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A B S T R A C T The concentration of multiplication
stimulating activity (MSA), an insulinlike growth fac-
tor (IGF), is high in fetal rat serum. Wenow report
that MSAis exclusively associated wth an albumin-size
binding protein in fetal rat serum; the growth hor-
mone-dependent, gamma globulin-size binding pro-
tein, which predominates in the older animal, is absent
from fetal rat serum. When 125I-MSA was incubated
with fetal rat serum and then gel filtered on Sephadex
G-200, specific radioactivity eluted in the void volume
(peak I) and the albumin region (peak III); by contrast,
specific radioactivity eluted mainly in the gamma
globulin region (peak II) in adult rat serum. Pools of
the Sephadex G-200 fractions were chromatographed
on Sephadex G-50, in 1 Macetic acid, to separate the
binding protein from IGF activity. Analysis of IGF
activity by chick embryo fibroblast bioassay, compet-
itive protein binding assay, and MSAby radioimmu-
noassay revealed that all the IGF activity and MSAin
fetal rat serum resided in peak III. Measurement of
MSAbinding capacity of the stripped binding protein
by Scatchard analysis demonstrated that the majority
of binding capacity also was found in peak III in fetal
rat serum; most of MSAbinding capacity was in peak
II in adult rat serum. In fetal rat sera, in addition to
the peak III binding protein, which is the major carrier
of endogenous MSA, there is a component in peak I
capable of specifically binding '25I-MSA. This com-
ponent elutes as a single species from a Sepharose-6B
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column. As MSA associated with peak III gradually
declined in early neonatal life, peak II-associated IGF
activity measured by chick embryo fibroblast bioassay
showed a rise of activity with a peak at 5 d of neonatal
life, a nadir at 20 d, with an increase again to attain
adult levels. These studies demonstrate that the MSA
binding protein in the fetus is different from the
growth hormone-dependent binding protein in adult
life.

INTRODUCTION

Multiplication stimulating activity (MSA)' is a family
of polypeptides purified from serum-free media con-
ditioned by a rat liver cell line (BRL-3A) (1-3). MSA
had been shown to be closely related to the human
insulinlike growth factors, IGF-I/somatomedin C (SM-
C), IGF-II, and somatomedin A (SM-A) in studies that
examined competition for binding to receptors on cells
and purified plasma membranes and for binding to
serum binding proteins (4-6). Recently, Marquardt et
al. (7) have reported that the amino acid sequence of
one of the lower molecular weight species of MSAis
identical to the primary structure of human IGF-II
except for five amino acids and have proposed that
MSAis rat IGF-II. Another rat IGF purified by Daugh-
aday et al. (8, 9) shows amino acid sequence homology
with human IGF-I. Using a radioimmunoassay for
MSA(10), we have reported that levels of MSAare 20-
to 100-fold higher in fetal rat serum than in maternal

'The abbreviations used in this paper: BSA, bovine serum
albumin; IGF-I, IGF-II, insulinlike growth factor I and II;
MSA, multiplication stimulating activity; PBS, phosphate-
buffered saline; SM-A, SM-C, somatomedin A and C.
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serum and that MSAlevels gradually decline following
birth to reach low concentrations by 25 d of extra-
uterine life (11). Indeed, most of the IGF activity in
fetal rat serum is accounted for by MSA. This devel-
opmental pattern suggests that MSAmay be a fetal
growth factor in the rat; presumably other rat IGF
such as IGF-I assumes importance as MSAlevels de-
cline.

In adult rat serum, IGF activity is found associated
with larger proteins (12). Most of the IGF activity is
associated with a gamma globulin-size protein (peak
II); the remainder of the IGF activity is complexed to
a protein slightly smaller than albumin (peak III). The
gamma globulin-size binding protein is growth hor-
mone dependent (13, 14); in serum from hypophysec-
tomized rats the gammaglobulin-size binding protein
is absent and the small amount of IGF activity is found
complexed to an albumin-size binding protein. We
now report that in fetal rat serum, MSAis exclusively
associated with an albumin-size binding protein. The
concentration of the gammaglobulin-size binding pro-
tein is very low in fetal rat serum. The decline in serum
MSAlevels following birth is accompanied by the ap-
pearance of non-MSA rat somatomedin(s) and the
growth hormone-dependent binding protein.

METHODS
Animals. Fetuses were removed from 19-d and 21-d ges-

tation rats (Sprague-Dawley, Zivic Miller Laboratories, Al-
lison Park, PA) under etber anesthesia, the fetuses were de-
capitated, and the blood collected. Blood was also collected
from rats aged 1, 3, 5, 10, 15, 20, 25, 30, 40, and 120d
following decapitation. Blood was allowed to clot at 4°C and
serum was collected after centrifugation.

MSApurification and radioiodination. MSAwas puri-
fied from serum-free culture media conditioned by a line
of rat liver cells (BRL-3A) as reported elsewhere (3). A mix-
ture of MSAII polypeptides (MSA II-1, 2, 3, and 4) was used
as standard in the competitive protein binding assay and the
MSA radioimmunoassay. The mixture of MSA II polypep-
tides has been shown to be equipotent to MSAII-1 by bioas-
say, radioreceptor assay, and radioimmunoassay (3, 10). MSA
I1-1 (8,700 mol wt), isolated from the mixture of MSA II
polypeptides by preparative disc gel electrophoresis, and
MSA III-2 (7,100 mol wt) were used for radioiodination.
MSA 11-1 and MSAIII-2 were iodinated with Na '25I to a
specific activity of 32-170 IACi/gg, using a modification of
the chloramine-T procedure (15). Maximum binding of the
tracer was determined using serial dilutions of normal rat
serum in the presence and absence of unlabeled MSA. Max-
imum specific binding for these experiments ranged from
26 to 39% and was used in the calculations for Scatchard
analysis of MSAbinding.

Gel filtration of serum on Sephadex G-200. A 2.6 X 40-
cm Sephadex G-200 column was equilibrated with 0.05 M
NH4HCO3,pH 8.0, at 4°C. 1 ml of rat serum was incubated
with '25I-MSA for 3 h at 20°C and diluted with 1 ml of 0.05
MNH4HCO3before application to the column. Column frac-
tions (2.4 ml) were collected and radioactivity measured in
a Beckman 310 gammacounter (Beckman Instruments, Inc.,
Fullerton, CA) with 85% efficiency. The protein elution pro-

file was measured at 280 nm with a LKB detector, model
4580 (LKB Produkter AB, Bromma, Sweden). Column frac-
tions were stored at 4°C until further study.

Gel filtration on Sepharose-6B. The peak I binding com-
ponent in fetal rat serum was gel filtered on Sepharose-6B
(35 X 2.6 cm) in Dulbecco's phosphate-buffered saline (PBS)
(without calcium and magnesium) with 0.1% Triton X-100
at 4°C. The location of the '25I-MSA binding component in
the column fractions was determined both by incubation
with 1251-MSA for 3 h at 20°C before gel filtration and by
measuring specific '25I-MSA binding activity on 200-,ul ali-
quots from each column fraction (2.4 ml) following gel fil-
tration. The column fraction aliquot was incubated with 1251_
MSA-II-1 in a total volume of 0.4 ml in Dulbecco's PBS
(without calcium and magnesium) with 0.25% bovine serum
albumin (BSA) for 3 h at 20°C. Bound 125I-MSA was sepa-
rated from free by BSA-treated charcoal (12). Nonspecific
binding was determined by incubation with 1 ug/ml MSA
in a duplicate tube.

Dissociation and separation of somatomedin binding
protein from IGF activity. On the basis of radioactivity
profile following Sephadex G-200 gel filtration of serum and
125I-MSA, pools of the void volume, peak II, peak III, and
free MSA regions were made. Each pool was lyophilized,
dissolved in 1 M acetic acid, and gel filtered on Sephadex
G-50 (2.6 X 90 cm), in 1 M acetic acid to dissociate and
separate the binding protein from the IGF activity (16).
Stripped binding protein was found in the Sephadex G-50
void volume. The postvoid volume fractions that contained
IGF activity were pooled and lyophilized.

Measurement of IGF activity by bioassay, competitive
protein binding assay, and MSA by radioimmunoassay.
IGF activity in the Sephadex G-50 postvoid volume was as-
sessed by ability to stimulate the incorporation of
[3H]thymidine into the DNAof tertiary chick embryo fibro-
blasts as previously described (17). The [3H]thymidine in-
corporation assay was performed in duplicate on three serial
dilutions of the Sephadex G-50 postvoid volume pool. A com-
petitive protein binding assay (12), using partially purified
rat binding protein, was also used to measure IGF activity
in the Sephadex G-50 postvoid volume pool. The assay was
performed in duplicate on serial dilutions of the Sephadex
G-50 postvoid pool, and the amount of MSAin the sample
was determined from a standard curve generated by serial
dilutions of MSAII. MSAwas measured in the Sephadex G-
50 postvoid volume pool by an MSAradioimmunoassay using
'25I-MSA-III-2 and MSA II standard (10, 11). The radioim-

munoassay was performed in duplicate on serial dilutions
of the sample.

Determination of binding capacity by Scatchard analysis.
The Sephadex G-50 void volume fractions containing stripped
binding protein were pooled, lyophilized, and redissolved
in 0.05 MNH4HCO3,pH 8.0. The amount of stripped bind-
ing protein that produced half-maximal binding of 1251-MSA
was used for Scatchard analysis of MSA binding (18). An
MSAdose-response curve was generated using a preparation
of MSA II polypeptides. Incubation was at 4°C for 18 h.
Bound MSAwas separated from free MSA using charcoal
that had been activated by incubation for 4-7 d at 4°C in
PBS containing 20 mg of fatty acid-free BSA/ml (12). Scat-
chard plots were analyzed by linear regression (HP-65 Stat
Pac 1, Hewlett-Packard Co., Palo Alto, CA).

RESULTS
125I-MSA binding to fetal and 40-d-old rat sera.

When 1251-MSA was incubated with serum from 40-d-
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old rats and gel filtered on Sephadex G-200 in 0.05 M
NH4HCO3, pH 8.0, radioactivity was found in five
peaks designated I, II, III, '25I-MSA, and 125I (Fig. 1,
bottom panel). The addition of excess unlabeled MSA
(1.25 pig/ml) to the incubation mixture before chro-
matography demonstrated that specific '251-MSA bind-
ing was confined to peak II, eluting in the gamma
globulin-size region of the column, and peak III, elut-
ing just after albumin as reported previously (13). The
small amount of binding in peak I was nonspecific.
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By contrast, when '25I-MSA was incubated with 19-
d fetal rat serum and gel filtered on Sephadex G-200
in 0.05 MNH4HCO3,pH 8.0, radioactivity was found
in four peaks designated I, III, '25I-MSA, and 1251; 1251_
MSAbinding was absent from the peak II region (Fig.
1, top panel). Addition of unlabeled MSAto the mix-
ture before incubation and gel filtration demonstrated
that specific 1251-MSA binding was confined to peak
I, eluting in the void volume and peak III, eluting just
after albumin (Fig. 2).

The size distribution of IGF activity in fetal rat
serum. To determine the location of endogenous IGF
activity in the Sephadex G-200 column fractions, frac-
tions comprising peak I, II (estimated from the 125I1
MSAbinding profile for 40-d-old serum), III, and free
IGF were pooled separately and gel filtered on Seph-
adex G-50 in 1 Macetic acid to dissociate and separate
the binding protein from endogenous IGF activity.
IGF activity was measured on the postvoid pool from
Sephadex G-50 gel filtration by a bioassay ([3H]-
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FIGURE 2 Chromatography of serum from fetal (21-d) rats
on Sephadex G-200, in 0.05 MNH4HCO3,pH 8.0. '25I-MSA-
II-1 (1.25 X 105 cpm) was incubated with 0.1 ml of fetal
serum with (O) or without (-) 5 gg of unlabeled MSA II,
for 3 h at 20°C before chromatography; the elution profile
of radioactivity is shown.
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FIGURE 1 Chromatography of sera from fetal (19-d) and
40-d-old rats on Sephadex G-200, in 0.05 MNH4HCO3, pH
8.0. Top panel. '251-MSA-II-1 (2.5 X 105 cpm) was incubated
with 1 ml of fetal rat serum for 3 h at 20°C before chro-
matography; the elution profile of radioactivity is shown.
The exclusion volume (Vo) and the elution position of
gammaglobulin (y-G), albumin, free MSA ('251-MSA), and
free iodide (1251) are labeled. Identical elution profiles were
obtained with three other fetal sera. Bottom panel. '25I-MSA-
II-1 (1.0 X 105 cpm) was incubated with 1 ml of serum from
40-d-old rats before chromatography; the elution profile of
radioactivity is shown. The experiment was repeated two
times with identical results. (When 1251-MSA-II-1 was gel
filtered without serum, the 1251 peak was of similar magni-
tude, that is, the 125I does not represent degradation of 1251_
MSA-II-1 by serum.)
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FIGURE 3 The size distribution of IGF activity in Sephadex G-200 pools of fetal rat serum
(1 ml). In panels A, B, and C the elution profile of '25I-MSA-II-1 binding ( ) is reproduced.
Pools representing the exclusion volume (Vo), peak II, peak III, and free MSAwere made, and
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thymidine incorporation into DNA in chick embryo
fibroblasts [17]) and a competitive protein binding as-
say using rat serum binding protein (12). Human SM-
C/IGF-I, IGF-II, and SM-A are active in the bioassay
and competitive protein binding assay (4, 6, 19). Rat
somatomedin is also measured by the bioassay (20) and
a preparation of rat somatomedin (provided by W. H.
Daughaday) having a biologic potency of 42 mUIGF-
I/mg protein was 40% as potent as MSAII in the com-
petitive protein binding assay.2 Thus, these assays
measure both MSAand other IGF; MSAwas measured
by a specific radioimmunoassay (10).

Fig. 3 illustrates the distribution of endogenous IGF
activity and MSAdetermined by the three assays. IGF
activity as measured by the chick embryo fibroblast
bioassay is shown in panel A and activity measured by
the competitive protein binding assay is shown in panel
B. MSA levels by radioimmunoassay are shown in
panel C. In contrast to the distribution of IGF activity
in normal rat serum, which is predominantly in peak
II (12), all the assays demonstrated that in fetal rat
serum IGF activity was associated primarily with peak
III, the albumin-sized binding protein. The total
amount of IGF activity or MSAin the G-200 pools as
measured by the competitive protein binding assay or
the radioimmunoassay is the same as the amounts
measured in whole serum that was gel filtered directly
on Sephadex G-50 without prior Sephadex G-200 gel
filtration (data not shown). In addition, the radioim-
munoassay results in panel C indicate that the amount
of free MSA in fetal rat serum is <2.5% of the to-
tal MSA.

Time dependence of MSAbinding to peak III and
peak II binding proteins. Preliminary to performing
Scatchard analysis of MSAbinding to stripped binding
protein, the time-course of 125I-MSA specific binding
was examined to determine equilibrium conditions.
Sephadex G-200 column pools from fetal peak III and
40-d peak II binding protein regions were chromato-
graphed on Sephadex G-50, in 1 M acetic acid, to re-
move the endogenous IGF. The stripped binding pro-

2 White, R. M. Unpublished observations.
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FIGURE 4 Time dependence of '251-MSA binding to peak
III (0) and peak 11 (0) binding proteins. Sephadex G-200
column pools from fetal (21-d) peak III and 40-d peak II
regions were gel filtered on Sephadex G-50, 1 Macetic acid
to dissociate and separate endogenous IGF from binding
protein. The Sephadex G-50 void volume pool was lyophi-
lized and dissolved in 10 ml of 0.05 M NH4HCO3, pH 8.0,
and 100-ul aliquots were incubated with '"I-MSA-II-1
(20,000 cpm) for the indicated times at 40C in a total volume
of 0.4 ml with Dulbecco's PBS containing 0.25% BSA. Bound
tracer was separated from free by BSA-treated charcoal.
Nonspecific binding was determined by including unlabeled
MSA II (1 gg/ml) in duplicate tubes.

teins were assayed for specific 1251-MSA binding activity
after various periods of incubation at 4°C (Fig. 4).
Equilibrium was reached for both peak III and peak
II binding proteins after 12-h incubation.

The size distribution of MSAbinding capacity in
fetal and adult rat serum. To determine whether the

each pool was chromatographed on G-50 Sephadex in 1 Macetic acid to dissociate and separate
the binding protein from the IGF activity. Stripped binding protein was found in the void
volume of G-50 and IGF activity was in the postvoid region. Panel A. The distribution of IGF
activity as measured by incorporation of [3H]thymidine into DNAof chick embryo fibroblasts
is shown. The data represent stimulation above control dishes containing medium alone. Panel
B. The distribution of IGF activity as measured by a competitive protein binding assay, using
partially purified rat serum binding protein, is shown. The data are expressed as micrograms
MSAper milliliter based on the volume of serum chromatographed. Panel C. MSAlevels were
measured by a specific radioimmunoassay. The data are expressed in micrograms per milliliter
based on the volume of serum chromatographed. The experiments in panels A, B, and C were
repeated with another fetal serum sample, with identical results.
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location of the binding protein in the Sephadex G-200
column fractions corresponded to the distribution of
IGF activity (Fig. 3), binding capacity measurements
were made on preparations of stripped binding protein
that had been generated by gel filtration of Sephadex
G-200 column pools on Sephadex G-50 in 1 M acetic
acid. Before Scatchard analysis was performed, in-
creasing amounts of the stripped binding protein prep-
arations were incubated with a fixed amount of 1251_
MSA-II-1. This is shown for peak II (40-d) and peak
III (21-d fetal) binding protein preparations in Fig.
5A. Based on these titration curves, aliquots of binding
protein preparations that gave approximately half-
maximal binding were chosen for generation of MSA
dose-response curves shown in Fig. 5B. Scatchard anal-
ysis was performed on the dose-response data (Fig.
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5C). Scatchard analysis of MSAbinding to the stripped
protein of fetal serum (Fig. 6) showed that MSAbind-
ing capacity was predominantly in the peak III region
similar to the distribution of somatomedin activity
shown in Fig. 3. In Fig. 7 we determined the location
of the binding protein in adult rat serum (120 d). MSA
binding capacity was located in peak II (lower panel).
Location of IGF activity as measured by chick embryo
fibroblast bioassay (top panel) confirmed the previous
finding that somatomedin activity in adult rat serum
was predominantly in peak II (12).

The age dependence of the size distribution of MSA
and IGF activity in rat serum. Fetal, neonatal, and
adult rat sera were incubated with '251-MSA and then
chromatographed on Sephadex G-200, in 0.05 M
NH4HCO3, pH 8 (Fig. 8). Radioactivity profiles for

5 10 0.3 1.0 10
MICROLITERS [MSA] (ng/mi)

FIGURE 5 Scatchard analysis of 1251-MSA binding to peak III (O) and peak II (0) binding
proteins. A. Aliquots of the Sephadex G-50 void volume pools described in Fig. 4 were incubated
with 125I-MSA-II-1 (18,500 cpm) for 18 h at 4°C. The binding assay is described in Fig. 4. The
amount of binding protein added (abscissa) is expressed as the volume of serum from which
the binding protein preparation was derived (100 X of the Sephadex G-50 void volume pool
in NH4HCO3, pH 8.0 represents 10 ul of serum). B. Serial dilutions of MSA-II (abscissa) were
incubated together with 125I-MSA-II-1 (34,500 cpm) and peak II (2.5 Ml serum equivalent) or
peak III (1.25 gl serum equivalent) stripped binding protein prepared by Sephadex G-50 gel
filtration described in Fig. 4. Incubation was for 18 h at 4°C. Details of the binding assay are
described in Fig. 4. C. The MSAbinding data from panel B was analyzed according to the
method of Scatchard. Only the data between 20 and 80% maximum specific binding were
analyzed. Maximum binding of the MSAtracer preparation was determined by incubating a
constant amount of '25I-MSA-II-1 (34,500 cpm) with increasing concentrations of rat serum.
Maximum binding was 37% and was used in the calculation of B and B/F, that is, percent
specific binding values (based on total tracer input) in panel B were multiplied by 100/37.
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FIGURE 6 The size distribution of MSAbinding capacity in fetal rat serum. The elution profile
of '251-MSA-II-1 binding (-) is redrawn from Fig. 1 for fetal serum. Stripped binding protein
preparations from the exclusion volumes of the Sephadex G-50 gel filtrations described in Fig.
2 were used. Binding capacity was determined by Scatchard analyses of MSAbinding to stripped
binding protein as illustrated in Fig. 5. Binding capacities are expressed as micrograms MSA
per milliliter based on the volume of rat serum applied to the column. The experiment was
repeated with another fetal serum sample, with identical results.

fetal, 3-, 5-, 10-, and 15-d rat sera were essentially
identical to the profile in Fig. 1, top panel. The ra-
dioactivity profiles for 25-, 30-, and 40-d rat sera were
similar to the profile in Fig. 1, bottom panel. The ra-
dioactivity profile for 20-d-old rat serum first showed
the appearance of peak II binding with equivalent
binding present in peak III.

Fractions corresponding to peak II and peak III were
pooled separately and then chromatographed on Seph-
adex G-50, in 1 M acetic acid, to dissociate and sep-
arate the endogenous IGF activity and MSAfrom the
binding proteins; three fractions between peak II and
peak III were eliminated from the pools in order to
decrease the chance of overlap of activity between
peak II and peak III. The IGF activity in the Sephadex
G-50 postvoid pools was assayed by the chick embryo
fibroblast bioassay; MSA was measured by radioim-
munoassay. MSA was located primarily in peak III,
was high in fetal serum, and gradually declined after
birth (Fig. 9, top panel). This pattern of MSA levels
in peak III is similar to the previously reported pattern
of MSAconcentrations measured in rat sera that had
not been separated into peak II and peak III by Seph-
adex G-200 gel filtration (11). Very low levels of MSA
were detected in peak II (Fig. 9, top panel) of fetal
and neonatal rat sera. The data show that MSA is es-
sentially restricted to the peak III binding protein both
in fetal rat serum and in the neonatal rat until the age
of 20 d when MSAdeclines to very low levels.

The chick embryo fibroblast bioassay performed on
the same samples (Fig. 9, bottom panel) showed that
IGF activity in peak III followed a pattern similar to
MSAby radioimmunoassay; high in fetal sera followed

by a decline in activity in neonatal samples. By con-
trast, levels of bioactivity in peak II were low in early
neonatal life, peaked at 5 d, declined to a nadir at 20
d, and then increased again to a plateau in the older
animal. The increase in bioactivity in peak II after 20
d can be explained by the expected appearance of
growth hormone-dependent somatomedins and bind-
ing protein in peak II (12, 13).

Characterization of the peak I binding activity in
fetal rat serum. Although MSAin fetal rat serum is
found associated with peak III, the experiment in Fig.
2 suggested that '25I-MSA binding to peak I is also
specific. This is in contrast to adult rat serum where
peak I '25I-MSA binding is nonspecific (13). To confirm
that the 125I-MSA binding in peak I was specific, we
directly examined aliquots of the Sephadex G-200
column fractions in the peak I region for ability to
specifically bind '251-MSA (Fig. 10). Peak I column
fractions from gel filtrations of 19- and 21-d fetal sera
showed specific binding of 125I-MSA, confirming the
result of Fig. 2 where specific binding had been as-
sessed by incubation of 1251-MSA with the serum sam-
ple before gel filtration. An MSAdose-response curve
indicated high affinity binding with half-maximal
competition for '25I-MSA-II-1 binding at 6 ng/ml; in-
sulin did not complete at 10 ug/ml (data not shown).
Scatchard analysis indicated that the binding capacity
of the peak I binding component was 130 ng MSA-II/
ml of serum (data not shown). Apparently the peak I
binding activity is inactivated by acid and/or lyoph-
ilization since very low binding capacity was measured
in the peak I region in the experiment in Fig. 6. We
gel filtered the peak I binding activity on Sepharose-
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FIGURE 7 The size distribution of IGF activity and MSA
binding capacity in 120-d-old rat serum. 1 ml of serum was
gel filtered on Sephadex G-200. The elution profile of 125I1
MSA-II-1 binding is drawn for reference. Binding protein
was freed of IGF activity by Sephadex G-50 chromatography
in 1 M acetic acid as described in Fig. 3. Studies were only
performed on peak II and peak III pools comprising a major
area of the peaks. Top panel. The distribution of IGF activity
as measured by incorporation of [3Hlthymidine in DNAof
chick embryo fibroblasts is shown. The data represent the
stimulation over control (counts per minute per dish). The
void volume and elution volume of gamma globulin and
albumin are labeled. Bottom panel. Binding capacity was
determined by Scatchard analysis of MSAbinding to stripped

6B in Dulbecco's PBS containing 0.1% Triton X-100
(Fig. 11). This gel filtration system has been used to
characterize the size of receptors solubilized from
membranes including the SM-C/IGF-I receptor from
human placental membranes (21). Welocated the 125I
MSAbinding component in the column fractions by
incubating 1251-MSA with the Sephadex G-200 peak I
pool before gel filtration and by directly measuring
specific '251-MSA binding to aliquots from individual
column fractions as was done in the experiment shown
in Fig. 10. The peak I MSAbinding activity behaves
as a single component with a distribution coefficient
(Kd) value of 0.43, compared with Kd = 0.37 for an
MSA/IGF-II receptor purified from rat chondrosar-
coma cells and analyzed on the same column.3

DISCUSSION

We recently reported that MSAlevels determined by
radioimmunoassay ranged from 1.8 to 4.4 gg/ml in
fetal rat sera and were 20- to 100-fold higher than in
maternal sera (11). Following birth, the MSAserum
concentration gradually declined until by day 25 of
extrauterine life the MSAconcentration approached
maternal levels. MSA levels in fetal serum measured
by a rat liver membrane radioreceptor assay, a com-
petitive protein binding assay, and a [3H]thymidine
incorporation bioassay using chick embryo fibroblasts
all agreed with the high values obtained by the specific
MSAradioimmunoassay (11), suggesting that most or
all of the IGF activity in fetal rat serum is accounted
for by MSA. Using a rat placenta radioreceptor assay
specific for IGF-II, Daughaday et al. (22) have re-
ported elevated levels of IGF-II in fetal rat serum.
Since amino acid sequence data for one of the MSA
species (7) shows extensive sequence homology with
human IGF-II, the report of Daughaday et al. (22)
agrees with our MSA radioimmunoassay results (11).
These findings led us to propose that MSA is a fetal
growth factor in the rat and that another IGF assumes
importance as MSAlevels decline (11).

The present study demonstrates that during late
gestation and the first 10-15 d of extrauterine life,
MSA is associated with a binding protein approxi-
mately the same size as albumin (peak III); the growth
hormone-dependent, gamma globulin-size somato-
medin binding protein (peak II) is absent from fetal

3 August, G., and P. Nissley. Unpublished observations.

binding protein. Binding capacities are expressed as micro-
grams MSA per milliliter based on the volume of serum
added to the column.
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FIGURE 8 The age dependence of the Sephadex G-200 '251-MSA-II-1 binding profile. 125I-MSA-
II-1 was incubated with 1 ml of rat sera for 3 h at 20°C before chromatography on Sephadex
G-200, in 0.05 MNH4HCO3, as in Fig. 1.

rat serum. Thus, MSAmeasured by radioimmunoassay
was found near the albumin region of the Sephadex
G-200 column; there was very little MSAin the column
void volume, the gamma globulin region, or in the
fractions corresponding to the elution position of free
'25I-MSA. The MSA radioimmunoassay results were

confirmed by measurements of IGF activity using a

competitive protein binding assay and a chick embryo
fibroblast bioassay. These two assays would be ex-

pected to be less specific than the MSA radioimmu-
noassay when used on rat serum since all the human
IGF (IGF-I/SM-C, IGF-II, and SM-A) as well as rat
somatomedin are detected by both the competitive
binding protein assay and the chick embryo fibroblast
bioassay (4, 6, 19, 20).2 Thus, confirmation of the MSA

0 70 80

radioimmunoassay results with these two other assays

shows that a rat IGF other than MSAis not present in
the gammaglobulin region following Sephadex G-200
gel filtration of fetal rat sera.

Scatchard analysis of MSAbinding to fetal binding
protein(s) that had been freed of endogenous IGF ac-

tivity demonstrated that most of MSAbinding capacity
was also located in the pool of fractions eluting near

albumin. The binding capacity in the peak III region
was lower than the amount of MSAmeasured by ra-

dioimmunoassay, suggesting that there was some loss
of binding protein during the Sephadex gel filtrations
and lyophilization steps.

Although most of the MSA in fetal rat serum was

found associated with the peak III binding protein,
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FIGURE 9 The age dependence and size distribution of MSAand IGF activity in rat serum.
1 ml serum samples of fetal, neonatal, and adult rats were chromatographed on Sephadex G-
200, in 0.05 MNH4HCO3, pH 8. Peak II and peak III fractions were pooled based on the 125I_
MSAelution profile of each serum sample. The binding protein was stripped from the IGF
activity by Sephadex G-50 gel filtration, in 1 M acetic acid. The postvoid volume pool from
Sephadex G-50 was divided into two equal parts and used in the two assays. Top panel. Using
a specific radioimmunoassay for MSA, peak 11 (e) and peak III (U) associated MSA were
measured. MSAlevels are expressed in micrograms per milliliter based on the volume of serum
applied to the column. All samples were analyzed in the same assay. Bottom panel. IGF activity
as measured by incorporation of [3H]thymidine into DNA of chick embryo fibroblasts was
examined in peak II (Ci) and peak III (0). The results represent stimulation above control dishes
containing medium alone and are the average of duplicate determinations.

there was a component in the Sephadex G-200 void
volume region (peak I) capable of specifically binding
'25I-MSA. This peak I binding activity behaved as a

single component when gel filtered on Sepharose-6B.
Interestingly, the elution volume on Sepharose-6B (Kd
= 0.43) of the peak I binding component was only
slightly greater than the elution volume (Kd = 0.37)
of an MSA/IGF-II receptor purified from rat chon-
drosarcoma cells,3 raising the possibility that the peak

I component is a large fragment of the MSA/IGF-II
plasma membrane receptor. Although the binding ca-

pacity of the peak I component (130 ng MSA/ml of
serum) is lower than the binding capacity of the peak
III binding protein (430 ng MSA/ml, Fig. 6), it is sur-

prising that very little of the endogenous MSAis found
associated with the peak I component. A possible ex-

planation would be that if MSAwere secreted from
tissues of origin as an MSA-peak III complex, during
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FIGURE 10 Measurement of specific 125]
tivity of the fetal (19 and 21 d) peak I bi
1 ml of serum was incubated with 1251
filtered on Sephadex G-200 as described
shown in Fig. 1. 1251-MSA binding in the
tions is shown (a). Specific 1251-MSA bindi
also measured on 100-,ul aliquots from ea
ing gel filtration. The binding assay is desc
of Fig. 4. Nonspecific binding was detern
unlabeled MSA (1 ug/ml) in duplicate in

the life time of MSAin the circulatic
insufficient time for equilibration c

peak I component.
By contrast to the findings in fetal

the size distribution of endogenous
tivity and binding capacity were ex

rat serum, somatomedin activity and
were found in the gammaglobulin re

adex G-200 column fractions. The
size binding protein was previously
be growth hormone dependent (13)
fetal binding protein is similar to the
III binding protein previously dem
pophysectomized adult rat serum anc

ponent in normal adult rat serum (1
fetal binding protein and the peak I
protein may be the same molecule, v

evidence to support this possibility.
When we examined the developn

the size distribution of endogenous N
medin activity in rat sera, we found
dioimmunoassay was always found as

12 albumin size, fetal binding protein (peak III). The very
3y Fetal low levels of MSAdetected in the pool from the gamma

globulin-size region (peak II) of the Sephadex G-200
i 10 4 column fractions could have originated from peak III
l due to incomplete resolution of peak II and peak III
l by Sephadex G-200 gel filtrations.

>8 The developmental pattern of the size distribution
t .2 of IGF activity, as measured by the chick embryo fi-
l broblast bioassay, showed increasing amounts of so-

6 c) matomedin activity associated with the gammaglob-
4n ulin-size binding protein following 20 d of extrauterine

3 life. This finding agrees with the data obtained on

bt 4 a whole rat serum using the rat costal cartilage sulfate
0 incorporation assay (23) or the SM-A radioimmunoas-

bs [: say (24) where somatomedin levels were low in fetal
b 2 blood and then gradually increased to higher levels in

the adult. By contrast with these reports, Daughaday
et al. (22) reported that IGF-I/SM-C levels are not as
low in fetal rat serum using a specific IGF-I/SM-C

30 40 radioimmunoassay performed on acid ethanol extracts
of serum. There is general agreement, however, that
IGF activity levels are substantial in the adult animal

ndiSng bondpngant- and our data show that this activity is associated with
-MSA-II-1 and gel the gamma globulin-size binding protein. The MSA
in Methods and as radioimmunoassay results clearly show that the IGF
void volume frac- activity associated with peak II is not MSA. One can-

ing activity (0) was didate for this peak II-associated IGF, which is found
ribed nacthe flelend in the older rat, is a rat somatomedin purified from
nined by including sera of rats bearing a growth hormone-secreting tumor
icubations. (8). This rat somatomedin has been shown not to cross-

react in the MSAradioimmunoassay (10). In addition,
the primary structure of one of the MSAspecies in-

n there might be dicates extensive homology with IGF-II (7) whereas
f MSA with the the sequence of 26 of the first 29 amino terminal res-

idues of rat somatomedin is identical with IGF-I (9).
rat serum, when The increase of peak II-associated IGF activity

somatomedin ac- noted at day 5 was unexpected. The previous reports
Kamined in adult by Stuart et al. (23) and Sara et al. (24) using the rat
binding capacity costal cartilage bioassay and the SM-A radioimmu-
gion of the Seph- noassay, respectively, failed to detect a significant in-
gamma globulin- crease in somatomedin activity at day 5. Similarly, we
demonstrated to found that the peak II-associated IGF activity at day
The size of the 5 was only weakly reactive in a competitive protein
size of the peak binding assay. Thus this peak II-associated material at

ionstrated in hy- day 5 may only be detected by the chick embryo fi-
i as a minor com- broblast bioassay. The only other IGF-like property
L3). Although the of this activity is that it can be generated from gamma
III adult binding globulin-size material by acid treatment and is the
ye have no direct size of somatomedins by acid gel filtration on Sephadex

G-50.
nental pattern of Draznin et al. (25) reported that IGF binding protein
ISA and somato- was very low in fetal rat serum compared with levels
that MSAby ra- in the adult animal, whereas the results in this paper

;sociated with the show that fetal peak III binding capacity (0.43 ug
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FIGURE 11 Gel filtration of the fetal peak I binding component on Sepharose-6B. Void volume
fractions from Sephadex G-200 gel filtration of 1 ml of fetal (21-d) rat serum were pooled (total
volume 12.5 ml). 1 ml of the pool was incubated with '251-MSA-II-1 (200,000 cpm) for 3 h at
22°C and gel filtered on Sepharose-6B in Dulbecco's PBS with 0.1% Triton X-100 (Methods).
'251-MSA binding in each fraction is shown (0). 1 ml from the Sephadex G-200 void volume
was also gel filtered without prior incubation with 1251-MSA and specific 1251-MSA binding
activity was measured on a 200-,ul aliquot from each column fraction as described in Methods
(@). The exclusion volume (V0) and inclusion volume (V*) were determined with blue dextran
and dinitrophenyl-alanine, respectively. The distribution coefficient (Kd) is calculated as follows:
Kd = (Ve - VO)/Vi - V0) where Ve is the elution volume of the binding component.

MSA/ml) is not much lower than the binding capacity
of peak II in the adult animal (1.0 gg MSA/ml). Draz-
nin et al. measured binding activity and expressed the
results in terms of a partially purified human binding
protein standard, whereas we measured binding ca-

pacity by Scatchard analysis. If the binding affinity
of the fetal peak III binding protein is low, as suggested
by the results in Fig. SC, then the measurements of
Draznin et al. on the fetal sera may be falsely low
when expressed in terms of a binding protein standard
with higher binding affinity.

It is of interest that the size of the MSA binding
protein in fetal rat serum is the same as the size of the
binding protein in serum-free medium conditioned by
the BRL-3A2 and BRL-3A rat liver cell lines (12, 26).
Also, Fennoy et al. (27) recently reported that the
MSAbinding protein synthesized by fetal rat liver ex-

plants in organ culture is also albumin sized. These
fetal liver explants previously had been shown to pro-
duce polypeptides indistinguishable from MSA (28).

D'Ercole and Underwood (29) recently demonstrated
that in fetal mouse serum, SM activity, as measured
by a radioimmunoassay for SM-C, was also exclusively
associated with an albumin-size binding protein. How-
ever, in contrast to the developmental pattern of serum

MSA in the rat, these workers found that the immu-
noreactive SM-C activity was low in fetal mouse blood
and gradually increased during extrauterine life. Since
none of the mouse somatomedins have been purified
and characterized, it is not known which of the mouse

somatomedins is being measured by this radioimmu-
noassay for human SM-C. Therefore, it is possible that
in fetal mouse blood the SM-C radioimmunoassay is
actually measuring mouse MSA.

D'Ercole et al. (30) recently examined the size dis-
tribution of SM-C in human fetal blood. Before 27-wk
gestation SM-C by radioimmunoassay was found in the
region of the Sephacryl G-200 column eluate corre-

sponding to a size slightly smaller than that of albumin.
Wehave confirmed these findings on four human sera
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from premature infants using a different method (31),
measurement of specific 125I-MSA binding activity on
individual Sephadex G-200 column fractions.2 Thus,
the findings in midgestation human serum agree
closely with the results in the rat and mouse.

Wepreviously proposed that because of the devel-
opmental pattern of serum MSAlevels in the rat, MSA
may be a fetal growth factor and that rat somato-
medin(s) assume importance at a later age (11). The
findings in this paper show that accompanying this
transition from fetal MSA to adult somatomedin(s),
there is a profound change in the binding protein; in
fetal rat serum only an albumin-size binding protein
is found, while in the older rat the growth hormone-
dependent, gammaglobulin-size binding protein pre-
dominates.
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