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The physiology and hormonal regulation
of growth is a highly complex process, many
details of which remain to be elucidated.
Although growth hormone (GH), somato-
medins (SMs), and their carrier protein(s)
(CPs) have been identified as major compo-
nents of the growth-promoting system, little
data are available concerning the interaction
of these factors either on the growth of the
placental-fetal unit or on that of organisms
from fetal to adult life. Somatomedins com-
prise a group of four low-molecular-weight
peptides (SM A, SM C, insulin-like growth
factor [IGF], and multiplication stimulating
activity), the biological activities of which are
GH dependent (1, 2) and appear to be mod-
ulated by circulating CP concentrations (3-
8). To gain further understanding about the
growth-promoting system, we have examined
the changes in serum levels of GH, IGF; and
its CP in pregnant rats during normal gesta-
tion and in growing rats from fetal through
adult life. Since prostaglandins (PGs) have
been shown to act at both the hypothalamic
and pituitary levels to stimulate GH release
(9, 10), it seemed reasonable that their rise
during gestation might contribute to the mod-
ulation of the growth-promoting system both
in the maternal and fetal circulations. There-
fore, the present study also reports the influ-
ence of the PG synthetase inhibitor, indo-
methacin, on serum levels of PGs, GH, IGF,
and its CP in pregnant rats and their off-
spring.

Material and methods. Sprague-Dawley
rats were housed in an air-conditioned room
under controlled conditions of light (0600
2000) and temperature (22°). Purina labora-

! Please address requests for reprints to Dr. Boris
Draznin, Department of Medicine, Endocrine Division,
University of Colorado Medical Center, 4200 E. Ninth
Avenue, Box B151, Denver, Colo. 80262,

tory chow and water were administered ad
libitum to adult rats, while pups received
mother’s milk. Adult male (n = 18) and
female (n = 7) rats were housed separately in
groups of 4-5 animals per cage; pups (10-12/
dam) stayed with their mothers in individual
cages until weaned at Day 20. After weaning,
pups were separated according to sex and 4-
5 were housed per cage. All animals were
weighed prior to each bleeding and blood
samples drawn under light ether anesthesia
from all except fetal and neonatal animals
between 8 and 11 aM. Blood was obtained by
decapitation from fetuses on the 20th day of
gestation (n = 50), and from neonates (birth
to 3 days) at 1 hr, 1 day, and 3 days after
birth (rn = 20, 18 and 20 pups, respectively).
Blood samples from 4 to 5 fetuses, or neo-
nates, were pooled for subsequent assays,
while blood sampling was performed by tail
artery catheterization approximately weekly
(male), or monthly or bimonthly (female),
from ages 14 through 120 days. Eleven preg-
nant rats were studied from the 4th to the
20th day of pregnancy; 6 were untreated
while 5 received indomethacin (Merck,
Sharpe, and Dohme) (10 mg/kg body wt i.m.
twice a day) beginning on the 2nd gestational
day. Blood samples were drawn from the tail
artery on the 4th, 13th, and 20th day of
gestation, and from the uterine vein imme-
diately before the removal of the fetuses un-
der light ether anesthesia on Day 20.

Blood samples obtained from all animals
were centrifuged immediately and the sera
kept frozen at —20° until assayed for GH by
radioimmunoassay (RIA) (11), and IGF and
its CP by competitive protein binding (CPB)
assays (12, 13). While it is generally agreed
that considerable biological, and probably
structural, similarity exists between various
SMs, rat SM appears to be a basic peptide
most closely resembling SMs C and IGF 1
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(14). Moreover, it has been shown that SM
MSA (multiplication stimulating activity),
like SM C, cross-reacts both with IGF I and
(to a lesser extent) II in the CPB assay (15,
16) and is detectable in rat plasma by RIA
(17). While the CPB assay measures peptides
which cross-react with both IGF I and 11, it
appears that the absolute rat SM levels,
herein expressed as IGF reactivity, would be
underestimated by this assay since it has been
shown that CP has an affinity for IGF 1
which is approximately only 10% that for
IGF II (18). Despite the known limitation in
the specificity of the CPB assayj, it is felt that
it provides a useful approximation of the
changes in rat SM levels which have been
quantitated in terms of uU/ml relative to an
IGF standard, the potency of which has been
determined by its stimulation of glucose oxi-
dation in the rat epidymal fat pad bioassay.
Samples of maternal and fetal blood used for
PG assays were immediately placed in tubes
containing 2% EDTA and 10 pg aspirin to
inhibit further PG synthesis by platelets in
vitro during centrifugation. Specific RIAs
were employed to measure the principal me-
tabolite of PGF. (13,14-dihydro-15-keto-
PGF;) (PGF M) in maternal plasma and
PGE; in fetal plasma (19, 20). For statistical
analysis, either the paired or unpair Student’s
f test was used as indicated.

Results. A. Growth and the growth-promot-
ing system in growing rats. Consistent weight
gain, from 5.0 = 0.03 g (mean + SEM) at
birth to 424 + 4 g at 120 days, was observed
throughout the experiment. However, the
slope of the curve for body weight varied at
different ages (Fig. 1). Thus, the initial weight
gain (3.6 g/day) between Days 3 and 28,
reached its highest rate (6.0 g/day) between
Days 28 and 55, then declined slightly (4.9 g/
day) between Days 55 and 79, and was min-
imal (1.4 g/day) between Days 79 and 120.
However, the fractional growth velocity in
growing rats progressively declined from the
birth on (data not shown) in compliance with
natural process of growth. The pattern in
weight gain was not significantly different in
male and female animals during any of the
time periods studied.

Despite the well-known broad range of GH
concentrations in rats, the mean GH levels
appeared to be age related (Fig. 1). Thus, the
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moderately high GH concentration in the
fetus (137 = 21 ng/ml) rose almost three-fold
on the first day of life (371 + 37 ng/ml, P <
0.001), decreased between Days 14 and 28,
and reached a second peak at 48 days (365
+ 97 ng/ml) before decreasing to the adult
level (30 + 4 ng/ml) at 120 days.

During the first month of life the changes
in serum IGF levels followed those in GH
concentration (r = 0.901; P < 0.001). A mean
fetal serum level of 812 + 164 pU/ml rose
significantly ( P < 0.001) on the first day of
life to 2108 + 26 uU/ml. Thereafter, serum
IGF rapidly declined to a nadir of 189 + 26
pU/ml at Day 21, and then rose gradually to
a level of 512 = 12 pU/ml on Day 120 (Fig.
1).

The pattern of IGF CP concentration re-
sembled that of weight gain rather than those
of serum GH and IGF (Fig. 1). The CP levels
in fetal (0.28 + 0.01 mg/ml) and neonatal
(0.36 + 0.01 mg/ml, Day 3) circulations were
very low, but doubled by Day 21. Thereafter,
the mean CP level demonstrated a progres-
sive rise until Day 41 (2.4 = 0.2 mg/ml), and
then remained at a plateau (range, 2.6 + 0.11
to 2.9 = 0.1 mg/ml) from 55 until 120 days.
No significant differences were noted in se-
rum GH, IGF, or CP levels between male
and female rats at any age.

B. Growth-promoting system in pregnant
rats. The body weights of controls (500 + 9
g) and indomethacin-treated (528 = 12 p)
pregnant animals were virtually identical at
term, as were those of their offspring (5.0 +
0.1 and 5.1 % 0.2 g, respectively). The level
of PGF M in the systemic circulation of
pregnant controls demonstrated a significant
(P < 0.01) rise from the 4th (152 = 22 pg/
ml) to the 13th day (256 + 49 pg/ml), and
remained elevated on the 20th day of gesta-
tion (235 = 29 pg/ml). The administration of
indomethacin significantly (P < 0.01) re-
duced the levels of PGF M in systemic cir-
culation of pregnant rats at all time periods
studied (Fig. 2).

While serum GH levels were similar both
in control and indomethacin-treated preg-
nant rats on the 4th and 13th days of gesta-
tion, by the 20th day the mean GH concen-
tration was almost 50% less in the indometh-
acin-treated group than in the controls. Se-
rum IGF levels both in the control and in-
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F16. 1. Body weight and serum GH, IGF, and CP levels in rats. Results are expressed as mean = SEM. Groups
of fetal (F) and neonatal rats include the animals of both sexes (@). At age 20 days male (@) and female (O) rats were
segregated; no statistically significant sex-related differences in any component of the growth-promoting system were

observed.

domethacin-treated rats exhibited a gradual
decline throughout the gestational period,
from 250 % 11 to 128 + 3 xU/ml in controls,
and from 308 + 6 to 193 + 16 uwU/ml in
indomethacin-treated animals (4th and 20th
day, respectively). In contrast to reduced GH
concentrations, the mean IGF in indometh-
acin-treated rats was slightly but significantly
(P < 0.01) higher than in control animals
throughout gestation. A dramatic and highly
significant ( P < 0.001) drop in IGF CP con-
centration was observed in all pregnant ani-
mals, with and without indomethacin treat-
ment. The slopes of the decrease in CP from
Days 4 to 13 were steep and parallel, drop-
ping from 2.54 + 0.1 t0 0.29 + 0.11 mg/ml in
controls, and from 2.43 + 0.2 t0 0.25 + 0.11
mg/ml in indomethacin-treated rats.

In the control animals the PGF M concen-
tration in the uterine vein on Day 20 (386 +

54 pg/ml) was significantly (P < 0.001)
higher than in the systemic circulation (Fig.
3). Indomethacin administration caused a
striking reduction (P < 0.005) in PGF M
concentration both in the systemic and uter-
ine circulation (99 + 5 and 60 + 10 pg/ml,
respectively) on the 20th gestational day.
Similarly, the plasma PGE; level in the fe-
tuses of indomethacin-treated mothers (398
*+ 152 pg/ml) was significantly (P < 0.01)
lower than in those of the control mothers
(913 = 42 pg/ml). The administration of
indomethacin to pregnant rats caused a sig-
nificant decrease not only in their plasma PG
concentrations, but in serum GH levels as
well. The latter were reduced both in the
systemic circulation (89 % 5 vs 50 = 5 ng/ml,
P < 0.01) and in the uterine vein (89 * 8 vs
59 £ 5 ng, P < 0.01). The fetal GH concen-
tration in the indomethacin-treated rats (83
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F1G. 2. Plasma PG (PGF M) and serum GH, IGF, and CP levels in control (ll——) and indomethacin-treated
(®@--®) pregnant rats. Indomethacin (10 mg/kg) was injected i.m. twice a day starting on the second gestational

day. Results are expressed as mean + SEM.

+ 7 ng/ml) was also significantly lower (P
< 0.05) than in fetuses of the control group
(137 = 21 ng/ml). The levels of IGF in both
maternal systemic circulation and uterine
vein of indomethacin-treated rats were sig-
nificantly higher ( P < 0.001) than those of
control animals. The fetal IGF concentra-
tions, however, were found to be similar both

in the control group (812 + 64 pU/ml) and
the indomethacin-treated animals (726 + 36
pU/ml). The mean CP concentrations in the
fetal, maternal systemic circulation, and in
the uterine vein were virtually identical in
both groups.

Discussion. The regulation of growth is de-
pendent upon a highly complex system which
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F1G. 3. Plasma PGF M (maternal) and PGE; (fetal)
and serum GH, IGF, and CP levels in control and
indomethacin-treated pregnant rats and their offspring
on the 20th gestational day. Values given for the mater-
nal systemic circulation (MS), maternal uterine vein
(MU), and fetal circulation (F) are expressed as mean
+ SEM. P values vs control: * <0.05, ** <0.01, and
*** <0.001.

involves the interaction of GH, SMs, and SM
carrier proteins. Naturally, GH has a central
role in this process by inducing the synthesis
and release of SMs which, in turn, mediate
many of the effects of GH on peripheral cells
(1, 2,21, 22). Moreover, the biological activity
of the SMs appears to be regulated in part by
circulating levels of their CPs (3-8, 23, 24).
Although many of the components of the
growth-promoting system have been identi-
fied, the factors which govern the release and
action of the interacting substances remain
unclear. In this study, we have examined the
influence of several factors on the growth-
promoting system in the rat. This animal was
selected for our studies because in contrast to
the human, the rat continues to grow
throughout life.

There are two periods during the life of
young rats in which serum GH levels appear
to be closely related to the rate of growth.
The first is during the late fetal and early
neonatal life when serum GH is markedly
elevated, a finding long recognized both in
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humans (26) and in rats (27). The importance
of elevated GH levels in newborns is empha-
sized by the observation of marked growth
retardation following hypophysectomy at this
age (28). The present data, in agreement with
these of Ojeda and Jameson (25), demon-
strate that high postnatal GH concentrations
coincide with a sevenfold increase (from 5 to
36 g) in body weight from birth to age 14
days. Factors regulating the pattern of GH
secretion in early infancy are still largely
unknown. Although a causative role of estro-
gens at this age has been suggested, it has
also been shown that estradiol treatment does
not alter GH synthesis in overiectomized rats
(29). Walker et al. (30) have demonstrated a
highly significant inverse correlation between
the hypothalamic somatostatin and serum
GH concentrations in neonatal rats, and have
emphasized a physiological role in the post-
natal development of the hypothalamic reg-
ulatory mechanism for pituitary GH release.

The second peak in serum GH concentra-
tion occurs prior to sexual maturation (25),
coincident with an alteration in growth rate.
Our data indicate that the rate of weight gain
in male animals (initially 3.6 g/day) almost
doubled from Days 28 to 55 (6.0 g/day).
Although the rat does not exhibit as marked
a “pubertal growth spurt” as the human,
Ojeda and Jameson (25) have also found that
plasma GH concentrations increase in female
rats prior to puberty and are associated with
an increase in the slope of the curve for body
weight. The increase in GH concentrations
during puberty may be related to the influ-
ence of the sex steroids which are known to
stimulate the release of GH (34, 35).

In contrast to many reports of low SM
activity in cord blood of human beings (36—
38) and in neonatal rats (39), we have found
high levels of the somatomedin IGF in the
circulation of fetal and newborn rats. The
initial changes in serum IGF follow the
changes in GH concentration. As with GH,
the elevated level of IGF rose further on the
first postnatal day and then decreased to its
lowest point by Day 21, following the nadir
in serum GH. Thereafter, the IGF concentra-
tion demonstrated a continuous but gradual
increase to Day 120, departing from the pat-
tern of GH secretion which rose to a second
peak at Day 48. Serum IGF CP demonstrated
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an entirely different profile. Extremely low in
early neonatal circulation, the level of IGF
CP rose slowly by the 21st day, exhibited an
accelerated rise between Days 21 and 41, and
reached a plateau on the 55th day. Although
there was no apparent correlation between
IGF CP and either GH or IGF levels, there
was a striking similarity between the changes
in CP levels and the pattern of weight gain.

Pregnancy, with its multihormonal
changes, induces new factors into the regu-
lation of the growth-promoting system.
Growth hormone secretion and the amplitude
of individual pulses in pregnant rats have
been shown to be increased on gestational
Days 18-21 (40). We have also observed a
significant rise in GH levels in control preg-
nant animals on the 20th day of gestation.
Nevertheless, despite this obvious rise, the
mean maternal GH concentration was far less
than that of the offspring. A slight, but sig-
nificant, decrease in IGF concentration
throughout gestation and the unexpectedly
high fetal IGF levels pose additional ques-
tions and emphasize the differences between
the rat and human growth-promoting sys-
tems. Thus, in pregnant women, the mean
IGF concentration exhibits a tendency to rise
while its level in cord blood is barely half that
in the maternal circulation; in contrast, the
decrease of IGF CP level in pregnant rats
was similar to that observed in humans (41).
The physiological significance and possible
cause(s) of this reduction in CP concentration
during pregnancy are unknown. An identical
observation that had been noted in the serum
of pregnant women (41) led us to investigate
the possibility of a rise in serum-“free” IGF
concentration. The data obtained have dem-
onstrated that “free” IGF levels in pregnant
women were approximately threefold higher
than those in nonpregnant controls (manu-
script submitted for publication).

Since PGs have been repeatedly shown to
increase GH release (31-33), a significant rise
in their concentration during gestation may
contribute to the elevation in maternal GH
concentration in late pregnancy and to that
in the fetal-neonatal circulations. PG mea-
surements in plasma provide only an indirect
index of synthesis by various tissues. Never-
theless, the significant decreases in PG con-
centration at three sites (maternal systemic,
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maternal uterine, and fetal circulations) attest
to the widespread inhibition of PG synthesis
induced by indomethacin; the blockage af-
fects all compounds derived from the cy-
clooxygenase pathway. Lower concentrations
of PGs in indomethacin-treated pregnant rats
and their offspring were accompanied by
lower GH levels as compared to controls.
Surprisingly, the IGF levels in maternal cir-
culation in indomethacin-treated animals
were slightly, but significantly, higher than in
the control group. Furthermore, in spite of
substantial differences in GH concentration,
IGF levels and fetal weights were similar in
indomethacin-treated and control animals.
This apparent lack of positive correlation
between serum GH and IGF levels in indo-
methacin-treated rats suggests that substances
other than GH may govern SM production
in pregnant rats. Thus, Daughaday and his
colleagues (42, 43) have recently demon-
strated that in rats hypophysectomy per-
formed on the 14th gestational day was not
accompanied by decrease in SM concentra-
tion until after delivery. They have con-
cluded, therefore, that SM concentration in
pregnant rats was probably maintained by
placental somatomammotropin.

Summary. The changes in body weight and
serum levels of growth hormone (GH), so-
matomedin insulin-like growth factor (IGF),
and its carrier protein (CP) have been fol-
lowed in rats from fetal to adult life. The
weight gain was maximal (6.0 g/day) between
Days 28 and 55 and minimal (1.4 g/day)
between Days 79 and 120. Two distinct peaks
of GH concentration have been found in
normally growing animals. The first (mean
+ SEM) was observed on the first day of life
(371 £ 37 ng/ml) while the second peak (365
+ 97 ng/ml) coincided with an acceleration
in growth rate beginning Day 40. An unex-
pectedly high fetal IGF level (812 + 164 yU/
ml) rapidly declined to a nadir (189 + 26 pU/
ml) at Day 21, and then rose gradually to a
level of 572 + 12 pU/ml on Day 120. The
pattern of IGF CP concentration resembled
that of weight gain rather than those of serum
GH and IGF. The sex of animal appeared to
have no influence on any component of
growth-promoting system.

The administration of indomethacin (10
mg/kg) to pregnant animals inhibited the
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elevation not only of prostaglandins in ma-
ternal (99 * 5 vs 235 + 29 pg/ml) and fetal
(398 £ 152 vs 913 + 42 pg/ml) circulations,
but also of GH (50 + 5 vs 89 = 5 ng/ml, and
83 = 7 vs 137 + 21 ng/ml, respectively).

In contrast, serum IGF levels in indometh-
acin-treated pregnant rats were slightly but
significantly elevated above those found in
control animals throughout gestation. An
unexplained dramatic decrease in IGF CP
concentrations was observed in both groups
of pregnant rats.

This study of the growth-promoting system
in growing rats demonstrates its complexity
and age dependency. Pregnancy is accompa-
nied by significant and specific changes in all
major components of the growth-promoting
system. Some of these alterations may be
related to elevated levels of PGs while the
reasons for the others are still unknown.
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