 -

125 days) has approximately 40 rnFq/L lower than in either of these

reports. For older foetuses (130 - I42 days) the present average

(27.S8mEq/L n = 88) was comparable with Alexander et al's result but
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about 35 nrBq/L lower than Bernsti¡ets figure. These discrepancies

are probably due to the lirnited nt¡nber of observations in the earlier

studies.

More recently, Mellor and Slater (I972b) used chronically

catheterised foetuses to deternine the average óoncentration of urinary

solutes. The results they obtained are generally similar to those

reported here. However, Mellor and Slater fou:rd that the mean [tt¡"*]

in the urine of foetuses aged between 141 a¡rd 150 days (28.6 nEq/L) was

only marginally greater than the average for the preceding 10 days

(28.1 mEq/L). This is not consistent with the pre-parturient rise

in urinary [l'la*] observed in the present work. There were 36 indivi&;al

observations made on foetuses aged between 141 and 150 days in the

present study and 28 in Mellor and Slaterrs work, so there is no

statistical reason for the discrepancy. However, si¡ce Mellor and Slater

were nnable to plot their data in relation to time of parturition, the

pre-parturient rise nay have been obscured.

. In general, there was an overall decline in urinary [t¡"*] as

gestation proceeded, although the trend was reversed over the last

6 days of pregnancy. This pre-parturient reversal of the overall

gestational trend has not been reported elsewhere.

4.2.3 Arniotic Fluid Sodiun

the [Na+] of anniotic fluid ìlras extrenely variable, both w-ithin

and between foetuses. However there r^Jas a snrall negative correlation

with foetal age (r =-0.211, 0.05 > P > 0.01, n = 94), (See fig. 5)

which is consistent with the fi¡dings of Malan et al (1937), Ðd Mel1or

and Slater (1971 and 1972b). (Appendix table 5).

Foetal Potassium

4.3.L Plasma Potassit¡n

4.3

Plasma [K*] showed no significant relationship to foetal age
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(r = .102 NS n = 157) (See Fig. 6). Ilowever, between the 115th and

135th days of gestation there was a gradual increase in the daily averáge

for plasna [K*]. The mean [K+] for the period between days 115 and 120

was 4.30 mEq/L (n = 10) ccrnpared with 4.76 ÍrF4./L on day 135, thereaf.ter

the daily averages fell to a mini¡m¡n of. 4.L ÍÊq/L on day 140. After day

140 the plasma [K+] increased, but in this period the nt¡nber of observ-

ations was low and the standard errors of the means high. Accordingly, this

trend was less significant than that of the preceding 20 days. (þpendix

table 1).

Mellor, (1970) reported that the average plasrna [K*] for

foetuses aged between 76 and 140 days was 5.7 t L.6 nEq/L (n = 15) but

there are no other reports of gestational trends in plasrna [K*] sirnilar

to those reported here.

4.3.2 Urine Potassir¡n

Urinary [f+] was significantly correlated with foetal age

(r = 0.3.15, P < 0.001, n = 190) (see fig. 6) and the correlationwas

retained rvhen the data was corrected for ìoetal kidney weight, although

the degree of correlation was reduced. The average urinary [K*] for

the period between days 115 and 120 was 7.5 rnEq/L (n = 8) and for the

period fron day 120 to ðay I32 was 13.7I nEq/L (n = 35). After day

132 there was a decrease in uri-nary [K+] and a nini¡m¡n daily average of

9.0 mEq/L was recorded on day 1^37. Throughout this period the sample

sizes were sufficient to suggest that the observed trend was significant.

Follorviag this brief reversal the daily averages for uri-nary [K*]

i¡creased tntil ðay L43 but declined again frorn day 143 r¡ntil term.

(þpendix table 2).

In swnnary, apart fron the fact that urinary [K+] showed a snall

positive correlation with foetal age, only the fall i¡ concentration during

the 4 days frcrn day 154 to day 137 could be significant. It is i¡teresting
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that this decrease il urinary [K+] resembles that which occurred in plasma

¡f+1 atttrough the latter trails the fonner by about 5 days. The physio-

logical significance, if any, of these changes is not apparent.

Itrtren K+ excretion rates were calculated they were fotrnd to be

highly variable. Despite this, there r^¡as an ovèrall correlation between

potassiurn excretion rate and foetal age (r = 0.245, 0.01 > P > 0.001,

n = 185) . this correlation was lost r.dren the data hras corrected for changes

in foetal kidney weight which indicates that although changes ín uriaary

[K+] are relatively independent of kidney weight, chamges in K+ excretion

rate are not. (Appendix table 4).

Alexander and Nixon (1961) reported urinary [K+] in nid-gestation

(days 104 to 117) to be 4 n:f4/L (n = 2) and i¡ late gestation (days 130

to L42) to be I nEq/L (n = 2). In comparison, Bernstine (1970) reported

an average urinary [K+] for rnid-gestation (days 108 to 125) of 17.7 rEq/L

(n = 7) and for late gestation (days 126 to I42) of 14.6 nÊq/L (n = 7).

Corresponding values i¡ the present stuly were: mid-gestation (days 115

to 125) 10.6 mEq/L (n = 30), and late gestation (days 130 to 142)

T7.44 nEq/f (n = 139). For the period from day 142 to day 150 the

average was 21.5 mEq/L (n = 34).

The positive correlation between foetal age and urinary [K+]

reported here substantiates the findings of Mellor and Slater G97Zb).

However, the values for urinary [K+] quoted by Mellor and Slater are

lower than those of the present work and lower than those reported by

Bernstine (1970).

4.3.3 Anniotic fluid potassitun

The daily averages for the [K*] of amniotic fluid varied widely,

as did the indiviûral values contributing to those averages. Accordingly,

there was no correlation between arnniotic ffuid [f+] and foetal age

(r = 0.130, NS, n = 96). However, when the results were grouped as in

figure 6, some irtcrease in [K*] was seen, which is consistent with earlier
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reports by Mellor and Slater (1971 and I972b). The absolute values for

amniotic fluid [X+] reported here, are ccrnparable at all stages of

gestation, with those reported by Mellor and Slatei (1971) (þpendix

table 5).

4.4 Foetal llric Acid

4.4.L Plasrna uric acid

The average concentration of uric acid irr foetal plasma decreased

frcrn 1.07 mg/ì00rn1 (n = 11) for the period between days 115 and 120 to

0.80 mg/10ùn1 (n = 9) between days 145 and 150 (Appendix table 6).

This downward trend was not without fluctuation and, in fact, there was

no significant correlation between plasna uric acid concentration and

foetal age (r = 0.142, NS, n = 151). However, when the results fron

those foetuses that delivered.normally were considered alone, a rapid

rise in plasma uric acid concentration, particularly in the 15 days prior

to parturition was revealed. (See fig. 7). Over the fi¡al 25 days of

pregnarrcy, the correlation between plasma uric acid concentration and

foetal age hras highly significant (r = 0.401, P <.001, n = 82).

In fact, the jrcrease duriag this period appeared to be exponential.

4.4.2 Urine i¡ric acid

Urinary uric acid concentration showed significant correlation

with foetal age (r = 0.199, 0.01 > P > 0.001r D = 194). This

correlation hras particularly evident in the period between days 115 and

135. l4lhen urinary uric acid concentration was considered in relation to

tjme before parturition, an even more significant correlation emerged

(r = 0.361, P < 0.001, r = f09). (See fig.7). This correlationwas

the result of an increase in r¡ric acid concentration from an average of

1.03 ng/rnl (n = 7) in the period between 25 and 20 days before birth,
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to 3.48 ng/100m1 (n = 30) in the last 5 days before parturition.

(þpendix table 7). The pre-parturient increase in the urinary

concentration of uric acid was only slightly nodified when the uric

acid measursnents were corrected for changes in foetal kidney weight.

This was not surprising since at the time of the most drarnatic changes in

uric acid concentratíon, foetal kidney weight increases only slight1y.

However, the corrected data does imply that the real increase in urinary

uric acid concentration, began within 15 days of birth. Therefore, the

urinary changes closely parallel the observed plasma changes.

The excretion rate of uric acid showed a small significant

correlation with foetal age (r = 0.179, 0.01 > P > 0.001, n = 194).

(þpendix table 10). However, this correlation r4ras lost when the values

tnlere corrected for changes in kidney weight (r = 0.100, NS, n = 194)

ard it appears that about 40% of the original relationship was due to

kidney growth. When the data was related to parturition, a significant

correlation hI¿LS retailed (r = 0.301, 0.01 > P > 0.001, n = 82) and the

correlation remained significant (r = 0.240, 0.05 > P > 0.01, n = 82)

after kidney weight correction (appendix table 8). These correlations

resulted primarily fron ilcreases in the uric acid level of foetal uri¡e

during the last 15 days of foetal life.

4.4.3 Amniotic fluid uric acid

The concentration of uric acid in amniotic fluid increased

ùrrirrg pregnancy (r = 0.503, P < 0.001, n = 98) (see fig. 7). However,

the rate of i¡crease was not regular. Before ðay L40 the increase was

relatively slow, but thereafter there hras a more rapid rise. This

biphasic pattern of uric acid increase i¡ amniotic fluid closely

reflected the changes in the urinary concentration of uric acid (appendix

table 9).

No other reports of uric acid concentration in sheep amniotic
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fluid are available, although Harrison (1972) found that in hr¡nans the

uric acid concentration of liquor increased as pregnancy advanced.

4.5 Foetal Creatíníne

4.5.1 Plasrna creatinine

The concentration of creatini¡e i¡ the plasma of foetal sheep

decreased as gestation proceeded. The youngest foetuses showed

concentrations of around 4.5 mg/10ùn1 (average for days 115 to \20 =

4.44 ng/I00m1, n = 14), r.rrhile in near term foetuses the values were about

1.0 mg/ml (average for days 146 to 150 = 1.11 ng/10ùn1, n = 6)

(appendix table 6). Accordingly, there hras a significant relationship

between plasma creatinine and foetal age (r =-0.270, 0.01 > P > 0.001,

n = 153) (see fig. 8). However, when the results frcrn those foetuses that

lambed hrere considered alone, there was no significant correlation.

It can be seen in figure 8 that the most rapid falf i¡ plasrna creatinine

concentration occurred between days 115 a¡rd L25 af.ter which the decline

was slower and more variable. Sj¡rce a large proportion of the

observations frcm the foetr¡ses that lambed fall i¡to the last 25 days of

gestation, the lack of correlation nay simply reflect the slow variable

change in creatiline concentration that occurred during that period. Ihe

only other study of plasma creati¡rine concentration in foetal sheep

is that of Alexander et a1 (1958a). fn contrast to the present study,

they found that plasrna creatinine concentration increased from an average

of 2.1 mgl100m1 (n = 2) on day TL7 to 4.2 ng/100rn1 (n = 4) on day I42.

However, apart fron the fact that Alexander et al used acute preparations,

their limited m¡nber of observations precludes arry reliable prediction of

gestational trends.

4.5 .Z Uri¡re creatini¡e

In contrast to foetal plasma, the concentration of creatinine

in foetal uri¡re was positively correlated with foetal age (r = 0.171,
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0.05 > P > 0.01, n = 196) (see fig. 8). There was threefold increase

in concentration fron an average of 5.60mg/100m1 for the 5 days frcm

day 115 to 120 to an average of 16.17 ng/I00m1 for the period between

ðays I44 and 150 (appendix tabTe 7). However, this correlation was lost

when the results were corrected for kidney weight (r = 0.063, NS,

n = 196), indicating a close relationship between increasing kidney size

and the changes i¡ the concentration of urinary creatinine. When the

results from those foetuses which delivered normally were analysed

separately, a high correlation between urinary creatjrine concentration

a¡rd foetal age was revealed (r = 0.3201 0.01 > P > 0.001, n = 109) and

this relationship was largely r-maffected when the data was corrected for

changes i¡r foetal kidney weight (r = 0.305, 0.01> P > 0.001, n = 109)

(appendix table 8). It can be seen in figure 9 that the relationship

between urinary creati¡i¡e concentration, and time before birth was

exponential rather than ljnear and it was only during the fi¡a1 15 days

of gestation that significant ircreases in creatini¡e concentration began.

In sunnary, between the 115th and 135th days of gestation, there

was a small i¡crease i¡r the creatinine concentration of foetal uri¡e

which was closely related to increasiag kidney weight. Over the rqnai¡-

ing 15 days of gestation, the creatinine concentration of foetal uri¡e

increased approximately threefold and the j¡crease was independent of

changes in foetal-kidney weight.

In other studies of urinary creati¡ri¡e concentration, trends

similar to those reported here have been observed, although the sample

sizes hrere usually limited. For example Alexander et al (1958a),

quoted a single value of 6.4 mg/10ùn1 for a J'L7 day-old foetus and other

single values of 24.4 and 28.8 ng/100m1 for 2 foetuses aged 1.37 arfl I42

days respectively. Bernsti¡e (1970) reported an average value of I2.3

mg/100m1 (n = 7) for the period between days 108 and 125 and a¡r average of

19.5 ng/100m1 (n = 7) for the period between days 1-26 and T42. Neither
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study rivals the present work in which 196 indiviùral measurenents were

nade.

Creatinine excretion rates, plotted against foetal age, are

shown in figure 9. It can be seen that there was a progressive increase

in creatinine excretion rate as gestation proceeded (r = 0.274,

0.01 > P> 0,001, n = 109) (appendix table 1-0). When the values

for creatini¡e excretion hrere corrected for foetal weight, the

correlation with foetal age was reduced (r = 0.L73, N.S., n = 109) to a

degree which i¡dicates about a 35% i¡rvolvement of kidney-weight change

in the original correlation. In view of the observed changes in

creatinine concentration, it is likely that this 35% involvement was

primarily in the period before day 135.

The pattern of change, for creatini¡e excretion rate, was

relatively uniform throughout the period of gestation examined. This is

i¡ contrast to the changes i¡ creati¡rine concentration.

4.5.3 Anniotic fluid creatinine

The creatinine concentration of anniotic fluid was positively

correlatedwith gestational age (r = 0.277r 0.05> P> 0.01, n = 79)

(see fig. 8), although variation within and between daily samples was high.

The average value for creati¡rine concentration in the interval between

day 115 and 120 was 39.3 mg/10ùn1, this increased to an average of

79.93 rng/100rn1 i¡ the period between days 130 and 135, after which the

average for each 5 day period decreased, with the exception of a small

rise between days 145 and 150 (appendix table 9).

It is interesting to note, that until day 140 the rise in the

concentration of creatinine in amniotic fluid (approx. 2 times) was

of a sirnilar rnagnitude to the increase in creatini¡e excretion rate over

the sane period. After ðay L40 the relationship ended and amniotic

fluid creatinine decreased while the creati¡i¡e leve1 il foetal urine
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and creatinine excretion rate i¡creased.

In all cases where paired sarnples of urine and plasma were

obtai¡ed and creatinine concentTations measured, endogenous creatini¡e

clearance was calculated. It was for.¡nd that endogenous creati¡ine

clearance was correlated with foetaL age (r = 0.469, P ( 0.001, n = 149)

(see fig. 9). This was not surprising since it had already been

established that the creatinine concentration of foetal plasma decreased

with increasing foetal m4turity, and that conversely, creatinine excretion

rate i¡creased with increasilg foetal age. Over the period of gestation

observed, creatinine clearance j¡creased about sevenfold.

Wren the creatinine clearance values h/ere corrected for foetal

kidney weight, there v¡as some reduction of the correlation with foetal

age, although a highly significant relationship rernained (r = 0.406,

P < 0.001, n = 149). this reduction hras a reflection of the involvement

of kidney size i¡ creati¡ine clearance. As with creatinine excretion rate,

the influence of kidney weight on endogenous creatini¡e clearance was

nost significant before the 135th day of pregnancy. The rate of i¡crease

of creati¡i¡e clearance per gn of ki&rey, in the period between days

115 and 135, was not as great as for the uncorrected data. Nevertheless,

there was a tenfold increase in creati¡rine clearance per gn of kidney¡

and most of this increase occurred between days L35 and 150. This

reflected the large increase in urinary creatinine concentration that

occurred in that period.

Alexander et al (1958b) reported a value for creatinine clear-

ance of 0.88 at ðay I17 of gestation which is comparable with the

present results. However, Alexander et al also quoted a value of 1.4 for

a I42 day-old foetus a¡rd that is lower tha¡r the range of values reported

here.
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4.6 FoetaT Urea

4.6.I Urine urea

Urinary urea concentration increased significantly with

increasing gestational age (r = 0.311, 0.01> P> 0.001, n = 140).

The average urea concentration for the period between days 115 and 120 was

156.6 ng/100m1, compared with an average of. 293.7 mg/100m1.between

days 145 and 150 (appendix tabTe 7). However, an examination of the

average values for each 5 day interval indicates tha-t the relationship

between urea concentration and foetal age was not linear (see fig. 10).

The values ircreased most rapidly fron day 130 rurtil term (with the

exception of the period between days 155 and 140). An exponential

relationship was also seen when the results frcrn foetuses which lambed

were considered alone (see fig. 10). Here again, a significant correlation

existed but was reduced, presunably because of the decreased m¡nber of

observations (r = 0.28Lr 0.01> P> 0.001, n = 78). In the period fron

22 ðays before birth to 10 days before birth, the average concentration

of urea in foetal urine was 118 .2 ng/l.}tnl (n = 28), yet over the 5 days

i¡nnediately before delivery the value was 264.1 rng/l0ùnL (n = 22)

(appendix table 8).

ltrhen the urinary urea values were corrected for total kidney weight

the correlationwith foetal agewas reduced (r = 0.20I, 0.05> P> 0.01,

n = 140) indicating that over the entire range, between days 115 arrd 150,

i¡rcreasi¡g kidney size contributed to the rise i¡ urea concentration.

However, when the weight correctiqr was applied only to ttre data from those

foetuses which were delivered normaLly, a highly significant relation-

ship between uri:rary urea a¡rd foetal age was revealed (r = 0.2921 0.01

) p > 0.001, n = 78). This is not surprising since in this case there

rtrere a large ntrnber of observations near parturition and it is in this period

that substantial increases in urinary urea concentration occurred, while



75

changes in foetal kidney weight are minimal. therefore, factors other

than kidney size we e responsible for the rapid rise in urinary urea

concentration duri¡g the last 15 days of gestation. It was possibly

related to the increasing ability of the foetal liver to produce urea.

(Kennan and Cohen 1959; Colombo and Richterich'1968).

The relationship between urea excretion rate and foetal age hlas

similar to that for urinary urea concentration, although variation

was increased due to the inclusion of flow rate variability (appendix

table l0). Urea excretion rate was correlated with foetal age (r = 0.353,

P < 0.001, n = IZ0) and as rnight be expected, there was a particularly

rapid increase in the rate of urea excretion between ðay 1.35 and tern.

Wtren the values for urea excretion rate were corrected for kidney

weight, the correlation was redrrced (r = 0.280, 0.01 > P > 0.001, n = 120)

indicating tlwt increasing kidney size contributes to the rise i¡ the

excretion of urea.

The average concentrations of urilary urea obtai¡ed i¡ this study

are similar to those recorded by Alexander (1958a, 1961) for foetuses of

conparable ages. They are, however, higher than those reported by

Mellor and Slater (L974). With respect to gestational trends, Mellor

ard Slaterts results showed only a slight increase irt the urea concentration

of foetal urine during the 10 days from day 139 to day 148. Bi¡en in this

period, the average value for urea concentration was lower than for the

same period in both Alexanderts work and the present study.

4.7 Foetal Urine pH

The daily averages for urine pH are shown in figure 11. There

rtras no correlation between i¡dividual pH values and foetal age

(r =-0.04, NS, n = 184) (appendix table 11). There was however,

a decrease in urine pH on days 149 and 150, but the small ntmber of

observations obtained for those days, limits the reliability of that
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fiading. When the results from those foetuses which delivered normally

were considered alcne, the pre-parturient decline in foetal urine pH

was more appa.rent. Figure 11 shows that fron 25 ðays before parturition

until delivery, there was a steady decline in the average pH of

foetal urire (r = -0.340, 0.01 > P > 0.001, n = 105), however during the

5 days i¡mediately before birth, the decli¡e in pH was small.

A surprising difference between these two sets of data is that the

average values obtained fron foetuses which la¡nbed are cornparatively high

jn the period between 25 and 15 days before birth. A1so, despite the

narked pre-parturient fall in urine pH, the lowest value recorded was

6.90 and the overall average for urine pH during the last 5 days of

pregnancy was 7.49. Thus, even with the obirious decrease in uring pH during

the last 25 ðays of gestation, the r.rri¡re pH in those foetuses which

delivered nornally, was never as 1ow as the average values for day 149

and 150 in the general ðata. Nevertheless, the decline over the last

25 days of gestation was a significant feature of the uri¡e pH changes

and uitren the kidney weight variation hras removed from these observations,

the pH changes were even more closely correlated to foetal age

(r = -0.511, P< 0.001, n = 105). This suggests that the pH changes

reflect physiological developnents that are independent of kidney grolvth.

Mellor and Slater (I972a), measured pre-parturient changes of

foetal urine pH in 10 foetuses. In all cases the pH fell sharply near

term, begi:uring between days 130 and 145. Mellor and Slater found that

before the decline, the pH values were quite stable, varying between

7.0 and 7.4, but then, over a 5 to 9 day period, the pH fell as low as 5.4.

There is general agreement between Mellor and Slaterrs results

and those of the present study, although the average pH values before the

pre-parturient decline, were higher in the present work. Mellor and

Slater also found that the decline in foetal urine pH could conrnence as

early as 13 days before birth which agrees with the findings of the
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present study.

4.8 Foetal Uríne FTow

As mentioned, urine flow rate shohred a. great deal of variation,

not only from day to day during gestation, but also within any one day.

The sta¡rdard errors of the ðar1y averages were usually large and there

was no significant correlation between flow rate and foetal age

(r = -0.039, NS, n = 202). However, when the flow rates h¡ere corrected

for changes i¡ foetal kidney weight, a small negative correlation

energed which was not quite significaat at the 5% level (r = -0.LZI,

NS, n = 202) (see fig. 11). The rnean flow rate per gn of kidney, for the

period between days 115 and 1-20 was 0.03 n1/mi¡ compared with 0.019 and

0.017 mlÁnin. between days 130 and 135 and days 145 and 150 respectively

(appendix table I2). These results agree irr part, with the fi¡di¡gs of

Alexa¡rder et al (1958b) who observed that foetal uri¡e flow increased to

a rnaxi¡m¡n of 0.64 nlÁni¡. on the LLTth ðay of gestation and then declined

to a nini¡m.un of 0.14 nlÁni¡. near term. Alexander et al (1958b) found

that vühen the urine flow rates hrere corrected for foetal body weight, this

negative relationship was more apparent.

Finally, although the flow rate averages were i¡fluenced by the

inherent variability of r¡rine flow, thereby naking cønparisons difficult,

it is interesting that the average, for r¡ncorrected flow rate between

days I25 a¡rd 145 i¡ the present study, hras as high as 0.58 rnl/rnin. Ttris

is considerably higher than the average of 0.28 ml/ni¡. reported by

Alexa¡rder et al (1958b) for the period between ðays L23 and L42 and the

average of 0.24 ml-/min for a similar period reported by Bernstine (1970).

4.9 FoetaL GTometular FiTtratjon Rate (GFR)

GFR was measured in foetuses at various stages of gestation using

the i¡ulin rrC'method described in Section 3. The GFR values obtained
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using untreated foetuses were significantly correlated with foetal

age (r = 0.842, P < 0.001, n =.18) (see fig. fÐ and eyen uhen the

individual values hrere corrc.cted for total kidney weight, the

correlation remained significant (r = 0.79L, P< 0.001, n = 18)

(appendix table 12). In addition to these composite results , tabLe 4

shows GFR measurements in a single la¡nb (274) fron the 128th ðay of

gestation until 2 days after birth.

All samples of plasna and urine obtained for GFR measurernent were

divided into 2 aliquots. One aliquot r¡ras prepared for the measurernent

of i¡ulin IaC activity while the other aliquot was subjected to the normal

analyses to determine the concentration of creatiline, uric acid, Na+

and K+. Accordingly, the clearance values for these solutes could be

determined in additon to inulin rac clearance. Table 5 shows the

clearance values for these solutes compared w-ith the sirm:ltaneously

determined i¡u1in clearances.

Since endogenous creatinine clearance is often used as an

estimate of GFR, it is irnportant to note the very close correlation between

i¡u1in rfc clearance and erdogenous creatinine clearance. lVhen all

simultaneously deternj¡ed values for inulin rqc clearance and endogenous

creatinine clearance are considered, including those from experimental

situations, the close relationship between the two estimates of GFR

is confirned (r = 0.920, P < 0.001, n = 32)

Gresham et a1 (L972) carried out str¡clies of GFR using foetuses

aged between L22 and 134 days and sirmrltaneously determined the

clearance rates of fructose, urea, creatinine, sodirrn and chloride. The

results obtaixed from Gresham et al concerning those solutes which were

also studied in the present work, are shown in table 6. In the original

report these data were corrected for foetal body weight, but to permit

comparison with the results obtained in the present study, these adjust-

ments have been reversed.



TABLE 4: GFR ruRING GESIATION Al{D T{E E nly [Ð$-MTAL PURIOD (t^rß 274)

GESTATIOML AGE

(days)

rz8
130

132

139

140

r42

L44

L46

ltt
GFR (Inulin C clearance)
(nlÁnin)

mcan t SE

Znd ðay post-partum

3.86 t
2.84 !
4.ZS

4. 60

5.07 +

7.42 t
6.76 +

6.2I +

( see text page 78)

10. 15 t 2.54 (n=4)

0. 28

0. 41

0.L7

0.30

0.20

0.2L

(n=2)

(n=5)

(n=1)

(n=1)

(n=2)

(n=3)

(n=2)

(n=2)



TÂBLE 5: SUI,IUARY 0F lÐl]Û\t RIIML C!,F/1J{^NCES

CLIìARANCE

¡lr
GESTATIONAL

AGE
(days)

INI.JLIN C CR UA

(m1lnin)

Na+ K
+

728

tz8
130

r.30

130

130

130

L39

140

140

t42

L42

142

]-44

L44

L46

L46

3.47

4.25 .

L.09'
2.76

5. 69

3.49

s.L6

4. 60

5. 30

4. 83

7 .54

7.98

6.75

6.90

6.61

6.05

6. 36

3. 09

3.32

0.73

2.t6
3. 03

3. 59

z.s8

4.23

4.98

3. 85

4.07

4.94

5.50

6.48

6.07

s.84

s.84

0.77

0.77

0. 10

0.60

0.34

0.24

0.18

0. 53

0.2s
0. 38

0. 39

0.15

0. 46

0.34

0.2L

0.55

0.32

0. 0s99

0 .0645

0.1072

0. 1s67

0.042L

0.0327

0.024L

0.0689

0. 1688

0. 1117

0.2323

0.2397

0.2222

0.L924

0.1393

0.s799

0.s243

0. 75

0.83

0.s7

0.95

0.53

0.49

0.43

1.01

2.L5

2.03

z.7L

2.32

1. 61

1 .99

1.40

3.26

2.48

( see text page 78)



T^BLE 6z Sl.AfÌ'tARY 0F F..OEIAL RËNAL CUr\t{^I¡CllS (Grcslran et al L972)

CLEATT,A}.ICE

t¡
GESTATIOML AGE

(Days)
INIJLIN C

(mllnin)

L.4L

L.77

1. 65

2.00

1. 85

L.63

2.34

3.08

2.SZ

1.91

2.54

( See text page 78 )

Cr Nar

LZZ

L2S

T?,6

128

128

129

151

131

I3Z

r3z

Ls4

L.92

2.09

2.85

3.r7
3.46

3'.76

4.04

3.59

0.0284

0.042s

0.0240

0.0964

0. 1014

0.3420
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þart fron the work of Greshan et al, other clearance studies

have been carried out on exteriorised foetal lambs (Alexander et al

1958b; Alexander and Nixon L962; Snith et al 1966; and Snith and

Schwarz, 1970). The results of these experiments are not comprehensive

and are highly variable.

4.10 Foetal BTood Pressure

The mean arterial pressure (I4AP) of foetal lanbs was variabLe

but showed a general increase as gestation proceeded (see fig. 12) as did

GFR (determjned using inulin t*C). Individual GFR values were closely

correlated with the corresponding flow rates (r = 0.776, P <0.001, n = 3])

(appendix table 12).

4.lL Tubu7ar Reabsorption

In the preceding section it was established that sirmrltaneously

determined values for inulin rbc clearance and endogenous creatinite

clearance are highly correlated. Each endogenous creatinine clearance

value was usLally about 80% of the corresponding value for inulin r+C

clearance (80.4i t 2.25% n = 32). This relationship was very consistent.

Since inuli¡ IUC clearance is a reliable index of GFR, it follows that

endogenous creatinine clearance, despite tlrre 20% variation, can be used

to monitor GFR changes. Flaving established the usefulness of endogenous

creatinine clearance as an estimate of GFR, the creati¡ine clearance

value, calculated from the creatinine concentrations in each paired urine-

plasma sample was ccrnbi¡ed with the Uttr*l and [f+] of the plasna to

calculate the rate of filtration of these electrolytes. ft was asstrned

that Na+ and K+, are freely filtered at the foetal glomerulus. These

filtration rates were then compared with the corresponding electrolyte

excretion rates, Ðd the percentage reabsorption of each electrolyte
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was determined. The percantage reabsorption of water was calculated

for each pair of samples sirnply by comparing the GFR (as estimated by

creatini¡e clearance) with the uri¡e flow rate rneasured, during

collection of the urine sample.

4.11.1 Reabsorption of water

The percentage reabsorption of water was positively correlated

with foetal age (r = 0.20L,0.05> P> 0.01, n = 144). It increased from

an average of 75.7% (n = 10) between days 115 and 125 to an average of 86.3%

(n = 10) between days 145 and 150 (see fig. 13) (appendix table 14).

This is consistent with the general observation, both in this and other

studies, that foetal uri¡e flow decreases with increasing foetal age.

4.11.2 Reabsorption of sodir¡n

Whsr the individual values for sodir¡n reabsorption were ccrnpared

with gestational age, no significant correlation emerged (r = 0.002

lrlS n = L26). However, when the values hrere ccnsidered i¡r relation to

the time of parturition a negative correlation was found (r = -0.283,

0.05> P> 0.01, n = 66) (see fig. 13). Between the 25th and 15th

days before birth, the average value for percentage sodiun reabsorption

was 98.3% (n = 9) compared with an average of 89.9% (n = 12) in the

4 days inmediately before birth (appendix table 14). Thtrs there was

some evidence that the tubular reabsorption of sodiun decreased as term

approached. This appears to contradict the earlier finding that urilary

[t¡"*] decreased as gestation proceeded. However, when it is considered

that llia+ excretion rate, and i¡ particular Na* excretion rate per gm

of kidney was positively correlated with foetal age (r = 0.190,

0.01> P> 0.001, n = 180), then the contradiction is not so apparent.

4.11.3 Reabsorption of potassitun

The reabsorption of potassium showed an overall decrease
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whether considered in relation to gestational age, or to time of

parturition. When considered in relation to gestational age, the

correlation coefficient was -0.188 (0.05> P> 0.01, n = 115) (see fig. ls).
The average value for percentage K+ reabsorption between days 115 and 125

was 56.2eo (n = 9) ccrnpared with an average of 45.4% (n = 22) between

days 135 and 140. However, h the last 5 ðay period (days r44 to T49)

there was an i:rcrease in K+ reabsorption, to an average of 50.6% (n = 14)

(appendix table 14). Wtrør potassium reabsorption was considered in relation

to the time of parturition, the negative correlation was retained

(r = -0.2491 0.05> P > 0.01, n = 61), but there was less evidence of

an j¡rcrease in percentage reabsorption in the period irmnediately before

birth, possibly becar¡se of the reduced m¡nber of observations.

4.12 Mictoscopg

"The kidney of the foetal lanb develops successively through 3

stages; pronephros, mesonephros and rnetanephros (Tanagho 1972 and Lewis

1958). In the present work, all studies have been carried out after the

100th day of gestation, by which time the metanephros has long been

established. Accordingly the data obtai¡ed relates solely to metariephric

function, but there is little i¡formation available on the maturational

changes that occur during the meta¡rephric phase.

As reported, some of the urinary paraneters examined during the

present work showed patterns of change that were correlated with foetal age

and often these correlations were retained even when the results were

corrected for changes in foetal kidney weight. Therefore it was decided to

examine kidney morphology to determi¡e what structural changes are evident

that nay be related to the fi-rrctional changes described above.
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4.L2.1 Light microscopy

The right kidney was taken frc¡n 6 foetuses aged between

119 and 145 days and sections from each kidney were prepared for light

rnicroscopy as described in section 3. Photo-micrographs of these

sections were produced at precisely deternined nagnifications and the

micrographs used for qualitative and qr.rantitative analyses of kidney

norphology.

(a) Micrographs of 1ow magnification were used to count the nunber of

glomerulii in 4 separate fields in each of the 6 kidneys. The average

nr.unber of glomerulii per nrn2 of cortex was calculated fron the 4

measurements (See plates 6 and 7).

(b) Micrographs of low magnification were also used to measure the

depth of cortex in each kidney. To minirnise errors caused by variation

in the plane of section, measurements of cortical depth were made only where

medullary rays had been sectioned longitudinally. It is l<nown that the

tubules which constitute the rnedullary rays follow a relatively straight

course, fron the cortex to the medulla. Therefore, the distance between

the renal capsule and the cortico-medullary junction, was rneasured

adjacent to these longtitudinally sectioned nedullary rays. Several measure-

ments were rnade for each kidney and the average calculated. (See plale 6).

The depth of the meôrlla was also measured. These measurements

were obtained by extending the line of measurernent used for cortical depth

through to the base of the renal pyranids and measuring along this line,

from the base of the pyrarnids to the cortico-medullary jr.urction.

(c) Micrographs of high magnification were used to measure the size of

glcrnerulii. Since the glonemlii were invariably oval in section, the

long and short diameter of each glcrnerulus was measured and an average

calculated. The parietal layer of Bov¡rnanfs capsule was taken as the outer

perimeter of the glomerulii for the measursnent of diarneters (see plate 8).



83

Forty glomerulii were neasured in nicrographs frorn each of the 6 kidneys

and an average glornerular diameter calculated for each kidney. A large

m.unber of glornerulii were used for each average, to allow for differences

in diameter resulting from variation in the plane of section.

The results of this work are shown in table 7 which also lists

the age and weight of the foetuses r.rsed and gives the weight of the kidneys

taken for examination. It is apparent, from the table, that despite regular

increases irr body weight and kidney weight, there was no comparable i¡crease

i:r the nunber of glornerulii per nrn2 of cortex. This is contrary to findings

in hr¡nan foetuses. Vernier and Birch-Andersen (L962) reported that

the m.unber of nephrons and therefore the nunber of glomerulii seen i¡ foetal

kidney sections, increased fron about 35 x 104 at 20 weeks of pregnancy

to 82 x 10a at 40 weeks. In an earlier study, NfacDonald and Bnery (1959)

found that new glomerulii were forned up until the 36th week of gestation

ard Potter and Thierstei¡ (1945) suggested that the production of new

glornerulii was closely related to the i¡crease i¡r foetal body weight.

The difference between these earlier findings and those of the

present study may be dr¡e in part to the greater i¡nnaturity of the

hunan foetus at birth, conpared lüith the foetal 1amb. Lhforûrnate1y, no

other studies of glornerular developnent in foetal lanbs have been carried

out.

With the exception of the 119 day-old foetus, there l4tas a

general increase in the depth of the cortex with ilcreasing foetal

age and the cortex forned an ilcreasing proportion of the total depth of the

kidney. Prestrnably therefore, the volrrne of cortical tissue occupied an

increasing proportion of the total kidney voh¡ne. Accorclingly, it could be

argued that even though the mrnber of glonerulii per unit of cortical

tissue did not appear to increase with foetal age, the i¡creasi¡g size of

the cortex would result in a greater nunber of glonerulii. There was



TÂBLE 7z qJ^NTTITATryE ASSES$íINIS OF FolttAL ruil/\t l,þRP¡ loLoGY

GESTA..TIOML

AGE
(Days)

119

123

GLCI'fERLI"AR
DIAMETER

_(u)
XtSE

NO. GN\TERULII/
nrn2 oF coRTEx

FOE-TAL
U¡EIG|HT

KIDNEY
h'EIGFIT

t32

138

t4L

145

(ke)

1.5

1.6

2.6

2.9

3.1

3.3

(sn)

7.6

8.1.

8.4

9.1

9.9

t0.2

69.8

65.9

66.9

6s.8

63.2

67.9

r 1.1

r 1.5

t 1.4

t 1.0

r 1.6

t 1.5

(n=40)

(n=40)

(n=40)

(n=40)

(n=40)

(n=40)

x

27.6 t

22.4 !

72.t t

23.L !

zt.L !

20.9 t

tSE

1.8

0.8

L.3

L.2

1.1

0.5

(n=4)

(n=4)

(n=4)

(n=4)

(n=4)

(n=4)

( See text page 83 )



TABLE 7 QU^Ì'IIATIVE ASSESSI'ÍENIS 0F I.OEIAL R¡ìl\.lAL Inruìþl,OGY (Cont.)

GESTA.
1'IONAL

AGE
(Days)

DEPTII OF
MRTEK

(non)

Xt ss

DEP/ru OF
T,IEDTJLI..A

_(ron)
XTSE

CORTICAL DEMH
AS ? TOTAL

DEPT}I
XtSE

119 2.55 t 0.04 (n=3) 4.55 t 0.50 (n=3) 35.9 t 1.1 (n=3)

IZS 2.60 L 0.18 ' (n=3) 8.42 t 0.04 (n=3) 23.6 t I.3 (n=3)

l3Z 2.82 t O.ZS (n=3) 6.73 ! 0.27 (n=3) Z9-4 t t.5 (n=3)

138 2.65 ! O.Zt (n=3) 6.14 t 0.16 (n=3) 31.3 t 1.1 (n=3)

IAL 2.48 t 0.11 (n=3) 5.12 t 0.15 (n=3) 32.7 - t 1.5 (n=3)

145 3.43 t 0.22 (n=3) 6.63 I 0.09 (n=5) 34.0 t 1.2 (n=3)
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in fact a decline i¡ the m¡nber of glornerulii per fnn2 as the cortex

expanded suggesting that the cortical expansion was due to the gror^rth

and extension of nephron tubules rather than to the development of new

nephrons. This is true in part, but if the yor.rngest foetus is ignored, as

it yielded results which are not consistent hrith those of the other

foetuses,itcanbeseenbyconparingtheL23day-oldfoetuswiththe

145day-oldfoetusthattherel{lasaT%decreaseinthenunberof

gloneruli i/rw¡, of cortex. In contrast, there was a 35% increase in the

proportionofcorticaltissueinthekidneysections.Prestrnably

therefore, in the intact kidneys of the older foetus there would have been

a greater ntunber of cortical glønerulii. The remainiag kidneys would

havehadinterrnediaryincreasesinthenr¡nberofglcrnerulii.

Apartfronthenunberofgloneruliiseeninkidneysections,

table 7 shows that there \tras no regular'increase in the dianeter of

foetalglomeruliiduringthelastL/3ofgestation.Theaverage

glonerular d.iameter j¡ the 6 foetuses studied, varied between 65 and

70u. This represents about 50% of the adult diameter. In htrnarrs, the

gløneruliiatbirthareapproximatelyl00pi¡diameterwhichisnearly

t of the adult glomerular diameter'

Apart from these quantitative analyses of foetal kidney morphology'

other qrlalitative features were noted. For example, there appeared to be

little, if any, variation i¡ the stage of developnent of the glcmenrlii

of the 6 foetuses. vernier and Birch-Andersen (1962) identified 3 stages

of glonenrlar development j¡ hunan foetal kidneys ' They found that all

5 stages co-exist throughout gestation but that the proportion of the mo1.e

mature glornerulii i¡creases as gestation proceeds' In the present work'

no glonerulii corresponding to the first stage of maturity' as described

by vernier a¡rd Birch-Andersen, \^¡eÏe seen. The glomerulii in all foetuses

showed a m.unber of capillaries contajni¡g erythrocytes and therefore

correspond to stage II and probably stage III glonerulii' as defined by
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Vernier and Birch-AnderserL

The tissue between the cortical glonerulii appeared to contain

the usr¡aI array of tubules. Proximal and distal tubules could be dis-

tiaguished. (See plate 8). However, in the neùrlla some variation in

tissue morphology was seen (see plates 9 and 10). Ttre nr-rnber of tubules

in the nedulla of the oldest foetus (145 days) was greater than in the

youngest (119 days) and the other foetuses appeared to have intermediate

qurantities. Fetterman et al (1965) reported that in humars, 20%

of the loops of Henle were stil1 r,\,'ithin the cortex at birth and that they

gradually extended toward the renal pelvis. A sirnilar process probably

occurs during foetal life in sheep, produciag the obseryed changes i¡ the

morphology of the renal medulla.

4.I2.2 Electron rnicroscopy

Electron micrographs were prepared, as described in section 3,

and used to exami¡e the fine structure of foetal glomerulii and renal

tubules. A total of 120, in focus, electron micrographs of various

magnifications were examjnecl.

Vernier and Birch-Andersen (1962) carried out an electron

microscope study of glcrnerulii in hr¡nan foetuses. They noted a

norphological sequence in the forrnation of the basernent nembranes plus

the progressive attentuation of capillary endotheliun and the appear¿unce

of greater ntrnbers of endothelial fenestrae. They also noted increased

development of epithelial ce1l foot processes in the more mature foetuses.

In view of these findings, the present study paid particirlar

attention to similar features of glonerular ultra-structure but no conparable

changes were observed. Even in the yor.rngest foetuses examined, the

glomerular fi¡e structure ressnbled that of the mature glomerulii described

by Vernier and Birch-Andersen (see plate 10). Well developed basement

membranes were present. A1so, epithelial cell foot processes were present

arourd much of the circr¡nference of the glomerular capillaries and long
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sections of thirt endothelilun, contajning nurnerous fenestrae were evident.

In some cases these fenestrae h¡ere crossed by a diaphragrn and other

diaphragrns hrere seen extending between adjacent foot processes.

These diaphragms were not always present and it was impossible to assess

whether their absence hras nonnal or an artefact of preparation.

(See plates 11 anü 12).

The glomerular features mentioned above hrere present in all of the

foetal kidneys examined, but there was no evidence of any sequential change

i¡ these or any other features of glomenrlar ultra-structure. No attempt

was made to quantify the relative nunber of fenestrae or foot processes

in the various foetuses, but estimates were made of the thiclsress of the

bassnent msnbranes, diameter of the endothelial fenestrae a¡rd the size

of the filtration slits.

The bassnent msnbranes were estimated to be between a00.i, and
o

8004 thick and where a well defined lani¡ra densa was apparent, it was

usually about 500i wide. The end.othelial fenestrae r^iere between 150i an¿l
oo

3504 in diameter rr¡trile the filtration slits were 250 to 5004 wide.

The fine stnrcture of the kidney tubules was also exanined; All
of the structural features found irr adult renal tubules v/ere present in the

foetuses and there hras no apparent variation between foetuses. The apical

surfaces of the proximal tubule cells showed transverse or longitudi¡al

sections of the micro-villi which form the brush border (see plate 15).

In sone cases apical vacuoles and tubules were present i:nnediately

beneath the cell membra¡e. These structures have been described in adult

hr¡nan kidneys by Rhodin (1958, 1963) and by Ti.sher et a1 (1966), and are

thought to be involved in rnicropinocytosis. The nost striking feature

of the proximal tubule cells in all foetuses was the large nunber of

organelles, including round or oval mitochondria and vacuoles, plus

numerous cytoplasmic granules. tlnlike the apical membranes, the basal

rnernbranes rttere snooth and continuous and there r,iras no indication, in any
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of the foetuses, of the invaginations of the basal membranes which pro-

drrce the lamilated appearance in the cytoplasm of adult proximal tubules

(Rhodia 1965, Tisher et at 1966).

sections of distal tubules are shown in plate 14. rt can be

seen that the ltrnen of each tubule r^ras open a¡rd there r,trere no micro-

vil1i on the apical surfaces of the cells. The m¡nber of nitochondria

in distal tubule cells was less than in proximal tubule cells and there

were few other organelles; although occasional cytosones and vacuoles

were evident. Some distal tubule cells showed in foldiag of the basal

membrane, a feature which has been reported in the distal tubules of rnice

(Clark 1957). However, none of these features of distal tubule fine

structure were peculiar to a particular foetus. As with the proximal

tubules there was no evidence of ultra-structural changes which night

reflect maturational developrnents.

4.13 HotmonaT Influence on FoetaL Kidneg FuncXion

To study the influence of hormones on foetal kidney function,

three approaches were used. Firstly, studies were carried out on the

concentration of various hormones i¡ foetal blood during the period of

gestation already studied with respect to urine output and cønposition.

The hormones considered were those of irnportance during gestation and

for which reliable assay techniques were available. Cortisol was studied

as a means of assessing the fr¡nctional maturity of the foetal adrenals

while PRA was estimated to exami¡e the possible involvement of the

renin-angiotensi¡ system in perinatal kidney ft¡nction. Progestins were

measured because of their importance during gestation and because both

progesterone and 17*-hydroxy-progesterone (17* HP) have. been reported

to be aldosterone antagonist{Landau and Lugibihl 1958;: Visser et al

1964). Another progestin , 20*hydroÐnpregn-4-en-S-one (20-HP), was

rneasured because it has been demonstrated in foetal sheep that progesterone







PLATE 7.

An area of renal- cortex immediately below the capsule (119 day-old foetus: xl20).

An area of renal cortex midway between the capsule and the cortico-medullary
junction (141 day-old foetus: xI20).

Cortical glomerulii and associated tubules (I41 day-old foetus: x250).

Key: bc = Bowmans Capsu1e, c = capsule
cI = Cortical labyrinth, dt = distal tr:bule
S = glomerulus, pI = parietal layer
pt = proximal tubule
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PLATE 8.

A cortical glornerul-us and associated tubules, situated mldway between the
capsule and the cortico-meduIlary junction (1I9 day-o1d foetus: x6O0).

A cortical glomerulus and associated tubules, situated inunediately beneath the
renal capsule (132 day-old foetus: x6OO).

A cortical glomerulus and associated tr¡bules, situated nidway between the
capsure and the cortico-medullary junction (141 day-ord foetus: x60o).

bb = brush border, bc =.Bowmans Capsule
dt = distal- tubule, g = gÌomerulus
pl = parietal layerr pt = proximal tubule

Key:
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PI,ATE 9.

An aréa of renal ¡nedulIa, inunediately beneath the cortico-medullary junctlon
(123 day-old foetus: x120).

An area of renal medulla immediately beneath the cortico-medullary junction
(I41 day-oId foetus: x180).

Medullary tubules l-ocated midway between the cortico-medullary junction and the
renal sinus (145 day-oLd foetus: x600).

cd = collecting duct, th = Ioop of Hen1e
tklh = thick loop of Hen1e
tnlh = thin loop of Henle

Key
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PLATE IO.

Medu1lary tr¡bu1es located immediately beneath the cortico-medullary junction
(I32 day-old foetus: x600).

A section of a cortical- glomerul-us showing its general ultrastructure
(123 day-old foetus:. x1660) .

A small area of a cortical glomerulus plus a section of an apposed proximal
tubule (14I day-oId foetus: x42O0).

ca = capillary, cd = collecting duct, bm = basement membrane

ep = epithelial ceII, fP = foot Process
pI = parietal layerr Pt = proximal tubule
rc = red blood ceII, tklh = thick loop of Henle

tnlh = thin loop of Hen1e

Key:
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PLATE 1I.

An epJ-thelíal ceII with its foot processes apposed to the thin endotheliun of
glomerular capíllaries (t19 day-ol-d foetus: x6600).

A section of epithelial cell cytoplasm with the associated foot processes
apposed to the thin endothelium of a glomerular capillary (132 day-old foetus:
xI6, 600),. ,

An epithelial cell with its foot processes apposed to the thin endothelium
of a glomerular capillary (I38 day-o1d foetus: x6600) '

bm = basement membrane, ca = capillary
ed = endothelial cell, ep = ePithelial celI,
fp = foot processr R = membrane
rc = red blood cell, ted = thin endothelium

Key:
fenestra
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PLATE 12.

Sectíons of the cytoplásn of two epithelial cells with the foot processes
apposed to a glomerular capillary (I41 day-old foetus: x16r600).

An epithelíal cell and an endothetial cetl in apposition (145 day-o1d foetus:
x16,600).

A section of epithelial cell cytoplasm formed into foot processes which are
apposed to the thin endothelium of a glomerular capillary (145 day-old foetus:
x18,300).

bed = broad endothelium, bm = basement membrane
ca .= capitlary, d = diaphragTm' ed = endothelial ceII
ep = epithelial ceII, f = fenestrar fp = foot process
m = membrane, rc = red bl-ood cell, ted = thin endothelium
v = vacuole

Key





PLATE 13.

A cross section of a proximal tubule (123 day-otd foetus: x4000).

A cross section of a proximal tubule (132 day-o]d foetus: x4200).

A cross section of a proximal tr¡bule (I41 day-old foetus: xI0'000).

Key: bm = basement membrane, bb = brush border, cg = cytoplasmic granules
lcj = lateral cel-l junction, Iu = lumen
mi = mitochondrionr rlll = nucleusr v = vacuole



)
i.



PLATE 14.

A cross section of a distal tubule (123 day-o1d foetus: x3000) '

A longitudinal section of a dísta1 tubule (I32 day-o1d foetus: x6000).

A cross section of a distal tubule (14 day-old foetus: x4000).

Key: bm
cc
cg

icm
Iu
v

basement membrane¡ c = caPsule
cytoplasmic comPartment
cytoptasmic granules, g = glomerulus
infolding of the cytoplasmic membrane
Iumen, mi = mitochondrionr rrll = nucleus
vacuole
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and 20o. HP are readily interconvertible. This is due to the activity of

20o< -hydroxy-steroid oxido-reductasse (20o< -HSD) in foetal red blood

cells (Nancarrow and Seanark 1968). Accordingly, the 20cr HP in foetal

blood may act aS a progesterone reseryoir. A large ntrnber of sanples

were collected for hormone assay to ensure that a reliable picture of

concentration changes could be established. It was hoped that his could

then be related to changes i¡ urinary output or conposition.

The second approach to studying hormonal involvernent in foetal

kidney finction i¡volved using individual foetuses as case studies.

Simultaneous blood and uri¡e samples were collected from these foetuses

and the blood was analysed for hormone content while the urine r,rlas'subjected

to the usual analysis of cønposition. Samplilg was conducted each day

between 9.30 a.n. and 10.30 a.m.

The third approach was to jlfuse various hormones into foetuses

and to deternine what changes occurred in urinary output and ccnrposition.

The results of these hormone admi¡istration experiments are presented in

section 5.5.

4.L3.1 Hormone concentrations

a. Progesterone The progesterone concentration of foetal blood

was positively correlatedwith foetal age (r = 0.280, 0.05 > P> 0.01'

n = 78). (See fig. 14). The average value for the period frorn day

115 to 120 was Z.}ng/nI (n = 11) compared with an average of 8.Zng/nL

(n = 10) for the period from day 135 to ðay 1'40. However, from day

140 r:ntil term there was a faIl in progesterone concentration and the

average value for the last 4 days sampled, was 5.4ng/m1 (n = 4)

(appendix table 15).

b. 7æ. - esterone T7n The blood concentration

of this hormone was not correlatedwith foetal age (r = 0.091, NS, n = 78),

(See fig. 14). For 4 successive 5-day periods, beginning on day 115, the

average concentïation of 17"<HP varied between 0.94ng/n1 and 0.58ng/m1
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while the average for the period between days 135 and 140 was Z.?l:ng/rú-.

This rise was shortlived since the average concentration over the last

5 days sarnpled was 0.10ng/rn1. Thus the most obvious feature of these

results was the rise in the average concentration of l7æHP between days

130 and 140. An examination of the ungrouped daily averages, reveals

that there were in fact, 2 shatp rises in concentration between days

133 and 139 separated by low averages on days L37 and 138 (appendix

table 15). However, the standard error for each of these ðar-lry averages

hras so large that the significance of these observations is questionable.

c. 20æ - esn-4-en-3one (20ocHP) Figure 14

illustrates the relationship between 20æHP concentration and foetal age.

Although the overall relationship was significant (r = 0.2L9, 0.05 > P

) 0.0t, n = 78), it is apparent that this correlation relates primarily

to the period between days 115 and 140 after which there Ìrras a decrease

i¡ 20o< HP concentration. The average value f.or 20æ HP concentration,

between the 115th and 120th days of gestation was 5.S4ng/nl (n = 12).

After day I2O the concentration rose erratically reaching an average of

Z1-.Itng/ml j¡ the period between days 135 and 140 a¡d then falling to an

average of 7.94ng/nl during the last 5 days of the study( appendix table

15). In view of the biochemical association between progesterone and

20o<HP it is interesting to note that the concentration of each hormone

showed a similar relationship to foetal age.

d. Cortisol tlnlike the other hormones wtrich were measured in

whole blood, cortisol I^IaS measured i¡ plasma. It was fourd that the

concentration of cortisol j¡ foetal plasma was significantly correlated

with foetal age (r = 0.251, 0.05> P> 0.01, n = 78) (see fig. 15). In

contrast to the hormones discussed above, where a preparturient decline

in concentration was usually seen, cortisol concentration i¡creased over

the last 10 days of pregnancy. \lhen the cortisol concentrations of those

foetuses which delivered normally, were considered alone; the pre-
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parturient rise was even more apparent and the correlation between

plasrna cortisol and foetal age was more significant (r = 0.590, P < 0.001'

n = 38) (appendix table 16). It can be seen in figure 15 that the

relationship was essentially exponential and that the cortisol concentration

renained elevated t¡ntil delivery. Similar changes in the plasma cortisol

concentration of foetal lambs have been described by Bassett atÅ Thorburn

(rsOs! Ccrnli¡e et al(rgzoJ and Nathanielsz et al(tglz).

e. PRA PRA was measured by incubating foetal plasma i¡ vitro

and assaying the amor.nt of angiotensi¡ I generated. Figure 16 shows

the average PRA for each 5 day period from day 90 to day 150. The average

PRA for days 90 to 95 was 8.5ng/n1/hr, md this increased to averages of

13.18 and 17 .7ng/mT/hr. for ðays L20 to 125 and days 140 to 145 respectively.

D:ring the last 7 days of gestation, PRA decreased slightly and the average

for days 145-150 was 14.4ng/nL/hr. There was a significaat correlation

between the individr¡al values for PRA and foetal age (r = 0.450, P < 0.001,

n = 89) (appendix table 17).

In a recent study, Fleisctrnan et al (1975) obtained PRA values

of a sirnilar order to those obtai¡ed irr the present work, although the

variation between daily averages i¡ their study was greater. Fleischnan

et al (1975) found that the daily average for PRA varied between 6.6 and

15.5ng/m1/hr. during the period frcrn day 128 to day 140. This i¡cluded

a gradual increase in PRA to 15.ùrg/m1/hr. on day I32, folLowed by a fall

of about 50% over the next 2 days. There was then a second increase i¡

PRA to about 15.ùng/rn1/hr. on day 139. This biphasic ircrease in

PRA was not evident in the present work.

Earlier studies of the Renin-Angiotensin i¡ chronically catheterised

fetuses were conducted by Snith et al (1974) and Broughton - Pipkin et al

(1974b). The former study involved only 3 measurements but the latter was a

comprehensive study involving 55 measurements of PRA (c.f. 98 in the present

work) in foetal sheep aged between 111 and 144 days. The results obtained by



ó0

55

50

45

40

35

30

25

20

t5

50

45

40

35

30

25

20

l5

PI.ASMA þorr isol]

sh
20

DAY S
lo
BIRTH

irtht5
BEFORE

5

PTASMA [corrisol]

lr5 120 125 130

GESTAT ION AT

t 35 r40 r45 150

AcE (¿"rl

FIGLJRE 15. The concentration of cortisol in foetal plasrna during the
last 35 days of gestation. Sanples were assayed l¡sing_the

rnethod of Basseti et a1 (1969). (See appendix table 16
and text pages 89 and 90)



9l

Broughton - Pipkin et al (1974b) are very sinilar to those of the present

work. They obtai¡ed an average of 10.7! L.I ng/nl/hr for plasna renin in

foetal lanbs of 111-114 days gestation and evidence of a rise in PRA during

gestation was apparent in the fact that la¡nbs less than 120 days had a plasrna

renin of 9.2 ! 2.7 ng/nI/ht.

Other workers have studied the perinatal renin-angiotensin systøn

by measuring changes in PRC and PRA in response to a variety of stimulii

(Trimper and Ltunbers L972; Broughton-Pipkin et aL I97L, I974a). However,

these were all acute studies and as such were subject to error induced by

stress.

4.13.2 Case studies involving hormone analysis

The results of 6 studies of individr¡al foetuses are presented

il this section. In the first three studies, sirnultaneous plasrna and

urire samples were collected dalIy and each plasma sanple was divided

into 2 aliquots. CIre aliquot of each plasma sample was analysed to deternine

the concentration of various steroid hormones, while the remaíning aliquots

of plasma plus the uri¡e samples, urere analysed to determine Na+, K*,

uric acid and creatinine concentration. In the remaining 3 studies, the

sampling procedures were identical; however, one aliquot of each

plasma sa:irple was used to estimate PRA. The remaining aliquots of plasma

.and the uri¡e sarnples were again analysed to deternine Na+, K+, uric

acid and creati¡i¡e concentrations.

a. Foetus 66-345 (appendix tables 18 and 19). Figures

17 and 18 record the data obtained from this foetus inwhich sarnples were

collected for 12 days prior to parturition. On the 13th day (148th

day of gestation) a 3.8kg nale lamb was delivered normally and further

samples were obtai¡ed during and after delivery. In this case the total

plasma levels of oestradiol 17". (ErtZæ), oetrad:.o1- L7ê (EZL7ß ) and

oestrone (Er) were measured i¡ addition to cortisol and the progestins.

The oestrogens were measured using fluorimetry following treaûnqrt of

the prepared sanples with Kober-Ittrich reagents. This technique, as
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cortisol may induce natriuresis by increasing GFR.

b. Foetus ltl.l77 (appendix tables 20 and zI). In this study,

plasna progestil and cortisol levels hlere measured. Changes in the

concentration of progresterone and L7"<fÐ were similar to those observed

in the preceding foetus (see fig. 19). Progesterone was generally

lower j¡ concentration than previously, but again there was a decrease

as term approached. The most striking changes occurred jn the

concentration of 20æ]ff wtrich began to rise about 10 days before birth,

from concentrations of between 1.0 - 1.5ng/n1 and reached a naxirm¡n of

igng/nl 3 days before birth. The concentration then declj-ned over the

rernaining 2 ð.ays to levels which were about L/3 of the maximtrn. Cortisol

concentration showed a typical pattern of change, rising sharply in the

final 3 days of pregnancy to reach levels 4 times the basal levels' It

u¡as noticeable that the i¡crease in 20o.HP concentration began about the

time that the progesterone leve1 began to fall, while the period of rapid

decli¡re of 20o.HP concentration corresponded to the time of cortisol

i¡crease.

The concentrations of Na+, K*, uric acid, and creatinine in

foetal plasma, showed no changes that could reliably be associated with

the honnonal changes described. The concentration of these substances in

foetal urjne showed patterns of change similar to those noted in the

preceding foetus. Theie appeared to be 2 peaks il the concentratio¡

of the urinary solutes, one occtnring between the 10th and 4th days

before delivery and the other during the last 3 days of gestation' Again

the [trta+] of foetal uri¡e did not follow the pattern of the other urinary

solutes, but showed a large increase irmnediately before birth. Finally,

in both this and the preceding study, the pH of foetal urine reani¡ed rela-

tively constant throughout and there was no pre-parturient decline in pH.

The excretion rates of the various urinary solutes showed changes which

paralleled the,corresponding concentration changes, although relatively

high excretion rates were Iecorded i¡ the last 3 days of the study

due to increases in urine flow rate. This case study was terminated

followi¡s the delivery of a 3.9kg nale lanb on the 149th day of gestation.
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c. Foetus W.38 (appendix tabLes 22, 23 and 24). In this

case a normal foetus (3.1kg - fenale) was retrieved when the nother

was slaughtered on day 133 of gestation. The eure was slaughtered because

of the developnent of paralysis in the hi¡d li¡nbs. However, samples of

foetal plasrna and urine had been obtained dalLy from the 115th day of

pregnancy to the time of slaughter, thereby providing i¡formation

concerning a period of gestation prior to that examined in the previous

case studies (see fig. Z0).

Of the progestias, onLy Z}æHP concentration showed any najor

fluctuation reaching a peak of about LZng/mL on days L22 arÃ T23

and then decreasi¡g toward the end of the study. Progesterone levels

varied only slightly and were of a similar order to those i¡r the

preceding cases. Sirnilarly, lTocFIP concentration was low and regular,

while cortisol concentration rose gradually fron about 10ng/m1 to Ttrlg/mL

during the study period.

The concentrations of uric acid and creatinine, jn foetal plasma,

increased after ðay L24 and reached naxirnr¡n values on day 128 which were

about 4 times their basal levels. Thereafter, the concentration of

these solutes fell to about t of their peak values. The levels of

plasna Na+ a¡rd K* i¡rcreased erratically frcm 137mEq/L and 3.9 rnEq/L

respectively on day 116, to 149.5 mEq/L and 4.6n:f:q/L on day 133. The

concentrations of the urinary solutes showed no rnajor fluctuations and

certaialy none that could be related to changes in progestin or cortisol

levels.

d. Foetuses 66-323, 66-478 and 70-409 (Appendix tables

25, 26 anð, 27). Figures 21 and 22 show PRA and the concentration of Na+

and K+ in the daily plasna and urine sanples collected from these 3

foetuses. Urine flow rate is also shown. Foetuses 66-478 arñ 66-323

were delivered normally and had birth weights of 4.8 and 5.1kg

respectively. The third foetus (70-409) was delivered by caesarian-section
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5 RESULTS FROM FOETAL EXPERTMENTS

In all of the experiments described i¡ this section the protocol

involved continuous observation of various indices of foetal kidney function

before, during and after the application of an experimental treatnent.

Generally the control periods were about 2 hours and the overall length of

the experjments 6-12 hours. Basically it is then assuned that any substantial

changes that occured duríng or after the erçerimental rnanipulation are

attributable to the rnanipulation.

However there are difficulties in applying this approach to the

study of foetal kidney ftrnction. Short-term fluctuations in the ccrnposition

and output of urjne by individual untreated foetuses is seen in nost

published work in this field (Alexander et al 1958a, b, Bernstine 1970,

Mellor and Slatex 1972b). This is particularly tn¡e of sheep foetuses even

where stabilised chronic preparations are used. Such control variation has

been a ccrnplicating factor in the experiments described here. Usually

attempts were made to ensure that the uriaary paraneters were relatively

stable before ccnmencing treatilent, but for practical reasons this was not

always possible and at best only a lirnited nt¡nber of factors could be

monitored before treatnent.

Given that control variability is a feature of foetal renal

research, then to draw adequate conclusions, observations rnrst be repeated

sufficient times to reliably establish the results. This approach is

exhibited i¡ the preceding section where large m.rnbers of daily observations

were made so that statistically valid gestational trends could be established

However, adequate repetition is less feasible with experiments. Because of

the difficulty of establishing and maintaining the chronic preparations and

because of the need to allow several days between successive experiments on

the sarne foetus, the opportr:nities to conduct experiments are linited.
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Accordingly the experirnenter rmrst decide whether to intensively study the

Tesponse to a limited nunber of treatments or conduct less intensive studies,

of a prelimiaary nature, on a variety of treatments.

In view of the notable lack of data concerning the factors

involved in regulating foetal kidney fwrction and because of the need to

gather information to assist irr interpreting the data reported irr the

preceding section; it was decided to study a relatively broad spectnrn of

factors potentially involved in foetal kidney ftrrction.

5.7 FoetaT Homeostasis

In this section, a series of experiments is described in uhich the

ability of the developing sheep kidney to maintain the stability of the

internal envirorrnent of the'foetus, h¡as exanined. Several studies have

been carried out on the ability of fu11-term and newborn hurnan infants to

excrete excess salt and water (.ames 1953; Strauss 1960; Theodonius

et al 1971 ard Barnett et al 1952). Similar experiments have been

conducted with rabbits and rats (Yaffe and Anders 1960 and Trimble 1970).

No comparable studies of sheep foetuses have been reported.

In the present work, foetal salt-loadiag experiments were

carried out and attenpts were made to water-deplete foetuses by establish-

ing osnotic gradients across the placenta and foetal skin. In addition,

naternal-foetal relationships were explored by exanining foetal kidney

activity dtrring salt-loading and water depletíon of the ewe.

5.1.1 Foetal saline infusions

Seven experiments were conducted in which foetuses aged between

111 and 146 days were infused with various quantities of Na Cl. For ease

of conparison, all infusion rates have been corrected for foetal weight

and expressedas mEq/kg/hr. Foetal weight was estimated from a standard age-

weight relationship that has been established in this laboratory using

a large nunber of foetuses of knor^¡n gestational age (see fig. 2) ' To

ninimise the effect of bleedilg a maxirm¡n of four 1.0m1 blood samples was

taken from eactr foetus. Usually only one blood sanple was taken before the
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end of the saline infusion.

a. Foetuses 6 9-464 and 69-539 (111 daYs) (appendix tables 28 and

Zg). The results of these experiments are illustrated in figures ?3 and

24. Both foetuses were infused with 0.39 nEq/kg/hr. of Na+ and Cl- for one

hour (total Na+ 0.4S nEq) (1.4m1 of 1.8% NaCl) and i¡ both cases there was an

increase in urine flow rate, urinary [t¡"*] and urinary [K*]. With foetus

69-464 (fig. 23) urinary Na+ and K* concentrations both increased to

levels about twice the average pre-treatment levels a¡rd the

corresponding excretion rates rose to about four times the control

averages. These responses which ccrnnenced cluring, or soon after, the

infusion period, were still evident 5L hours after treaûnent and further

rises nay have occurred if the experirnent had been prolonged. Plasma

lNa11 i¡ this experirnent did not change markedly even during the NaCl

i¡fusion. In contrast, plasma [K*] i¡creased despite the fourfold rise

in K+ excretion rate.

In foetus 69-559 (fig.24) urine flow rate rose to a maximt¡n

which was 4 tjrnes the pre-treatnent average while trrinary [lt¡a*] and

[K+J were approximately doubted. The Na+ and K+ excretion rates increased

7.5 and 9 times respectively. Most of these changes began during the

i¡fusion period and reached a peak at the end of the experiment (fotrr

hours after the NaCl i¡fusion was stopped). The most obvious change

i¡ the concentration of the plasma solutes was the steady decrease in

[lrla*] during the period of increased Na*excretion. Plasma [K+] again

showed an overall increase.

b. Foetus 69-443 (114 days) (appendix table 30)

This foetus I^Ias infused with 0.IZ nftq/kg/hr of Na+ and Cl- for

three hours (1.finl of 1.8% NaCl). The total dose of electrolyte aùninis-

tered was similar to that used i¡ the preceding experiment, but the rate of

infusion was slower. No changes occurred, in the concentration ot excretion

rate of the urinary electrolytes that would suggest that the foetus had

responded to the salt load. Drring the infusion of NaCl the [t'¡t*] and [K*]

of foetal plasma renai¡ed r¡naltered. (See fig. 25).
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c. Foetus 69-467 (116 days) (appendix table 31)

On this occasion 0.87 ntq/kg of Na+ and cl: was infused in our hour

(total Na+ 1.05 nEq) (3.4m1 of 1.8% NaCl). This was Zt< ti¡nes the dose given

to the 111 day-old foetuses. Compensatory changes in foetal urine volune

and composition were evident in this experiment. Urine flow rate reached a

maximun (1.73m1/mi¡.) 21¿ hours after treatment, r,vhich was 1.9 times the

average flow rate for the last 5 samples of the control period. 'lhe [N"*]

of foetal urine reached a peak at the sane ti:ie as flow rate. The

maxjmun [ttl"*] was almost double the average pre-treatnent [.la*].

Urinary [f+] also increased, but it began to rise earlier than [Na+]

and the magnitude of the rise was not as great (1.6 tirnes). It is

noticeable that neither urine flow rate nor urinary [Na*] began to increase

r.rrtil an hour after the saline infusion was completed. Accordingly, the

threefold increase in Na+ excretion rate which resulted, did not conrnence

until the second hour after treatnent. Both uri¡e flow rate a¡rd Na+

excretion rate had begrn to decline before the end of the experirnent.

The excretion rate of K+ showed a small increase (3.0 times) (see fig. 26).

Plasma [t¡"*] i¡creased during the control and treatnent

periods but then decreased substa¡rtially during the tirne of high Na+

excretion. The [X+1 of foetal plasna showed no consistent changes

during the experirnent.

d. Foetus 69-613 1118 davs) (appendix table 32).

This foetus received 0.33 rnEq/kg/hr of Na+ and Cl- for 3 hours

(total Na* 1.29 nEq) (4.ân1 of 1.8% NaCl). After the first hour of the

infusion, urine flow rate began to increase and continued to do so for the

next 51¿ hours by which tirne the flow rate was 5% times the pre-treatrnent

average. Urinary [¡¡a*] began to rise at the sarne time and had increase

2 3/4 times by the end of the erperiment while urinary [t<+¡ doubled over

the sane period. Ihe electrolyte excretion rates increased in accordance

with the parallel changes of flow rate and electrolyte concentration (see

fie. 27).
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The remaining urirnry solutes analysed; creatinine and uric

acid, showed changes jn concentration that were inversely related to urine

flow rate. Although the excretion rate of these solutes showed some

increase.

the [Na+] of foetal plasna fell throughout the experiment,

b¡t nost noticeably during the period of increased Na* excretion.

In contrast, plasma [K*] i¡creased during the experiment.

e. Foetus 107 (125 days) (appendix table 33)

In this experiment the initial uri¡e flow rates were 1ow, with the

pre-treatrnent average being only 0.03n1/min. Nevertheless, when the NaCl

was intused (3.0S mEq/kg/hr for % hour; total Na* 2.77 nåq) (6.0m1 of 2.7%

NaCl) the flow rate i¡creased to a maxirnun of 0.18m1/ni¡. and then returned

to control values 2 hours after the infusion. The [t¡a*] of the foetal urine

also i¡creased by about ó0% and at the end of the experiment (3 hours af.ter

treatment) it was still at t}Élt 1evel. The remaining urinary parameters

were not significantly effected by the NaCl treatment. (See fig. 28)'

Of the plasma solutes, Na+ reached a peak in concentration at

about the time of naximt¡n lrla* excretion but declined thereafter. Plasma

[K*] showed no consistent changes.

f. Foetus 66-310 (146 days) (appendix table 54)

This was the oldest foetus used in this series of experiments and

accordingly it was given the largest dose of NaCl (0.85 ÍFq/kg/ht of Na+ and

Cl- for 3% hours; total Na+ 11.32 nEq) (24.5rn1 of 2.7% NaCl). The response

obtained was typical of that obtained in the preceding e>çeriments; although

the flow rate increase, which began i¡ the last t hour of the infusion

period, hIaS comparatively short-lived. Flow rate reached a maximun about

t hour after treatment and over the following IL hours it returned to

control levels. The naximun flow rate was about 3à times the pre-

treatnent average. The [N"*] of foetal uri¡e began to rise at the same

time as urine flow rate and remaìned at a 1evel about lL times the

average control level until the end of the experiment. Consequently,

Na* excretion rate reached a peak within an hour of the end of the
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infusion, but did not return to control levels because of the elevated

[¡,¡"*]. In this experiment, urinary [K+] decreased as did K+ excretion

rate. This decrease in urinary [K+] was peculiar to this foetus. The

renairrirtg urinary solutes, creatini¡e and uric acid, rnderwent

concentration changes that paralleled those of K+ (see fig . 29).

In foetal plasma, there was a general rise in [¡¡"*] with the
+

highest concentration occurring duri¡g a period of substantial Na

excretion. Plasna [K*] decreased throughout the experirnent.

In sr¡nnary, it was seen that with the excepticrn of foetus 69-443,

all foetuses responded to NaCl infusion by increasing both uri¡e output

and urinary [t¡.*] and thereby raising Na+ excretion rate. There was no well

defined relationship between dose and response. The variability in the

observed reÐonses is probably due in part to developmental changes in the

foetal kidney. However m¡ch of the variability would be due to the

i¡fluence of factors rrihich are independent of the foetus, such as the state

of maternal hydration and naternal osmotic balance.

In nost cases the i¡rcrease i¡ Na* excretion rate following saline

infusion v¡as accoilrpanied by an i¡srease in K+ excretion rate. In those

foetuses aged betwèen 111 and 118 days, the nagnitude of these changes were

similar. However, hrith the l:ZS ðay-old foetus, the rise in K+ excretion rate

was srnall compared with the rise i¡ Na+ excretion rate; while with the 146

day-old foetus there was a decli¡e in K+ excretion rate. lhese differenees

rnay reflect changes i¡ the activity of the renal tubules, but this could not

be stated reliably on the basis of these experiments. Nevertheless the

ability of the foetal kidney to respond to NaCl loads by increasing the

excretion of Na+ has been established.

Bernstine (1970) reported that in near-term foetal dogs, i¡fused with

physiological sali¡e, the increased fluid output of the foetus during the

2 hours following treatment accounted for about I/3 of the saline infused.

In the present work, comparable results were obtained with the two oldest

foetuses. The 125 day-old foetus excreted 34% of the Na+ load jrr tine 2

hours following treatnent, while the 146 day-old foetus, which received a
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large l'lia- load excreted only 11? in the 2 hours following treatrnent. It

nay be that in these foetuses the renal rnechanisrns for handling

excess plasna Na* were saturated ard presuunably the renaining Na+

crossed the placenta i¡to the rnaternal circulation. In contrast the

younger foetuses (111-118 days) which showed natriuretic responses,

after saline iafusion, excreted more Na+ in the 2 hours following
+treatrnent, than was infused. In these foetuses the Na loads were

only a fraction of those aöninistered to the o1der. foetuses and the

honeostatic capacity of. the foetal kidney was probably not exhausted.

However, the Na+ excreted in the 2 hours following treatment was between

2.6 and 3.7 times the quantity of Na+ infused which indicates a lack of

precision i¡ the regulatory nechanisms of these less mature foetuses.

5.L.2 Foetal Haemorrhage (appendix table 35)

One experiment was carried out in r.vTrich foetal renal activity

was examirred following foetal haemorrhage. The foetus used (foetus 12)

was 125 days old and had an estimated blood voh¡ne of 45ùn1.

(Barcroft 1946). Therefore the 4ùn1 of blood r,,ùrich was withdrau¡n from the

foetus hras approximately 9% of its total blood volr¡le. The blood was

withdrar,wr over 10 minutes at the end of a 3 hour control period. Within

t hour of the blood loss, the foetal haematocrit had fa11en to 27 from a

ctontrol value of 33 and the haematocrit rernained between 25 a¡rd 27 f.or t}:re

rest of the experiment. In the control period, foetal IÍAP was 45nrn Hg

but fe1l to 4ãnn Hg within 10 mjnutes of the blood loss. The MAP returned

to 45nrn Hg 30 mi¡s. after the haemorrhage.

With respect to kidney function, changes i¡ uri¡e volune and

composition did occur after the bleeding. Urine flow rate, which had a

pre-treatment average of 0.82rn1/nin. feIl by 43% in¡nediately after the

bleeding and. remained 1ow f.or 2\ hours. Urinary [¡¡"*] also fe11 following

the blood loss, reachiag a leve1 which was about 25% of the average control

concentration. The [t'ta+] remained low for 2t hours and then began to

rise; however at the end of the experiment (3t hours after the bleeding)
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urinary [trl"*] was still only about 50% of the pre-treatment average.

the [f+] of foetal urine showed similar changes to [t¡"*] falling by 50%

following the haemorrhage, but unlike [ttl"*], the ¡f+1 naa returned to

normal by the end of the experiment. As a result of the changes in

electrolyte concentration a¡rd urine flow, the excretion rates of Na+

and K+ fell by 87eo and 7I% respectively in the t hour after the

haemorrhage. (See fig. 30).

Alexander et al (1971) reported that foetal sheep respond to

haemorrhage by secreting both ADH and ACTtI which would explain the

results obtained in this experiment.

The foetal plasna samples collected during this experiment

revealed that both the [Na+] and [f+] of plasna fel1 innnediately after the

bleeding but increased toward control levels during the rest of the

experiment.

5.1.3 Osmotic Gradients and Foetal Kidney Fr.rrction

a. Intra-anrriotic sucrose infusion (appendix tables 36 anÃ 37).

TWo experiments were performed in which sucrose was injected i¡to

the amniotic fluid. The use of sugars a¡rd other osnotically active subr

stances to vrater-deplete foetuses has been described by Bnms et al

(1963 and 1964).

In the first of the present experiments, 20m1 of 2.5lvl sucrose

(2 injections of 1ùn1) was injected into the anniotic fluid of a

L24 day-old foetus (foetus 220). It has been demonstrated that foetal

skin is permeable to water at that stage of gestation. Therefore, it was

anticipated that by increasing the osnotic pressure (0P) of the fluid

surror¡nding the foetus, water could be removed from the foetal tissues

and body fluids via the foetal skil. Measurements of the haenatocrit

of foetal blood and the OP of foetal plasma suggest that water loss clid

occur. Each sucrose iajection was followed by a fall in urine flow rate,

but these changes did not occur tntil about 30 minutes after treatment.
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Ttre delayed response probably reflects the time necessary for the

increased Op of the anniotic fluid to have an effect on foetal fluids ant

for the foetal kidney to respond to the water loss. Ninety mi¡utes after

the first iajection of sucrose, a minimun flow rate which was 68% of the

control average was recorded. Two hours after the second sucrose

injection a ni¡imm flow rate which was 53% of the control average t,ttas

reached. It is probably significant that the highest values for plasma

OP corresponded with the periods of lor¡i¡est urine flow and that plasna

electrolyte concentrations increased followilg each sucrose injection.

(See fig. 31).

îhe changes i¡ urinary [t¡"*] ana [f+] were less dranatic than the

flow rate changes and, accord.ingly, the relationship between electrolyte

concentration and sucrose treatnent is less clear. The [tta+] of foetal

uri¡e rsnai¡ed largely unaltered r.or 2 hours following the first sucrose

injection, after which it feIl by about 50%. After the second sucrose

injection there was an initial ilcrease in urinary [N"*] but after

lL hours it began to decli¡e and continued to do so for the rest of the

experiment. The urinary concentrations of K+, uriC acid and creatili¡e

showed patterns of change almost identical to that of [tta+] while urile

pH was not significantly affected. The cønbined effect of the reduced urine

flow rates and decreased solute concentrations was a progressive decrease

in the excretion rate of all the urine iolutes analysed.

prior to treatnent endogenous creatini¡e clearance was 5.38 m1/nin'

but followi]lg the sucrose injection it fell to a minimurn of 3.07 ml/nin'

A second exoeriment of this type was carried out using a 116 day-

old foetus (foetus 253). The ski¡ of this foetus could be assr¡ned to be

even more permeable to water than that of the foetus used in the preceding

experiment. Following the injection of 25n1 of 2.5M sucrose into the

anniotic fluid there was a large reduction of foetal uri¡e output' The

average urine flow during the control period was 0.17m1/min' yet lt

hours after the sucrose treatrnent the flow rate was 0'07n1/ni¡' and it

decreased further to 0.01n1Ânj¡. 5 hours after treaünent' The flow rate
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began to rise during the last hour of the experiment but remai¡ed

far below the control va1ue. The [N"*] of foetal urine was constant

throughout the experiment apatt fron an i¡crease in the last hour, but

Na* excretion rate reflected the flow rate changes' The excretion rates

of the rønaining uri¡ary solutes all decreased substantially, not only

becar-¡se of the reò.rced. output of foetal urine, but also because the

winary concentration of the individual solutes decreased' fOllowing treat-

nent. (See fig. 32 atd appendix table 37) '

Because of the nature of the experiment and the irmnaturity of

the foetus, only 3 plasma samples were taken and these did not show

haematocrit, OP or electrolyte concentration changes similar to those

observed in the previous experiment. On this occasion all of the plasna

parameters decreased following treatrnent but si¡ce the first plasma sample

of the treatment period was not taken until 2 hours after the injection'

it is possible that transient rises occurred but rvent unobserved' As i¡r the

first erperiment endogenous creatinine clearance was reduced following

treatrnent. Initially creatinine clearance was 3 '42 lf-]^/r|lin' but after

treatrnent values of 2.29 afrd 2.11 nl/ni¡. were recorded.

b. lvlaternal sucrose infusion (appendix tables 38 and 39) '

In this experiment an attønpt was made to water-deplete a foetus

by establishing a trans-placental osmotic gradient. To acccrnplish this'

100m1 of.2.5 M sucrose solution vlas injected intravenously into a ewe

which was carrying a 1-20 day-old foetus (foetus 7.7L). This initial

injection of sucrose \^,as followed by the i¡fi:sion of an additional 6ùn1

over 3 hours. The osnolality of foetal and maternal plasma samples are

shown in table 8. It can be seen that initially there htas a small osmotic

gradient favouring the movqnent of water i¡to the foetus. During sucrose

treatrnent, the OP of maternal plasma increased sharply and nidway through

the infusion period there was a nett OP of 19 rnOsm/L favouring the

movement of water from foetus to mother. By the end of the infusion

period, the difference in favour of the ehre was only 5 m0sm/L and t hour

later the gradient was lost completely. A small gradient was re-

established at the end of the experiment ù-re to a belated rise irr the plasma
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was due to loss of Na+ across the placenta following the fall in the plasna

[¡"*] of the ewe. Alternatively, it nay have been(due to the sirm¡ltaneous

passage of Na' and r^,ater across the placenta in response to the artificially

induced osmotic gradient.

5.2 Maternal-FoetaT ReTatÍonships

5.2.L Simultaneous analysis of maternal and foetal kidney

output

To study the relationship between the flow rate and composition of

maternal and foetal uri¡e, sarnples were obtai¡ed simultaneously frorn a

ewe and the I22 day-old foetus it carried. Both naternal and foetal urite

was collected continuously, in 30 ni¡rute fractions, for 24 hours. Urine

flow rate was determi¡red for each 30 minute fraction and the [¡¡"*] and

¡f+1 of each sanple was measured. Apart from the continuous drainage

of urine fron both mother and foetus, no treaünent was applied. The ewe

was allowed free access to food and water during the experiment and

it drank 3.5 L of water and consr¡med 0.8kg of lucerne chaff. The

results of this study are presented in the appendix tables.

a. Flow Rates (appendix table 40)

There hras a significant relationship between the flow rates of

naternal and"foetal uri¡e (r = 0.37010.01 > P> 0.001 n = 48). Both

naternal and foetal flow rate varied considerably frorn sanple to sanple

but there was an overall decrease j¡ maternal flow rate dr¡ring the study.

For the first three hours of the study the rnaternal flow rate was 1.5

to 1.7n1fnin. cornpared with 0.3 to 0.7n1/nin. in the final three hours.

With respect to foetal flow rates the values in the first three hours are

similar to those recorded i¡ the last three horrs (0.24 and 0.28m1/nin.

respectively).

b. Sodir¡n Excretion Rates (appendix table 41)

The urinary excretion of Na* by the ewe and the foetus were

significantly correlated (r = 0.356,0.01 >P> 0.001 n= 48). D"rring
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the 24 hours of the str-ldy, maternal Na* excretion showed three peaks with

ll hogrs between the first and second peaks and six hours between the second

and third peåks. Foetal Na* erccretion followed a sirnilar pattern apart

fronsonedivergence between the 14th and 17th hours of the study.

However on the basis of this experiment it cannot be concluded that a

diurnal pattern of Na+ excretion exists for mother or foetus. Mellor

a¡d Slater (1973) have observed marked changes in the osrnolality of

foetal urine following the intake of food or water by the ewe. In the

present work, the times at which the ewe ate or drank were not

noted, accordingly it is not lsrown if the observed fluctuations in Na+

excretion rate are related to the intake of food or water by the ewe.

c. Potassiun Excretion Rates (þpendix table 41)

Maternal and foetal K+ excretion rates were not significantly

correlated (r = 0.101 NSn = 48). The general pattern of change of

naternal ard foetal potassium excretion was similar, although dtuing a

few periods, the two excretion rates appeared to be between 30 and 60

mi¡utes out of phase.

d. Uri¡ary pH (Appendix table 40)

As with flow rate and Na+ excretion rate there u¡as a significant

correlation between the pH of the sinn¡ltaneously collected naternal and

foetal urine samples (r = 0.330 0.05> P> 0.01 n = 48). It is notice-

able that in all but a few of the paired sanples the pH of maternal urine

v,ras greater than the pH of foetal urire. There was no recognisable diurnal

pattern i¡ the pH change of maternal or foetal uri¡e.

5.2.2 Foetal Kidney output during maternal water depletion

(Appendix tables 42,43 and 44)

Tltro experiments were carried out in which pregnant ewes hlere

treated with furossnide (tasix-Fbechst). Furosemide is reported to

inhibit renal Na+ reabsorption in dogs, 'rat and nan (Buchborn and

Anastakis, 1964; Deetjen 1965; Berli¡er et al L967). More significarrtly,
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furosemide when administered to sheep produces a diurosis, natriuresis,

a noderate kaliuresis and an j.ncrease in H+ excretion (Peterr. 1969).

By withholding drinking water and aôninistering furosemide to the

pregnant ewes, their total body water was reduced so that the activity

of the foetal kidney could be examined during naternal dehydration.

In the first experiment the ewe, which was carrying a 1.I7 ðay-ol.d

foetus (foetus 253), was given two intravenous injections of lùng of

furosemide. Following the first injection the flow rate of maternal

urine increased withi-n L a¡r hour from 0.40m1/min. to 4.66rn1/mjn.

Also Na+ excretion rate increased frcrn 46 pEq/nin. to 442.7 y1q/nin.
+a¡d K excretion rate from 11.6 ¡Eq/nin. to 125.8 ¡Eq/min. I\¡ithin two

hours of the first injection these parameters had fallen to 1eve1s which

were about 50? greater than their pre-treatrnent leve1s. At that point

the second injection of furosemide was given and again urine flow rate

and electrolyte excfetion rates increased substantiaTLy. At the end of

the experiment, water was offered to the ewe and 2.I L was consuned in less

than l0 minutes.

It can be seen irr figure 34 that the uri¡e output of the foetus

feII just before the first furossnide injection but then i¡creased

steadily throughout the period of maternal dir.¡resis. Following the second

furosemide injection there was a srnall deirease i¡r foetal uri¡e flow,

but it was short-lived and agaia foetal flow rate increased, despite a

sixfold ì¡crease i¡r maternal urine output. The excretion rates of Na*

and K+ fe1l just prior to the first furosenide injection and then

increased steadily during the period of maternal natriuresis and kaliuresis,

only to fall again followi¡rg the second furosenide injectíon. However,

overall the results give no information concerning foetal kidney function

because the variation in urinary electrolyte concentrations and excretion

rates during the control period prohibits valid interpretation of the

experimentally induced lfesponse.

In addition to the control variation the results were not as
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anticipated. It was thought that the water and electrolyte losses of the ewe

would lead to similar depletion of the foetus and tln¡s to a decrease in water

and electrolyte excretion by the foetal kidney. However rt may have been'that

the losses induced ln the ewe were insufficient to significantly affect the

foetuses. By comparing pre-treaûnent and post-treatnent flow rates it was

estimated that the water loss induced by furosernide was only 41Ín1. A1so, the

total body water (TBlÐ of the ewe, which was esti¡nated frcm the dilution of

tritiated water (Morris, Howard and MacFarlane 1962), was not greatly altered

by the diuretic treatment. In the control period TBW was 30.3 L whrle one

honr after the second furossnide injection it was 29.8 L. This rnay

explain r,rrlry the anticipated results were not obtained. Nevertheless, i¡

view of the maternal response to furosemide, it is difficult to understand

why foetal uri:re flow increased and why i¡ one i¡stance Na+ excretion

rate increased, wrless furosenide crossed the placenta and directly

effected the foetal kidney. No i¡formation is available on the ability of

furosqnide to cross the placental barrier in sheep. However, in hunans,

Madimiroff (1974) has reported that foetal urine flow rate, as measured

by ultrasonic techniques, increases followilg intra-venous aùninistration

of furossnide to the nother.

The second experiment of this type was carried out over 14 hours.

After a 3 hour control period, 10mg of furossnide was injected every

hour, for 11 hours, into a ewe carrying a 118 day-old foetr:s (foetus 275).

Figure 35 shows that following the first injection there was a large rise

j¡ the flow rate of maternal urine but that the response following

subsequent injections became progressively snaller. The [t¡"*] and [f+]

of naternal urine increased ö-rring the furossnide treatment, while the

electrolyte excretion rates showed increases which compounded the flow

rate and concentration changes. Following the first furosemide injection

Na+ erccretion increased from 5.8lEq/nin. to 174.4 lEqÁnin. while K+

excretion rate rose from 29.6 ¡EqÁni¡. to 431.1¡Eq/mia. Thereafter

the excretion rates decli¡ed despite the continued aôni¡ristration of

furosemide. The OP of maternal plasma which was 279 nOsm/kg at the

beginniag of the experiment increased to 313 mOsn/kg by the end of the
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furosemide treatnent. Oi¡er the same period plasma Na and rl+

concentrations were not significantly altered despite a total water loss of

1.8 L, of which 680m1 was lost in the first 2 hours of treatrnent. The

TBW of the ewe decreased from 32.1 L in the control period to 30.4 L

following the last furossnide injection. Ithen the ewe was offered water

at the end of the experiment, 1.8 L was const¡ned within 5 mi¡utes.

The changes i¡ foetal urine composition and flow rate that

occurred during the furossnide treatment of the ewe are recorded in figure

36. D-rring the first 3 hours of maternal treatnent, there l^¡as a fall in

foetal uri¡e flow and a corresponding decrease in the excretion rate of all

urinary solutes. Blt after the initial fa1l, foetal uri¡e flow i¡creased

and toward the erxl of the experiment it exceeded the control values.

the [tta+] ana [X+] of foetal urine also increased after 3 hor.rrs of the

treatment period and il ccrnbi¡ation with the rise in flow rate, resulted

i¡ natriuresis and kaliuresis. The electrolyte levels in foetal plasma'

showed no significant changes, but it was noticeable that the minimt¡n

[l¡"*] occurred at the ti¡ne of maxirm¡n maternal natriuresis. That nay

i¡d.icate that foetal Na+ crossed the placenta to restore the rnaternal

[t¡.*] that was depleted by the natriuresis.

On the basis of these experiments it was not possible to

conclude that maternal dehydration and Na+ loss, sïnilarly depleted the

foetus. Accordingly, it could not be established that the foetus responds to

Na+ and water loss by restricting the renal excretion of these substances.

In the first experiment it is doubtful whether the water depletion of the

ewe was sufficient to effect the foetus. However, in the second

experiment the water loss was greater a¡rd there hlas an irritial decline in

foetal urine flow but thereafter the flow rate increased. At the time

of maximtrn naternal OP, foetal uri¡re output was not reduced.

Although the findings of these experiments were generally in-

conclusive, the reduced foetal uri¡e flow in the second experiment,
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soon after the peak in maternal diuresis, may i¡dicate some hcrneo-

static activity by the foetal kidney. This activity may have been

ljmited because of the irmnaturity of the foetus. A1so, if furosqnide

crossed the placenta and directly affected the foetal kidney, the

anticipated results would have been reversed.

5.2.3 Foetal Kidney output following rnaternal saline

infusion

(þpendix tables 45 and 46)

In this experiment hpertonic sali¡e (2.7% Na Cl) was

infused i¡to the jugular vej¡ of a pregnant ewe carrying a L22 day-old

foetus (foetus 275). The electrolyte infusion rates were 1.6 nEq/mia. of
+

Na- and Cl- for 2t hrs. Water was withheld fron the ewe. As a result

of the infusion, the [¡¡.*] of maternal plasma increased frcrn a pre-treatment

average of I4Z n&q/f to a maximr¡n of 160.5 rnEq/L, while the [K*] decreased

slightly. (See fig. 37).

In foetal plasna, the electrolyte concentrations were variable

but overall there was a slight i¡crease in [t'ta+] and a slight decrease

itt [K*]. In fact in the first 7 hours of the experiment, the difference

in plasna [t¡"*] between rnother and foetus changed fron a gradient of 1

to 2 Í:f4/L in favour of the foetus, to 13 nEq/L in favour of the ewe.

As expected, rnaternal kidney activity was altered as a result

of the saline i¡fusion. The average flow rate of maternal uri¡e during

the control period was 1.8 ml/mi¡. but withi¡ an hour of beginning the

infusion it had fallen to 0.17m1/min. and remaired at or below that level

for three hours. The [t¡r*] of maternal uri¡e was not effected as

rapidly and. it was not r.¡ntil the last L hour of the i¡rfusion period that

[tla*] increased. Thereafter urinary [tta*] increased rapidty and reached

a maximt¡n which was 24 times the average control concentration. Despite

this there r4ras a nett reduction in Na+ excretion because of the reduced
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urine cutput. However, Na* excretion rate increased when the urinary

[¡¡"*] rose and it increased even further when flow rate began to rise.

me [f+] of maternal urine also increased but at its peak it was only

307. greater than the pre-treatment average.

The electrolyte concentrations and flow rate of foetal uri¡e showed

patterns of change which paralleled those observed i¡ maternal uri¡e.

Although foetal uri¡e output was increasing during the control period,

it began to fall within 30 ni¡rutes of the start of the sali¡e infusion

and it reached a ninim¡n 2L hours later. The nininn¡n flow rate was about

30eo of. the pre-treaünent average. The [t¡r*] i¡ foetal urine did not vary

significantly during the control period or during the infirsion. However,

i¡nnediately after the i¡fusion the [t¡a*] of foetal uri¡e began to rise and

within one hour had reached a maximun concentration r¡hich was 2.8 times

the pre-treatment average. The [K*] of foetal urine showed a pattern of

change similar to that of þta+] although the naxirm¡n [K+] was onlry 70eo

greater than its pre-treatment average. Neither Na* nor K+ excretion

rate i¡creased substantially during the first seven hours of the experi-

ment because of the converse trends in [Na+] and [X+] compared hrith uri¡e

flow rate. This fact, plus the fact that the concentrations of creatinine

and uric acid both reached maxi¡mrms which were about 2.8 times their

respective pre-treatment levels implies that the increased. concentration

of all the solutes is a secondary effect caused by water retention

(see fig. 38). The water retention by the foetus is probably a homeostatic

response induced by increased [ttta+] in the blood and tissues of the

foetus. The additional Na+ would have entered the foetus as a result

of the trans-placental Na+ grad.ient established durìng the maternal saline

infusion.

At the 7th hour of the experiment the ewe r^ras allowed access to

water and drank 1L L in five minutes. Within 30 nins. of this maternal

water intake, foetal urine flow jncreased and there was a corresponding
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decrease in the [tt"*] and [X+1 of foetal uri¡e. This irnplies that water

crossed the placenta into the foetus, decreased the pLasna OP of the

foetus and resulted in the return to a normal rate of uri¡e flow.

Mellor a¡rd Slater (1973) have reported distinct changes in the

compositicn of foetal urine associated with naternal water intake. They

found that when a pregnant ewe drank 1.9 L of water, foetal urile

osrnolality was halved and there was an increase in urj¡e flow rate.

Therefore the fi¡dings of the present work are consistent with those

of Mellor and Slater (1973).

5.3 FoetaI Kidneu resaonse xo Dìuretíc Tteatment

A total of 19 experiments were carried outin which 6 different

diuretic agents were administered to foetal sheep. The pharmacological

activity of the diuretics used, although not precisely defiaed, have

been established with a reasonable degree of reliability irr adult

animals. Therefore it was anticipated that by studying the effect of

these drugs on foetal kidney fi.rnction, comparisons could be nade with the

adult ïesponses and concl.usions drawn concerning the maturity of the

foetal kidney.

The diuretic dnrgs used included representatives of the najor

diuretic groups i:rcludirrg the benzojthiazides, carbonic anhydrase

i¡hibitors and the organic-mercurial conpounds. Special attention was

paid to furosemide and the pharmacologically sirnilar compound. soditrn

ethacrfnate, as these are amongst the most potent and widely used diuretics.

5.3.1 Furosernide (4-chloro-N-2-furfury1-S-sulfamoyl-

anthranilic acid) - (Hoechst)

In 7 experiments, foetuses aged between 118 and 140 days

received i¡tra-venous injections of furosernide. The doses of furosemide

and all other diuretic drugs used have heen expressed as mg/kg of foetal

body weight.
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a. Foetus 51 (118 days) (appendix table 47)

In this experiment O.8mg/kg of furosemide was injected i¡to the

foetus and resulted in an i¡nnediate diuresis. l{ithi¡ ! an hour of

treatnent, foetal urine flow had increased 2.7 times arÅ 2\ hours

after treaûnent a maxi¡n¡n flow rate of 1.47mL/nin. was recorded which was

5.0 tirnes the pre-treatment average. At the end of the experiment, 5L

hours after treatrnent, the flow rate was still twice the control value.

With respect to urinary electrolytes, there hras no reliable evidence

that furosemide produced an i¡crease in [N"*], while [K+] decreased as the

urire flow rate ilcreased. Because of this inverse relationship between

flow rate and ¡f+] there vras no significant alteration of K+ excretion

rate but Ìtla+ excretion rate did rise in parallel with the flow rate

increase. The remaining urinary solutes, creati¡rile and uric acid,

showed clranges in concentration which were irrversely related to flow rate,

suggestiag that furossnide had no specific effect on the excretion of

those solutes (see fig. 39).

The plasna solutes showed an overall i¡crease in concentration

frCIn the time of maximr¡n diuresis r¡rtil the end of the experiment.

This rnay have been due to foetal r¡ater loss duri¡g the diuresis although

these losses would normally be corrected by an i¡fh.uc of water frcrn the

ewe.

b. Foetus 69-559 (121 days) (appendix table 48)

The dose of furosernide used i¡r this experiment was l.ùng/kg

and again ditresis began within L an hour of treatrnent. Three hours

after treaûnent a maxi¡nt¡n flow rate of 1.45n1Ánin. was recorded which was

15.2 tirnes the pre-treatnent average. At the end of the experíment,

7t hours after treatrnent, the flow rate was still 4.8 times the control

average. Agaj¡ urinary [trtr*] and. more particularly urinary [K*] decreased

during the period of narcihun diuresis. Nevertheless there was a kaliuresis, Q
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because the fall in [¡¡"*] did not offset the increase i¡ uri¡e output,

there r{ras a nett increase in Na* excretion rate. The urinary

concentrations of creatinine and trric acid decreased as flow rate i¡-

creased and there was no significant change in creatinine excretion rate,

although there was a nett increase in uric acid excretion. The pH

of foetal urine changed erratically during the experiment, however several

high pH measurements following treatment, may have resulted from a

decrease in H+ excretion. (See fíg.  0).

No changes were observed i¡ the concentration of the plasma

solutes that could be related to the diuretic treatrnent. However changes

in lulAP occurred which appeared to be related to treaûnent. Prior to the

furosenide injection the MAP varied between 36.5 and 38.0 rrnllg,

yet irmnediately after treatnent, the MAP ilcreased to 43 nnnHg and remained

between 40 and 43 for two hours.

c. Foetus 107 (IZL days) (appendix table 49)

This foetr¡s was the sane age as the precedilg foetus and had

a similar pre-treatnent flow rate (average 1.0m1/rni¡.). The same dose of

furosemide was given (I.0mg/kg). Despite these similarities, the malcimum

uri¡e flow recorded following treatment was only 4.6 ti¡nes the pre-

treatrnent average and this was about L/3 of. the increase seen with the

preceding foetus.

As previously, the [K*] of foetal urine decreased during the

períod of maximrun diuresis although on this occasion there was a nett
_-+increase in K excretion. In contrast, urinary [t'la*] rose almost i-nrnediately

after the diuretic treaûnent and reached a peak which was 1.4 times the

aveïage control concentration. This peak in [ttta+] corresponded with the

naximt¡n urine flow resulting in a marcimun Na* excretion rate which was

6.7 times the control average (see fig. 41).

The difference in response between this foetus and foetus 69-
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559, suggests that there is no well defined dose-response pattern in foetal

sheep treated with furosemide and that individual variation can moderate

the basic response to the drug. This i¡dividrnl variation probably

i¡volves not only foetal maturirty but also differences in maternal and foetal

water and electrolyte balance prior to treatnent.

With respect to the plasma solutes in this experiment, [t'¡"*]

decreased and ¡f+1 i¡creased during the first two hours after treatment.

Oirer the next four hotrs the reverse trends were noted and the con-

centration of both electrolytes approached control values. Finally, on

this occasion furosemide had no effect on MAP. During the control period

MAP was between 37 arñ 39 nrnHg and it remained within that range follow-

irtg treatnent.

d. Foetus 150 (L22 days) (appendix table 50)

The dose of furosenide t¡sed i¡ this experiment was again l.Omg/kg.

Foetal urine flow irrcreased inunediately after treatrnent and reached a

peak lt hours later at which point the flow rate was 2.4 times the pre-

treatment average. The [t¡"*] of foetal uri¡e during the control period

was variable althóugh it was relatively stable for three hours prior to

treaûnent. In the à hour inrnediately following treatment there uras a

sharp rise. i" tlla.] after r,,¡trich it was again variable, but i¡creased orrerall.

The Na+ excretion rate reflected the variation in [ltla*] but there r^Ias a

definite natriuresis with the narci¡m¡n Na+ excretion rate being 4.9 times the

pre-treaûnent average. In contrast, urinary [K*] and K+ excretion rate

showed no significant change following treatrnent.

During the control period the urinary concentrations of

creatini¡e and uric acid varied so widely that the subsequent i¡fluence

of furossnide on the concentration and excretion rate of these solutes

could. not be assessed. Similarly, the effect of furossnide on urinary

pH could not be detennined. Thus with the respect to foetal uri¡e output

and cønposition, the only significant effect of furossnide in this
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experiment was to increase urj¡e flow rate although urinary tN".] also

appeard to be increased. In foetal plasma the situation was no less compli-

cated, although K+, uric acid and creati¡i¡e all showed overall rises

i¡ concentration following furossnide treatment. (See fig. 42).

e. Foetus 230 (L2? ðays) (appendix table 51)

This foetus was the same age as the preceding foetus but

received a slightly higher dose of furosernide (1.Íng/kg). fn response,

the flow rate of foetal urine increased to a maximun v¡trich was 2.8 times

the pre-treatment average. This occurred withi¡ a L hotr of treatment

and 4L hours after treatrnent the flow rate had retr¡rned to normal. The

[ttr*] of foetal uri¡e also began to rise irmnediateLy aftet the furosernide

injection, but the highest [t''¡"*] was recorded between 1 and lt hours

after treatment, at which poiat the urinary [l,la*] had increased 2.3

times. As a result of these changes, N"* excretion rate i¡creased 4.4

times with the maxi¡m¡n natriuresis occurring one hour after treatnent.

the [f+] of foetal uri¡e fell slightly during the diuresis; consequently,

there was only a small tra¡rsient increase in K+ excretion rate.

Creatjni¡e and uric acid concentrations began to fa1l i¡nnediately after

the furosernide injection. In both cases the rnagnitude of the concentration

decrease was comparable with the nagnitude of the flow rate increase,

implyingthat the concentration changes were the result of i¡rcreased u/ater

excretion and urile dilution' Accordingly, there rnlas no significant change

jn the excretion rate of these solutes. Llrinary pH was also wtaffected

by the furosernide treaûnent. (See fig. 43).

In cornparing the response of this foetus and foetus 150, following

furosenide treatment, only the dynamics of the diuresis can be considered

since the concentration of the urinary solutes varied so widely in foetus

150. In relation to the dose of furosemide aùninistered, the diuresis

i¡duced in this experiment was greater than irr the preceding experiment.

A 30% increase i¡ dose resulted i¡ a 15% ircrease in the mæcimr¡n uri¡e
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flow rate. But in view of the response variation previously noted

between foetuses of the same age, this 15% increase in flow rate may not

have been dose related.

With respect to the concentration of plasna solutes, in this

experiment, [N"*] increased following the furosqnide injection while

[K+] was essentially ur:raltered.

f Foetus 66-310 (139 daYs) (appendix table 52)

On this occasion the pre-treatment flow rate of foetal urine

was lower than j:r any of the yo¿nger foetuses (average, 0.2ûn1/nin')'

Nevertheless, in response to a 0.8mg/kg dose of furossnide, the flow

rate increased to a mæcimr.un of 0.62m1/min. hrithj¡ t an hour. This

maXjmr¡n was 2.4 times the control average. The [tt"*] of foetal uri¡e

was variable during the control period, but aftet treatment the

concenttation was always greater than the pre-treaÛnent average' Therefore

it can be concluded that the [t¡"*] of foetal urine i¡creased in response

to furossnide. The maximt¡n [t¡"*] was 3.0 times the control average and it

coincided with the peak i:r uri¡e flow rate. However, unlike flow rate,

the [t'ta+] did not return to control levels r:ntil the end of the experi-

ment. Potassit¡n, creatinine and r.ric acid all decreased i¡ concentration

during the control period and conti¡ued to decrease following furosernide

treatment. Thus, apart frcrn initiatiag increased water excretion and

diluting foetal r-rirre, furosemide had not direct effect on the urinary

concentration of K+, creatinine or uric acid. The pH of foetal urine

decreased throughout the experiment but the decline was independent of

the diuretic treatrnent (see fig. 44).

In this experiment, as i¡ most of the preceding experiments,

the plasma solutes showed no changes j¡ concentration that could'

reliably be related to the dir.¡retic treatment. In most cases, the post-

treatnent concentrations were similar to the control concentrations and where

d.ivergences did occur their significance was questionable. This was
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largely because the nr¡nber of blood sanples that could be taken without

joepardising experimental validity, was srnall. Accordi¡gly it was not

possible to closely monitor plasma ccrnposition changes and assess the

effect of treatrnent. This limitation applied to rnany of the experiments

described in this section.

g. Foetus 66-440 40 (appendix table 53)

This was the oldest foetus treated with furosemide and it had

the lowest i¡itial flor¡,¡ rates. The pre-treaûnent average was 0.11ni1/min.,

but following the injection of furosemide (0.gmg/kg) the uri¡e flow rate

itcreased afunost i¡rmediately and eventually reached a maximun of 0.41n1/nin.

(5.7 times the pre-treatrnent average). Ttre urine flow rate was still

twice the control average three hours later.

the [Na+] of foetal urine also i¡creased after treatrnent, although

not as inmediately as flow rate. The rnaximun [¡¡"*] was 2.8 tjmes

the pre-treatment average br¡t was not recorded r.rrtil 2t hours after

treatment. As a result of these changes there was a parallel increase i¡

Na* erccretion rate. In contrast to [ttt*], the ¡f+¡ of foetal uri¡re

decreased after treatrnent but because of the diuresis there was a nett

increase in K+ excretion rate. This kaliuresis was short-Iived. Creatin-

ine and uric acid excretion rates also increased after the furosemide

injection, while the pH of foetal urine was elevated for 1L hor¡rs after

treaûnent. (See fig. 45).

STINMARY

The data relating to urine flow rate and electrolyte excretion

rate changes following furosenide treatnent of the 4 foetuses aged 121 and

IZZ ðays has been pooled, as has the data for the 2 foetuses aged 139 and

140 days. These results are shov¡n in table 9.

In all of the experiments described, furosemide treatrnent resulted

i¡ an increase in urine flow rate. Usually the increase began within L

an hour of treatment but the nagnitude of the diuresis varied. The

rnaximun flow rates were between 2.4 arrd 13.2 tirnes the pre-treatment



TABLE 9

FOETAL AGE

(Days)

lzL-r22

139-140

CFI/qNGES IN FLOltr RATE AÌ.lD EL,ECTROLYTE Ð(CRETION RATES FOLLOI4IING

TREIIIMENT OF FOËTUSES WITH FUROSEMIDE

(The percentage change in urinary paraneters was obtained by

comparing the narcimr¡n value for each paraneter following treat-

nent with the corresponding pre-treatrnent average. The values

for foetr¡ses of similar ages have been pooled).

Percentage change in urinary pararneters

FLOt{r [t¡"*] NaER

802 + 133 (4)

738 + L6 (Z)

KER

234 + 55 (4)

1e6 + 34 (2)

575 + zLs (4) 293 + 34 (4)

306 j 48 (z) 292 + 12 (z)

(nean + standard error, n in brackets)

(See text pagel2o )
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averages. Sirnilarly the duration of the diuretic responses varied frqn

4ti hours to over 8 hours. These variations in the magnitude and duration

of the diuretic responses do not appear to be related to the dose of

furosernide aôni¡ristered.

In the youngest foetus examined, there was no evidence that

furossnide increased the [tt¡"*] of foetal urine. However in the

remaining experiments the drug resulted i¡ an ilcrease in urinary

[tia+] which was greatest i¡ the more mature foetuses despite the use of

snaller furosernide doses. Thus it can be concluded that furossnide

causes an increase i¡ urinary [N"*] and that the response may be related

to foetal age.

In all cases the nett effect of the changes i¡ urine flow rate and

[Na+] was a large natriuresis. The magnitude of these natriuretic

responses was not directly related to foetal age nor to the dose of

furossnide aùninistered. Ir/here both urinary [Na*] and flow rate

increased following treatment, the patterns of change were not necessarily

paralIel. In some erperiments the peak in [tta+] occurred at the same time

as the naxi¡n¡n flow rate but in others the electrolyte peak occurred

later and the elevated Na+ level persisted longer than the diuresis.

the [f+] of foetal urine usr:ally decreased following furossnide

treatnent. Because the faIl in urilary [K+] was usually inversely

related to the rise in urine flow rate, the K+ change was presrnned to be

the result of uri¡e dilution rather than any najor alteration of K+

exchange in the nephron. Nevertheless in all experiments there vüas an

i¡crease in K+ excretion ïate, but since it was usually short lived and

srnaller in nagnitude than the corresponding rise in flow rate, it can be

concluoed that furosenide has a relatively limited affect on the renal

excretion of K+ by foetuses aged between 120 a¡rd 140 days. Similarly,

furosenide has little effect on uric acid and creatinine excretion. In some

experiments the concentratio:r of these solutes decreased during diuresis,

but the excretion rate of the solutes was rnaffected. Changes in the pH of

foetal urine could not be related to furosemide treatrnent, although in man,
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furosernide has been reported to increase H+ excretion (Fraser et al 1967).

No consistent effect of furosemide on the concentration of plasma

solutes was obseryed. Individual foetuses showed changes in plasma compos-

ition that could be related to the diuretic treatment but the lack of

consistency between foetuses precludes generalisation. Finally, three

experiments irr which foetal MAP was measured before and after furosemide

treatment yielded contradictory results. In one experiment MAP increased

following treatment while in the remaining experiments it was r:naltered.

5.3.2 Soditrn Ethacrynate (2,3-dichloro- 4-[2 - nethylene

butyrylphenoryl acetic acid) (lulerck Sharpe and Dohme)

Three experiments were conducted jn which sodirrn ethacrfnate

was injected intra-venously into foetuses aged 114, L?3 and L29 days.

a. Foetvs 223 (114 days) (appendix table 54)

A dose of Z.lng/kg was aôninistered to this foetus a¡rd within

L an hour the tri¡e flow rate had increased to a rnaxi¡m¡n of 1.06n1/min.

which was 8.8 ti¡nes the control average. Thereafter the flow rate grad-

r.rally decliaed, although five hours after the ethacrynate injection the

flow rate was still 4.2 times the pre-treatment average. the [t*ta+] of

foetal urine was also effected by ethacrynate but not as dramatically as

uri¡e flow rate. The t¡¡".1 increased slowly to a peak of 135 rnPq/L which

was 1.5 times the pre-treaünent average for [Na+]. This peak was reached

2t hours after treatment and for the rsnainder of the experiment [t'¡"*]

was variable. Sodir.un excretion rate i¡creased in paralle1 with the

change i¡ flow rate although the subsequent rise il [tla+] ccntributed

even furtheï to the natriuresis. The K+ excretion rate also j¡rcreased,

but because urinary [K+] decreased after ethacrynate treatment, the nett

rise in K+ excretion was only L that of the flow rate increase. The

urilary concentration of -creati¡ine and uric acid also decreased sharply

at the onset of diuresis. In the case of creatinine there hIaS no
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significant alteration of excretion rate, but with uric acid there was a_

small rise in excretion rate. The pH of foetal urine was affected by

ethacrynate treatîent. Prior to treatment, the pH was between 6.5 and 6.7

but within a t hour of treatrnent, the pH increased to 7.1 and about

one hour later it reached 7.3. By the end of the experiment, the pH

had returned to control levels. (See fig. 46).

Of the plasma solutes analysed, the only one that appeared to be

effected by ethacrynate treatment was Na+. The plasna sample taken

irmnediately after the peak in Na+ excretion, hd a [tta+] below that of

the control plasnas and two zubsequent plasrna samples had even lower Na+

levels.

b. Foetus 230 (123 davs) (appendix table 55)

This foetus h'as given a slightly lower dose of soditm

ethacrynate than the preceding foetus (l.7mg/kg). Despite this, diuresis

began just as prcmptly but the maximr:m flow rate was reached about 50

ninutes later tharl inthe first experiment. Secondly, although the

naxirm¡n flow rate recorded (1.7ûn1/nin.) was greater than in the first

experiment it was cnly 4.3 times the pre-treatment average. In contrast

the urinary [¡,ta*] in this experirnent reached a rnarcinn¡n, whieh was 3.3

tirnes the pre-treatrnent average and this ü¡as a greater increase than that

obtained in the preceding experiment. Also cn this occasion, the maximm

[1"*] occurred. at the same time as the mæcimr¡n flow rate and although

[l.tr"*] varied thereafter, it renai¡ed elevated tntil the end of the

experirnent, whereas flow rate returned to normal withi¡ five hours of

treatment. As a result of these responses, N"* excretion rate i¡creased

to a marcimt¡l which was 14 times the control value and the natritrresis

persisted r.rrtil the end of the experiment. fne [f+] of foetal urine was

also effected by ethacrynate, increasing threefold. In conbination with the

flow rate response, this 'i¡crease in [f+] prodtrced a kaliuresis of

similar magnitude to the natriuresis. The rernaining urinary solutes,
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creatinine and uric acid, decreased in concentration as the urine flow

rate increased and the excretion rate of these solutes Ìras essentially

unaltered. Firrally the pH of foetal uri¡e increased following the

ethacrynate injection and the magnitude and duration of the pH change was

similar to that seen in the preceding experíment. (See fig. 47).

With respect to plasna composition, the [t'¡t*] decreased

followiag ethacrynate treatment, as did creatinine concentration;

however, the concentrations of K+ and uric acid showed no regular changes.

c Foetus 230 (I29 ðays) (appendix table 56)

Foetus 230 was treated, six days after the preceding elçeriment,

with a sirnilar dose of soditun ethacrfnate (l.ftng/kg). On this occasion

the average pre-treatrnent flow rate was 0.18n1/min. compared hrith 0.4ùn1/min.

i¡ the earlier experiment. Follor,,¡ing treatment the flow rate reached a

naxjmr.un of 2.08n1/nin. (11.6 times the pre-treatment average). This

naximm was achieved in the first hour after treatrnent and over the

next two hours control levels vJere re-established. The pre-treatrnent

levels for [Na+] were similar jn both of the experiment using foetus

230, btrt in the present experirnent the [t¡"*] increased. 4.6 times following

treatrnent, compared hrith 3.3 times i¡ the earlier experiment. Again the

peak irr [tt"*] cod¡cided hrith the peak in diuresis resulti¡g in a maxim.rn

l.la+ excretion rate which was 41.7 times the control average for that

parameter. At the end of the experiment the Na* excretion rate was still

three tirnes normal due entirely to the persistence of increased urinary
!¡

[Na-]. The [K-] of foetal urine decreased after the ethacrynate injection,

but the fall in concentration did not offset the rise in urine flow rate

and accordingly K+ excretion rate j¡creased for about two hotrs. The same

occurred with creatinine and uric acid where the maximr-un excretion rates

achieved were 1.6 and 3.3 times the respective pre-treatment averages.

A1so, as i¡r both of the preceding experjments, ethacrynate treaünent

was followed by an i¡crease i¡ the pH of foetal urine. During the control
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perid the average pH was 6.6 but within one hour of treatment the pH

reached 7.2 (see fig. 48).

In the foetal plasna the most obvious change was again a decrease

in [tla+], but a small decrease i¡ creatini¡e concentration also occurred.

The K+ and trric acid. levels were too variable to discern any effect

that could be related to the treatrnent.

STJÌ\4\,IARY

Table 10 sr¡rmarises the percentage change in flow rate and

electrolyte excretion rates that were obtained i¡ all foetuses treated with

furosemide and sodirrn ethacrynate.

All foetuses treated with sodir.m ethacrynate showed a prompt

diuresis. Uri¡e flow rate i:rcreased within minutes of treatnent and

peak flow rates were recorded within one hour. In one experiment,

the naximr.rn flow rate was 11.6 times the average flow rate during the

control period. However i¡ an experiment conducted on the same foetus

six days earlier a similar dose of sodiul ethacrynate produced a maxim¡n

flow rate which was only 4.3 times the pre-treatment average. The

absolute value of the nanimun flow rate was similar jn both experiments,

but in the second experiment the initial flow rate was lower. It nay be

therefore, that there is an Ìpper . linit,- to the d.iuretic response that

can be induced i¡r foetuses of a given age by specific doses of sodir¡n

ethacrynate and that this limit is independent of pre-treatrnent flow

rates. In the yotmgest foetus, the initial flow rate uras comparable with

that of foetus 230 at I29 ðays, but a larger sodiun ethacrynate dose

prod¡ced a smaller increase in urine flow. Also, in both erperirnents rvith

foetus 230 the diuresis had ended three to four hours after treatnent

but with the yor.rrgest foetus (foetus 2ß) iuhe response persisted for over

five hour. This prolonged response was probably due to the higher dose

of ethacrynate administered but the relatively small diuresis produced

suggests that the sensitivity of the foetal kidney to ethacrynate or its

capacity to respond to that drtg, increases as the foetus matures.



TABLE 10

FOETUS

51

69-5s9

L07

150

230

66-310

66-440

zz3

230

230

FOETAT AGE

(Days)

118

NL

LZL

LZz

LzZ

139

140

114

LZs

LZg

furosemide

furosemide

ftrrosernide

ñrrosenide

furosemide

furosemide

furosemide

ethacrfnate

ethacrfnate

ethacrFnate

DOSE

(nelke)

0.8

1.0

1.0

1.0

1.3

0.8

0.9

2.L

r.7

1.6

CHANGES IN FI,O}iI RAIE AI'ID ELECTROLYTE EXCRE'TION RATES FOLLOI4IING

TREAT},IENT OF FOETUSES WIT}I DIIJRETICS

(The percentage change in urinary paraneters üIas obtained by

comparing the naximtrn value for each paraneter, obtained after

treaûnentrwith the corresponding pre-treatnent average)

Percentage change in Urinary

DITJRETIC FLO1V

Parameters
NaER KER

296

1318

460

244

?76

238

373

883

425

1156

548

L2Z0

674

339

442

715

760

1002

1406

4L70

z6z

423

363

181

L70

247

244

429

LZ36

752

(See text page 12s )
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In all three experiments there was an íncrease i¡ the [tta+] of

foetal urine soon after the sodiun ethacrFnate injection. Although these

changes began promptly, the maxi¡m¡n [w"*] was usually recorded about IL

hours after treatment and i¡ all cases the increase in [w"*] r^ras more

prölonged than the diuresis. The natriuresis evident i¡ all experiments

reached a peak within 1 to 1t hours of treatnent but persisted at reduced

levels throughout the experiments. IØliuresis also occurred in each

experiment. Although the [K*] of foetal urjne was not obviously

effected by sodirm ethacrFnate treatnent, the fact tløt its leve1 was

naintained in the face of large increases in water excretion, iadicates

a substantial rise in K+ excretion. In all experiments, the urinary

levels of uric acid and creati¡ine decreased as the uri¡e volune i¡rcreased

but the relative nagnitude of these i¡verse changes was such that

there was a nett rise in the excretion rate of these solutes. Finally

the pH of foetal trine was i¡rvariably effected by ethacrynate treatment.

In all cases, uriae pH increaseð withi¡ one hour of treatment a¡d the increase

generally persisted for about two hcr.rrs. The urine changed fron acid to

alkaline.

5.3.3 Acetazolamide (Dianox-Lederle)

Acetazolamide is a sulphonanide possessing a chernical structure

and pharmacological activity distinctly different fron the bacteriostatic

sulphonamides. It is a carbonic anhydrase inhibitor acting specifically

on the enzyme which catalyses the reversible reaction involving the

hydration of carbon dioxide and thedissociationof carbonic acid.

Two foetuses aged 130 and 145 days were given i¡rtravenous

injections of 50 and 28ng/kg of acetazolamide respectively. After the

first treaûnent, foetus 130 was given a second injection of Sùng/kg of

acetazolamide while foetus 145 was given a second injection of 56rng/kg of

acetazolamide. The results obtained i:r these experiments were as

follows

a Foetus 223 (130 days) (appendix table 57)
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Following the first acetazolunide injection the uri¡e flow rate

showed an i¡mediate increase of about 80% but then feIl to control

levels during the next hour. A second increase began about lL hours

after treatment and the flow rate reached a maximwn of 1.4ún1/ni¡.

three hours after the injection. This naximun was 3.2 times the average

pre-treaûnent flow rate. Oi¡er the next 2\ hours the flow rate gradually

returned to pre-treaûnent levels. The second injection of. acetazolanide

caused a 90% increase in flow rate within I an hour, but withi¡ lt hours

if had returned to control levels and no significant increases occurred

thereafter.

The Na+ and K+ concentrations of foetal r.rine were also effected

by acetazolanide treaûnent. The [¡¡.*] i¡creased steadily after treatnent

and withi¡ two hours reached a mæcimun which was 3.7 times the pre-

treatnent average. Following that peak, the [t"¡"*] varied widely but was

still elevated when the second injection of. acetazolanide was given.

A similar pattern r,iras seen for [f+], although the nacimum [X+] was

reached withi¡ a t hour of treatnent and persisted for two hours. As a

result of these changes in flow rate and electrolyüe concentration, the

exctetion rates of Na+ and K+ reached peaks r^¡hich were 9.5 and 6.4 times

their respective pre-treatrnent averages. These naximr¡n excreticnr rates

coi¡cided with the peak irr diuresis.

Following the second iajection of acetazolamide, the change il the

electrolyte concentration of foetal urire was biphasic. For the first

1t hours, both [¡¡"*] and [f+] i¡creased but then they dropped sharply only

to rise again as the experiment proceeded. This pattern was reflected

in the electrolyte excretion rates. The uriaary concentration of

creati¡rine and uric acid increased for about two hours following acetazol-

anide treaûnent, but thereafter there was no consistent pattern of

concentration cha¡rge for either solute. Following the second iljection of

acetazolamide, these solutes showed a biphasic pattern of concentration

change, similar to that described,for K+. Before treatnent, the average
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pH for foetal urine was 7.5 but within a L hour of treatrnent this had

risen to 7 .6 and withi¡ 2! hcn-rrs to 7 .9. At the time of mæ<imt¡n diuresis

and maximrm electrolyte excretion rate the urilary pH was 7.9 and it rose

even further to a malcimtun of 8.2 five hours after the first acetazolanide

injection. The second dose of acetazoLantide did not induce an additional

increase irr urine pH. (See fig. 49).

With respect to the plasma solutes, the only change of possible

significance was the fall irr [Na+] during the natriuresis which followed

the first acetazoLartide injection. If the natriuresis was responsible

for the plasrna sodir¡n depletion, it is difficult to urderstand why plasrna

[t'¡"*] increased following the second treatnent, despite continued

natriuresis. Possibly by that stage of the experiment, foetal plasma

[w"*] was sufficiently depleted to i¡litiate an infh¡x of maternal Na+.

b. Foett¡s 271 (1a5 days) (appendix table 58)

In this experiment the average pre-treaüîent flow rate was 0.81

nl/min. and within 15 ninutes of acetazolanide treaünent (z8mg/kg) the flow

rate had i¡creased to 1.0ún1/nin. (1.3 times). Following this peak, the

diuresis graôrally subsided and two hours after treatrnent, control flow

rates were recorded.. At that point the second acetazolamide injection was

given (súng/kg) and again uri¡e flow rate increased hrithin 15 ninutes.

However, on this occasion the rnæcimun flow rate achieved was only 1.00m1/

ni¡. lùrich was L.Z7 ttmes the average flow rate for the t hour before the

second injection. Thus, despite the higher dose of acetazolanide used in

the second iajection, the diuresis i¡duced was not as grêat and its

duration was shorter.

the [Na+] and [f+] of foetal urine increased i¡rmediately after

acetazolamide treaünent, however the malcirruun [tla*] (2.2 tines the pre-

treatment average) was reached about 1t hotrrs after treatrnent while the

maxirruun [f+] (1.8 tines the pre-treatment average) was reached about 2t

hours after treatment. In the natriuresis and kaliuresis that resulted
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frcm the simultaneous increases of urilary electrolyte concentration and

urine output, the manimun Na+ and K+ excretion rates were 5.4 arú 2.5

times their respective control averages. In each case the maxj¡rn-rn

excretion rates coincided rrith the mærimun electrolyte concentration

rather than the peak of diuresis.

Following the second injection of. acetazolanide there was only

a smal1 additional rise in urinary [tt"*]. This was not surprisingr as

r¡nlike flow-rate, [N"*] had not returned to control levels by the time the

second injection r^ras given. It is noticeable, however, that despite the

increased dose of acetazola¡nide aóninistered on the second occasion,

the maximtun [N"*] achieved was similar to that achieved after the first

treatrnent. The second treatment had no inmediate effect on urinary [K+]

although about 10 ninutes after treatnent, [K*] began to rise" The diuresis

which occurred i¡rnnediately after the second acetazolanide injection was

associated with si¡mrltaneous rises in Na+ afid K+ excretion rates. (See

fig. s0).

In contrast to the precedilg experiment, acetazolalnide did not

inù¡ce a rise in the r:riaary concentration of creati¡i¡e and uric acid

on this occasion. The concentration of both solutes decreased as urine

flow increased and there was no significant change in the excretion rate

of either solute. 0n the other hand, urinary pH was ?gain altered

following acetazolamide treaünent. The average pH prior to treatment was

7.5 but within 15 ninutes of the first injection the pH was 8.0 and 1Ì

hours later it was 8.4. The uri¡ary pH inrnediately prior to the second

injection was 8.4 and despite the additional dose of acetazolamide, no

further rise i¡ pH occurred.

Only three blood samples were taken during this experiment

and although there was a progressive decrease i¡ the plasma concentration
¿r

of Na' and K' the significance of this trend was not established.
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SINß4ARY

In both foetuses tested, acetazolarnide indtrced diuresis. In the

yor.ngest foetus the nalcimtrn flow rate was recorded about three hours after

treatment and was greater, both in terms of nagnitude and relative

increase than the malcimt¡n flow rate obtained with the older foetus.

Initially, however, the older foetus received about L the acetazoTunide

dose r¡sed with the youlger foetus, but even when the dose was doubled no

further rise i¡ uri¡e flow rate resulted. In both experiments the [tt"*]

and ¡f+] of foetal urine increased following acetazoLatrtide treatrnent,

r,,rith [Na+] showiag the largest rise. In the yotmger foetus the naximun

electrolyte levels were reached about two hours after treatment, but as

with diuresis, the electrolyte response Lras more prcmpt jn the older foetus

where the nalcimr¡n levels were reached one hour after treatrnent. In both

foetuses the electrolyte response persisted longer than the diuresis.

Acetazolamide had no consistent effect on the urinary concentration and

excretion rate of uric acid and creatiaine, although both foetuses

responded to acetazolanide by producing increasingly alkaljne uri¡e. When

additional doses of acetazolamide were aúninistered during periods of

maximun pH no additional rises i¡ pH could be i¡rduced.

5.3.4 Sodiun Chlorothiazíde (Sodir.un Diuril - Merck Sharpe and

Dohne) (6 - chloro - 7 - sulfanyl - I,2,4 -

benzothiadiazine - 1r1 - dioxide)

Three experimørts were carried out in this series r.rsing foetuses

aged 113r IZ9 and 143 days. In each experiment tr.r,o injections of chloro-

thiazide were given.

a. Foetus 275 (113 days) (appendix table 59)

This foetus was given an initial chlorothiazide dose of 8Smg/kg.

The pre-treatrnent flow rate was low (average 0.04 nlÁnin.) but increased
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sharply followiag treaûnent and reached a maximun of 0.24nL/nín. t hour .

after treatrnent. Oi¡er the next hour the flow rate returned to control

levels whereupon 16úng/kg of chlorothiazide was injected. This second

injection produced a naxim¡n flow rate of 0.35n1Ánin. withi¡ one hour,

yet the diuresis faded even more quickly than the first diuresis.

fne [¡¡a+] of foetal uri¡e dor¡ble hrithin one hour of the first
chlorothiazide injection reaching a malcimtrn of 63.5 rnfulL, then control

values were re-established over the next 30 ni¡rutes. After the second

injection of chlorothiazide the [N"*] of foetal urine reached a maximun

which was 2.2 times the pre-treaünent average. As a result of these

changes the Na+ excretion rate increased 15.3 times followi¡g the first
chlorothiazide iajection and 17.2 times following the second. In both

cases the natriuresis was short-lived.

fhe [f+] of foetal tnjne was not significantly effected by the

first dose of chlorothiazide but was reduced following the second.

Accordingly there was ¿rn i¡crease: in K+ excretion rate following the

first treaûnent but not after the second. The concentration of the re-

maining uriaary solutes, uric acid and creatiaine, decreased following the

first chlorothiazide iajection and contirrued to decrease after the

second, but nevertheless there was a nett increase in the excretion rate of

these solutes after each treatment.

The pH of foetal urine was also effected by chlorothiazide treat-

ment. The average pH before treaünent was 7.2 btt within 30 ninutes of the

first injection it had risen to 8.0. Inrnediately before the second

injection the urinary pH rras 7.6 and despite a slower response the pH i¡rcrease,

to 7.8 following the injection. (See fig. 51).

No significant concentration changes u¡ere observed in foetal

plasna.
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b. Foetus 257 (T29 days) (appendix table 60)

A conparatively low dose of chlorothiazide was aóni¡istered to

this foetus (lSmg/kg) but diuresis cør¡nenced withi¡ fifteen minutes. In

one hour the urine flow rate reached a narcirm¡n of 0.49m1/min. which was 4.5

times the pre-treatment average. The flow rate remai¡ed at that level for

about 30 mi¡utes and then, over the following 4t hours, gradually returned

to control levels.

The second chlorothiazide injection was twice the dose of the

first (Z6ng/kg) and although the urine flow rate increased more rapidly, the

maxi¡ruun flow rate was only 3.5 times the pre-treatmeht average. Urinary

[t¡"*] was agaia effected by chlorothiazide treatment. Within 45 minutes

of the first injection urinary [t'¡"*] reached a maximun of 79.0IaEq/L

which was 2.6 times the control average. Thereafter the [t{a*] fell slowly

and at the time of the second injection the urinary [ttt*] was stíIL 2.2

times the control level. Following this second chlorothiazide treatment

there was a finther rise in urinary [],la*] and one hour after treatment

the [Na+] had risen to 74.0nEq/L (2.5 times the pre-treatrnent average).

For the rernaining four hours of the experiment, urinary [N"*] rernained

near that 1eve1.

As a result of these changes, N"* excretion rate increased

narkedly after each chlorothiazide treatment. One hour after the first

treatrnent the Na+ excretion rate reached a maximr¡n uùrich was 11.4 times the

pre-treaûnent average. Following the second treatment, Na+ excretion rate

began to rise inrnediately, but it was not trrtil 3L hours after the injection

that the maximun Na* excretion rate was recorded. At that point the

excretion rate was 7.1 times the control average.

The remajning urinary solutes, K*, uric acid and creati¡ine all

shor,r¡ed similar concentration changes. Il general, the concentration of these

solutes was reduced during periods of diuresis, although there was a small

increase in the excretion rate of each solute, with the naximr¡n excretion
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rate coinciding with the rnaximun urine flow. Urine pH was again effected

by the chlorothiazide treatrnent. The pre-treatrnent average for urine

pH was 7.0 but within one hour of the first treatment the pH had reached

8.0. Inrnediately prior to the second treatrnent the pH was 7.4 and it
reached 7.9 hrithin 50 minutes of that treatrnent.and 8.0 three hours after

treaûnent. (See fig. 52).

c. Foetus 3 (I43 days) (appendix table 61)

An initial chlorothiazíde dose of Stng/kg was injected into this

foetus. The urine flow rate began to increase withi¡ 10 minutes of the

injection and a maximr¡n flow rate, which was 5.4 times the pre-treatment

average was recorded 40 minutes after treatrnent. Over the next 80 minutes

the urine flow rate decreased gradually, although at the end of that period

it was still 1.8 times the control flow rate. At that point a second

injection of lSrng/kg of chlorothiazide was given. Agail the flow rate

increased within 10 ninutes and reached a naxirm¡n 40 ninutes after treatment,

but on this occasion the maxirm¡n flow rate was 4.1,times the pre-treaûnent

average. As previously, the Utla*] of foetal uri¡e increased after

chlorothiazide treatment. Following the first injection there was no

increase in [tta+] for 50 ni¡utes, but thereafter it increased slow1y

reaching a maximtun of 81.5 mEq/t (1.5 times the pre-treatment average)

t hour and 40 mi¡rutes after treatment. At the time of the second

chlorothiazide injection, the r.uinary [ttl"*] was still 1.4 times the pre-

treatment average and no further rise was ilduced. The changes in Na+

erccretion rate following chlorothiazíde treatrnent reflected primarily

the changes in urine flow rate. Following each injection the peak i¡ Na+

excretion rate corresponded with the peak in urine flow rate although the

natriuresis persisted longer than the diuresis as a result of the prolonged

changes in urinary [t'{"*].
As previously, the other urinary solutes, K*, uric acid and

creatinine showed simi 1a¡'-.oncentration changes. Followiag the first
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treatment the concentration of these solutes decreased, begimilg at about

the time of naxi¡num diuresis and continuing throughout the experiment.

Nevertheless the excretion rate of each of these solutes did i¡crease

following the chlorothiazide injections. In all cases the naximun

excretion rate corresponded with the peak i¡ uri¡e flow rate although the

excretion rate changes uiere not as great as the diuresis.

The pH of foetal urine rtras once more altered by the chlorothiazide

treatnent. The average pH before treaûnent was 7.0 and apart from a snall

decrease in the 20 ninutes inrnediately after the first injection, the pH

increased steadily reaching a maximt¡n of 8.0, two hours after treatrnent.

At that time the secc¡nd chlorothiazide injection r¡¡as aùninistered but no

additional increase in pH was i¡duced. (See fig. 53).

Only three plasna samples were taken ùrring this experiment and

no significant changes i¡ the cornposition of foetal plasrna were observed.

SI.JI\4\,IARY

In the three foetuses tested, chlorothiazide treatrnent resulted

in an increase in the flow rate and [trla+] of foetal urine. Accordingly

increases in l,la+ excretion rate, of between 6.8 and I7.2 times were

recorded. The largest diuresis and natrir¡resis were seen i¡ the youngest

foetus, but the dose of chlorothiazide used in that foetus was six tirnes

the dose given to the oldest foetus. In all ercperiments, the foetus was

given two different doses of chlorothiazide and overall there was no evidence

of a close-dose-response relationship. In the youngest foetus, doubling

the dose of chlorothiazide did increase the diuresis and natriuresis, but

not twofold; utrile in foetus 129 doubling the dose did not increase the

response at all. It is probable that the lirnited response following the

second chlorothiazide injection in these experirnents was due to the

operation of renal compensatory mechanisrns induced by the water and salt

losses following the first treatrnent. These compensatory rnechanisms would

stilt have been in operation at the time of the second injectiop.
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With respect to age-response relationships,, the large dose of

chlorothiazíde given to the 113 day-old foetus precluded it fron

consideration. Nevertheless, in comparing the effect of comparable doses of

chlorothiazide on the rønaining foetuses, it would appear that there r,\Ias

no age-response correlation. For example, with a chlorothiazide dose of

about l5mg/kg the greatest increase in uri¡e flow occurred with the 129

day-olcl foetus, but with a dose of about sùng/kg the 143 day-old foetus

produced the largest diuresis. It was noticeable that although the

d;ration of the flow rate responses varied, they were particularly short-

lived in the youngest foetus, despite the relatively large doses of chloro-

thiazide aùninistered. This may indicate a greater responsiveness of

older foetuses to chlorothiazide, not in terms of the magnitude of the diuresis

induced, but in terms of its ú¡ration. Inconsistencies in dose-response and

age-response relationships similar to those seen between chlorothiazíde

treatment and the diuretic response hrere seen again when the natriuretic

rèsponses were considered. As mentioned, chlorothiazide invariably stimulated

an ilcrease in r-rinary U'¡a*] and Na+ excretion rate but little else can be

said.

In contrast to the changes in urinary [th*] none of the foetuses

showed an increase in uriaary [K+] following treatment. The [K*] either

remained unchanged or decreased ölring the period of increased urine flow.

However, a snall nett increase i¡ K+ erccretion rate was observed after each

chlorothiazide iajection. The concentration a¡rd excretion rate of uric

acid a¡rd creatinine followed similar patterns to that of K+. A rnore

positive response was Seen for uri¡alY PH, where in all experiments, the

pH increased significantly following chlorothiazíde treatment.

5.3.5 Amiloride Hydrochloride (Midamor - Merck Sharp and

Dohme)( N - anidino - 3,5 - diamino - 6 - chloropyrazine

carboxamide hydrochlor ide)

Three foetuses of approximately the same age (135 - 139 days) were

treated with amiloride hydrochloride. In two of the three experiments the

urinary concentrations of uric acid and creatinjne r{¡ere not measured,
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however i:r the experinrent where these parameters were measured they were

unaffected by arniloride hydrochloride treatrnent.

a. Foetus 3 (135 days) (appendix table 62)

This foeûrs received 2.tng/kg of amiloride hydrochloride, infused

over a five ninute period. Within a t hor-u' of treatment the uri¡e flow

rate began to rise and about one hour after treatment it reached a

malcimun of 1.55 ml/mi¡. This naxirm¡n was 1.5 tfunes the average pre-

treatrnent flow rate. After reaching this peak the flow rate returned to

control values within 50 ninutes and no further i¡crease occurred during the

remaining three hours of the experiment. The [t'¡"*] of foetal urine began

to rise i¡nnediately after the aniloride hydrochloride treaûnent and it

reached a naxirm¡n which was 1.5 times the pre-treatment average for [N"*].

The peak in [t'¡"*] coincided with the period of naximr¡n diuresis and the nett

result was a twofold i¡crease in Ì'la+ excretion rate. Despite the i¡crease

in urinary [t¡"*] there was no increase in urinary [K+] following aniloride

hydrochloride treatrnent. There was, however, a brief kaliuresis correspond-

ing to the rise in urine flow rate. The maximtrn K+ excretion rate was 1.5

times the control average. Finally the pH of foetal trrine was r-maffected

by arniloride hydrochloride treatrnent. (See fig. 54).

b. Foetus 273 (157 days) (appendix table 65)

The dose of amiloride hydrochloride i¡firsed into this foetus was

again Z.ùng/kg and the marcimtrn flow rate of foetal urine (0.86m1/nin.)

was recorded within 30 ninr¡tes of treatrnent. This rnaxirm.un flow rate was

1.9 tirnes the pre-treatment average. A¡niloride hydrochloride treatment

again induced an i¡crease in the [tla+] of foetal urine and the [Na+] rose

to a maximtm of 43.5 nEq/L, which was 1.7 times the average pre-treatment

concentration. This rise occurred over three hours, although near naxim.rn

levels v¡ere reached within tr,o hours of treatrnent. The nett result of these

changes was a natrirresis rr¡trich reached a peak within' one hour of treat-

ment and during which the-Na+ excretion rate itcreased 2.9 times. Si¡rce

the [tta+] of foetal uri¡e did not return to control levels as quickly as
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flow rate, the natriuresis persisted for approximateLy 4 hours.

In contrast to the rise in [trta+]; the [K*] of foetal urine decreased by 53*o

followi¡rg the amiloride hydrochloride inft¡sion. The fall in urinary [K+]

did not conmence urtil a t hour aÍter treaünent a¡rd since urine flow rate

i¡creased duing the first L hour af.ter treatnent, there was a brief

kaliuresis. Fol1-owing the kaliuresis, K+ excretion rate fel1 sharply tntil

at the end of the experiment it was only 18% of the pre-treatrnent average.

During the first two hours of the post-treaûnent period, the pH of foetal

urine increased frcrn a control average of 6.9 to a malcimr.rn of 7.2. There-

after the pH declined toward control levels. (See fig. 55).

With respect to foetal plasrna ccrnposition, it may be significant that

the plasna sarnples taken after treaûnent showed a progressive decrease i¡

tNa.] a¡rd a progressive increase in [r+].

c. Foetus 3 (139 days) (appendix table 64)

In this experiment the foetus received a dose of S.8ng/kg of

amiloride hydrochloride (this foetus was treated with Z.tng/kg i¡ the

first experirnent of this series). . Following treatme,nt, the outpmt of

foetal urine reached a rnorirm¡n of 0.87n1/nin. after one hour aîd 20 mínutes.

This naximr¡n was 2.9 times the pre-treaûnent average and when ccmpared with

the increase obtai¡ed in the first experiment using this foetus, it zuggests

that a larger dose of amiloride hydrochloride induces a greater response.

However, although the i¡crease in uri¡e flow rate, relative to the pre-

treatment average, was greater in this experiment, the maximtun flow rate

achieved was 1ower. Ihis dichotony reflects the fact that the average pre-

treaûnent flow rate i¡ this experiment was about I/3 of that i¡ the previous

experiment irrvolviag foetus 5.

With respect to urinary [tla*], the larger dose of amiloride

hydrochloride did not induce a larger rise. The mæ<imun [tl"*] achieved

following treatment was only 1.1 times the pre-treaünent average and even

this sna1l rise was short-1ived. Accordingly, natriuresis occurred

followilg treaûnent, but'it appeared to be largely related to the rise i¡

urine flow. Tlrere was no significant change i¡ the [K*] of foetal urine but
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there was a snall transisrt increase in K+ excretion rate which paralleled

the flow rate change. Fínally the pH of foetal trine decreased after the

first 20 ninutes of the post-treatrnent period. The pre-treatrnent average

for urinary pH was 7.7, yet lL hours after the aniloride hydrochloride

infusion the pH was 7.2. (See fig. 5ó).

SIJNß4ARY

In all three experimørts, amiloride hydrochloride treatment

induced-diuresis, with the urine flow rate increasing between 1.5 and 2.9

times. The speed of onset and the dr¡ration of the diuretic responses

was variable, despite the similar ages of the foetuses treated. I\4axirlrnn

urine flow rates were recorded between 30 and 90 ninutes after treatment

and the elevated flow rates persisted for L to 2 hours. Aniloride hydro-

chloride also induced natriuretic responses, although the increases in urinary

[lrb*] were not as great as the rises in urine flow rate. With the exception

of foetus three, at 139 days of age, the elevated [¡¡"*] persisted longer tJran

the diuresis and accordingly the natriuretic response was prolonged.

fhe [x+¡ of foetal urine was either uraffected or decreased by

amiloride hydrochloride treaûnent. In the two experiments using foetus

three the [f+] was essentially rnchanged but snall transiqrt increases i¡

K+ excretion rate occurred durilg periods of diuresis. In foetus 273 tlne

rnirrary [X+] decreased and apart from a short initial increase, the K+

excretion rate fell to a fraction of the pre-treatrnent level. No consistent

effect of amiloride hydrochloride on urinary pH was observed.

Since the foetuses used in these experiments ütere all of a similar

age, no i¡ferences can be drawn regarding age-response relationships.

However with respect to dose-response relationships, it is apparent that

the 75% increase in the dose of aniloride hydrochloride used for the

second experiment with foetus 3, did not produce a comparable increase in

the diuretic and natriuretic responses i¡duced by the drug.
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5.3. 6 Mersalyl (Evans)

Mersalyl is an organic-mercurial diuretic that is laror,'¡n to

occasionally produce a f.atal reaction following intra-venous aùni¡istraticn.

Death is thought to be caused by a rapid decrease i¡ blood pressure and

cardiac output as a result of ventricular fibrillation. To avoid such

reactions it is reconunended that the drug be aôninistered slowly. The

reccxnnended paediatric dose for mersalyl is l-Srng/kg. In view of these

facts it was decided to test the responsiveness of the foetal ki&rey to

organic-mercurial diuretics by infusing a dose of 100 pg/kg of nersalyl

over a 60 rni¡ute. period. In the first experiment, foetus 254 (LZS ðays

old) was infused, but after 35 ninutes, foetal urine output ceased and

foetal MAP dropped sharply. To this point I05 ,tÆ of nersalyl had been

injected. An autopsy r,úas perforned and foetal death was confirmed;

however, no abnormalities hrere revealed which could have been resporrsible

for the death of the foetus. Accordi¡gly, it was assuned that rnersalyl

had killed the foetus.

Subsequently a second atternpt was rnade to treat a foetus with

rnersalyl. In view of the prwious experience, an older foetus (foetus

223, 14l days old), was chosst and a dose of L}¡tg/kg was to be i¡fused

over one hour. However, again the foetus died before the infusion was

conpleted a¡rd at the estinated time of death only 27 ltg of mersalyl had been

i¡rfused. As a result of these deaths it was concluded that foetal sheep

are particularly susceptible to the toxic effects of organic-mercurial

diuetics and no further experiments were carried out usìng rnersalyl.

5.4 ExperimentaT lûanipuTation of FoetaT GER

In section 4.9 results were presented showing the GFR of normal

untreated foetr¡ses at various stages of gestation. The GFR was

estimated by calculatiag endogenous creatinire clearance and by rneasuring

the clearance of i"rufin l4C. For the experiments described i¡ this

section the same techniques were used to esti¡nate GFR before and during
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various eÐ(perimental treatnents.

A total of six experiments were carried out using foetuses aged

between 128 and 146 days. In two of these experiments drugs were used to

alter vascular resistance in the foetal ki&rey and to assess its effect

on foetal GFR. In the third experiment an atterirpt was nade to examine

the effect oirGFR of reduced hydrostatic pressure in the foetal glcrnerular

capillaries. In the rør;aining experiments, foetuses were treated with

diuretic drugs to exanine GFR during drug-induced diuresis. The drugs

used were furossnide, soditun ethacrynate and amiloride hydrochloride which

were chosen because, as deternined in the preceding section, they represent

the extremes of diuretic potenry i¡ foetal sheep.

5.4.1 Renal Vascular Resistance and GFR

To increase renal vascular resistance, adrenali¡ tartrate htas

infused i¡to the foetal sheep. In nan it has been established that even

1ow doses of adrenalin, which have litt1e effect on lvfAP, produce a

substantial i¡rcrease in renal vascular resistance and a corresponding

reduction i¡ renal blood flow (Srnythe et al L952; Gombos et al L96Z).

In the present experiments the adrenali¡ infusions resulted i¡ increased

foetal lr{AP. These pressure changes were rnc¡nitored to assess the foetal

Tesponse to adrenalin and thus to indirectly assess the changes in renal

vascular resistance. It is asst¡ned that foetal lvfAP and renal vascular

resistance are correlated i¡ the hpertensive state induced by adrenalin.

a. Foetus 3 (130 days)

Inulin l4C r", injected into the femoral vein of this foetus a¡rd

at regular i¡tervals, beginning 3L hours after the inulil injecticur, 30

minute uri¡e fractions were collected and blood samples were takqr at the

mid-point of each urine collection. Ihe activity of these samples was

measured, and a¡r aliquot of each was analysed to determinè the concentration

of Na+, K+, creati¡i¡e anð uric acid. Thus it was possible to calculate
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the clearance rate of i¡ulin 14C plt'r, the clearance rates of endogenous

creati¡ine, uric acid, Na* and K+.

In this experiment, no treatrnent was applied during the first two

collection periods. The IvIAP of the foetus during these periods, varied

between 58.5 and 61nrn Hg. Throughout the third and fourth collection

periods, adrenali¡ tartrate was infused (0.04mg/ni¡.) and the MAP was

between 79 and 82nrn Hg and 81 and 84nrn Hg respecitvely. It can be seen

in table ltr that the increase i¡ MAP and presr-unably vascular resistance was

associated with a substantial reduction in GFR.

Despite the relatively r.miform lvlAP during the control period, the

GFR during the second collection period was twice that of the first

collection period and similar differences were seen for the clearance values

of all-other solutes. A1so, during the third and fourth collection periods,

where adrenalin was i¡fused, there was a narginally higher MAP in the fourth

period but the GFR in that period was higher than durjng the third

collection period.. lVhen however, the control and treatnent values were

averaged and compared, it was seen that a 36% increase i¡ the MAP of the

foetus was associated with an 86% redr¡ction in GFR. A1so, following this

increase in MAP, the clearance rates of endogenor¡s creati¡ine, uric acid,

Na+ and K+ were reù¡ced by 83%r 77eor 77eo aîd 85% respedtively.

b. Foetus 274 (130 daYs)

In this experiment three control collections were made after

the inulin tOa tjection and before any further treatment was applied.

However, during the fourth collection period the MAP and renal vascular

resistance was i¡creased by infusing adrenalin tartrate (0.05ng/min.).

Before the adrenalin infusion, the MAP of the foetus varied between

51.5 and 54.0nm Hg but during the'adrenali¡ infusion the MAP was between

75.0 arrd 810nrn Hg. It can be seen in table LZ tlwlu again the rise in

foetal blood pressure and renal vascular resistance was associated witlt
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a substantial decrease in GFR. This fall i¡ GFR resulted i¡ a decreased

urine output and a reduction in the rate of clearance of all the urinary

solutes analysed. If, as in the previous experiment, the control clearances

are averaged and cqnpared with the clearance rates which occurred during

the adrenalin treatnent, we find tløt a 48% jncr'ease in lvfAP was associated

with a 92% dærease in GFR. Also, af.ter the increase in MAP and renal

vascular resistance, the clearance rates of creatinine, uric acid,
t¿

Na' and K- were reduced by 94%, gZ%, 96% and 96% respectively. The

relationship between foetal blood pressure, GFR and urine flow rate which

ü¡as revealed in the present experiments, has also been observed in a

study by Daniel et aI (1975). These workers increased foetal blood'-presswe

by partially occluding the r¡nbilicaI cord and fourd that a rest1-tant 29%

jncrease in blood pressure h/as associated with an 86% reduction in urine

flow rate and a 74% decrease in GFR.

c. Foetus 3 (L32 days)

In this experimørt the aim was to assess the effect on foetal kid-

ney finction of reducing the blood pressure in the glønerular capillaries.

It rr¡as i¡tended to achieve this by reú.rcing systernic blood prêssurê;

Since the bleeding of foetal sheep has been shown to produce only a

trarrsient redr¡ction of blood pressure (see section 5 .T.Z) a¡rd since

haernorrhage r^,ould distort the physiology of the foetus, an attempt was rnade

to reduce foetal blood pressure using aldomet (rnethyldopate HCl -

Merck Sharp and Dohme). Aldornet was chosen because the hpotension it

induces does not involve any najor reduction of renal blood flow

(Goldberg et al 1960; Onesti et al 1962). Accordjngly it was intended

that the effect of reduced hydrostatic pressure in the glone::ular capillaries

could be separated from effects caused by changes i¡ renal blood flow.

In adult humans, doses of r¡p to Zgm of aldomet are given by intravenous

injection to produce a reduction i¡ blood pressure. However, in the present

experiment doses of 100rng, 30ùng and 600rng were tried over a period of 6



'I^BtÆ r2.:

TIME AF'TER
INULIN
INJECTION

(l{ours)

3\- 4

5 -s,
7 -7tt

URINE
FI¡I1I
(nr/
nin)

FOlil^t Rll,lAL Cl,l)\llAÌ,lCIiS Al''¡D URINE FLOI{ RI\'IE IN RIil/\T'ION lO l,l.A.I

Folrlus 274 (130 D^YS)

CLI}\RAT¡CE

T,IAP

(n¡nlJe)

llr
INULIN C

(cFR)

(mllrnin)

Cr UA Na+ TRFA]l,tlrNTK+

s1.5-s4

sl .5- 54

s1.5-s4

0.33

0.27

0.18

3.69

4.39

3.16

3.03

3. 59

2.58

0.s4

0..24

0.18

0.042t

0.0327

0.024L

0. s3

0.49

0.43

gt¿-g 75-81 0.01 0.26 0.18 0.02 0.0013 0.02 AdrcnaLin
infusion
(0.0s
nglmin)

( See text pages 141 e L42 )



143

hours, but all failed to significantly reduce foetal blood pressure.

Throughout the erperiment, ólring both control and treaünent periods, the

I'IAP of the foetus remaixed between 54 anil 58 nun Hg. Table 13 shows the

results obtai¡ed follov.ring 300mg and 600rng doses of aldcrnet, cønpareo with

control results. It is difficult to interpret these results since although

the IvIAP was wraffected by the aldonet injections the GFR did change in ãn

erratic Íìanner. Although creatinine clearance folLowed a sinilar pattern of

change to GFR the changes were not as greatrwhile uric acid cleàrance, r¡nlike-

both GFR and creati¡ine clearance, decreased following the final dose of

aldornet. This divergence between, uric acid clearance and GFR is not

consistent with the other similar experiments. No elçlanation for the

observed changes in GFR can be offered on the basis of the results obtained

in this experiment.

5.4.2 Foetal GFR during Diuresis

Three .experiments were carried out i¡ this series all using

foetus 274.

Foetus 274 (139 days)a

In this experiment a set of control samples was collected 5L

hours after the inulin injection. Then O.9rng/kg of soditm ethacrynate r^ras

injected into the foetus and a second set of sanples was collected during.

the period of naxirm¡n urine flow. At the time of the second urine

collection the flow rate was 1.9n1/ni¡. compared with 0.5rn1Ánin. during

the control collection. The GFR was also greater during the second collection

period although the i¡crease i¡ GFR was only 60% cornpared with a 309% rise

i¡ uri¡e flow rate. This índicates that a rise in GFR did contribute

to the diuretic response j¡duced by sodirln ethacrynate, but only in part

(about 20%). Presuunably the effect of sodir¡n ethacrynate on the tubular

reabsorption of water, accormts for the renaj¡ing increase ìn urine flow

rate.

The clearance rate of all of the urine solutes analysed, increased

following the sodir¡n ethacrynate injection (see table 14). The percentage
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increases were as follows; creatinine 53%, uric acid 156?, N.* 

'T663%

and K+ 170e". It is apparent that the rise in GFR would account for the total

rise in creatini¡e clearance (as expected), about L of the rise in uric

acid clearance, about I/3 o1. the rise in K+ clearance but only a snall

fraction of the rise in Na+ clearance. This confirms that sodiun ethacrfnate

has a substantial effect on the exchange of Na+ in the renal tubules.

b. Foetus 274 (143 davs)

On this occasion trr,o sets of control sarnples were collected and

then furosemide (l.8mg/kg) was injected into the foetus. Duriag the

resultant diuresis two further sets of samples r,\rere obtained; the first
when the urine flow rate was 4.3 times the pre-treatnent aúerage and the

second when it was 1.4 times the pre-treatment average. It can be seen in

table.l5 that despite scme variation between the two control values for GFR

there l,'las a substantial i¡crease in GFR in the first collection period

following the furossnide treaûnent. Drring that period the GFR was 77%

greater than the control average, r,vhile the urine flow rate was 325%

gr:eater than its pre-treatnent average. Also the clearance rate of each

urile solute was again increased during the diuresis and the percentage

increases, co¡qpared udth the average control clearances, were as follows;

creatinine 88%, uric acid 94%, Na+ 1164"4 and K+ ZIZ%.

D¡ring the second collection period after treatment, the GFR was

47% greater than the control average r,.ñile the urine flow rate was 40%

above the control level. It is apparent that the readjustrnent following the

diuretic treatrnent was more rapid for flow rate than for GFR. This irnplies

that the effect of furosemide on the activity of the renal tubules is more

transient than its effect on glomerular filtration. Finally, in this fourth

collection period, the clearance rates of the urine solutes hrere, !\¡ith the

exception of uric acid clearance, still above their coxtrol averages.

The clearance rates of creatinine, l.la+ and K+ were 28%, 400% anð. 62%

greater than their respective pre-treatment averages and as with flow rate,

it is apparenf, that the solute clearance rates have decreased more rapidly
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than GFR.

c. Foetus 274 (146 davs)

The experimental protocol of the precedilg experiment was

chrplicated in this experiment. T\¡o control collections of foetal plasma

and urine were rnade and then aniloride hydrochloride (4.âng/kg) was injected

i¡to the foetr¡s. However, despite the fact that this dose of aniloride

hydrochloride had previously i¡duced a diuretic response, on this occasion

there was about a 50eo reduction in urine flow rate. The urine flow rate

during the control period was particularly high for a foetus of this age

(pre-treatnent average 1.45rn1/nin.). In such circunstances it would not

have been surprisilg if amiloride hydrochloride, which has lirnited potency

in foetal sheep, had not produced an additional rise in uri¡e flow.

However, it is difficult to understand uhy amiloride hydrochloride treatnent

would be followed by a faLL in urine flow rate; unless the initial

atypicáIflow rates rá¡ere il the process of being reó"rced by other physio-

logical rnechanisms that could not be over-ridden by the relatively nild

effect of amiloride hydrochloride. Whatever the reason for its occurrence'

this abnormal response prevented the fulfillnent of the objective of the

experimørt. Ibvertheless it is interesting that coi¡cident with the de-

crease il uri¡re flow rate was a decrease irr GFR of approxfunately the same

magnitude (See table 16).

5.5 FoetaL kidneg response to hormone administtation

A total of 19 experiments were carried out in which a variety of

hormones were administered to foetal sheep to assess the effects on

kidney fi:nction. In all experiments urire was collected contirtuously,

usually in 30 or 15 minute fractions. A lirnited m.unber of blood samples

were obtained in rnost experiments and close attention was paid to haernato-

crit changes to avoid excessive bleeding. All urine and plasma sanples

were analysed for Na*, K*, uric acid and creatinine concentration while

urinary flow rate and pH were also determined. The excretion rates of the

various uri¡e solutes were calculated from the results for each set of

samples.
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To simplify the presentation of ðata, the individual results

for those experiments in which the treaûnent did not induce a response

are presented in the appendix and not in the text. A1so, in those experi-

ments where a response r^ras induced, only those pararneters effected will be

shown in graphs or tables.

5.5.I Cortisol

Four cortisol infusion experiments u/ere carried out on 3

foetuses

a. Foetus 66-440 (133 days) (appendix table 65)

hr this experiment 700 gg of cortisol was infused over 5

hours (52 Ug/kg/hr.) following a 2 hour control period. It can be seen

in figure 57 that the uri¡ary concentration of Na+ and K+ i¡creased

drring the first lt hours of the infusion, reaching levels nearly double

the pre-treatment concentrations. Urjne flow rate i¡creased slightly ú:r-

ing this period but the significance of that change is doubtful as there

was scme i¡crease il urine flow prior to treatrnent. Within 2t hours of

conrnencilg the cortisol infusions, the electrolyte concentrations had

returned to control levels. Electrolyte excretion rates reflected changes

in urinary electrolyte concentration. Of the other urinary solutes,

creati¡i¡re increased i¡ concentration duri¡g the same period as the

electrolytes, but uric acid concentration a¡rd urinary pH were r.rraltered.

With respect to the plasma electrolytes, there was some i¡dication

that plasna [¡¡"*] and plasna [K+] were reduced by the increased excreticn

of electrolytes. Plagna ¡f+] was particularly effected, but control

levels hlere re-established by the end of the treatrnent period.

b. Foetus 66-440 (137 davs) (appendix table 66)

In this experiment 240 pg of cortisol was infused over 4 hours

(Za þg/kg/hr). Again, the urinary concentration of Na+ and K+ was affected.

In the first 1t hours of the infusion period [K+] increased by about 70%

ccrnpared with its pre-treaûnent average, while [¡¡t*] showed a similar
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increase in the first three hours of infusion, fhe [X+] declined

during the remai¡der of the experiment as did [¡¡"*], but the [Na+] was

still elevated at the end of the experirnent. The uric acid and creatinine

ccncentraticns of foetal urine also increased dgring the first 2 hours of

infusion, r¿hile urinary pH showed changed that closeLy paraLleled the

changes in uric acid cqncentration. Urine flow rate, although erratic, did

show an overall increase during the treatrnent period and changes in

electrolyte excretion rate, generally paralleled the changes in urinary

electrolyte concentration. (See fig. 58).

Plasrna [l.la*] fell slightly during the cortisol i¡fusion possibly

due to the increased loss of Na+ in the urine.

c. Foetus 220 (I45 days) (appendix table 67)

This foetus received the same dose of cortisol as the preceding

foetus Qa\ pg in 4 hours; 2Q pg/kg/hr.) and despite the difference

in age, the changes in the [tta+] and [f+] of uri¡re were similar. Again

[K+] rose steadily, reaching a marcirm¡n concentration twice that of the

pre-treaünent average after about 3t hours of cortisol infusion. The

[tl"*] of foetal uri¡e also i¡creased and conti¡ued to increase t¡ntil the

end of the experiment, by which tirne it lvas more than double the pre-

treatment avelage. Urine flow rate decreased ùrring the cortisol

treatnent and consequently the electrolyte excretion rates, which had

begr.rr to rise early in the treatment period, also declined. The remaining

urinary solutes; creatini¡e and uric acid, showed irregular increases in

concentration during treaünent and both reached concentrations which were

about twice their pre-treatment averages. (See fig. 59).

In this experiment the changes i¡ the concentration of the plasna

solutes were not consistent with those in the preceding experiments. Both
II

[Na-] and [K-] increased slightly following cortisol treaûnent, while in

contrast, creatiline concentration decreased.
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d. Foetus 157 (148 days) (appendix table 68)

This foetus u¡as near term and its urinary [l.la*], before treaûnent,

ï¡as exceptionally high. this nay have contributed to the unique response

of the foetus. It can be seen in figure 60 that a sharp decrease in

urinary [w"*] and a lesser decrease in urinary [K+] occurred withi¡ I

hour of conrnencing treatrnent (20 pg/kg/hr. for 6 hours). However, about

3 hours after the infusion began, the concentration of both electrolytes

increased, with [K+] stabilising at values slightly above the pre-

treatment average and [tta+] still below its pre-treâtrnent âv€râg€r

Generally, after the decline in urinary electrolyte concentration duri¡g the

first hor:r of treatnent, the changes in [ttla*] and [f+] were similar to those

observed in foetus 220. The concentration of uric acid and creatinine

i¡ foetal urine showed pa.tterns of change similar to those of [f+].

In the plasna, there was a general increase i¡ [¡,la+] and [f+]

as the experirnent proceeded. But the fact that this trend was apparent irt

2 strccessive ccntrol sanples suggests that it was independent of the

cortisol treatnent.

In sunnary, it is evident that irr 3 of the 4 experirnents carried

out, most of the urinary solutes analysed increased in concentration

following cortisol treaünent. This was especially true of urinary Na+ and

K+ and of these, the most prolonged effect was on urinary [ttt*]. These

changes usually began withi¡ an hour of conrnencilg treaünent and i¡ the case

of [f+] reached a peak 3 to 4 hours after beginning treatment. Sodir.un

concentration took longer to reach a peak and declined more slowly. The

magnitude of the electrolyte increases compared with the control levels,

were 70 - 100% for both Na+ and K+. There \4las no reliable indication of

age or dose-dependence i¡ the responses observed.

The changes in plasna electrolyte concentration were even less

consistent than those for-urine and no generalisations could be made.

In the fi¡al experiment of this series, using a near-term foett¡s (157), the
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urinary solutes i¡creased in concentration only after an initial decrease

during the first L hour of treatrnent. This unique response may have

been related to the relatively high concentraticn of urinary solutes

present during the control period.

5.5.2 Aldosterone

Tt,¡o aldosterone experiments were carried out.

a. Foetus 223 Í27 davs) (appendix table 69)

In this experiment 6?.5 yg of aldosterone was i¡fused over 2\

hours (130 lg/kgftrc.) (see fig. 61). The most important result was the

decrease in urinary [t{"*] ( 50%) which occurred during the first 2 hours

of the aldosterone i¡fusion. This was followed by a sudden return to pre-

tïeaûnent Na+ levels in the last t hour of the infusion and these levels

were maintained for the rest of the experiment. Erratic ctranges i¡ urine

flow rate obscured trends i¡r Na+ excretion rate. Frcrn about 2 hours aftet

the corrnencement of the infusion, there was a gradual increase in urinary

¡r+1 ana K+ excretion rate.

The concentraticn of the other r.rrilary solutes, creatinine and

r¡ric acid, fell during the infusion period to levels which were about

50% of their pre-treaûnent levels. However, the control levels were

re-established 2 hcurs after ccmpletion of the aldosterone i¡fusion. Urine

flow rate was variable, as usual, ffid it was impossible to infer any

hormonal influence on urine flow rate or on the excretion rates derived

frsn it. Similarly, there hrere no significant changes in the concentration

of the plasna solutes.

b. Foetus 220 (128 days) (appendix table 70)

In,rt[is experiment the infusion rate was 460 Vg/kg/ht. for 3t

hours (see fig . 62). Uri¡re flow rate, which was surprisingly uriform

before treatrnent, declined during the i:rfusion period and continued to

fall after the infusion was completed.. Urilary [¡¡a*] and Na+ excretion
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rate also decreased but notr.¡ntil about 2 hours after the i¡fusion

ccnrnenced and the former returned to pre-treatrnent levels within I hour

of ccrnpleting the infusion. Potassir¡n concentration began to rise rnihen

[N"*] fell and the rise in ¡r+1 ana K+ excretion rate conrinued r¡rtil the

last hour of the oçeriment. The significance of the changes in [tl"*] an,J

Na+ excretion rate is clouded by the fact that there was a downward trend i¡
urinary [lVa*] durilg the control period and this was reflected in the Na+

excretion rate changes prior to treaûnent. In fact, however, after the first
30 rninutes of the control period the pre-treaünent Na+ leveLs were relatively

stable. In the case of urinary [K+] and K+ excretion rate no such complica-

tion exists, for it appears that the hormone treatment has reversed lhe pre-

treaûnent trends displayed by these paraneters. In view of the probable

existence of a Na+ - K+ exchange mechanism in the foetal nephron, the K+

changes render the obseryed Na+ changes more significant.

The concent¡ations of the remaiaing uriaary solutes showed no

significant changes, hor^rever uri¡e pH decreased during treatnent.

Four plasma sarnples were taken during this experiment a¡rd the

[tt"*] in the 2 collected after cønmenciag the aldosterone treatnent was

lower than in the control plasmas. No reliable trends were evident for
the concentrations of the remaining plasma solutes.

The results f¡orn these 2 experiments give some indication of an

aldosterone i¡fluence on r:ri¡e fonnation. In the first experiment the [t¡"*]
results i¡dicate that aldosterone caused Na+ retention. The return to pre-

treatnent levels durilg the latter part of the i¡rfusion rnay reflect the

intervention of other mechanisms which ccmpensate for the continued

aÀninistration of aldosterone. In the second experiment there r/Jas a

decrease in both the [wa+] of foetal urine and Na+ excretion rate.

The increase j:r urinary [K+] in both experiments was possibly due to Na+ -
+

K exchange in the renal tubules. Finally the urinary pH changes in both

experiments, but particularly i¡ the second, were consistent with increased

Na* - H+ exchange in the nephron.
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5.5.3 Progestins

a Foetus 275 (111 davs) (appendix table 71)

Because of the difficulty of solubilising progesterone, this

hormone was not jnfused. Instead, 5ng of progesterone dissolved in 0'1ml

of ethanol was injected every L hour and flushed in with 0'5n1 of salj¡e'

In the control period 0.1m1 of plain ethanol was injected every t hour

a¡d washed in with 0.5m1 of saline.

During the progesterone treatrnent, the plasna progesterone

concentration of the foetus i¡creased frcrn a pre-treament average of

4.Sng/nL (n = 3) to a ma¡cimr.rn of 8.0ng/n1. Similarly the concentration

of L7 cr FIP increased frcm a control average of 0. 7ng/nl (n = 3) to a

mæcimun of 1.9ng/m1. Despite these increases irr the level of plasma

progestins there w¿IS no evidence of any changes in uri¡e ccmposition that

could be related to the hormone treatrnent. urine flow rate and [l(+]

did decrease during the treatrnent period but these changes began before

the progesterone was ailministered.

Foetus 275 (116 davs) (appendix table 72)b.

In this experiment &ng of 17 ocHP was injected (as above) every

t hour for 5 hours followirrg a 3t hour control period (total dose 40mg).

Drring treatnent the plasrna concentration of L7 æ ÍIP increased frcm 0 ' 3

to 0.5ng/m1 although progesterone concentration did not jncrease' The

plasrna 1evel of Z}oc HP was variable but did show an overall i¡crease'

Neither the individual injections of 17æ HP, nor the cr¡nulative

effect of the total 4ùng of hormone produced a significa¡rt alteration of

the concentration of arry urinary or plasrna solute'

In sr¡nnary, although the ntunber of experiments caTried out using

progestins is small, it does appear that at the doses used, progestins have

no direct effect on foetal kidney function in foetuses aged between 110

and 115 days.

5.5.4 Dexamethasone sodir¡n Phosphate (Decasone - ciba)
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a. Foetus 220 (I33 days) (appendix tab'Le 73)

IÞxa¡nethasone is a synthetic adreno-cortical steroid which i¡ adult

animals has a gluco-corticoid effect and a low mineralo-corticoid effect. In

this experiment, Smg of dexamethasone was infused over ?4houts (0.ang/kg/hr.)

(see fig. 63). It should be noted that the dose of dexarnethasone used i¡

this and the following e>iperiment was very Large, since each represents a

glucocorticoid potency that is approximately 1000 times that of the cortisoL

used in the preceding experiments. Although such doses are wrphysiological-

in the foetal lanb, they were chosen in an attempt to ensure that ACTH

secretion by the foetal pituitary would be i¡rhibited and the secretion of

endogenous ni¡eralo-corticoids minimised.

Drring the i¡fusion period, there was a sna11 increase in K+

excretion rate, but a more significant increase occurred in the 1t hours aftet

the i¡ñsion ceased. In hr¡nans, the duration of dexamethasone activity has

been shorun to be at least 4 hours so it is 1ike1y that dexarnethasone was

responsible for the obsewed ilcrease i¡ K+ excretion. Urinary [t'¡"*] showed

a similar pattern to K+ excretion rate since little change occrrrred during

treatment but [t¡r*] i¡creased 1% times i¡ the 90 ni¡utes inrnediately after

the i¡fusion. Or¡er the next hour control levels were re-establishecl. Sodium

excretion rate began to i¡crease toward the end of the i¡fusion period and

continued to rise r¡rtil 1L hours after the jnfusion, at which poiat it was 4

times the pre-treatment average. Ttre flow rate of foetal urine increased

during the last hour of the infusion period reaching a naxirm-rn u¡hich was about

S times the average pre-treatnent flow rate. Inunediately after the infi¡sion

period, flow rate began to fa1l and control values were re-established by the

end of the experiment. The concentration of the urinary solutes, other than

electrolytes, showed no reliable trends.
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Despite rhe observed changes in K+ excretion rate; the plasrna

concentration of K+ (and t'ta+) i¡creased throughout the experiment' In

contrast, the concentrations of plasrna creatinine and uric acid fell during

nost of the exPerinent.

b. Foetus 242 (I}L ðavs) (appendix table 74)

on this occasion, a priming dose of Sng (3rng/kg) of dexamethasone

was injecteo and a¡r additional 5ng was infr:sed over 2 hours (0'Sng/kg/hr')'

The response obtained was similar to that obsen¡ed in the preceding elçeri-

ment (see fig. 64). Agai¡ there was an increase in urine flow rate,

particularly during the last 90 ninutes of the infusion period' Hence the

response occurred in a similar mar¡ner to that seen i¡ the preceding experi-

nent although the rnagnitude and duration of the flow rate increase was

greater on this occasion, possibly due to the priming dose. Ttre [t'¡t*] and the

¡f+1 of foetal urine increased followi,1g the i¡fusion period and substantial

increases in the rate of exsretion of these electrolytes I'tlas again obsen¡ed'

In fact the sixfold increase i¡ urine f10vr rate contributed to increases in

the excretion rate of all the urinary solutes analysed.

The changes i¡ plasma cørposition in this experiment did not

correspond as closely with the preceding experiment as did the r'riJlary

changes. The [Na*] of plasma i¡creased, but [K*], uric acid

concentration and creatinine concentration declined overall. These changes

in plasma solute concentration may have been related to the large i¡rcrease

i¡ excretion rates. Also the rise :n [Na+] may have been due to a maternal

contribution of Na* to the foetus in response to the initial decli¡e in

foetal plasma [¡¡a*].

5.5.5 Metyrapone (Metyrapone Ditartrate - Ciba)

a. Foetus 188 t124 oavs) (appendix table 75)

Metyrapone is an adreno-corticostatic agent that i¡hibits the

synthesis of cortisol, corticosterone and aldosterone by blocking

L1ß --hydroxylase activity in the adrenal cortex of adults. The effect
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of this hormone in foetuses i5 of particular interest because of the

conflictjng opinions concerniag the activity of L7æar:.d 11.ß hydrorylases 
.

j¡ foetal adrenals. It has been demonstrated in htunans, that 1.0 to 2.09n

of netyrapone ditartrate i¡fused over 4 hours produces its malcimun

effect withi¡ 8 hours of conrnenciag the i¡fusion. So in this experiment

44mg of metyrapone Qang/kÐ was injected intravenously as a prirnhg

dose then an additional 352mg infused over the following 8 hours

eang/kg/hr.). One gn. of metrapone ditartrate aôninistered i¡travenously

correspond.s to 0.44gm of netyrapone base and the doses quoted for this and

the next experiment are in terms of rnetyrapone base.

The rezults of this experiment are shora¡n in figure 65. It can

be seen that although uríne flow rate and urine [tt¡t*] showed some

variation duriag the control period, there hlas a defi¡ite decline in both

of these parameters during the netyrapone i¡fusion. For the 5 urine

samples collected inrnediately prior to ccrmnencing the iffusion, the average

urine flow rate was 1.69n1Énin.,'while for the last 5 sarnples of the

infusion period the average uras 0.71n1/ni¡r. The correspondiag averages

for [Na+] in these sets of samples were 50. Z anð,31.9 nEq/L. There was

no reliable trend in urinary [K+] nor i¡r the concentrations of creatinine

and uric acid.. Sodiun excretion rate fe1l by about 80% ùrrilg the infusion

period due to the decli¡e in flow rate and rrrilary [t¡t*], utrile potassium

excretion rate fe11 to a lesser extent å¡e nainly to the flow rate changes.

Urine pH iacreased frcrn the begiruring of the experiment, reaching a peak

nidway through the infusion period and declining thereafter. Since the

rise in pH began before treatment, it isunlikelythat it was due to the

netyrapone treatment.

In the plasma there was an increase i¡ [Na+] during the rnetyrapone

treatment while [K*] and uric acid concentration decreased.

b. Foetus 250 (115 days) (appendix table 76)

In this experiment a priming dose of 44mg (sang/kg) of metyrapone

was again aùninistered and the infusion rate was 34mg/kg/hr. for 20 hours.
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No blood samples were taken from this foetus. It can be seen in figure 66

that again there was a decrease in urine flow rate and uri¡e [t'1"*]

The average flow rate duri¡rg the control period was 0.55n1/mj¡. and the

average [N"*] was 43.0 mEq/L. In conparison, during the final 3 hours of

the experiment the averages for flow rate and []Ia*] were 0.30rn1Ánin. and

24.L7 fiq,/f respectively. The [K*] showed no regular trend although K+

excretion rate fell during the infusion period. Si¡nilarly, Na+ excretion

rate fel1 by about 75% due to the parallel decreases i¡ [ttla+] and flow

rate, The rernaining urinary parameters, creatj¡ine concentration, uric

acid concentration and pH showed no trends that could be related to the

metyrapone treatment.

c. Foetus 69-825 (I23 ðays) (appendix tabLe 77)

In mature animals it has been demonstrated that the simultaneous

adni¡istraticn of rnetyrapone plus a gluco-corticoid such as decasone can

inhibit ACTH production and thereby inhibit the synthesis of ll-desory-

corticoids. This in turn would result in diuresi-s and natriuresis. Án

experirnent was conducted to see rn¡trether slrch a response could be induced

in the foetus.

Prirning doses of 44ng (26ng/kÐ of metyrapone and 0.2ng of

decasone (0.llzng/kg) were injected and over the next 8 hours the foeh¡s

was infr.rsed with netyrapone and decasone at the rates of 26ng/kg/hr' and

O.lâng/kg/hr. respectively. the [tta+] of foetal urine was variable

ùrring the control period, however during treatrnent there was a definite

increase in [¡¡a+] which reached a peak about 4 hours after beginning the

infusion. The [¡¡"*] rernai¡ed elevated. for the next 2 hours and then

returned to control levels. Urinary [K+] showed a pattern of change r'.iaich

closely paral1eled. that of Na+. At its peak [Na+] was about 60% greater than

.the pre-treatment average, utrile the peak [K+] was approximately 3 times

the control average. The urine flow rate recorded during the first hour

of the infusion period was lower than the control flow rate but thereafter

flow rate ilcreased to a maxi¡m¡n of.2.23n1/nin. which was 95% greater than
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the pre-treatnent average. This increase i¡ uri¡e flow rate occurred more

rapidly than the changes in urinary electrolyte concentration but the effect

was not as prolonged. As a result of the overlapping increases in uri¡e

flow rate and [tta+] and [f+], the excretion rates of these electrolfies

were elevated tturi¡g the first t of the i¡fusion period. Of the rønaining

urinary paraneters¡ creatinine and uric acid concentrations do not appear

to be effected by the hormone treaünent, while pH showed a pattern of change

which was independent of the treatrnent (see fig. 67).

No changes in plasma composition occurred that could be related

to the hormone treatment.

In sr.urnnary, experiments in which decasone and netyrapone were

infused, either alone or i¡ combination, yielded consistent results,

particularly with respect to uater and electrolyte excretion. Decasone

not only induced diuresis, natriuresis and kaliuresis, but also the

pattern of response r{ras very similar despite differences i¡ the age of the

foetuses used and the dose of hormone infi:sed although the hormone doses

were very large in all cases; Metyrapone produced the reverse effect; it
promoted Na+ and water retention but it had no defi¡rite effect on uriaary [K+]

When these hormones were aùni¡istered simultaneously, the expected

natriuresis and diuresis was observed along with a lesser kaliuresis.

However, none of these responses persisted beyond the niddle of the I hor:r

i¡fusion period. In fact, the responses obtained resernbled very closely

those obtai¡ed when decasone r^¡as administered alone. The highest Na+

and K+ concentrations occurred about 4 hours after treaûnent began u¡Trich

corresponds with the responses obtained using decasone alone. One

difference in the response of the foetus treated with both hormones was

that the overall i¡crease in urine flow was less than i¡ the foetus which

received only decasone. This nay have been due to the high pre-treatrnent

flow rates in foetus 69-825.

5.5.6 ACI}I (Synacthen - Ciba) (appendix tables 78, 79 and 80)

Initially two experiments were conducted in which ACTH was
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infr¡sed. In the first experiment 130 ug of synacthen was infused over

8 hours (L7 ve/ke/hr.) into a I2I ðay-old foetus (foetus 223) (see fig. 68).

In the second experiment 154 ug was infused over 10 hours (10 pg/kg /hr.)

into a 113 day-old foetus (foetus 2t9) (see fig. 69). Neither experiment

yielded results which indicate' that synacthen influences the concenttation

of Na+, K+, uric acid or creati¡ine in foetal urine. In fact, despite

similar foetal ages and similar synacthen infusion rates, there was little

consistency in the responses proå.rced. This j¡consistency was particu-

larly obvious r.vtren the flow rates in the 2 experiments were compared. Irr

the first experirnent there was a 75% increase i¡ flow rate between the

control period a¡rd the final sample of the infusion period. In the second

experiment there was an 84% decrease i¡ flor¡,¡ rate over the sane period.

The two foetuses also showed converse trends irr urine pH. With f.oetus 223

there was a small i:rcrease i¡ urine pH durilg the experiment, while with

foetus 219 the urite pH fluctuated j¡ the early part of theinfi¡sion period

and then decreased. There does appear to be some relationship between

increased creatini¡e and uric acid concentration and decreased urine pH.

Finally in both experirnents, the concentration of the plasrna solutes were

not significantly effected by the exogenous ACTll.

In view of these variable results a third experimant was carried

out on a slightly older foetus (foetus ?,33, LA' days) . This foetus was

intused with 170 ¡rg of ACIH over 12 hours (10 uglkg/hr.). By the third

hour of infusion both trrine flow rate and uriaary [t'Ia*] had begun to rise.

Flow rate continued to increase, i¡ an irregular manner, until the final

hour of treaûnent; however, [tla*] reached a peak after t hours of

infusion. Sodiun excretion rate exhibited a pattern of change similar to

that of [t'¡"*] while uri¡e pH followed a trend which paralleled that of

flow rare. The concentration and excretion rates of the remaiaing urinary

solutes showed changes that paralleled the changes in flow rate (see fig. 70)'
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5.5.7 ADH (Pitressin - Parke Davis) (appendix tables 81 and 82)

To test the responsiveness of the foetal kidney to ADH it was in- )

fused into two foetuses aged 114 (69-444) and )'24 days (230). The i¡fusion

rates were 96 nT/kg/hr. for 2 hours and 110 nU/kg/hr. for 5b hours

respectÍvely. Ot both occasions ADH produced innnediate and substantial

i¡creases in the mqan arterial blood pressure (MAP) of the foetus. In

foetus 69-444, the tvlAP i¡rmediately before treatrnent was 50nrn Hg and it

j¡creased to 62nrn Hg within five ninutes of conmencing the ADH infusion.

The naximun lvlAP during theinfusion period was 69nrn Hg. In foetus 230 the

blood pressure response was similar. Fron an average of 41.5nrn Hg ifl the

control period, the MAP i¡creased to 49nrn Hg withia five rni¡utes of ccnrnénc-

ing the ADH infusion and fluctuated between 48.5 and Slnrn Hg duriag the

rest of the infusion period. Thus the ability of foetal sheep to

respond to the pressor activity of AüI, as eatLy as the 114th day of

gestation, u¡as established. However, as will be seen, ADH had no consistent

effect on foetal urine volt¡ne or uri¡te composition.

In the experiment carried out on foetus 69-444 (114 days) the

pre-treatnent urite flow rates were high but variable (see fig. 7L).

The average pre-treat¡nent flow rate was 1.3ún1Ánin., Iet within one hour of

cormencing the ADH infusion the flow rate had fallen to 0.57n1/min.

Urj¡e flow rate remained low throughout the infusion period and although

it rose slightly rrihen the treatment was completed, it did not return to

control levels. the [Na+] of foetal uri¡e i¡creased by about 25% during

the ADH treatment probably because of the reù;ced urine volune rather than

additional lrla+ excretion. This also appears to be true of urinary K+

and creatinine, as both solutes showed rises i¡ concentration that were

inversely related to urine flow rate.

The plasma samples collected during the period of reôrced uri¡e

flow all showed reduced concentrations of Na*, K* and uric acid'. Ttris may

have been due to water retention, although there was no ccrnparable change

i¡ haenatocrit.
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Although the first experiment did suggest that the foetal kidney

was responsive to ADH, this was not confirmed jn the second experiment..

In the sêcond experiment the pre-treatrnent flow rates were relatively low

(average 0.aSd/nj¡r.). On conrnsrcing treatrnent, there was a decrease

i¡ flow rate during the first hour, but thereafter it i¡creased steadily to

a næ<imun of 1.02m1/nin. recorded between 2\ and 3 hours after the ADH

infusion began. Over the next hour the flow rate returned to control

levels. the [Na+] an¿ [K+] of foetal urine i¡creased !\¡ithjn two hours of

beginning treaûnent, Ðd reached levels 4 and 6 times the respective pre-

treatrnent averages. Both then decreased erratically toward control levels.

The concentrations of creati¡ine and uric acid showed si¡nilar patterns of

change, while urine pH ilcreased frqn an average of ó.6 before treatnent

to 7.5 midway through the treaûnent period and then fell toward control

levels. (See fig. 72).

The [N.*] of foetal plasma showed an overall decline similar to

that observed in the preceding experiment, but no reliable trends in

coneentration were noted for the other plasna solutes analysed.

In sumnary, foetus 69-444 appeared to shor^¡ an anti-diuretic

response following ADH aùninistration; yet a foetus which r,lns 10 days

older gave almost the converse response. Although the second foetus

received a higher total dose of ADI, the i¡fi¡sion rates in terms of foetal

body weight were similar and accordingly, the dichotony in the results is

nore difficult to explain. On the basis of these experirnørts, no conclusions

can be draun regarding the effect of ADH on perinatal kidney function,

despite the presence of a definite pressor response.

5.5.8 Angiotensin TI (Flypertensin - Ciba) (appendix tables 83,

84 a¡rd 85).

Initially two foetuses were treated with angiotensi¡ II. The

first, foetus 219 (116 days), was infused at the rate of ?2 vg/kg/hr.

for five hours, while the second, foetus 69-495 (140 days) received

La vg/kg/hr. for fotrr hours" Both foetuses showed i¡runediate rises irr N'IAP.
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In foetr¡s 219, the lr,lAP rose frorn 32 to 4lnrn Hg within five ninutes of

ccnrnencing the infusion and remained near that pressure throughort the

infusion period. The lvlAP fell to 34 rrn Hg within five mi¡utes of stopping

the angiotensin treatment. Foetus ó9-495 showed a similar response, with

the lvfAP rising fron 33.5 to 45.5rrn Hg i¡ the first five ninutes of

treatnent and falling fron 46.5 to 33.ùrm Hg j¡ the five rniru¡tes following

the end of the infusion.

Despite the obvious sensitivity of foetal sheep to the pressor

activity of angiotensi¡ II, no consistent effect on ulater or electrolyte

excretion was obseryed. (See figs. 73 and 74).

In both experiments there was a decrease in uri¡e flow rate ôrring the

first hour of the angiotensi¡ iafusion, af.ter which it returned to control

levels or above. It is possible that the initial decrease in flow rate was

due to constriction of the afferent arterioles and that subsequent

re-adjusûnent within the kidney enabled the flow rate to recover.

Alternatively, the j¡itial drcrp in flow rate rnay have been due to water

retention follor^ring an aldosterone i¡duced increase in Na+ reabsorption' the

latter possibility is unlikely since the fall i¡ urile flow rate occr¡rred

withi¡ 50 ni¡utes ill both foett¡ses and, as seen' aldosterone activity has a

latent period of approximately one hour.

Followilg these parallel changes, the trends in urine flow rate,
¿I

[Na'] and Na' excretion rate in the two foetuses hrere quite different.

In foetus 219, urinary [trta+] fluctuated widely durilg the infusion period

as did the electrolyte excretion rates. In contrast, foetus 69-445

naintained a relatively constant urinary Na+ level¡but Na+ and K+

excretion rates increased as uri¡e flow rate i¡creased. The rernaining

urinary solutes, in both foetuses, showed patterns of change, r^jhich appeared

to be due to fluctr:ations i¡r water excretion, since the concentrations of

uric acid and creatinine increased when uri¡e flow decreased and vice versa.

Filally, neither urine pH, nor the concentration of any of the plasma

solutes, showed changes that could reliably be related to the angiotensin

treatment.
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In surnnary, both foetuses showed scrne fluctuation in urine output

and composition that could be interpreted as being due to the angiotensin

treaûnent. Si¡ce this is particularly true of the older foetus, sensi-

tivity to angiotensin nay be related to foetal maturity. However, the

variation of all parameters during the control period of the experiment

carried out on foetus 69-495, plus the lack of consistency between the

results of the two experiments precludes the fonm¡lation of reliable

conclusions.

In view of these difficulties a third experiment was carried

out on a L29 day-old foetus (foetus 223) which was infused with angiotensi¡r

at the rate of 15 ¡rg/kg/hr. for 5L hours. Agaln there h'as an initial
decline in urine flow rate, but on this occasion the decrease in flow rate

continued throughout the infusion period.. The [tla*] and [f+] of foetal

urine varied considerably during infusion, but the changes could not be

related to the angioterrsin treaûnent. However, the electrolyte excretion

rates fell progressivley ôrring treatment becar¡se of the decrease in urine

flow rate. (See fig. 75). Therefore the response to angiotensin II
i¡fr¡sion by this foetus was different to that exhibited by the other foetuses

and overall the confusion was compounded rather than resolved by this

experiment.
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6. DTSCUSSION AÀ'ID CONCLUSTONS

6.7 GTomerular fiTtration

It has been established in the present work, that GFR in foetal

lanbs increases duriag the last third of gestation. In exploring the

reasons for this rise, factors which are l¡rown to j¡f,luence GFR in adults

have been considered. These factors can be surmarised algerbraicaLly as

follows:

GFR = Kp ([Pb-Pc] - rb)

where Pb is the hydrostatic pressure within the glornerular capillaries, Pc

the hydrostatic pressure in the glonerular capsule, fib the osmotic

pïessure attributable to the plasrna proteins and Kp a filtration

coefficient incorporating factors such as glomerular surface area and

glomerular permeability. The gross anatcmy a¡rd fine structure of the

foetal kidneys would obviously be involved in Kp and the first consideration

was to assess the relationship between GFR and kidney size. However only

a gnall fraction of the GFR - foetalage correlation, rllas lost when the values

for GFR were standardised for kidney weight. Accordingly GFR was asstmed

to be largely independent of kidney weight a¡rd other anatomical factors

were considered. Glomerular size did not vary significantly in foetuses

aged between 1l-9 and 145 days, but the.ftrrctional characteristics of the

glomerulii, such as internal surface area and permeability, nay have been

less r.¡niform. No quantitative information concerning these possibilities

can be advanced, but qualitative obseryations of glomerular ultra-structure

give no indication that these factors are relevant. Glomerrrlar permeability

would be a function of the permeability of the endothelirm of the

glomerular capillaries, the permeability of the capsular epitheliun and the

permeability of the basement membrane which is interposed between these
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barriers. Endothelial permeability would be related to the relative amotnt

of thin endothelir¡n and the nunber of fenestrae it contains. The dianeter

of the endothelial fenestrae was fotnd to be constant duriag the last 30

days of pregnancy and there appeared to be no significant change irr the

nunber of fenestrae per unit length of thin endotheliun nor in the

proportion of thick to thin endothelir¡n. Secondly the perneability of the

epithelial membrane would, in part, be a fwrction of the nt¡nber of

epithelial cell foot-processes and the width of the filtration slits between

these processes. There was however no evidence that these factors change

duriag the final rnonth of gestation. Thirdly there was no apparent change

in the width or density of the basement membra¡re.

Frqn a fwrctional point of view, it was fot¡nd that high molecular-

weight proteins such as albunin and haemoglobin, which are present in

foetal plasma were not present in significant ¿mounts i¡ foetal uri¡e.

According to Pappenheimer et al (L951-) this i¡dicates that pores approxi-

nately 1001 in diameter exist in the filtration barrier and that these

pores do not increase i¡ diameter as gestation proceeds. This proposal is

consistent with the ultra - structural observations of foetal glonerulii.

However, functional studies in hr¡nan infants, ledArtursonet al (1971) to

conch¡ile that there is an increase in the dianeter of the glonerular pores

as the infant rnatures. Since this post-natal enlargement would prestrnably

be a continuation of enlargement during foetal life, these results conflict

with those of the present work.

Although the anatonical features of foetal glomerulii appear to

be constant during the last 30 days of pregnancy, the total intra-renal

surface aTea, available for filtration, would increase if there r,rlas ¿rl:l

increase i¡ the nr:mber of glomerulii per unit voh¡ne of cortical tissue'
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To assess this possibility esti¡nates were made of the nunber of glønerulii
2

per u of cortical tissue (as seen in section) and of the proliferation of

cortical tissue in relation to overall kidney gror'rrth. There was in fact a
2

small reduction in the nr¡nber of glomerulii per. p of cortical tissue as

gestation proceeded, indicating grovrth of the tubular elements of kidney

tissue. However this reduction was more than compensated for by the growth

of the renal cortex, so there would have been a greatet m¡nber of

firnctioni¡g glonerulii in the older foetuses. This increase would be

responsible for that fraction of the GFR - foetal age correlation that was

found to be associated with kidney size. Nevertheless there remains a

substantial fraction of the correlation that cannot 6e accoutted for by the

anatonical obs ervations

Obviously these anatomical studies yielded limited information.

Glomerular perrneability would depend not only on ttre structural

characteristics of the filtration barriers, but also on the physiological

ancl biochemical processes occurringhrithin the nenbranes and cellular

elements that constitute these barriers. Such necha¡isms and their

involvsnent i¡ nolecular transport are poorly understood a¡rd whether or

not, they develop progressively duriag foetal or neonatal life is tnlnor^m.

Secondly, GFR would rise if there ü¡as a progressive increase in the area of

the renal capillary bed that was exposed for filtration. There is evidence

in lower vertebrates that glomerular filtration is regulated by varying the

proportion of glomerulii involved i¡r filtration (Foster, 1938; Richards and

Sctrnidt LgZ4). However in manrnals, the evidence suggests that under normal

circunstances all glomerulii are conti¡rually active. In the present work

the glomerular capillaries of all foetuses contained erythrocytes

irrespective of foetal age which suggests that all glomerulii were
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fi.mctional. Nevertheless it cannot be concluded that the rate of filtration

by each glcrnerulus was uniform since haenodynanic factors such as vascr¡lar

resistance can vary from glcrnerulus to glomerulus.

In adults a major factor in determining GFR is irrtracapillary

hydrostatic pressure which is directly related to arterial blood pressure

and inversely related to the resistance offered by the afferent arterioles.

In newborn dogs a good relationship has been fotrrd between blood pressure

and the maturation of GFR. In the present work the lvfAP of foetal lambs

increased with i¡creasing foetal age and IvIAP a¡rd GFR were highly correlated.

However from the 128th day of gestation r¡nti1 term, there v¡as a 6l-% rise in

GFR and only a ?8% rise in lvlAP i yet together with an estirnated 25% increase

in the nt¡nber of functioning glcmerulii these changes could account for the

rise in GFR. The i¡fluence of lvfAP on the pressure within the glomerular

capillaries would be amplified if there was a fal1 i¡r renal vascular

resistance. In the present study no evidence was obtained that vascular

resistance i¡ the foetal kidney decreased during gestation but in piglets,

renal mattration has been for.rrd to i¡volve a fall in vascular resistance

(Gruskin et al l-970). On the other hand it has been reported that renal

vascular resista¡rce is elevated i¡ newborn guinea-pigs (Spitzer and

Ecletnann 1971) and dogs (Jose et al tg74) and this has been ïnplicated in

the low GFR of these neonatal animals. In general the role of vascular

resistance in the maturation of GFR is il1 defined.

A series of experiments was described in section 5.4 in which

vascular resistance was nanipulated. It was for-rrd, as anticipated, that

renal vascular resistance and GFR were inversely related. Secondly, si¡ce

vascular resistance and presr.urably therefore the degree of constriction of

the afferent arterioles was affected by a sympathonimetic drug, renal

vascular resistance is probably regulated by the autonornic nervous system.
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The probable existence of such neural controls over renal vascular

resistance in foetuses as yorlrg as l-30 daysr'suggests that foetal sheep

have the ability to regulate RBF and tlu:s to regulate GFR. This ability

would be of significance in the homeostatic activity of the foetal kidney.

The remai¡ing factors that are potentially í¡volved in the

maturation of GFR are; the osmotic effect of plasma proteins and intra-

capsular hydrostatic pressure. Since no regular i¡rcrease in the total

protein concentration of arterial plasrna was detected in foetal lanrbs, it

is unlikely that colloid OP contributes significantly to the observed rise

in GFR. No i¡formation was obtained concerning the influence of intra-

capsular pressure on the maturation of foetal GFR. The general opinion

concerning adult kidneys, is that variation of the intra-capsular pressure

contributes little to the regulation of GFR wrder normal physiological

circunstances. Whether or not this is true of the maturing foetus, where

the structure of the nephron and the overall anatcrny of the urinary tract

is changiag, is tncertail. However in the last 35 days of gestation, during

which ti¡ne GFR rises 61%, the metanephric kidney is well developed a¡rd the

urethra is patent, so variations il intra-capsular pressure would be slight.

In swnnary, the observed increase in foetal GFR during the last

third of pregnancy is probably due, in part, to an overall i¡crease in the

nunber of glonerulii in the growing kidney and to a rise in filtration

pressure reflecting a rise in MAP. Ctranges in renal vascular resista¡rce

, are possibly involved in the maturation of GFR although this was rnassessed.

However it does appear that nature foetuses have the ability to vary vascular

resistance and hence control RBF and GFR. Many subtle factors such as

meribrane transport have not been studied in this or any other

investigation of foetal glomerular ft¡nction nor have they been well studied

i¡ adult kidneys. Accordingly their involvement in the maturation of GFR

is unknown.
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6.2 TubuLe Function

In the present work, assessment of the activity of the renal

tubules has relied upon inferences drawn frqn data concerning renal output

in normal and experimental conditions. Apart frcrn the use of nicro-

purcture techniques, which would be particularly difficult to aprply in

foetal studies, this is the only nethod available. It has been possible

to estimate the fractional reabsorption of water and electrolytes at

various stages of gestation and to study the results of inhibiting tubular

reabsorption using pharnacological agents. However the secretory activity

of the renal tubules has not been studied at all, even though uric acid,

which was analysed in all studies, is probably secreted by the tubules as

well as being cleared at the glomemlii. Nevertheless uric acid was

included in the analyses because the leve1 of uric acid i¡ foetal urine is

an index of purine netabolism a¡rd because uric acid excretion rate provides

an indication of the specificity of the drugs used to inhibit water and

electrolyte excretion. For exanple in section 5.4.2 it was fot¡nd that

sodiurn ethacrfnate treaünent of a 139 day-old foetus (foetus 274) resulted

in an i¡rcrease in creatini¡e excretion rate that was ccrnparable with and

presr.rnably d.ue to, the rise in GFR induced by the drug. In contrast, the

rise in uric acid excretion rate was twice that which could be accounted for

by the increase in GFR, which suggests that ethacrynate not only i¡ùribits

water and electrolyte reabsorption but also inhibits uric acid reabsorption.

Similar results were obtained when an older foetus (foelus 274, 148 days)

was treated with furosernide. These findings are consistent with evidence

advanced by Burg and Green (1973) that high doses of ethacrFnate and

furosemide prcrnote the excretion of uric acid.

With respect to water and electrolyte excretion, the experiments

nentioned above indicate that duri¡g ethacrynate and furosemide treatrnent,
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increased GFR accotnts for 204 of. the flow rate increase' 40-458 of the
+t

rise in K' excretion rate, but only 4-6eo of the rise i¡ Na excretion

rate. The rest of these increases were obviously due to the inhibition

of normal tubular reabsorption. The magnitude of the reabsorptive

capacity of the foetal tubules was confirmed in a study of 26 r.¡ntreated

foetuses; where it was fot-¡nd that over the last 35 days of gestation the

fractional reabsorption of water increased from 75% to 86?, the reabsorption

of K+ frorrt 45% to 56% and the reabsorption of Na* from 90? to 98%.

These studies indicate how active the reabsorptive mechanisms of

the renal tubules are, particularly those concerned with water and Na+

reabsorption, but they give little i¡dication of the nature or specific

sites of the reabsorptive mechanisns. Accordingly the diuretic studies

were expanded and foetal sheep of various ages were treated v..ith a range

of diuretic drugs.

Since a considerable amoturt of information is available concerni¡g

the pharmacology of these dnrgs in adults it was hoped that a cønparison

of adult and foetal responses would permit inferences to be drawn regarding

the site and mode of action of these drugs in foetal kidneys. This in turn,

would possibly i¡dicate the nature and degree of naturity, of the

reabsorptive mechanisms in foetal kidneys.

Of the diuretic drugs used, sodir¡n ethacrynate had the greatest

effect on foetal kidney output. In adults, sodiun ethacrynate prevents the

reabsorption of up to 23% of. the filtered Na+ load. When adrninistered

intra-venously ethacrynate begins to act within 15-30 ni¡utes and has a peak

effect after about 45 minutes. The overall effect lasts about 5 hours.

Under normal circwnstances, the movement of Na* from the tubular cells

across the peritubular membrane and into the peritubular fluid is thought

to be accomplished by an active ionic pwnp. Further, it has been postulated

that sodiun-potassir.un activated, adenosine triphosphatase (N"* - K+ ATPase¡,
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nay be the carrier molecule for the pr:rnp. (Martinez-tvfaldonado et aL L974)

and that ethacrynate produces its diuretic effect by inhibiting Nat - Kt

ATpase (Inagaki et al 1973) . Other aspects of the fi.rrction of tubule

cells, including the activity of sulfhydryl-containing enzymes, may be

inhibited by the binding of sodir.¡m ethacrynate to the -SH groups, thereby

impairing Na+ reabsorption (Komorn and Cafrtrry 1-965). Sodir¡n ethacrynate

is thought to exert nalcimal inhibition of Na+ reabsorption along the whole

length of the ascending lirnb of the loop of Henle. However other sites

have not been excluded and although the evidence is controversial, sorne

workers suggest that ethacrlnate inhibits Na+ reabsorption in the prÖxirnal

tubule. It is also believed that because ethacrynate inhibits Na+

reabsorption in the loop of Henle there is an increased Nat load presented

to the Na+ - K+ and Na* - H+ exchange site in the distal tubule. fhis

results in i¡creased Na+ reabsorption in exchange for K+ and Ht ions'

Finally it is generally thought that ethacrFnate has little effect on the

GFR of adults, except that with excessive diuresis the reduced blood volune

nay lead to a fal1 in GFR. In contrast Vorburger (1964) and Hook et al

(1966) clajm that both ethacrFnate and fmosemide increase RBF and GFR in

man.

In adult sheep sodir¡n ethacrynate produces a large diuresis and

natriuresis, plus a smaller rise in K+ excretion rate. Doses of

ethacrynate of up to 10 rng increase urine flow rate to as much as 10 n1

per minute and Nat excretion rate to between 1000 and 1400 lrEq per minute.

These rates were achieved within 20-40 minutes of treatrnent (Peter 1-969) '

There is also a fall in urinary pH from around 7.4 to as low as 4'9' No

precise dose - response relationship has been determined in adult sheep and

increasing the ethacrynate dose beyond L0 rng does not increase the nagnitude

of the diuresis but does extend its duration.
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When this information is ccrnpared with the data obtained frøt

foetal sheep, the similarity of the responses is apparent. The speed of

onset and the duration of the foetal responses, were similar to those

described for adults and the percentage irihibition of filtered Na Ìvas

cornparable. In foetuses as in adults , there appeared to be a marcimtun

diuretic and natriuretic response beyond which higher ethacrynate doses

nerely increased the duration rather than the nagnitude of the response.

The naximun levels of urine flow and Nal excretion in foetal sheep following

ethacrynate treatnent were not cønparable, in absolute terms, with those

achieved in adults. However the percentage i¡creases were cønparable, with

the exception of K+ excretion rate where the foetal rises were comparatively

Iow. No inforrnation is available concerning the effect of ethacrynate on

the excretion of uric acid by adult sheep, but there hlas an increase i¡r uric

acid excretion by the foetuses which is ccxnparable with the response

obtai¡ed in adult dogs and hr¡nans treated with high doses of ethacrynic acid.

þart frsn the ccrnparatively limited rise in K+ excretion rate in

foetal sheep, the most obvious difference between the adult a¡rd foetal

responses to ethacrynate treatrnent, was the effect on urine pH. In adults

urine pH decreases after treatnent but jn all foetuses it increased. The

fall in ¡rine pH in adults is presr.mably due to increased lr¡at - H+ exchange

i¡ the distal tr:bules. Obviously the distal tubules of the foetuses would

receive increased Na* loads following ethacrynate treatrnent and accordingly

increased H+ secretion would be anticipated. It appears significant that

this was not the case, particr-rlarly since the increase in Kt excretion rate

that occurred in most foetuses was probably due to i¡creased N"1 - fl

exchange in the distal tubules. Finally sodir.m ethacrynate treatnent

induced an 80% rise in foetal GFR úrich is consistent with some observations
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in adult hunans (Vorburger 1964, Hook et al L966) but contrary to others

(Gussin and Cafrtrry 196ó)

Orr¡erall, it can be concluded that within the context of relative

kidney size, foetal sheep exhibit a response to sodiun ethacrynate similar

to that lsrown to occur in adult manrnals, including adult sheep. Accordingly

it seems that the nechanisms for Na+. and water reabsorption are similar in

adults and foetuses and that apart fron obligatory Na+. reabsorption in the

proxirnal tubules, the ascending limb of the loop of Henle is the najor site

of Nal reabsorption in the foetal trùules. Secondly a Na+' - K+i exchange

mechanism appears to operate in the foetal nephrons, probably in the distal

convoluted tubules. However since the percentage increase in f1 excretion

rate following ethacrlnate treaünent is less in foetuses than adults, the

capacity for foetal Na+ - trl exchange may be limited. Finally the rise in

the pH of foetal prine following ethacrynate treaûnent suggests that the

Na+ - H+. exchange mechanism thought to be active in the distal tubules of

adults is either absent in foetal sheep, or its activity is limited.

With respect to the biochernical basis of these exchange

mechanisms, the close similarity between the irùribitory effect of

ethacrynate on Na+ exchange in foetal and adult kidneys suggests not only

that the sites of inhibition brrt also the mechanisms of inhibition are

similar. Therefore it can be argued that Na+. reabsorption in the foetal

nephron is an active process nediated by ìlal" - fl' ltpar". However it must

be renembered that although there is considerable evidence for such a

nechanism in adults, it has not been conclusively denonstratd. With

respect to water reabsorption it is clear that in foetuses, ð h adults,

this is a passive process resulting from the developnent of an osmotic

graclient follor^ring active Na+ reabsorytion. It has been clearly
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denonstrated that the i¡hibition of tr¡at reabsorption in the foetal kidney
results in a large dir¡resis. Accordingly the tubular membranes of the
foetus nmst be freely perrneable to water, at least in the proximal tubule.
The ascending lirnb of the loop of Henle is also a site of active Na+

reabsorption but it is not permeable to water in adults and there is no

evidence, in the present work, to suggest that it is permeable in the foetus.
The second diuretic agent used in foetal sheep was furosenide.: The pharmacological properties of furosemide have been less extensively

studied than those of sodir.un ethacrynate. However they appear to be very
similar to those of sodiun ethacrynate. In adults furossnide prevents

reabsorption of L5-30% of the filtered Na+ and it has been established that
the i¡hibition occurs in the ascending limb of the loop of Henle

(Suki et a1 L965, l'forrin 1966) . In addition proximal sites of inhibition
appear to be involved (Brenner et al 1969) and partial inhibition of d.istal

+
Na' reabsorption is also possible (Fraser et al 1967). When aùni¡istered
intra-venously to adults, firrosemide begins to act within 5 ninutes and

the response reaches a peak after 30 ninutes while residual activity
persists for about 2 hours. The bioche,mical action of fi¡rosernide has not
been as widely studied as that of sodir¡n ethacrfnate, but furosemide is
generally thought to inhibit Na+: - K+ ATpase. The dir¡retic action of
furossnide strpplønents the action of nost diuretics but not ethacrfnate,
which supports the proposal that both drugs act in a sinilar manner.

rn adult sheep, furosemide induces a large diuresis and

natriuresis similar to that produced by ethacrynate (peter l-969), although

the naximr¡n urine flow achieved with furosemid.e is slightly higher
(12 ml per minute). Peter (1969) observed a rough dose - response pattern
for furosernide, but points out that intra-venous doses, in excess of S rg,
increase the duration of the response rather than its nagnitude. Furosqnide,



rJ,

173

like ethacrynate, stimulates an increase in Hl,' excretion by adult sheep

resulting in a fall in pH from over 7.0 to as low as 5'5'

It can be seen i¡ section 5.5.1 that the foetal responses to

furosemide were comparable with the adult responses, particularly with
+ F-, + +

respect to Nal and water excretion. However the effects on foetal K' and H'

excretion were not the same as in adults. îhe relative increases in Na+

and water excretion induced by furosemide are of a similar order to those

obtained i¡ adult sþeep, but the onset of action in the foetus is slower

and the duration of action longer. The prolonged response rnay be due to the

lower capacity of the foetus to excrete the drug. Furosemide did not act as

quickly in the foetus as ethacrynate which nay reflect the high affinity of

furossnide for plasrna proteins (Gayer L9ó5). The natriuretic and diuretic

effects of furosemide in foetal sheep were not dos.e related, although there

did appear to be a rnarcimun dose beyond which no additional response could

be induced, which is consistent with the proposed pharmacological action

of the drug. The excretion rate of K+ by the foetuses was usually affected

by furosemide, but not to the extent of Na+ erccretion' Finally there was

no consistent effect of furosemide on the pH of foetal urine'

These results confinn the existence of a mecha¡rism for active Na1

reabsorption in the foetal nephron and i¡dicate that it is located in the

proximal tubule and the ascending ljmb of the loop of Henle' As with

ethacrynate there is evidence in adults that the inhibition of these

rnechanisms by furosernide is due to inhibition of Na* - K1' ATPase activity

in the cells of the renal tubules. Since it is 1ike1y that furosqnide

exerts its effects on the foetal kidney in the same way, N"* reabsorption

in the foetal nephron is probably rnediated by Na* - K* AT?ase (Frazier and

Yager 1973).
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The effect of furosemide on foetal K+ excretion was limited, and

again there was no fall in urine pH; instead the pH of foetal uri¡re increased.

These findings are consistent with those obtained i¡ the ethacrynate

experiments and support the proposition that distal Na+ - Kt and t¡at - Hl

exchange mechanisms are either absent in the foetal sheep or poorly

developed. If these mechanisrns normally involve mernbrane bot¡nd Nat - K*

ATPase, it nay be that this enzyme is absent fron the distal tubules of

foetuses or relatively inactive at that site. However it is known that
II

Na' - K'ATPase actively is high in the distal tubules of neonatal rabbits

(Davis and Dixon 1971) and if that is the case in neu¡born lanbs, renal

developnent during the transition from foetal to neonatal life in sheep nay

include a rise in Na+ - K* ATPase activity i¡ the distal tubu-les.

With respect to GFR, furosenide like ethacrynate induced about

an 80? rise in foetal GFR. In mature animals, fr¡rosenide is known to

produce nild renal - vasodilation and i¡ adult sheep 1 ng of furosemide

causes a rapid i¡crease in GFR from 30 rnls per minute to about 100 n1s per

rninute and this 'is associated with a three fold rise irr RBF (Peter 1'969) .

Presr¡mably a similar change in renal vascular resistance and RBF following

treaûnent accor:nted for the ilcrease i¡ foetal GFR. There are no reports

available on the effect of sodir¡n ethacrynate on renal vascular resistance

in adults or foetuses; but it is likely that the rise in foetal GFR

produced by that drug is also due to reduced vascular resista¡rce and

increased RBF.

The third diuretic aùninistered to foetal sheep was acetazolanide

which is a carbonic anhydrase inhibitor. Within the cells of the renal

tubules, carbonic anhydrase catalyses the hydration of CO, to form carbonic

acid which then dissociates providing H+ ions to be secreted in exchange

for Na+ ions. The secretion of Ht ions also facilitates the reabsorption

of filtered bicarbonate and the excretion of titratable acid. Following the

aùninistration of acetazolarnide, less H* ions are available for secretion

so Na*, and HCOi ions remain i¡ the filtrate and an alkaline diuresis
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results. AIso, because of the lack of H+i ions for competitive cation

exchange with Na+ ions, the urinary excretion of K+ increases' Thus in

adults acetazolamide treatnent causes a rise in urine volune, an increase

in urine pH and an increase in the excrêtion of Na* and K*.

Although the general pharmacology of acetazolanide is established'

rnany details remain unlcnorrn including the exact location of the enzyme

within cells and the nature of the exchange nechanism (Maren 1967) ' With

respect to the site of action, originally only the distal tubule was

implicated but it now appears that the entire nephron is involved

(C1app et al L9ó3).

In adult sheep, acetazolanide admi¡istered intra-venously causes

urj¡e pH to rise from 7.0 to 8.4 and increases the excretion of water,

Na+ and Kl. Doses of acetazolanide of between 10 ng ancl 300 mg cause

urine flow rate to rise between 10% and L20% w:nl:re Na* and K+ excretion

rates increase between l-5% and 100% (Peter 1969). In foetal sheep, the

changes il uri¡re flow rate resulting frctn acetazOlanide treatnent were of

a similar nagnitude to those observed i¡ adults, despite obvious differences

in the absolute values. Also the speed of onset and the dtration of the

diuretic responses were similar in adults and foetuses' However the

relative increases in foetal Nat and K+ excretion rates exceeded the adult

rises. This was particularly true of the yowrgest foetus, where

acetazolamide treaünent caused the NaÌ excretion rate to increase 9'5 tlnes

and K+ excretion rate 6.4 tines. However the foetal acetazolamide doses

standardised on a body weight basis are about 5 times the rnaximun adult

dose. This rnay accor.rtt for the clisparity in electrolyte excretion rates

although flow rate and pH changes weïe comparable in adults and foetr¡ses'

In both mature sheep and foetal sheep, there appears to be a threshold

beyond which increased doses of. acetazolanide produce no further rise in pll

and prestunably at those doses (about 50 ng/kg in foetal sheep) maximt¡n

carbonic anhydrase inhibition has been achieved'

By cornparing the foetal response to the adult model, it can be

concluded that foetal tubule cells, gnder normal circunstances exhibit



176
substantial carbonic anhydrase activity' This is not consistent with a

report that i¡ newborn htmans, renal carbonic anhydrase activity is lot¿

(lvlaren 1967) which again indicates the comparative naturity of the 1arù

kidney &rriJlg the last third of gestation. Further this cellular activity

apparently facilitates Na+ reabsorption, H+ secretion (via Na+ - H+ exchange)

arrd HC0, reabsorption. Finally, the fact that inhibition of this enzyme

produces an increase i¡ K+ excretion, confirms the existence of a Na* - K*

exchange rnechanism in the tubules of the foetal kidney.

The next substance tested in foetal sheep was chlorothiazide' a

representative of the thiazide group of diuretics' All of the thiazides

produce an increase i¡ the excretion of water, Na+ and K+ and during

marcimr¡n diuresis they prevent reabsorption of 5- 7% of the filtered Nat load'

In addition the thiazides increase the excretion of HCO, ions which was

originally thought to be due to carbonic anhydrase inhibition' However

some of the drugs in this group have been found to have virtually no ability

to i¡hibit carbonic anhydrase. It is now thought that increased Na* - K*

exchange results in less Na* - Hf exchange and therefore fewer H1 ions in

the tubular fluid. This prevents the formation of "carbonic aci.¡l and since 'the

HCo- ions cannot be reabsorbed they are excreted in the urine. The specific
5

nature of the chenical interaction of the thiazides with renal receptors is

tnrknown. The oxidation of non-esterified fatty acids (NEFA) rnay contribute

to the energy required for Na+ transport within the renal cortex'

Chlorothi azide, i¡ adults, depresses the nett renal uptake of NEFA and may

exert part of its action by producing alterations in energy rnetabolisn

(Barac-Nieto, and Cohen l-968). Apart fron this, no critical enzynatic

factors involving thiazides have been identified. In preparations from

nanrnalian kidneys that were treated with chlorothiazide, Na+ - K+ ATPase

uras not depressed and presrmably inhibition of that enzyne is not involved

in the biochenical effect of chlorothiazide'

FernandezandPuschett(1975)haverecentlyshounrthatchlorothiazir

causes inhibition of Na+'reabsorption in the proximal tubules of rnature

dogs, but they concluded that this did not contribute to the final dìuresis'
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Other workers (Anderton and Kincaid-Snith, L971, Steiûm¡ller and Puschett,

Lg72) have concluded that the thiazides exert their najor inhibitory effect

on Nat reabsorption in the outer medullary segment of the ascending limb

of the loop of Henle. Because of reduced Na+ reabsorption at that site, a

higher concentration of Na+ reaches the late distal tubule resulting in

enhanced Na.* - K+ exchange and increased Kl excretion. Fi-nally hypenrricønia

is not trnconrnon in adults treated with thiazides, presr.rnably because the

thiazides (like furossnide and ethacrfnic acid) compete with uric acid for

secretion via the organic-acid transport systern in the proximal tubule.

In adult sheep cyclothiazide produces only minor changes in urinary

excretion. Peter (1969) reported smal1 increases in urinary water, K+' and

Na* losses which were partly independent of the thiazide doses aùninistered.

Iarge doses (10 ng) of cyclothiazide extended the duration rather than the

size of the response. Uriñary pH was tnaffected by cyclothiazide treaûnent

(Peter 1969). Sirnilar findings were made by Cross and Thornton (1966) using

related thiazide compounds; in fact two of the conpounds they tested were

aLnost ccrnpletely iaeffective. They concluded that thiazide diuretics

either do not affect electrolyte movenent in the renal tubules of the sheep,

as they do in other species, or the mechanisns they do affect are

relatively r:nimportant in that species.

The findings in adult sheep are not consistent hrith the results

obtained in foetal sheep where chlorothiazide rapidly indùced diuretic and

natriuretic responses with flow rate increasing 4-6 times and Na+ excretion

rate increasing 6-17 ti¡nes. In contrast the tKÌ] of foetal urile decreased

after chlorothiazide aùninistration but because of the increases in urine

flow rate there was usually a small transient rise in K+ excretion rate.

Creatinine and uric acid excretion rates ulere generally ruraffected by

chlorothiazið.e but in all experiments the pH of foetal urine increased

significantly.

The doses of chlorothiazide used in foetal sheep were nuch greater

in relation to body weight, than those used in adr-rlt sheep. Nevertheless

doses of up to 30 ng/kg do not appear to have achieved ma:cimr¡n inhibition
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in the foetal nephron. Therefore it is likely that the poor response in

adult sheep is due to the li¡nited doses of thiazide used rather than any

real difference in the responsiveness of adult and foetal sheep. In fact,

on a body weight basis, the thiazide doses used j¡ adult sheep were

considerably less than the optirnally effective doses in,.htrnans. Thus there

appears to be no growrds for the conclusion that the mechanisms inhibited

by thiazide diuretics are of little significance in adult sheep. It is

certainly not the case in foetal sheep where substantial increases in Nat

excretion rate are induced and wtrere the total response, including decreased

Hl excretion, is rønarkably similar to that described for hr.unans a¡rd rats.

On the basis of the foetal experiments using chlorothiazide,

it ca¡ be concluded that the kidney of the foetal sheep has a mechanisrn for

active Na+ reabsorption that does not involve Na* - K*. ATPase. This

nechanism is possibly located in the outer nedullary segment of the

ascending limb of the loop of Henle. It may be that the energy for this

mechanism is provided by the oxidation of NEFA. An importa¡rt feature of

the foetal response to chlorothiazide v¡¿rs the lack of a significant change

in K+ excretion. A rise in K+' excretion usually occurs in a&¡1ts and is

thought to be due to a rise in distal Na+ - K+ exchange following an i¡crease
+in the NaI load reaching the late distal tubule. The lack of a conparable

result in foetal sheep agaia suggests that the Na+ - K+ exchange rnechanism

in the distal tubules is inrnature. Finally Vesin and associates (1962) have

stated that a thiazide is only effective if the GFR is greater than

20-ZS nl per mi¡rute and that since the GFR is low in infants, the thiazides

would be ineffective in inclucing substantial diuresis. This is not the case

in foetal sheep, where it is unlikely that in any experiment the GFR

exceeded 10 rnl per mirrute, yet chlorothiazíde treatnent induced substantial

increases in water and Na+ excretion.

The final diuretic agent used in foetal sheep was amiloride

hydrochloride which in adults increases the renal excretion of Nat ulithout

a significåurt change in GFR. This drug may also produce a moderate increase

in urine pH due to reduced H+ secretion. An important characteristic of the
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adult response to aniloride hydrochloride is that under all conditions the

natriuresis is associated with only a small increase in Kt excretion rate or

alternatively an absolute decrease in Kl excretion. The experimental

evidence i¡dicates that aniloride hydrochloride inhibits C secretion in the

late distal tubule which is also where its lirnited natriuretic action is

thought to originate. It is postulated that amiloride hydrochloride

irùribits active Nal reabsorption in the late distal tubule and that as a

result the electrochernical gradients that would norrnally favour the

secretion of K+ are not established. The slight action of aniloride

hydrochloride on H* transport remaíns wrexplained but it is not due to

carbonic anhydrase irihibition.

No specific infornation is available concerning the effect of

aniloride hydrochloride on renal function in adult sheep. However in the

present work aniloride consistently induced a rise in urine flow rate and

Nar excretion rate in foetal sheep, but the effect on Kt excretion was more

anbiguous. In one of the foetuses tested there was an i¡crease in Kt

excretion rate that was corparable with the rise in Na+ excretion (1.5 times)

in another K+ excretion was unaffected wtrile in a third it was reduced.

The i¡fluence of amiloride hydrochloride treatnent on H+ excretion was no

less variable. On the basis of these experiments it cannot be concluded

that the pharmacological activity of aniloride hydrochloride in the foetus

is as described for adults. There is certainly inhibition of active Nat

reabsorption in the foetal nephron and a resultant decrease in the passive

reabsorption of water. However whether or not Kt secretion i¡ the foetal

kidney is affected by aniloride hydrochloride, remains r¡ndetermined. Since

a relationship between tla+ inhibition and Kt secretion has not been

established it cannot be concluded that the natriuretic response obtai¡red

in foetal sheep is due to inhibition in the late distal tubule' The

natriuresis nay be the result of i¡hibition at other sites of Nat

reabsorption. Ilnfortr¡rately these results do not provide specific

inforrnation on the presence or absence, or the state of maturity of ttat - ft

exchange rnechanisrns i¡ the late distal tubules of foetal sheep'
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In strrmary the responses obtained when foetal sheep, in the last

third of gestation, were treated with various diuretic agents have provided

considerable information on the fr:nction of renal tubules. lhe soditrn

ethacrynate and furosernide experiments indicate. that foetal GFR can increase

up to 80% given the appropriate sti¡mrlii. The probable mechanism for such

a rise i:r GFR is reduced vascular resistance and a resultant increase in RBF.

Secondly these drugs have confinned the existence of a mechanism for active

Nat reabsorption in the foetal nephron that rnay involve Nat - K+'ATPase as

a carrier molecule. Si¡ce inhibition of active Nat reabsorption resulted

in a diuretic response it can be concluded that tnder normal circunstances

active Na+. reabsorption is accompanied by passive htater reabsorption.

Accordingly the distal segments of the foetal nephron rnust be perrneable to

water.

Acetazolamide treaûnent revealed the existence of carbonic

anhydrase activity within the cel1s of the foetal tubules and confirmed

the involvsnent of that enzyme in the Nat - H+ exchange acccrnplished by

these ce1ls. Also the fact that kaliuresis occuned following acetazolanide

treaünent confirmed the existence of a Nat - K+ exchange mechanism i¡ the

foetal nephron, but the location and capacity of that mechanisn is i11-

defined. In mature kidneys, the late distal tubule is a site of Nat - Kt

and Na+ - Ht exchange and invariably following treatment with high-ceiliag

diuretics like ethacrfnate and ñrrosenide, the increase in distal Nat load

results in a kaliuresis cornparable in rnagnitude with the natriuresis.

However this was not usually the case in foetal sheep. Generally the

results funply that distal Na+ - K+ exchange occurs in foetal sheep but only

to a limited extent. The sane can be said about distal Na H+ exchange
+

Chlorothi azide treaünent indicated the probable existence of Na+

reabsorption in the outer rnedullary segment of the ascending ljmb of the

loop of Henle. It is thought that the energy for this process may be
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providd by the oxidation of NEFA.

In mature kidneys the proxirnal tubule is a very active site of

reabsorption. In nan it is esti¡nated thal- 75% of filtered solute arrd 75%

of filtered water is reabsorbed in the proximal.tubule' The current.work 
.

provides no direct information concerning the reabsorptive capacity of the

proximal tubule in foetal sheep. Nevertheless it is highly probable, in

view of the large fractional reabsorption of water (76u" to 86%) and Na+

(90% to 98%), that it is an active site of Na+ and water reabsorption'

However it is like1y that it is obligatory reabsorption and has no

irlolvsnent in regulating salt and water excretion. Such regulation, is

probably the role of the various mechanisms that have been revealed in the

loops of Henle and distal convoluted tubules'

With respect to the maturity of these rnechanigns it is apparent

that during what appeared to be rnarcimr¡n ilhibition, the relative increases

in urine flow rate and Na+ excretion rate by the foetal sheep were

ccrnparable with those achieved usi¡g optimally effective doses in adult

sheep. The differences in absolute values reflect the relative sizes and

GFRs of foetal and adult kictneys. Thus with the probable exceptions of

Na* - K+ a¡rd Na* - H+ exchange i:r the distal tubules the reabsorptive

capacities of the foetal tubular mechanisrns are ccfnparable with the adult

mechanisms. Presr.unably therefore, where enzymes are involved in reabsorption,

the enzyme activity per r.urit mass of renal tissue is comparable i¡ foetuses

and adults.

Despite the general equality of adult and foetal responses, there

was scrne indication of progressive maturation of the foetal nephrons durilg

the last third of gestation. However this evidence is not conclusive'

Intheexperimentsinvolvi¡gftrrosemide,theyorrngestfoeû¡s

(118 days) showed some i¡crease in Na* excretion rate after treatment'

However in the remaining cases the most mature foetuses exhibited the
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greatest responses, despite receiving the lowest doses of fi¡rosemide. .If the

results for foetr¡s 69-559 are ignored because of the partio.rlarly high

diuresis which nay have been due to the low pre-treatnent flow rates; then

for the rernainiag 6 fi¡rosemide experiments the correLation between foetaL age

and the percentage i¡crease in Na+ excretion rate follorntixg treatment is

0.686 (0.05 > p > 0.01 n = 6) (see table 10). Thus it may be that the

nechanisn for Na+ reabsorption i¡ the ascending lirnb of the loop of Henle

matures progressively, in terms of its reabsorptive capacity, during the

last S0 days of gestation. The diuretic alrd natriuretic responses induced

by sodir.un ethacrynate also appear to be positively age-relafed (% increase

NaER against age: 1. = 0.867, 0.01 > p > 0.001, n = 3) and since there is

considerable evidence indicating that the pharrnacol-ogical mechanism a¡rd site

of action of ethacrynate is similar to that of furosemide, this supports the

contention that the capacity for Na+ reabsorption increases in late gestation'

It rnay be that such developrnents irrvolve i¡creasi¡g Na* - K* A'I?ase activity

i¡ the ceIls of the renal tubules.

The'chtrorothiazide experiments did not indicate any age-response

relationship with respect to the nagnitude of the response' but older

foetuses did show a more prolonged response. This is possibly because the

biochsnical activity involved in NEFA oxidation becsmes increasingly

sensitive to chlorothiazide suppression. Alternatively if the diuretic

actiuity of chlorothiazide involves binding with a carrier molecule or with

an enzyme that facilitates the carrier rnechanism then the prolonged response

to chlorothiazide in older foetuses may be due to a greater affinity between

the carrier molecule a¡rd chlorothiazide. In such circwnstances, the

reabsorptive'capacity of the outer nedullary portion of the ascending limb

of the loop of Henle rnay well be greater in older foetuses, but because

of the larger doses of chlorothiazide used in the yogng foetuses the

affiaity differences and therefore the differences in reabsorptive ability

were masked.



euT¡n er{l ur polÉuTurTTe ere elerrÁrf,Btf}e ptre epTuÞsornJ l{loq orTrII{ 'e1nqn1

lewxord oql rrr uoTl.elsas e^T1f,€ lq Pr¡e uoTlerlllJ IeTfìJeuIoIE '(q 
l1t"r'eru¡rd

polpuT¡rTTa or€ sf,rle¡nTP oprzeTql sIIIBJuT l¡eumq uI 's8n'rp eql oleIsxo PUP

asTToqelau 01 sntooJ eql Jo ,tfTtTqe eql uT suoTlET¡B^ Ptre s8rup aql qlT¡À

eurql¡rof, o1 eurseld lelaoJ eql uT sulelord ¡o f11cedef, oql se qons sJolf,BJ uT

suoTl€Tr'^ of, onP eq feur s8nrp eql ,(q Pef,nPuT sesuodse¿ eI{1 uT sâ3ue¡eJJTP

peleler-oEe f.13u¡uraes 1€tfl perequaural aq lsrìtlt 1I 'sluoulTlodxa c¡lern¡P eseql

JO sTseq or{1 uo daeqs l€laoJ IIT slrslueqf,alr aTnclnl. Jo &T¡rc9ul eql Eurr¡¡aouor

srrorsnlf,uoc EuF'rerp qlT¡Â PelBT3oss€ seTlTnsTJJTp aJP eIeql

.uoTlelsaE ¡o sdep sz-oz l.sBT eql uT sasBelf,uT ouT¡n deeqs

TelooJ ¡o fflTetouso eql 1€çÌ Prl'toJ z(eql '¡rìf,f,o sooP sTI¡1 1eql Pe1.rode'r eneq

(qZ¿Of) re1'BIS PuB roTTêN PIre (€856I) I€ le rePuexew 'f¡ueu8e¡d ¡o sfep

0t ls€I aqt SuFnP auTln T€looJ eql Jo l1tc1uo1'od'Q eqf ef,nPol plno¡4' sIolf,eJ

eseql reqlaEo¡ 't(euPpt løleoJ el{l Jo PTnTJ I€TlTls¡alur al{l uT earn Jo

uoTleTrurmf,e eql qlT¡t uoTlelf,osse uT ¡nf,f,o fuu stql uees eq TTT¡Â sV 'srt1eoJ

etp Jo slf,nP Errr1re11of, Pue seTnclnl I€lsTP eql uo¡J ¡elerrt ¡o uo11d'rosq€or

aql alouor.d pue 1ue1pre.rã f,Tlouso deels ^(1Eu-tsea.rcut ue ¡o lueurdore^êp aql

elelTlTf,€¡ /,ew srqt '(0I elqel ees) uo1le1seE ¡o s'(ep ¡g-gz 1:se1¡ aq1 Eulrnp

sesEarf,uT elueH ¡o dool eql uþ¡J uolldrosqeel +EN 'lse8Ílns slueu4redxa

f,rternTp aql s€ JT e¡oJeraç 'aflga¡cxa +€N Ielsrp ueql PTnIJ IBTlTlsreluT

frellnpeur ar$ o1 *3N Jo uoTlnqTrluof, luBoIJTuBTs eIoI¡I B a{sul PTnoÂr

eTuaH ¡o dool aqt Jo qunl Sutpuef,s€ aql uT ¡nf,3o o1 lq8noql uoTld¡osqeer +€N

eql ra^e/,þH .,bupT>t ¡eteol eql Jo ,tlr¡edeo Eullerluatruof, PelrurlT aql ut

¡ol.f,e¡ e eq ^(eur sulsrLteq3eu afueqcxe I€lsTP eql Jo {1trn1euu-t eql

'pelTuIIT s1 deaqs l€leoJ Jo

solnc¡rr1 TelsTp eql uT eEtreqcxa *H - *"N P* *X *"N leql sreedde fT f11eur¡

puB *BN qrosqee¡ 01 aluoH ¡o dool eql JO qunl Eurpuatrse aql Jo uoTl'3os

,1¡ellnpeu ¡e1no er{t Jo frTtlqe eql pue e8e 1e1ao¡ ueemleq dtqsuo¡1elar €

sr oreql 1€t{} slseSEns ecuePT^e e^Tsnl3uof, ssel roqlg 'sesnleoJ olnleu eroul

uT ¡el€e¡E s1 elua¡1 ¡o dool eql Jo qunl Eutpuof,s€ ãql fq uotld'rosqee¡ +ÉN

ro¡ flloedeo aql teql a1Éf,rpur sluaur-tradxe f,Tle¡nTp eql 'tIIB¡auaÐ

e8l



184

and faeces (Berger et al 1965). In the uri¡e ethacrrnate is for¡rd in equal

parts as the parent cønpound and as an wrstable netabolite. Fr¡rosemide is

bot¡nd to plasna proteins after absorption and only a fraction is netabolised

prior to excretion.

No information is avâilab1e concerning the ability of the foetal

lanb to elimi¡ate chlorothi azíde by secretion in the proximaL tubule nor oir

the binding of furosemide and ethacrynate to plasrna proteins. Sirnilarly no

specific infornation is available concerni¡g the capacLty of foetal lanbs of

various ages to netabolise and excrete these diuretics. However we can

reasonably assume that the ability of the foetal liver to metabolise drugs

i¡creases with foetal age (Dawes a¡rd Mott, 1964). Also foetal GFR has been

shor^¡n to increase during the last L/3 of gestation thus it is likely that

the rate of metabolisn and excretion of the diuretic dnrgs increases with

foetal age. In the present work the conclusions based on the diuretrc

experiments are dependent upon the fact that greater responses were obse:nred

i¡ older foetuses. obviously therefore the probable increase i¡ the foetal

capacity to metabolise and excrete these dnrgs does not negate these

conclusions but i¡ fact reinforces the'm.

6.3 Hormone Involvement in Foetal- Kidneg Function

6.3.1 The i¡rfluence of exogenous hormones

As described in section 5.5 a variety of hornones were infused

into foetal sheep. The objective of these experiments was to assess the

sensitivity of the foetal kidney to hormonal influences and to enable

gestational changes in foetal kidney function to be related to changes in

the endocrinological rnilieu of the foetus. It is not sufficient to examine

rnorphological and biochemical changes within the foetal kidney if its

ftnctional developnent and homeostatic capacity is to be understood' These



185

phencnnena rn¡st be considered in terms of the developnent of the pituitary'

adrenal a¡cis of the foetus.

6ne hormone considered in the endocrinological sunrey was AIll

(vasopressia) a pepitide hormone from the posterior pituitary which normally

has the effect of reducing high uri¡e flow rates by facilitating the

reabsorption of water in the renal tubules. In the absence of ADH the

epitheliun of the distal tubule and collecting duct is relatively impermeable

to water. However an increased level of ADH results in greater permeability

of these tubules to water, allowing osnotic equilibration between the tubular

fluid and the interstitial fluid of the renal nedulla. This results in the

excretion of hlpertonic uri¡e. Apart from this, AU{ has an unpredictable

effect on electrolyte excretion that appears to vary between species and

even within species. How ADH influences electrolyte excretion is not lsrorn¡n

but Ginetzinsþ (1961) claims that the increased permeability of the

epithelir.m of the distal tubules and collecting ducts, is due to greater

hyaluronidase activity in the presence of ADFI. Generally the fi¡dings of

other workers have not supported this theory. Irdore recently Orloff and

Handler (1964) using amphibia¡r bladder tissue have shown that q¡c1ic adenosine

- 3', Sr - rnonophosphate (cyclic - AI,IP) causes changes in permeability

similar to those caused by ADl. Accordilgly they proposed. that accunulation

of cyclic - AI,IP is an intermediary step il the action of AIII on rnanrnalian

kidney tubules. However the exact effect of ADII on nephron permeability

is not khown.

Adult sheep show several patterns of response to ADH- Doses of

pitressin or arginine vasopressin (ADH) as small as 1 nU by injection or

1-2 rnU/hour by infusion, produce a transient increase in trR plus rises in

Na+ and K+ excretion rates. These doses are diuretic when the initial urine

flow rate is between 1..0 and 1.5 rnl per minute but are anti-diuretic when

the i¡itial flow rate is-greater than 1.5 to 2 rnl per minute,
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(Kinne et al 1961, Gross et al l-965, Gans L964). However Stacy a¡rd Brook

(1964, 19ó5) reject the proposal that t¡nder certain conditions ADH nay

increase electrolyte and water excretion. In their experiments they

obtained only anti-diuretic responses with the production of hypertonic

urine and there r,tras no alteration of total electrolyte excretion.

Only two experiments were conpleted i¡ which foetal sheep were

infused urith ADH and the results are inconsistent. Therefore no firn

conclusions can be drar^¡n from the present work and obviously fi'rrther

experiments are required. Nevertheless we can speculate on some aspects of

rhe results obrained. The youngest foetus treated with Æ)FI showed a

typical anti-diuretic response with an 80% fall in urine flow rate during

the first hour of treaünent. It was noticeable that on this occasion

the i¡itial urine flow rate was 1.36 ml per ninute and when it is

considered that the ffiR in foetal sheep is only about 20% of the adult GFR,

such a flor¿ rate represents a high rate of water output. In comparison,

the second foetus treated with AIH had a low pre-treatnent flow rate

(0.48 m1 per ninute) and about one hour after treaünent the flow rate

increased.

Therefore it nay be that in foetal sheep, as in the adults, ADFI

induces a response that is related to the initial flow rate and that with

high initial flow rates it is anti-diuretic and with low initial flow rates

it is diuretic. In such circunstances the response is presr.unably determined

by the state of hydration of the foetus. Alternatively, AXFI nay simply be

anti-diuretic as indicated by the first ex¡leríment, for if the low initial

flow rate in the second experiment was due to near maximun nephron

permeability, exogenous vasopressin could not produce a further reduction

in flow rate.
' R¡rther the increase in flow rate in that experiment rnay have been

due to a natural resurgence following a phase of restricted urine output.

Since the nalcimr¡n flow rate recorded in the second experirnent occurred three

hours after the completion of the vasopressin infusion the second
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explanation seems nore suitable.

If it is accepted that the response in the first experiment was

due to the anti-diuretic effect of ADH involving an i¡crease in the

permeability of the distal tubules and collecting ducts, an intra-renal

osnotic gradient nust exist. Despite the proposal that Na* transport from

the distal tuåule and loop of Henle is limited in yor.rrg foetuses, there

nust be sufficient transport of Na+ or other osnrotically active substances

to have established at least a sma1l intra-renal solute gradient.

The next hormone considered was aldosterone. In hr.rnans, intra-

venous a&ninistration of aldosterone is fo11owed, after a delay of about

one hour by a decrease in the rate of renal Na* excretion and an i¡crease

in K+ and H+ excretion. Generally no change in water output is observed

during aldosterone adninistration (Simpson and Tait 1955) r It is thought

that aldosterone acts on the distal tubules to promote the exchange of Na+

for K+ or H+. With long term aùninistration this leadS to hypokalenia and

alkalosis while Na+ retention continues and the extra-cellular fluid

volnrne increases. EventualLy a conpensatory mechanism is i¡itiated, the

details of which are unlmown, but r,,¡hich results in the inhibition of Na+

reabsorption in the proximal tubule so that Na+ etcretion rises despite

continued aldosterone action. As a result Na* balance is re-established

but the abnormal excretion of K+ and H+ continues

The nechanism of aldosterone action has not been clearly

established. Edefunan et a1 (1-963) have suggested that the increase in Na+

transport is brought about by an i¡crease i¡ the rate of synthesis of the

enzymes involved in Na+ transport. The long latent period in the action of

aldosterone on the nanrnalian kidney is consistent with this hypothesis, but

not consistent with a direct action of the hormone on the ce1l nernbr¿me' in

which case practically no delay in the onset of action would be anticipated'
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In adult sheep, aldosterone causes Na+ retention (Blair - West'

et al 1963) but it does not appear to pronote K+ a¡rd H* loss as it does

in other species (Kinne et al 1961, MacFarlane 1965). These findings have

been confirmed by Peter (L969) who i¡fused aldosterone into sheep at rates

ranging from 50 to 1000 pg per hour a¡rd fotnd a cLear decrease in urinary

[¡¡"*] and Na+ excretion rate plus a small reduction in uri¡e flow rate.

However there was no effect on K* excretion rate.

In foetal sheep, the doses of aldosterone used were comparable

on a body weight basis with the doses used in adult sheep.

However the responses induced in foetal sheep although consistent

with those observed in adult nanrnals in general, were not consistent with

those displayed by adult sheep in partiorlar. Aldosterone promoted Na+

!

retention and K- loss by foetuses. In addition there was some increase i¡

H+ excretion particularly when high doses of aldosterone were injected.

In all cases there was a delay of one to two hours before the response

began which again indicates that aldosterone does not act directly on

tubule cell membranes so the mechanism of aldosterone action in foetuses

nay be as proposed by Edelna¡r et al (1963)

If the adult nodel is used to explain the foetal responses, it can

be infered that the rises in K+ excretion rate which followed aldosterone

treaûnent were due to a rise in K+ secretion by the distal tubules follor^ring

increased Na+ reabsorption. On the basis of the diuretic experiments it has

been argued that distal Na+ - K+ exchange is limited in young foetuses but

increases with foetal age. Presr.unably therefore there would be some Na* - K*

exchange in the distal ftibules of foetuses aged about 130 days which is the

age of the foetuses used in the aldosterone experiments. Therefore

superficially there is no dichotomy between the conclusions derived from

the diuretic experiments and those derived fron the hormone experiments.

However when it is considered that in some experiments K+ excretion rate
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increased as nuch as five ti¡nes, the suggestion that this was achieved by

poorly developed rnechanism seems improbable. Secondly the aldosterone

induced kaliuresis had a latent period of over an hour compared with the

inrnediate kaliuresis induced by the diuretic agents. Therefore it is

likely that the nechanisn of the aldosterone induced kaliuresis is different

from the nechanisn responsible for the increase in K+ excretion followilg

diuretic treaünent.

The next hormone considered was cortisol which is basicaLly a

gluco-corticoid, but which produces variable effects on the renal excretion

of water and electrolytes. These alterations depend on the i¡itial patterns

of electrolyte excretion a¡d flow rate (Lipsett et al l-961). Cortisol can

induce sodiun retention and potassir.un excretion in adult nanrnals but much

less effectively than aldosterone. The jncreased reabsorption of Na+ is a

result of a direct action of cortisol on the kidney, as in the case hrith

aldosterone. However the increased excretion of K+ rnay be largely the result

of mobilization of K+ from tissues rather than a direct action on the kidney.

Under certain circunstances cortisol can increase Na* excretion and this is

alnost certainly due to the.ability of cortisol to increase GFR. Aldosterone

and desoxycorticosterone are ineffective in this regard (Ahned et al L967,

Share and Travis 19ó8)

There are few reports available on the renal effects of cortisol

in adult sheep, but Peter (L969) has for¡nd that cortisol infused at rates

of between 60 and 100 pg/hour has no effect on renal firnction. Cortisol

had no consistent effect on urine flow rate or electrolyte excretion rate in

adult sheep. In three of the four experiments in which foetal sheep r^Iere

infused with cortisol the [t¡r*] and [f+] of foetal urine increased following

a latent period of 1 to 112 hours and the electrolyte concentrations reached
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were 70-100? greater than the pre-treatment averages. The available

evidence suggests that these changes were due to increases in foetal GFR

rather than to changes i¡ the tubular handling of Na+ and K+. Apart from

electrolyte excretion the excretion rates of all urinary solutes increased

duriag cortisol treatment and there rrras a rise in endogenous creatinine

clearance. Thus it seems likely that in foetal sheep as in some adult

rnanrnals, cortisol has the ability to increase GFR. The nechanisrn of this

effect is not clear. In adults it is thought to be due to an ill-defined

influence on the cardio-vascular systøn. For instance it is lrror^rn, that in

the absence of corticosteroids there is a redt¡c.tion in cardiac output.

Sirnilarly Brown and Remington (1955) and Lefer and Sutfi¡ (1964) have

demonstrated that corticosteroids i¡fluence the contractile force of the

heart. Irrespective of the nechanisn, the possibility that cortisol

influences foetal GFR is of significance in explaining the maturation of

GFR, since the concentration of cortisol in foetal plasma increases with

foetal age.

In conclusion it should be noted that in the cortisol experinent

carried out on the oldest foetus, the urinary [¡¡"*] before treatment was

exceptionally high but shortly after treatnent began the [N"*] decreased.

Thereafter the concentrations of Na+, K+ and the other urinary solutes

i¡creased and finally stabilised at 1eve1s close to pre-treatrnent levels.

so after the j¡itial fall in urinary [t¡.*] the response in this experiment

was comparable to the responses obtained in the other three cortisol

experirnents. However the iiitial effect on urinary [t'la*] suggests that

cortisol may act as a salt retaining hormone in foetal sheep and whether

or not it does so may depend on the initial rate of Na+ excretion'

To this point it has been concluded that during the last third

of gestation exogenous aldosterone prcrnotes'Na+ retention in foetal sheep
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and that cortisol has a mild natriuretic and diuretic effect. Further, it

is likely that the cortisol response is the rezult of an increase in GFR

rather than changes in tubular reabsorption. One observation suggests that

when Na+ excretion rate is high, cortisol nay have a salt-retaining effect.

All of this information indicates the involvement of the foetal adrenal in

regulating kidney function.

The next step in exanining the influence of the foetal adrenal

was to inject netyrapone into two foetuses aged 115 and 1-24 days. In adults

metfrapone irùribits the biosynthesis of cortisol, corticosterone and

aldosterone in the adrenal cortex by blocking 11ß hydroxylase activity.

Studies in foetal sheep by Wintour et al (1975) have shown that 11ß and

17a hydrorylases are present frcrn about the 60th day of gestation. Ttrey also

clairn that the adrenal glands of 40 day-old foett¡ses are capable of producing

more cortisol and aldos.terone per gn of bodyweight, than term adrenals.

Nevertheless the plasna concentration of these hormones rises with

increasing foetal age. Aldosterone rises regularly over the last 60 days

of pregnancy while cortisol rises dranatically during the last 10 days. In

foetuses of the same age as those used i¡ the present experiments, the plasma

concentration of cortisol is about 20 ng/rú, (Liggins et aI 1973) and the

plasrna.concentration of aldosterone is about 0.03 ng/ml (Wintour et al L975).

In fact the ratè of secretion of cortisol by foetal sheep 20 ðzys before

delivery, is similar to that observed in more mature foetuses; presr.rnably

therefore, the changes in concentration reflect changes in the metabolic

clearance of cortisol (Liggins et a1 1973).

All of this information confirms the existence of considerable

L1ß and L7cr hydrorylase activity in the adrenal glands of foetal sheep, much

earlier than the 115th day of gestation. Therefore it was anticipated that

netyrapone would have the same action in foetuses as in adults and block

118 hydroxylase activity.causing aldosterone secretion to be reduced and
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Na+ excretion i¡rcreased. Alternatively, if the foetal adrenal can respoñd

to ACTH and there is substantial evidence that it can (Wintour et al 1975'

Liggins et al L973), the rise in AüII{ secretion that usually occurs during

rnetyrapone treaûnent would stimulate additional.secretion of 1-1-desoxycorticoi(

which would reduce Na* excretion.

In fact, on both occasions that netyrapone was infused into foetal

sheep, there hras a significant decrease in the concentration of Na+ in

foetal urine and a reduction in urine flow rate. The nett resuLt in each

case u¡as about an 80% decrease in Na+ excretion rate and with the exception

of K+, no other uriaary solute was affected by metyrapone treatrnent. In one

experiment K+ excretion rate was r¡naffected, while in the other there was a

reduction in K+ excretion rate that obviously paralleled the change in urine

flow rate. Thus the only consistent and significant result following

rnetyrapone infusion was Na+ retention. If it is accepted that this response

was the result of ACTII releas.e and a rise in the secretion of

ll-desorycorticoids then it is assr¡ned that pituitary - adrenal feedback

mechanisms are i:r operation i¡ the foetus and that the foetal kidney is

sensitive to the salt-retaining properties of the Ll-desoxycorticoids. These

asstrnptions are strpported by a variety of evidence including results obtained

in the present work.

In adults if rnetyrapone is a&ninistered simultaneously with a

gluco-corticoid such as dexamethasonerit is possible to inhibit the rise i¡

ACTH output and hence hhibit the increased secretion of ll-desoxycorticoids.

Therefore such combined treaûnent often results in natriuresis and diuresis-

An experinent of this type was carried out using a L23 day-old foetus and

the anticipated increases in urine flow rate and Na+ excretion rate were

observed. These rises began after about one hour of treatrnent. The

ma:cimr.un Na+ excretion rate recorded was 60% greater than the pre-treatrnent
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average while the naximr¡n flow rate was 93% greater than the pre-treaûnent

average. A rise in GFR may have contributed to these clranges, since K+

excretion rate also increased and there was a 15? rise in endogenous

creatinine clearance. However this would only account for part of the

natriuresis and diirresis a¡rd the bulk of the response was presunably due

to a decrease in Na+ reabsorption by the foetal nephron.

In two further experiments, dexamethasone was administered a1one.

On both occasions the dexanethasone treaünent produced a rise in urine output

plus a comparable increase in Na+ excretion rate and a smaller rise in K+

excretion rate. Since dexanethasone is a synthetic adreno-cortical steroid,

which in adults exhibits basic gluco-corticoid properties similar to

cortisol and no Na+ retaining ability, it røy be capable of increasing GFR.

The changes il endogenous creatinine clearance during these experiments

were compatible with rises in GFR. However the GFR rises indicated by

creatinine clearance would not have been sufficient to account for the

changes j¡r Na+ excretion rate which were as nmch as 400%' In the first

erçeriment, endogenous creatinine clearance increased by 25% and in the

second erçeriment, it increased 20eo. Nevertheless, since the metyrapone

experiments have i¡ilicated the presence of normal pituitary-adrenal

relationships, the aùni¡istration of dexarnethasone would presr.unably idlibit

AC'IH release. Ttris would limit the secretion of endogenotrs mineralo'

corticoids and since dexamethasone itself has no salt-retaining effect, the

Na+ retaining sti-rm-rlus on the foetal kidney would be reduced' Consequently

active Na+ reabsorption and passive water reabsorption would be reduced

resulti,1g i¡ the obsen¡ed increases in urine flow rate and Na+ excretion'
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In general, the experiments carried out with dexanethasone and

metyrapone indicate the existence of 1Lg hydroxylase activity i¡ the foetal

adrenals. Secondly it appears that r^ltren that enzyne is inhibited by

netyrapone, the resultant alteration i¡ corticosteroid output results in

greater Na+ and water retention. Since the effect of rnetyrapone blockage

is to jncrease ll-desoxycorticoid secretion it seems that the foetal

nephron is sensitive to the Na+ retaining properties of those hormones.

This is consistent h'ith the observed ser¡sitivity of the foetal kidney to

aldosterone. Also the experiments using dexamethasone a1one, and i¡

conbination withnetyrapong indicate the existence of normal pituitary-

adrenal interactions in the foetus and suggest that the aôninistration of

synthetic gluco-corticoids suppresses the secretion of endogenous cortico-

steroids. Further it appears that dexamethasone, like cortisol, has the

ability to increase foetal GFR, although the synthetic conpor-rrd has a more

lirnited effect on GFR.

fn view of the urinary responses displayed by foetal sheep

follouring treatment with exogenous gluco-corticoids, further experiments

were conducted in which ACIH was infused i¡ an attønpt to increase the

secretion of endogenous cortico-steroids. In adult manrnals ACTH stimulates

the adrenal cortex to secrete cortisol, corticosterone, aldosterone and a

mniber of other hormones. If this pituitary stim¡lus is absent the

secretion of most of tåese hormones is markedly reduced and i¡ fact the

adrenal cortex atrophies. Hor,vever, aldosterone secretion rate is relatively

independent of the pituitary stimulus a¡rd the zona glomerulosa of the adrenal

cortex, which is rnainly responsible for the production of aldosterone, shows

least atrophy in the absence of ACTH.

With respect to foetal sheep, the effect of ACTH on cortisol

secretion has been studied by Liggins et al (1973) who infr¡sed 0'1 ng of
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ACTH over 24 hours (a.Z ug/kg/nt) into two foetuses aged 115 days. Ttrey

found that plasrna cortisol concentration increased approxfunately four fold

on both occasions with the peak values occurring within 12 hours.

Nevertheless the naxirm¡n concentrations (18 and 27 ng/n1-) were still

approximately one third of those found 24 to 48 hours before birth. In

otherin vitroandin vívoexperiments, Wintour et al (L975) demonstrated the

ability of foetuses of a similar age to those used in the present work, to

respond to ACTH by increasing cortisol and aldosterone secretion. With a

118 day-old foetus, they found that infusion of AC"IH at the rate of L.25 U/ht

increased the secretion of aldosterone from 0.05 ¡rg/hr to 0.5pg/ht and the

secretion of cortisol from 0.9 to 3 :ug/trr. In the present work 3 foetuses

aged between L13 and LZL days were infused with ACTII at rates of 10 to 17

Fg/kg/hr for periods of 8 to 12 hours. On the basis of the work described

above, it can be assuned that such doses would be sufficient to produce a

næcimr¡n adrenal response and that the increases il cortisol and aldosterone

secretion would be similar to those described by Wintour et a1 (1975) and

Liggins et al (1973). In view of the demonstrated effects of exogenous

cortisol a¡rd aldosterone a si¡m¡ltaneous rise i¡ the secretion of endogenous

cortisol and aldosterone is likely to result in conflicting i¡fluences on

electrolyte excretion by the foetal kidney. In such circwnstances the nett

effect on foetal kidney fi.rrction would depend on the relative increases of

the two horrnones and their relative potenq¡ with respect to Na+ and water

excretion or reabsorPtion.

In the yowrgest foetus infused with ACTH there rtlas a progressive

decrease in urine flovr rate during the infusion period and a significant

faI1 in Na* excretion rate, after a latent period of 3 hours. In the

remaining experiments these trends were reversed with urj¡e flow rate and

Na* excretion rate exhibíting substantial rises. The K+ excretion rates were
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more variable, but in general they followed similar patterns to Na+

excretion. If it is accepted that from about the 100th day of gestation

ornvards, the adrenal glands of foetal sheep becone less responsive to ACTH

in terms aldosterone secretion (Wintour et al L975) and more responsive in

terms of cortisol production then the ratio of aldosterone outputt to

cortisol output following ACTFI stimulation, will change with foetal age.

In the youngest foetus (1L3 days) treated with ACIII the response. may have

been predominantly a rise in aldosterone secretion, resulting in Na* and

water reabsorption. However in the older foetuses the response may have

been predoninantly a rise in cortisol secretion with less aldosterone

secretion; irr which case the primary influence on kidney firnction would

have been cortisol, resulting in increased Na+ and water excretion. In

support of this proposal it was seen that with nature foetuses the changes

in electrolyte excretion rate after ACTH treatrnent were ccmparable with

the changes i¡ foetuses of a similar age treated with cortisol. Finally, in

foetuses 223 anð,233 the endogenous creatinine clearance rates i¡creased

during ACTH treatrnent from l-.90 to 2.86 m1./nin and fron 1.36 to 2.23 ml,/min

respectively, yet the youngest foetus showed no consistent trend il endogenous

creatini¡e clearance.

The ability of progestins to jnfluence foetal kdiney ft¡nction was

also examined il this survey since there is some evidence that progesterone

and l-7cr HP inhibit the activity of mineralo-corticoids i¡ the renal tr¡bules

(Visser et al 1964). In fact Visser et al (1964) have str¡died salt

netabolisn in hr¡nan infants and claim that the natriuretic effects of ACTH

in infants are due to aldosterone antagonisrn by 17o HP. However when foetal

sheep were injected with substantial doses of progesterone and 17o HP no

evidence that either progestin had a direct or i¡direct effect on kidney

fi¡nction was obtained.
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The final hormone used in foetal sheep was angiotensin II. In

adults, angiotensin has intense vasoconstrictor and pressor properties pltrs

a direct effect on the adrenal cortex leadiag to a relatively selective

stim¡lation of aldosterone secretion. Such stimulation of aldosterone

secretion and the resultant retention of Na+, can be obtained with low

doses of angiotensin that have little or no pressor effect (Gross 1958).

It is not known with certainty how angiotensin exerts its effect on the

adrenal cortex. There is evidence, that it acts early i¡ the biosynthetic

pathway for aldosterone, possibly before the cholesterol forrning step

(Kaplan 1-965; l.onrner and Wolff, 1966).

In addition to promoting a hormonal effect on kidney fi.rtction,

angiotensin given intra-venously can effect urine formation by several

other mechanisrns. l,ow doses of angiotensin cause vasoconstriction leading

to a decrease in RBF, GFR and Na+ excretion rate (Louis and Doyle 1-964).

Larger doses may saturate tr:bular receptors and irihibit Na+ reabsorption

(Leyssac et al 1961, Brorr¡n and Peart L962). Finally angiotensin can

produce a natriuretic effect by increasing filtration pressure and GFR

(Sellarrt l-951). There is no i¡formation currently available concerning

the effect of angiotensin treatnent on foetal kidney ft¡nction.

In the present work three experiments Ltere carried out in which

foetuses aged 1L6 , lZS and 140 days were infrrsed with angiotensin II. All

foetuses exhibited a rapid pressoï response with the lvlAP increasi¡g by 30%

within minutes of beginning the infusion and returning to pre-treaÛnent

levels jnrnediately after completing the infusion. With respect to urine

production, all foetuses showed prompt reductions in uri¡e flor^r rate and

electrolyte excretion rate. These changes persisted for about 1% hours and

the probable cause t{as a fall in GFR resulting from the constriction of the

afferent arterioles. The ability of vasoconstrictor drugs to reduce foetal
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GFR has been confirned in section 5.4.1. The fall in flow rate and Na+

excretion rate is unlikely to have been due to i:rcreased aldosterone

secretion since the response was funnediate and aldosterone activity in

foetal sheep has been shown to have a latent period of about one hour.

Following the initial responses, the trends in uri¡e flow rate and

electrolyte excretion rate were quite different. The youngest foetus had

a relatively unifonn flow rate during the latter part of the infusion

period, but the electrolyte concentrations and excretion rates varied so

widely that no conclusions concerning angiotensin influence could be drartrn.

In the 140 day-old foetus, the flow rate during treatment was variable but

increased overall as did urinary [ttla*], resulting in a substantial

natriuresis which persisted after treaÛnent.

The diuresis and natriuresis that occurred during angiotensin

treatnent may have been due to a rise irr filtration pressure and GFR,

following i¡tra-renal acconrnodation for the initial increase in vascular

resistance. This is consistent with the observed changes i¡ crealinine

excretion rate but if a rise in GFR was responsible, it is difficult to

r:nderstand why it persisted for two hours after treatnent since the IvIAP

returned to normal within ni¡rutes. In general these experiments do not

permit firn conclusions to be drawn regarding the influence of angiotensin

on foetal kidney function, except that angiotensil appears to alter

vascular resistance.

6.3 .2 Hormone Case Studies

Apart from hormone infusion experiments, the involvement of

hormones i¡ foetal kidney fr:nction was considered by comparing the plasna

concentration or activity of a variety of endogenous hormones with urine

flow rate and composition, in individual foetuses. These case studies

could only yield correlations that rnay or may not indicate causative
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relationships but it was anticipated that this would add to the information

obtai¡ed in the i¡fusion experiments.

In the first case study using foetus 66-345 there was an increase

in plasrna cortisol concentration and a decrease'in total progestins duriag

the last 8 days of pregnancy. These hormonal changes htere associated with

a rise in the excretion of most of the urinary solutes analysed and a rise

in urine flow rate. Since it has been fotnd that cortisol has a diuretic and

natriuretic effect in foetal sheep it is tønpting to speculate that the rise

in cortisol caused the obseryed changes in kidney fttrction by increasing

GFR. The general nature of the excretion rate changes supports this

possibility as does the fact that the rises in urinary [tl"*] and [K+] were

consistent with the short-term effects of i¡creased cortisol concentration,

seen in the infusion experiments. The relationship of reduced plasna

. progestin concentration with ilcreased uri¡e flow rate and electrolyte

excretion rate is less likely to be significant. Progesterone and 17s HP

had no apparent effect on kidney output when injected into foetal sheep.

Also the only doc¡mented effect of these hormones on water and electrolyte

excretion is the ability to act as aldosterone antagonists irl which case a

decrease in plasma progestin concentration would lead to reduced uri¡e flow

and Na+ excretion, not the reverse.

The association between endogenous cortisol concentration and

kidney activity was also evident i¡ the second case study (foetus M77);

In that study the cortisol level did not begil to rise r.rrtil two days before

delivery and a particularly high concentration was recorded on the last day

of pregnancy. This rise in cortisol concentration was associated with high

levels of urinary [¡¡a*] and Na+ excretion rate. The final case study

involvìag steroid measurements, rl,Ias carried out on foetus W38 between the

115th and 133rd daysof gestation. This period precedes the usual time of

cortisol increase a¡rd the only hormone that showed any significant
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until 7 days before delivery a¡rd in that time the daily average for PRA

increased L00%, but over the last 7 days of pregnancy PRA fell by 158.

On the basis of the evidence previously discussed, the changes

in plasma cortisol concentration and PRA are the most likely to influence

foetal kidney function. However the possibility of subtle or-indirect

effects caused by other hornonal changes cannot be dismissed. There is

considerable evidence that cortisol will induce natriuresis and diuresis,

possibly by raising GFR. Sinilarly the pressor effect of angiotensin i¡

foetal sheep has been clearly established. Tlu¡s the secretion of angiotensin

resulting frcrn PRA nay influence GFR in two ways. It rnay reduce GFR by

constricting the afferent arterioles and raising vascular resistance or if

the increase is vascular resistance is cornpensated for, the pressor effect

of angiotensi¡ rnay increase GFR. It has been shov¡n il the present work that

both I,IAP and GFR increase with foetal age and the trend in PRA during the

last 35 days of gestation parallels very closely the trend in GFR.

6-4 Gestationai Variations in FoexaL \lrine Composition

In section 4 the results obtained frcrn the analysis of urine

sanples collected frcrn r¡ntreated foetr¡ses each day during the last 35 days

of pregnancy are recorded. Also recorded are the daily averages for the

percentage reabsorption of Na*, K* and water on each day of the same period.

With respect to the Na+ content of foetal urine it was fotmd that overall

[tla*] was negatively correlated with foetal age. However, ilr reality this

relationship only applied between days 115 and 145 during which time there

rtras a 50% decrease i¡ urinary [Nr*]. When those foetuses which lanbed were

considered alone, a five fold increase in urinary [t¡a*] during the last five

days of gestation was revealed and this was reflected in a lesser i:rcrease

in Na+ excretion rate. The pre-parturient rise in urilary [¡¡.*] and Na+

excretion rate was so similar in timing and nagnitude, to the rise in
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cortisol concentration that a causative relationship is proposed. Such a

relationship is consistent with the observed effects of exogenous cortisol

on urinary [],¡"*] and Na+ excretion rate and with the association between

these urinary paraneters and endogenous cortisol concentration jx the

individual case studies. It appears likely that this association involves

the effect of cortisol on foetal GFR. Inulin clearance was not measured

in foetuses older than 146 ðays, but 25 estimates of endogenous creatinine

clearance were made in the last six days of pregnancy. These indicate that

a rise in GFR, which is independent of kidney síze, does occur. Therefore

it is probable that the rises in urinary [t¡r*] and Na+ excretion rate are

due, irr part, to a pre-parturient ilcrease irr GFR.

The data concerning water and electrolyte reabsorption revealed

changes that are obviously the result of major changes irr kidney furrction

duriag the last five days of pregnancy. The fractional reabsorption of

water is positively correlated with foetal age over the last 35 days of

pregnancy, however the i¡crease is particularly rapid during the last five

days possibly because of additional water reaching the distal tubules

following an increase in GFR. There was also a 6% reduction of Na+

reabsorption during the five days before birth which would contribute to

the obseryed i¡crease in urinary [ttla*] . This fall i¡ percentage Na+

reabsorption nay have been due to an i¡crease in the filtered Na+ load

following a rise in GFR or to a change in the hormonal i¡fluences on

tubular function. All of the alterations in the renal handling of Na+

and water occurred after day 145 when PRA was reduced. If angiotensirt

stimulates aldosterone secretion in mature foetuses, as it may, despite

the failure of exogenous angiotensin to produce a renal response in yotnger
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foetuses; the fall in PRA would have resulted ín reduced aldosterone

secretion. This in turn nay have been responsible for the fall in the

percentage reabsorption of Na+ and tln¡s have contributed to the rise in Na+

excretion.

Prior to day 145 there was a negative relationship between

uriaary [¡¡.*] and foetal age, but Na+ excretion rate shor^red no significant

trend. The rise in foetal PRA duri¡g this period nay have contributed to

the decrease in uriaary [trla*] by stinnrlating íncreased aldosterone secretion.

This possibility is consistent with the evidence obtained in the diuretic

experiments which suggests that Na+ - H+ and Na+ - K+ exchange in the distal

tubules of foetal sheep i¡creases until at least the 140th day of gestation.

Also the furossnide and sodir¡n ethacrynate experiments suggest that the

capacity of the foetal tubules to reabsorb Na+, increases with increasiag

foetal age. Since no foetus treated with either diuretic was older thart

140 days, these experiments give no ilfornation concerning Na+ reabsorption

in the innediate prenatal period where urinary [l¡a*] increased dranatically.

But the fact that the Na+ reabsorption mechanism that is inhibited by

furosemide and ethacrynate seems to increase its capacity in foetuses aged

between 118 and 140 days, is consistent hrith the observed decrease i¡r

urinary [t¡a*] between days 115 and 145. All of these argtunents apoear to

contradict the fact that the percentage reabsorption of Na+ was negatively

correlated with foetal age, yet in reality the only significant decrease in

fractional Na+ reabsorption occurred during the last five days of pregnancy.

Further the percentage reabsorption of Na* between days 115 and 140 renailed

basically unaltered despite an overall increase in GFR. It therefore

appears that the rise i¡ filtered Na* is equalled and probably surpassed

by additional Na+ reabsorption in the ascending lirnb of the loop of Henle

and by aldosterone mediated, Na+ reabsorption in the distal tubules.



204

In surmary, the gestational changes in urinary [t¡"*] and Na+

excretion rate showed two disti¡ct phases. The nost significant phase was

a rapid increase in [Na+] and Na+ excretion during the last five days of

gestation that is probably ôue to cortisol induced increases in GFR plus a

decrease in Na+ reabsorption due to reduced PRA. Earlier in gestation there

v¡as a gradual fa1l in urinary [trl"*]. This was probably due to a rise in the

activity of the RAS leading to additional aldosterone secretion and also to

the expanding capacity of the renal tubules to reabsorb Na+. The second

factor nay be due to the maturation of enzymes within the tubule cells of

the foetus or simply to an increase in the length of these tubules which

would increase the surface area available for reabsorption.

The [t¡a*] of foetal plasma was positively correlated hrith foetal

age over the last 35 days of gestation, although exarnination of the daily

averages reveals a slight reversal of this trend in the five days before

delivery. The gradual rise in plasna [t'¡r*], r,.ras probably due to increasing

Na+ reabsorption by the foetal tubules prior to day 145. After ðay 1.45 there

was a zubstantial increase i¡ Na* excretion rate and although plasrna [¡lt*]

ilecreased slightly the changes were not proportional. It is possible that

the loss of plasma Na* was ninimised by non-rena1 homeostatic mechanisms

in the foetus, or that there was an infh¡x of nat"ernal Na+.

The [K*] of foetal urine was for:¡rd to be positively correlated

with foetal age and the correlation r,,ras independent of increasing kidney size.

However the ilcrease in [K+] was not consistent over the entire period of

gestation exami¡ed. For exanple there was a decrease in concentration

between days I32 and 157 followed by a rise r.rrtil day 143 and a further

decrease thereafter. With the exception of the period between days 132 and

137 the pattern for urinary [K+] was almost the exact converse of the pattern

for urilary [t'¡a*]. The daily changes in the fractional reabsorption of K+

are consistent with the òbserved changes. in urinary [K*]. Between days 115

and 144 there was an 11% decrease in the fractional reabsorption of É, but
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after day 144 this trend was reversed and in the remaining five days there

was a 5% increase in K+ reabsorption.

Obviously the pre-parturient rise in the fractional reabsorption

of K+ was consistent with the decrease in urinary [K*] that occurred at

the same time. It was also closely related to the pre-parturient decrease

in the fractional reabsorption of Na+ and the rise in urinary [t¡"*]. In

fact an i¡verse relationship between the reabsorption and excretion of Na+

and K+ is evident throughout nost of the gestational period examined which

confirms that Na+ - K+ exchange occurs i¡r the foetal tubules. Rrrther the

sirmrltaneous reversal of the trends in Na+ and K+ reabsorption and uriaary

concentration, that occur near day 144 confirms that the pre-parturient

ircrease in uri¡ary [t¡a*] and Na+ excretion rate involves changes irr

tubular activity as well as a rise irr GFR. However the relative nagnitude

of the changes in percentage reabsorption and excretion rate suggest that

the increase in GFR still makes a significant contribution.

It has already been proposed that because of the close correlation

of urinary [¡¡a*] and the fractional reabsorption of Na* with PRA, that the

RAS influences these parameters by altering aldosterone secretion rate.

Tlnrs if the observed changes in the fractional reabsorption of K+ and

urinary [f+] are due to Na+ - K+ exchange in the foetal tubules, then

indirectly the RAS also influences the K* parameters. Firrally if foetal

GFR increases between days 115 and 140, as indicated by irrulin and

creatinine clearance., then the filtered Na+ load would increase. If under

those circunstances proximal reabsorption was unaltered, then the Na+ load

reachirrg the loops of Henle and the distal tubules would be increased.

However it has been for¡nd that urinary [¡¡a*] decreased rnarginally during that

period, therefore Na* - K+ exchange Íust have ircreased. If as is likely

this readjustrnent was mediated by the RAS the i¡creased Na+ - K+ exchange
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would occur in the distal tt¡bule which is lsrown to be the site of aldosterone

activity. Therefore there is evidence in the normal data that Na+ - K+

exchange in the distal tubules i¡creases in foetuses aged between 115 and

140 days. Since a similar conclusion was arrived at from the diuretic

experirnents there seems little doubt that Na+ - K+ exchange occurs not only

i¡ the loops of Henle but also in the clistal tubules. There is evidence

that the Na* - K+ exchange in the loops of Henle increases during gestation

because of the increasing length of the tr¡bules and because of greater

Na* - K* ATPase activity. In the distal tubule there appears to be an

increase in Na+ - K+ exchange prior to day 140 due to the influence of the

RAS.

Plasna [K+] did not increase significantly dr,rring the last third of

gestation. Generally the changes in plasna [K+] could not be related to the

changes in urinary [K+], although a decrease in urinary [K*] between days

134 and 137 resernbled a similar change irr plasma [K+] that conmenced five

days 1ater.

The first organic solute to be considered is uric acid which in

adult marnnals and presr.mably in foetuses, is formed by the breaklou¡n of

purines and by direct synthesis fiorn glycine. In hunans and other marrnals

uric acid enters the urine via glomerular filtiation and secretion by the cell

of the proximal tubules. Hyperuricsnia is not uncomrron in hunans treated

with diuretic agents because the diuretic conpetes with uric acid for

secretion. The ethacrynate experiments conducted in the present study,

indicate that proximal secretion of uric acid also occurs in foetal sheep

as early as the 114th day of gestation.

The data from untreated foetuses revealed that the urirra::y

concentration of uric acid is positively correlated with foetal age. Ì'lore
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significantly the data from foetuses which larnbed revealed a three fold .

i¡crease in the uric acid concentration of foetal urine ôrring the last

five days of pregnancy. The excretion rate of uric acid showed a pattern

of change similar to concentration, although the increase in excretion rate

before day 135 was lost when the values were corrected for kidney weight.

Thus the observed changes in the concentration and excretion rate of uric

acid before day 135 were probably due to the i¡creasing ntrnber of

ft¡nctioning glomerulii in the growing kidney and secondly to the rise in GFR

that occurs between days 115 and 135. However after day 135 the uric acid

parameters ircreased sharply antl the rises were independent of kidney síze.

If the plasma concentration of uric acid is exanined, the reason for the

urinary change is apparent.

There rrras no significant rise in the plasna concentration of

uric acid between days 115 and 135 but there rllas a substantial rise in the

last 15 days of gestation. The uric acid concentration of foetal plasma

doubled during that period. If it is considered that this would lead to a

proportional increase in the quantity of uric acid filtered at the glonerulii

plus an increase in the anotrnt secreted by the proximal tubules, the three

fold i¡crease i¡ the urinary concentration of uric acid is readily explained.

The increase in foetal GFR during the last 15 days of pregnancy would also

contribute to the rises in the concentration a¡rd excretion rate of uric

acid duriag that period. A study of the reasons for the rise in the plasna

concentration of uric acid in near-term foetuses is outside the scope of

this work since it presr.mably involves rnaturation of the enzyme mechanisms

involved in purine netabolisn.

Uri¡1ary urea concentration and urea excretion rate showed patterns

of change similar to those exhibited by the corresponding uric acid

parameters. Urinary urea concentration was positively correlated with
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foetal age throughout the last 35 days of gestation a¡rd duri¡g the last

15 days, the urea concentration increased 100%. Predictably, urea excretion

rate showed a similar association with foetal age. Kidney weight was

fornrd to be a f.actor in these correlations, however with both urea paratneters

about 75% of the correlation r^¡ith foetal age hlas independent of kidney

weight. Other factors i¡rvolved in these urea changes would be changes in

GFR and the increasing ability of the foetal liver to produce urea. It

has been seen that all estimates of GFR indicate an increase in filtration

rate up r¡ntil the 135th ðay of gestation, while measuLernents of.endogenous

creatinine clearance suggest that there is a further increase from then

until term. Secondly Kernan and Cohen (1-959) and Colonbo and Richterich

(1968) havê studied urea cycle enzymes in narrnalian foetr¡ses and concluded

that the capacity to produce urea is a ftrnction of gestational age.

Together these factors would explain the observed changes in urinary urea

concentration and urea excretion rate. Perhaps more important than the

cause of the rise in urea excretion is its possible significance in terms

of owerall kidney ftnction.

The results obtained in foetal sheep certainly show that as

gestation proceeds urea forms an increasing proportion of the total solute

excreted and this is particularly so in the last 15 days of gestation. If

the adult nodel is applied it ca¡r be argued that this increase will be of

significance to the urinary concentrating ability of the foetal kidney. In

adults, urea escaping fron the collecting ducts accurnrlates in the interstitia

fluid of the renal medulla because of the low effective blood flow in that

region. This results in the development of a steep cortico-medullary

concentration gradient which in the event of normal perrneability of the

distal tubules and collectiag ducts will facilitate water reabsorption and

increased urine concentration. It is likely that this also occurs in the
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foetal kidney. Therefore 'ss the amor¡rt of urea cleared by the foetal

kidney increases, as indicated by the rise in urinary urea concentration,

an increasingly steep cortico-medullary concentration gradient nay develop.

Stanier (L972) has reported the existence of a steep urea gradient in the

renal tissue of maturre foetal lambs. It now appears that this nay be due

to the substantial i¡rcrease i¡ the anount of urea reaching the distal tubules

of foetal sheep during the last 15 days of gestation. This proposal would

explain the rise i¡ the percentage reabsorption of water that occurs between

days 1L5 and l-40. I\bre specifically it is noticeable, that the exponential

increase in urinary urea concentration that occtrrs in the last L5 days of

foetal life is paralleled by a particularly rapid rise in the percentage

reabsorption of water. This is probably due to the progressive developnent

of the intra-renal urea gradient. Similarly the progressive developnent of

such a gradient would accor.¡nt for the reported dec¡ease in urine flow rate

with foetal age (Alexander et a1 1958b) and the reported,i¡crease in the

hlpertonicity of foetal uri¡re as term approaches (Me1lor and Slater L972b).

The flow rates reported in the present work were characteristically variable,

but nevertheless there was a small negative correlation with foetal age.

The diuretic studies indicate that Na+ is transferred into the renal

interstitir-un, but it appears that the transfer is limited. Accordilgly the

developnent of an effective intra-renal concentration gradient may have to

await the increase i¡ urea clearance that occurs in the last 15 days of

gestation.

The concentration of the renaiaing organic solute, creatinine,

was positively correlated udth foetäl age. However over the greater part

of the last 35 days of gestation this trend hras proportional to the i¡crease

in kidney weight. In contrast, the data obtai¡ed frcjm foetuses which lanbed

revealed that during the last 15 days of pregnancy there v¡as a three fold

rise in urinary creatini¡e concentration that was independent of changes in
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kidney weight. The available evidence concerning the foetal kidney suggests

that as in adults, creatinine is neither secreted nor reabsorbed i¡

significant amounts by the renal tubules. Therefore the changes in urinary

creatinine concentration and creati¡ine excretion rate must be due to a

rise in the amornt of creatinine cleared by the foetal glomerulii. Si¡ce

there is no increase i¡ the concentration of creatinine in foetal p1-asma

the rise in creatinine clearance must be due to a rise i:r GFR.

The norphological evidence previously discussed indicates that

the nr.unber of frurctioning nephrons increases with foetal age. So also does

foetal lvfAP. Accordingly the increase il creati¡ile excretion rate between

days 115 and 135 is presunably due to a progressive i¡rcrease in GFR

resulti11g frcrn structural changes within the foetal kidney and changes in

filtration pressure. However after ðay L35 the rate of i¡crease of

creatinine excretion is greater than can be explained by these stn¡ctural

and pressure changes. Nevertheless because of the nature of creati¡j¡e

excretion and its neutrality with respect to tubular fi-mction, this increase

i¡ creati¡ine concentration and excretion rate is stil1 prestrnably the

result of i¡creased creatinile clearance and therefore increased GFR. In

seeking a 1ikely cause for such a rise in GFR that is independent of kidney

size, the rnost obviot¡s choice is the pre-parturient rise is plasrna cortisol.

Ihe rise in cortisol concentration is similar to the changes in creatinine

concentration and excretion rate and there is sr:bsta¡rtial evidence that

cortisol has the ability to jtcrease GFR, although the mechanism irrvolved

is ill-defined. Therefore it is proposed that the changes in uriaary

creatinine concentration and creatinine excretion rate prior to day 135 are

due to a gradual increase j¡ the mmber of fr¡rctioning glornerulii i¡r the

foetal kidneys and possibly to a rise in filtration pressure due to changes
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in MAP. After day 155 it is suggested that the rising level of plasma

cortisol i¡duces an additional rise in GFR that is independent of kidney

structure and lr{AP and which further i¡creases urinary creatini¡e concen-

tration and creati¡ine excretion rate.

The fi¡al paraneter examined in r¡ntrdated foetuses was uriae pH.

The results obtained were variable and it was difficult to extract

significant trends over the period of gestation considered. However when

those foetuses that lanbed. were considered separateLy a pre-parturient

decrease i¡ urine pH was revealed. The decline comnenced as early as 25

days before term and was obviously independent of changes in kidney weight.

Mellor and Slater (L97?a) have reported sirnilar changes i¡ the pH of foetal

urine and they observed that the decrease in pH could cormence as early as

the L30th day of gestation or as late as the 1-45th day. Those authors

offered no explanation for these changes except the vague proposal that

"the pre-parturient decrease in urine pH results from changes i¡ foetal

plasma hormone concentrationsr'.

The pattern of pH change is inversely related to the trend in

plasma cortisol concentration but it is difficult to conceive of a mechanism

whereby a rise in plasma cortisol would lead to an i¡crease in H+ excretion

or perhaps to a change in the activity of uri¡e buffers, resultirrg in a

fall in pH. Nevertheless the possibility that cortisol is involved i¡

the pH change carurot be dismissed, particularly since cortisol appears to be

involved in other pre-parturient changes. Neither carbonic anhydrase

activity, nor Na+ - H+ exchange is likely to be responsible for the increase

in H+ excretion. The acetazolamide experjments suggest that there would

be no sudden jtcrease in carbonic anhydrase activity near birth, since it

appears to be near rnæcímun in younger foetuses. Secondly the rise in

urinary [¡¡"*] and Na+ excretion rate in the late stages of pregnancy, is not
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consistent with an i¡crease in H+ excretion as a result of additional
¿¿

Na' - H' exchange. Accordingly no explanation for the pre-parturient

decrease in foetal urine pH can be offered other than to suggest that an

increase i¡ metabolic acidosis occurs r,'¡Ïrich nay or nay not be connected

to the rise in plasma cortisol. If it is asst¡ned that the obsenred rise

in plasna cortisol concentration is associated with sti¡rnrlation of inter-

mediary netabolism in the foetus there nay well be a tendency toward

netabolic acidosis. It has been established that the foetal lanb has the

capacity to respond to acidosis by insreasing the excretion of titratable

acid, anrnonitm and phosphate thereby producing a decrease i¡ foetal uri¡e

($nith a¡rd Scln¡,¡artz, 1970). Further this capacity appears to be related to

the ntunoer of ñnctioning nephrons i¡ the kidney and the renal blood flow

which i¡creases as the kidney matrrres. Together these factors nay explain

the progressive fal1 i¡ the pH of foetal uri¡e duriag the 25 days before

birth. Also the fact that very low urinary pH levels were recorded on days

149 and 150 in foetuses that didnotdeliver normally may be a reflectisn of

renal cørpensatlon for metabolic acidosis i¡duced by stress.

6.5 Gestationai variations ín enniotic Fluid Com¡nsition

In addition to analysing the composition of foetal uri¡e samples

collected over the last 35 days of gestation, the composition of anniotic

fluid samples collected over the sane period was also exarninecl. This was

done in an atternpt to assess the relationship between the composition of

foetal urine a¡rd the conposition of amniotic fluid. The concentration of

specific solutes was found to vary widely between foetuses and from day to

day i¡ individual foetuses; This is not surprising in view of the variety

of nechanisms that are thought to be i¡volved in the formation and dynanics

of amniotic fluid. Minor changes in any of these mechanisrns could be

responsible for transient or prolonged changes in the composition of

anniotic fluid. Despite.this variability, some solutes did show trends in

concentration that 'hlere correlated with foetal age.
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The concentration of uric acid in amniotic fluid u¡as correlated

with foetal age and the correlation was primarily due to a large rise

between day 140 and term. Similarly the creatinine 1evel i¡ arniotic fluid

was positively correlated urith foetal age, although in this case there was

a regular increase in concentration between days 115 and 135 of gestation,

followed by a small decrease between days 135 and 140 and a further rise

frcrn then r¡nti1 term. With respect to the concentration of electrolyces

i¡ arrriotic fluid; [tl"*] sho,r¡ed a small negative correlation (-0 .ZLL) with

foetaL age but [K+] was not significantly correlated with foetaL age. Ihere

was however, a gnall overall increase i¡ the [K*] of anrriotic fluid as

gestation proceeded.

The changes in the concentration of uric acid in anniotic fluid

are almost certainly due to the flow of foetal urine into the anrriotic sac.

In the last 10 days of pregnancy, the uric acid concentration of foetal

urine increases exponentially and at this time, foetal uri¡e is discharged

primarily through the urethra i¡to the anrriotic sac. The trend in the uric

acid 1evel of anrriotic fluid follows so closely the changes in urinary uric

acid concentration that subsequent modification of the uric acid level of

arniotic fluid appears to be slight. The 1evels of creatini¡e in urine and

anniotic fluid are both positively correlated with foetal age which agaia

suggests that the increase in urinary creatinine concentration contributes

to the rise i¡ the creatini¡e level of anrriotic fluid. However, in addition,

the creatinine concentration of anniotic fluid is considerably greater than

that of foetal plasma and the difference r^¡idens as gestation proceeds.

Therefore it rnay be that as this gradient widens a poiat is reached at which

creatinine begins to diffuse frcrn the anniotic fluid into the blood perfusing

the annion and foetal ski¡. Between days 125 and 135 the rate of decrease

of plasrna creati¡ine concentration is reduced, as is the rate of i¡crease

in the level of creatinine in anniotic fluid. Thus it rnay be that the

increase in renal creatinine clearance, prior to day 125, reduces plasma

creatinine concentration and contributes to the rise in anniotic fluid
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creatixine. However after day L25, it is possible that the creatinine

gradient between foetal plasna and anmiotic fluid is so great that the

recirculation of creatini¡e from the anniotic fluid into the foetal blood

colwnences.

With respect to the concentration of electrol.ytes i¡ anniotic

fluid, the trends i¡ [N"*] and [X+1 generally reflected changes in the

urinary concentration of those electrolytes. Both urinary [t¡"*] and the

[tla*] of anniotic fluíd decreased during gestation, although urinary [t''¡"*]

showed a pre-parturient rise that was not apparent in the [ttt"*] of arnniotic

fluid. Mellor and Slater (L97Zb) have proposed that one of the rnajor effects

of foetal urine on the [N"*] of alrniotic fluid is dilution, because the

[t'¡"*] of foetal urine is considerably less than that of anniotic fluid. In

the case of K+, both the anniotic fluid and urinary concentrations increase

during gestation, aLthough the 1evel of K+ in amniotic fluid fluctuates

widely from day to day. Nevertheless foetal urine apparently contributes K*

to the amniotic fluid, but i¡ this case there would be no dilution si¡ce the

concentration of K+ in uri¡e is similar to the concentration in alrrriotic fluid.

Mellor and Slater (I972b) point out that foetal uri¡e is not the

only source of the Na+ and K+ in anrriotic fluid as these ions also appear to

enter the amriotic sac by diffusion. Clearly the Na+ concentration gradient

between foetal blood and amniotic fluid would favour the diffusion of Na+

fron the blood vessels in the annion and foetal skln into the anrriotic fluid.

Similarly Na+ could diffuse from rnaternal blood into the anniotic fluid across

the amnio-allantois, although Mellor (1970) suggests that this is unlikely.

For K+, the concentration gradient between foetal blood and amniotic fluid

would favour the rnovement of K+ out of the anniotic fluid i¡to the foetal

blood.

6.6 Foetai Homeostasis and lftaternaL - FoetaT Relationships

In section 5.1 experiments were described in which foetal sheep

were subjected to various stimulii such as salt loading and haenorrhage,

i¡ an attenpt'to disrupt the foetal environment. It was hoped that r¡nder
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these circtrnstances, the hcrneostatic capacity of the foetal kidney would
be revealed.

In all but one of the salt loading experiments, the foetuses

responded to treatrnent by increasing urine output and Na+ excretion rate.

There r^ras no well defined association between the salt load aôniiistered

and the response induced,which indicates that within the physiological

limitations of the individual foetuses the naxirm¡n horneostatic response was

alr,rays induced. However there does appear to be certai¡ age-related factors

i¡ the renal response to salt loading. The first is the extent to which K+

excretion rate increases in parallel with Na+ excretíon rate. In the

youngest foetuses (111-118 days) the rises in K+ excretion rate were

comparable with the rises i¡ Na+ excretion Tate, but in tihe L25 day-o1d

foetus the.rise in K+ excretion rate was less than for Na+ and in the oldest

foetus (146 days) there viras a decrease in K+ excretion rate. The second

age-related factor was the anoturt of Na+ excreted in the two hours followilg

salt loading. In the yotngest foetuses this was between 2.6 artd 3.7 times

the quantity of Na+ aùni¡istered, compared with only 11-34% tn the older

foetuses. This suggests that there is a lack of precision in the mechanisms

regulating salt excretion by the younger foetuses.

On the basis of these results and other evidence obtai¡ed i¡ this

research, it is propgsed that irr foetuses yor¡nger than about 1'20 days, the

honeostatic response to salt loadirrg is primarily an i¡crease in GFR,

although sorne decrease in Na+ reabsorption by the loops of Henle and distal

tubules u¡ould also occur. The fact that in younger foetuses the rises in K+

excretion rate were comparable with the increases in Na* excretion implies

that they were non-specific responses. Certai¡ly there was no evidence of a

decrease in K+ excretion ïate as would be expected if the homeostatic

ïesponse was primarily due to irihibition of Na+ reabsorption and reduced
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Na* - K+ exchange i¡ the foetal nephrons. Secondly i¡ the younger foetuses

the response to the salt load is excessive, mainly because it is more

prolonged than irr the older foetuses and not because the percentage i¡crease

in Na+ excretion rate is significantly greater. This is consistent with

the proposal that i:r yor.rrger foetuses the renal response to salt loading

prirnarily involves an itcrease in GFR because it was obsewed in section 5.4

that when a rise in GFR is stirm-rlated along with changes in tubular

function, the GFR change persists longer. Finally, the changes in

endogenous creatinine clear¿rnce provide direct evidence in support of this

proposal. In the yor:nger foetuses, the marcfum¡n values for endogenous

creatinine clearance, measured during or after the saline i¡fusion were

between 30eo and 80% greater than the pre-treatment average for each foetus.

In comparison the rise i¡ the 125 day-o1d foetus was 11% while in the oldest

foetus (146 days) endogenous creatinine clearance was rnchanged (see

apRendix tables 29 to 34).
Therefore it is also proposed that in foetuses older than about 125

days, the homeostatic reÐonse to fluid and electrolyte imbalance primarily

involves re-adjustnent of tubular reabsorption or secretion rather than a

change in GFR. This seems 1ikely because under normal conditions GFR

increases ürith increasing foetal age so the potential for additional rises in

response to salt loading rnay be reduced. Secondly it appears that the

capacity for Na+ reabsorption by the foetal nephrons, increasæwith foetal

age, possibly due to elongation of the loops of Henle and developnent of

increased enzyme activity. Therefore it is probable that the irrhibition of Na

reabsorption in older foetuses will result in a more significant rise in Na+

excretion than would occur in less mature foetuses, so the need to increase

GFR to eliminate water and salt would be reduced.

One experiment was carried out in which 9% of the blood voltrne of

a LZS day-old foetr¡s u¡as removed, resulting i¡ a T5% decrease in PCV. Foetal

blood pïessuïe fe1l frorn.45 to 42 mn Hg within ten ni¡rutes of the blood loss
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but had returned to 45 rm Hg, 20 minutes later. Urine flow rate fell by

432 tn the half hour after haenorrhage and the excretion rates of Na+ and

K+ fe1.1. by 871z and 7I% respectively. Uri¡e flow rate, [K*] and K+ excretion

rate had returned to normal by the end of the experiment (3t1hr. after

treatrnent) but [t¡"*] and Na+ excretion rate were only 50% of their respective

pre-treatnent averages. The initial decreases in flow rate, electrolyte

concentration and electrolyte excretion rate were so pronpt, haviag conrnenced

r,rrithin ten minutes of the blood loss, that they were urlikely to have been

due to hormone induced changes in foetal tubule fi.¡rction. It is more likely

that they were the result of a fall in foetal GFR, following the fall in

systemic blood pressure.

The fact that the changes in flow rate and excretion rate

persisted after the lvlAP returned to normal rnay indicate that the nechanisns

for naintainiag renal perfusion pressure are less effective, at this stage

of gestation, than those for nai¡rtaining general systenic blood pressure.

This suggestion is supported by the fact that prior to haemorrhage endogenous

creatinine clearance was 2.2 nI/min compared with 0.71 nl/mi¡ in the 30

minutes after treaünent. By the end of the experiment endogenous creatinine

clearance had risen to 1.71 nl/nin. Not only did endogenous creatini¡e

clearance follow this pattern of change, but so did the excretion rates of

all uri¡ary solutes except Na+. Since it is such a broad effect it is

alrnost certainly due to changes irr GFR.

Accordingly, two obviouS features of the foetal response to blood

loss are the ability to naintail systemic blood pressure, apart from a

transient decrease inrnediately after haemorrhage and the ability to restore

GFR to near a pre-treatnent 1evel within Jli hours of the blood loss. The

latter ability probably involves a decrease in the pre-glornerulâr' vascular
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resistance due to dilation of afferent arterioles, but rnay also involve an

i¡crease in the proportion of total RBF that is channeled through the cortex.

These vascular changes may be nediated by the Rlr,S with the reduced renal

perfusion pressure following haemorrhage, stirnulating a rise in PRA. The

pituitary-adrenal axis nay also be involved. The reduction in blood voltrne

or plasma electrolyte concentration nay have stimulated the pituitary to

release ACTH and the resultant increase in plasma cortisol possibly induced

a rise in GFR. No direct evidence concerning these possibilities was

obtained, however Alexa¡rder et al (L971 a and b) have reported that

haemorrhage in foetal sheep is followed by an increase in ACfH secretion.

A third significant feature of the foetal response to haemorrhage

was that even when GFR had apparently been restored, urinary [¡¡"*] and Na+

excretion rate were only 50% of their pre-treaûnent levels. In fact it was

not until 2!< hours after haemorrhage that the [¡¡"*] began to increase. This

implies that in addition to the change irr GFR, Na* excretion rate was

limited by an independent mechanism employed to correct the electrolyte

imbalance caused by the blood loss. The Na+ retaining influence was

presr.rnably aldosterone and it is very likely that an increase in aldosterone

secretion followed a rise i¡r PRA or ACTH secretion or both.

Other experiments were carried out in rfiich attenpts were made

to disrupt the fluid balance of foetal sheep. In two of these experiments,

sucrose was injected i¡to the arrriotic fluid and this produced rises in the

plasna OP and PCV of the foetus, presr.rnably because of water loss across the

annion and foetal ski¡. hedictably the response of the foetal kidney r¡nder

these circunstances was similar to that observed following haemorrhage.

In both experiments sucrose treatnent was followed by a reduction in urine

flow rate. This r,iras more apparent in the youngest foetus rvhere the water

loss nay have been higher due to the greater permeability of the foetal
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skin (Lind et aI L97Z). Not only did urine output decrease but there was

a substantial reduction i¡ the excretion rate of all urinary solutes.

Again the results indicate that the foetal fluid loss caused a

reduction of foetal GFR and the changes in the rate of endogenous

creatinine clearance support this proposal. In'the first experinent, pre-

treatrnent creati¡ine clearance was 5.38 rnl/nin but following the sucrose

infusion it decreased to a minirm¡n of 3.07 ml/min and then varied between

3.07 and 3.55 nl/min. In the second experiment the pre-treatment creatinine

clearance was 3 .42 nl,/nin and following treaûnent values of. 2.29 arÄ Z.LL

nl/nin hrere recorded. The most likely cause of these changes i¡ GFR is

reduced renal perfusion pressure following the loss of water fron the foeh¡s.

Nevertheless in such cirqmstances, where foetal blood volune is decreased,

a rise irr ADI{ activity would be anticipated and it is conceiVable:thát -the

pïessor effect of AIll could reduce GFR by increasing renal vascular resis-

tance. In one of the Aül infusion experiments there was a rise in foetal

blood pressure a¡rd a decrease in urine flow that may have been due irr part to

a fall in GFR. However the doses of AXII used in those experiments were

relatively large and it is doubtful that in the sucrose experiments the

water loss would induce the secretion of sufficient endogenous ADH to exert

a significant pressor effect.

It could be argued that the changes i¡ urine"flow rate that

occurred in these experirnents were due to a rise in ADFI secretion resulting

in increased water reabsorption in the distal tubules. If this were the

case it is r¡nlikely that there would have been a general decrease in the

urinary concentration of K+, uric acid and creatinine, in fact the reverse

would be anticipated. Finally the results of these two experiments and the

haenorrhage experiment are consistent with the proposal that in foetuses of

about 125 days of gestational age or younger, renal homeostasis results

primarily from changes in GFR. Certainly i¡ these three experfunents the

youngest foetus showed the greatest variation in GFR, as assessed by

endogenous creati¡ine cleariltce.
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The final experirnent of this type involved the i¡fusion of sucrose

i¡to a erye in an attempt to establish a trans-placental osmotic gradient

r^rtrich would encourage an efffu¡< of foetal water. Such a gradient was

established and a reduction of foetal urine flow did occur, although

surprisingly the period of malrinn-un osmotic imbalance and the period of

mini¡rn¡n foetal urine flow did not coincide, indicating a. latent period in

the foetal response to water loss. Also water conservation persisted after

the rnaternal-foetal osmotic gradient was obliterated, again suggesting a lack

of precision in the water conserving nechanisms ønployed by the foetus.

As in previous experiments there was some decrease in urinary [l¡"*] and

Na* excretion rate following the sucrose infusion, but the concentrations

and excretion rates of the rernaining urinary solutes were variable before and

after treatrnent and there was no clear indication that these paraneters

were recluced. Nevertheless there were significant changes in endogenous

creatinine clearance which indicate that the renal response of the foetus

i¡volved a decrease in GFR. The average pre-treatment value for creatiline

clearance was 3.61 rnl/ni¡ but 30 mi¡utes after treaûnent it was 2-25 mUmin

and at the end of the experiment it was 2.60 n1/nin.

The relationship between the output and cornposition of maternal

and foetal uri¡e was studied irr a preparation i¡rvolviag a I22 day-old foetus '

Urine samples frcrn nother and foetus were collected simultaneously over a

24 hour period. îhe urinary flow rate, N.* and K+ excretion rates a¡rd uri¡e

pH of mother and foetus r^rere compared. Flow rates, Na+ excretion rates and

pH were found to be significantly correlated but maternal and foetal K+

excretion rates were not correlated. The association between water and Na+

excretion in nother and foetus was further investigated in three experiments '

In two of these experi.ments the ewe was water depleted using furosenide and

in the third experiment the ewe was salt loaded by infusing hypertonic

saline.

In the first eryeriment involvi¡g water depletion, the furosemide

treaünent was insufficient to sígnificantly decrease the total body water

(TBlÐ of the ewe. The total water loss i¡rduced by the furosenide treatment
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was 413 n1 and TBW decreased by only I.7%. Accordingly the data concerning

foetal urine output and composition provides little information on foetal

renal honeostasis during maternal dehydration. In the second elçeriment,

involving a 118 day-old foetus, the rnaternal furosemide treatment was

prolonged, resulting in a water loss of 1.8L, a 5.6% decrease in naternal
TBW and a TZ% i¡crease in the OP of naternal plasrna. Of the 1.8L of water

lost by the ewe, over half was lost in the first two hours of furosemide

treaünent. Drriag that time the flow rate of foetal urine decreased by 85%

and there was a substantial decrease in the excretion rate of all the

urinary solutes considered. However after the first two hours of maternal

treatrnent these trends were reversed and ultimately foetal urine flow

reached a level greater than the pre-treatment level. Similarly the [t¡a*]

and [f+] of foetal urine increased and in conbination with the rise in flow

rate resulted in natriuresis and kaliuresis. The natriuresis and kaliuresis

were sirnilar to those obseryed in the first water depletion experiment although

on this occasion the i¡rcreases i¡ Na+ and K+ excretion were greater.

It is proposed that the initial decrease in flow rate and solute

excretion was agaia due to reduced GFR following the loss of foetal plasna

water to the ewe duri¡g the first two hours of treatrnent. It is further

proposed that the reversal of this pattern after three hours of treatrnent

was the result of furosenide crossing the placenta a¡rd directly affectiag

the foetal kidney. tVladiniroff (1974) has provided evidence that furosemide

can cross the placenta a¡rd affect uri¡e output by the foetal kidney. By the

third hour of the experiment, 40 ng of furosemide had been aôni¡istered to

the ewe and since doses as low as 0.8 ng/kg can induce a substantial

response in foetuses of this age, it is quite conceivable that sufficient

furosernide had entered the foetus to induce the observed response.

The final experiment in this series irrvolved the infusion of

hypertonic saline into the jugular vein of a ehle carrying a L22 day-old

foetus. This had the effect of altering the Na+ concentration gradient

between maternal and foetal plasma fron 1-2 nEq/1, in favour of the foetus

to 13 nEq/1, in favour of the ewe. As a result, foetal urine flow decreased



222

by about 70% while the urinary concentrations of Na+, creatinine and uric

acid increased between 2 and 8 times and urinary K+ increasedby 70%. Tlnrs

apart from a transient decrease in the excretion rate of all solutes at the

time of ninirm¡n urine flow, the excretion rates. were not significantly

altered. So it would appear that the charrges in the concentration of

urinary solutes was due to water retention. This i¡ turn indicates that,

on this occasion, the renal response was due to a rise in water reabsorption

and not to a decrease in GFR, as in earlier experiments. This is supported

by the fact that endogenous creati¡rine clearance during the pre-treaünent

period was 2.0 n1/nin and one hour after treatment it was 2.58 nl/min.

It can be argued, that in this experiment the treatrnent resulted

in a loss.of plasma water frorn the foetus due to a saline-induced osmotic

gradient favouring the ewe and secondly that there r,'las an infhrx of rnaternal

Na* into the foetus as a result of the Na+ concentration gradient. In fact

the [t'¡a*] of foetal plasna did i¡crease from a pre-treatrnent average of

L44.4 ffiq/1, to a ma¡ci¡m¡n of 148.6 nEq/L. llnder these circr¡nstances it.would

not be in the best interests of the foetus to compensate for the water loss

by reduciag GFR. If that occurred it would also reduce the rate of Na+

excretion and compound the imbalance resulting from the infh¡x of naternal

Na*. Similarly, the rise in plasna [t''¡r*] could not be overcone by increasing

GR, as occurred when water, and salt were aôninistered simultaneously, since

that ræuld contribute further to the foetal water 1oss. The most suitable

response would be to reduce urine flow rate by increasing water reabsorption

and at the sane ti¡ne nai¡tain or if possible increase urinary [t¡a*]. This is

precisely what occurred in this experiment. The rnost likely stfunulus for

the increase i¡ water reabsorption would be ADFI released from the foetal

pituitary in response to the changes i¡ the degree of hydration and
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electrolyte concentration within the foetus. Alexander et al (1971) have

demonstrated the ability of foetal sheep, as young as 107 days, to secrete

arginine vasopressin (AU{) .

In the f,inal phase of this erçeriment, the ewe was perrnitted

access to water and drank 1L L within ninutes. ' As a result foetal urine

flow doubled within 30 ninutes. In the same period the[tl"*] of foetal

plasna decreased from 148. 5 to L44.L nF4/L and urinary [t'¡t*] fell by 50% .

Pres.mably the naternal water intake had rapidly reversed the transplacental

osmotic gradient established by the saline infusion allorr-ring water to pass

into the foetus. Accordingly foetal plasrna [tt¡"*] and OP would have been

reduced to normal levels, thereby removing the need for renal water

conservation.

In sr.rnnary the experirnents concerning foetal renal hcrneostasis

and naternal-foetal relationships have indicated quite clearly that foetuses

in the last third of gestation have the ability to ccmpensate for disruptions

to normal fluid and electrolyte balance. This ability is apparent

irrespective of whether the disruptions are the result of direct

nanipulation of, foetal body fluids or i¡direct disnrptions consequent upon

changes ín the composition of rnaternal fluids or amniotic fluid. The renal

rnechanisms involved i¡ these homeostatic activities j¡clude both changes in

GFR and changes in the reabsorptive activity of the renal tubules. The

relative involvement of each appears to be a ftrnction of foetal age and the

nature of the imbalance i¡ the ilternal environment of the foetus.



APPENDIX TABLE I

COTICENTRATION OF ELEGTROLYTES IN FOETAL PLASvIA

lK*llNa+¡

(+)
DAY OF
GESTATION (ry)

(1)
(3)
(3)
(1)
(z)
(3)
(s)
(5)
(4)
(4)
(s)
(4)

(7)
(7)
(6)
(e)
(8)
(10)
(s)
(6)
(7)
(6)
(7)
(4)
(4)
(3)
(z)
(3)
(3)
(z)
(2)
(2)

3
3

4
3
2
1
2
z
2
1
1
1
z
L
2
2
1
2
z
L
1
1-

1
L
1
z
1
3
5
1
1
2

3.9
4.4 r
3.9 t
3.4
4.I t
4.4 r
4.4 t
4.3 r
4.8 !
4.3 t
4.6 t
4.6 t
4.4 t
4.6 t
4.8 t
4.5 r
4.4 +

4.7 t
4.7 t
4.5 !
4.8 t
4.5 t
4.6 +

4.4 t
4.4 I
4.L t
413 I
4.5 t
5.3 t
4.5 r
4.9 t
4.3 r
4.3 t
4.I +

(1)
(3)
(3)
(1)
(2)
(3)
(s)
(3)
(4)
(4)
(s)
(4)
(8)
(8)
(7)
(7)
(s)
(8)
(s)
(8)
(7)
(6)
(7)
(6)
(7)
(4)
(4)
(4)
(z)
(5)
(2)
(2)
(2)
(z)

2.L
7.0

L47
t42
155
104

t
I

!
t
+

t
+
+
+

t
t
t
t
t
+

t
t
I
t
+

J
I
t
I
t
t
+

t
t
t
t
+

5

0
7
5
5
7
9
z
1
3
1
8
9
2

4
5
5
5
3
5
9
1
5
5
1-

1
6
6
3
2
8
0
8
8

115
1_1_6

LL7
L18
L19
L20
1,21,
t22
L23
tz4
L25
tz6
L27
LZg
t29
130
1_31

L32
t33
t34
135
136
L37
138
1_39

140

(8)
(8)

t.z
2.t
z.L
z.z
1_.5
1.0
t.3
0.4
1.1
1.1
4.2
L.Z
z.t
1.8
1.0
1.9
5.0
2.L
?.7
1.8
2.0
2.5
3.4
L.7
L.Z
1.5
L.2
3.6
L.Z
1.6

L4Z.
t4L.
149.
r47.
L46.

L3?.
t37.
138.
L4t.
L4t.
t4?.
140.
t4L.

145
t46
t46
L47
148
14s

141.
L44.
t4z.
139.
t41..
150.
L44.
L44.

r44
L44
t32

L4t
L42
L43
t44
145
146
L47
1_48



lK+l

APPE¡IDIX TABLE 2

CONCENTRATIOTI OF ELECTROLYTES IN FOETAL URINE

DAY OF

GESTATION

lNa+1

(1)
(2)
(2)
(z)
(1)
(z)
(4)
(4)
(s)
(7)
(7)
(8)
(10)
(e)
(8)
(8)
(s)
(s)
(s)
(7)
(8)
(6)
(s)
(8)
(e)
(6)
(6)
(s)
(3)
(s)
(s)
(4)
(4)
(4)
(4)
(1)

Pr)

4.6
2.2
5.4
2.3
2.5
2.3
2.0
2.5
4.4
2.4
1.6
2.8
3.2
8.2
5.0
2.9
2.8
1.5
2.6
3.1.
4.3

L4.3
9.6
3.t
9.1_
3.9
4.6
5.3
6.s
4.8

(qt )

0.7
5.7
3.9

13.0
5.0 !

10.0 +

6.5 +

4.0
10.5 t
10.3 t
17.5 +

9.6 t
11.1 r
L4.6 t
t2.3 r
14.9 t
t7.0 +

14.5 r
10.0 j
15.6 +

10.6 +

27.8 t
L7.4 +

15.6 t
10.8 t
9.0 t

L2.6 t
16.0 t
15.8 +

55.0 t
29.6 I
30.0 t
27.4 +
1_6.6 +

18.3 t
L7.3 t
29.3 t
13.5 +

74.0

(3)
(4)
(4)
(7)
(7)
(7)
(8)
(8)
(s)
(8)
(8)
(6)
(s)
(e)
(7)
(8)
(6)
(s)
(8)
(e)
(6)
(6)
(s)
(5)
(4)
(4)
(3)
(4)
(4)
(2)
(1)

28.0
39.S t 0.4
70.8 t t5.4
29 .3 j 10.1
34.0
Z0.S r Z.s
33.6 t 7.0
ZZ.t t 2.3
32.6 t 7.3
26.2 r 7 .6
36.9 t 8.0
27 .9 t 8.1
23.9 t 4.1
27.2 t 6.4
30 .1 r 5.2,
25.4 t 5.3
32.8 r 5.8
28.6 r 3.9
19 .8 t 3.9
L7.L r 3.6
18.8 r 4.4
24.7 t 4.4
31.0 r 7.4
30.9 t 7.5
32.0 t 7.6
25.7 t 6.3
19 .3 r 3.6
zt.9 r 11.3
L2.5 t 5.5
10.4 r L.9
18.1 r 7 .L
23.3 1 8.1
zg.t r 6.3
15.6 I 3.1
15.3 t 7 .3
22.0

(1)
(2)
(z)
(2)
(1)

115
116
LL7
118
119
t20
LZL
LzZ
tzs
L24
tzs
LZ6
L27
tzg
LZg
150
131
t32
L33
L34
1-35
136
t37
138
r.59
140
141
L42
t43
L44
1-45
146
t47
148
149
150



APPENDIX TABLE 3

CO{CENTRATION OF ELECTROLYTES IN FOETAL URINE

(Foetuses that delivered normallyJ

DAYS PRroR TO [l'b*J
PARTIJRITION .nEq.,t-L /

lK*I

Pr)

z5

24

23

22

ZL

20

19

18

T7

16

15

L4

\3
L2

11

10

9

I
7

6

5

4

5

z

1

39 9

0

0

3

5

3

8

0

8

0

5

1

6

2

2

8

5

2

8

5

7

6

t 0.5
t 16.9
+ o)
t 11.1

r 9.0
J 5.7

r 6.4
t 4.4
t 6.1
r 4.4
r 4.5
r 4.6
x 4.4
1 4.2

(1)
(1)

(1)

(2)

(2)

(z)

(z)

(1)

(z)

(4)

(5)

(4)

(s)
(4)

(s)

(6)

(7)

(8)

(8)

(z)

(s)

(s)

18 .0

13.0

13.0

18.0

LL.67 t
L4.7 r
11.3 r
14.0 t
18.0 t
tZ.6 t
l-5.0 !
72.0 t
8.3 t

L3.4 t
L2.8 t
24.7 t
L9.2 t
16.5 +

22.4 t
18.5 I
22.0 t
L6.4 t
2L.67 !
24.8 t
29.0 t

(1)

(1)

(1)

(1)

0 (3)

s (3)

3 (3)

4 (2)

6 (3)

1 (s)

s (4)

s (4)

8 (4)

6 (s)

e (4)

1 (6)

1 (6)

4 (7)

7 (7)

s (2)

1 (s)

1 (s)

4 (6)

4 (6)

6 (s)

73.

6Z

2T

20

10

L7.

13.

t
!
t
t

5.9

1.8

0.2

0.2

2.

2.

2.

6.

z.

z.

3.

z.

1.

3.

3.

3

5

7

7

4

5

15

35

32

30

30

23

50

28

ZL

2t
19

11

18

30

16

1-0

L2

23

6)

6)

s)

2(
s(

28.z

32.L

s3.3

t 10.

r 14.

ts.4(



APPE}.ùDIX TABLE 4

FOE'TAI ELECTROLYTE Ð(CRETION RAIES

DAY OF
GESTATIO{

NaER

0:Eqlmin)
KER

Gsq/nin)

(1)
(2)
(2)
(z)
(1)
(2)
(4)
(4)
(4)
(6)
(7)

(7)
(7)
(8)
(6)
(s)
(s)
(6)
(s)
(s)
(s)
(8)
(e)

(s)
(3)
(s)
(s)
(4)
(4)
(4)
(2)
(1)

0.7
0.2
0.2

3.1
9.1

L2.L

6.1
2.2 t
1.8 t
6.3 r
t.4
5.5 r
6.4 !
6.2 t
5.0 t
4.3 !
5.2 t
5.1 r

10.6 t
8.7 t
8.2 t
4.7 +

5.3 t
3.4 t
9.4 t
9.0 t
7.5 t
6.3 +
'7 1 +
l.þ

8.8 +

8.0 +

9.4 t
11.8 t
L2.7 t
10.6 +

12.3 t
s.7 t
7.3 t
8.0 t
8.1 t
7.2 t

17 .8

(1)
(z)
(z)
(2)
(1)
(2)
(4)
(4)
(4)
(6)
(7)
(7)
(8)
(7)
(7)
(8)
(6)
(s)
(e)
(7)
(e)
(6)
(s)
(8)
(8)
(7)
(s)
(ó)
(5)
(s)
(s)
(3)
(4)
(2)
(1)

3.4
1.0
4.L
2.3
1.6
8.9
L.7
2.8
2.3
7.5
1.6
s.2
1.0
2.L
1.5
2.8
6.8

11.5
3.2
9.4
3.6
?,.9
1.8
z.s
4.0
5.6
7.4

zr.5
01

L3.2
1_6.0 t
23.0 !
26.4 !
11.6
9.6 t
6.5 t

10.0 t
1_1.8 r
6.5 t

17.7 t
1)+

L2.9 !
L?.L t
L8.7 !
9.2 t

15.6 r
9.7 t
8.3 t
7.L t

11.0 !
18.7 t
29.5 t
21.3 t
24.5 !
L3.2 !
9.6 t
8.9 t
6.4 t
9.9 t

L7.4 x
L7.3 t
40.7 t
3.3 t
5.3

115
116
LL7
1_18

119
t20
LzL
l2z
LZs
L?,4
L25
t26
L27
L28
L29
1_50

131
L32
r33
L34
135
136
r37
1_38

139
140
t4L
t42
L43
L44
14s
1.46
L47
148
149
150

(8)
(8)

(6)
(6)

3.L
3.7
2.2
1.5
L.7
1_.5
r.7
2.6
3.4
2.7
L.2
L.4
0.3
2.4
2.L
L.7
1.3
1.3
t.4
2.0
L.4
3.t
3.4
t.z
3.4
L.3
1.7
1_.6
2.7
L.4

0.



APPENDIX TABLE 5

CONCENTRATION OF ELESTROLYTES IN AT,INIOTIC FLUID

DAY OF
GESTATION

lNa+1
(nEq/L)

lK+l
(nF.q/L)

(1)
(2)
(1)
(z)
(2)
(2)
(2)
(z)
(2)
(s)
(4)
(s)
(4)
(6)
(s)
(3)
(4)
(4)
(4)
(2)
(4)
(s)
(s)
(s)
(4)
(z)
(5)
(1)
(1)
(1)
(1)
(1)
(1)

L.3

01
6
07
0
3
3
8
6
0
1
6
0
2
9
4
0
3
2
9
9
8
6
8
4

!

t
+1
!
+J
t0
10
t0
j0
!1
+)
+)
!1
r1
t0
+3
+1
r0
t1
r0
r0
r0
r0
t1
t1

t 6.7

t 10.6
! 9.2
!'5.9
t 3.6
r 8.9
! 2.L
t 4.L
t 8.0r s.2
¡ 4.2
t 5.4
r 5.5
+ qO
t 2.7
t 3.2
r 6.8
t 1.8
t L.4
! 5.2
r 3.7
f 5.1+ 2.2
! 3.2
t 6.0

99.0
93.5
83.0
95.0
95.0
80.8
97.0

L10.5
80.0
97 .8

103.0
92.0
95.0
85.0
9s.1
7s.3
93.7
80.0
86.8
89.3
85.8
94.3
85.0
92.2
91.0
81.5
92.3

102.0
97.r
86.0
85.2
88.2
66.0

8.1
10.5
LL.2
9.1

r-0.3
10.9
9.6

L2.t
11. s
L2.6
15.1
1_3.0
73.6
t2.6
t0.z
11.9
10.7
14.0
L4.6
10. 5
15.3
11.9
11.9
72.7
1L.9
t3.4
tz.3
10.1_
8.9
9.8

1-5.1
tz.7
13.3

(1)
(2)
(1)
(2)
(z)
(2)
(2)
(z)
(z)
(s)
(4)
(s)
(4)
(6)
(s)
(3)
(3)
(4)
(4)
(3)
(4)
(3)
(s)
(s)
(4)
(2)
(5)
(1)
(1)
(1)
(1)
(1)
(1)

11s
11_6

tL7
1-18
r_19

LZÙ
LZL
L22
LZT
IZ4
LZs
L26
LZ7
tz8
tzg
L30
151_

t32
L33
t34
135
L36
t37
138
139
140
14r_
r42
L43
t44
14s
t46
t47



APPENDIX TABLE ó

CONICE{TRATION OF SOLUTES IN FOETAL PI,IçSMA

DAY OF

GESiIATION
lcrl

(ngl100 nl)
IUA]

(ngl100 nl)

DAYS PRIOR
TO PARIIJRI-

TION
IUA]

(mgl100 nl)

(1)
(1)
(1)
(1)
(1)
(3)
(3)
(5)
(4)
(s)
(6)
(4)
(7)
(s)
(6)
(6)
(3)
(s)
(3)
(s)
(4)
(s)

t 0.1t 0.1
r 0.1
,t 0.1-
t 0.1
! 0.2
! 0.2
! 0.2
! 0.2
! 0.2
r 0.9
t 0.1
t 0.7
t 0.1
I 0.5
10.1

2 ! 0.4

7
6
5
6
5
6
6
6
6
6
5
6
6
7
7
0
6
1
8
0
9
2

0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
1.
0.
1.
0.
1.
0.
1.

z2
ZL
20
19
18
L7
16
15
t4
L3
LZ
11
10

9
I
7
6
5
4
3
z
1

(1)
(3)
(5)
(2)
(z)
(z)
(4)
(5)
(4)
(3)
(s)
(4)
(8)
(8)
(7)
(7)
(s)
(6)
(8)
(e)
(7)
(6)
(7)
(6)
(7)
(4)
(4)
(1)
(2)
(3)
(5)
(2)
(z)
(z)

L.4
0.9 !0.2
1.1 r 0.5
L.1 t 0.4
L.Z r 0.4
0.9 r 0.s
0.8 r 0.3
t.z t 0.4
0.8 ! 0.2
2.0 t 0.8
1.0 t 0.4
2.4 t 0.9
I.4 t 0.s
1.1 r 0.5
0.5 r 0.1
1.0 t 0.4
0.7 t 0.1
1.0 t 0.s
0.8 !0.2
0.8 ! 0.?,
0.7 t 0.1
0.6 t 0.1
0.7 t 0.1
0.7 ! 0.1
1.0 r 0.3
0.6 r 0.1
1.1 I 0.4
0.7
t.z t 0.6
0.7 !0.2
1.03 r 0.4
0.6 r 0.1
0.6 10.1
0.9 ! 0.2

(1)
(3)
(3)
(z)
(2)
(3)
(s)
(3)
(4)
(3)
(s)
(4)
(8)
(8)
(7)
(8)
(4)
(7)
(8)
(e)
(ó)
(6)
(7)
(6)
(7)
(4)
(4)
(3)
(z)
(3)
(3)
(z)
(2)
(z)

L3.7
4.6 t 1.8
4.2 r 1.6
4.3 r 0.3
4.7 I 0.9
3.6 t 0.6
z.z t 0.7
3.7 t 1.8
1_.9 r 0.6
z.z ! 0.7
3.t I L.6
1.9 t 0.3
1.9 ! 0.2
1.9 t 0.3
1_.8 r 0.3
1.6 r 0.1
1.8 ! 0.2
?.8 ! t.z
2.9 r 1.1
1.8 x 0.2
1.8 x 0.2
1.6 t 0.8
1.8 ! 0.2
t.7 r 0.5
2.0 r 0.3
1.6 t 0.4
1.3 ! 0.2
1.3 t 0.1
3.2 t 1.0
1.5 r 0.7
1.0 r 0.1
L.Z r 0.5
1.0 ! 0.2
L.4 ! 0.2

1_15

r-16
LL7
1L8
119
t20
LZL
t22
t23
LZ4
L25
tz6
L27
t28
L29
130
1_31

L32
tss
L34
L35
136
L37
138
139
140
141
t42
L43
L44
145
1-46
t47
1-48



APPENDIX TABLE 7

CONCENTRATION OF SOLUTES IN FOETAL ITRINE

DAY OF
GESTATION

Icr]
(ng/100 nl)

IUA]
(nglL00 n1)

lUreal
(mglL00 ml-)

(1)
(2)
(2)
(2)
(1)
(2)
(4)
(3)
(3)
(4)
(4)
(s)
(6)
(6)
(s)
(s)
(3)
(3)
(7)
(6)
(6)
(4)
(s)
(7)
(8)
(s)
(s)
(4)
(3)
(4)
(4)
(3)
(3)
(3)
(1)
(1)

16
5
4

53
37
45
53
29
3L
35
18. 6
22
45
19
55
37
7LZ
4L
z6
23
l_9
68
67
sz
s7
61
29
27

+

t
I
!
t
+

t
t
t
t
t
t
t
I
t
t
t
+

J
t
I
t
I
t
I
t
+

t
+

t
t
t

209
178
104
t].s
256
139
LS7
tTz
L34
tzg
L75
t42
L4L
L23
L4t
L26
zt6
L47
296
L93
L44
r.03

86
16s
183
185
400
362
206
zz9
315
146
289
447
200
700

)
)

(1)
(z)
(3)
(2)
(1)
(2)
(4)
(s)
(6)
(6)
(8)
(e)
(10
(10
(s)
(7)
(6)
(s)
(s)
(10
(8)
(8)
(6)
(s)
(8)
(e)
(6)
(6)
(s)
(3)
(s)
(s)
(4)
(4)
(4)
(1)

1.4
0.8 1 0.04
0.8 t 0.2
0.7 t 0.2
1.0
L.0 t 0.04
1.1 t 0.2
1.8 t 0.7
t.2 t 0.3
2.3 ¡_ 1.0
2.6 t L.2
1.9 t 0.6
1.9 t 0.7
1.9 t 0.8
1.3 t 0.3
t.2 ¡ 0.3
1..9 t 0.6
2.4 ¡ 0.8
3.1 t 1.1
2.4 t 1.0
t.7 t 0.4
L.2 t 0.2
I.2 t 0.3
1.ó r 0.3
1.9 t 0.4
L.2 t 0.3
2.9 t 1.3
2.6 t 0.8
2.7 t 0.4
1.5 t 0.4
2.6 t l-.4
2.0 t 0.5
3.2 t L.7
5.8 r 1.3
6.0 t 3.4

23.0

1o.o (1)
4.3x 0.9 (2)
4.7 ¡ 0.s (2)
3.4 t 0.3 (Z)

L0.0 (1)
6.8 t 0.e (2)
8.6 t 2.4 (4)

14.s r s.4 (s)
e.3 t s.4 (6)
5.5 t L.1 (7)
e.2 ¡ 2.s (8)
7.8 t r.2 (e)
8.3 t 0.9 (11)
9.0 t L.7 (10)
7.6 t L.0 (9)
7.3 t L.2 (8)

10.7 t Z.Z (s)
t0.7 t 4.0 (6)
L3.2 t 5.0 (10)
ls.st 4.6 (8)
6.8 t 0.s (8)
6.1 t 0.8 (6)
5.2x 0.s (s)
8.1 t L.4 (8)
8.4 t 1.8 (9)
7 .6 t 2.t (6)

2t.Lt 8.s (6)
1s.4 r 7.6 (s)
LL.7 t 3.0 (3)
s.e I 2.4 (s)
e.6 t 1.6 (s)

11.8 r 3.2 (5)
7 .e t 1.8 (4)

15.3 t Z.s (4)
27.0 t 4.9 (2)
8s.o (1)

r_15
116
tr7
1L8
119
L20
LZt
LZz
t23
L24
L25
t26
LZ7
L28
LZg
L30
LsL
t32
L33
t34
135
136
L37
158
159
140
L4L
t42
t43
L44
145
t46
L47
148
149
150

)

163
56
L27
L7Z



APPENDIX TABLE 8

CONCENTRATION OF SOLUTES IN FOETAL URINE

(Foetuses that delivered normally)

DAYS PRIOR TO
PARruRITION

IUA]
/100 nL)

[Urea]
(ngl100 nl)l

100
t

(ns/
Cr

(1)
(1)
(1)
(1)

0.2

1s5
105

93
148

9Z
LZÙ
tz7
198

150
1L0

95
130

(1)
(1)
(1)
(z)
(z)
(2)
(2)
(1)
(z)
(4)
(5)
(4)
(6)
(6)
(s)
(8)
(8)
(e)
(s)
(5)
(s)
(s)
(7)
(7)
(6)

0.01
0.4
0.5

0.2
0.2
0.1
0.3
0.6
0.2
1.1
1.4
0.7
0.7
0.9
0.7
0.4
1_.6
0.9
0.6
L.2

9.5
4.4
s.z
9.7

L0.2
7.7
7.5
6.6
5.8
7.5
5.2
4.6
s.2

LL.3
8.5

14.9
L2.3
10. 7
10.8
t3.3
1_4.1
t7.6
20.0
2t.z
31.0

+
j
I
t
+

t
t
t
t
t
t
+

t
t
t
!
t
t
t
t
t

(ng

L.3
0.7
0.7
1.1
t.z
1.5
L.2
L.3
1.0
1.1
0.7
1.0
t.7
1.6
2.9
3.8
2.4
2.6
2.8
2.0
2,.0
4.4
4.t
2.5
4.3

n1)

r 1.0
r L.6
t 0.4
t 3.5

t 2.8
t t.2
r 0.9
t L.7
! 0.7
J 3.7
t 2.8
t 6.8
t 5.1
r ?.4
t 2.4
t 1.6
t 5.ó
r 10.0
r 11.5
t 5.8
t 11.4

(1)
(1)
(1)
(z)
(2)
(z)
(z)
(1)
(2)
(4)
(3)
(4)
(6)
(6)
(s)
(8)
(8)
(s)
(s)
(5)
(s)
(s)
(7)
(7)
(6)

2S
?,4

23
22
2L
z0
19
L8
L7
L6
15
L4
1_3

t?,
11
10

9
8
7
6
5
4
3
2
1

(1)
(3)
(3)
(3)
(4)
(s)
(s)
(6)
(6)
(7)
(7)
(2)
(4)
(4)
(s)
(s)
(4)

168
L44
L76
L53
234
399
295
144

4
10
46
t3
40
31
72
64
3L
4L
33
86

178
L34

34
IZ9

t
+
+
+

t
I
I
t
t
+

t
t
+

t
t
+273



IUA]
(ngl100 nl)

lcil
(nglL00 nl)

APPENDIX TABLE 9

CONCENTRATION OF SOLUTES IN AT4NIOTIC FLUID

DAY OF
GESTATION

115
116
Lt7
118
t-19
L20
LZt
LZz
LZs
724
L25
tz6
LZ7
LZ8
rz9
t_30
13L
Lsz
133
1,34
135
L36
L37
1_38

139
140
141

44.0

r43
L44
r.45
146
L47

6s.0
81_.0

(1)
(2)
(1)
(z)
(z)
(2)
(2)
(2)
(z)
(s)
(4)
(s)
(4)
(6)
(s)
(3)
(4)
(4)
(4)
(3)
(s)
(3)
(s)
(s)
(4)
(2)
(5)
(1)
(1)

7

7
01

0
0r0
0
0r0
0r0
0r0
0!2
5r1
5t1
6!Z
8r5
8!Z
0r4
5r5
6t1
3!4
3tL
0!7
8t3
0!2
0r3
7!4
0!2
z!3
0t1
0t0
7!0
0
6
1
0
0
0

10
10
10

8
t4
T2
L4
L3
L7
16
19
L7
18
19
1ó
25
16
28
19
16
z4
22
2L
22
26
18
z0
32
28
30
28
29
32

(1)

(1)
(1)
(1)
(1)
(1)
(1)
(1)
(4)
(3)
(4)
(4)
(s)
(s)
(2)
(4)
(3)
(3)
(z)
(4)
(3)
(s)
(s)
(4)
(2)
(3)
(1)
(1)
(1)
(1)
(1)
(1)

5
L
8
z
1
L
z
0
I
6
4
3
8
7
5
7
7
8

5
tz
13
19
18

5
9

11
24
27

0
10

3
8
7
9

11
3

30.0
29.L
54.0
s1.0
34.0
68.1
47 .0
44.3 !
49.7 t
57.5 t
67.0 t
7L.0 t
68.0 t
85.0 t
78.5 t
74.0 t
90.7 t
70.5 t
83.5 t
67.7 x
67.6 t
74.0 ¡
60.3 t
60.5 t
59.3 t
62.0
82.4
7t.L
77.0

L42

.7

.L

.1

.T

.6

.4

.4

.5

.1

.5

.3

.7

.4

.6

.9

.8

.1

.0

.3

.8

.01

.7

(1)
(1)
(1)
(1)



APPENDIX TABLE IO

FOETAT SOLUTE EXCRETION RATES

DAY OF
GESTA-
TION

CrER

Cuglni¡)

UAER

Cuelni¡)

Urea ER

GuÁni¡)

(1)
(2)
(1)

(1)
(?)
(2)
(3)
(5)
(4)
(s)
(4)
(s)
(4)
(3)
(z)
(6)
(s)
(7)
(4)
(s)
(7)
(8)
(s)
(s)
(4)
(3)
(4)
(4)
(3)
(3)
(5)
(3)
(1)
(1)

t L97
! LÙz
! LZs
r L15
t99
t82
t 160
t 196
x 224
t I25
! 372
r28
r 158
t 153
! L7t
t 1,91
! 25I
! z7t
! 44L
t 593
t 644
! 783
t 1_59

tt7
r 755
t 426
I 189
t 322

250+
450
4s8

1070

368
526
400
250
26L
1-84

356
926
747
778
501
942
3tz
793
75L
gZL
861
814

1051
LO2L
1493
1846
L929
766
94r_

346
832

1181
1606
1300
1680

(2)
(2)
(2)
(1)
(2)
(4)
(s)
(s)
(6)
(8)
(8)
(e)
(s)
(8)
(7)
(6)
(s)
(10)
(8)
(8)
(6)
(s)
(8)
(e)
(ó)
(6)
(s)
(5)
(s)
(s)
(4)
(4)
(4)
(2)
(1)

3.1 r 0.8
2.L ! 0.6
6.L ! Z.t
3.4
4.1 t 0.8
4.L ! t.L
5.7 t 1.8
7.9 t 3.7
9.8 t 6.3
7.5 t 3.7

10.2 t 5.5
14.3 t 6.5
11.7 15.0
7.3 ! t.7
4.8 r 0.9
4.3 ! t.2
8.8 r 3.8
7.4 ! L.2
8.t ! 2.3
7.9 ! 2.3
7.4 ! 2.L
6.9 t 2.5

Ll.z ! z.z
t0.4 ! 2.6
7.7 ! l.t
8.6 r 1.9

tL.l ! 3.2
7.4 ! t.6
6.5 10.8

10.1 t 6.6
9.5 r 4.2

LZ.z ! 4.0
zs.4 !L2.5
t0.9 ! 2.2
55.2

t 7.2
t 8.3
t ó.9

(z)
(?)
(z)
(1)
(2)
(4)
(s)
(s)
(6)
(8)
(8)
(s)
(8)
(8)
(8)
(ó)
(6)
(10)
(8)
(8)
(6)
(s)
(8)
(e)
(6)
(6)
(s)
(3)
(s)
(s)
(3)
(4)
(4)
(z)
(1)

1 2.7
r 5.0
! Ls.L
t 11.5
t 4.5
t 8,2
t 6.4
t 11.0
! L2.3
t 9.7
t 6.5
t 4.7
r 1_5.5
t 8.0
t 10.1
i 10.1
t 5.9! tz.s
t 16.5
+ O?
r 9.8
! 20.4
! t5.2
t -8.4
t 25.5
t 7.8
t 0.7
! 27.6
x 26.7
t 1.4

47 .0
18.9
L7.6
28.3
34.0
27.8
zL.6
42.L
33.9
L7.s
z8.z
30.4
49.4
48.8
4L.9
33.3
25.0
36.0
43.9
s2.8
40. 5
37.0
47.L
6?.7
39.2
51.1
69.0
s4.1
37.3
80.7
35.7
26.7
84.6
86. s
24.L
20.4

11s
116
LL7
118
11_9

L20
TzL
LZz
L23
LZ4
t25
L26
L27
L28
L29
130
L31
L32
L33
L34
135
t36
L37
138
139
140
!4L
t4z
143
144
1-45
t46
t47
148
149
150



pHpH

APPENDIX TABLE TI

FOETAT URINE pH

DAY OF
GESTA-
TION

DAYS PRIOR TO
PARTURITION

zs
z4
?,3

22
ZL
20
19
L8
t7
16
15
L4
L5
T2
11
10

9
I
7
6
5
4
3
z
1

(1)
(1)
(1)

(z)
(1)
(z)
(1)
(2)
(4)
(3)
(4)
(6)
(6)
(s)
(8)
(8)
(s)
(8)
(3)
(s)
(s)
(7)
(7)
(6)

8.8
8.8
t:,

(2)
(3)
(z)
(1)
(1)
(3)
(3)
(s)
(6)
(7)
(7)
(7)
(10)
(8)
(8)
(6)
(6)
(10)
(8)
(8)
(6)
(s)
(7)
(e)
(6)
(6)
(s)
(3)
(s)
(s)
(4)
(4)
(4)
(2)
(1)

7.5
7.6 r 0 .0L
8.1_ r 0.1
7.4 ! 0.2
7.4
7.3
7.8 ! 0.2
7.L t 0.3
7.5 ! 0.3
7.9 t 0.4
7.6 ! 0.4
7.6 ! 0.4
7.2 ! 0.3
7.6 ! 0.3
7.7 ! 0.3
7.6 ! 0.3
8.1 t 0.4
8.1 r 0.4
7.5 t 0.3
7.4 ! 0.3
7.3 ! 0.3
7.8 I 0.3
7.4 ! 0.L
7.5 ! 0.2
7.7 ! 0.2
7.8 ! 0.2
7.8 ! 0.?
8.0 t 0.2
7.5 r 0.1
7.6 r 0.3
7.6 ! 0.3
8.1 t 0.4
7.6 t 0.5
7.3 t 0.4
6.0 t 0. 01
6.1

L15
116
LL7
118
119
tzï
Lzt
LZz
tzs
L24
tzs
LZ6
LZ7
128
L29
1,50
131
LsZ
t33
t34
135
156
L37
158
139
140
t4L
].42
t43
t44
145
1_46

t47
148
149
150

7.9 x 0.3
8.4
7.9 t 0.8
8.9
8.1 r 1.0
7.9 ! 0.7
8.1 t 0.4
8.1 t 0.6
7.7 ! 0.8
7.4 ! 0.6
7.6 ! 0.4
7.5 ! 0.7
7.5 r 0.6
7.6 ! 0.6
7.7 ! 0.7
6.9 ! 0.2
7.9 r 0.6
7.5 r 0.8
7.5 t 1.1
7.3 t 0.9
7.3 r 0.8



APPENDIX TABLE 12

FOETAT GFR A}ID FOETAT I.IRINE FLCIII RATE PER GM OF KIDNEY

DAY OF
GESTATION

r_15

116
LL7
118
r_19
t?,0
tzL
tzz
tzs
L7,4
LZS
LZ6
tz7
LZg
LZg
130
LsL
L32
L33
L34
135
Ls6
L37
138
139
140
L4L
L42
t43
L44
145
t46
t47
148
149
L50

FIJOI^I RATE
nl/ntn/gn

3

GFR
(n1/ni¡)

3.9 t 0.3

2.8 t 0.4

4.3

4.6
5.1 r 0.2

7.4 ! 0.3

6.8 t 0.2

6.2 ! 0.2

3t
26
z6
49
z0
L7
36
22
29
19
17
38
57
29
29
23
2L

16
t7
?,8

29
30
35

29
23
z4
15
23
15
18
23
18
16
10

10-
ll

ll

ll

ll

lt

lt

tl

lt

ll

tt
ll
tt
tl
tl
tt
ll
tl
ll
tt
ll
ll
tt
ll
tt
tt
ll
tt
tt
ll
tt
tl
ll
ll
ll
tt

L0-
tt
ll

(1)
(2)
(2)
(z)
(1)
(1)
(5)
(4)
(s)
(7)
(e)
(e)
(10)
(10)
(e)
(8)
(6)
(7)
(11)
(e)
(s)
(7)
(6)
(e)
(10)
(7)
(7)
(s)
(3)
(s)
(s)

x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x

19
7

7
3
5

L7
29

4
6
6
4
3
3
4
5
5
6
5
4
5
5
6
2
4
3
3
5
7
8

t
t
t
t
t
+

t
I
t
t
t
t
t
t
t
t
t
t
+

t
t
+

t
t
t
t
I
t
t

x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x

3t 4 x
t t4 x
t 7 x

L7

23

tt
tt
il
tt
tl
tl
tt
tl
ll
tl
tt
tt
tt
tl
tt
tt
il
tt
tl
It
tl
tl
ll
tl
tl
ll
tt
tt
tl

(z)

(s)

(1)

(1)
(2)

(5)

(2)

(2)(4)
(4)
(4)
(z)
(1)



APPENDIX TABLE 13

FOETAI l'fAP

DAY OF GESTATION

LL4

115

Lt7

119

tzL
L2?.

L24

L25

LZ$

L29

130

L3Z

L34

L37

141

L44

14s

148

149

MAP
(r¡n .Hs)

.0

.S r 0.8

.5

.0 r 1.0

.2 t 0.4

.0

49

35

38

38

37

37

41. s

39.0

48.5

40.5

53.0

s4.0

42.S

45.5

44.0

49.0

55.5

s2.0

58.0

(1)

(z)

(1)

(z)

(2)

(1)

(1)

(1)

(1)

(2)

(z)

(1)

(2)

(2)

(2)

(1)

(2)

(2)

(1)

t
t

0.5

8.0

r 1.8
t 1.0

t
t
t

0.5

1.5

1.0



APPENDIX TABLE T4

PERCENIAGE REABSORPTION OF WATER A}.ID ELECTROLYTES BY THE FOETAT KIDNEYS

DAY OF
GESTATION

I4IATER

REABSORPTION
(%)

K+
REABSORPTION

(%)

DAYS PRIOR
TO PARru-

RITION

22
zt
z0
19
18
L7

15
L4
t3
tz
r.1
10

9
I
7
6
5
4
3
2
1_

Na+
REABSORPTION

(e")

(1)
(3)
(1)
(1)

(1)
(z)
(1)
(2)
(3)
(4)
(s)
(4)
(7)
(s)
(7)
(1)
(6)
(3)
(z)
(4)
(3)

98.8(1)
(1)

!34

110
r1L
tL5
Ì6
+O
+<
rL0
+O
+O
111
r10
+O
t8
r11
t11
t7

6
3

60.9
65.9
78.2
s6.?,
47.9
78.L
52.3
46.t
49.6
59.4
45.8
6s.0
3s.4
44.L
37.L
5s.0
46.2
40.9
40.3
40.0
23.3
43.4
23.6
57 .1
44.3
42.s
51_ 25
60.3

68
86

70.L
77.s

(1)
(1)

1)
2)

(
(
(z)
(1)
(2)
(3)
(4)
(6)
(e)
(7)
(8)
(4)
(7)
(7)
(6)
(7)
(s)
(s)
(7)
(7)
(7)
(4)

69. L
87.5 ! 2.5
73.2 ! 3.0
7s.0
72.0 ! t6.9
87.L ! 2.7
80.2 t 4.9
82.3 ! 2.2
82.8 t 4.9
75.4 t 6.8
7t.5 ! 5.4
82.1 t 4.8
80.0 I 4. 7
80.9 r 4.4
83.0 r 3.5
78.9 ! 2.L
73.7 ! 4.8
66.9 t 5. 5
78.1- t 5.4
82.7 ! 2.5
80.8 r 4.4
79.L ! 7 .6
79.4 ! 3.2
89. 7 r 4.6
83.9 ! 2.4
85.1 t 1.9
75.2 ! 0.t
90.0 r 4.3
90.6 t 3.9
94.7
97 .9

115
116
LL7
118
119
t20
tzL
t22
t23
L24
L25
LZ6
LZ7
LZg
LZg
130
LsL
LsZ
L33
L34
135
L36
L37
l-38
139
140
14L
L4Z
t43
L44
l_45
t46
r47
148
149
1_50

98.4 t 0.5
98.6
99. 3

98.0
97.4 t 2.5
87.0
95.t ! 4.2
90.5 r 4.9

16

93.8 t 2.5
95.0 r 1.4
95.5 t 1.1-
96.5 t 1.S
96.8 r 1.0
98.3
94.6 ! 2.4
9L.9 ! 3.?,
94.7 ! 2.L
91.3 r 6.1
82.9 19.9

(z)
(z)
(1)
(z)
(2)
(1)
(4)
(6)
(4)
(8)
(4)
(6)
(s)
(6)
(s)
(4)
(s)
(6)
(7)
(6)
(4)
(6)
(1)
(s)
(3)
(3)
(z)
(1)

11
2L

LZ.

5
7

4
7

t
!

t

94.9 ! 2.4.4
.7
.1
.6
.5
.9
.0
.2
.0
.0
.6
.7
.7
.6
.3
.3

t 10.5
! t4.4
! 9.3
! 23.3

(8)
(3)
(6)
(3)
(3)
(3)
(3)
(1)
(1)



APPENDIX TABLE T5

IÐRI\4]NE CONCENTRATIONS IN FOE.TAL BLOOD

(1)
(z)
(2)
(4)
(2)
(2)
(2)
(1)
(3)
(2)
(6)
(s)
(4)
(4)
(3)
(4)
(1)
(4)
(3)
(4)
(3)
(3)
(z)
(1)
(1)

(1)

DAY OF
GESTATION

11_5

11_6

TL7
118
1t_9
L20
LzL
r2z
L23
tz4
L25
L26
L27
tz8
I29
130
131
r3z
L33
L34
135
L36
L37
1_38

1-39
L40
L4L
t42
t43
t44
145
146

17u HP
(nglml)

20cr HP
(ngÁn1)

PROGESTERONE
(nglml)

4.6
2.5 t 0.4
I.6 ! 0.2

2.8 r 0.1
2.6
3.1 t 1.8

9.3 ! 2.8
3.0
4.t ! t.4

6.5 j 0.7
3.2

1-3.1_

24.0 ! 6.4
18.0
19.9

0.4 ! 0.2
0.1
5.2

g.o
5.5
5.4
1.6

(1)
(3)
(?)
(3)
(3)
(2)
(z)
(1)
(1)
(3)
(6)
(s)
(3)
(3)
(3)
(4)
(1)
(3)
(3)
(4)
(3)
(3)
(2)
(1)
(1)

.5. 8
5.7 ! 2.?

10.2 r 0.5
t2.0
L2.5

LL.6 ! 3.4
28.0
13.5 t 0.9

0.4 ! 0.2
0.2
0.4 r 0.1

L0.3 ! 2.5
18.0 t 6.2

(1)
(3)
(3)
(3)
(2)
(2)
(3)
(1)
(3)
(3)
(6)
(6)
(4)
(4)
(3)
(4)
(1)
(4)
(3)
(4)
(3)
(3)
(z)
(1)

0.3
0.7 ! 0.4

3.4 ! L.0
2.4 ! 0.8
3.5 I 0.9

10.9 t 5.0
4.8 ! 2.0
7.0 ! 3.2
9.2 ! 3.8
3.6 ! 2.L

LI.8 ! 4.2

2.9 ! 4.7
9.9 ! 4.2
9.4 r 5.1
8.0 r 2.1

2t_0

2.6 ! 0.7
3.L ! L.7
8.9 t 3.8
6.3 ! t.7

I4.L ! 4.0
25.0 ! 5.2
20.7 ! 9.0
t2.9 ! 5.4
2I.3 ! 7.4
8.6 ! 4.7

24.5 ! 4.7
1_7.1 r 6.5

1.0 r 0.5
0.3
0.6 I 0.5

1.8 t 0.7
0.8 t 0.3
0.6 ! 0.2
0.2 r 0.1_

0.7 ! 0.4
0.5 r 0.1
0.6 t 0.3
0.6 ! 0.2
1..2 ! 0.6
0.3 r 0.1

0.3 r 0.1
1.5 t 0.6
2.L ! t.4
3.3 t 1.6

9.3

7.t
t2.0
5.4
5.9

(1)
(1)
(1)
(1)

0.1_

0.1
0.1
0.1_
0.1

(1)

(1)

(1)
(1)
(1)
(1)

(1)

(1)
(1)
(1)
(1)



APPENDIX TABLE Ió

CORTISOL CONCENTRATION IN FOETAL PI,ASMA

(1)
(1)
(1)
(1)
(2)
(2)
(1)
(4)
(3)
(3)
(4)
(z)

DAY OF

GESTATION
lcoRTrsoll
(nelnl)

DAYS PRIOR TO

PARIURITION

L7
16
15
L4
L3
L2
11
10

9
8
7
6
5
4
3
z
1

IcoRTISOLI
(nglnl)

9.ó
1s.1

22
27
z0
30
39
5Z

9
9
5
9
6
2

5
7
3

2
0
2
4
0
7

L2
9

L4

0
9
9
0
3t
6t
5
1r
4t
0t
3t
1t
1t
0
4t
4!
6r

I 10.1
r 0.1
t 9.2
t 4.8
I 0.1

2Z
27
20
50
26
30

9
1_5

t3
19
z5
?,2

39
zz
47
75
66

(1)
(1)
(1)
(1)
(1)
(1)

(1)

(1)
(z)
(2)
(3)
(2)
(z)
(1)
(3)
(3)
(2)
(1)
(2)
(2)
(3)
(5)
(1)
(z)
(1)

(1)
(1)

0
9
9
0
9
0

116
Lt1
118
1_19

LZO
LZL
t22
LZs
t24
LZ'
L26
t27
LZg
I29
L30
1.3L
L32
L33
L34
135
136
L37
158
139
140
141_

t4z
L43
144
l_45

(3)

24.s

8.8
26.3
1_3.1
27.4
L6.3
L3.4
15.5
60.5
44.9
24.6
2L.S
1-8.1
zL.2
22.8
44.42
29.4
4L.5
50. 0

s9.4
50.4

(1)
(2)
(3)
(4)! L7.6

+ 2L.9
t 2.7

2.7
6.1
8.5

12.2

t
+

t
+

+ 4.4



PRA
ng/nL/hr

APPEI{DIX TABLE 17

FOETAL PRA

DAY OF GESTATION

(3)
(3)
(1)
(2)
(5)
(2)
(1)
(s)
(2)
(3)
(4)
(1)
4)
1)
2)
z)
2)
s)
3)
3)

(6)
(2)
(3)
(s)
(3)
(5)
(3)
(7)
(3)
(z)
(3)
(2)
(?)
(2)

6.7 t 0.8
8.9 t L.2
8.0
7.3 t 2.t
8.5 r 0.3

10.9 I 1.1
1_1.5
L7,.4 t L.8
LT.L ! 0.2

70
75
76
80
90
96
98

100
108
110
tz0
L29
L30
131
L32
t33
L34
135
L36
ts7
138
139
140
T4L
\42
t43
L44
14s
t46
L47
148
149
150
151

L7.7 ! t.4

(
(
(
(
(
(
(
(

L6.9 ! L.7

L3.3 ! 2.3
15.8
13.3 r 1.5
t6.3
14.7 r 5.8
L2.7 ! 0.2
10. t 0.5
L2.7 ! L.Z

17.8 r 5.8
L7.8 ! 2.7
20.3 ! 2.2
1-9.9 r 5.5
20.8 t 1.5
L7 .4 t 4.t
tz.g ! 4.9
15.5 i 2.9
L4.2 ! L.Z
15.5 r 3.0
19.3 r 0.8
LL.4 ! 2.4
13.2 ! 3.0
t4.4 t 2.4
LZ.z ! 5.L



APPENDIX TABLE 18

FOETUS 66-545: PIÁSvfA IÐRI\4]NE CONCENTRAIIONS

DAYS
PRIOR
Tr0

PART-
URITION

lErl

(nglml)

lEzlTol

(nelnl)

ÍE2L7g1

(nelnl)

tPROGJ

(nelml)

[].70HPl

(nglnl)

[20oHP]

(ngl¡n1)

taoRr.l

(neÁnl)

T2

11

7.0 5.0 10.0 7.5 3.6 7.0

13.0

L4.t
L4.t
10.0

10

9

8

7

6

5

4

3

z

1

5.0

6.0

4.0

6.0

LZ.0

6.1

L4.t
8.0

8.0

10.0

12.0

lK*l
(nEq/L)

4.5

4.4

4.8

4.7

4.7

L0.2 0.1

9.0
5.5

5.4

1.6

1.5

L4.3

L2.6

zz.8

13.9

9.3 47.8

0.4

0.3

0.6

0.7

3.0

2.5

2.0

1.0
1.9

tz
7

3

z0

L4

18

19.

0.6

0.1
0.l_

5.2

.4

.5

.z

.1

0

9

0

913

14.0 L2.0 18.0

PLAS\4A SOLTIIE æNCENTRATIONS

46

s9

50.

7.L

L2.0

5.4

0.1

0.1

0.1

1.0

4.0

5.0

5.0

7.0

8.0

5

4

4

DAYS PRIOR TO
PART]RITION

lNa+¡
(rnEq/1)

lcrl tuAl
(ng/100 n1) (rnglL00 n1)

s.4
5.0

6.0

t2

11

10

9

I
7

6

5

4

3

2

1

144.5

143.0

140.5

L4Z.S

L42.5

L.4

L.7

L.2

3.7

140.0 4.8

143.0

140. s

145.0

4.6
1.5
1.0



APPENDIX TABTE 19

FOETUS 66.345: I.IRINE PARAI{ETER*S

L2 9.0 28.0 16.0

DAYS
PRIOR
TO
PARru-
RITION

lNa+1

(mEq/1)

lK+l

(r'Eq/1)

lcrl
(ng/100tn1)

tuAI

(ngl100¡n1)

NaER

(¡rEqlnín)

FlrCI[r

(rn1/ni¡

.50

.55

.54

.43

.44

.40

.32

5.0

4.0

9.0
L7.0

23.0

66.0

27.4

6.0

4.0

7.0
L?,.0

0.8

3.0

2.0

2.6

7.0

11.6

12.2

6.2

2.5

2.2

4.9

s.z

10.1

26.4

8.6

22

11

10

9

I
7

6

5

4

3

2

1

16.0

29.0

38.0

8.5

2.8

2.2

1.3

0.4

0.3
0.6
0.7

L7.0

5.0

4.0

6.0

7 .0 52.0 37 .0 9.8 .19

2.5

2.0

1.0

5.0

46.0

15.0



APPEh¡DIX TABLE 20

FOEIUS W-L77: PIÁS\,IA FÍ]RIVXONE ONCENTRATIONS MEA,SLJRED DURING GESTATION

DAYS PRrOR T0 IPR0GESTERoNE]
PARruRITION (nglml)

[17 c HP
: (nglnl

[20 o HP]
(nglrnl)

lmRrISoLl
(neÁnl)

l
)

13

L2

11

10

9

8

7

6

5

4

3

z

1

DAYS PRIOR TO
PARIT]RITION

L3

L2

L1

10

9

8

7

6

5

4

3

2

L

lNa+1
(nEq/1)

143.5

]-42.0

143.0

t47.0
141. 0

140.0

147. 5

154. 0

144. s

158.0

t47.0
145.0

146.0

[K*]
(nEq/1)

lcrl
(ng/10ùn1)

9.
o

13.

15.

68.3

93.0

IUA]
(ngl1.00m1)

0.9

0.9

0.8

1.5

1-0

0.1

0.2

0.3
0.8

0.1

1.1

2.0

1.9

5.4

1.3

1.1
1.6

zL.3

22.

26.

39.

12.

LZ 8

3

5

0

5

8

8

5

5

0

8

4.7

2.6

I
7

9

8

0.

L.

3.

z0

zt
2L

2L

29

22

8

0

0

7

5L1

0.1

0.2

0.3

0.7

0.8

0.2

1.5

0.1

0.1

0.1

0.6

0.8

PI"A,SvIA SOLUTE ONCENTRATIONS

4.0

4.6

0.7

0.9

0.9

0.9

0.9

0.8

0.5

0.5

0.6

t.7
1.9

2.2

1.8

2.3

2.2

2.0

2.4

2.2

2.0

2.3

2.2

?.4

5.3

4.8

4.7

4.9

5.0

5.0

6.6

5.0

5.0

4.7

4.7





APPH{DIX TABLE 22

FOEruS W-58 PLASvIA HORX{CNE CONCENTRAIIONS

DAY OF

GESTATÏON
IPROGESTERONEI [17 aHP

(nelnl) (nglml
l
)

[20 o HP]
(neln1)

lcoRrrsoll
(nglnl)

115

116

tL7

118

119

L20

Lzl
LZZ

L23

L24

L25

L26

LZ7

t28
L29

130

131

L32

L33

0.3

0.3
4.6

5.0

5.8
s.ó

9.5

6.8

0.3

0.3

0.3
0.3

0.3

0.3
0.3

0.5

0.5

0.5

0.5

3.0

3.5

2.2

3.0
2.6

0.9

3.8

1.9
2.7

3.5

1.8

3.8 0.5 0.1

10.8

11 .6

11.8

13.1

L2.

10.

9.

13.

L4

?L.8

7

7

8

.3

.5

.6

.5

.0

.5

.5

.4

.1

9

7

9.2

I
tz
L2

7

8

6

7

3

8

3

5

15.

16

18.7

6.5

6.4
5.9

4.0

0.5

0.5



APPEI\¡DIX TABLE 23

FOETUS W38 PI.,AS\,ÍA SOLUTE CONCENTRATIONS

DAY OF

GESTATION
lNa+1

(nEq/1)

L47.5

t37.0
L34.0

L30

L34

t34

135.

141.0

141.5

141.5

r47.5

lK*l
(nEq/1)

lcrl
(mgl100m1)

L3.7

8.3

3.9

8.7

15.0

20.0

20.0

16.8

L0.7

tL.7

IUA]
(nel100m1)

115

116

tL7

118

119

LZÙ

tzt
tzz
123

L24

L25

t26
tz7

LZg

129

130

131

tsz
133

14s

L42

L43

5

5

5

5

5

0

5

1.9

L.3

1.9

t.7
L.7

1.5
1.9

3.9

4.6

3.6 7.7

4.7

5.9

5.0

5.2

8.0

5.8
1.3

2.5

3.6
4.0

4.5

3.8

3.9

4.t
3.9

4.3

3.7

3.6

3.5

3.8

4.8

4.0

4.5

4.6

1.9
L.2

3.6

0

5

149

149

2.5

2.8



APPENDIX TABLE 24

FOETUS W38: URINE PARAN,IETERS

DAY OF
GESTA-
TION

11s

116

tt7
118

119

L20

LZL

LZz

tz3
tz4

L25

L26

LZ7

tzg
L29

150

131

L32

L33

lNa+1 [K+] [Cr] [UA] NaER IGR FLOI^I

(rnrq/il (mq/il (nelrÓomr) (ngl100m1) (uEqlmin) (¡:Eqlmin) (nl/nin)

28

39

15

34.

16.

zz.

22.

13.

L2.

15.0

20.0

4?,.0

3.0

10.0

8.0

L2.0

10.0

7.0

8.0

t2.0
10.0

9.0

8.0

4.0

10.0

0.5

1.0

1.0

.47

.sz

.62

.48

.49

0

0

t3
20

9

4.

6.

7.
o

4.

11

1.5

t.4
1.0

1.0
1.5

1.0

4.0

4.0

7.0

6.0
5.0

5.0

7.0

7.0

5.0

6.0

3

6

I
4

3

1

8

6

0

0

1

0

0

0

0

0

0

0

0

0

0

0

t_3.0

6.0

6.0

17 .0

10.0

5.6

L.4

0.8

6.1

3.r
2

5

2T

15

2S

1L

62

34

50

29

33

70

40

55

60

02

46

1

0.6

L.4

t.z
?.0

2.0

3.5

2.0

3.9

6.0 10.0 t.z

t.4
0.9

1.0

11.

9.

25.

5.

9.3

9.6

20.6

4.2
5.0

2.8

3.7

2.9

8.3
0.6

1.6



APPENDIX TABLE 25

FOETUS 66-3232 pI"AgrvÍA AllD URINE PARAIvIETERS MEASIJRED DURING GESTATION

Pl^A,,SvlA URINE

DAY OF PRA
GESIA-
rION (ng/nl/hr)

135

t36
rs7

138

159

140

L4L

L42

L43

L44

14s

146

r47

148

149

150

(Birth)

INa+¡

(mEq/1)

148.6

t47.2
148. 1

148.3

L46.2

14s .3

L47.L

r47.4
146.8

r.48.1

L48. 5

L47.L

lK*l

(nEq/1)

5.1

5.3

5.5

4.9

4.7

4.9

5.1

5.2

5.3

5.0

4.9

5.1

lNa+1

(nEq/1)

2t.5
20.5

27.3

l-8. 5

23.6

22.L

z0.s
18.z

tz.7
2L.3

24.5

25.5

2L.2

30. 5

20.2

19. 5

18. 5

NaER

OrEq/mi¡)

7.3

L2.9

tz.0
LZ.0

KER

(uEq/nin)

8.5

11. 5

L0.7

6.6

4.t
4.6

FI,OI4I

(n1/nin)

.34

.63

.44

.65

.37

.32

.38

.49

.62

.42

.58

.32

.59

.42

.61

.58

.60

t2.3
13.8

2t.t
16.7

18. 1

8.9

L7.5

12.3

7

7

8

7s.6

10.1

11.0

9.5

5.8

8.2

9.2

7.3

7.4

4.4
5.6

11. I

7

1

8

9

9

0

z

2

z

8

3

3

1

8.

I
L4

8

8

LZ

t2
11

11

7

10

L2.

7.

8

2

0

1

L48.2

148.6

146.1

r.45.0

5.0

4.9
4.8
5.0

22.6

11.1

9.9



APPENDIX TABLE 26

FOETUS 66-478: PIASI'4A Al,lD URINE pRltR¡4eTERS MEAS:URED DURING GESTATION

DAY OF

GESTA-
TION

PRA

(rnglnl/hr)

PIÁST4A

[Na+]

(nEq/1)

lK*l

(nEq/1)

LZg

L30

131-

LsZ

133

L34

1_35

136

L37

1_38

139

140

t4L
t42
t43
].44

14s

t46
L47

148

(Birth)

15.8

L7.S

L6.3

18. 4

!2.8
70.2

1_1. 5

1_9. 6

22.L

29.2

L42.5

143. s

L42.L

L45.2

t42.3
t44.6
L46.3

L4s.4

t46.7
L46.3

L45.2

L43.t
L42.2

L43.5

145.1

146.1

t43.2
t4s.7
14s.1

[Na+1

(nEq/1)

33.2

30.1

8.8

6.5

4.5

4.9

L4.9

FIJCIAI

(ml/nin)

.54

.36

.25

.29

.47

.67

.58

.36

.24

.36

.49

.39

.28

.53

.45

.43

.48

.47

.46

.39

URINE

NaER IGR

fuEq/min) (pEqlmin)

4.L

4.2

4.2

3

1

1

6

2

2

6

1

2

5

7

7

6

L2

9

7

9

L4

18

9

8

5

8

9

10

8

.7

.3

.4

27.2

25.3

zz.4
zt.6
23.7

19.8

27.3

30.8

28.6

26.2

22.3

40.9

52.8

48.7

36.1

2Z

z5

z8

25.5

23.4

14. 5

l-1. 0

16

18

18

z0

4.L

4.3
4.4

4.0

3

4

8

1

5L0.

4.t
3.9

5.9

3.8

3.9

4.r
4.3

4.t
4.3

4.L

3.9

3.8

ts.2
11.8

9.6

19.6

24.8

22.4

L4.t

4.2

6.0

8.4

4.6

5.0

2.2

4.6

7.0

5.2

7.7

6.3

7.8

5.5

6.6

4.9



APPENDIX TABLE 27

FOETUS 70-409: PLAS\,IA ATID URINE PAIIAIVIETERS MEASTJRED DIJRING GESTATION

PI,ASIR

PRA [Na+¡

(ns/nL/hr) (mq/1)

URINE

DAY OF
GESTA-

TION

IK*]

(nEq/1)

lNa+1

(rnEq/1)

NaER

O¡Eq/nin)

KER

û¡EqÁnin)

18.0

t4.7
L4.6

3.3

2.9

4.8

7.3

t-0.4

14.9

15.6

10.1

1-1.8

L5.7

FL0lttr

(rnllnin)

1. 10

.85

.96

.76

.56

.62

.7L

.74

.82

.95

.77

.80

.82

.77

.96

1. 01

L.LZ

.91

.56

.87

.82

tsz
L33

L34

L35

L36

t37

138

139

140

L4T

t42

143

r44
L4s

L46

147

148

149

150

151

LSz

10. 9

LZ.s

L0.

L7.

L7.

10.

146.1

t44.2
145.1

t44.s
L44.2

145.8

L46.L

146.3

r44.2

L42.3

143.8

148.1

L46.2

L47.3

T44.L

t42.3
143.8

t44.2
L42.6

145.1

4.8

4.3

4.9

4.8

4.4

4.3

4.7

3L

35 .8

t4.7
L7.5

zz.0

21.2

19.4

30. 8

18.6

19. I
20.8

t4.3

zs.2

28.3

32.4

47.t
26.3

28.2

31. 0

28.7

23.6

32.4

24.t
24.8

25.3

18.6

26.L

L4.2

24.3

zL.6

29.8

26.9

34.3

27

24

7

L

1

17.

22

zs.

8

1

4

3

5

5

3

4.2

4.4

4.8

5.1

5.2

5.6

5.1

zs.5

22.t
z0.L

11.5

18.5

L8.5

ls.9
L6.1

16.8

L7.3

10.9

4.7

4.9
4.8

4.7

4.5

4.3

z5.L

L4.3

27.z

t9.7
L6.7

23.4

z8.L

L2.8

L4.7

15.9

tt.7
L1.5

]-2.0

].4.t



APPENDIX TABLE 28

FOETUS 69-464 (111 DAYS) SALT LOIrD (Na+' 0.39 nFq/ke/hr; t hr)

TIME
(Hrs)

0-u
4 -1
L -Lh
Lrt-2
z -24

FLOI4I
(nl/mi¡)

TJRINE

lNa+1
(nEq/1)

NaER
(rrEt/ninl

lK*l KER
(nEq/l) (rrEq/nin)

.07

.08

.1L

.LZ

.11

56

55

33

35

s6

2.52

2.80

3.63

4.20

5.96

3.6

4.4

4.L
3.6

3.5

.25

.35

.45

.43

.39

?h-s
3 -3'

.L3

.14

38

40

4

5

44

59

94

60

3.4

4.?,

sl,t - 4

4 -4k
4t4-5
s -5r4

st4-6
6 -6Lz

614-7

6.3

7.9

8.2

8.1

45

55

58

64

63

70

70

t3
16

16

18

16

24

.22

s.85

8.48

9.28

tt.s2
10.08

16.80

15.40

5.4

5.6

6.4

.70

.90

L.0z

1. L3

L.?6

1.97

1.78

In all appendix tables listing the data fron experiments carried out on

individual foetuses, the horizontal lines i¡dicate either the time of
injection of the drugs or hormones involved or the times between which

these agents were infused.



APPENDIX TABLE 29

FOETUS 69-539 (111 DAYS) SALT I¡AD (Na*, 0.59 nEq/kg/hr; I hr)

URINE

IK*]
(rnEq/1)

TIME
(Hrs)

FLCW [Na+](nllmin) (mEq/l)
NaER

(urq/min)
tcR

(urq/mi¡)
CrCL

(m1lmi¡)

0

\
1

4

1

tt

.10

.09

.07

.11

.t4

s4

37

31

32

33

3.40

3.33

z.r7
3.52

4.62

L2.Z

11.9

L0.z

L2.4

13. 1

1

1

1

1

22

07

7L

36

83

z.r2

2.282L\
2 zl-t

Zr"-3
3'3r4

.20

.18

38

44

7.60

7.92

15. 1

L4.7

3.02

2.65 L"92

9t-4
4 -4'
4rr-5
s -v
sk-6
6 -6'
6,¿-l
7 -74

.16

.zz

.28

.24

.29

.33

.37

.39

42

51

54

60

69

69

70

77

6.72

TL.22

L5.L2

L4.40

20.0t
22.77

25.90

30.03

14.8

L5.2

15.8

L6.Z

18. 9

19.3

20.L

19.9

2.37

3.34

4.42

3.89

s.48

6.s7

7 .44

7 .76

2.36

2.00

2"68

2.7 5



APPENDIX TABLE 30

FOETUS 69-443 (114 DAYS) SAIT IOAD (Na+ , 0.lZ ¡rBq/ke/tu; 3 hr)

TIME
(rhs)

0 -k
, -1
L -LLr
Lr-2
2 -2\
2\-s

FI¡I4'
(nr-lrnin)

I.]RINE

[Na+¡
(rmq/1)

NaER
(¡rEq/nin)

KER
(rrEq/min)

CrCl-
(nllmin)

L.25

t_.08

.08

.07

.10

.22

.LZ

.s3

s2

33

34

22

33

15

2.3L

3.40

4.84

5.96

4. 95

.34

.69

.84

.82

.66

3 -t,
h-4
4 -4tá
4tó-5
5 -5¡t
s4- 6

.39

.37

.35

.36

.23

z5

24

2S

z6

26

ZL 4.4t.zL

9. 75

8.88

8.75

9.36

5.98

t.zL
.70

.70

.79

.55

.48

1. 50

1.8 5

1.58

6 - 6r.t

6rr-7
7 -Tó
79r-8
8 -8%

.24

.2L

.26

.24

.53

23

25

29

29

35

5.52

s.25

7.54

6.96

11. 55

.77

.86

.99

.82

t.22

2.25

1" 95



APPENDIX TABLE 3I

FOEruS 69-467 (116 DAYS) SAIT LOAD (Na+, 0.87 nEq/kglhr; t hr)

TIME

GIrs)

0-\
\.L
t -La
tt-z
z -2,
ZLr-3
3 -f4
%- 4

4 - 4r,5

4t4- S

s -rt

FLOI{
(n1lmin)

.81

.72

.83

.80

1.03

.97

.98

.97

.93

.79

.81

[]la*J
(rnEq/t)

' NaER
(urq/nin)

lK*l
(ntF4/L)

KER

[urq/min)
CrCl
(m1-lmin)

49

32

39

s0.5

60.2

66

ó9

68

59

61

56

39. 69

23.04

32.37

40.40

62.

64.

4,L

2.5

2.5

L.7

L.4

1.5

1.5

1.5

L.4

1.6

1.6

01

02

62

96

67.

3.32

1.80

2.08

L.36

L.44

L.46

L.47

L.46

1.50

1.26

1.30

1. 69

2.86

2"49

65

s4.87

48. r_9

45.36

h-6
6 -æa

.83

75

64

s7

53.L2

42.75

1.5

1.5
1.08

1.13 2.36

614-7
7 -7t
7r,r - I
8 -8å
81 -e
s -eu
9t-ro
1-0 - 10!á

.68

.68

.74

L.42

t.73
1.68

1.35

1. 14

58

78

91

97

L24

t25
r'z]-

L23

L.Z2

1.50

7.70

3.4\
2.08

1.85

1.49

1.48

2.67

4.29

3.80

s9.44

53.04

67.s4

ts7.74
2L4.52

210.00

163. 35

r40.22

1.8

2.2

2.3

2.4

l.z
1.1

1.1

L.3





APPENDIX TABLE 33

FOETUS (12s DAYS) SALT IOAD (Na+ 3.08 rnEq/kg/hr; t hr)
r07

TIME
(Hrs)

FI,OT
(n1lni¡)

lNa+¡
(rnEq/L)

NaER
(¡üq/nin)

lK+l
(nEq/1)

KER

[¡EqÁni¡)
CrCL

(rn1lnin)

0 -a
h-L

I -LK
Lr-2
2 -ZU

.73

03

04

04

03

03

24.5

31.5

25.

36.5

.73

t.26
1.00

18.0

23.L

18.1

25.2

.54

.92

.7?.

.50

1_.03

zt't - 3 .04 34.0 t.36 22.0 .88

s -h
h-4
4 -4'
4r- s

s -v
r\-6
6 -At
6\-t
7 -7+

.09

.18

.15

.13

.07

.04

.02

.03

.13

42

27

4L

48

43

5

0

0

0

5

1

3.82

4.86

6. 15

6.24

3.01

2.04

24.L

12.0

19.0

22.L

18.9

24.L

2.L6

2.L6

2. 85

2.86

t.33

2.6

1. 03

1.15

1. 01

51. .96

51. 5 6.69 20.t





APPENDIX TABLE 35

FOETUS 12 (125 DAYS) HAEIrIÍCRRHAGE (40 m1 bl-ood loss)

URINE PI,{SVIA

TIME
Gtrs)

0 -k
14' L

t -LLz

L4_2
z -zr4
24-3
3 -31á

h-4
4 -4r4

44- s

s -*
s4-6
ó - 6r.1

6tt-7

98.0

95.0

89.5

81.

60.76

83.60

86.82

85.88

83.20

9.75

LT.44

11.90

12. s8

t7.49
19.53

1s.84

58.54

FLCff [Na+] NaER [K*]
(nl/nin) (mEq/l) (¡rEq/nin) (mEq/ 1) (pEqlnin)

I(GR

4.60

4.40

INa+1
(nEq/1)

lK+I
(nEq/1)

0

5

89

62

88

97

72

9Z

80

50

s2

68

68

66

55

88

7.0

7.L

7.0

4

6

6

34

16

79

L42.5 4.6

L43.3 4.2

139.6 3.9

L4t.7 4.2

144.5 4 .?

5.2

5.5

.82

19.5

zz.0

17 .5

18. 5

26.5

35.5

18.0

47

3.0

3.3

1.50

1. s6

7.48

z.s8
5.30

4.40

6.16

4.92

4.8

3.5

5.0

8.0

7.1

6.1



APPENDIX TABLE 3ó

FOETUS 220 (124 DAYS) rNrRA-Ar,rNIOTrC SUCROSE INJECTIONS

(10 nl , 2.5 M Sucrose q 10 n1 , 2,5 M Sucrose)

T]RINE

NaER KER Crê1 UAER
(r-rEq/nin) fuEq/rnin) únIlmi¡) (pglnin)

TIME
(Hrs)

0 -\
\ -1
L -t\
Ltt-2
2 -24
24-s
3 -r\
yr-4
4 -414

4r- s

s -sL
sr- 6

6 -6'
614-7
7 -7\
h-8
8 -8k
8t4- 9

I -s4
9u, - t0
L0 - 10tt

To, - 11

FLCIliI
(nllrnin)

.59

.45

.48

.41

.47

.52

.65

.68

.67

.7t

4.95

79

73

85

76

73

57

53

69

56

63

61

60

36

70

36

46

82

L2

60

04

35

49

28.L3

16.0ó

27.20

L7.48

23.36

L4.ZS

t7.49
22.08

8 .96

TL.34

11.59

13.2

11.8

L4.4

t7.28
L2.3

15.16

14. 04

11.05

8.84

9.58

9.23

s.8z

2.92

4.ZS

2.66

3.29

2.28

2.65

3.4s

1.96

1.89

2.t4
3.3

5.38

3 "07

3.37

3.:55

t6.49
9.49

16.15

L1.40

14.60

9.69

11.13

13.80

6.16

8.19

8. 54

10.20

9.44

10. 35

L2.96

9.84

tt.z8
t2.48
9.7s

8. 84

9.38

9.23

z4

PLASil,IA

PCV OP
(%ì (mosrn/

3t6

4L 335

44 sL7

44 328

46 316

2

z

3

2

2

3

z

z

2

2





APPENDIX TABLE 38

EWE CARRYTNG FOETUS 271 (120 DAYS)

MATERNAL SUCROSE INFUSION (100 nl 2.5 M Sucrose at 2 hours followed

by 20 nl/hr 2.5 M Sucrose for 3 hr)

TIME
(Hr)

0-4
4-t
t -tk
LU-Z
z -24
ZLr-3
3 -3r4
3U- 4

4 -4r4
-5

S -514

sk- 6

6 -6'
6U-7
7 -74
7r4-g

FOETAT
0.P.

(nOsrn/kg)

296

PL"A,SvlA

MATERML FOETAL
0.P. [Na+1

¡mosm/ke) (nEq/l)

I.IRINE

FOETAL MATERML
FT,OI4I FI,O^I

(nI/min) (nl/nin)

L43.5295

0.59

0. s8

0.59

0.56

0.52

0.5s

0. s8

0. s6

0.47

0.6s

0. s6

0.50

0.48

0.41

0.38

0.57

3.30

0.80

t.z7

z.L7

2.27

5.00

L.63

0.70

293

139.6
3t4
304295

287 L43.3 L47.5

310 L44.5

135.6

L35.7

501

295

292

140.1 L37.8

0361

296 139. 5

ts7

158

3

5

296



APPENDIX TABLE 39

FOETUS 271 (120 DAYS) MATERML SUCRoSE INFUSION

(100 nL 2.5 M Sucrose, plus 20 nl./fu 2.5 M Sucrose;

3 hr)

TIME
(FIrs)

0-4
,2 -1
t -14
tu- 2

FLOI{ [Na+] NaER
(nllnin) (Íü4/1) (uEqlnin)

IK*J
(nqq/

r(ER crc1. [uA]
1) (¡rftlrnin) ,(m1lmin) (mellOùnl

.58

.56

.47

.65

34

2S

z4

33

5

0

5

5

20.0t
14 .0

LL.52

2t.45

64

36

35

9

8.0

6.0

5.0

6.L

4

3

2

3

3. 83

3.39

1.6

1.6

1.5

t.7
2 -2%
2t¿-s
s -tu
h- 4

4 -4k

.59

.58

.59

.s6

.52

38

30

40

31

3L

1.9

.4

2.3

7.0

3.0

6.0

6.1

8.1

1

z

3

5

0

22.42

11.6

23.6

L7.64

L6.LZ

4.L3

L.74

3. 54

3.36

4.L6

4.04 1.6

1.8

4k-s
5 -5tá
sk-6
ó -614

tu-7
7 -7'
792-8

.55

.56

.s0

.48

.4L

.38

.57

28.

30.

25.

22.

22.

30.

t3.75
15.68

15. 25

L2.0

9.02

8. 56

17. 10

zs 0

5

5

0

1

1

0 5.13

7.0

6.1
s.2
3.9

5.2

7.0

9.0

5. 85

3.36

2.50

t.92
2.05

2.66

2 "25

2,ó0

t.7
1.8

1.8

1.5

1.5

L.7

1.8



APPENDIX TABTE 40

SIMI]LTA}IEOUS MEASIJRANENI OF T,IA|ERNAL AND FOETAL URINE PARAIVIETERS

(Er4rE AND FOETUS 69-826) (MATERML VALUES rN BRACKETS)

pHTI},IE
(Hrs)

FI,O[4I

(nl/nin)

0

,4

1

L'
2

2k

3

514

4

4'
5

v
6

tu
7

7Lz

8

8r4

9

9Þz

10

LjLz

11

tlLz

,-1

1

LU

2

2!4

3

su

4

4L"

5

5r4

6

614

7

714

8

84

9

9r4

10

L0r4

11

LILz

t2

.zt

.28

.24

.19

.50

.22

.24

.40

.25

.zt

.23

.20

.24

.13

.27

.34

.27

.t7

.zL

.20

.19

.50

.1.6

.16

(1.6e)

(1. is)
(1. ss)

(1. s4)

(L.73)
(1.46)

(1. 48)

(L.42)
(1.0e)

(1.20)

(L.Lz)
(1_.14)

(1.06)

(0.84)

(o. eo)

(1. L4)

(1. 1.6)

(1.30)

(t.27)
(L.32)
(1.0s)
(1.1s)
(1.1_s)

(0. 74)

6.0s

5. 95

6. 00

5.82

5.85

5.95

s.45

6.05

6.L7

6. 03

5.95

s. 97

6.10

6.10

5.90

5. 9s

5.95

5.78

5.90

s.75

5.85

s. 87

5. 90

5.60

(8.43)

(8 .48)
(8. e0)

(8.42)
(8. io)
(8.62)

(8. ss)

(8.76)

(8.6s)
(8. 70)

(8.4s)
(8. 70)

(e. 0s)

(8. 33)

(8. 43)

(8.48)

(8.4s)
(8.30)

(8.2s)
(8.3s)
(8.22)
(8.31)

(8.42)
(8. 40)



APPENDIX TABTE MNT. 40

TIME
(Hrs)

FLOI{I
(nl/mi¡)

pH

L2

t22

L3

rst
L4

1.4t

15

LSb

16

L6t4

L7

t714

18

t8r.1

1_9

L9t4

z0

20,

2L

ztz
z2

224

23

29'

Lzt
t3
L3!4

t4
L414

15

L5t4

16

L6t4

L7

t7k
1-8

t89z

19

L9r4

z0

zÙu

ZL

2L'
22

Z2l4

23

23,

z4

(0.82)

(0. s1)

(7.2L)
(1.1.7)

(1.44)

(0. se)

(0. s4)

(0.36)
(0.60)

6.10

5.85

5.85

5.80

5.95

5.8s

5.81

5.9s

6.03

6.03

6.1-5

6.15

ó.13

6.05

6.00

6.03

6.08

6.15

6.20

6.05

6.15

6.08

6. r-1

6. 10

(8. ó2)

(8. s3)

(8.48)

(8. 48)

(8.60)

(8. s8)

(8.42)
(8.45)

(8.4s)
(8. s1)

(8.61)

(8. 63)

(8. s8)

(8. 43)

(8.68)

(8.61)

(8.63)
(8.42)

(8. 48)

(8. s7)

(8. 61)

(8. s8)

(8.6L)

(8.60)

.20

.28

.LZ

.25

.s2

.27

.27

.26

.42

.44

.29

.s6

.24

.46

.18

.20

.31

.27

.30

.36

.22

.22

.30

.33

68

55

54

(o

(o

(o

(o

72)

)

)

)
(0.36)
(0.66)
(0.4e)

(0.47)
(0. 44)

(0.68)
(0. s4)

(0.2s)
(0. 6s)

(0.2s)
(0. ss)



APPENDIX TABLE 4I

SIMULTANIEOUS MEASTJRE4ENI OF MATERML AI.ID FOETAT I]RINE PARAIvIETERS

(EWE ANrD FOETUS 69-826) (MATERML VATT.JES rN BRACKETS)

1[tlE
(Hrs)

NaER

fuEq/ni¡)
KER

(uEq/mi¡)

0-
,-

1.-
LLz -

2-
2lz -

3-
Stt -

4-
4r4 -

5-
sr_
6-
6L, -

7-
7r.t -

8-
8L, -

9-
914 -

10

tjLz -

11

LlL" -

,2

L

7'
z

ZLz

3

3'
4

4L,

5

514

6

6k

7

7Lz

8

8'
9

914

10

L}Lz

11

Ltu
t2

20

16

28

16

t6
23

1-1

L7.0

23.7

16

11,

18

24

T7

11

15.1

L6.Z

10.6

28.0

8.6

LZ.t

(180. 3)

(2s0.8)

(227.3)

(18e. e)

(r.78. 8)

(L77.6)

(166.7)

(1s6.2)

( e6.0)
(108.5)

(118.4)

(106.4)
(1_11. 5)

( e3.8)
(tzL.7)
(13s.8)

(1_28.6)

( s6.s)
(108.4)

(118.7)

(128.4)

(166.4)

(r.82.1)

(164. L)

l_

9

1

1

5

6

5

4

5

9

z

4

z

0

4

6

4.0

4.4

4.4

4.3

7.L

5.9

4.2

5.8

(287.3)

(37e.2)

(320.s)

(364. s)

(36e. 1)

(3ss.3)

(570.0)

(336.1)

(360.0)

(36s. e)

(342.8)

(338.2)

(282.7)

(277 .z)
(s66.2)
(33s.3)

(36s.7)

(34s.1)

(2s6. e)

(zsz.7)
(288. 7)

(50L. 8)

(s23.7)

(27s.3)

LZ

13

10

3.0
3.7

3.6

3.0

4.3

3.0

5.4

7.5

5.0

3.6

4.3

4.9

3.1

8.0

2.6

3.8



APPENDIX TABLE CONT. 4I

TIME
(Hrs)

NaER
(pEqlrni¡)

KER

fuEq/nin)

LZ

lZLz -

L3

L314 -

t4
th-
15

LSLz -

16

I6Lz -

t7
LTLz -

1_8

L8r4 -

19

t9Lz -

z0

20r. -

2t

zru -
z2

2292 -

23

23t4 -

15.4

zL.0

7.3

13. 5

28.2

19.6

L7.4

L5.7

24.4

L9.1_

t3.4
L7.t
10.4

(168. 2)

(181_. 7)

(r.0s.6)

(L04.7)

(rs4.7)
(118. 6)

(128.6)

(142. 8)

0L3.7)
(103.6)

(r_4s. 7)

(203.8)

(207,.s)

(18s.8)

(168.4)

(14s. 7)

(t62.4)
(1s1. 2)

(148.3)

(166.1)

( ss.1)
(10L. L)

(LzT.s)
(1_68.1-)

(28s. 6)

(2s8.4)

(507.6)

(341. e)

(362.2)

(326.t)
(318. 8)

(3s4..2)

(288. 7)

(264.4)

(272.2)

(301.2)

(sss.7)
(342.8)

(3L8. 3)

(s42.t)
(340.2)

(31s.2)

(288. 7)

(276.3)

(2e8. 7)

(264.4)

(28L.2)

(302.2)

t2'"5

t3
t3,
L4

L44

15

t5,
16

L6'
L7

L7Þz

18

L9Þz

19

L9L.

20

20,

ZL

ZlLz

2?,

2Zr4

23

23Lz

24

4.9

6.7

2.0

4.9

5.5

4.8

4.0

L7.

zt
18

L2

16

t4

t4.
10.

LZ.

15.

16.

9

0

4

z

0

1

0

3

1

1

2

5.6

8.1

6.0

4.2
5.0

3.6
7.8

5.2

4.4

5.3

4.5

4.5

4.3

3.7

3.7

4.7

5.7



APPENDIX TABLE 42

F0ETUS 253 (117 DAYS) MATERML FIIROSEMIDE TREATÌvÍH\IT (2 DOSES 10 rng)

0-!2
4 -1
L -ttr
t4-2
2 -2Þz

Zr2-3
s -h
sk-4

TIME
(Hrs)

FI,OI4I

(n1/nin)

.60

.61

.47

.s6

.49

.48

.43

.19

lNa+¡
(nEq/1)

NaER
(uEq/tnin)

s0.94

27.73

49. s6

28.67

28.32

39 .35

t7.29
1:9.44

lK+l
(nEq/1)

KER
(¡rEqlmin)

5. ó6

1. 88

3.36

1.9ó

2.40

3.01

1.33

L.62

0

5

0

5

5

5

5

0

7L

83

59

88

s8.

6.0

4.0

6.0

4.0

s.1
7.0

7.0

6.0

59

91

91

4 -44
44- s

5 -sr4
sk-o

.27

.4L

.39

.55

72

57

64

74

0

5

5

5

25. 58

25.L6

40.98

32.37

05

34

85

51

5.0

6.0

7.0

9.0

2

2

3

3

6 -6t4
64- 7

.39

.52

83

58.

0

5

30.42

23.79

5.1

6.1

2.60

2.34



APPENDIX TABLE 43

EWE CARRYING FOEïJS 275: MATERML FIJROSA,IIDE TREATMENT (10 nglhr; 11 hr)

TIME

GIrs)

MATERML RESPONSES

URINE

FLOUü [Na+¡ NaER KER
(nl/min) (nEq/l) (¡rEqlmin) (rrEq/nin)

PIASvIA

[Na+¡ [K+] 0P
(rmq/l) (nEq/l) (nosm/ke)

0-2
2-4
4-6
6 - 8

I -10

L0-t2
L2-t4

0.69

6.34

4.42

2.92

2.42

r.82

t.z8

5.5

27.5

24.0

50.0

22.L

14.0

4.2

5.8

L74.35

160.08

87.60

s3.24

25.48

s.t2

29.6

43L.L

256.4

185.9

104.1

101.9

7L.7

143. s

t43.9

143.5

143.5 3.4

144.0 3.9

3.8

4.0

3.8

279

283

509

303

3L3



APPENDIX TABTE 44

FOETUS 275 (118 DAYS) MATERML FUROSEMIDE TREATMENT (10 nglhr; 11 hrs)

TJRINE

TIME
(Hrs)

-1

FLCIÂI

(nllnin)

.26

.30

[Na+]
(nEq/1)

NaER
(rÆo/nin¡

lK+l
(nBq/t

CrER

$tSlnlnl
KER

) (uEq/nin)

0

,4

4
53 14. 84 24.0 6.72 5 .70

L -tLz
Ltâ-2
z -2,
Zrr-3
s -h
3L"- 4

4 '4L"
44- s

5 -5L.
5r"-6
6 -64
614- 7

7 -7Lz

7r- I
8 -84
8r-s
9 -9L,
9r4 - l-0

t0 - LDz

LOz - LL

11 - Lle"

tLr2 - L?,

.23

.20

.25

.19

.07

.02

.13

.08

.31

.L4

.09

.18

.07

.23

.30

.24

.28

.55

.43

.23

.23

.35

ss. s !2.2L 21.4

s4. s 13. 09 21.0

4.7L 4.23

4.62, 4.98

78 3.L2 27.L 1.08 0.90

78.s 8.64 36.0 3.96 3.73

76 .s L7 .60 44.0 L}.LZ 10.41

98 L3 .7?, 54.0 7 .s6 4.7s

51 .5 7.73 26.0 3.90 6.79

102.5 27.68 s2.0 14.04 6.11

98 . 5 54. 18 54 . 0 ZZ .68 3s.25

70.5 23.27 34.0 tL.zz 33.59

97 .5 28.28 s5.0 1s.9s 19.68

LZ - tzez

L2r4 - L3

13 - Lsz

L3r2 - L4

38

08

18

zs

52.5 12.08 32.0 7 .36 10.41

85 18.26 7s .0 16 . s 42.30



APPENDIX TABI.E 45

EWE CARRYING FOETUS 275: MATERML SALT LOAD (Na+ & C1-, 1.6 mEq/nin: Zhhr)

MATER¡IAL RESPONSES

URINE Pt"ASIvlA

TIME
(Hrs)

0-12
4-t

t - Ll.t

L4-2
2 -2Þz

Ztt-3
3 -3r4
3tt- 4

4 -4r4
4r4-5
s -su
5r4-6
6 -6U
6r-7
7 -7L,
71.1 - I
I -8t
8rr-9
s-4
9r2 - L0

FL,O!4I [Na+¡ NaER KER
(nllmin) (mrqlrl ftrftfnin) (¡rEqlnin)

z.t7 4.5 9.77 436.2 7 .6s

L.42 6.5 9.2s 227 .2 7 .70

0.18 5.5 0.99 53.5 8.01

0.08 L2.0 0.96 t7.4 8.15

0.15

0.09 t23.s tl.Lz 20.7 8.15

2.t7 131_.0 284.27 3LZ.S 7.80

1.0s 86.1 90.30 20t.6 7.55

0.15 71.0 10.65 20.4 7.35

0.47 46.5 2L.86 62.5 6.81

PH lNa+1 [K+]
(r'Eq/l) (nEq/l)

t42.0 4.3

t42.0
14ó.5

Ls7.6

155.3

1s8.2

158. 5

159.6 4.0

160.5 4.0

158.9 3.9

1s7.8 4.L

159. 2 4.r

4.4

4.4

4.0

4.L

3.9

4.L



APPENDIX TABLE 46

FOETUS 275 (122 DAYS) I\4AIERML SAIT LOAD (Na+ G C1î 1.6nEq/rnin;Zh}jÀt)

I.IRINE PLASIvIA

TIME
(rlrs)

0_14
, -1
t -L4
LÞr-2
2 -ZU
2h-s
3 -h
h-4
4 -414

4U-S
5 -5r4
s14' 6

6 -6'
tu-7
7 -7h
7r.â - I
I -8k
8Lr-9
s -sb
9r2 - L0

FTOI{I
(m1/nin)

.11

.2t

.26

.27

.zz

.51

.6?

.57

.54

.60

.64

[Na+]
(nEq/1)

NaER
(uEq/nin)

KER

úuEO/nin¡
Icr]

(ng/L00rn1)
[Na+]

(nEq/1)
lK+l

(nEq/1)

2S

42

50

56

L3

4

15

t3
71

L4

L2

t7
t7

8

29.

27.

L7.

L7.

16.

51.

16.

29.

7

6

I
5

5

5

5

5

7

6

5

I
9

5

5

5

1

1

3.58

4.92

7 .75

7 .56

9.2,8

4.79

5.63

s.44

4.59

2.00

2.52

4.00

3.36

4.24

2.00

1.80

L.92

1.89

.99

2.52

2,.34

2.L6

2.52

2.04

1 .86

L.7t
3.24

1 .80

3.84

6

z

7

9

14s.5 4 .6

L43.3 4 .5

148.6 3.8

L47.s 3.9

149.1 4.t

t46.2 4.4

53

33

45

3Z

27

5

1

?,

0

3

27

36

13

19

t4.
13.

8.

4.
3.

z.

4.

z.

4.

0

0

5

1

5

5

5

0

0

5

5

2.97

7.56

7.28

7.83

6.55

8.93

10.8s

9.t2
t6.74
9.90

18.88

5

5

9

2

9

5

I
2

4

z

0

z



APPEI{DIX TABLE 47

FOETUS 51 (118 DAYS) FUROSEvIIDE INIECTION (0.8 mglkg)

TIME
(Hrs)

FLOIV
(nllnin)

lNa+¡
(nEq/1)

URINE

NaER
(uEq/nin)

IGR
(uEq/ni¡)

lcrl
(mel100m1)

Iu,q]
(ngl100rn1)

0-u
4-t
L.L4
Ltt-2
? -24
z4-s

.29

.35

.4s

.63

.53

.62

4ó.0

26.0

34.5

44.5

35.0

68. 5

Ls.34

9. 10

1s .30

28.04

18.55

42.47

1. 89

L.7s

2.25

3.15

1.59

3.10

1.9

7,.0

.7

.7

.5

.6

8.8

7.4

6.0

s.7

2.4

3.8

3 -3'
3U- 4

4 -4r4

4rt- 5

5 -514

sr- 6

6 -6'
614-7
7 -74
7tt-8
I -8k

L.28

L.2

1.03

L.37

L.42,

1.05

.97

t.02
.97

.95

1.05

44.5

96.5

18.5

13.0

48.5

26.0

36.0

73.0

3?,.5

73.5

81.0

56.32

11s.80

18.54

L7.8L

68. 87

27.s0

34.92

74.46

51.53

69.55

82. 05

3.20

6.00

1.03

2.06

2.84

1.05

1.94

4.08

1.94

3.80

4.20

.4

.6

.4

.4

.5

.5

.6

.9

.7

.9

1.0

L.4

3.0

.5

.9

L.4

.6

t.z
3.3
1.3

2.9

2.8



APPENDIX TABLE 48

FOETUS 69-ss9 (121 DAYS) FIIROSR'IIDE INJECTION (1.0 rnglkg)

URINE

TIME
(Hrs)

IK*]
(nEq/

FLOt{r [Na+1 NaER
(nÍt/nin) (mE4/1) (uEq/nin)

KER UAER

1) CuEq/nin) (rrglmin)
PH

0-r1
4-t
L -L'
L4-2
z -2,
2k-s

6.0
8.7

8.4

9.1

35

33

18

30

15

4

07

1_1_

06

16

t4
t3

63

77

60

66

38. s

4.4r
8.47

5.60

10.56

5.39

z.4s

3.63

1. 08

4.8
2.t0

4.20

6.2,7

2.58

9.L2

3.ZZ

1.04

6.7

8.7

3 -su
?h- +

4 -4U
44- s

5 -5'
5r4- 6

6 - 6r-t

6h-7
7 -7h
74-8
I ' 8r-1

8U-s
9 -9Þz

94-L0

.55

.97

1. L0

1.38

1.35

1.4s

L.07

L.32

L.L3

.73

.78

.75

.53

.51

79. 5

30

49

35.5

27

33.5

33

60

46.5

56

54

58

57

s6.5

42.t4

29.L0

53. 9

48.99

40.5

48.58

35.31

79.20

52. 55

40.88

42.L2

43.50

30.2L

28.82

4.77

z.9L

5.5

5.5?

4.0s

4.35

s .55

11.88

9.04

L0.22

tL.7
5.25

6.89

4.59

6.36

7 .76

11.00

L2.42

9.45

13.05

8. s6

L7.t6
14.69

13.87

14.04

12.00

L4.3L

t]^.?2

8.7
o)
9.4

8.7

9.4

9.4

8.9

8.8

9

3

5

4

3

3

5

9

I
L4

7

15

9.0
8.7

8.8
8.8

8.9

8.5
13

9



APPENDIX TABIÆ 49

FOETUS L07 (121 DAYS) FUROSETIDE INIECTION (1.0 ng/kg)

TnÆ
(Hrs)

0-k
4 -1
t -Lu
Lr- z

2 -2k
24-n
T4-3
3 -3r4

fu-3t4
3k - 9-¿

94-4
4 -4Lo

4U-44
+-&
F4-s
5 -5Þz

5,4-6
6 -6Lt
614 _ 612

614 - G4

e4-7
7 -7ro

7r4 _ 7r2

7'4 - 714

P4-g

FLCI¡rI

(nl/nin)

.35

.43

.28

.36

.45

.19

.35

.46

.39

.37

.37

.33

.35

.29

.25

.33

.31-

.31

.33

.33

lNa+1
(nEq/1)

.tz

.06

.11

.11

.08

84

83

82

75

75

I]RINE

NaXR
(¡rEqlmin)

10.08

4.98

9.02

8. 25

6.00

lK+l KER
(nEq/1) (pEqlnin)

PTASIvIA

[Na+1 [K*]
(nEq/l) (rnEq/l)

L46.L 4.8

t4z.z 5.1

142.3 5.4

144.4 4.9

145.5 5.0

L46.6 s. 1

1-47 .5 4 .7

1.6

1.5

1.5

L.7

1.8

1.1

1.1

1.1

L.2

L.2

t.2
L.2

1.2

1.2

1.1.

1.0

1.1
t.z

.1_9

.09

.t7

.19

.t4
99

99

t02
104

103

98

101

Llz
109

106

103

111

L07

10s

105

104

I07

108

109

109

34.65

s2.47

28.56

37.44

46 .3s

L8.62

3s.35

51. 52

42.5L

39.22

38.11

36.63

37.4s

50.45

2s.75

34.32

33.17

33.48

55.97

35.97

.39

.58

.51

.43

.54

.23

.42

.55

.47

.4L

.37

.36

.42

.38

.58

.50

.47

.47

.53

.56

1.3

1.5

1.5

1.5

1.5

1.6

L.7



APPE}IDIX TABLE 50

FOETUS L50 (LZZ DAYS) FUROSEMIDE INJECTION (1.0 ng/kg)

T'RINE

TIME

GIrs)

0-u
r't-L

L -L''
L4_2
2 -24
2b- s

3 -314

FI¡I{I
(m1/ni¡)

.48

.42

.28

.43

.52

.70

.50

lNa+1
(rnEq/1)

NaER
(¡rEq/min)

IK*]
(nEq/1)

KER
(¡rEq/nin)

40. 5

44.5

32

19

z0

15

L4

t9.44
18.69

8.96

8.L7

10.4

10.5

7.0

2S

24

11

L3

L?,.5

3

z

LZ.0

10. 08

5.08

5.59

6. s0

2.L0

1.00

s!4-4
4 -414

4r4- s

s -sL
stâ-6
6 -6'
6t4 - 7'

7 -74
74-8
8 -8t
8U- 9

9 - gr-t

9k- t0

31

zL.s

50

59.5

zt
82. 5

23.s

z8

32.5

54.5

34

L.02

L.L7

L.L7

t.L7
.87

L.0z

.95

.95

.85

.87

.75

.68

.68

59.78

36.27

25.L6

26.L0

40.29

19.95

78.38

19.98

24.36

24.38

23.46

23.12

3.5 3.57

3. 51

2.34

2.6t
4.08

1.90

10.45

2. 55

3.48

3.00

5.40

4.76

39

3

2

3

4

z

11

3

4

4

5

7



APPENDIX TABLE 5I

FOETUS 230 (1-22 DAYS) FUROSErIIDE INIECTI0N (1.3 nglke)

T]RINE

NaIR
(rüq/nin)

17.86

9.8

L2.39

L3.87

L7.82

54.07

63.0

70.55

32.48

34.87

31.85

19.43

27.93

PL"A,SIvIA

TIME
(Fhs)

0-r2
t4 -1
L -Iþz
Lþ"-2
2 -2U
z'e's
3 -sk
314' 4

4 -4r4

44- s

5 -5t1
tu-6
6 -64
6Lz-7

FI.f,ITI
(rnl/rnin)

.47

.35

.37

.37

.36

1..05

.9

.83

.73

.75

.65

.58

.49

.40

[Na+¡
(mEq/1)

51.5

70

85

44.5

46.s

49

55.5

57

42.5

lK*l
(nEq/

lNa+¡
(nEq/1)

IK+]
(nEq/1)

I(ER
1) (rrEolnin1

38

28

33

37

49

5

5

5

5.

ó

6

6

8.

5

5

z.s8

2.L0

2.22

2.22

5.06

141.5 4.5

140. s 4.6

145.5 4.7

146. s 4.s

L42 4.6

t47 .S 4.5

14s.5 4.7

3

4

5

3

3

4

3

5

4L7.6

3.15

3.6

4.15

z.L9

2.25

2.6

1.74

2.4s

1.60



APPENDIX TABLE 52

FOETUS 66-310 (159 DAYS) FUROSEvIIDE INJECTION (0.8 nelkg)

TIME
(Hrs)

0-4
4 -1
L - Ll"t

L4-Z
z -24
24-s
3 -3'
er- 4

4 - 4r.t

4k-s
5 -5r4

5r.t - 6

ó -6'
64-7

lK+l
(nEq/1)

FLOIV [Na+¡
(mllrnin) (nEq/l)

IJRINE

NaIR
(¡rEq/nin)

9. L0

6.30

5.06

5 .08

3.00

3.22

L3.75

46.50

27.45

KER

0üq/min)

9.80

7.80

6.2L

6.09

3.80

4.48

9.30

6.7t
3.74

4.68

s.64

7.13

3.90

PLASvIA

[Na+¡ [K*]
(mEq/l) (rnEq/l)

.28

.30

.2,3

.29

.20

.28

.?s

.62

.61

.34

.36

.51

.30

sz.5
2t
22

L7.5

15

11. 5

55

35

z6

27

ZL

19

16

23 5.75

L44 .S 5.0

t47 .5 4.8

L48.2 5.0

146.0 4.7

t47 .0 4.223

t3

11.90

L2.60

9.80

17. 05

9.00

7S

45

35

35

35

55

50

.28

15

11

11

L3

L3



APPENDIX TABLE 53

FOETUS 66-440 (140 DAYS) FUROSEMIDE INJEGIIOII (0.9 nglkg)

I.IRÏNE
NaERTN/IE

(Hrs)

0-u
\ -1
L -tu
L4-2
z -24
24-s

FI,O[4I

(mllnin)
lNa+1

(nEq/1)
lK+l

(nEq/
CrER

(uslnin¡û¡Eq/nin)
IGR

1) GrEq/nin)

.09

.09

.10

.13

.t7

.08

s2

60

45

30

44

70

4

5

4

3

7

5

58

ó9

47

46

85

6t

68

40

50

90

48

60

6.4

7.7

4.7

3.5
5.0

7.6

tt.07
L4.40

15.50

18 .85

28 .05

12 .80

3 -stt
h-4
4 -44
44-s
5 -5'
6 -6h

2.7

2.2

2.4

3.5
2.3

33

40

4L

z6

11

2T

49.5

100

95

87.5

138

86.5

L6.34

40.00

58 .95

22.75

15.18

18 .17

4.5 1

1

49

08

90

62

39

48

54.72

40.00

37.72

29.38

t2.87
24.L5



APPENDIX TABLE 54

FOETUS ?23 (1L4 DAYS) ETI{ACRYìIATE INIECTION (2.L ne/ke)

TII'ÍE
(Hrs)

0-u
2 -1
L -LU
Lt-z
2 -Zk
2t<-s
3 - 3r,1

h-+
4 -414

4L"' 5

5's14
s4-o
6 -64
614-7
7 -74
7U-8

FI.CIW

(n1lmin)
NaXR

(uEq/ni¡)

I]RINE

KER

$rEr/nin¡
CrER

(¡rglnin)
UAER

fuglnin)
PH

11

07

L4

10

L2

16

10.0r_

5. 95

L3.02

9.5

LL.52

L2.8

.99

.70

t.t2
.90

1.08

Lt?,

2.05

1.08

2.55

1.95

2.34

2.46

L.64

.79

r.67
L.37

t.72
1.90

5.09

4.94

4. 59

3.18

3.s2

3.24

2.70

3.38

2.46

3.25

6.6

6.7

6.6

6.5

6.5

6.5

7.L

7.t
7.3

7.0

6.8

ó.9

7.L
6.7

6.6

6.6

L35.7

138. 5

154.0

135.5

155. 0

1

1_

1

1

06

05

85

53

51

54

45

52

4t
50

94

80

6s

35

8s

10

z

76

26

0

04

00

92

50

68

62

34

58

35

56

4.24

4.20

4.25

2.65

3.57

2.70

1.3s
2.60

L.64

2 .50

2.33

2.3t
2.30

t.70
7.40

2.00

1.13

2.L8

t.27
1.95



APPE}IDIX TABLE 55

FOETUS 230 (123 DAYS) ETIIACRY¡IAIE INJECTION (L.7 ne/ke)

TIME
(FIrs)

0_r-,
t4 -1
L -L't
t4-2
2 -214

zl4-3
3 -3U
3U- 4

4 -4r4

4Lr' 5

s -sk
514-6
6 -6'
614-7
7 -7'

t0.20
t0.44
L7.29

L3.33

1,4.62

98. ó

185.5

86.45

69.3s

79.56

19.14

30.96

22.33

40.89

27.26

.40

.36

t.t4
.43

.43

19.60

2s.76

36.86

26.23

27.95

35.5ó

49.30

26.60

27.55

37.44

9.90

t7.28
t3.20
24.94

16.81

4.0
4.68

6. 84

s.16

6.02

8.16

13.60

6.65

ó.65

7.80

2.3L

5.60

2.64

5. 80

3.69

t42.5

L44.7

FI¡I4I NaER
(nÍl/ni¡) (uEO/rnin)

URINE
KER

GrEq/mi¡)
CrER

Qrslmirrl
UAER

fuglnin)

PI-AS4A

lNa+l
(nEq/1)

PH

.40

.36

.38

.43

.43

6

6

6

6

6

5

5

4

5

4

1.36

L.70

L.33

.95

.78

.33

.72

.22

.58

.47

4.08

6.8

3.99

2.85

3.t2
.66

1.08

.88

1.16

.82

6.8

7.3

7.2

6.8

6.7

6.8

6.6

139. 8

t42
140

5

6

6.6

6.6
6.7



APPEMIX TABLE 5ó

FOETUS 230 (129 DAYS) ETTIACRYIIATE INJECIION (1.6 nglkg)

TIME
(Hrs)

FL,OI4I NaER
(nl/nin) (pEq/nin)

URINE

IGR
hEo/nin¡

CrER
(¡rglmin)

UAER
(us/nin¡

PLASvIA

INa+
(mEq/1

L42.5

141. s

139.0

140. s

PH 1

)

0-a
,2 -1
L -tl4
t4-2
2 -2L,
zl4-3
3 -3L"

st4- 4

4 -4L"

4t4- 5

5 -5r4

sr- 6

6 -6k
6L"-7
7 -7r4
7k-8

L.67

19

2L

19

18

ZL

z0

18

07

2L5.t6

109.35

7L.02

22.23

L6.77

16.80

5.80

6.51

5.51

s. s8

6.09

s.40

6.30

2.L0

9.88

1_28 .96

2.47

3.99

3.42

s.42

s.57

2.80

2.88

.70

1.9s

t2.48
19. 56

9.45

6.36

2.66

1.95

2.66

3.00

4.64

4.03

3.98

4.28

3.50

3.L9

1.30

L.57

s.62

5.58

3.24

2.6s

t.67
1.56

2.56

3.84

5.00

4.64

4.6t
5.00

4.40

4.07

.70

L3.52

12.55

10.40

7.26

3.95

3.25

4.4t

4

6

6

6

6

5

9

7

6.6

7.2

7.L

6.7

6.5

6.4

6.5
6.5

6

6

6

6

6

6

6

6

.13

2.08

1.63

1.3s

.55

.L9

.L3

.t4



APPE}¡DIX TABLE 57

FOETUS ZZ3 (LsO DAYS) ACE'IAZOIAI,IIDE INJEGIIONS (50 ng/ke 6 50 ng/kg)

TIME
(Hrs)

0-12
L"-L

29.5

37.s

1_5 .05

15. 0

L2.69

10.86

7 .72

7 .40

7.25

7.3

I]RINE

FI¡r{ [Na+¡ NaER
(nl/ni¡) (InF4/1) (uEq/nin)

KER CTER UAER
(¡üqlnin) fuSlminl O¡glnin)

PH

.51

.40

2

1

04

60

t -tu
t4-2
2 -214

2r"-3
3 -3r"
32- 4

4 -4r4
4k-s
s -sz
5r4- 6

6 -6k

.77

.34

.33

.60

.74

1.46

L.28

t.33
.61

.38

.49

83.1

103.5

97 .5

L24.0

70. 5

97.5

66.0

t03.2
93.5

72.5

89.1

63.91

35.19

32.t8
74.4

sz.t7
L42.35

84.48

136.99

55.04

27.55

4s.6t

10. 01

4.42

4.29

7 .80

5 .18

11.68

3.84

6.65

4.27

L.52

4.9

4s.29

19.61

t8.29
40.72

29.2t
82.56

26.06

46.63

22.77

9.05

2L.06

L4.24

s.72

7.ZL

LZ.LO

8.7L

24.54

LZ.9t
17 .89

10.25

6.39

10.71

7.6

7.75

7.8
7.65

7.9

7.9

7.95

7.8

8.0

8.15

8.05

tu-
7-
7k-
8-
8Lz -

9

sr-
1_0 -

7

7L"

I
$r-t

9

9lz

1_0

IjLz

.80

.65

.56

.53

.47

.51

.65

79.2

82 .5

105.0

60.5

82.5

84.0

107.6

t_05. 5

63.20

s3.63

58.8

27.23

43.73

39.48

54.s7

67.28

6.40 28.05

27.20

36.73

16.80

19.18

19.67

28.26

39.70

L4.79

L2,.02

11.30

6.05

9. 80

7.90

t0.29
L4.20

.45

5

8

3

3

z

4

6

85

40

15

18

82

08

50

8

8

8

8

I
8

7

7

0

05

05

05

0

0

9

95



APPENDIX TABLE 58

FOETUS Z7L (L45 DAYS) ACETAZOIAIvIIDE INIECtrIONS (28 ne/ke Ê 56 rnglkg)

TIME
(Hrs)

o-t4
t4- k

'4-'4
lro_t

L -tu

T'RINE

FLO'i4I [Na+1 NaER KER CrER UAER
(nl/ni¡) (msq/r) (rrEq/nin) (¡rEq/rnin) (ugÁnin) fuglnin)

PH

.4s

.71

.59

.66

.66

16

15

15

L7

15. 5

7.20

10.65

8.8s

L]-.zz

L0.23

4. 0s

6.39

5.31

5.94

s .94

1.35

s. ó8

5.31

5 .30

s.28

7.5s

7 .45

7. 55

7 .45

7.6

52 .85

55.38

48.38

53.46

56.76

LA-þ1
tÞ" - lP.,a

E-4-2
Z -214

214 - Zt

2\ - Zta

þ4-3
3 -34
314 - 31,1

1. 06

.96

.94

.84

.87

.99

.90

.85

.73

2t.s 22.79

32.64

32.90

29.40

28.7t
50.69

29.70

27.63

22.27

85.86

s6.64

53. s8

47.04

s0.46

58.41

48.60

47.60

8.48

4.80

3.76

1. 68

3.48

4.95

3.60

2.5s
2.92

8.0
8.2

8.05

8.25

8.5

8.4

34

35

55

33

3L

33

32

30

L2.72

10. s6

t0.34
t2.60

5

5

L3.92

10.89

9. 00

7.65

7.30

8.3

8.1
8.48043

3t-á - fu
94-4
4 -4Lo

4t4 - 4t4

4t4 - F<

F<-5
5 -5r4
5r4 - 5t4

54-9<¿

1.00

1.01

.69

.60

.66

.49

.65

.60

.s4

30. s

34

25.5

32

29.5

?,9.5

31

28. 5

31. 5

30. 50

34.34

!7.60
1'9.20

L9.47

L4.46

20.15

1_7 .1-0

17.01

7.92

5.88

7 .80

7.80

7.02

60.00

sz.s2

36.s7

37.80

46.86

29.40

44. 8s

43.80

40.50

s.00

4. 04

2.76

3.00

1.98

2.94

3.Zs

4.20

3.78

8.2

8. 35

8.5

8.45

8.2s

8.4

8 .45

00

09

90

60

10

9

6

6

8.3

8.?,



APPENDIX TABTE 59

ÐETUS 275 (LLs DAYS) CHI¡R0II{IAZIDE INIECTIOIIS (83 rnglkg q 166 nSlkg¡

URINE

TI},IE
(rhs)

0 -t2
tt-l
t -L+,

FLO^T

(nllnin)
[Na+¡ NaER [K+] KER PH

(nEq/l) [rrEq/nin) , (nEq/l) t¡Eq/nin)

.06

.04

.02

L7

38

5

0

0

1.05

L.S2

.88

9.0
15.0

14.0

.s4

.60

.29

7.L5

7.344.

L\- 2

2 -7h
Ztz-s
s -rt

47.0

63.5

65.0

36.0

4.7

LS.?4

8.45

L.44

.90

3.36

1.69

.28

7.95

7.45

7.65

7. s5

9.0
14.0

15.0

7.0

10

24

L3

04

rt- 4

4 -4'
4tt-s
5 -S\

s6.5

50.5

74.0

19.78

3. s0

4.44

02

35

07

06

2.0

6.0
5.0

.70

.42

.30

7.4s

7.75

7 .75



APPENDÏX TABLE óO

FOETUS 2s7 (129 DAYS) GILORüIHIAZIDE INIECTIONS (13 ng/ke t7 ?,6 ng/kg)

URINE

TI},IE
(Hrs)

0-4
,-L

30

50. 5

5.90

2.44

1-.95

L.t2

FLOI{ [Na+] NaER KER Cr UA
(nllnin) (rr q/t) (¡rllq/min) (¡rsqll) (ngl100m1) (ng/100rn1)

PH

5.5

5.3

L3

08

t.3
L.4

7.t
6.9

L -tLc
to - Ltz

LU - trl
Lr.c - 2

2 -214

24-2h
Zr,t - T4

zr4-s
3 -34
3'4-h
,\- +

4 -4'
4r-s
s -5,

.29

.39

.20

.49

.43

.43

.35

.55

.43

.24

.15

.24

.23

.L7

39

72

79

51.

72.

72.

7L

7Z

7L.5

67

68

66.5

11_.31

28.08

15 .80

36. s1

26.02

22.t5
25.38

25.38

29.82

L7.28

L0.73

16.08

15.64

11.51

3.77

3.90

2.00

4.90

s.44
3.01

3.85

4.20

4.62

2.64

1.65

2.40

2.53

L.87

4.3

4.4

t.3
1.0

1.1

1.0

.8

.7

.8

1.0

1.1

1.1

1.1

1.1
1.1_

t.z

5.5

4.4

4.6

4.5

3.2

2.5

3.5

3.8

4.r
5.9

4.t
3.9

7 .05

7.4s

7.65

7.9

7.6
7 .55

7.6

7.6

7.6

7.65

7.6

7 .45

7 .4s

7.3s

74

60

5

5

5

5

5

s4-6
6 - 6t-t

6k-z
7 -714

7r_8
8 -81t
8r_s
9 -992
grt - L0

1_0 - LW

LO' - TL

11 - LLU

.23

.38

.27

.26

.27

.1_9

.32

.50

.31

.4L

.22

.16

68

43. 5

74

74

73.5

73. 5

70.5

7t
66. s

47

72

70. s

15.64

16. s5

19.98

L9.24

19.85

t3.97
22.s6

zt.3
20.62

t9.27
ls.84
11 .28

2.53

2.28

2.70

2.86

3.24

2.28

3.52

5.00

2.79

2.46

1 .98

1.44

3.6

4.2
1.8

3.1
3.4

4.2

4.3

4.0
3.8

3.33

2.3

65

7.9

7.9
7.9

7 .95

7.8

8.0

7.5

8.0

7.9

71.1

.6

.9

1.1_

1.L

t.2
1.1

1.1

.9

.6

1.0

r.23.9

7.7

7.6s





APPENDIX TABLE 62

FOETUS 3 (135 DAYS) AIvIILORIDE HYDROO{I¡RIDE INJECTION (2.0 nglkg)

I]RINE

TIME
(Hrs)

FLOt4r [Na+1
(ml/Min) (nEq/l)

NaER
(uEq/nin)

20.99

25.94

KER

) (urqlnin)
lK+l

(nEq/1
PH

7.L

7.2

,t0

4 1

.85

.99

zs.3

26.2

5

7

89

t3
7.Ll
7.st

1 -L4
Lk-2
2 -24
24-s
s -34
srt- 4

4 -44
4r4-5
s -s4

1.06

1.3s

.64

.81

.77

.67

.55

.74

.7t

32.L

34.s

32.3

28.7

29.t
28.6

26.5

26.s

26.8

34.03

46.3t
20.6L

2s.24

22.4L

19.16

14.05

19. ó1

19.03

7.84

9. 59

4.55

5.45

5.31

4.76

3.82

5.70

s.04

7.20

7.32

7.40

7.5L

7.42

7.62

7,74

7.3t
7.4L

7.4

7.L

ó.8

6.7

6.9

7.L

7.2

7.7

7.t



APPENDIX TABLE ó3

FOETUS 3 (L37 DAYS) AI,ÍILORIDE I{YDR0CFIL0RIDE INJEGIION (2.0 nglkg)

URINE

TIME
Ghs)

0-4
4-L

FI,OI4I
(nl/ni¡)

lNa+1
(nEq/1)

NaER

GrEq/nin)

9.68

8.06

lK*l
(nEq/1)

KER

CrrEq/nin)

3.08

2.50

44

3t
22

26

7.L

7.L

PH

6. ós

7 .01

L -tt
L4-2
z -2%
zr-3
3 -3Þ,

h-4
4 -4t4
44-s
s -s4
w-6
6 -64
6t4-7
7 -74
7r-t ' I
8 -8%

814- 9

9 -9'

26.5

29

36

35

42

43.5

42

40

40.5

38. 5

37.5

36

37.5

37

3s.5

54.5

t4.84
24.94

30.96

22.05

2t.42
t9.32
ls.66
23.L0

50.8

10.94

11.94

20.63

11.16

15.0

11.10

18.11

10.55

4.48

6.02

3.44

t.26
1.53

1.38

1.08

1.65

2.3L

.81

.93

1.65

.93

.80

.60

t.02
.60

6.95

7.05

7.05

7 .15

7.20

7.L0

7.L0

7 .05

7.0

6.9s

7 .0s

7 .05

7.05

7 .15

7.0r
7.03

7.0L

.56

.86

.8ó

.63

.51

.46

.36

.55

.77

.27

.3L

.55

.31

.40

.30

.51

.30

8.0

7.2

4.L

2.2,

3.0

3.0

5.1

3.1

3.0

3.0

3.2

3.3

3.1

2:0

z.L
2.1

2.0

42



APPENDIX TABLE 64

FOETUS 5 (139 DAYS) AI,IILORIDE FIYDROCFII¡RIDE INJECTION (2.0 ne/ke)

TIME
(rlrs)

FLOW [Na+1
(nllmin) (nEq/l

URINE

NaER

) [uEq/ni¡)

13.00

11. 55

13.50

6.37

10 .65

6.90

[K+] KER CrER UAER

(nrEq/l) (uEq/nin) (¡rglmin) (¡rglnin)

0-a
'4- ,2

U- t4

t4-L
L -tÞ¿

LA-IU

.40

.33

.58

.19

.50

.20

32.S

55.0

35.0

33.5

35.5

34.5

.60

.63

.76

.34

.60

.38

28.80

26.73

32.30

t4.25
24.00

16 .00

8.80

7.26

8.56

3.04

s .70

4.00

1.5

1.9

2.0

1.8

2.0
1.9

tk-þ4
1¿4-2
z -?h
Zl4 - 2r4

Lrt - T4

k-s
3 -3t4

3!4 - 3r2

3L" - 9a

tu-4
4 -4Lo

4!4 - 4r2

.29

.42

.49

.29

.61

.81

.73

.87

.zL

.09

.25

.25

36.

35.

36.

56.

35.

56.

37.

38.

34

2.0

2.0

2.0

2.0

2.0

1.9

2.2

1.9
2.L

z.L
z.t

0

5

5

5

0

0

0

0

5

5

39

55.

16.38

L7.40

10.59

21.66

29.t6
26.28

30.4s

7.s6
5.38

9.63

.92

.93

.61

L.28

t.70
t.46
t.74

.42

.18

.50

.48

s3.60

42.L4

25 .81

55.50

73.7L

64.24

73 .08

18.48

7.29

20.00

9.66

9.80

5. 80

9.76

15.59

1_4. 60

L8.27

4.4t
1 .98

5.00

s.008. 50 002L



APPENDIX TABLE ó5

FOETUS 66-440 (133 DAYS) CORTISOL INzuSIoN (s u¡ç/kg/hr; 5 hr)

TIME
(Hrs)

URINE

FLOl4r [Na+1 NaER [K*] IGR [Cr] CrER
(ml/nin) (rnEq/l) OrEqlmin) (nEq/l) (uEqlmin) (ng/100m1) (uglnin¡

0-t7
4-t

L -f¿

.35

.4L

.58

7

LZ

8

5

5

5

z0

3L

28.

7 .18

L2.92

16. s3

2.45

4.92

4.64

L4

4

8

49.00

16.40

46.40

LLz-Z
Z -214

ZLr-3
3 -h
3!.t - 4

4 - 4r-â

414-5
5 - sr-t

sr- 6

ó -6'

.66

.69

.52

.53

.49

.63

.70

.65

.73

.76

65

59

16

8

t6
L3

3

4

4

4

1

3

6

z2

ZL

7

7

I
7

4

7

11

4

L7.

19

20

15.

23

38

tz.

5

0

5

5

1

0

5

5

5

5

43.23

40.7L

8. s8

9.28

9.st
L2.60

10.8s

L5.28

28.Ll
13.26

t4.sz
L4.49

s.64

3.7L

3.92

4.4L

2.8

4. ss

8 .03

3.05

s2.80

110.40

67.60

L5 .90

19 .60

25.20

28.00

6. s0

2t.90
45 .60



APPENDIX TABLE 66

FOETUS 66-440 (137 DAYS) CORTISOL INFUSION (24 Pg/kg/ht; 4 hr)

TI}4E
(Hrs)

URINE

Fl¡trr tÑa+1 NaER [K*] KER tc¡l ttq
(nl/nin) (nt¡q/il firEq/nin) (rn¡q/1) (pgq/nin) (rngl1-00rn1) (ngl1-00m1)

0-12
14-t

L -1Je

LL"-2
2 -Z'
24-3
3 -3r4

.18

.18

.04

.t4

.10

.1_0

.11

11. s

L7

33. 5

L4

25. s

2s.z

25.5

2.07

5.06

t.34
1 .96

z.5s

2.52

z.8L

tz
z0

28

t_8

38

4L

38

2.L6

3.60

L.t2
2.sz

3. 80

4.t
4.18

7.0

L2.0

1s.0

9.0

2.L

2.6

z4

23

.0

.0

2.5

4.2

4.2

4.0

þ'- 4

4 -4'
49"-S
5'5r4
sk-6
6 -6'
614-7
7 -7'

15

32

zL.5

32.5

32

29.5

36.5

39

1.65

2.s6

3.01

3. s8

11.84

6.20

3.80

5.85

2.53

4.L6

5.sz
6.27

2L.46

10. s0

5.52

6 .45

zL.0

L?,.0

53.0

24.0

58.0

44.0

35.0

15.0

.11

.08

.L4

.11

.37

.zt

.23

.15

23

52

38

57

58

50

24

43

3.8

5.5

5.0

6.3

6.8
5.8

3.8

5.5

7'4-8 .19 Zs s.s7 24 4.56 28.0 3.4



APPENDIX TABLE 67

FOETUS 220 (145 DAYS) CORTISOL INzuSIoN (20 De/ke/tu; 4 hr)

URINE

TIME FLot4I [Na+1 NaER [K+] KER [Cr] [un](Hrs) (nl/nin) (nsq/l) (uEq/nin) (mEq/l) CuEq/nin) (ngl100m1) (mgl100m1)

0-r2
te-t

L -L'
14-z
2 -2'
2k- s

3 -h
h-q
4 -4U

.58

.66

.88

1.13

.97

.82

1.18

1.40

r.33

63

s4

67

55

47.5

47 .s
44

43.5

38.5

36.54

35.64

s8 .96

62.L5

46. 08

38.95

5L.92

60.90

51-.zL

r.9.9

16.6

15 .4

9.6

LZ.L

t3.3
8.3

8.7

7.2

11. 54

10.96

15.55

10.8s

LL.74

10.91

9.79

L2.L8

9.58

18.0

1_1. 5

9.8

5.8

9.5
5

4

5.7

2.8

2.2

2.9

2.0

2,.7

t.7
t.7
1.3
2.0

s.2

4%-S
S -Stt
su- 6

6 -614

tu-z
7 - 7r.t

7k-8
8 -8t

L.37

1. 00

1.03

.88

.4L

.62

.53

.55

s4. s

42

87.5

L07

105.5

105.5

t07

LzL

7 4.67

42

90.15

94.16

42.44

65.41

56.71

66.55

9.5

t0.z
t4.6
15.8

z6

18.8

18

L5.2

t3.02
10. 02

15.04

13.90

10.66

11. ó6

9.54

8.36

6

7.8

16

?,.0

2.5

5.5

3.6
5.0

5.5

9.7

9.4

9.1
14.8

10.1

3.4

3.7



APPENDIX TABLE ó8

F0ETUS 1s7 (148 DAYS) CORTISOL INFUSION (20 ug/kelhr; 6 hr)

TIME
(Hrs)

FLoI4I [Na+1 NarR [K*] KER [cr] [un]
(nl/min) (nEq/l) (uEqlnin) (rnEq/1) (rrEølrnirr¡ (ngl10ùn1) (mslroonr¡

0-4
4- t
L -tu
L4-2
2 -24

.38

.55

L.0z

1 .30

t.73

96.5

78

t22.5
109

L22.5

36.67

42.90

L24.95

L4L.70

zLL.93

15.6

7.2

8.3

8.1

10

s.93

3.96

8.47

10. 53

17.30

16. 8

6.6

9.1

6.1

7.2

4.3

t.7
2.0

2.0

2.0

Zr.t - 3

3 -34
T\-+
4 -4Lz

4L"-5
s -sh
sr- 6

6 -6rá
64-t
7 -7k
7U-8
I -81

1. 35

r.42
1.88

2.20

L.Z9

t.33
1 .00

1. 35

r.z2
t.z0
t.z2
L.47

55

Ltz.S
55.5

109

86

93. s

113.5

111.5

1_68.08

91.59

150. ó6

70.95

149.63

s5.5

L47.LS

L04.92

LLZ.20

L38.47

t_63.91

9.6

10.1

11.3

10.5

ó.84

t7.02
ZL.L

t5.26
10.82

LZ.tZ

13.79

r_5.14

L?4 .5

.5

.5

7.0

3.8

3.8

04

24

53

L4

7

10

10.4

5.1

5.6

3

I

z

1

2

0

9

64

69

19

11

5.3

L2.8

zL.t
11.3

7

6

6

6

.6

.4

.0

.0

.0

.2

.8

.8

1.0
2.0

4.0

5.0
2.3

z.L
2.L

2.0



APPENDIX TABLE 69

FOETUS 223 (Lz7 DAYS) ALDOSTERONE INFUSION (130 De/kg/hr; Zþhr)

URINE PTASIvIA

TIME
(Hrs)

0-u
'z- t

1 -L\,
Lr-2
2 -2t4
z4-s
s -3u
3r- 4

4 -4rá
4k-s
s -st
su- 6

6 -6'
6Þr-7
7 -74
7r4-8
8 -8t
8Lr' 9

e -s4
91-t - L0

FLCIV [Na+1 NaER KER
(nllnin) (nEq/l) (uftlmin) (rrEqlmin)

PH [Na+] [K*]
(mEq/l) (mEq/l)

7.2

7.3

7.4

7.8

7.9

7.6

7.6

68

72

84

90

81

72

80

27

4L

11

03

05

20

11

18.56

29.52

9.24

2.70

4.0s

t.44
8.80

6s.96

13. 80

18. 56

L7.48

t4.82
24.80

16.80

27.84

28. 5

28. 86

48. s1

20.40

30. 60

2.86

4.51

L.34

.37

.54

1.94

1.16

8.3

1.61_

4.00

4.92

4.18

7.44

5.46

11. 04

11.40

11.10

12.60

3. 84

6.46

1_41.5 3.9

140.2 3.7

r-59.8 4.1

141.0 4.1

97

60

58

38

78

68

z3

32

46

19

80

80

58

75

78

77

85

90

51

?t
48

58

37

63

24

34

7

7.4

7.5

7.4

7.3

7.4

z

3

1

z

z

3

4

2

7.

7.

7

7

7

7

7



APPENDIX TABLE 70

FOETUS zz0 (Lzs DAYS) ALDOSTERONE INzuSIoN (460 u¡e/ke/tu; sk ht)

TIME
(Hrs)

0-k
h-t
r -tt
LU-2
z -2\
2'e-s
3 -3r4

h- 4

4 -4'
4tá-5
s -su
5r4:6
6 -6'
6U-7
7 -7L,
7k-8

URINE

FLC[{ [Na+1 NaER KER
(mllnin) (nEq/l) [uEq/min) (uEq/nin)

.81

.sz

.46

.s4

.44

.69

1. 10

L.25

1.38

L.S2

1. 80

38

49. s

51

30

44

L.t4
2.66

2.08

1. ó0

1.98

6. 55 140. I 4.7

159.5 4.3

PH

PLASvIA

lNa+¡ [K*]
(nEq/l) (nEq/l)

141. s 4.s

141.5 4.5

64

50

50

49

27

26

23

27

49

66

56

42

46

42

4L

22

23

22

2S

23

l_9

20

19

19

16

z0

18

5

5

71

t3
11

13

10

15

LZ

10

10

8

I

4Z

13

50

z3

89

18

32

50

s8

08

30

6.75

7.0

6.75

6.70

6.6

6.6s

6.6
6.4

6.4s

6.55

6.4

5

5

5

7

9

8

6

7

22

4t
16

00

6.4

6.5

6.4

6.429



APPENDIX TABLE 7I

FOETUS 27s (11-1 DAYS) PROGESTERONE INJECTION (10 ng/hr; 6 hr)

TIME
(FIrs)

FLCI[I
(n1/ni¡)

.L6

.L2

.16

.LZ

.28

.L7

lNa+1
(mEq/1)

I.IRINE

NaER
(uEq/nin)

KER

[rrEq/nin)

t.L2
.36

.48

.36

CrER
(uglni¡)

UAER
(uslninl

0-k
t¿- t
L -ta
L%-2
2 -Zk
2r2- 3

7t
60

s8

60. s

36

1-1.56

7.20

9.28

7.26

10.08

8.96

8.sz

L2.00

8.40

LL.76

t.44
1.80

2.56

1.80

z.s2.28

3 -314

h-4
4 -4Lz

42- s

s -s4
5r4- 6

ó -tu
64-7
7 -7r"
7Lz-8
8 -81
8k-s

59

59

56. 5

55. 5

39

51.5

49.4

2.85

2.83

4.24

3.39

1. 1_5

4.7.2

2.36

s.09

6.11

1. 95

5.09

6.93

3.25

2.95

4.90

3.66

.98

4.24

2.24

5.51

6.82

2.40

4.02

9.38

.65

.60

.91

.72

.zz

.88

.48

1. 08

t.43
.60

L.02

z.L0

05

05

07

06

02

08

04

09

11

05

06

t4

s7

s7.

56

60

56

5

5

5

5

.10

.10

.L4

.L2

.06

.16

.08

.27

.33

.10

.18

.56

9 -9þz

9t¿ - tO

41.5

48

2.49

4.32

60

081

88

31

2

5

06

09

.24

.45



APPENDIX TABTE 72

FOETUS 275 (Ll6 DAYS) L7 oc HP INJECTION (8 rnglhr; 5 hr)

URINE

TIME
(rhs)

FI.OI4I
(nllnin)

.18

.55

.33

.20

.L9

.15

.38

lNa+l
(nEq/1)

NaER
(¡rEqlnin)

IGR
(¡rEqlnin)

CrER
(uglnin)

UAER

fuglrnin)

0-4
4-t
t -tk
th-z
2 -2t4
2r4- 3

3 - 31-t 47 .S

L2.06

17.85

LL.Zz

9.30

L2.64

7. 50

18 .0s

67

51

34

46

66

50

5

5

.s4

.70

.33

.20

.38

.30

7 .59

6.40

9. s0

4. 95

Lt.78.76

9.72

15.6s

2.34

3.50

z.3L

2.00 ,

z.z8

1.65

s.04

3Lr- 4

4 -44
4k-s
5 -SLz

sr- 6

6 -6'
64-7
7 -7Þ,

7?-8
g" - 81,

45. s

40

40. s

45

7S

42

36

55.5

52

37

27.76

L3.60

2t.87
22.05

s0.25

21. 00

23.40

24.98

L2.48

12.95

t.2z
.34

.54

.98

2.0L

.50

.65

.90

.48

.70

15. 25

6.L2

9. 18

L0.29

2L.44

8.00

9.10

rt.zs
6.96

8.40

6. 10

2.04

z.L6

3.43

6.03

3.00

s.z5
3.60

z.t6
2.80

.61

.34

.54

.49

.67

.50

.65

.45

.24

.35

$Lr-9
9 -9r4
9r4 - L0

I0 - L014

.t7

.18

.24

.26

62

7t.s
41. 5

45. 5

10. s4

L2.87

9.96

LL.ZI

.68

.90

.72

.78

I
8

6

7

L6

82

96

28

2.2L

2.34

2.40

2.60



APPENDIX TABLE 73

FOETUS 220 (L53 DAYS) DEXAI,IETI{ASONE INzuSION (0.4 melkgl}:rr; 2hhr)

URINE

FLOlÁl [Na+] NaER IGR CrER UAER
(nllni¡) (mEq/l) (uEq/min) þEq/nin) (pglnin) (pelmin)

TIME
(Hrs)

0-t1
te-t

T -LL,
t4_z
2 -2!4
zu-3
s -h

-4

11.5

2L.6

12.5

L5.1

2L.5

10.1

t7.0
16.5

4.26

7 .35

4.38

3.75

s.66

2.L0

11.9

t7.66
19.58

L9.67

25.92

8.88

6.46

8.sz

3.96

s.37

3.50

1.11

1.40

L.70

L.75

L.0z

1.84

2.L0

z.t4
z.6I
3.4s

4.50

2.96

4.08

2.60

L.92

2.07

13.69

23.80

11.90

L4.75

18.56

t0.92
L9.60

L4.98

16.53

18.63

39.42

t6.28
19.04

L3.s2

9.84

?0.3s

L3.25

.74

1.05

.70

.50

.68

.63

1.40

2.L4

PLA$,IA

CrCl
(nllnin)

1.98

2.s0

1.85

L.02

.25

.L7

.2L

.70

t.07
.87

.69

.73

.37

.68

.24

.s7

.25

.37

.35

.35

4 -414

414-s
s -5,
s4- o

6 -614

6r"-7
7 -714

7b-8
8 -8'

22.

28.

35.

5

5

5

t

5

0

5

5

0

t.74
2.07

z.9z

1.11_

1-.56

1.04

.48

1.48

.75

24.

.s2

9.

16.

16.

L4.

t4. z5z





APPEhIDIX TABLE 75

FOETUS L88 (124 DAYS) IÆTYRAPONE INzuSIoN (24 mslkg plus 24 ne/kg/hr; 8 hr)

URINE

TIME
(FIrs)

0_r4
, -L
l 'LÞz

L4- 2

2 -24
2rz-3
s -34
sk- 4

4 -4L,
4r-s

FLOI^T

(n1lmin)
[Na+1

(nEq/1)
lK*l

(nÊ4/
Na-ER

GrEq/nin)
KER

1) (¡fia/nin)

L3.42

L3.87

10.89

L0.z?

8.87

9.14

10. 35

8.64

8.32

L2.L2

5

5

5

5

1

1

1

1

1

1

z

z

1

1

9

7.8

6.?

6.3

5

4.3

6.6

7.3

8.3

8.2

7.4

7.6

6.8
7.6

7.3

5.5

5.8

8.5

5.8

6.8

.87

s722

36

2L

31

43

4s

07

01_

26

66

59.

50.

45.

34. 5

50

54. s

52.s

39

55

70.15

80 .92

61.11

59 .61

49.34

72.50

LLZ.8Z

105.53

49.L4

91.50

11

L0.z

5

5r4

6

614

7

7k

8

82

9

914

10

I}Lz

11_

LLU

t2

72:4

su

6

64

7

74

8

892

9

91-t

10

t0r4

1_t_

Ltu
L2

LZr4

13

l_.15

L.L4

L.Z3

t.zz
L.47

1.04

.96

1.05

.84

.78

.85

.74

.58

.61

.76

40.5

43.5

44

46.5

51

40

40.5

35.5

24.5

4t
23

37.5

38

30.5

26

27.5

46.58

49. 59

54.L2

56.73

74.97

4L.6

38. 88

36.57

2r.32
34.44

L7.94

31.88

z8.LZ

17.69

15.86

9.55

9.35

9.10

9.27

10.00

7.90

7.0L

5.67

.05

.14

.s2

.78

25

9Z

2T

.38

5

7

4

5

7

5

5

6

9.8

L0.z

8.7

8.4z0 .90



APPENDIX TABLE 76

FOETUS 2s0 (115 DAYS)

TIME
(FIrs)

FT,OI4I

(n1lni¡)

IvIETYRAPONE INzuSION (34 ng/kg plus 34 ng/ke/hr; 20 hr)
I-IRINE

[Na+1 NaER I(ER
(nF,q/l) (rrEt/rni¡rl úrEo/nirl

0 ,.,

1

t4
z4

.70

.58

.43

.52

23.5

4?,.8

42.0

40.1

16.4s

24.s6

18. 06

20.8

.7

1.16

.86

.s2

t4

l_

2

2k- 3

3-3'
3lz - 4r4

4k - 514

SLz - 6Lz

6tt - 7r4

7Lt - 8r4

8, - 914

9r4 - L0r4

LÙk - LLtt

LLrz _ lzl4

LZU - LStt

t34 - t4k
L4' - L5t4

L5r2 _ L6r4

ß', - f71-á

L7k - t8'k
L8r4 - Lgk

L9'4 - 20,
201-7 - 2L,

2t% - 22'

50

19

23

38

36

32

36

30

26

34

19

32

15

30

25

30

28

28

26

24

19

.52

.46

.61

.66

.37

.34

.44

.29

.s2

.42

.66

.31

.38

.38

.35

.33

.30

.34

.23

.24

.27

1

0

5

5

0

5

0

0

0

1

5

1

5

5

1

0

0

5

0

5

5

15.ó

8.74

L4.34

25.08

L3.32

11.0s

L5.84

8.7

t3.s2
L4.28

L2.87

9.92

5.89

L1.59

8.75

9.9

8.4
9.69

5.98

5.88

5.27

1.04

.46

L.2t
.66

.74

.68

.88

.29

.52

.42

.66

.62

.38

.76

.35

.33

.50

.68

.46

.48

.27

ZZr2 - ZSt4 .42 18. s 7 .77 .42





APPENDIX TABI.E 78

FOETUS 2zS (LZL DAYS) ACIH INzuSION (L7 lue/ke/tu; 8 hr)

URINE

TIME
Ghs)

FI,OT4I

(nllnin)
[Na+1

(tmq/1)
NaER

(uEq/nin)
IGR

[¡rEq/nin)
CTER IIAER

(ys,/nin) fuglnin)
PH

5

0

30

32

22

3L

0-L
1- Z

6.7t
9.92

.66

.93

13.64

59.06

3.50

s.27

6.80

6.90

2

3

4

5

6

7

8

9

3

4

5

6

7

I
9

10

.24

.23

.4t

.54

.47

.40

.43

.46

38.5

51. 5

4t.5
48,1

46. s

47.5

48.0

47.0

9.24

7.25

16 .81

2s.92

2t.86
19. 0

20.64

2t.62

.72

.23

.4t
L.62

1.88

L.20

L.29

.46

32.64

34.04

51.25

30 .78

22.09

29.20

20.2L

20.24

3.60

3.68

2.87

3.24

4.23

3.20

3,01

3.68

6.95

6.90

6.80

7.t0
7.L5

7.00

7.L0

7 .4s

10-11
tt-Lz
LZ-t3
L3-L4

66

69

65

36

s9.0

31.5

58. 1

37.0

58.94

2t.39
24.7

t3.32

3.30

1.38

1.50

L.44

33.00,

tt.7s
1s.60

10.80

2.64

3.45

s.20

3.96

7

7

7

7

?,0

4s

60

60



APPENDIX TABI,E 79

FOETUS 219 (113 DAYS) ACü{ INFUSION (L0 yelke/hr; L0 hr)

TII\,IE
(Hrs)

URINE

FLOIII [Na+1 NaER KER CrER UAER
(nl/nin) (nEq/l) (¡rEq/rnin) (rrEq/min) (uslmin¡ (uglnin)

PH

0-1
1- 2

.72

.91

36

22.5

.72

.91

15.t2
L0.92

7.3

7. 55

25.92

20.48

2

4

16

55

z-3
3-4
4 - s

5-6
6-7
7 - 8

8-9
9 -10
10-11
LI.LZ

.44

.44

.83

.51

.48

.36

.26

.05

.08

.t7

s4

54

55

z4

19

20

28

3L

32

z5

23.76

23.76

43.99

t2.24
9.36

7.20

7.4L

1.55

2.56

4.25

L.76

L.32

2.49

1. s3

2.40

1.80

L.82

.20

.24

.L7

L3.20

14.08

28.22

t2.7s
8. 16

tL.52
9. 10

4. s0

18. 00

L9.ZL

z.z0

2.20

3.32

1.55

s.36

2.16

4.68

2.60

L.44

z.s5

7.35

6.95

6. ss

6.8

7.4

7.7

7.s
7.6
7.6

7.5

5

0

5

0

0

0

LZ - L3 .15 Zz.s 3.58 60 t2.4s 1.05 6.9



APPEMIX TABIE 80

FOETUS 253 (124 DAYS) AGIII INzuSICN (L0 ue/kc/hr; LZ hr)

TIME

(FIrs)

FLOI4I

(m1lmi¡t)

.27

.28

(Na*)

(rnEq/1)

LIR[1,18

NaER

(uEq/rnin)

IGR

(uEq/mi¡)
CrER

(uglmin)
UAER

(uglmin)
PH

0-1
1.-2

38

37

5

5

10.40

10.50

.88

.84

1.11

.84

18. s0

12.88

7.L

7.2

2-3
3-4
4-s
5-6
6-7
7 -8
8-9
9-10

10-11
71 - 1.2

r2-73
13-L4

39. 0

35.0

42.5

35.0

L0.92

8. 40

13.60

10.50

17.85

33.4L

23.29

27.28

39.0

28.r2

24.80

20. 9s

.68

.80

.9ó

.60

.86

1. 53

.ó1

1_.86

4. 55

3. 81

L.98

L.22

16. 88

76.32

19.29

1.2.60

18.9?,

20.05

23.42

26.7 4

25.30

24.6r
20.18

zL.OI

1.08

1. 68

r.44
7.20

z.r5
3.57

1. 83

7.L5

7.2
7.15

.28

.29

.32

.30

.4s

.51

.61

.62

.65

.61

.62

.55

4T

ó5

38

44

46

40.0

38.1

5

5

0

0

1

1

7.3

7.2

7.3

60.

3

5

4

4

3

10

20

7.4

7.4

7 .25

7.4
7 .45

7.4

.81

68

.11



APPENDIX TABLE 8T

FOETUS 69-444 (114 DAYS) AIH INzuSIoN (96 nu/kg/hr; 2 hr)

TIRINE

TN/IE
(Hrs)

0-
4

1-
t¿-
2-
7h-
3-
3L" -

,4

1

L4

2

zl4

3

h
4

4 -44
44-S
5 -51,
sr- 6

6 -6tt
6'4- 7

7 -7k
7k-8
8 -8b

Ftol{
(nllni¡)

1.04

1.11

L.2L

1.5

1.83

L.4

t.76
1.04

lNa+1
(nEq/1)

.94

.37

.33

.37

.55

.43

.59

.48

.51_

76

84

77

80

78

ó1

7L

74

84

94

98

L02

97

94

95

97

96

78.96

34.78

32.34

37.74

55.35

40.42

56.05

46. s6

48.96

NaIR
CuEq/min)

79.04

93.24

93.L7

r.20 .00

t42.7 4

85 .40

L24.96

76.96

IGR
OEq/nin)

.85

t.67
L.33

1.35

L.46

L.t2
t.4L
1.04

L.4t
.4t
.36

.41

.50

.39

.59

Pl,ASvlA

lNa+1 [K*]
(nEq/l) (nEq/l)

L42.s 5.2

L57.0 6.1

t44.4 s.9

140.6 5.8

140.6 5.7

143.5 5.s

lK*l
(nEq/1)

1

1

1

1

1

.48

.8

.5

.1

.9

.8

.8

.8

.0

.5

.1

.1

.1

.9

.9

.0

.0

.9

1

1

1

1

.46 148.4 s.8



APPENDIX TABTE 82

FOETUS 2s0 (124 DAYS) ADH INzuSION (110 rulkglhr; 5L hr)

TIME
(tlrs)

0-,
U -1
L -t,
Lk-?,
2 - zl.t

z4-s
3 -3k
3r- 4

4 -44
4r-s
s -sh
sa- 6

6 -64
6r"5 - 7

7 -7'

FLOI{
(nllrnín)

.46

.45

.49

.50

.28

.28

.4t

.61

.80

L.0z

.57

.55

.28

.47

.4L

I.JRINE

[Na+¡ [K+] [cr](rmq/l) (nEq/l) (ngl100m1.)

P¡{$lvlA

lNa+l [K+]
(nEq/l) (mq/1)

pH

44.5

2L.5

2L

3L

3

z

2

z

5

4

2

4

9

7

6

6

7

6

7

I

7

4

4

5

3.

4.

1.

4.

6

6

6

6

7.

6.

6.

ó

5

6

6

L49.4 4.9

14s . s 4.7

L42.3 4.9

138.7 5.1

I37.2 4.6

140.1 4.8

49

86

L23

58

5

L4

L4

3

3

1

2

4

5

4

4

10

t2

6

6

7

7

7

7

7

7

6

9

2

6

5

z

1

1

z

4

I

81

28

53

75.
5

5

5

5

8.6

7.9

5.5

4.8

64.

35.

27



APPENDIX TABLE 83

F'OETUS 219 (116 DAYS) ANIGIüTENSIN II INzuSIoN (zZ ttq/ke/tu; s hr)

I.IRINE

TIME FLO14I [Na+1 NaIR [K*] KER [Cr] [u{(Hrs) (rnllnin) (ruq/l) (uEq/nin) (nEq/l) (pEqlnin) (ngl100m1) (mgl100m1)

0-4
te-t
t -La
L4-2
2 -2Þz

22-s
3 -314

Yr- 4

.99

.82

.82

.81

.72

.44

.69
o?

35. 5

37

33.5

30. s

40.5

33. s

4L

40.s

33.L7

30.s4

27 .47

24.7L

29.L6

t4.74
28.29

37.26

2.2

3.5

3.2

3.3

4.3

4.0
4.4

3.6

3.0

4.0

4.0

4.L

6.1

5.0

6.2

4.0

2.97

3.28

3.28

3.24

4.32

2.20

4.L4

3.68

3

4

3

4

4

6

5

4

4 -44
44- s

5 -SL"

su-6
6 -6t4
6Lz-7
7 -74
7U-8

zz.5

22

z6

27.5

62.5

30

35

28

18. 4s

15.84

22.L0

25.30

56.88

zL.6

18. 55

13.16

1.64

t.44
2.55

1.84

4. 55

2.L6

2.LZ

5.L7

.8?,

.72

.85

.92

.91

.72

.53

.47

2

3

3

6

3

5

7

3

1.8

T:7

2.6

2.3

4.4
2.7

2.7

6.7

2.0

2.0

3.3

2.0

5.0

3.0

4.t
1_1.0

8 -8t
8k-s
9'9r4

27.5

38

27.5

17.05

28.5

15 .4

.62

.75

.5ó

3.3

3.4

3.7

1.86

2.25

1.68

3.2

s:7
2.2

7

5

4



APPENDIX TASLE 84

FOETUS 69-49s (140 DAYS) AMIOTENSIN II INzuSION Oa D9/kelhr; a hr)

TI},IE
(Hrs)

IJRINE

FLotrI [Na+1 NaER [K*] r(eR [Cr] [un]
(nllmin) (rnEq/1) (rrEø/ni¡rl (rmq/1) (uEq/nin) (ngll-00rn1) (mslroomr¡

4.s
4.3
2.8

2.2

3.8

3.5

3.L

2.0

28

36

84

0466.

0

1

4

ILz

,-1

L

t14

2

L.32

t.L2
L.33

L.27

54

53

48

52

7L.

59.

63.

s.02

3.92

4.t2
2.54

2.7

2.6

14.5

10 .6
?, -za
2k-s
3 -3Lz

tu- 4

4 - 4r-t

41-t - 5

5 -5'
5r4-6
6 -6L,
6Þr. - 7

1.35

.98

1_ .63

1 .45

.60

.83

L.Z2

1.63

1. 91

L.67

75.81

94.08

7 4.79

t22.25
L64.26

128. 59

1.86

2.45

3.42

2.L8

1.74

z.L6

2.20

2.77

3.25

2.67

57

96

68

s4

58

47

57

75

86

77

L.4

2.5

2.L

1.5

2.9

2.6

1.8

L.7

L.7

1.6

81.80

34.80

59. 01

69. s4

4.

4.

t2.
11.

4.

6

10

3.

3.

5.

9

2

5

4

6

8

2

3

1

9

1.6

2,.4

1.6

L.3

3.1

2.9

1.6

.6

.5

2.1
7 -7Þz

7r4-8
I -8%
8Lr-9
9 -914

9r-L0
t0 - L0t4

2.38

1.66

1. s0

L.47

1.53

1.90

1_.90

80

76

84

100

111

113

113

190.40

126.L6

126.00

L47

169.83

2L4.70

2L4.70

2.86

2.82

3.30

3.53

2.75

3.04

3.04

1.2

t.4
L.2

t.7
z.z
2.4

1.8

1.6

1.6

ó.1

7.2

8.1

7.9

8.1-

6.5

2.2

2.5

2.8

2.t





APPEMIX TABLE 85

FOETUS 225 (129 DAYS) ANIGIOTENSIN II INRISION (Ls ¡Ig/kg/hr; 5k ht)

TI},IE
(FIrs)

FI,OI^I
(n1lnin)

[Na+1
(nEq/1)

URINE

NaER
(uEq/rnin)

90.20

7L.28

75.80

lK*l
GlËq/

lcrl
(ng/100m1)

KER
1) CuEt/nin)

116.0

7.0

5.0

t.0

t4

1

1

LK

15

32

22

.19

.07

.05

1_.10

L.32

1.63

82

54

46.5

L7.6

9.24

8.15
L4-2
2 -2r1
2k- s

s -h
h-4
4 -414

4k- s

s -s4
5r2- 6

6 -6t4
6U-7

1.03

.75

.72

.70

.51

.53

.38

.32

.45

.29

.29

52.5

53

57

116.5

68

58. 5

z8

r_04

50

45 .5

87

s4.08

39.75

4t.04
81. 55

34.68

31.01

10.64

3s.28

z2.s

L3.Z

25.2s

5. 15

3.75

4.32

7 .00

3.06

2.65

t.L4
3.s2

z.2s
1-.45

5. L9

.24

.25

.27

.64

.42

.40

.22

.82

.40

.44

1.03

5.0

5.0

6.0

10.0

6.0

5.0

5.0

11.0

5.0

5.0

11_.0

.06

.04

.06

.11

.07

.07

.05

.L4

.07

.08

.L2



PROGESTIN ASSAY

1. APPÁRATUS

AIIMIM COIIIMN CHRCT'Í¡1OGÙqPHY

Preparation of alt¡nina -

(a) Refhx the aluminium oxide over ethanol for 24 - 48 hours to
remove impurities" Dty in air oyen at 1-10 deg. for 15 hours.
Cool i¡ a desiccator over phosphorous pentoxide.

(b) For chromatography, aÃd 2.7% water (2"7 nL/LOOg.)" Mix by
ttrnbling in a sealed container for 12 hcrrrs. Store i¡ walc-
sealed storppered bottles.

A. Preparation of colums -

(a) Colunns of altuni¡a (3 x 45rm) are prepared in ânl. graduated
pipettes whidr have centrifuge tubes fused to their tops to act
as solvent reseryoirs.

(b) Place a glass bead and a plug of acid-washed sand i¡ the bottcrn
of each colunn to retain the aluni¡a. Fi1l the cohmn with
water-saturated 100% cyclohexane (5 n1.), tap out air bubbles
a¡d then stopper the bottcm.

(c)

(d)

Rrt altrnina in colwrr, shake down.

Place another plug of acid-washed sand on the surface of the
alt¡ni¡a. Drai¡ the colunn before loading sanple"

B" Sephadex colunns -

1 The coltur¡ns are nade i¡ the outer protective covers in which
sterile 2 nl. disposable plastic syringes are supplied. A
hole was nade in the tip and a disc of scintered polythene heat-
sealed i¡rto the lower end.

0.5g. Sephadex G-25 (fine) is added to the colunn, water added
r¡ntil it has swelled and then the column is washed hrith borate
buffer a¡rd another sci¡rtered disc added to.the tcp of the
colunn. The coh¡nns ¿rre suspended il a Perspex rack and are
prepared for use by passing O.l- ml. of 0.1% BSA through each.

11. SOTUTIONS

A. INTERML RECO\TERY SIANIDARDS

Radioactive solutions of each steroid to be assayed are made up
so that 0"1 ml. contai¡s approximately 2000 cpn"

STEROID STANIDARDSB

1-. Standards i¡cluded frcrn the besi¡nins of each ¿rssay.

2

STæK SOLUTIO{

ITMEDIATE STOCK

WORKING STAI{DARD

1 ng/rnl of each steroid

10,uglnl

250 ng/mI; use 0.1--0"2 m1-. (25 ' 50 ng"



2. Standard solutions for ccrnpetitive protein bind ].ng assay

STæK

INTERMEDIATE STæK

WG.KING STAT,IDARD Prepare fresh for each assay
from í¡termediate stock -

1-0 nglml

11" PREPARATIO\¡ OF COIrIVER,SICN ENZ)IIvIES

A

20 oc HP has to be converted to progesterone (P) before beiag assayed
in the competitive proteia-binding assay.

OXIDATION OF ZOdHP to 2O<-OXO-STEROID WITII DEFIYDROffiI'{ASE FROM FOETAL BLOOD

Preparation of enzyme -L

(a) separate the red cel1s from f,oeta1 ovine blood by centrifugation.
Wash twice with 2 voL. 0.9% sali¡re

Lyse 22 nL. packed cel1s !üith 50 nl. of 0.0051v1 phosphate buffer,
pLV.4

Centrifuge 20r000g. for 30 mi¡. decant supernatant (70 n1.)

cb)

(c)

(d) Add 14g. anrnonit¡n sulphate to supernatant, allow to stand at 4 deg.
f.or 2 hours. Centrifuge 101000 for 10 ni¡s.

(e) Deca¡rt tupernatant (74 nr) and add 11.19. armoniun sulphate, allow
to sta¡d overnight at 4 - 10 deg. Centrifuge 20,0009. for J0 ni¡.

(f) Discard supernatant, resuspend precipitate in 7ûn1" buffer. Freeze
in 5 m1. aliquots to store.

?. Conversion procedure -

C.

(a) Remove solvent from the fraction frcrn the alunina colurn containiag
20 oc HP by evaporation at 45 deg. under a stream of air.

(b) Add 1 ml. of a mixture containing -

8 mg. MDP+
28 ng. nicotilanide

0.8 nl. enzyme frcrn foetal blood
20 nl. hydrogen carbonate buffer (see solutions)

SCINTILI"AI,IT

(a) 40g. PPO

1-g. P0P0P

1-0L toluene

Use for internal recovery sanples and standards (in non-aqueous samples)

(b) Take L L of the sci¡tillant and add 400 rnl. Tfiton X-100 detergent.
10 nl. of this will solubilize in L"2 mL. aqueous solution.

1 nglml

L tglnL



D. BGATE zuFFER

190.59. di-sodiwn tetraborate (AR)

10L water

Brought to pH7.6 with about 80 ml. conc. FfL. Final strength of
buffer, 0.05 M.

E" SOLUTIC}.IS FOR ENZYT,IE COIWERSICI.¡S

Bicarbonate brffer

Stock X :

Anlrydrous sodit¡n carbonate, 0.1 M + 10.6 g/t. Use 2.L19. in 200rn1.
water.

Stock Y:

Sodiun hydrogen carbonate, 0.H = 8.4'g/L. Use 1.68g. in
Mix 1- nl. stock X + 9 ml. Stock Y to give a solution of pH

Vortex, incubate 15 ni¡s. at 37 deg.

Extract with 4 nl. diethyl ether.

ry. PREPARATICI{ OF BINDING PROTEIN

200 n1. vrater.
9.1

Strip by gel filtration on Sephadex G-25 (coarse) at 45 deg. in
borate buffer.

Heat Sephadex to 60 deg. in borate buffer before use and decant fi¡es.

Void volune = 22 ml. collect 20 nl. (=5 rnl. CBG)

Add 0.6 tritiated cortisol (25¡tCi/n1) to a 50 nl. voh.unetric flask
and dry off. Ádd the 20 ml. CBG/borate and nake up with borate
to give about 10U CBG"

5. Dilute to 1.5% with borate buffer prior to use in the assay.

V" ASSAY PROGDTJRE

A. EXIRACTION OF STEROIDS I.RCM SAIvIPTE

1

1_

2

3

4

Set up 2 (no. of sanples + Z) screw-top
2 tubes in each set are for a blank a¡d
with the sanples.

test tubes. The extra
a standard to be assayed

of each of
S.

2. Aliquot 0.1 ml. of the 5 progestin internal recovery standard (IRS)
solutions into every tube. Add 0.1 nl. of each of the IRS solutions
to separate sci¡tillation vials as well, add 5 nl. scintillant, cap
and label.

3. Standard - Aliquot 0.1 nl. (25 ng) or 0.? mI. (50 ng)
the standard steroid solutions i¡to both standard tube

4 Evaporate solvent at 45 deg. under a strean of air.

Add sanples to each sanple tube; blank solutions to blank and
standard tubes"

5



B.

6. Vortex, leave L0 nins. at 45 deg., shake

7 " Add diethyl ether (4 n1.) vortex, stand 5 ninutes, vortex, allow
to settle.

8. Freeze at 80 deg. po.rr off upper rayer i¡to sirnilarly ntrnbered
tubes.

9. Evaporate ether at 45 deg.

SEPARAII0\I 0F SIEROIDS BY AtllMIM COLIIMN Ct{ìCIvtATOGù\PI{Y

1. Dissolve residue frqn extraction in 3 ml. 0.4% ethanol i¡ cyclo-
hexane (water-saturated). Load each sanple on to a colt¡nn.

2. Solutions contai¡ing progressively i¡creasi¡g concentrations of
etha¡rol in cyclohexane are then passed through the colurns to elute
each steroid as shown in the table below. An aliquot is taken
from each fraction (L/L0 of fraction voh¡ne) to be counted for
determination of i¡ternal recovery (rR). Each fraction is co1-
lected i¡to a screw-top test tube.

3. 20o<.IÐ fractions are then converted to progesterone.

(a) After extracting the converteL product with diethyl ether,
freeze and pcnrr off the upper layer as before.

Eluting Solution
(% ethanol irr

ryclohexane)

Steroid
Eluted

Treaünent of
Fraction
Eluted

Sanple loaded in
3 nl. of A.4fu

PROGESTINS

2 mL. 6f. 0.6%

3 ml. of 0"9%

3 nl. of L.4%

Take 0.2 nl. .IR
cap q bbel (4")

Discard

Prog"

20o( HP

174HP

Label Q dry down
ready for conversion

Take 0"3 nl" IR,
cap q label

(b)

'(c)

Evaporate ether at 45 deg.

Dissolve residue in 3 ml. of 0.4% ethanol in cyclohexane and re-
chrcrnatograph each sanple on ah¡ni¡a. Collect the Prog. fraction
frcrn the colt¡rnn (=ZOoctp fraction)

C

(d) Take 0.2 mL. for IR and assay renai¡der by competitive protein-
binding assay.

MEASIIREMENT OF STEROID CO{æNTRATIC}.IS BY CO,IPETITNTE PROIEIN.BINDING
ASSAY (CPB)

Four CPB assays are then set up to measure the concentration of steroid
i¡ each sanple. The table over the page shovrs the biading proteia
standard solutions and the steroid.s measured. in each assay. 

i



Steroids lr4easured Binding
Protei¡r

Standards

Prog. tr Z}æHP

LTaclJP

CBG

CBG

.5, 1 , 2, 4ng Prog.

"5, 1, 2, 4ng L7 HP

2. Aliquot the standards into test tubes irr duplicate, leavirrg three
tubes as blanks. Æd 0.5 ml. of cyclohexane to each tube.
Aliquot duplicate, dissirnilar volunes of each sample i¡to sirnilar
tubes.

3 Evaporate cyclohexane at 45 deg.

Æd 0.4 ml. of res¡rective binding protei¡ soluticn to each tube.

Briefly vortex, leave 20 ni¡" at 45 deg.

Leave at 4 deg. overnight.

Separation of bou¡td frcm free hormone on Sephadex colurnns:

(a) ,Add borate buffer to colunns ard. stir the Sephadex. Allow to
run through.

4

5

6.

7

(b) 'Pipette 0.3 nl. of each assay solution onto coltrnns a¡d 1et
run through.

(c) Position scintillation vials under each colwrr and elute bour¡d
fraction with L.2 nL. borate buffer.

(d)

(e)

Remoue vials a¡rd wash colurrrs well with buffer.

Add 10 nl. Ttitqr X-L00 nixture to vials ard. cor¡rt 5 mi¡s.
(10,000 cornts).

8. Prepare standard curve by plotting (mean Bo-bkg) / (nean std. cornt-bkg)
against amot¡nt of sta¡rlard as check before calctrlating results using
progran CAIC.

EVAIUATIO.I OF PROCEDTJRE -

Recoveries % Progesterone

L7æ HP

20æHP

L03, LÙZ, 108, 104) mean

76, 85, 79, 79, 79, 78, 82, 70, 49,
75, 78) nean

59, 46, 51, 26, 23, 29, 20, 38, 53, 18)
mean

nglml Prog.
ng/nl 20o<HP
nglml LZx HP

(s8,

(7 4,
66,

(48,

Result5 corrected from recovery -

0.1
1.0
0"3

Sensitivity -
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