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ABSTRACT. Somatomedins are anabolic hormones that 
may stimulate growth during the perinatal period. To test 
this hypothesis, neonatal rats were injected with a biosyn
thetic somatomedin, insulin-like growth factor 1 (IGF-1) 
twice daily for the first 2 wk of life. Two biosynthetic IGF-
1 preparations of different potency were tested as well as 
a preparation of human growth hormone in five litters of 
rats. When compared to saline-injected rats, IGF-1 injected 
rats had increased body weight and tail length as well as 
specific increases in weights of liver, brain, heart, and 
testes. In addition, significant increases in bone marrow 
erythropoietic cell precursors were apparent after IGF-1 
injection. IGF-1-treated neonatal rats also exhibited pre
cocious eye opening as a sign of epithelial cell differentia
tion. Five additional litters of rats received similar injec
tions but were exposed to postnatal nutritional deprivation 
via artificially increasing litter size. Although I GF -1 caused 
stimulation of bone marrow erythropoiesis and precocious 
eye opening, no effects ofiGF-1 on somatic or organ growth 
could be documented. This represents the first demonstra
tion in vivo of the anabolic effects of IGF-1 in rapidly 
growing neonatal rats but suggests that nutritional suffi
ciency may also be necessary for the full expression of 
somatomedin effects. (Pediatr Res 23: 298-305, 1988) 

Abbreviations 

CFU-E, erythroid colony-forming cell 
Ep, erythropoietin 
GH, growth hormone 
IGF, insulin-like growth factor 
HSA, human serum albumin 
PCV, packed r,ed cell volume 
AN OVA, analysis of variance 

Somatomedins, or IGF, comprise a family of relatively low 
molecular weight peptides possessing growth promoting proper-
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ties in a variety of mammalian cell types in vitro ( 1, 2). Although 
they share some structural homology with insulin (1, 2) and do 
stimulate such insulin-like effects as increased cellular glucose 
and amino acid uptake (3), somatomedins also possess potent 
mitogenic properties in cell types as diverse as fibroblasts, myo
cytes, chondrocytes, and erythropoietic stem cells (1-3). Of the 
somatomedins, IGF-1 has been studied most extensively. Its 
synthesis in the adult appears to be regulated by circulating GH 
concentration (2, 4). Somatomedins, including IGF-1, and their 
receptors have recently been identified in a wide variety of fetal 
and neonatal tissues in several species including man (5-8), 
raising the possibility that the rapidity of growth observed in the 
perinatal period may be at least partially regulated by changes in 
somatomedin production. However, although significant IGF-1 
synthesis has been observed in the fetus and neonate (6), the 
mechanisms involved in regulation of IGF-1 production are 
unclear (9). 

Unfortunately, hypotheses regarding the effects of somatome
dins on growth rate or erythropoiesis have been difficult to test 
in other than in vitro systems because of the scarcity of purified 
hormone. Although somatomedins are synthesized by many cell 
types, no storage site has been identified and, thus, hormone 
purification schemes have required time-consuming concentra
tion and separation of somatomedins from large amounts of 
human sera ( 10). Recently, genetic engineering techniques have 
been applied to the synthesis of somatomedins in order to provide 
enough purified hormone for use in in vivo animal experiments. 
We report the first use of two biosynthetic preparations of IGF-
1 in the prewean1ing rat in order to observe whether or not 
exogenous IGF-1 causes any alterations in growth or erythro
poiesis during the perinatal period. 

MATERIALS AND METHODS 

Hormone preparation. Biosynthetic IGF-1. Two preparations 
of recombinant human IGF-1 were used. IGF-1 A, produced in 
yeast, and IGF-1 B, produced in Escherichia coli, were kindly 
provided by Kabi Vitrum and Kabi Gen (Stockholm, Sweden), 
respectively. The purity of these preparations was confirmed by 
amino acid composition and NH4-terminal sequence. These 
preparations differed in specific activity, assessed by placenta 
radioreceptor activity (II) as follows: IGF-1 A (5000 U/mg) and 
IGF-1 B (10,000 U/mg). 

Biosynthetic IGF-1 was dissolved in 35% CH3CN. Aliquots 
were removed, placed in albumin-coated tubes, freeze dried, and 
before administration, dissolved in sterile saline with 0.1% HSA. 
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This method gave IOO% recovery of activity after syringe injec
tion. Saline controls received identically treated aliquots of 35% 
CH3CN, freeze dried and reconstituted in sterile saline with 0.1% 
HSA. 

Human GH. Crescormon was kindly provided by Kabi Vitrum 
and aliquotted into 2-nmol portions. 

Experimental protocol. Animals. Twelve litters of Sprague
Dawley rats were studied in the first 2 wk of postnatal life. 
Animals were supplied by a commercial breeder and birth dates 
were accurate to within 12 h. 

Kinetic Studies. Two litters of rats were studied on the 3rd or 
15th postnatal day, in order to assess the efficiency of absorption 
ofbiosynthetic IGF-1 when injected subcutaneously. In the first 
study, six 3-day old rats were injected subcutaneously over the 
lumbar spine with purified IGF-lA using plastic tuberculin sy
ringes and 27-guage needles. Aliquots of 15 JLg of lyophilized 
hormone preparation (see below) were dissolved in delivery 
volumes of 50 JL1 of normal saline immediately before injection. 
Blood samples were then obtained for IGF-1 assay by exsangui
nation via cardiac puncture under ether anesthesia. Samples 
were drawn at 0.25, 0.5, 1.0, 2.0, and 24 h after injection. Thus, 
because of the small blood volume available per animal and the 
limited amount of pure hormone available, each point in time 
was represented by blood IGF concentrations from a single 
animal (two animals were used to study blood levels at 24 h). 
Two litter mates also served as noninjected controls. In addition, 
1 0-JLI blood samples were obtained by tail section before anes
thesia for estimation of plasma glucose concentration. When 
possible, urine was obtained from the rats by gentle abdominal 
pressure before cardiac puncture and urine concentrations of 
IGF-1 were studied. 

In the second study, a similar IGF-1 dose ( 15 JLg) was given to 
three 15-day-old rats. Because of their relatively larger blood 
volumes, serial blood sampling for glucose and IGF-1 concentra
tion could both be performed by tail vein section. Thus, all three 
rats were studied serially at 0, 0.5, 1.0, 5.0, and 24 h. Once again 
urine was collected when possible. 

Growth Studies. ,Ten litters of rats were injected twice daily 
from day 3 through day 15 of postnatal life with biosynthetic 
IGF-1 , GH, or saline, and the effects of hormone supplementa
tion on growth then determined. In five of the litters, litter size 
was decreased from I 0-13 pups per litter to eight per litter on 
the 3rd postnatal day in order to maximize pup nutrient intake 
during the study period ("normal litters" group). In the remaining 
five litters, litter size was increased from 10-13 pups per litter to 
14-16 per litter using rats of identical strain, age and weight 
("large litters" group). A standard technique for producing peri
natal malnutrition ( 12), supplanted neonatal rats are usually 
cared for by the adoptive dam similarly to her own. Increased 
litter size thus causes perinatal growth retardation due to limited 
milk availability. 

In all litters attempts were made to select, when possible, the 
majority of study animals (five per litter) as males. Later analysis 
proved, however, that no significant weight differences between 
males and females at 16 days were apparent in controls. An 
attempt was also made to match study subjects within litters for 
similar weight and length. Within each litter, rats were assigned 
to treatment groups 1 through 5 and marked using small indelible 
pen markings in a code on head or neck. The treatment groups 
were as follows: group I, IGF-1 preparation A (Kabi-Vitrum), 
15 JLg (2 nmol); group 2, IGF-1 preparation B (Kabi-Gen), 15 JLg 
(2 nmol); group 3, human GH (Kabi-Vitrum Crescormon), 42 
JLg (2 nmol); group 4, vehicle; group 5, no injection. 

Injections were begun on day 3 and continued twice daily 
(0900 and 1700 h) through postnatal day 15. Although hormone 
dose remained constant throughout the study, dose per g body 
weight decreased gradually throughout the study. For IGF-1 
injected rats, initial and final doses were approximately 1.8 and 
0.4 JLg/g, respectively. For GH-treated animals the initial and 
final doses were 5.1 and 1.2 JLg/g, respectively. Delivery volume 
was 50 JL1 in rats <20 g and IOO JL1 in rats ::::20 g. 

Growth and Maturation Parameters. Measurements of weight, 
length, and tail length were obtained daily from study animals 
from day 3 through 16. Length was measured as the distance 
between posterior occiput (a dot was placed between the ears 
using indelible pen ink) and anus. Tail length was measured as 
the distance between anus and tail tip. Estimates of maturation 
were performed twice daily using the following parameters. Eye 
Opening. Time (closest 12 h) when both eyes fully open. Tooth 
eruption. Time (Closest 12 h) when both mandibular incisors 
visibly erupted. Hair growth. Estimated on a scale of 0-3 where 
0 = no visible hair, 1 = sparse white hair on. torso, 2 = thick hair 
with scattered bare areas, 3 = pelt fully covers torso. 

On day 16, approximately 16 h after the last injection, blood 
samples were obtained from each study subject via tail section 
for analysis of PCV, reticulocyte count, plasma glucose, and 
insulin concentrations. All animals were then exsanguinated via 
cardiac puncture while under ether anesthesia. Blood samples 
were allowed to clot at room temperature and the sera then 
stored at -20° C for later analysis of rat growth hormone and 
IGF-1 activity. 

After exsanguination, cerebrum and liver were removed from 
each animal, weighed, and stored for later analysis of protein 
and DNA content. Rat livers were removed in toto and cere
brums were removed after cleavage of the medulla at the level 
of the posterior occipital horns. Other organs, including heart, 
lungs, kidneys, spleen, testes, thymus, pituitary, and adrenals 
were also removed and weighed. Both femurs were removed 
aseptically from ·each animal in two of the normal sized litters 
and three of the large litters. The femurs were kept on a-medium 
at 18° C until the bone marrow was expressed. The bone marrow 
cells were then cultured in order to detertnine the number of 
CFU-E in the respective treatment groups, and to test the in vitro 
sensitivity of these cells to exogenous Ep. 

Analytical methods. Plasma glucose concentration was meas
ured using the glucose oxidase technique (Beckman Instruments, 
Palo Alto, CA). Insulin concentration was determined using a 
radioimmunoassay with rat insulin standards (Novo Research 
Institute, Bagsvaerd, Denmark). Rat GH concentration was also 
measured by radioimmunoassay using rat standards. Because no 
cross-reactivity with human GH is noted in this assay, exogenous 
(injected) human GH would not be measured. IGF-1 activity 
was measured by two different methods: for the kinetic experi
ments, changes in serum somatomedin were performed 
using a radioreceptor assay ( 13) consisting of fetal human brain 
membrane, and appropriate dilutions of a standard 
human sera. In this assay, I U of somatomedin activity is 
arbitrarily defined as the activity present in I ml of the standard 
serum. For the growth experiments, IGF-1 activity was measured 
by a specific IGF-1 radioimmunoassay (1) using chicken anti
human IGF-1 antibody and For both assays, no 
attempt was made to separate binding proteins and thus results 
represent values in whole serum. Liver and brain tissue were 
treated with 5% perchloric acid according to the protocol of Sara 
et al. (14) for extraction of protein and DNA. Protein was 
measured using the method of Lowry et al. (15). DNA was 
measured using a modification of the Burton diphenylamine 
method (16). Results are expressed as mg of protein or DNA per 
organ. The ratio of protein content to DNA content is expressed 
as mg protein per mg DNA. PCV was determined by microcen
trifugation. Two thousand red blood cells were counted for each 
reticulocyte value. 

Method for culturing bone marrow CFU-E. The femurs were 
cut at the neck before the distal end was pierced by an 18-gauge 
(normal litters) or 23-gauge (large litters) needle and the bone 
marrow flushed out with 2-3 ml of a-medium. Fetal calf serum 
(Row Laboratories, Herts, England) was added at a concentra
tion of 20%, and a single cell suspension of both marrow plugs 
from each animal was obtained by gentle' aspiration through a 
Pasteur pipette. The single cell suspensions were kept on ice and 
gently shaken for 4 h. The suspensions were then filtered and 
centrifuged, and the cells washed and plated at a concentration 
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of 5 x 1 o• nucleated cells/ml, as previously described for neonatal 
mouse liver cells (17, 18). Removal of cells adherent to glass was 
not done. A linear relationship exists between the number of 
erythroid colonies formed and the number of CFU-E plated; the 
number of colonies is also proportional to the amount of stand
ard Ep present in the cultures in a log-dose fashion ( 17). In order 
to secure maximal stimulation, the cells from each animal stud
ied were cultured in the absence of Ep as well as in the presence 
of four different concentrations of standard Ep (50, 100, 200, 
400 mU/ml). Eight parallel wells were incubated per dose, and 
all animals from each litter were tested in the same experiment. 
The maximal response is the number of erythroid colonies 
fo'rmed when the cells are maximally stimulated by Ep, inde
pendent of the Ep dose at which this occurs. Thus, the maximal 
response reflects the number ofCFU-E in the respective femoral 
bone marrows. Sheep plasma erythropoietin (step III, Connaught 
Laboratories, Ontario, Canada) served as standard Ep. The ly
ophilized step III preparation was dissolved in alpha-medium 
(Flow Laboratories) and stored at -70° C. 

Statistical methods. To detect statistically significant differ
ences between groups with respect to growth or biochemical 
parameters, grouped ANOV A and randomized block ANOV A 
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Fig. I. A, serum and urine IGF-1 activity before and after subcuta
neous injection of biosynthetic IGF-1 in 3 day old rats. B, serum and 
urine IGF-1 activity before and after subcutaneous injection of biosyn
thetic IGF-1 in IS-day-old rats. *p < 0.05 . 

were performed. ANOV A allowed detection of differences due 
to "drug" (IGF-1 or GH versus control saline or no injection), 
litter size (normal or large), or drug-litter size interaction. If 
significant (p < 0.05) differences were obtained, individual cells 
were then contrasted using post hoc t test comparisons. Results 
are expressed as mean ± SEM unless otherwise stated. 

RESULTS 

Kinetic studies. No deaths were observed in any of the injected 
animals. Similarly, hormone injection was not accompanied by 
any significant detectable morbidity. Mean weight of injected 3-
day-old rats was 9.7 ± 0.1 g and, thus, injected IGF-1 dose was 
approximately 1.6 J.tg/g body weight. Figure lA depicts the 
changes in serum somatomedin activity of the injected 3-day
old rats using the brain somatomedin receptor assay. Control 
somatomedin concentrations were 1.96 and 2.12 U/ml in the 
two controls, respectively. After injection, an increase in activity 
to 35-37 U/ml was observed by 15-30 min. By 24 h concentra
tions were equal to the control value. By extrapolation from the 
0.5-, 1.0-, and 2.0-h concentrations, control concentrations may 
have been reached within 4-5 h postinjection. Urine was avail
able from control rats and injected rats at 0.25 and 1.0 h. An 
increase in urine somatomedin concentration from 0.08 to 1.24 
U/ml was observed by 60 min after injection. No changes in 
plasma glucose concentration were noted in the injected rats. 

Mean weight of 15-day-old injected rats was 25.2 ± 0.5 g and 
thus the IGF-1 dose was approximately 0.6 body weight. 
Serum somatomedin activity (Fig. lB) rose from 1.48 ± 0.13 to 
4.36 ± 0.54 U/ml (p < 0.05) by 30 min after injection and 
declined thereafter. By 24 h postinjection, somatomedin levels 
were still elevated but not significantly. In contrast to 3-day-old 
rats, no changes in urine somatomedin concentration were ob
served although no urine was available at 1 or 2 h postinjection. 
No differences in plasma glucose concentration were noted in 
injected rats when compared to controls. 

Growth of injected rats. Table 1 presents the initial (day 3) and 
final (day 16) weights, lengths, and tail lengths of pups from 
normal and large rat litters. Initial measurements were similar 
between all injection groups. ANOV A performed on final weight 
and tail length measurements of the lO litters detected significant 
(p < 0.05) interaction between the effects of drug and litter size. 
A significant effect of litter size on body weight but not tail 
length was also observed. No statistically significant differences 
in crown rump lengths between treatment groups were detected 
by ANOV A. In the normal litters (five litters of eight pups per 
dam), body weights in the litter mates injected with biosynthetic 
IGF-1-preparation B (group 2) were significantly (p < 0.05) 
above control weight (vehicle injected group 4) by paired t test 
analysis. In addition, tail lengths of animals in group 2 were also 
significantly above those of the control group (p < 0.05). Al
though mean crown rump length in group 2 was also increased 
(7 .0 ± 0.3 versus 6.8 ± 0.2 em), the difference was not statistically 
significant. As shown in Figure 2, increases in body growth of 
IGF-1-B (group 2) rats versus controls were present by the 11th 
postnatal day for body weight and by the 13th postnatal day for 
tail length. 

Injections of the less potent IGF-1 preparation (preparation 
A) or of human growth hormone were not associated with 
observed changes in growth in any of the five normal litters 
studied. Noninjected litter mates (group 5) had growth parame
ters similar to those of the vehicle-injected control animals, 
confirming the safety of the method used in reconstitution of the 
hormones. 

In the five large litters receiving relatively poor nutrition, 
control animals in group 4 had body weights that were signifi
cantly below those of their normally nourished counterparts [28.6 
± 2.1 versus 35.0 ± 1.7 g, respectively (p < 0.05 by unpaired t 
test)]. Neither tail nor crown-rump lengths were statistically 



BIOSYNTHETIC INSULIN-LIKE GROWTH FACTOR-I 

different between normally nourished and malnourished rat 
pups, however. Unlike the pups in normal litters, IGF-1 injection 
in rat pups of large litters was not associated with any increase 
in growth parameters when compared to control rats. 

Maturation of injected rats. Analysis of variance detected a 
significant effect of drug (p < 0.05) but not nutrition (p < 0.10) 
upon time of eye opening in the rat litters. By paired t test 
analysis, time of eye opening (Table 2) was significantly acceler
ated by injection of IGF-1 B in large litters and in pooled data 
from all 10 litters. Because of the small sample size, time of eye 
opening between groups given IGF-1 B versus saline in normal 
litters only approached statistical significance (p < 0.07). In 
contrast, neither IGF-1 nor growth hormone accelerated time of 
tooth eruption or hair production. 
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Blood studies {Table 3). Significant effects of drug on both 
glucose concentration and insulin/glucose ratios were detected 
by ANOV A among the 10 litters. By t test analysis, however, the 
differences were due to mild hypoglycemia and an increased 
insulin/glucose ratio among growth hormone injected rats of 
normal litters when compared to saline-injected litter mates. 
Plasma glucose and insulin concentrations in the IGF-1 injected 
rats were similar to control values. No significant effects of litter 
size or drug-litter size interaction were detected for the parame
ters of glucose, insulin, or insulin/glucose ratio between treat
ment groups. Similarly, no differences in rat growth hormone 
were noted between groups. A significant effect of litter size on 
whole blood radioimmunoassay-lOF-t concentration was de
tected by ANOV A. No effect of drug or drug-litter size interaction 
were noted. Overall, pups from large litters had blood radio
immunoassay IGF-1 concentrations 70.2 ± 4.0% of those of 
normal litters (p < 0.05). 

Fig. 2. Changes in body weight and tail length of control (saline 
injected) rats and IGF-1 (preparation B) injected rats in normal litters 
over the 2-wk experimental period. 

Erythropoietic studies {Table 4). There were no significant 
differences in reticulocyte counts between the five treatment 
groups within each litter size and there were no differences 
between the respective treatment groups within normal or large 
litters, respectively. No differences were found in PCV between 
the five treatment groups within each litter size. However, rat 
pups in the five treated groups of large litters had increased PCV 
when compared with corresponding animals of treated groups 
within the normal litters (p < 0.001). 

Table 2. Comparison of time of eye opening between IGF-1 
injected and control rats 

In the rat pups from the two normal sized litters studied, group 
2 animals showed a significantly higher maximal response with 
respect to numbers of bone marrow CFU-E than all other 
treatment groups (p < 0.05). Neither groups I (IGF-IA) nor 3 
(GH) CFU-E were significantly different from control (group 4) 

Normal litters 

Large litters 

All litters 

IGF-IB 
(n = 5) 

15.4 ± 0.2 
(p < 0.07) 
14.5 ± 0.2 

(p < 0.001) 
15.0 ± 0.3 

(p < 0.001) 

Control 
(n = 5) 

16.0 ± 0 

15.7 ± 0.4 

15.9 ± 0.3 

Table 1. Initial and final growth parameters of injected versus control rat pups in normal and large litters 

No 
IGF-IA IGF-IB GH Vehicle injection 

Day 2 3 4 5 

Normal litters 
Wt (g) 3 8.2 ± 0.4 8.5 ± 0.4 8.2 ± 0.4 8.3 ± 0.4 8.6 ± 0.4 

16 33.9 ± 1.0 36.7 ± 1.3* 35.9 ± 1.5 35.0 ± 1.7 34.4 ± 1.3 
Length (em) 3 4.5 ± 0.2 4.6 ± 0.4 4.4 ± 0.2 4.4 ± 0.1 4.5 ± 0.1 

16 6.8 ± 0.1 7.0 ± 0.3 6.7 ± 0.1 6.8 ± 0.2 6.6 ± 0.1 
Tail length (em) 3 2.0 ± 0.1 2.1 ± 0.1 2.1 ± 0.1 2.1 ± 0.1 2.1 ± 0.1 

16 5.2 ± 0.1 5.5±0.1* 5.3 ± 0.1 5.3 ± 0.1 5.3 ± 0.1 

Large litters 
Wt (g) 3 9.1±1.3 9.4 ± 0.8 9.1 ± 0.8 9.3 ± 0.8 9.1 ± 0.7 

16t 27.9 ± 1.9 27.0 ± 1.6 30.6 ± 2.3 28.6 ± 2.1 27.9 ± 2.0 
Length (em) 3 4.4 ± 0.2 4.5 ± 0.1 4.3 ± 0.1 4.5 ±0.1 4.4 ± 0.1 

16 6.2 ± 0.2 6.2 ± 0.2 6.4 ± 0.2 6.2 ± 0.2 6.2 ± 0.3 
Tail length (em) 3 2.3 ± 0.1 2.3 ± 0.1 2.4 ± 0.1 2.3 ± 0.1 2.4 ± 0.1 

16 5.2 ± 0.3 5.3 ± 0.1 5.3 ± 0.2 5.2 ± 0.2 5.2 ± 0.3 

* p < 0.05 compared to group 4 or 5. 
t p < 0.05 between normal and large litters, all groups. 
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Table 3. Blood concentrations of glucose, insulin, GH, and IGF-1 in rats from normal and large litters on day 16 (mean± SEM) 

No 
IGF-I(A) IGF-I(B) GH Vehicle injection 

I 2 3 4 5 

Normal litters 
Plasma glucose (mg/dl) 128 ±I 136 ± 2 122 ± 3* 138 ± 3 127 ± 3 
Plasma insulin (ng/ml) 1.10±0.17 1.10±0.11 1.33 ± 0.22 0.85 ± 0.25 0.93 ± 0.11 
Insulin/glucose (ng/mg X 10-1

) 8.47 ± 1.27 8.10 ± 0.74 10.91 ± 1.87* 6.29 ± 1.88 7.29 ± 0.73 
Rat GH (ng/ml) 3.0 ± 0.4 4.0 ± 0.6 5.2 ± 0.8 3.3 ± 0.2 6.5 ± 2.5 
Radioimmunoassay-IGF-1 activity 272 ± 27 298 ± 45 352 ± 38 436 ± 107 306 ±53 

Large litters 
Plasma glucose (mg/dl) 128 ± 2 128 ± 3 129 ± 3 129 ± 3 134 ± 6 
Plasma insulin (ng/ml) 0.75 ± 0.34 0.98 ± 0.18 0.98 ± 0.22 0.91 ± 0.13 1.11 ±0.1 6 
Insulin/glucose (ng/mg X 10-1

) 5.71 ± 2.48 7.51 ± 1.42 7.59 ± 1.91 7.04 ± 1.10 8.33 ± 1.30 
Rat GH (ng/ml) 3.6 ± 0.2 3.4 ± 0.2 3.8 ± 0.3 3.2 ± 0.3 5.6 ± 1.7 
RIA-IGF-1 activityt 227 ± 6 212 ± 9 242 ± 13 238 ± 12 222 ± 21 

* p < 0.05 compared to groups 4 or 5. 
t p < 0.05 between normal and large litters, all groups. 

Table 4. Erythropoietic parameters measured in injected and control rat pups in normal and large litters 

No 
IGF-(A) IGF-(B) GH Vehicle injection 

1 2 3 4 5 

Normal litters 
Maximal response (colonies/ 5 . 1 04 cells) 301 ± 15* 346 ± 12t 286 ± 12 303 ±II* 249 ± 19 

(n = 16) 
Reticulocyte count(%) (n = 5) 9.7 ± 2.5 12.7 ± 3.0 9.8 ± 1.2 9.8 ± 0.7 7.3 ± 1.2 

PCV (%) (n = 5) 32.0 ± 1.6 30.6 ± 1.6 29.8 ± 1.3 31.2 ± 1.0 32.4 ± 1.1 

Large litters 
Maximal response (colonies/5 . 104 cells) 329 ± 20t 298 ± 23t 367 ± 24t§ll 222 ± 1311 206 ± 27 

(n = 16-24) 
Reticulocyte count(%) (n = 3-5) 5.9 ± 1.6 8.6 ± 1.4 7.1 ± 1.2 7.5 ± 2.1 5.5 ± 1.2 

(%) (n = 5) 36.7 ± 1.6 37.2 ± 1.6 33.0 ± 1.5 34.4 ± 1.3 34.8 ± 1.7 

* p < 0.05 compared to group 5. 
t p < 0.05 compared to all other groups. 
t p < 0.05 compared to groups 4 or 5. 
§ p < 0.05 compared to group 2. 
II p < 0.05 between normal and large litters, corresponding groups. 

p < 0.05 between normal and large litters, all groups. 

values. In animals from large litters, groups 1, 2, and 3 all showed 
higher maximal responses regarding numbers of CFU-E than 
control animals (p < 0.02). Interestingly, CFU-E in group 3 
(GH) animals exceeded (p < 0.05) those of group 2. 

The bone marrow cells from all litters showed very similar 
responses to stimulation by exogenous Ep within the range of 
doses tested. At an Ep concentration of 50 mU/ml all but one 
group (group 5, large litters) showed from 75 to 91% of the 
respective maximal responses. When 100 mU/ml of Ep were 
added, all groups showed between 85 and 100% of maximal 
response. Thus no differences in in vitro sensitivity to Ep between 
the various CFU-E populations could be demonstrated. 

Organ growth in injected rats. ANOV A performed on organ 
weights of the 10 litters of rats detected significant effects of drug
litter size interaction on the wet weights of liver, brain, heart, 
and testes suggesting a drug effect only in normal litters. Figure 
3 depicts selected mean organ weights of rat pups in the five 
normally nourished litters. Injection of IGF-1 preparation A was 
not associated with any increased growth when compared to 
controls. Increases in growth of liver, brain, heart, and testes 
were noted in rat pups injected with IGF-1 preparation B when 
compared to vehicle injected litter mates, but the weights of 
spleen, kidneys, adrenals, lungs, thymus, or pituitary were similar 
to controls. The increased organ weights observed were com
mensurate with body growth and thus organ weight to body 

weight ratios were similar between IGF-1B injected (group 2) 
and vehicle-injected (group 4) rats. GH injection was associated 
with an approximately 15% increase in lung growth and a 
marked increase in lung weight to body weight ratio in compar
ison to the vehicle-injected controls (p < 0.05). In contrast, 
adrenal weight in GH injected rats was 35% below control (p < 
0.05). 

In the five large litters, control weights of liver, heart, and 
spleen, but not brain, were significantly below those of the 
controls in the well nourished litters although a greater degree of 
interlitter variation was present. In contrast to the well nourished 
litters, neither IGF-1 nor growth hormone injections were asso
ciated with any significant changes in organ growth. 

In most organs studied, organ weight per body weight ratios 
were similar between normally nourished and malnourished 
litters. In contrast, control rat pups of malnourished litters had 
increased brain weight to body weight ratios when compared to 
normally nourished litters (3.4 ± 0.3 versus 2.7 ± 0.1 %, respec
tively, p < 0.001). IGF-1 injections were not associated with 
significant changes in these ratios in either of the two nutrition 
groups. 

Protein and DNA contents were measured in livers and brains 
ofrat pups from all 10 litters and are presented in Table 5. By 
ANOV A and subsequent t test analysis, increased litter size was 
associated with a decrease in both total protein and DNA content 
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in livers but not brains of rats in all treatment groups when 
compared to similarly treated rat pups of normal litters. No 
statistically significant differences in protein/DNA ratios related 
to litter size were noted. Drug-litter size interaction was apparent 
only in analysis of total liver protein and was due to a significant 
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Fig. 3. Selected organ weights of study animals in normal litters. 
Numbers in bars refer to treatment groups as in "Materials and methods." 
*p < 0.05, **p < 0.01 when compared to controls (groups 4 or 5). 

increase in liver protein ofiGF-1B injected rats when compared 
to noninjected controls in normal litters. In normal litters brain 
protein content was slightly elevated above control (67 .0 ± 2.3 
versus 64.0 ± 2.1 mg, respectively), but the difference was not 
statistically significant. IGF-1 injections had no effect on brain 
DNA or liver DNA content in normal litters. IGF-1 injections 
caused no discernible changes in protein or DNA content of 
livers and brains in growth-retarded rat pups from large litters, 
although there was a trend (p < 0.1) toward decreased brain 
protein content in pups from large litters given either IGF-1A or 
B. 

DISCUSSION 

Somatomedins are thought to play a role in the regulation of 
mammalian cellular growth (1, 2). IGF-1 has been most exten
sively studied in this respect and has been shown to stimulate 
cell replication and DNA synthesis in a variety of cell types 
including fibroblasts (19), myoblasts ( 19), chondrocytes (20), 
oligodendrocytes (21), and erythroid progenitor cells (2, 22). In 
addition, IGF-1 stimulates insulin-like metabolic effects of in
creasing glucose and amino acid entry into muscle and adipose 
tissue (2). IGF-1 synthesis in the adult is regulated in large part 
by secretion of growth hormone ( 1, 2, 4 ). Recent in vivo studies 
using both impure and purified IGF-1 preparations have dem
onstrated significant growth promoting properties ofiGF-1 when 
injected into postweanling normal rats (23), adult hypophysec
tomized rats (24, 25), or congenitally hypopituitary (Snell dwarf) 
mice (26). In the latter, growth in IGF-1 injected animals was 
equivalent to that of growth hormone supplemented animals 
and far exceeded that of controls. 

In fetal and early neonatal life, the synthesis of somatomedins 
appears not to be under control of growth hormone secretion 
(9). Both human anencephalic fetuses (27) and fetal sheep ex
posed to pituitary ablation (28) have relatively normal somatic 
growth. In the latter case, as well as in normal human fetuses 
(13), normal levels of circulating somatomedins are present. In 
the rat, growth also appears to be independent of GH secretion 
until approximately 20 days after birth (29). Little is known 
about regulation of somatomedin synthesis in the perinatal 
period but nutrition may play a role. In accordance with the 
above information in the rat, significant development changes 

Table 5. Comparison of protein and DNA contents in livers and brains of rats from normal and large litters (mean± SEM) 

IGF-lA IGF-IB GH Vehicle No injection 
I 2 3 4 5 

Liver 
Total protein (mg) 

Normal litters 149.0 ± 16.4 187.1 ± 19.8* 144.6 ± 18.9 167.9 ± 24.1 160.4 ± 25.2 
Large litters 87.6 ± 2.4 107.6 ± 6.4 103.9 ± 8.6 110.7 ± 10.7 113.2 ± 12.4 

Total DNA (mg) 
Normal litters 4.53 ± 0.06 4.83 ± 0.14 4.71 ± 0.13 4.82 ± 0.17 4.48 ± 0.14 
Large litterst 3.56 ± 0.23 3.53 ± 0.34 4.00 ± 0.32 4.05 ± 0.33 3.68 ± 0.22 

Protein/DNA 
Normal litters 32.9 ± 3.6 37.5 ± 4.2 30.5 ± 3.5 34.6 ± 4.4 35.0 ± 5.0 
Large litters 25.0 ± 1.1 28.2 ± 1.2 26.0 ± 1.7 27 .6 ± 1.7 30.5 ± 2.4 

Brain 
Total protein (mg) 

Normal litters 67.0 ± 2.9 67.0 ± 2.3 65.4 ± 2.7 64.0 ± 2.1 64.7 ± 1.8 
Large litters 59.9 ± 0.2 60.0 ± 2.0 64.1 ± 3.5 67.1 ± 2.9 65.2 ± 1.0 

Total DNA (mg) 
Normal litters 1.11 ± 00.5 1.07 ± 0.02 1.05 ± 0.02 1.05 ± 0.03 1.03 ± 0.03 
Large litters 1.14 ± 0.02 1.09 ± 0.06 1.11 ± 0.05 1.14 ± 0.03 1.07 ± 0.01 

Protein/ DNA 
Normal litters 61.0 ± 4.7 63.0 ± 2.7 62.4 ± 2.9 61.9 ± 2.7 63.0 ± 2.0 
Large litters 52.5 ± 0.8 55.6 ± 2.6 57.9 ± 3.3 58.9 ± 1.8 61.2 ± 0.7 

* p < 0.05 compared to group 4 or 5. 
t p < 0.05 between normal and large litters, all groups. 
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occur in somatomedin synthesis during the perinatal period (9, 
30). Rat IGF-2 [multiplication stimulating activity (30)], a close 
homologue of human IGF-2, is the predominant circulating 
somatomedin in the fetal rat. Rat IGF-1 levels (similar to human 
IGF-1) rise in serum after the 2nd to 3rd wk of postnatal life, 
concurrent with increases in GH and GH receptor concentra
tions. Although D'Ercole eta/. (6, 7, 31) have shown that multiple 
fetal tissues have the capacity for somatomedin synthesis, no 
direct evidence for somatomedin regulation of growth in the 
perinatal period has previously been demonstrated. 

The access to potent and highly purified preparations of IGF-
1 using recombinant gene technology have allowed for the initial 
assessment of in vivo growth promoting properties of somato
medins in the growing neonatal rat. In contrast to previous 
studies in hypopituitary adult animals, the present studies doc
ument that IGF-1, but not GH supplementation, caused in
creased growth in otherwise rapidly growing neonatal rats. The 
accelerated growth noted in these studies was comprised of 
increased somatic and skeletal growth as well as specific increases 
in the gross weights of brain, liver, heart, and testes. The increases 
in all of the above organs were proportional to the increases in 
overall growth observed. 

Subcutaneous injections of reconstituted IGF-1 caused ele
vated somatomedin blood levels within 15 min of injection. 
Although the methodology and small sample size precluded 
measurement of serum half-life of injected IGF-1, the data would 
suggest that serum concentrations ofiGF-1 after a single injection 
were elevated above control for no more than 4 h in 3-day-old 
rats, with considerably lower levels achieved using the same dose 
in 15-day-old rats. Because little is known of the in vivo dose 
response, kinetics of decay, or volume of distribution of exoge
nously administered somatomedins, dose and timing of injection 
in the current study was a matter of trial and error. However, in 
adult Snell dwarf mice injected 3 times per day for 4 wk with 
approximately twice the amount of IGF-1 per g body weight as 
used in our study, a weight increase of 25% was noted (26). 
Using continuous subcutaneous infusions of IGF-1 in adult 
hypopituitary rats over a 6 day period, Froesch et a/. (2) and 
Schoenle eta/. (24) noted a 5-7% weight increase as well as an 
overall increase in serum IGF-1 concentration. The highest dose 
per g body weight per day given was approximately 30% of that 
used in our series of experiments on day 3 of life but was similar 
to the weight-adjusted dose given on day 15 of life. In both 
studies (2, 24) a clear relationship between dose and growth 
response was observed. The demonstration in the current series 
of experiments that a second less biologically active IGF-1 prep
aration (IGF-1A) caused no changes in growth suggests that a 
dose-related phenomenon may be operative for stimulating 
growth in neonatal rats as well. In this respect, a significant 
fraction of injected somatomedin herein may have been lost via 
urinary excretion, particularly in the first several days of the 
study. Although circulating somatomedins are almost exclusively 
found attached to several serum binding proteins (7, 30), it is 
likely that IGF-1 injection in the neonates caused large elevations 
in free IGF-1 concentration in blood which, similar to insulin 
(32), might be cleared in neonatal urine to a greater extent than 
in the adult. 

IGF-1 injections in well-nourished neonatal rats caused signif
icant increases in the weights of several organs, specifically brain, 
liver, heart, and testes, as well as increasing overall body weight 
and tail length. In contrast, adult Snell dwarf mice (26) injected 
with IGF-1 showed increases in carcass and skeletal growth but 
no changes in weight of individual internal organs. Because these 
organs in the neonatal rat are undergoing a rapid growth spurt 
during the first 2 wk of postnatal life (33, 34), the above data 
suggest that IGF-1 may stimulate excessive organ growth during 
this period, but not in adulthood. Because of the relatively small 
sample size and modest changes observed, it is not clear as to 
whether excessive growth of the livers and brains of IGF-1 
injected rats was due primarily to increases in cell number 

(DNA), cell size (protein), or lipid content although clear in
creases in liver protein content were observed. 

The number of bone marrow CFU-E increased in IGF-1B 
treated, normally nourished rats. Little is known about the effect 
of IGF-1 on EP production and sensitivity of the erythroid 
progenitor cells to Ep in vivo. Unfortunately there was not 
enough remaining blood for serum Ep determination. However, 
no alteration in CFU-E responsivity to Ep in vitro was detected 
in these series of experiments. Erythroid progenitor cells less 
differentiated than CFU-E are relatively insensitive to Ep. These 
findings may be interpreted to suggest an effect of IGF-1 bone 
marrow erythropoiesis independent of Ep. No effects of IGF-1 
on PCV or reticulocyte counts were observed and thus the 
relationship between IGF-1-induced increases in CFU-E in bone 
marrow and peripheral blood parameters is unclear. 

GH, as expected, caused no increases in somatic or skeletal 
growth in neonatal rats, and there were no increases in blood 
somatomedin concentration after chronic GH injection. How
ever, significant effect of GH on overall lung growth was ob
served. Whether or not this growth stimulation is mediated by 
somatomedins or other growth factors (35) is not known. 

To test the hypothesis that somatomedins were necessary but 
not sufficient for growth in the neonatal period, malnutrition 
was introduced as a second variable. Malnutrition was induced 
by increasing litter size and produced an overall reduction in 
body weight in rats from large litters of 20-25% when compared 
to normally nourished controls. IGF-1 injections caused no 
changes in somatic or organ growth in malnourished animals, 
thus suggesting that caloric insufficiency blocks the growth
promoting properties ofsomatomedin injection. IGF-1A- and B
treated rat pups in the large litters, however, had increased 
numbers of CFU-E, suggesting that IGF-1 may exert a direct 
effect on bone marrow erythropoiesis independent of growth per 
se. Although GH is known to stimulate erythropoiesis in adult 
rodents (36), it is unclear why GH herein only caused increases 
in bone marrow CFU-E in treated animals oflarge litter size. In 
this regard, other factors probably exist in determining the rate 
of erythropoiesis in the neonate. Although starvation depresses 
erythropoiesis in adult rats (37), the opposite effect has been 
observed in neonatal rats (38), suggesting a possible mechanism 
for the observed increase in PCV of rats from large litters, 
irrespective of treatment group. 

Although IGF-1 did not alter the normal timing of tooth 
eruption or hair development in newborn rats, eye opening was 
accelerated significantly. This effect, unlike the stimulation of 
somatic and skeletal growth, occurred in well-nourished and 
malnourished litters. As a marker of epithelial cell differentiation 
(39), time of eye opening has been used to test the effects of other 
potential growth factors on differentiation. Of interest is the 
finding that epidermal growth factor, a peptide hormone struc
turally unrelated to somatomedins ( 40), has a similar effect on 
stimulation of eye opening. The significance of these findings is 
unclear at present. 

Thus, in summary, a pure and potent biosynthetic preparation 
ofiGF-1 when injected twice daily into rats for the first 2 wk of 
postnatal life, causes significant increases in body weight, skeletal 
growth, and specific organ growth, as well as accelerating eye 
opening, a crude estimate of epithelial cell differentiation. IGF-
1 also caused a significant increase in the number ofbone marrow 
CFU-E. The present data suggest that this represents a direct 
erythropoietic stimulatory effect of IGF-1 in vivo, independent 
of increases in other growth parameters. Growth stimulation due 
to IGF-1 injection did not occur in malnourished rat pups, 
however, suggesting that IGF-1 stimulated growth in the neonate 
is the result of a complex interaction between nutritional intake 
and somatomedin synthesis. 
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