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Summary. Five generations of divergent selection for 
plasma concentration of insulin-like growth factor-1 
(IGF-I) and for 12-week body weight were carried out in 
mice, including randomly selected control lines for each 
trait. All lines were replicated once (12 lines in total). 
Each replicate line consisted of eight male and eight fe- 
male parents per generation. Litter size was standardized 
to eight pups at birth. Mass selection was applied in the 
selected lines and within-family random selection in the 
control lines. Blood was taken from the orbital sinus of 
individual mice at 12 weeks of age for IGF-1 assay. Re- 
alized heritabilities were 0.10+_0.01 for IGF-1 and 
0.41 + 0.02 for 12-week weight. The realized genetic cor- 
relation between IGF-1 and 12-week weight was 
0.58 +_0.01, with a phenotypic correlation of 0.38. Al- 
though the genetic correlation between IGF-I  and body 
weight in mice is moderately positive, 12-week weight 
responded 3.5 times as fast to weight selection as to 
selection for IGF-1. 
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Introduction 

Information on the physiology, biochemistry, and mode 
of action of insulin-like growth factors (IGFs) has been 
reviewed recently (Gluckman et al. 1987; Daughaday 
and Rotwein 1989). IGFs form a link between growth 
hormone and metabolic processes of anabolism and 
growth (Clemmons and Van Wyk 1981), and they also 
produce a mitogenic stimulus leading to cellular prolifer- 
ation (Zapf et al, 1984). There is evidence that IGFs 
stimulate protein synthesis in vitro (Canalis 1980; 

Monier et al. 1983) and display growth-promoting activ- 
ity in vitro (Schmid et al. 1984) and in vivo (Schoenle 
et al. 1982), There are a number of reports of a positive 
phenotypic relationship between plasma insulin-like 
growth factor-I (IGF-1) levels and growth rate in various 
domestic animal species (Breier et al. 1986, 1988a, b). 
There is also some indirect evidence for a positive genetic 
relationship between IGF-I  concentrations and body 
weight in distinct strains of poodles (Eigenmann et al. 
1984) and pigs (Lund-Larsen and Bakke 1975). 

There is only limited evidence on the amount of ge- 
netic variation that exists for plasma concentration of 
IGF-1 or on the genetic relationships between IGF-I  and 
other traits such as growth, reproduction, or lactation. 
However, a divergent selection experiment in mice for 
IGF-I  at 6 weeks of age resulted in a low realized herita- 
bility of 0.15 + 0.12 and a positive correlated response in 
6-week body weight (Blair et al. 1989). 

The selection experiment with mice reported here was 
undertaken to determine the amount of genetic variation 
in plasma IGF-1 levels at a mature post pubertal age. In 
addition, the genetic relationship between plasma IGF-I  
and body weight was investigated by direct divergent 
selection for IGF-1 levels and for body weight at 12 
weeks of age. 

Materials and methods 

The foundation population for this study was the heterogeneous 
Q strain of mice, which was obtained from the Institute of 
Animal Genetics in Edinburgh in 1972 (Falconer 1973). Previ- 
ous to this study, this strain of mice had been selected for five 
generations for high and low rectal temperature in two temper- 
ature environments. On completion of that study, all lines were 
recombined in a balanced diallel crossing program, which was 
followed by three generations of random mating with 36 pairs of 
mice mated in each generation. In the next generation, 48 pairs 
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of mice were mated and produced progeny, and this constituted 
the base generation for the present study. From this foundation, 
stock 12 lines were constituted to initiate the present study. 

Divergent (high and low) selection lines were established for 
12-week body weight and for plasma concentration of  1GF-1 
measured at 12 weeks of age. Each had an unselected control. 
Each of the six lines was replicated. To spread the technical 
work, the two replicates were mated 1 week apart. 

Each line was maintained with eight single-pair matings in 
each generation. In the selection lines, mass selection was prac- 
ticed and the eight highest or lowest mice of each sex for a given 
selection criterion were chosen. To reduce inbreeding, the re- 
striction was made that no more than two males and two females 
be chosen from one litter, thereby ensuring that the next gener- 
ation represented at least four litters. On average the selected 
mice represented five to six litters each generation. Mating in the 
selection lines was then at random, except for avoiding full- and 
half-sib matings where possible. In the control lines one male 
and one female were selected at random from each litter (i.e., 
within-litter selection). The variance in family size was therefore 
zero, thus doubling the effective population size. A cyclical mat- 
ing plan (Falconer 1973) was then followed to minimize inbreed- 
ing. In all lines, selection was usually in first-parity litters only 
and selected mice were used for just one mating. 

Mice were mated between 15 and 18 weeks of  age. Males 
were left with their female mate during both gestation and lacta- 
tion, and mating could continue for up to about 6 weeks. At 
birth, the number of  young born (alive plus dead), sex ratio, and 
litter birth weights were recorded. Litter size was randomly 
standardized at birth to eight mice, as close as possible to four 
males and four females. Litters of  fewer than eight mice were 
made up to eight from litters born on the same day, and the 
fostered mice were discarded at weaning at 3 weeks of age. Mice 
were weighed at weaning and placed in plastic boxes separately 
by sexes, with four to six mice in each box. All mice were 
weighed at 6, 9, and 12 weeks of age. Mice from all lines were 
housed in a single room with a constant light to dark ratio of 
12 h:12 h. A complete pelleted feed and water were available ad 
libitum and room temperature varied from 21 to 23 ~ 

Measurement  o f  IGF-1 

Before starting the selection experiment, a number of prelimi- 
nary trials was undertaken to assess different sources of varia- 
tion affecting IGF-1 plasma levels. Starvation of ten mice aver- 
aging 64 days of age reduced IGF-1 plasma levels by 18, 27, and 
58 % after 12, 24, and 48 h of starvation, respectively. In another 
preliminary trial, mice were bled at 60, 70, and 80 days of  age to 
avoid known effects of puberty on IGF-1 plasma levels (Han- 
delsman et al. 1987) and to determine an appropriate sampling 
age. There was a reduction in plasma IGF-1 levels with age and 
no significant difference between males and females at any of  
these ages (Table 1). The phenotypic correlation for IGF-I  mea- 
sured in the same mice at 60 and 80 days of age was 0.65. 

It was decided that for the selection experiment, mice would 
be bled at 12 weeks (84 days) of age after being lightly anes- 
thetized with ether. Blood was collected in heparinized capillary 
tubes from the orbital sinus of  individual mice from the high, 
low, and control IGF-I  lines for IGF-1 assay. All mice alive at 
12 weeks of age in the IGF-1 selection and control lines were 
sampled, which meant that some 300 plasma samples were as- 
sayed for IGF-1 each generation (about every 5 months). This 
major undertaking precluded regular monitoring of IGF-1 in 
the body-weight selection lines. All 12 lines were assayed for 
IGF-1 after four generations of selection (635 mice sampled). 
Blood sampling was carried out between 13.00 and 15.00 h. 
Plasma was prepared from heparinized blood and stored at 

- 2 0  ~ pending analysis. IGF-1 concentrations were measured 
by radio immunoassay following acid-ethanol extraction 
(Gluckman and Butler 1983), as used by Blair et al. (1989). 
Intra- and interassay coefficients of variation were 5.0 and 
9.8%, respectively. 

Neither 12-week body weight nor 12-week IGF-1 plasma 
levels were adjusted for any non genetic effects prior to selection, 
since mice were recorded at a constant age, selection was carried 
out within each sex, and litter size had been standardized at 
birth. Food intake per rearing box (4 -6  mice) was measured 
between 9 and 12 weeks of age to monitor for any decreased 
food intake which might affect the IGF-1 assay. No mice were 
rejected from selection for this criterion. 

Analysis  o f  selection responses 

Direct and correlated responses to selection were first investigat- 
ed separately for each sex. Because sexes did not show differen- 
tial responses, results were pooled across sexes. Direct and cor- 
related responses to selection were estimated from regression 
through the origin of the divergence of high and low lines on 
generation number for five generations of selection. Standard 
errors were calculated from the variance between replicates. 
Selection for both IGF-1 and 12-week weight took place in 
generation 5, but IGF-I  was not measured in generation 6 or 
later generations. From generation 6 onwards, all lines have 
been maintained using random selection, with recording of live 
weights. Asymmetry of response was investigated from devia- 
tion of the high or low lines from the contemporaneous control 
line, and standard errors were calculated from the variance be- 
tween replicates. 

Selection differentials were the mean differences in 12-week 
body weight or IGF-1 plasma concentrations between the select- 
ed individuals and the mean of their sex in each line each gener- 
ation. Parents without offspring surviving to 12 weeks of age 
were excluded. Realized heritabilities were calculated as the re- 
gression through the origin of direct response on cumulative 
selection differentials for five generations of  selection. Standard 
errors were calculated from the variance between replicates. 

The realized genetic correlation (Falconer 1981) between 
IGF-1 (/) plasma concentration and 12-week weight (W)  was 
estimated from the data recorded in generation 4 as: 

r a = (CI �9 C w / R  w" RI) 1/2 , 

where R and C are the direct and correlated responses estimated 
from the divergence between the high and low lines following 
selection for both I and W. 

Symmetry of correlated responses was investigated by esti- 
mating genetic correlations from the correlated response of 
IGF-I  when selecting for 12-week weight and vice versa (Fal- 
coner 1954), as 

r G = ( C / h  x- Sx)/(R ~" h~  s v), 

where R~ and C~ are the direct and correlated responses for X 
and Y,, respectively, h~ and hy are the square roots of the realized 
heritability estimates, and s~ and sy are the phenotypic standard 
deviations. Standard errors were calculated from the variance 
between replicates. 

Results 

M e a n s  and s t anda rd  devia t ions  for  IGF-1  concen t r a t i on  
and  12-week weight  for  con t ro l  l ine mice are shown  in 
Table  2. There  was no  signif icant  difference be tween  
males  and  females  for  I G F - I  concen t ra t ion ,  as also 
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Fig. 1. Cumulative selection differentials plotted against gener- 
ation number for 12-week weight and IGF-I concentration 
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Table 1. Prelirninary trial to investigate the effect of age of mea- 
surement on IGF-1 plasma concentration 

Age Sex ~ IGF-I (ng/ml) Body weight (g) 
(days) 

Mean SD ~ Mean SD 

60 Female 134.0 23.0 23.4 1.9 
Male 138.7 17.8 26.1 2.7 

70 Female 114.7 21.0 23.8 2.4 
Male 122.4 11.0 26.9 3.2 

80 Female 122.4 21.2 25.0 2,3 
Male 122.8 8.8 27.4 3.2 

" Ten female and nine mice 
Standard deviation 

Table 2. Means and standard deviations (SD)" for IGF-I con- 
centration (ng/ml) and 12-week weight (g) in the control lines 
(generations 1 to 5) 

Trait Item Replicate 1 Replicate 2 

Males Females Males Females 

IGF-I Number :~43 t46 144 125 
Mean 80.3 80.6 71.3 74.5 
SD 16,4 15.8 13.8 17.2 

12-week wt. Number 137 151 131 123 
Mean 29.1 24.6 28.8 24.7 
SD 2.9 2.7 3.1 2.5 

" Pooled within generations 

ed to establish the high and low lines, thus applying a 
greater selection intensity than was possible within each 
line in subsequent generations (eight pairs mated). 

found in the preliminary trial (Table 1). The coefficient of  
variation of  IGF- I  concentration was about  double that 
for 12-week weight (20% versus J0%, respectively. 

Selection differentials 

Cumulative selection differentials over five generations 
for both IGF-1 and 12-week weight plotted by genera- 
tion are shown in Fig. 1. The selection differentials were 
symmetric in the high and low lines and were similar in 
the two replicates (Table 3). The cumulative selection 
differentials (high-low lines) per generation averaged 
over the two replicates were 41.7 ng/ml for IGF-1 and 
7.32 g for 12-week weight and, in standard deviation 
umts (using the standard deviations from the control 
lines given in Table 2), were 2.64 and 2.61, respectively. 
The higher selection differentials applied in generation 1 
were due to the method used to establish the selection 
lines. After splitting the base population in half to consti- 
tute the weight and IGF-1 lines, the most  extreme ani- 
mals from 24 litters (80-90  mice of  each sex) were select- 

Direct response 

Response to selection for IGF- I  revealed considerable 
fluctuation by generation and a decline in average IGF-1 
concentration over generations, which was consistent in 
all three lines (high, low, and control) and both replicates 
(Fig. 2). The control line declined at a rate of  
- 8 . 5 + 2 . 5 n g / m l  per generation in replicate 1 and 
-10 .2  4-4.3 ng/ml per generation in replicate 2. 

Response to selection for IGF-1 is illustrated by the 
deviation of  the high or low line performance from that 
of  the control line (Fig. 3). While Fig. 3 suggests there is 
greater response for low levels of  IGF-1 than high levels, 
this asymmetry is not  significant (Table 4). The response 
measured as the divergence between the high and low 
lines averaged over the two replicates was 4.22 ng/ml per 
generation (Table 4). There was considerable variation 
between the replicates from generation to generation 
(Fig. 3), but the divergence between the high and low 
lines was not significantly different in the two replicates 
(Table 4). 
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Fig. 3. Direct response to selection for IGF-1 concentration as 
a deviation from control 

Table 3. Regression coefficients (• SE) of cumulative selection 
differentials (high-low lines) on generation number 

Replicate IGF-I concentration 12-week weight 
(ng/ml) (g) 

1 39.5• 7.88• 
2 43.9 • 3.8 6.77 • 0.28 
Average 41.7 • 2.4 7.32 + 0.28 
Average a 2.64 2.61 

" In phenotypic standard deviation units 

Response to selection for both high and low 12-week 
weight was linear and very regular in both replicates over 
five generations of selection (Fig. 4), with no significant 
trend in the control lines. Response to selection was sym- 
metric in replicate 1, but  in replicate 2 there was greater 
response for low than for high 12-week weight (Fig. 5 
and Table 5). The divergence between the high and low 
lines averaged over replicates was 3.03 g per generation, 
with no significant difference between the replicates 
(Table 5). 

Table 4. Regression coefficients (• ~ of direct and correlated responses on generation number in the IGF-1 selection lines 

Estimate IGF-1 concentration (ng/ml) 12-week weight (g) 

Repl. I Repl. 2 Average Repl. 1 Repl. 2 Average 

High-Control 1.89_+ 0.69 1.77 • 1.30 1.83 • 0.06 0.20 4- 0.08 0.31 • 0.05 0.26 • 0.06 
Low-Control -1.95• -2.83• -2,39• -1.03• -0.19• -0.61• 
High-Low 3.85• 4.60• 4,22• 1.23• 0.50• 0.87• 

The standard error for each replicate is that of respective regression coefficient. The standard error of the average is the empirical 
standard error based on the variance between replicates of the regression coefficients 
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Fig. 5. Direct response to selection for 12-week weight as a 
deviation from control 

Correlated response in 12-week weight 

Correlated response in 12-week weight following selec- 
tion for IGF-1 was not consistent in the two replicates 
(Fig. 6 and Table 4). While there was a negative trend for 
IGF-1 in the control lines, the trend for 12-week weight 
was positive (0,73 and 0.72 g per generation in replicates 
I and 2, respectively). The divergence between high and 
low lines in replicate I was 1.23 g per generation, with 
greater response for low than for high 12-week weight. In 
replicate 2 the divergence was 0.50 g per generation, with 
greater response for high than for low 12-week weight. 

Both direct and correlated responses for 12-week 
weight averaged over replicates are presented in Fig. 7. 
Divergent response was 3.5 times greater with direct se- 
lection for 12-week weight (3.03 g per generation) than 
through correlated response to selection for IGF-1 

Repl icate 2 

N \ 

\ Low 

I i i t I 

1 2 3 4 5 

Generation 

Table 5. Regression coefficients (-+ SE) a of direct responses on 
generation number in the 12-week weight selection lines 

Estimate 12-week weight (g) 

Repl. l Repl. 2 Average 

High-Control 1.52 -+ 0.09 t .29 + 0.09 1.40 -t- 0.12 
Low-Control --1.58-+0.09 --1.67-+0.07 --1.63-+0.05 
High-Low 3 .10_+0 .08  2.96-+0.12 3.03+__0.07 

a See footnote to Table 4 

Table 6. Realized heritabitity estimates (-+ SE)" from the regres- 
sion of divergence between high and low lines on cumulative 
selection differential 

Replicate IGF-I concentration 12-week weight 

1 0.10• 0.39+_0.01 
2 0.11 +0.02 0.44-t-0.01 
Average 0.10 -+ 0.01 0.41 + 0.02 

See footnote to Table 4 

(0.87 g per generation). The selection response achieved 
by five generations of  selection has been maintained 
through to generation 9, despite relaxation of  selection 
from generation 6 onwards. 

Realized heritabilities and genetic and phenotypic 
correlations 

Realized heritabilities for both IGF- I  and 12-week 
weight did not differ significantly in the two replicates. 
Averaged over replicates, they were 0.10+_0.01 and 
0.41 + 0,02, respectively (Table 6). 
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The realized genetic correlat ion from direct and cor- 
related responses (high-low) for bo th  IGF-1  and 12-week 
weight measured in generat ion 4 (Table 7) was 
0.58 + 0.01. The small s tandard  error  on this estimate was 
due to very similar estimates in the two replicates (0.59 
and 0.57 in replicates 1 and 2, respectively). The correlat-  
ed responses were symmetrical ,  with genetic correlat ion 
estimates of  0.66 +_ 0.34 and 0.50 • 0.22 from selection for 
I G F - J  and 12-week weight, respectively. The phenotypic  
correlat ion between IGF-1  and 12-week weight from the 
635 mice recorded in generation 4 was 0.38. 

Since many  previous studies with mice have selected 
for 6-week weight ra ther  than 12-week weight, the corre- 
lated response for 6-week weight in generation 4 is also 
given in Table 7. After  selection for 12-week weight, the 
divergence between the high and low lines was 8.6 g at 6 

Table 7. Direct and correlated responses to selection for IGF-1 
and 12-week weight and the correlation response in 6-week 
weight measured at generation 4 

Selection Selection No. of IGF-I 12-week 6-week 
trait line mice (ng/ml) (g) wt (g) 

IGF-I 

12-week wt 

High (H) 110 
Control 107 
Low (L) 104 
Divergence 
(H-L)  

High (H) 116 
Control 98 
Low (L) 100 
Divergence 
(H-L)  

S.E.D. a 

67.0 30.3 25.2 
66.8 29.7 23.7 
52.7 26.9 22.4 
14.3 3.4 2.8 

68.0 33.9 26.7 
69.5 28.2 23.2 
50.8 21.6 18.1 
17.2 12.3 8.6 

10.1 1.1 0.9 

Standard error of the difference from variation between repli- 
cates from a statistical analysis fitting sex, selection line, and 
selection trait as fixed effects and nesting replicates (random 
effect) within line and trait 

Fig. 8. Inbreeding levels (%) in the different lines at generation 5 

Selection Selection Replicate Replicate Average of 
trait line 1 2 replicates 

IGF-I 

12-week wt 

High 5.5 3.3 4.4 
Control 2.1 2.6 2.4 
Low 5.2 4.7 5.0 

High 5.6 4.2 4.9 
Control 2.0 3.3 2.7 
Low 4.6 5.9 5.3 



691 

weeks and 12.3 g at 12 weeks. Selection for IGF-I  result- 
ed in a divergence of 2.8 g at 6 weeks and 3.4 g at 12 
weeks. 

Inbreeding 

Due to the selection and mating systems used in this 
study, no inbreeding occurred until generation 4 in the 
selection lines and until generation 5 in the control lines. 
The average inbreeding levels at generation 5 were simi- 
lar in both the IGF-1 and 12-week weight selected lines 
(about 5%) and about half of this in the control lines 
(Table 8). 

Discussion 

The low realized heritability for IGF-1 in the present 
study (0.10_+0.01) is consistent with the estimate of 
0.15 + 0.12 reported by Blair et al. (1989) following seven 
generations of divergent selection for IGF-1 measured at 
6 weeks of age in mice. The study of Blair et al. (1989) 
was not replicated, and family selection was used with 
litter means based on blood bulked from four mice from 
each litter. Despite both the different sampling ages and 
the methods of selection, the pattern of selection re- 
sponse for IGF-I  was remarkably similar in the two 
studies. In both studies there were large fluctuations be- 
tween generations in IGF-I ,  the control line fluctuated in 
its position relative to the high or low lines from genera- 
tion to generation, and there was a decline in average 
IGF-1 levels over generations. Blair et al. (1989) ex- 
pressed concern both about the inconsistent performance 
of their control line from generation to generation and 
the different rates of accumulation of inbreeding in their 
three lines (high, low, and control). They concluded that 
it was not possible in their study to determine if response 
to selection for IGF-I  was symmetrical. The present 
study did not detect any significant degree of asymmetry 
for high or low selection for IGF-I  (Table 4), and this 
conclusion is not confounded with different inbreeding 
levels (Table 8). If asymmetrical selection responses are 
not important, then the response to selection calculated 
from the divergence between the high and low lines is the 
most precise measure of selection response. The estimates 
in the present study were 3.9 and 4.6 ng/ml per genera- 
tion in replicates 1 and 2, respectively while Blair et al. 
(1989) reported a response of 4.9 ng/ml per generation. 

We are not aware of any other selection studies in 
mice for 12-week weight to compare with our realized 
heritability estimate of 0.41 ___ 0.02. There have been nu- 
merous selection studies for 6-week weight in mice (re- 
viewed by McCarthy 1982). The best estimate of the 
realized heritability for 6-week weight in this Q strain of 
mice following divergent high and low selection is 
0.37 ++_ 0.03, as reported by Falconer (1973) in his classical 

paper on replicated selection. Since the genetic correla- 
tion between 6- and 12-week weight in mice is not signif- 
icantly different fi'om unity (Kachman et al. 1988), it is 
not surprising that realized heritabilities at these two ages 
are similar. 

The realized genetic correlation between IGF-1 and 
12-week weight was positive and moderately high 
(0.58 _+ 0.01), with no evidence of asymmetry. Blair et al. 
(1989) found a positive correlated response in 6-week 
weight following selection for IGF-1 measured at 6 
weeks of age, They were not prepared to conclude that 
this was directly associated with selection for IGF- I  due 
to erratic changes in 6-week weight over generations, 
particularly in the line selected for low IGF-I .  There was 
also some variability between replicates in the correlated 
response in 12-week weight in the present study (Table 4). 
Averaged over replicates, there was greater response in 
12-week weight in the low than the high IGF-1 line, but 
this asymmetry was not significant. No significant asym- 
metrical response was found for 6-week weight, with 
correlated responses averaged over replicates of 
0.37 +0.02 g per generation in the high [GF-I  line and 
- 0.47 _+ 0.10 g per generation in the low IGF-I  line. The 
correlated response for 6-week weight from the diver- 
gence between the high and low line was 0.61 g per gen- 
eration, which was very similar to that found by Blair 
et al. (1989) of 0.69 g per generation. 

While there is evidence for a positive genetic associa- 
tion between IGF-I  and body weight in mice, this does 
not mean that IGF-1 is necessarily a useful criterion for 
indirect selection. The merit of indirect selection relative 
to direct selection also depends on the intensities of selec- 
tion that can be applied and on the heritabilities of the 
direct and indirect traits (Eq. 19.9, Falconer 1981). Selec- 
tion intensities were almost identical for IGF-I  and 12- 
week weight (Table 3). Thus, the substantially higher 
heritability of either 6-week weight or 12-week weight 
than IGF-1 favors direct selection for body weight, 
which was clearly demonstrated in this study (Fig. 7). 

The classical somatomedin hypothesis, which postu- 
lated that the effects of growth hormone are mediated by 
circulating IGFs of hepatic origin, has recently been 
modified in several important respects (D'Ercole et al. 
1984). It is now appreciated that IGFs are produced at 
multiple sites. The concept of local action of growth 
hormone in some tissues to promote both cell differenti- 
ation and proliferation through local production of 
IGF-I  acting in an autocrine or paracrine manner has 
been established. The extent to which the differences in 
circulating IGF-1 in the high and low IGF-1 selection 
lines of our present study reflect the true biological differ- 
ences in active IGF-1 between the two lines is unknown. 

There is now increasing evidence that the IGF plasma 
binding proteins may play a functional role in controlling 
the biological activity of the bound IGF-1 (Ooi and Her- 
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ington 1988). As over 95% of  circulating IGF-1  is bound,  
the binding proteins will have a p rofound  effect on circu- 
lating and locally produced  IGF-1  actions. The binding 
proteins themselves appear  to be regulated by growth 
hormone  and I G F s  (Zapf  et al. 1989; Clemmons et al. 
1989). It is therefore possible that  changes in p lasma 
I G F - I  through genetic selection may  be media ted  by 
changes in binding proteins.  Possible changes in binding 
proteins in the high and low I G F - I  lines of  mice and their 
biological consequences await  evaluation. 
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