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The passage of plasma proteins from mother
to fetus in humans appears to be highly selective.
Although a number of antibodies such as those
against diphtheria (1, 2) and tetanus toxins (3),
typhoid H antigen (4), and poliomyelitis virus
(5) readily cross from the maternal plasma to
that of the fetus, other antibodies such as those
against typhoid O antigen do not (4). This ap-
parent variability in the maternofetal transfer of
plasma antibodies has been shown to depend upon
the class of plasma proteins to which the specific
antibodies belong (6, 7) : antibodies that are 7 S
v.-globulins pass from mother to fetus, but those
antibodies that are 19 S y,-globulins do so much
less effectively or not at all. That the maternofetal
barrier may also be relatively impermeable to y;a-
globulin antibodies and to ceruloplasmin and hap-
toglobin as well is suggested by the observation that
the concentrations of these proteins in the plasma
of the fetus at term are less than 15% of those in
the maternal plasma (8-10). Although 19 S y,-
globulin is much larger in molecular weight than
7 S y,-globulin, ceruloplasmin and haptoglobin
have molecular weights that are similar to or
smaller than that of 7 S y,-globulin. The selective
transfer of 7 S vy,-globulin across the maternofetal
barrier, therefore, may not be determined solely
by molecular size.

The nature of this selective maternofetal trans-
fer of 7 S y,-globulin has been studied by Bram-
bell and his colleagues in rabbits (11, 12). The
7 S y,-globulin molecule can be hydrolyzed by
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papain into three major polypeptide fragments
nearly equal in molecular size: two of these frag-
ments each contain a single antibody site, whereas
the third fragment has no antibody activity (13).
By labeling such fragments obtained from rabbit
v.-globulin and injecting them into the pregnant
doe, the amount found in the fetus 24 hours later
could be determined; the data suggested that the
transmission of 7 S y,-globulin to the fetus de-
pends upon the nonantibody portion of the mole-
cule (12).

In this study the selectivity of the transfer of
7 S y,-globulin was reinvestigated in the pregnant
woman by using several labeled human proteins
of different molecular weights and fragments of
7 S y,-globulin obtained by papain hydrolysis.

Methods

Plan of study. Normal women in their last month of
an uncomplicated pregnancy were given 100 mg of stable
KI orally per day. After administration of the KI was
begun, the women were given a single intravenous in-
jection of a specific human plasma protein labeled with
I**!; the injection was given at a time varying from a few
minutes to 4 weeks before delivery. Between the time
of injection and the time of confinement for the delivery,
the women were ambulatory and attended the outpatient
department of the Hospital de Gineco-Obstetricia, Centro
Médico Nacional del I.M.S.S,, for routine prenatal care.
The amount of labeled protein given each woman was
2 mg or less, and the amount of radioactivity in each
injection varied from 0.15 uc of I per kg of body
weight when radioiodinated 7 S #.-globulin was in-
jected to 04 pmc of I™ per kg of body weight
when radioiodinated acid glycoprotein was studied.
Measurements over the thyroidal area of several of the
newborn infants selected at random in this study indi-
cated a level of radioactivity virtually identical to that
over a similar area of the thigh of the same infant with-
out evidence of localized concentrations, indicating ef-
fective inhibition of thyroidal uptake of radioiodide by
the stable iodide given the mother., The maximal
amount of radiation received by the vascular system and
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its contents, which were the tissues of maximal concen-
tration of the radioisotope, was less than 100 millirads
for the mother and less than 30 millirads for the fetus.

The amount of radioactivity in the maternal plasma
10 minutes after injection of the labeled protein at vari-
ous intervals before delivery and during the delivery of
the infant was determined as well as that in the infant’s
cord plasma at birth. When possible, samples of amniotic
fluid were obtained per vagina when the mother’s mem-
branes ruptured; the amounts of radioactivity in sam-
ples of this fluid were determined also.

Proteins studied. The preparations of acid glycopro-
tein, albumin, transferrin, 7 S +.-globulins, and fibrino-
gen used in this study were obtained from the pooled
plasma of normal adults by using the low temperature
ethanol-water fractionation methods of Cohn and his
colleagues.

1) Three times crystallized acid glycoprotein, or oroso-
mucoid, was used.! The protein has a molecular weight
of 44,000 (14).

2) The plasma albumin used was preparation decanol
10, a twice crystallized albumin that has been character-
ized physicochemically and immunochemically in earlier
reports (15, 16).

3) The four times crystallized transferrin, or iron-bind-
ing globulin,2 used was electrophoretically homogeneous,
although traces of albumin and ~:-globulin, less than 1%
of each, were found by the quantitative immunochemical
precipitation method. Transferrin has a molecular weight
of approximately 90,000 (17, 18).

4) The 7 S ~.-globulin preparation used had a sedi-
mentation coefficient, Sx,w, of 6.8 S in a 1% solution,
and it contained over 98% v.-globulin as determined elec-
trophoretically on paper and by moving boundary. With
the quantitative precipitin method, the preparation was
found to contain approximately 1% albumin.

5) The starting material for the purified fibrinogen
used in this study was irradiated, Seitz-filtered Fraction
I of Cohn as prepared by the method of Blombick and
Blombick (19); the fibrinogen was isolated from this
fraction by Dr. Edward Hershgold using the method of
Morrison, Edsall, and Miller (20). Approximately 95%
of the protein in the final preparation of fibrinogen was
readily clotted with thrombin, and the clottability of the
preparation was not affected significantly by radioiodina-
tion.

6) Macroglobulins were isolated from the plasma of a
single adult donor by Dr. Philip Fireman and Dr. Fred
Rosen: 25 ml of fresh plasma was passed through a
2.5-cm by 150-cm column of Sephadex G-2003 equili-
brated with 0.1 M NaCl; the first portion of the first
protein peak in the effluent was concentrated by nega-
tive pressure dialysis and centrifuged in a sucrose gradi-
ent (21), 10% at the top of the tube to 40% at the bot-

1 Kindly supplied by Dr. Karl Schmid of Boston Uni-
versity.

2 Obtained from Dr. J. L. Oncley of the University
of Michigan.

3 Pharmacia, Uppsala, Sweden,
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tom, at 105,000 times g in a swinging bucket in a Spinco
model L ultracentrifuge for approximately 18 hours.
The protein in the bottom 1 cm of the tube was collected
with the aid of a tube slicer and was used, after dialysis
against 0.15 M NaCl, without further purification. The
proteins in this preparation had a sedimentation velocity,
Swo,w, of approximately 19 S, and immunoelectrophoresis
revealed that the proteins present were a.-macroglobulin
and vy:-macroglobulin; after radioiodination and separa-
tion of the radioactive proteins by paper electrophoresis,
approximately 55% of the total radioactivity was associ-
ated with a.-macroglobulin and 45% with y,-macroglobu-
lin,

7) Polypeptide fragments were obtained from 7 S .-
globulin by hydrolysis with papain (13) at pH 7.0 in an
enzyme to protein ratio of 1:1,000 by weight as described
elsewhere (22). These fragments were each approxi-
mately 50,000 in molecular weight with a modification
of the sedimentation equilibrium method of McFariane
and Kekwick (23), and three fragments were obtained
per hydrolyzed 7 S v.-globulin molecule. Two of the
fragments each contained one of the two antibody sites
of the original 7 S v.-globulin antibody molecules; these
were the S fragments (24). The remaining large frag-
ment had little or no detectable antibody activity and was
readily crystallized (23) ; this fragment was the F frag-
ment (24). Isolation of these fragments from the papain
hydrolysate of 7 S v.-globulin was performed by using
columns of DEAE cellulose and Sephadex G-100 as de-
scribed elsewhere (22). The final preparation of F frag-
ment contained less than 0.1% of S fragments as
determined immunochemically. The preparation of S
fragments contained several immunochemically related
components, all of which were immunochemically different
from the F fragment; if any undegraded 7 S #.-globulin
was present in this preparation, its concentration was less
than 0.1% by weight as determined immunochemically.

8) Low molecular weight y-globulins were isolated as
described elsewhere (25) from the urine of normal adult
males whose blood had been transfused into sick children
on several occasions without clinical manifestations of
hepatitis in the recipients. These proteins, which are
termed vu-globulins in this report, were heterodisperse in
the ultracentrifuge, having an average sedimentation ve-
locity of Sw,w = 1.5, with a range from less than 1 S and
a molecular weight of 12,500 to 3 S with a molecular
weight of 30,000 (25). The ~u-globulins were immuno-
chemically related to the S fragments obtained from 7 S
vq:-globulins : rabbit antisera prepared against the .-
globulins cross-reacted with S fragments, and antisera
against S fragments cross-reacted with ~u-globulins.
Like the S fragments, the +u.-globulins possessed anti-
body activity (25) and were immunochemically distinct
from the F fragment of 7 S v:-globulin.

Radioiodination. The proteins were labeled with I'!
by a modification of the nitrous acid method of Press-
man and Eisen (26). Briefly, carrier-free I was ob-
tained as iodide in bisulfite; 2 umoles of stable KI; was
added to the radioiodide for each micromole of protein
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to be iodinated and then oxidized to I. with nitrous acid.
After bringing the radioiodine solution to pH 7, it was
then added to the protein, which was dissolved in bi-
carbonate buffer at pH 9.3. The efficiency of iodination
by this method was approximately 15 to 20%, and the io-
dinated protein contained an average of approximately
0.5 atoms of iodine per molecule of protein. Nonprotein
radioactivity was removed from the labeled protein solu-
tions by passage through 1- by 5-cm columns of Dowex-2
resin followed by dialysis against several changes of
0.15 M NaCl for 24 hours. Sterilization of the final solu-
tions was accomplished by pressure filtration through an
ultrafine sintered glass filter, and bacterial sterility was
confirmed by culture on blood agar and in infusion broths.
Not more than 2% of the total radioactivity of the
final preparation of each of the labeled proteins, with the
exception of the labeled ~vu.-globulins, remained unpre-
cipitated in 10% trichloroacetic acid (TCA). Since a
large proportion, approximately 20%, of the unlabeled vyu-
globulin was not precipitable in 10% TCA, the amount of
protein-bound radioactivity in the radioiodinated ~yu.-glob-
ulin preparation could not be determined by this method;
however, less than 2% of the total radioactivity could
be removed from the solution of labeled urine «y-globulin
by further dialysis against 0.15 M NaCl for 72 hours.
A single preparation of each of the radioiodinated pro-
teins was used in this study with the exception of radio-
iodinated 7 S ve-globulin. In the case of the latter pro-
tein, two preparations of the labeled protein were used,
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13 women being studied with one and 10 women with
the other.

Estimation of radioactivity. Samples of plasma and
amniotic fluid were placed in 4-ml vials, and the radio-
activity in each sample was estimated with a 2-inch well-
type Nal crystal; counting efficiency for I'™ was ap-
proximately 50%, and counting standards were used to
avoid problems incident to radioactive decay, changes in
the counting efficiency of the system, and differences in
the geometry of the samples. Nonprotein radioactivity
was determined in samples of plasma and amniotic fluid
by precipitating the proteins with an equal volume of 10%
TCA, centrifuging, and estimating the radioactivity in
a sample of the supernatant fluid.

In a few instances, zonal electrophoresis in starch (27),
filtration through Sephadex (28), and precipitation with
rabbit antiserum were used to determine the nature of the
radioactivity in the sera of women given labeled S frag-
ment and in the corresponding cord sera. The starch
blocks used for electrophoresis measured 4 by 30 cm,
and electrophoresis was performed in barbital buffer,
pH 86, of ionic strength 0.1 at 15 v per cm for 18 hours
at 4° C. The blocks were then cut into segments 1 cm
wide and the proteins eluted with 0.15 M NaCl. The
eluates were assayed for radioactivity and the optical
densities of the eluates determined in a Beckman spec-
trophotometer at a wave length of 280 mu. Two differ-
ent columns of Sephadex, each 2.5 cm wide, were used
for each sample of serum to be studied; elution in each
was with 0.1 M NaCl, and the eluates were collected in
5-ml volumes. The serum was first passed through a
column consisting of a layer of G-25 over a layer of
G-50, each layer being 18 cm high; the optical densities
of the eluates were determined at a wave length of 280
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mu and the eluates assayed for total and TCA-precipi-
table radioactivity. The proteins excluded by this column
were then pooled, and a 10-ml sample was passed through
the second column of Sephadex, which consisted of layers
of G-75, G-100, and G-200 from top to bottom, each
layer being approximately 13 c¢cm high. Again optical
densities and total and TCA-precipitable radioactivity
of the eluates were determined. The concentrations of
albumin and 7 S y:-globulin in the latter eluates were
also estimated.

The rabbit antiserum used for precipitating S frag-
ments was one that was prepared against 7 S v.-globulin.
The antiserum readily precipitated over 95% of the la-
beled S fragment preparation used, whether the latter
was mixed with carrier S fragments or 7 S «.-globulin;
it did not precipitate F {ragment.

Immunochemical estimation of plasma protein concen-
trations. The concentrations of albumin, transferrin,
7 S ~--globulin, and fibrinogen in maternal and cord sera
(Table I) were estimated immunochemically by a uni-
dimensional agar diffusion method (29) as described

TABLE I

Concentrations of specific proteins in maternal and cord
plasma and in amniotic fluid

Plasma
Amniotic
Protein Mother  Newborn fluid
g/100 ml  g/100 ml 8/100 ml
Albumin 3.23 3.45 0.200
Transferrin 0.401 0.179 0.006
7 S ve-globulin 1.75 1.56 0.189
Fibrinogen 0.538 0.392 0

elsewhere (30). The same method was used to esti-
mate the concentrations of albumin and 7 S ~.-globulin
in the eluates obtained from the Sephadex columns.
Briefly, the specific antiserum was incorporated into 0.5%
agar in borate buffer of pH 8.6 and placed in glass tubes,
10 cm long with an internal diameter of 4 mm, so that
about half of the tube was filled ; the top half of the tube
was filled with the fluid to be studied. After 24 hours,
the distance between the agar-fluid interface and the pre-
cipitin band that formed in the agar phase was measured
and the concentration of specific protein determined from
a standard curve that was obtained with duplicate tubes
and known concentrations of the given protein. Albumin
and 7 S v:-globulin were estimated with horse antisera;
transferrin and fibrinogen were determined with rabbit
antisera.

Results

I. The disappearance of radioiodinated proteins
from the plasma. The disappearance of radioio-
dinated proteins from the plasma of pregnant
women during the last month of gestation is shown
in Figures 1 to 4: the relative concentration of la-
beled protein remaining in the plasma at the time
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TABLE II

Half-lives of radioiodinated proteins
in the pregnant women at term

Number Amount Average
of of radio- half-life
X mothers  activity of protein
Protein studied  injected in mother
uc/kg days
Acid glycoprotein 14 0.4 3.8
umin 18 0.2 14.5
Transferrin 16 0.3 12
7 S y2-globulin 23 0.15 20.5
Fibrinogen 11 0.2 2.5
19 S macroglobulin 13 0.4 8.0
F fragments 13 0.2 4.0
S fragments 10 0.2 0.3
) (107 =4.0)
vu-Globulins* 15 0.2 0.4

* Low molecular weight urine y-globulins.

the protein and the delivery. Since each deter-
mination of C/C, represents the plasma disappear-
ance of a labeled protein in but one person, the
average plasma disappearance curve thus obtained
for a given protein represents a composite of the
determinations of C,/C, in 10 to 23 different
women. The average half-times of turnover or
half-lives, t;, of the proteins studied were estimated
from these plasma disappearance curves by simple
graphic analysis ; the half-lives thus determined are
listed in Table II.

The plasma disappearance of the labeled S frag-
ment preparation (Figure 4) beginning 3 to 4
days after injection reached a relatively constant
fractional rate representing a half-life of 4 days.
If we assume a body distribution of the S frag-
ments similar to that obtained for the other pro-
teins and the F fragment, the component with
a half-life of 4 days would represent about 10%
of the total S fragment preparation; graphic
analysis of .the disappearance curve then yielded
a t; of plasma disappearance of 0.3 days for the
remaining polypeptides in the S fragment prepa-
ration during the period from approximately 8
hours to 3 days after injection. In accord with
these differences in the t; of disappearance of dif-
ferent fractions of the labeled S fragments, the
nature of the protein-bound radioactivity present
in the maternal serum appeared to change with
time after injection. The protein-bound radioac-
tivity present in the preparation of labeled S frag-
ments mixed in witro with normal serum and that
present in maternal serum obtained 10 minutes
after injection of the labeled S fragments had simi-
lar properties by starch block electrophoresis and
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Sephadex filtration: the protein-bound radioac-
tivity had the mobility of a slow y,-globulin on
starch electrophoresis (Figure 5A); it was ex-
cluded by Sephadex G-50, and it appeared with
or just after albumin upon elution from the mixed
column of Sephadex G-75, G-100, and G-200
(Figure 5E). In maternal serum obtained 8 to
12 hours after injection, the mobility of the pro-
tein-bound radioactivity appeared to be slightly
faster than that present 10 minutes after injection
(Figure 5B) ; the protein-bound radioactivity was
excluded by Sephadex G-50, and it appeared with
or somewhat before albumin, but after 7 S v,-
globulin, upon elution from mixed columns of
Sephadex G-75, G-100, and G-200 (Figure 5C).
Of the total radioactivity present in the maternal
serum, variable amounts were included in Sepha-
dex G-25 or G-50; the radioactivity in these frac-
tions was not precipitable with TCA even in the
presence of added carrier serum.

The maternal plasma disappearance of labeled
yu-globulins was followed for only 44 hours, but
during the time from approximately 8 hours after
the injection until the end of the observation pe-
riod, the t; of disappearance from the maternal
plasma was 0.4 days; this t; is similar to that ob-
tained for the major fraction of labeled S frag-
ments during the same interval after injection.

In some instances, the plasma of the infant at
birth contained sufficient amounts of radioactivity
to permit following the plasma disappearance of
the labeled protein in the child over a period of 4
to 10 days: the disappearance of radioiodinated
7 S vy,-globulin transferred from mother to fetus
was studied in 8 newborns, and the disappearance
of radioiodinated albumin transferred from mother
to fetus was followed in 6 newborns. For both 7S
yo,-globulin and albumin, the fractional rate of
disappearance of the labeled protein from the
plasma in most of the infants studied was almost
constant from birth, even if the infant was born
as soon as 24 hours after injection of the protein
into the mother, indicating that the rate of diffu-
sion of these proteins from the infant’s plasma
into the infant’s extravascular fluids was greater
than the rate of transfer of the proteins from
mother to fetus. The estimated half-lives of these
proteins varied widely in the newborns that could
be followed, from 7 days to 25 days for transferred



PLACENTAL TRANSFER OF PLASMA PROTEINS

labeled 7 S y,-globulin and from 5 days to 15 days
for transferred labeled albumin.

II. The appearance of radioiodinated proteins
wn fetal plasma. The concentration of labeled al-
bumin and 7 S y,-globulin found in the infant at
birth at various intervals after the injection of
these proteins into the maternal circulation is
shown in Figures 1 and 2. The infant’s plasma
concentration of labeled albumin was extremely
variable : some infants had but 0.2 to 0.4% of the
initial maternal plasma concentration, whereas
other infants had plasma concentrations of 1 to
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5% of the initial maternal concentration in a simi-
lar time interval. On the other hand, the infant’s
plasma concentration of labeled 7 S y,-globulin at
birth increased quite uniformly with increasing
time after injection of the labeled protein into the
mother, rising to levels above 10% of the initial
maternal plasma concentration after 10 days.
Since the infant’s plasma concentration of la-
beled protein is dependent in part upon the ma-
ternal plasma concentration of labeled protein, and
since the maternal concentration of 7 S y,-globu-
lin decreased more slowly than that of labeled
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CIRCLES) IN CORD PLASMA OF THE INFANT AT BIRTH RELA-
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albumin, the concentration of labeled protein in the
infant’s plasma at delivery, C,, was expressed in
terms of the maternal plasma concentration at that
time, or C;/Cy; the more rapid increase in the
infant’s plasma concentration of 7 S y,-globulin
compared to the increase found for labeled albu-
min is readily apparent (Figure 6). The data
obtained for the other labeled proteins were simi-
larly calculated, and the values of C;/C,, at vari-
ous time intervals between injection and delivery
are presented in Figures 7 to 10. The ordinates
in Figures 6 to 10 are linear, and the ordinates in
Figures 1 to 4 are logarithmic; the values of C;
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for a given protein can be obtained readily by
multiplying the values of C;/C, in Figures 7 to
10 by the values of C,,/C, at a given time in Fig-
ures 3 and 4. The rates at which the relative
concentration of labeled acid glycoprotein (Fig-
ure 7), transferrin (Figure 7), fibrinogen (Fig-
ure 8), and 19 S macroglobulins (Figure 8) in-
creased in fetal plasma were much lower than that
found for labeled 7 S v,-globulin; on the other
hand, the relative concentration of labeled F frag-
ment increased more rapidly than did that of la-
beled 7 S y,-globulin (Figure 9).

The relative concentration of S fragments in
cord plasma increased as rapidly as did that of
F fragment for the first 12 hours after adminis-
tration to the mother (Figure 10) ; unfortunately,
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no observations were made during the period
from 12 to 44 hours, and after this interval, little
or no TCA-precipitable radioactivity could be de-
tected in cord plasma. The only protein-bound
radioactivity present in cord serum 12 hours after
the injection of labeled S fragments into the mother
migrated on starch as a y,-globulin, and upon pas-
sage through the mixed Sephadex columns, it
was eluted after 7 S vy,-globulin but before albu-
min (Figure 5D). Over 95% of this radioactivity
was precipitable with rabbit antiserum. The
largest fraction of the total radioactivity in cord
serum at this time was included in Sephadex G-25
and G-50, and these fractions were not precipitable
with TCA.

The relative concentration of labeled y,-globu-
lins in the infant increased as rapidly as that of
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F fragment during the 1-day period of observa-
tion (Figure 10), with the exception of one in-
fant delivered at 25 hours; no observations of the
relative concentration of yy-globulins in cord
plasma were made after 25 hours.

The cord plasma concentrations, C;, of labeled
F fragment were found to be from 25 to 75% of
those of 7 S y,-globulins during the period from
approximately 1 day to 23 days after injection
into the mother; 23 days was the longest interval
of time between the injection of F fragment and
delivery of the infant. The cord plasma concen-
trations of y,-globulins and S fragments were very
similar to each other, as indicated by the data in
Figures 4 and 10, and these concentrations were
approximately 10 to 25% of those for F fragment
during the initial 12-hour period of observation of
S fragments and the 1-day period of observation
of the yy-globulins.

III. The appearance of radioiodinated proteins
in amniotic fluid. Of the four amniotic fluids ob-
tained at the onset of delivery from women given
labeled acid glycoprotein, the time intervals be-
tween injection and procurement of the fluids
ranged from 3 days, 11 hours to 9 days, 11 hours.
None of these fluids had detectable TCA-precipita-
ble radioactivity ; the concentration of labeled acid
glycoprotein in the corresponding newborn plasma
was 2.8 to 14.8% of that in the maternal plasma
at delivery.

Amniotic fluid was secured at delivery from six
women given labeled albumin ; of these, four fluids
were obtained from 3 to 9 hours after injection,
and one fluid each was obtained after an interval
of 25 days, 18 hours and 32 days, 14 hours, re-
spectively. The latter two fluids had no detectable
TCA-precipitable radioactivity, although the new-
born plasma contained 14.2 and 15.2%, respec-
tively, of the amount present in the maternal
plasma at that time. Protein-bound radioactivity
was present in the early four fluids, however, the
concentration being from 0.4 to 0.9% of that in
the maternal plasma; the corresponding newborn
plasma concentrations ranged from 1.4 to 2.7%.
The specific activity of the latter four amniotic
fluids, or the counts per minute per milligram of
endogenous albumin in a given sample, was ap-
proximately 3 to 5 times that in the infant's
plasma.
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Of five amniotic fluids obtained at the delivery
of mothers given labeled transferrin, the interval
between injection and delivery ranged from 4 days
to 19 days, 1 hour; two fluids contained no detec-
table protein-bound radioactivity, and two con-
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tained 0.1 and 0.4%, respectively, of that in the
maternal plasma.

Amniotic fluids were obtained from five women
given labeled 7 S y,-globulin. For four of these,
the interval between injection and delivery was
4 hours. Two had no detectable protein-bound
radioactivity, and two had only 0.1% of the radio-
activity found in the maternal plasma; the in-
fants at this time had 1.2 to 1.9% of the concentra-
tion of labeled 7 S y,-globulin in the maternal
plasma. Of the two infants corresponding to the
two amniotic fluids that contained protein-bound
radioactivity, the plasma concentration of labeled
protein was 19 times that in the amniotic fluid, and
the specific activity of the plasma 7 S y,-globulin
was approximately 2.5 times that in the amniotic
fluid. The fluids obtained after an interval of 22
days, 22 hours had no detectable protein-bound
radioactivity, whereas the concentration in the in-
fant’s plasma was 125% that of the mother.

Of the three amniotic fluids obtained at an in-
terval of 4 hours to 8 days after the injection of
labeled fibrinogen and of the three amniotic fluids
obtained at an interval of 11 days to 16 days, 16
hours after the injection of 19 S macroglobulins,
none had detectable protein-bound radioactivity.

Discussion

Brambell and his colleagues have presented ex-
tensive evidence in rodents to indicate that, in these
animals, transfer of plasma proteins from mother
to fetus is by way of the yolk sac splanchnopleur
(11). They inferred from their findings that the
pathway for maternofetal transfer of plasma pro-
teins in primates might be the amniotic fluid.
Wasz-Hockert, Wager, Hautala, and Widholm
(31) indicated that amniotic fluid may not be the
route of transfer of diphtheria antitoxin, a 7 S v,-
globulin antibody, in humans when they observed
that infants with esophageal atresia had amounts
of this antibody in their plasma similar to those in
normal children. Bangham, Hobbs, and Terry
(32) injected radioiodinated homologous serum
into the amniotic fluid in pregnant rhesus monkeys
and noted that little, if any, of the labeled protein
was present in the fetal plasma 3 to 24 hours
later; in the rhesus monkey, the route of trans-
fer appeared to be transplacental. Dancis and his
associates (33) injected radioiodinated albumin
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and y-globulin into the circulation of women at
3-month gestation who were to undergo therapeu-
tic abortion 18 to 24 hours later and observed that
the amount of TCA-precipitable radioactivity per
unit volume of amniotic fluid was less than that
present in fetal blood at the time of operation.
To exclude a protein-concentrating mechanism by
the fetus, they injected human serum containing
tetanus antitoxin directly into the amniotic fluid
in women near term who were to undergo Ce-
sarean section and found that after 18 to 24 hours,
the concentration of tetanus antitoxin in fetal blood
was less than that in the amniotic fluid. In the
study reported here, the specific activity of 7 S
v.-globulin and transferrin in the amniotic fluid at
delivery was always lower than that in the plasma
of the infant, even when the protein had been given
to the mother almost 3 weeks or more earlier; in
several instances no labeled 7 S +v,-globulin or
transferrin could be detected in amniotic fluid
when the plasma of the newborn infant contained
significant amounts of these proteins. Of the
mothers given labeled acid glycoprotein, fibrinogen,
or 19 S macroglobulins, those amniotic fluids that
were examined did not contain detectable amounts
of these proteins, although the proteins were pres-
ent in the plasma of the corresponding infants. It
would seem quite clear, therefore, that amniotic
fluid is not the route of transfer in man for acid
glycoprotein, transferrin, 7 S vy,-globulin, fibrino-
gen, or 19 S macroglobulin. That amniotic fluid
is probably not the route of transfer for labeled
albumin as well is indicated by the finding that
two of the six amniotic fluids examined for this
protein did not have detectable quantities, al-
though significant amounts were present in the
infant. The site of transfer of plasma proteins
between mother and fetus in man appears to be
the placenta.

In their study of the selective transfer of 7 S
v.-globulin in pregnant rabbits, Brambell and his
associates found that the serum concentration of
Fragment III in the fetus 24 hours after placing
the labeled fragments in the uterine lumen was 6 to.
10 times that of Fragments I and IT and only 25%
of that of labeled 7 S y,-globulin (12). In the
present study in pregnant women, the concentra-
tion of labeled F fragment, the analog of Fragment
111, found in cord plasma, C;, was 4 to 10 times
that of labeled S fragments, the analog of Frag-



PLACENTAL TRANSFER OF PLASMA PROTEINS

ments I and II, during the first 12 hours after
administration to the mother, and varied from ap-
proximately 25 to 75% of the plasma concentra-
tion of 7 S y,-globulin over the 23-day period of
observation of the F fragment. Thus, the results
presented here, despite the differences in species
studied and the route of administration to the
mother, are actually very similar to those obtained
by Brambell. The v,-globulins, which are im-
munochemically similar to S fragments in that the
two groups of proteins have similar antigenic de-
terminants, possess antibody activity, and are im-
munochemically very different from F fragments,
had cord plasma concentrations similar to those of
S fragments.

On the basis of their data, Brambell and co-
workers suggested that the selective maternofetal
transfer of 7 S y,-globulin was attributable to the
nonantibody region of the molecule (12). How-
ever, the relative rate at which a labeled protein
appears in fetal plasma is not a simple measure
of the maternofetal transfer of the protein; the
concentration of a given labeled protein in the
plasma of the fetus is, of course, dependent upon
1) the rate of transfer from mother to fetus,
which in turn is dependent upon the permeability
of the placenta to that protein as well as the con-
centration of labeled protein in the maternal
plasma, and 2) the rate of disappearance of the
protein from the fetal circulation, which in turn
is dependent upon the rate of degradation of the
protein by the fetus, the net diffusion of labeled
protein from the fetal plasma into the interstitial
fluids of the fetus, and the net transfer of the pro-
tein from fetus to mother. Although two labeled
proteins may cross the maternofetal barrier at the
same rate, if the rates of degradation of the two
proteins are different in either the fetus or in the
mother, their plasma concentrations in the fetus at
any given moment will be different. The serum
concentration of labeled protein found in the rab-
bit fetus, when expressed only in terms of the
amount placed in the uterine lumen 24 hours ear-
lier, as in the study by Brambell and co-workers,
is not necessarily a valid measure of the materno-
fetal transfer of that protein. Even if there were
no differences in the rates of diffusion of the vari-
ous labeled proteins from the uterine lumen and
with the acceptance of Brambell’s conclusion that
transfer in the rabbit occurs primarily via the
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splanchnopleur so that the maternal concentration
of the protein need not be involved, such data do
not reflect any possible differences in the half-lives
of different proteins in the fetus. In the present
study, the half-life of F fragment in the pregnant
women was more than 10 times longer than that
of the major portion of the S fragments but only
20% of that of 7 S y,-globulin. To take some ac-
count of these differences in half-life, the concen-
tration of labeled protein in the cord plasma in
this report was expressed in terms of the ma-
ternal plasma concentration present at the same
time. Calculated in this manner, the relative con-
centration of S fragments in the fetus at term, at
least during the first 12 hours of observation, was
similar to that of y,-globulins and of F fragment,
and these concentrations were higher than those
for 7 S y,-globulin. To calculate the maternofetal
transfer rates for these proteins, however, it is
necessary to know the rates of degradation of
the proteins in the fetus and their rates of trans-
fer from the fetus to mother, and this information
was not obtained in the present study nor in the
study by Brambell and associates.

An explanation for the increase in C;/C, for
S fragments over the first 12 hours after injection
and then the absence of S fragments in the fetus
by 44 hours after injection would seem to lie in
the metabolic heterogeneity of this polypeptide
fraction. Approximately 90% of the preparation
had a half-life of 0.3 days, whereas the remainder
had a half-life of 4 days. A component with a
half-life of 0.3 days would not readily be detected
in the fetus 44 hours after injection, although the
component with a 4-day half-life would be found
in the maternal plasma. The evidence obtained
by starch electrophoresis, Sephadex filtration, and
immunochemical precipitation suggests that the
protein-bound radioactivity present in cord plasma
was a component of the S fragment preparation
and not a degradation product: it migrated as a
v.-globulin, but appeared in fractions different
from y,-globulin when passed through Sephadex,
and it reacted with specific antiserum. Although
the protein-bound radioactivity present in maternal
and cord plasma 12 hours after the injection dif-
fered considerably in electrophoretic and filtration
characteristics from the bulk of the labeled pro-
tein present in the S fragment preparation before
injection, this is compatible with the demonstrated
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metabolic heterogeneity of the S fragment prepa-
ration. Values obtained for C;/C, at 44 hours
after injection and later suggest that the fraction
present in the fetus had a half-life shorter than 4
days or C;/C, would not have decreased, since
the fraction that remained in the maternal plasma
had a half-life of 4 days. The values of C;/Cy
also suggest that the component of 4-day half-life
remaining in the maternal plasma did not pass
from mother to fetus and that the S fragment
preparation was heterogeneous as regards transfer
across the placenta.

The observation that different heterologous
plasma proteins may reach different fetal serum
concentrations after injection into the mother was
noted by Brambell and co-workers (11) in rab-
bits. Bangham and associates (32) clearly pointed
out that after injection of labeled homologous
proteins in the rhesus monkey, the relative con-
centration of labeled albumin found in the fetus
was less than that of labeled y-globulin. This
was found to be the case in the human fetus of 3
months gestation by Dancis and his associates (33)
and in the human infant at term in this study.
Apparently, each of the plasma proteins studied
may pass from mother to fetus during the last
month of gestation, although there may be con-
siderable variation from individual to individual in
the extent to which a given protein crosses the
placenta, and in some instances, relatively little or
no labeled 19 S macroglobulin, transferrin, fibrino-
gen, or even albumin appeared in the fetal plasma.
The low relative plasma concentration of labeled
19 S macroglobulins found in the fetus at term,
however, is in accord with the relative deficiency
of this protein in the newborn (34). As stated
earlier, however, relative fetal plasma concentra-
tions of labeled proteins cannot be translated into
transfer rates from mother to fetus until data are
obtained concerning the rates of degradation of
these proteins in the fetus and their rates of trans-
fer from fetus to mother; such information was
not obtained in this study nor in the earlier
studies.

The relative fetal plasma concentration of la-
beled protein was determined as C;/Cy,. If any
significant fraction of the labeled protein prepara-
tions used had been denatured so as to preclude
maternofetal transfer, while such denatured pro-
tein remained in the circulation, C;/C, would be
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lower than if the denatured component were not
present and would equal C;/ (Cy' + C4), where Cqy
represents the maternal plasma concentration of
the denatured protein and C,' is the maternal
plasma concentration of the protein that can pass
to the fetus. Denaturation either during isolation
of the unlabeled protein or during radioiodination
results in rapid degradation of the labeled pro-
tein, usually with almost complete elimination of
the protein within 24 to 48 hours (35), or results
in a decrease in the half-life of the protein, or
both (36). Thus, as the denatured protein is re-
moved from the circulation, Ci/(Cwn’ + Cq4) ap-
proaches C;/C,, the same value as when no de-
natured nontransferable protein is present in the
preparation. In any event, the average values of
Ci/Cn for all of the labeled proteins, with the
exception of S fragments, increased gradually over
the entire period of observation, whereas a sud-
den increase during the first 24 to 48 hours was
not observed, suggesting that denaturation serious
enough to result in rapid maternal degradation
without maternofetal transfer was not a significant
factor in the present study; the reasons for the
decrease in C;/Cy, for S fragments after 12 hours
were discussed earlier. In addition, the average
half-life of the labeled 7 S y,-globulin preparation
in the pregnant women studied was 20.5 days, a
value that agrees well with the average half-life
of 23 days obtained by Cohen and Freeman (37)
for radioiodinated 7 S y,-globulin in normal adults,
the protein in the latter study being isolated by
DEAE cellulose column chromatography and ra-
dioiodinated by the iodine monochloride method
(38). The half-life of transferrin in this study
was 12 days, longer than that obtained for trans-
ferrin in normal adults by Katz, ie., 6.7 to 84
days, who used a relatively simple I, method of
iodination (39). The half-life of 14.5 days ob-
tained for the radioiodinated albumin preparation
in these pregnant women is in accord with the
half-life of this protein in normal adults reported
by Berson, Yalow, Schreiber, and Post (40) who
used a different method of iodination from that
used here. Although such evidence is not proof
that the labeled protein preparations in this study
were not denatured, at least the preparations of
albumin, transferrin, and 7 S v,-globulin behaved
as did simliar labeled preparations in which the
proteins used were isolated or iodinated by meth-
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ods other than those used in this study. Since
the S fragments and F fragments were obtained
by enzymatic digestion of 7 S vy,-globulin, they
are, of course, degradation products of the parent
protein. The data in man and in animals would
suggest that the method of iodination as used in
this report would not significantly modify the
half-lives of these proteins (41).

Although the transfer of 7 S y,-globulin was
observed for almost 35 days and the transfer of
F fragment was observed for 23 days, a steady
state for labeled protein between mother and in-
fant, at which time C;/C,, would become constant,
was not reached. DuPan and his colleagues (42)
similarly observed that radioiodinated 7 S vy,-glob-
ulin rapidly appears in the human fetus after in-
jection of the protein into the mother and that the
steady state is reached only slowly.

Since the amount of labeled protein that passes
from mother to fetus was estimated in this study
by measuring the protein-bound radioactivity in
the cord plasma after delivery of the infant, it
might be argued that the radioactivity found in
the cord plasma was the consequence of a sud-
den transfer of whole blood from mother to fetus
via the placenta during labor. Under these cir-
cumstances, the relative concentration of labeled
protein in the infant’s plasma at birth in per cent
of that found in the maternal plasma at delivery
would be at least [T/(P + T)] 100%, where T is
the amount of plasma transfused into the infant
and P is the plasma volume of the infant plus
placenta. Therefore, to raise the child’s plasma
concentration only 1% would require an average
transfusion of approximately 1.8 ml of plasma or
approximately 4.5 ml of blood. Since the average
concentration of each of the labeled proteins in
the infant’s plasma at some time after injection
exceeded 5 to 10% of that in the maternal plasma
at delivery, the average amount of blood trans-
fused into the fetus at this point would have had
to be approximately 22 to 44 ml of blood. In the
case of F fragment and 7 S y,-globulin where the
infant’s concentration of labeled protein exceeded
that in the maternal circulation, no amount of sud-
den transfusion of blood from mother to fetus
could achieve this result. Thus, sudden transfu-
sions from mother to infant during labor would
not explain the data obtained.

The occurrence of concentrations of labeled
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proteins that are higher in the infant’s plasma than
in the maternal plasma is simply the consequence
of tracer kinetics and does not indicate a higher
concentration of specific endogenous protein (41).
In infants whose mothers had been given labeled
7 S y,-globulin, for example, the plasma concen-
tration of labeled protein exceeded that in the
mother 25 or more days after injection, but the
concentration of endogenous 7 S vy,-globulin in
the infant was equal to or slightly lower than that
in the mother. The injected tracer protein be-
haves as do newly synthesized molecules of that
specific protein entering the maternal vascular
system.

Summary

Specific human plasma proteins were labeled
with I*** and injected into pregnant women in the
last month of gestation; the thyroids of both
mother and fetus were effectively blocked to the
uptake of radioiodide by prior and continuing ad-
ministration of stable iodide. Protein-bound ra-
dioactivity in the plasma of the mother before and
during delivery was determined as well as that
present in the infant’s plasma, and amniotic fluid
when available, at birth. When possible, the pro-
tein-bound radioactivity in the infant’s plasma
was followed during the first few days of life.
In this manner, 133 women and their respective
infants were studied with one of the following
proteins: acid glycoprotein, albumin, transferrin,
7 S v,-globulin, fibrinogen, 19 S macroglobulin,
F fragment from 7 S y,-globulin, S fragments
from 7 S y,-globulin, and 1 S to 3 S urine y-glob-
ulin (yy-globulin). The data indicate that: 1)
All of the plasma proteins studied appeared in
the fetus after administration to the mother but in
different amounts. The plasma concentrations of
labeled proteins in the fetus relative to those in
the mother decreased in approximately the fol-
lowing order: F fragment, a major fraction of
S fragments and y,-globulins, 7 S v,-globulin,
acid glycoprotein, albumin, transferrin, 19 S mac-
roglobulin, and fibrinogen. In some instances,
little or no labeled 19 S macroglobulin, transferrin,
fibrinogen, or even albumin was present in the
infant’s plasma at birth. 2) The relative plasma
concentrations of F fragment, or the nonantibody
portion of the 7 S y,-globulin molecule, a major
fraction of the S fragments, or those fragments



1950

of the 7 S vy,-globulin molecule that possess anti-
body activity, and the y,-globulins, which are re-
lated immunochemically to the S fragments, were
similar to each other, but they were higher than
the relative plasma concentrations of 7 S y,-globu-
lin.

The problem of translating fetal plasma con-
centrations of labeled protein into maternofetal
transfer rates in the absence of data concerning
rates of degradation in the fetus and rates of
transfer from fetus to mother is discussed.
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