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ABSTRACT This study examines the ontogenesis of
somatomedin and insulin receptors in man. Particulate
plasma membranes were prepared by ultracentrifu-
gation from various tissues removed from fetuses after
abortion and classified as <17, 17-25, and >25 cm in
length. The binding of iodinated insulinlike growth
factors 1 (IGF-1) and 2 (IGF-2), somatomedin A
(SMA), multiplication-stimulating activity (MSA), and
insulin was examined at the different ages.

In the liver, cross-reaction studies revealed separate
insulin and IGF-2 receptors. The Scatchard plots of
insulin binding to liver membranes were curvilinear
and showed an increase in the concentration of insulin
receptors with advancing age. A single IGF-2 receptor
was found on liver and no alteration was observed
during development. The brain contained a lower con-
centration of insulin receptors. A change in the brain
receptors for somatomedins occurred during devel-
opment. Early in gestation, a high concentration of a
low-affinity IGF-1 receptor was found. After approx-
imately the 17th wk of gestation a higher affinity IGF-
1 receptor appeared, which then increased in concen-
tration. Cross-reaction studies also revealed changes
in the specificity of these receptors during develop-
ment. In the youngest fetal group IGF-2 was prefer-
entially bound. Around midgestation a separate IGF-
1 receptor, indicated by the preferential displacement
of iodinated IGF-1 by IGF-1, appeared. In contrast,
iodinated IGF-2 bound to a receptor where IGF-1 and
IGF-2 were equipotent.
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INTRODUCTION

The first stage in the action of polypeptide hormones
like insulin and the somatomedins is their binding to
specific receptor sites on the plasma membrane of their
target cells. The existence of such receptors may be
used to indicate the targets for hormone action. Several
lines of evidence indicate that fetal growth may be
regulated by somatomedins and insulin (for review see
1, 2). Accordingly, somatomedin receptors have been
found in the fetal pig (3), rat (4), and sheep (5). In
both pig lung (3) and rat brain (4), the concentration
of somatomedin receptors is greater in fetal as com-
pared with adult tissue. In man, Rosenfeld et al. (6)
reported that the number of somatomedin receptor
sites on mononuclear cells was greater in neonates than
in adults. Insulin receptors have been reported in fetal
pig (3), rat (7, 8), rabbit, and guinea pig (8). In man,
insulin binding to mononuclear cells is higher in new-
borns than in adults (9) and in preterm as compared
with term infants (10).

It has been suggested that somatomedins may reg-
ulate the early proliferative phase of fetal growth,
whereas insulin may influence later hypertrophic
growth (11). This study examines the ontogenesis of
both somatomedin and insulin receptors in man and
relates this to available knowledge concerning the
phase of cellular growth in the different organs.

METHODS
Reagents and hormone preparations. Purified insulinlike

growth factor 1 (IGF-1)! and 2 (IGF-2) as well as a partially

! Abbreviations used in this paper: IGF-1 and IGF-2, in-
sulinlike growth factor 1 and 2; MSA, multiplication-stim-
ulating activity; SMA, somatomedin A.
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purified preparation of IGF, specific activity 12.5% of pure
IGF, were kindly provided by R. Humbel. Purified soma-
tomedin A (SMA) and a partially purified preparation of
SMA, specific activity 10% of pure SMA, were provided by
L. Fryklund. Multiplication-stimulating activity (MSA) was
kindly provided by S. P. Nissley and M. M. Rechler. Se-
phadex G-75 MSA 11, containing four closely related poly-
peptides (12) was used for displacement studies whereas
MSA-II-1, prepared from MSA II by preparative-scale disc
acrylamide gel electrophoresis (12), was used for iodination.
MSA obtained from Collaborative Research Inc., Waltham,
MA (MSA-CR) was also used for displacement studies. Por-
cine insulin (25 IU/mg) and proinsulin were supplied by the
Nordic Insulin Laboratories, Niels Steensenvej, 1-DK2820
Gentofte, Denmark. The growth hormone used was Cres-
cormon (4 U/mg), KabiVitrum AB, S-1128 Stockholm. Hor-
mones were labeled by the lactoperoxidase method as de-
scribed earlier (13). The iodinated IGF-1, IGF-2, MSA, SMA,
and insulin were purified on carboxymethylcellulose on a
pH gradient in ammonium acetate buffer (0.1 M/liter) (13).

Human fetal tissue. Fetuses were collected with the Eth-
ical Committee’s permission. Immediately after legal pros-
taglandin abortion fetuses were measured and stored in ster-
ile saline at 4°C. The youngest fetuses examined were 10 cm
in length. Fetuses were classified into three age groups ac-
cording to length: (a) <17 cm (n = 20); (b) 17-25 cm (n
=18); (c) >25 cm (n = 6). Livers in the oldest fetal group
were further classified into those obtained from fetuses 26—
28 cm in length (n = 3) and those >28 cm in length. The
corresponding gestational age for these groups was (a) <17
cm ~ <17 wk; (b) 17-25 cm =~ 17-22 wk; (¢) 26-28 cm
~ 22-26 wk; (d) >28 cm =~ <26 wk. Within 12 h after
abortion, the whole fetal brain minus cerebellum, liver, kid-
ney, lung, heart, and adrenals were removed, weighed, and
stored in 0.25 M sucrose (1 g/ml) at —70°C until use. Al-
though the time after fetal death could not be exactly con-
trolled, termination of pregnancy was induced by intra-
muscular injection of 15-methyl prostaglandin F,, (PGF,,)
or 16-phenoxy-w-17,18,19,20-tetranor prostaglandin E,
methyl sulfonylamide, which resulted in a comparatively
short abortion induction time of ~10 h (14). No significant
change in binding was observed when organs were removed
within 12 h after abortion. In the three fetuses examined,
the total specific binding of !25I-SMA to brain plasma mem-
branes was not affected according to whether the brain tissue
was removed immediately (mean+SEM: 5.6+0.2%) or 12 h
after abortion (5.6+0.1%). Particulate plasma membranes
were prepared from the different organs by ultracentrifu-
gation as described earlier (15). Plasma membranes were
pooled according to the various age groups, the protein con-
tent determined by the method of Lowry et al. (16) and the
membranes diluted in 0.05 M Tris-HCI buffer (pH 7.4) con-
taining 1% human serum albumin to give a final concentra-
tion of 1 mg membrane protein/ml. Plasma membranes pre-
pared from adrenal glands were pooled from all fetal age
groups.

Particulate plasma membrane binding studies. Binding
studies were performed in albumin-coated plastic tubes at
4°C. The incubation mixture had a final volume of 0.3 ml
and consisted of 0.1 ml particulate plasma membranes giving
a final concentration of 330 ug membrane protein/ml, 0.1
ml '%I-hormone (0.6 ng/ml final concentration), and 0.1 ml
0.05 M Tris-HCl buffer (pH 7.4) containing 1% human serum

albumin (Tris-albumin buffer) or unlabeled hormone in Tris- -

albumin buffer. Incubation was at +4°C for 20 h and was
terminated by the addition of 0.7 ml ice-cold Tris-albumin
buffer. Samples were mixed and centrifuged at 10,000 g for
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30 min at +4°C. Plasma membranes were again washed with
1 ml Tris-albumin buffer, dried and then counted in a
gamma counter (Packard Instrument Co., Downers Grove,
IL) for 10 min for the determination of membrane-bound
radioactivity. Nonspecific binding was defined as the radio-
activity that remained bound in the presence of 1 ug hor-
mone/ml. Where sufficient hormone was not available, 3
ug/ml of partially purified IGF or SMA was used. Values
represent the mean of triplicate determinations. Due to the
changing cell composition of the tissues through develop-
ment, enzyme membrane markers could not be applied and
the membrane protein content was chosen as the common
reference.

Because of the limited membrane, studies of binding con-
ditions were performed only with brain and liver plasma
membranes. At all ages, binding of all ligands had achieved
a steady state after 20 h incubation at +4°C. Similarly, li-
gand degradation, estimated by reincubation of the super-
natant with new membrane, had reached a steady state at
this time. The percentage of degraded unbound ligand was
always <4%. The binding of iodinated somatomedins was
stable over a wide pH range (6-9) whilst insulin binding was
stable over a narrower range (7-8). With all ligands binding
increased similarly with increasing concentrations of mem-
brane protein. However, to reach maximal binding it was
necessary to use at least 1 mg membrane protein/ml. Since
this amount was not available for all tissues, a concentration
of 330 ug membrane protein/ml was chosen as the reference
for comparison.

The number and affinity of receptor sites were calculated
by Scatchard analysis (17) using the MLAB program pro-
vided by National Institues of Health in a Dec 10 computer
system. The results were drawn by computer using the
MLAB program.

RESULTS

In a screening procedure all fetal organs examined,

i.e., liver, brain, heart, kidney, lung, and adrenals were

found to bind iodinated somatomedins and insulin.
Because of the limited availability of hormones in

TABLE 1
Total Specific Binding of '*’I-Labeled IGF-1, IGF-2, SMA,
MSA, and Insulin to Plasma Membranes Prepared from
Human Fetal Liver and Brain at Different Ages

Percent total specific binding

Fetal
Organ length 1GF-1 1GF-2 SMA MSA Insulin
cm
Liver <17 2.8 9.8 2.3 5.1 9.8
17-25 3.2 7.7 3.0 5.6 7.1
26-28 3.6 11.6 2.6 4.7 12.1
>28 3.2 9.5 2.6 4.0 14.6
Brain <17 13.9 5.7 5.8 5.7 2.0
17-25 13.1 5.5 5.4 3.4 2.5
>25 21.0 14.0 5.2 5.5 3.8

Total specific binding is expressed as the percentage of added ra-
dioactivity bound in the presence of 3 ug/ml IGF (12.5%), SMA
(10%), MSA-CR, and insulin.
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the somatomedin family, specific binding was only
examined in the liver and brain. Specific binding,
given in Table I, was determined in the presence of
3 ug/ml of partially purified IGF (12.5%), SMA (10%),
and purified MSA-CR, and insulin. This amount was
chosen since in both brain and liver no further de-
crease in binding was observed with increasing hor-
mone concentration. In spite of this, both IGF-2 and
MSA showed a high unspecific binding corresponding
to 3-6% of the added radioactivity.

In liver membranes examined at four stages
throughout fetal development the highest specific
binding is found with !*I-labeled insulin and IGF-2
even though the latter displays high nonspecific bind-
ing. !#5I-Labeled IGF-1, MSA, and SMA show far less
specific binding to fetal liver membranes than IGF-2
(Table I). Fig. 1 shows the displacement curves of

&——2 INSULIN, >— [GF-1,

<17cm

17-25 cm

bound '**I-insulin and '*I-IGF-2 by increasing con-
centrations of insulin, IGF-1, IGF-2, and impure IGF.
Insulin did not cross-react in the IGF-2 receptor. In
contrast, impure IGF competed with insulin for its
receptor and was ~1,000 times less potent than insulin
in displacing '*I-insulin from the liver membrane.
Competitive binding by other somatomedins was ex-
amined in the 17-25-cm group (data not shown). The
relative potencies compared with insulin in displacing
25]-insulin were IGF-2—1:100; IGF-1—1:300; MSA-
CR—1:300. Partially purified SMA (10%) was non-
reactive at concentrations up to 3 ug/ml. The relative
potencies compared with IGF-2 in displacing '*I-IGF-
2 were IGF-1—1:10; MSA-CR—1:10; SMA (10%)—
1:100. Thus, separate insulin and IGF-2 receptors are
present on human fetal liver plasma membranes.
The Scatchard plots of insulin binding to liver mem-
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FIGURE 1 Specific binding of '*I-IGF-2 (above) and '**I-insulin (below) to human fetal liver
plasma membranes (330 ug membrane protein/ml). Livers were removed from fetuses classified
into four ages according to length: <17, 17-25, 26-28, >28 cm. Total specific binding at each
age is given as Bo. Displacement of '**I-IGF-2 and '®I-insulin by different concentrations of
unlabeled insulin (A A), IGF-1 (O O), IGF-2 (®@---@) and IGF-12.5%
(® @) is shown.
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FIGURE 2 Scatchard plots of insulin binding to human fetal liver plasma membrane (330 ug
membrane protein/ml) at different developmental stages classified according to fetal length:

<17 (O---0); 17-25 (A - - - A); 25-28 (O——O); and >28 (@

branes at different fetal ages is given in Fig. 2. A cur-
vilinear plot is observed at each fetal stage indicating
the presence of at least two binding sites or negative
co-operativity. Since resolution of these alternatives is
beyond the scope of this paper, the presence of two
receptor sites was assumed and the calculated affinity
and concentration of high- and low-affinity insulin
binding sites is given in Table II. The increase in spe-
cific binding at fetal size >25 cm is mainly attributed
to the increase in the concentration of binding sites
with gestational age. A change in the characteristics
of the insulin receptor is suggested in the youngest
fetal group by the alteration in affinity of both the
high- and low-affinity insulin binding sites.

®) cm.

In contrast to insulin, Scatchard analysis revealed
linear plots for IGF-2 binding to liver membranes. The
affinity and concentration of IGF-2 binding sites on
the liver is given in Table II. Neither the affinity nor
concentration of IGF-2 binding sites on the liver mem-
branes appeared to alter during development.

Whereas IGF-2 and insulin were preferentially
bound by liver membranes and little binding of IGF-
1 was observed, the highest specific binding to brain
membranes occurred with IGF-1 followed by IGF-2.
In comparison with the liver, specific insulin binding
to brain membrane was much lower. Displacement of
B[ IGF-1, '®I-IGF-2, and ®I-insulin with IGF-1,
IGF-2, and insulin from brain plasma membranes at

TABLE II
Calculated Affinity Constant and Concentration of Insulin and IGF-2 Binding Sites on Human Fetal Liver Plasma Membrane

Insulin binding site

High affinity Low affinity IGF-2 binding site

Fetal

length Affinity constant Concentration Affinity constant Concentration Affinity constant Concentration

cm mol™* mol/g mol™! mol/g mol™! mol/g

<17 4.62 X 10° 0.08 X 107 1.56 X 10* 0.28 X 107° 0.87 X 10° 0.64 X 107°
17-25 2.87 X 10° 0.10 X 107° 0.22 X 10* 0.97 X 107° 0.64 X 10° 0.53 X 107°
26-28 2.62 X 10° 0.18 X 107° 0.42 X 10* 0.54 X 107° 0.85 X 10° 0.83 X 10~°
>28 2.62 X 10° 0.20 X 10™° 0.79 X 10* 0.58 X 10™° 0.66 X 10° 0.70 X 107°

Ontogenesis of Somatomedin and Insulin Receptors in the Human Fetus
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three age groups is given in Fig. 8. Similar to the liver,
both IGF-1 and IGF-2 competed with insulin for its
binding site on brain membrane. The Scatchard plots
of insulin binding to fetal brain plasma membrane
were also curvilinear. This could indicate the presence
of at least two receptors or negative co-operativity.
The affinity constants and concentration of insulin re-
ceptors on fetal brain plasma membrane is given in
Table I11. A change in the affinity of the high-affinity
binding site in the 17-25 cm fetal group is observed.
In comparison with the liver, the brain contains a sig-
nificantly lower concentration of high-affinity insulin
binding sites (Tables II and III).

An interesting change in the pattern of cross-reac-
tion when IGF-1 is used as label is observed on the
brain plasma membrane during development (Fig. 3).
In the youngest fetal group (<17 cm in length), '*°1-

IGF-1 is preferentially displaced by IGF-2 whereas in
the 17-25-cm fetal group, IGF-1 and IGF-2 are equi-
potent, and in the oldest fetal group (>25 cm), IGF-
1 is more potent than IGF-2. This change in specificity
confirmed by repeat experiment, cannot be attributed
to the ligand, since when tested on human term pla-
centa membrane, IGF-1 was threefold more potent
than IGF-2 in displacing '*I-IGF-1. Moreover in the
>25-cm fetal group, IGF-1 again preferentially dis-
places 'ZI-IGF-1 from the brain membrane. These
results suggest alterations in the characteristics of the
IGF-1 receptor during development, which is also ap-
parent in the Scatchard plots for IGF-1 binding to
human fetal brain plasma membrane (Fig. 4). A linear
Scatchard plot is observed at all fetal ages indicating
the presence of a single receptor. The calculated af-
finity and concentration of binding sites is given in
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FIGURE 8 Specific binding of '**I-IGF-1 (upper), '**I-IGF-2 (middle), and '*I-insulin (below)

to human fetal brain plasma membranes (330

pug membrane protein/ml) at different devel-

opmental stages classified according to fetal length: <17 (left), 17-25 (middle), and >25 (right)
cm. Total specific binding is given as Bo. Displacement by different concentrations of unlabeled

IGF-1 (O
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TABLE

I

Calculated Affinity Constant and Concentration of Insulin, IGF-1, and IGF-2 Binding Sites
on Human Fetal Brain Plasma Membrane

Insulin binding site
High affinity Low affinity IGF-1 binding site IGF-2 binding site
Fetal
length Affinity C Affinity C Affinity C Affinity C
cm mol™! mol/g mol™! mol/g mol™! mol/g mol~! mol/g

<17 830X 10° 002X10° 583 Xx10° 392Xx10° 045X10° 119Xx10° 072X 10° 043 X10™°
17-25 149X 10° 005X 10° 477 X10° 380X 10° 165X 10° 032X10° 141 X10° 0.16 X 10™°
>25 3.71 X 10° 0.03 X 107° 6.90 X 10° 3.25 X 107° 2.08 X 10° 0.45 X 107° 0.65 X 10° 0.84 X 10°

Table III. The increase in specific binding with in-
creasing age is mainly due to an increase in affinity
constant. In the youngest fetal group (<17 cm) a higher
concentration of a lower affinity IGF-1 binding site is
observed. During maturation, however, the affinity
changes and a binding site with higher affinity is ob-
served on the brain plasma membrane of fetuses 17—
25 cm in length. With advancing age (>25 cm), a slight
increase in the concentration of this receptor is found.

034
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In the youngest age group, IGF-2 was more potent
than IGF-1 in displacing both bound !*I-IGF-1 and
bound '#I-IGF-2 (Fig. 3) suggesting the presence of
an IGF-2-liké receptor. The calculated high-affinity
constant for IGF-2 was also somewhat higher than that
for IGF-1 (Fig. 5, Table III). In this context it was
confusing to find that the specific binding was lower
for the IGF-2 than IGF-1. The only explanation we
can offer is that the iodination of IGF-2 has produced

0.2 03 04

IGF-1 BOUND (nmol)

FIGURE 4 Scatchard plots of IGF-1 binding to human fetal brain plasma membrane (330 ug
membrane protein/ml) at different developmental stages classified according to fetal length:

<17 (O---0), 17-25 (A - - - A), >25 (6 — ®) cm.

Ontogenesis of Somatomedin and Insulin Receptors in the Human Fetus
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FIGURE 5 Scatchard plots of IGF-2 binding to human fetal brain plasma membrane (330 ug
membrane protein/ml) at different developmental stages classified according to fetal length:

<17 (0---0),17-25 (A --- A), >25 (@

subtle alterations in its binding region that would in-
validate the Scatchard analysis of the IGF-2 binding
data. Such effects have not been observed in binding
studies using placenta or postnatal tissues, suggesting
that the binding region of IGF-2 is different for the
early fetal receptor. With increasing age, IGF-2 and
IGF-1 become more equipotent in displacing IGF-2
from its receptor and, in the intermediate age group
(17-25 cm), the calculated affinity constant for IGF-
2 was identical with that for IGF-1. This finding to-
gether with the equipotency of IGF-1 and IGF-2 in
displacing the respective IGF from its receptor sug-
gested a common receptor at this age. However insulin,
which cross-reacted in both binding sites, showed dif-
ferent displacement curves, suggesting that there is
more than one common receptor. With further in-
creases in age, IGF-1 and IGF-2 are almost equipotent
but the displacement curves are not superimposable.

Since the cross-reaction between IGF-1 and IGF-2
suggested the presence of further somatomedin recep-
tors, specificity was explored using brain plasma mem-
branes prepared from the 17-25-cm fetal group. Fig.
6 shows the cross-reaction of IGF-1, IGF-2, SMA, MSA
and insulin when each hormone is used as the ligand.
The highest total specific binding was found with *°I-
IGF-1 (13.3%) followed by '®I-IGF-2 (5.9%), '°I-SMA
(5.7%), '°1-MSA (3.4%), and '®I-insulin (2.5%). At this

1090
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age, regardless of which '**I-somatomedin is used as
the ligand, it is best displaced by IGF-1 and IGF-2.
When 25I-IGF-1, 125]-SMA, or '?°I-MSA were used the
pattern of cross-reaction was identical. IGF-1 and IGF-
2 were equipotent. SMA and MSA were ~10-fold less
potent than IGF-1 and IGF-2. Since the partially pu-
rified SMA (10%) was equipotent with SMA (data not
shown), this preparation must contain hormones ad-
ditional to SMA that cross-react in the brain receptor.
Insulin and proinsulin (data not shown) were 100 and
1,000 times respectively less potent than IGF-1. Other
hormones, such as growth hormone and prolactin, and
growth factors such as nerve growth factor, fibroblast
growth factor, and epidermal growth factor did not
cross-react in the human fetal brain somatomedin re-
ceptor. With IGF-2 as the labeled hormone the pattern
of cross-reaction is quite different. None of the tested
hormones showed displacement curves parallel with
that for IGF-2. The order of potency was discrepant
from other somatomedins and insulin only caused a
50% inhibition of the bound '2°I-IGF-2.

When '#*I-insulin was used as the ligand, it was pref-
erentially displaced by insulin. Proinsulin (data not
shown) and IGF-2 also cross-react in the brain insulin
receptor and are ~10-fold less potent than insulin in
displacing '2°I-insulin from the membrane. IGF-1 and
MSA were 100-fold less potent than insulin. The cross-

Sara, Hall, Misaki, Fryklund, Christensen, and Wetterberg
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FIGURE 6 Displacement of '’I-IGF-1, '2I-SMA, '®I-MSA, '*I-IGF-2, and '®I-insulin from
brain plasma membrane (330 ug membrane protein/ml) prepared from human fetuses (17-25
cm length) by different concentrations of unlabeled IGF-1 (O 0), IGF-2 (® - - - ®), SMA
a 0), MSA (X X), and insulin (A A).

reaction studies indicate the existence of separate so-
matomedin and insulin receptors on human fetal brain
plasma membrane.

DISCUSSION

The present results demonstrate the presence of so-
matomedin and insulin receptors in the human fetus.
Receptors were present before the end of the first
trimester of gestation, suggesting that the human fetus
is, already early in gestation, a target for somatomedin
and insulin action. The influence of intramuscular
prostaglandin administration on the fetus is unknown.
However, using this route of administration it is un-
likely that prostaglandins are present in sufficient
quantities to significantly influence fetal receptors,
since only small amounts were present after intraam-
niotic administration (18, 19).

Cross-reaction studies using liver and brain plasma

Ontogenesis of Somatomedin and Insulin Receptors in the Human Fetus

membranes showed separate receptors for somato-
medin and insulin. In the brain, somatomedin and in-
sulin at high concentrations, could compete with each
other for binding to their respective receptors. In the
liver however, insulin did not cross-react in the IGF-
2 receptor although high concentrations of IGF-2 dis-
placed insulin from its receptor. These findings in the
human fetus are similar to the cross-reaction pattern
for the IGF-2 receptor on adult rat liver plasma mem-
branes reported by Rechler et al. (20).

In both liver and brain, the receptors for somato-
medins appeared to preferentially recognize either
IGF-1 or IGF-2. In a recent study, Marquardt et al.
(21) have sequenced one of the MSA species and shown
close homology to IGF-2. This MSA is most likely MSA
I11-2 (12, 21). The present studies used MSA II and
MSA II-1, which show less potent cross-reaction in
various receptors than MSA I11-2 (22, 23). Thus, the
relative potencies found in the present studies may not
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be valid for other MSA species. The pattern of rec-
ognition varied between these organs. IGF-1 was pref-
erentially bound by brain whereas IGF-2 was pref-
erentially bound by liver. The specificity of the re-
ceptors for somatomedins also seemed to vary with
gestational age. In the brain during the earliest de-
velopmental stage, IGF-2 was preferentially bound.
With increasing maturation however, a separate IGF-
1 receptor emerged.

A dramatic change in the receptors for somatome-
dins occur in the brain during development. Before
the end of the first trimester of gestation, a lower-af-
finity IGF-1 receptor is present in high concentration
on the brain membranes. The lower-affinity receptor
disappears around the 17th wk of gestation when a
higher-affinity IGF-1 receptor appears. At ~25 wk of
gestational age, the affinity constant and pattern of
cross-reaction of the IGF-1 receptor is almost identical
to that found in the adult human brain (24). Further
characterization of this early fetal brain receptor pre-
sents an intriguing problem. Not only does the affinity
change but the pattern of cross-reaction is altered after
~17 wk of gestation age. Regardless of the iodinated
somatomedin used, the early receptor preferentially
recognizes IGF-2. Around midgestation, however, a
separate IGF-1 receptor on the brain begins to appear
whereas iodinated IGF-2 binds to a receptor where
IGF-1 and IGF-2 are equipotent. The explanation for
this is at present unclear. IGF-2 may be binding to
both IGF-1 and IGF-2 receptors whose physical sep-
arateness has been indicated by affinity cross-linking
studies (25). Alternatively, IGF-2 may be binding to
a receptor for another related but as yet unidentified
polypeptide.

A change in all brain receptors was observed at
~17 wk of gestation. Not only did the affinity of the
IGF-1 receptor show a fourfold increase but a fall in
the affinity of the high-affinity insulin receptor was
observed. Unfortunately, the suspected alteration in
IGF-2 by iodination invalidates the Scatchard analysis
of IGF-2 binding to brain membranes in the youngest
fetal group. Due to limited material, it was not possible
to examine either the specific brain areas or cellular
types containing the somatomedin and insulin recep-
tors. However, the brain region used in this study cor-
responds to that studied by Dobbing and Sands (26).
These authors showed a biphasic pattern of cellular
proliferation in human fetal forebrain (whole brain
minus cerebellum and stem) that coincides with the
change in brain receptor characteristics reported in
this study. Dobbing and Sands (26) report an early
rapid period of cell proliferation between ~12 and
18 wk of gestation, followed by a more gradual in-
crease in cell number until after birth. The early pe-
riod is thought to be predominantly due to the for-

1092

mation of neuroblasts, which thereafter differentiate
into mature neurones. Glial cell formation is believed
to predominate in the late proliferative phase. The
presence of the lower-affinity IGF-1 receptor during
the rapid proliferative phase suggests that it may be
present on the stem cells or immature neurones. This
would be in accordance with the earlier hypothesis of
Sara and Hall (1) and Sara et al. (27) that there exists
a specific fetal form of somatomedin which in man is
termed human embryonic somatomedin, and which
is recognized by a corresponding fetal or immature
somatomedin receptor. The appearance of the higher
affinity IGF-1 receptor corresponds to the maturation
period of neuronal growth and may be present on
mature neurones. However, glial cell origin cannot be
disregarded since such cells are being rapidly formed
in the brain during the later stages of gestation. Res-
olution of this problem must await more specialized
studies of receptor localization.

In contrast to the brain, the IGF-2 receptor on the
liver appears to remain unaltered throughout gesta-
tion. The affinity of the liver insulin receptor, however,
changes after the fetus has attained 17 cm in length.
Thereafter the affinity remains constant and there is
an increase in the concentration of insulin receptors.
Bernard et al. (28) reported that the transition from
fetal to adult forms of thymidine kinase in the human
liver occurred at this fetal age. Both these findings
indicate a change in liver cell characteristics around
the 17th wk of gestational age.

Apart from brain growth, which has been well doc-
umented, there is little data available concerning the
different periods of cellular growth in the other human
fetal organs. Widdowson et al. (9) have examined DNA
and protein accumulation in kidneys, heart, liver, and
muscle. In all organs cell proliferation occurred rap-
idly until ~25 wk of gestation when the rate of cell
formation began to slow and there was growth in terms
of cell size. Early in gestation, somatomedin binding
was observed in both fetal organs whereas insulin bind-
ing tended to increase with increasing maturation.
These data suggest that whereas the somatomedins are
active from early development, insulin may play a
regulatory role later in development. Such a conclusion
is in accordance with Hill et al. (30) observations of
the growth of fetuses with pancreatic agenesis, where
fetal growth appears to have ceased at approximately
week 28 of gestation. Similarly, the increased growth
of fetuses of diabetic mothers is primarily observed
after the same gestational age (31). Thus, the present
findings support the concept that in man, the soma-
tomedins are the primary regulators of the early period
of proliferative growth whereas insulin plays a later
regulatory role on maturation and hypertrophic growth.

The profound growth retardation observed in Lep-
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rechaunism is accompanied not only by insulin resis-
tance but in some instances by a severe reduction in
the affinity of the IGF-1 receptor (32) and in others
by a probable defect in the somatomedins postreceptor
mechanism (33, 34). The contribution that defects in
somatomedin receptors make to other causes of intra-
uterine growth retardation remains to be explored.
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