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The concentrations of urea in maternal and in
fetal blood are nearly the same for most animals
and humans in which comparisons have been made
(1). A rise in the maternal urea concentration
produced artificially or due to pathologic changes
leads to the rapid equilibration of this substance
in both circulations (2). The placenta does not
seem to offer an effective barrier to the passage
of urea, and it has, therefore, been assumed that
this metabolite diffuses freely in either direction
(3).

The amniotic fluid also contains urea (4, 5).
Its concentration is usually higher than that of
maternal and of fetal blood and increases with the
age of gestation (6). This and other indirect evi-
dence gave rise to the belief that the amniotic
fluid is a product of the fetal kidneys that is dis-
charged into the amniotic cavity, its quantity regu-
lated by fetal deglutition. The excreted urea can
thus find its way back into the fetal circulation.
Free diffusion into the maternal circulation across
the placenta is thought to be the final pathway for
its removal.

The cardinal feature in these exchanges relates
to the postulated existence of a rapid and continu-
ous transfer of urea from fetus to mother for
which no definitive evidence exists at the present
time. It is the purpose of this report to examine
these concepts by means of tracer techniques, to
present evidence for the existence of such ex-
changes, and to estimate within broad limits the
amount of urea transferred per unit of time. The
inaccessibility of the human fetus before delivery
and the use of C14-labeled compounds made it

*This investigation was supported by a grant-in-aid
from the National Institutes of Health, Bethesda, Md.

t Investigator of the Health Research Council of the
City of New York under Contract I-225.

necessary to perform these experiments on preg-
nant primates.

METHODS

Radiochemicals. All radiochemicals were obtained
from commercial sources. The C'4-labeled urea had a
specific activity of 4 mc per mmole. Tritiated water of
high specific activity was diluted with physiologic sa-
line to contain 0.5 mc per ml. For the experiments oni
primates 5.9 mg of lyophylized radiourea was dissolved
in 0.5 ml of sterile saline and mixed with 1 ml of the
diluted tritium solution.

Synthesis of urea-C". Sodium cyanate-C" was pre-
pared from sodium cyanide-C13 by oxidation with per-
manganate according to the procedure of Gall and Lieb-
ermann (7). The purified sodium cyanate was then al-
lowed to react with ammonium sulfate in aqueous solution.
The urea was removed from the crude reaction mixture by
continuous extraction with ethanol followed by recrystal-
lization from ethanol and acetone. From 1.0 g isotopic
sodium cyanide, 450 mg of urea, mp 132' to 134', was
obtained. Carrier dilutions were prepared from this ma-
terial and subjected to the action of urease in the man-
ner described below. Mass spectrographic analyses of
the resulting carbon dioxide indicated that the original
material contained 54.8 per cent C3 excess. For the
physiologic experiments a 1 per cent solution of pure
urea-C1 in sterile physiologic saline was employed.

Physiologic experiments. Pregnant rhesus monkeys at
term were used for these experiments. An effort was
made to allow the pregnancies to continue after the com-
pletion of each procedure and ultimately to obtain a nor-
mal, living baby. The general procedure was essentially
that described in previous reports (8, 9) except for the
collection of microsamples.

Catheters were placed in the maternal femoral artery,
an interplacental vessel, and the amniotic cavity. Each
of these was provided with a 3-way stopcock. At the be-
ginning of each experiment control samples for the
quantitative determination of urea were obtained from
each of the body fluids. One or two additional samples
were taken in an intermediate period during the ex-
periment in order to be sure that the concentration of
urea had not changed in the interim.
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The total amounts of radioactive material inj ected
into mother, fetus, or amniotic fluid were adj usted so
that a 100-fold dilution of a sample would be more than
that necessary to perform the counting of the final car-
bon dioxide carrier solution with an accuracy of at least
5 per cent. When 0.5 mc of C14 was used, a sample of
0.02 ml of fetal blood was adequate. In the experiments
where C3 was used, 0.5 ml of sample was necessary for
the mass spectrographic analyses and determination of
radioactivity.

When samples were withdrawn, 0.5 to 1.0 ml of blood
or amniotic fluid was aspirated into a tuberculin syringe,
and the stopcock turned so that a small amount of blood
or amniotic fluid welled up into the second empty cup.
The desired sample, usually 0.02 ml, was then removed
by micropipet and added to 2 ml of a carrier solution
containing a known amount of urea. For the determina-
tion of tritium a small amount of the blood or amniotic
fluid remaining in the stopcock cup was aspirated into
an open melting-point tube which was then sealed. The
sample remaining in the syringe was then reinjected into
the compartment from which it was withdrawn.

Quantitative analyses. The urea concentrations in am-
niotic fluid and in maternal and fetal blood were deter-
mined by the manometric urease method of Van Slyke
(10). The blood volumes were estimated by injecting
chromium-labeled maternal or fetal red cells and meas-
uring their dilution. The amniotic fluid volume was esti-
mated by the Congo red method of Neslen, Hutchinson,
Hallet and Plentl (11) or by extrapolation of the tritium
activity curves.

Radioactivity. For the determination of tritium in
blood and amniotic fluid samples, 1 drop was sublimed
into the conversion apparatus of Graff and Rittenberg
(12). The remainder of the procedure was essentially
that described in previous reports (9).

For the determination of C14 the carrier mixtures were
treated in exactly the same manner as the quantitative
procedures except for the omission of the final step, the
reabsorption of carbon dioxide with sodium hydroxide.
The gas mixture containing a small amount of noncon-
densible gases and water vapor was then transferred to
previously evacuated breakseal tubes. For the deter-
mination of radioactivity the apparatus described in a
previously reported study was used. Counting of the
final carbon dioxide-methane mixture was performed in
the proportional region, and the results were expressed
as counts per minute per millimole. These were then
corrected for (a) nonisotopic carbon dioxide originating
from the enzyme solution and (b) the urea concentration
in the original body fluid.

Mass spectrographic analyses. Carbon dioxide was
prepared in the Van Slyke manometric apparatus as de-
scribed above, collected in evacuated glass tubes, and
sealed. The mass spectrographic analyses were per-
formed in the usual manner and the results expressed
as per cent C1" excess.'

'The authors are indebted to Dr. Rittenberg and Dr.
Sucher for performing these analyses.

RESULTS

Single urea tracer. Three preliminary experi-
ments were performed as a basis for the more
complex but also more informative double tracer
studies. Urea-C'4 and tritiated water were in-
jected into the maternal vascular tree in the first
experiment, into the fetal circulation in the second,
and into the amniotic fluid in the third. The re-
sults expressed as specific activity for C14 and
tritium are reproduced graphically in Figures 1,
2, and 3.

Double urea tracers. In the two final experi-
ments urea-C13 and urea-C'4 were used simultane-
ously; 125 and 147 mg of urea-C13 (54.8 per cent
excess) dissolved in physiologic saline were in-
jected into the maternal blood stream, and 5.9 mg
urea-C"A (4 mc per mmole) was introduced into
the fetal circulation. Five-tenths ml samples of
amniotic fluid and of fetal and maternal blood were
collected over a period of 1 hour. In contrast to
the preceding experiments the majority of samples
were collected during the first few minutes. For
the C14 analyses the samples were diluted with
carrier as described above, and for the mass spec-
trographic analysis no carrier was employed. The
results are reproduced in Figures 5 and 6 where
the specific C14 activities and per cent C13 excess
are plotted against time. The curves are nearly
identical. For one of these experiments the frac-
tional amounts of each tracer in the three compart-
ments are reproduced in Figure 7. Additional
significant analytic and other data are given in
Table II.

DISCUSSION

The transfer of urea, the maj or metabolic end
product of fetal nitrogen metabolism, has received
relatively little attention in the field of chemical
embryology. In two of the most recent and ex-
haustive reviews of placental physiology the sub-
ject is not even mentioned. To date investigators
reporting on the subject (2, 13, 14) have employed
methods that depend upon the demonstration of
concentration gradients on either side of the pla-
cental barrier or on differences in the concen-
tration of umbilical arterial and venous blood
(15).2 In the former instance, a gradient must

2As shown in the body of this report the metabolic
rate of urea production is probably less than 0.2 mmole
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TABLE I

Summary of analytic data for the
three experiments *

Urea concentration

Fetal Maternal Amniotic
blood blood fluid

mg/100 ml
Experiment I

Control 16.6 15.9 20.5
Termination 16.2 16.2 22.0

(200 minutes)
Experiment II

Control 44.1 45.1 52.0
Termination 41.0 45.0

(190 minutes)
Experiment III

Control 19.1 20.7 36.3
60 minutes 17.6 20.5
Termination 17.3 20.6 36.0

(215 minutes)

* The determinations were carried out according to
standard techniques (9).

be produced artificially by raising the maternal
urea concentration above physiologic levels; the
latter approach is based on the premise that the
placenta is inert. Actually the placenta is meta-
bolically quite active (16), and Brandstrup (14)
has shown that its permeability to urea has certain
limitations. For these reasons no convincing evi-
dence exists to demonstrate that under normal
physiologic conditions a transfer or exchange of
urea takes place.

In the present experiments an attempt has been
made to approach the physiologic state as closely
as possible. Maternal anesthesia was maintained
at a minimum, and adequate oxygenation was in-
sured by endotracheal intubation of the mother.
At no time during the experiment or in the im-
mediate postoperative period did any of the ani-
mals show signs of anoxia, and in all cases live
baby monkeys were obtained 3 to 12 days after
the operative procedures. The total amount of
blood withdrawn from mother and fetus was 0.7
ml, or less than 2 per cent of the estimated fetal-

per hour per kg fetus, which for the human corresponds
to (0.20) (3.3)/60 = 0.011 mmole per minute or 0.66 mg
per minute. For a placental blood flow of 360 ml per
minute this corresponds to an A-V difference of 0.184 mg
per 100 ml, which would be difficult to define with any
degree of precision.

placental blood volume and a negligible percentage
of the mother's blood.

The amount of urea injected in the first three
experiments was 5.9 mg. This represents 1.5 per
cent of the total maternal urea pool, an increment
that could not have any demonstrable effect on the
"steady state" of the system. When the urea was
injected into the fetal circulation (Figure 2), how-
ever, the total amount of urea in the fetal blood
compartment was obviously increased, and a
steady state was not achieved. The same initial
disturbance occurred during the beginning of the
third experiment (Figure 3) in which the tracers
were injected into the amniotic fluid. Despite
these theoretic objections, the actual variations in
the urea concentrations were minimal (Table I).

Tritium injected into the same compartment as
labeled urea represents a particularly sensitive
monitoring device which would make it possible
to detect any inconsistency or contamination of
the samples. The specific-activity curves for

MINUTES
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FIG. 1. SPECIFIC UREA (SOLID LINE) AND TRITIUM AC-
TIVITY (DOTTED LINE) FOR AMNIOTIC FLUID ANDMATERNAL
AND FETAL BLOODAS A FUNCTION OF TIME. Urea-C14 and
tritiated water were injected into the maternal circulation.
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tritium are shown by dotted lines in Figures 1, 2,
and 3. They are identical with those obtained in
previous experiments (9), and it can be con-
cluded that no gross error or contamination oc-
curred in the collection of urea samples.

The analytic method based upon the enzymatic
liberation of carbon dioxide from blood and amni-
otic fluid samples is highly specific, but the values
must be carefully corrected for inevitable varia-
tions in the enzyme control. That radiourea does
not interfere with the determination of radioactive
volatile carbon dioxide has been shown previously
(8). Conversely, large quantities of radioactive
acid-volatile carbon dioxide could conceivably in-
fluence the values obtained for urea. The error
contributed in this manner, nevertheless, could
not have been very large, for there was no detec-
table activity in the acid-volatile fractions of fetal
and of maternal blood.

Interpretation of tracer curves. The three pre-
liminary experiments in each of which the tracer
was injected into a different compartment yielded
nine specific-activity curves. The conditions un-
der which these three experiments were carried
out were nearly identical, and with some reser-

MINUTES

I IEI LI

FIG. 2. SPECIFIC UREA (SOLID LINE) AND TRITIUM AC-

TIVITY (DOTTED LINE) FOR AMNIOTIC FLUID AND MATERNAL

AND FETAL BLOODAS FUNCTION OF TIME. The tracer mix-
ture was inj ected into the fetal circulation.

1000

en w __ -_

FIG. 3. SPECIFIC UREA ( SOLID LINE) AND TRITIUM AC-
TIVITY (DOTTED LINE) FOR AMNIOTIC FLUID AND MATERNAL
AND FETAL BLOOD AS A FUNCTION OF TIME. The tracer
mixture was injected into the amniotic fluid.

vations the three sets of curves can be considered
as representing the system.

The simplest possible model representing this
system would contain five compartments and a
minimum of 11 significant or possible transfer
rates (Figure 4). The experimental data are not
accurate enough for an analysis of such a compli-
cated system, but a qualitative interpretation of the
curves might give some information on the relative
magnitude of these exchanges.

When radiourea was injected into the maternal
circulation, the specific-activity curves of Figure 1
were obtained. The curve for maternal blood is
very similar to that obtained on the adult human

AM#aOTtt X

XMATERNAL MATERNAL i-- FETAL >
POOL BLOOD wBt.OOs

FXCRET4ON

FIG. 4. A HYPOTHETIC MODELOF THE UREA FLUXES IN
THE PREGNANT ORGANISM. Solid arrows indicate as-

*sumed transfer rates; dotted arrows designate the rate
of endogenous urea production.
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l)y Rittenberg (17), who used N'5 for this purpose.
The initial rapid decline is believed to be due to a
distribution into the general urea pool. The sub-
sequent slower disappearance reflects the meta-
bolic rate, i.e., a dilution by endogenous urea.
This endogenous dilution corresponds to a disap-
pearance constant of 0.00268 per minute or a half-
time of 4.3 hours. For the adult human the half-
time of N15 labeled urea was 8 hours (17). In
view of the higher metabolic rates of primates
(18), a faster turnover should be expected. As
shown below the urea pool is about 84 mg per kg;
hence the rate of urea metabolism for the adult
primate is (0.00268) (84) = 0.22 mmole per
hour per kg.

Simultaneously with the decline of the tracer in
maternal blood, the specific activity curve for the
fetus rises sharply, crosses the maternal curve
twice, and then declines at a rate nearly identical
with the maternal. This double crossing of the
maternal curve is probably due to a temporary
accumulation of the tracer in fetal blood, i.e., a
sampling error rather than a characteristic of the
system. In any case, the rapid equilibration of the
tracer points to a direct transfer of urea from
mother to fetus.

Radiourea also appears in the amniotic fluid
which may come directly from the mother (a) or
be the result of transmission by the fetus (b).

AF

(a)

AF

(b)

The urea compartments in fetus and AF are

nearly equal, yet the tracer curves of Figure 1
for these compartments are widely different. If
a direct transfer from M to AF exists (a), then
this transfer must be appreciably slower than is
the transfer from M to F.

In the second experiment the tracer was in-
jected into fetal blood and appeared in both sec-

ondary compartments (AF and M). The ma-

ternal specific urea activity rises rapidly to reach
a maximum in about 120 minutes. The amniotic
fluid curve exhibits a similar pattern, reaching a

maximum slightly later. This transfer from fetus
to secondary compartments may occur simultane-
ously (c) or via the medium of maternal blood
only (d). Since the maternal urea (blood) com-

partment is about 10 times larger than the urea
contained in the AF, the similarity of the activity
curves (AF and M) suggests that the transfer
from F to M must have been appreciably larger
than the transfer from F to AF. A transfer from
fetus to mother exclusively via the amniotic fluid
(e) is not possible because the maternal curve
passes through a maximum before, not after, the
AF urea activity.

AF

(c)

AF

M<dF
(d)

AF AF

M F M( F
(e) (f)

Figure 2 could, therefore, be explained on the
basis of scheme (d) only, and a direct transfer
from F to AF, (c), (e), and (f), is not established.

Figure 3, where the AF served as a primary
compartment, constitutes evidence for a transfer
from AF to F. The previously established trans-
fer from fetus to mother then accounts for the
rapid rise in maternal specific urea activity which
predictably reaches its maximum much later than
the fetal curve. If a direct transfer from AF to M
occurs at all, it must be very small compared with
the transfer from AF to F. The only additional
information derived from the third experiment is
a transfer from AF to F.

In summary the data obtained in the preliminary
experiments establish most but not all transfer
rates of the hypothetical model. They cannot be
used -to decide whether the urea of the amniotic
fluid is derived from fetus, or mother, or both, and
whether there exists a direct transfer from amnio-
tic fluid to mother bypassing the fetus. Additional
information on the existence of these pathways can
be obtained from the subsequent experiments in
which two tracers for urea were used simultane-
ously.

The use of two tracers has several advantages
in addition to the fact that they clearly illustrate
the opposing fluxes. When only a single tracer
and different animals are used, each specific-ac-
tivity curve is based on individual analyses (com-
partmental size) and is thus subject to a consider-
able error. The relative magnitude of each trans-
fer rate may vary considerably from one animal
to another, and it would, therefore, be difficult to
compare opposing fluxes. When these opposing
fluxes are studied in the same animals and two
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different tracers are used, most of these errors are
eliminated, for any inaccuracy in the basic analytic
values would apply to both sets of curves. The
curves are so interrelated that the experimental er-
ror in the determination of the basic values, e.g.,
compartmental size and carrier dilution, has no
significant effect on their relative position. De-
spite this inherent cancellation of errors, the data
are not suited for a complete analysis of a 5-com-
partment system because it has not been possible
to approach a steady state, at least not to the same
extent as in the first three experiments. Although
the C14-labeled urea had a sufficiently high specific
activity leading to a moderate increase of the total
fetal blood urea, the amount of C13-labeled urea
injected into the maternal pool doubled the ma-
ternal blood urea compartment.

These double tracer experiments are essentially
analogous to the preceding experiments shown in
Figures 1 and 2 but were performed simultane-
ously on the same animal. Both fetus and mother

MINUTES

FIG. 5. SPECIFIC UREA-C1 ACTIVITY (DOTTED CURVES)
AND PER CENT C" EXCESS (SOLID CURVES) IN AMNIOTIC

FLUID, AND FETAL AND MATERNALBLOOD AS A FUNCTION

OF TIME. Urea-C" was injected into the maternal and
urea-C'4 into the fetal circulation. For purposes of com-

parison the calculated initial values for the two tracers
in the primary compartments are equal to unity.

MINUTES

O4

2 -o2 0.0'

0.
In

FIG. 6. SPECIFIC ACTIVITY CURVES AND PER CENT C8
EXCESSAS A FUNCTION OF TIME. The data were obtained
under conditions identical with those of the preceding
experiment.

served as primary compartments (Figures 5 and
6), and their specific-activity curves can now be
compared. In the absence of a placental exchange
these two primary curves would be expected to be
identical since the distribution in their respective
pools should be the same. The rapid exchange of
urea between maternal and fetal blood leads to a
relatively faster dilution of the tracer in fetal blood
as shown in Figures 5 and 6. The evident differ-
ence in the two curves does not imply a difference
in urea metabolism of adult and fetal organism.

The size of the maternal pool can be estimated
from the flat portion of the specific activity curve
(Figure 5). If this is assumed to be straight and
is extrapolated to t = 0, it intersects the ordinate
at 0.22, corresponding to a dilution of 22 per cent.
Since 82.2 mg of urea-C18 was injected, the ma-
ternal urea pool is 82.2/0.22 = 374 mg, and for a
maternal weight of 4.5 kg this corresponds to
83.1 mg per kg, a value that is almost identical
with that reported for the human (17). If the
present observations had been extended for a
longer period (4 hours or more), this datum
could be checked by an analogous extrapolation
of the fetal urea-C14 curve.

The single tracer experiments reproduced in
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IN THE THREE COMPARTMENTSCALCULATED F]
DATA OF FIGURE 5, THE CONTROLVALUES OF TABL
THE AMOUNTOF LABELED UREAADDEDTO EACHOF

MARYCOMPARTMENTS.

Figures 1 and 2 did not permit a definite
sion concerning the transfer to the amniot
The specific-activity curves in Figures
where both tracers were used simultaneot
supply a partial answer to this questior
curves reproduced in Figures 5 and 6 demi
that the percentage of C'3 in the amniotic
consistently and appreciably higher than
specific activity. This is consistent with E
not prove the existence of a direct transf
mother to amniotic fluid.

If the fractional amounts rather than
activities are examined, some additional i:
tion regarding the transfers to the amniol
can be obtained. These fractional amou

produced in Figure 7 as a function of tim
calculated from the specific-activity values
ure 5 and the estimated total amount of
each compartment at the beginning of l
periment. For both primary compartment
ternal and fetal blood) the amount of labe
terial introduced must be added to that or

present. For the fourth experiment (Ta
the ratio of the initial urea content of a

fluid and of maternal and fetal blood was 2.0z

when the fetus served as primary compartment and
0 0.144: 1: 0.0714 when the tracer was injected into

the maternal blood stream. That fetus and mother
contribute to the urea of the amniotic fluid is

IL BLOOD shown by the ratio of the two tracers. At 60
l a 00 minutes the C14 fraction amounts to (1.1) (100)/
I/- BLOOD 12 = 9.1 per cent, whereas the C13 fraction is only

BLOOD (0.35) (100)/14 = 2.5 per cent of the maternal
value. Part or all of the former tracer (urea-C'4)

LUID must have been contributed from sources other
than the maternal compartment, i.e., the fetus.

LOOD The actual quantities transferred per unit of

time cannot be estimated with any degree of ac-

lJD curacy. Only a minimal value can be derived
from the tracer content in the earliest samples of
amniotic fluid when the contribution from sec-

ondary compartments is small or negligible. At
6 minutes the amniotic fluid contained 0.035 per

cent of the urea-C'3 injected into the mother and
0.15 per cent of the urea-C'4 injected into the fetus

RM THEC(EFigure 7). For a blood urea pool of 16 mg for
'ROM THE
.E II, AND the fetus and 228 mg for the mother, the minimal
THE PRI- quantities transferred would be (16) (0.15)/(100)

(6) = 0.004 mg urea-C'4 and (228) (0.035)/
(100) (6) = 0.013 mg urea-C'3 per minute. The

conclu- ratio of these transfer rates indicates that the
tic fluid. amniotic fluid receives about three times as much
; and 6 urea from the mother as it does from the fetus.
isly can The established pathways now include schemes
i. The (a) and (b).

onstrate
fluid is TABLE II

its C14 Significant and supportive data on the two experiments in
-)it does which urea-C13 and urea-C14 were employed simultaneously*
er from

specific
nforma-
tic fluid
nts, re-

te, were

of Fig-

urea in
the ex-

ts (ma-
led ma-

iginally
Lble II)
Lmniotic
2: 14:1

Experiment Experiment
IV V

Weight of mother, kg 4.56 6.55

Weight of fetus, kg 0.435 0.380

Weight of placentae, kg 0.085 0.101

Volume of maternal blood, ml 300 420

Volume of fetal blood, ml 43 38

Volume of amniotic fluid, ml 100 80

Conc. of urea in maternal
blood, mg/100 ml 27.0 21.4

Conc. of urea in fetal
blood, mg/100 ml 24.1 26.3

Conc. of urea in amniotic
fluid, mg/100 ml 33.0 30.9

Amount of urea-C13 added
to maternal blood, mg 147 125

Amount of urea-C14 added
to fetal blood, mg 5.9 5.9

* The concentration of urea in amniotic fluid and in maternal and
fetal blood was estimated before the addition of the tracer.

iI ===iI
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Evidence has been presented for the existence
of all transfers shown in Figure 4 except the flux
from amniotic fluid to maternal blood. This
problem could be investigated by designing ex-
periments analogous to the present double tracer
studies in which the amniotic fluid rather than the
mother would serve as one of the primary com-
partments. The necessity of using large amounts
of C13 would preclude this approach.

If the fetus produces urea, then its endogenous
urea production must result in a net transfer from
the products of gestation to the maternal organism
as represented by a difference in transfer rates
from and to the maternal organism. For a calcu-
lation of these rate constants it is necessary to
simplify the proposed 5-compartment system by
assuming a unidirectional transfer from the pri-
mary compartment to each of the accessible sec-
ondary compartments. For example, when the
tracer is injected into the maternal circulation, the
backflow from fetal blood to mother and to extra-
vascular fetal compartments is negligible at the
beginning of the experiment. For the first few
minutes the transfer to fetal blood, dF/dt, will be
proportional to M, the tracer content of maternal
blood.

dF XM

As long as all flows from fetal blood compartment
are negligible, Equation 1 is valid, but for in-
creasing values of t neither the slope of the fetal
curve nor the amount of tracer in maternal blood
is constant. When the symbol p instead of X is
used for points other than t = 0, the equation be-
comes

[dF/dt]t [2]
P [M}t

with the numerator representing the slope of the
fetal (secondary) curve and the denominator rep-
resenting the corresponding, simultaneously de-
termined amount of tracer in the maternal (pri-
mary) compartment. The value of p thus changes
with time and, if extrapolated to t = 0, approaches
the value of A.

The fractional amounts of each tracer in each
compartment can be determined from the specific-
activity curves and a knowledge of the compart-
mental size. In Figure 7 these fractional amounts

calculated from the data of Figure 5 are plotted
against time. The slopes for each secondary com-
partment can thus be determined for each experi-
mental point by using a Cartesian coordinate sys-
tem. These values divided by the fractional tracer
content in the primary compartment give the value
of p for each value of t as shown in Figure 8. The
function p increases rapidly with decreasing val-
ues of t and the extrapolated value of X is thus
subject to an appreciable error: 0.0035 + 0.0005
per minute for the transfer rate from mother to
fetus and 0.06 ± 0.01 in the opposite direction.
Multiplication of the A's by the total amount of
urea in each primary compartment according to
Equation 1 gives the total amount of urea trans-
ferred. The blood urea pool for the 435-g fetus
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FIG. 8. THE FUNCTIONS [dF/dt]t/[M]t AND [dM],!
[dF] t PLOTTEDAGAINST TIME FOR EXTRAPOLATIONTO t = 0.
The shaded area represents the estimated error.

was 16.3 mg, hence the amount transferred from
fetus to mother was (16.3) (0.06)/0.435 = 2.25
mg per minute per kg; for a maternal blood pool
of 228 mg the transfer rate from mother to fetus
was (228) (0.0035)/0.435 = 1.83 mg per minute
per kg fetus. For the second double tracer ex-
periment these opposing transfer rates were cal-
culated in similar manner and found to be 1.36
and 1.13 mg per minute per kg respectively.

With the maximal error for these opposing
transfer rates taken into account, it is unfortu-
nately not possible to define a net value for the
transfer from fetus to mother. If the endogenous
urea production of the fetus is proportional to that
of the adult (0.2 mmole per hour per kg), this net
transfer amounts to only a fraction of the total
placental exchange.
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SUMMARY

Urea-C13 has been synthesized from sodium cy-

anide-C13. Its analysis in body fluids is described.
Methods were developed and tested for the de-
termination of specific urea (C14) activity in blood
and amniotic fluid using not more than 0.02 ml
of these body fluids. This was accomplished by
using radiourea of high specific activity and iso-
lation of urea carbon by carrier dilution methods.

Pregnant rhesus monkeys at term were sub-
jected to routine operative procedures for the
placement of catheters into maternal arteries, in-
terplacental vessels, and amniotic fluid. A mix-
ture of urea-C14 and tritium oxide was injected
into one of these compartments and multiple sam-

ples collected over a period of several hours.
These were analyzed for urea-C14 and tritium
activity.

In two additional experiments urea-C'3 and
urea-C"4 were injected simultaneously into the
fetal and maternal blood stream. Samples of am-

niotic fluid and of fetal and maternal blood were

then analyzed for their urea-C13 and urea-C14 con-

tent for study of the opposing fluxes.
The specific-activity curves from the first set of

experiments indicated that radiourea is distributed
in a general urea pool the size of which could be
estimated as 84 mg per kg for the mother. There
is a rapid exchange of urea between the maternal
and fetal blood and an appreciably slower transfer
to the amniotic fluid. The specific-activity curves

for the simultaneously injected tracers indicated
that the urea of the amniotic fluid is derived from
mother and fetus in an approximate ratio of 3: 1.
The exchange rate between maternal and fetal
blood could be estimated as 1 to 2 mmoles of urea

per hour per kilogram fetus.
The large inherent error in estimation of these

opposing fluxes made it impossible to demonstrate
a net transfer of urea from fetus to mother. The
maximal rate of endogenous urea production in
the fetal organism amounts to less than one-tenth
of the total placental exchange.
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