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Summary

An understanding of the physiological and genetic changes which determine the response to
selection is critical for both evolutionary theory and to assess the application of new molecular
techniques to commercial animal breeding. We investigated an aspect of physiology, growth
hormone (GH) metabolism, which might a priori have been expected to play a large part in the
response of mouse lines selected for high or low body weight. Disruption of endogenous GH or
addition of exogenous GH had similar proportionate effects on body weight in both lines of mice
(although differences in body composition arose) suggesting that neither the production of GH nor
receptor sensitivity to GH had been altered as a result of selection. This supports a 'pleiotropic
model' of the response to selection: that many genes with diverse metabolic roles all contribute to
the divergent phenotype. This result has significant commercial implications as it suggests that
artificial selection, transgenic technology and environmental manipulation may be synergistic
rather than antagonistic strategies.

1. Introduction

The improvement of commercial livestock production
has traditionally proceeded by breeding from those
individuals with the most desirable phenotype. The
responses to such selection are generally assumed to
be polygenic, i.e. to involve changes of gene frequencies
at a large number of loci. There is increasing interest
in accelerating this process by directly manipulating
individual genes with large effects on the desired trait.
The technology now exists either to increase the
activity of such genes (by inserting additional copies,
e.g. Palmiter et al. 1982; Polge et al. 1989; Purselefa/.
1989) or to eliminate activity (by homologous re-
combination, e.g. Joyner 1991; Bradley et al. 1992).
Another means of improving livestock production is
by direct environmental physiological manipulation,
for example by administration of exogenous growth
factors such as growth hormone. This has become
possible with the advent of technology capable of
producing large amounts of recombinant proteins.
The application of these technologies depends on their
efficacy in combination: for example if selection for
body weight has increased growth hormone (GH)
production to a high level the insertion of additional
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GH genes may be futile; alternatively it may be
pointless embarking on an (expensive) selection
scheme if the response occurs predominantly by
increasing GH production which may be artificially
increased by recombinant technology.

This paper describes work investigating the role of
GH in the response to selection by combining the
strategies of selection, genetic manipulation, and
environmental manipulation in order to examine their
effects and interactions. This was accomplished by
backcrossing the little {lit) gene into lines of mice
divergently selected for body weight and injecting
both parental and backcrossed lines with exogenous
growth hormone. The /// gene is a recessive mutation
which encodes a defective receptor of GH releasing
factor; homozygotes fail to release significant levels of
GH and are consequently dwarves (Eicher & Beamer,
1976; Phillips et al. 1982; Jansson et al. 1986). The
lack of GH also results in reduced levels of its
intermediate effector, insulin-like growth factor I
(IGF-I). IGF-I has been associated with increased
weight gain in the lines used here (McKnight &
Goddard, 1989), in other mouse lines (Blair et al.
1989. 1990) and in other species such as sheep (Blair
et al. 1990).

The experiment therefore addresses the following
questions: (i) Is the difference between the High and
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Table 1. Means (±standard deviations) of body weight at 4 and 7 weeks of age, weight gain from 4 to 7 weeks
expressed in grams (g) or as a percentage of weight at 4 weeks (%). Means of carcass traits at 7 weeks of age
expressed in grams (g) or percentage of dry weight (%). Standard errors are averaged standard errors of group

means

n*

4 week wt (g)
7 week wt (g)
Gain (g)
Gain (%)
Water (g)
Fat (g)
Protein (g)
Ash (g)
Fat (%)
Protein (%)
Ash (%)

High

+ / +

GH
14

21-6 + 5-6
44-2 + 3-3
22-5 + 2-8

114 + 43
291

3-6
8-5
1-4

26
60
10

Saline
15

21-0 + 4-9
39-5 + 3-4
18-6 + 3-5
95 + 34
26-2

31
7-8
1-3

24
61
11

lit/lit

GH
14

10-6 + 1-4
24-1+2-7
13-5 + 1-9

129 + 20
14-7
3-3
4-2
0-8

39
49

9

Saline
15

10-6+10
17-6 + 1-7
7-0+1-1

66 + 12
9-7
3-7
2-9
0-6

50
39

8

Low

+ / +

GH
14

11-6+1-8
18-3+1-5
6-7+10

60 + 16
11-9

1-4
3-6
0-6

24
62
11

Saline
14

11-6+1-5
17-2 + 10
5-5 + 0-8

49+13
11-2
1-5
3-4
0-6

26
62
11

lit/lit

GH
15

5-7 + 0-8
11-0+1-1
5-3 + 0-8

95 + 21
70
10
2-1
0-4

28
57
11

Saline
15

5-9 + 0-9
8-4+1-0
2-5 + 0-5

45 + 18
51
1-2
1-5
0-3

38
49
10

S.E.

0-58
0-51
0-41
5-8
0-32
0-17
007
016
1-3
10
0-2

* Number of animals, and records, of body weights, water weights and gains. For other traits there were four samples of
pooled mice within each group.

Low selected lines solely due to differences in the
production of, or sensitivity to, G H and/or its
mediators such as IGF- I? ; if so both lines would grow
at the same rate when homozygous lit/lit. (ii) If the
differences cannot be attributed solely to GH, does the
lit gene have the same effect in both genetic back-
grounds ; in genetic terms, is its action purely additive
or do significant epistatic effects arise? (iii) Has the
sensitivity to G H been altered by selection as revealed
by a differential response to exogenous G H ? This also
investigates the influence of the correct expression and
reception of G H which is of considerable practical
importance; for example in many experiments ad-
ditional copies of G H genes have been inserted into
animals resulting in the continuous release of G H in
contrast to the usual situation in vivo where G H
production may be pulsatile and vary between sexes.
G H receptor levels, at least in rats, may be partly
regulated by circulating G H (Kelly et al. 1991),
constituting another physiological variable which may
have been altered by selection.

2. Materials and Methods

The origin and selection of the mouse lines used in this
experiment (the 'P ' lines) have been described by
Sharp et al. (1984) and Beniwal et al. (1992 a) and the
introduction of the lit gene by Bootland et al. (1991 a).
Briefly, the lines were derived from a crossbred base
and selected for 20 generations on estimated lean mass
at 10 weeks of age (using an index of body weight and
gonadal fatpad weight), and for a further 23 genera-
tions on body weight at 10 weeks of age. At the time

of this experiment they differed 2-5- to 3-fold in weight
at 6 and 10 weeks of age. The lit gene (on a C57BL/J
background) was backcrossed into these lines for
three generations, giving an average of 93 % parental
line alleles at loci unlinked to the lit gene.

Recombinant bovine GH, a gift from American
Cyanamid Co., had previously been shown to be
biologically active in mice (Bootland et al. 1991 b). It
was administered as a 1-8 mg ml"1 solution in isotonic
bicarbonate buffer saline pH 9-4 in a single daily dose
of 9 fig g"1 body weight; controls received the ap-
propriate volume of the same bicarbonate saline. The
GH solution was made up directly from the lyophilized
form when required. It was never stored in this form
for more than 26 h (at 4 °C) and during the third week
of the experiment it was made up fresh each day.
Injections were subcutaneous and were performed in
the period 130 to 45 min prior to the start of the dark
period.

Growth between 4 and 7 weeks of age was recorded
in males. Four lines were investigated: the High and
Low selected lines, and the same lines made homo-
zygous for the lit gene as described above. Matings
were made within lines so the lit gene was not
segregating within families. Contemporaneous
matings were set up in a 14 h light, 10 h dark cycle.
Births occurred over a 5-day period and all litters were
weaned on the same day (at age 26 + 2 days). Mice
were provided with BP expanded diet no. 1 (Special
Diets Services, Witham, Essex, UK) ad libitum in the
standard cubed form in the cage food hoppers. It was
also provided as a powder mixed with water and placed
in a Petri dish on the cage floor. The latter food source
was necessary as some lit/lit mice were very small at
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Table 2. Main effects and interactions ( ±standard errors) for body weight (BW), gain, lean mass and % fat
at 7 weeks of age, from REML analysis

Main effects
Background (High-Low)
lit gene {lit/lit- + / + )
Treatment (GH-saline)

Interactions
lit x background
lit x treatment
Background x treatment
lit x background x treatment

Main effects
Background (High-Low)
lit gene {lit/lit- + / + )
Treatment (GH-saline)

Interactions
lit x background
lit x treatment
Background x treatment
lit x background x treatment

BW(g)

17-9 + 0-6***
-14-7+ 0-6***

3-7±0-3***

-6-7 + 0-9***
1-0 + 0-6
l-8±0-6**
0-3 ±0-9

0-82 + 003***
-0-67 + 003***

019 + 001***

- 0 0 5 + 0-04
010 + 003***
002 ±0-03
000 ±004

Gain (g) Lean mass (g)

Untransformed

10-2 + 0-5***
-5-9 + 0-5***

3-6 ±0-2***

-3-8 + 0-7***
11 ±0-5*
1-6 + 0-5***
0-3 + 0-8

Natural

1-08 + 0-05***
-0-60 + 0-05***

0-51 ±0-07***

- 0 1 1 + 0 0 7
0-26 + 0-07***

- 0 0 2 + 007
- 0 0 2 + 008

3-20 + 006***
- 3 1 5 + 006***

0-68 + 006***

-1-42 + 008***
0-23 + 0-08**
0-32 + 008***
004 ±012

log. transformed

0-76 + 002***
-0-77 + 0-02***

0-20 ±002***

- 0 0 7 + 003**
013 + 0-03***
002 ±003
000 ±004

% Fat

5-5 + 1-1***
13-8 + 1-1***

-5-5+1-1***

5-9 + 1-5***
-5-0 + 1-5**

0-4 ±1-5
-1-3 + 2-1

014 + 004***
0-42 + 004***

-014±004***

015 + 006**
- 0 1 3 + 006*

004 ±006
- 0 0 5 ±008

• P < 0 0 5 ; * * P < 0 0 1 ; ***i>< 0-001.

weaning and might have been unable to reach food in
the standard hoppers.

Families were split across treatments (GH or saline)
and 15 mice assigned to each of the 8 groups
represented in Table 1. All were weighed and received
the first injection on the same day (at age 28 ± 2 days).
Each cage contained six mice with at least one from
each line, and was assigned a single treatment (GH or
saline) to reduce the risk of errors. Ten cages were
necessary for each treatment; these were numbered
1-10 and injected in numerical sequence with the
sequence rotated daily to minimize circadian differ-
ences in murine sensitivity to exogenous GH (i.e. cage
1 was the first cage injected on day 1, cage 2 on day 2,
etc, reverting to cage 1 on day 11 and so on). Saline
and GH cages were injected alternately. Mice were
weighed three times each week (Mon., Wed., Fri.) and
injected with a daily dose calculated from the last
available weight. After the experiment the mice were
weighed, killed and freeze dried.

Mice within each of the eight groups (Table 1) were
sorted into four samples of three individuals with
cages and families split across samples. The com-
position of each sample was determined chemically
for fat, nitrogen (N) and ash content. Protein content
was estimated in the standard manner as 6-25 N.

Body weight, gain, lean mass and fat content at 7
weeks of age were analysed by restricted maximum
likelihood (REML) using the Genstat statistics pack-
age (Genstat 1988). The model fitted the components
shown in Table 2 and, where appropriate, the
(random) effects of family, cage, sequence of injection
and batch of freeze drying. Significance of effects was

determined using a t test with D.F. = 24 (lean mass, %
fat) or D.F. > 70 (body weight and gain).

3. Results

There were no obvious deleterious effects of the
injections. Four mice were removed from the ex-
periment (and from subsequent analysis) for the
following reasons: two were misclassified females, one
was bitten by its cage mates, and one was found dead
on day 4.

Growth over the period is shown on Fig. 1. A
summary of body weights, weight gains and carcass
composition at 7 weeks of age is given in Table 1. As
is typical in such analyses, the percentage body

28 30 32 34 36 38 40 42 44 46 48
Age (days)

Fig. 1. Growth of mouse lines injected with exogenous
growth hormone ( ) and the appropriate controls
( ) injected with saline. • , High + / + ; O, Low + / + ;
O, High lit/lit; A, Low lit/lit.
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composition does not sum to exactly 100% since the
components are estimated independently. As expected,
genetic background, GH injection and the lit/lit
genotype all affected body weights and gains. In
addition the lit/lit genotype had large effects on body
composition, notably in the High genetic background
where the lit/lit genotype elevated fat from 24 to
50%.

Estimates of these effects from the REML analysis
are given in Table 2. In REML analysis the com-
parisons between treatments both between and within
litters are weighted appropriately (Patterson &
Thompson, 1971). Comparisons between genetic
backgrounds and the lit/lit genotype were between
litters so the associated standard errors are larger than
those between treatment which was within litters.
Analyses are given for weight at 7 weeks, weight gain,
protein weight ('lean mass') and % fat. These key
parameters describe growth and other traits are related
to them (for example % protein is almost comp-
lementary to % fat).

4. Discussion

As expected, genetic background, GH injection and
the lit/lit genotype all affected body weights and gains
(Fig. 1, Table 1). The High background and GH
injection increased 7-week body weight by an average
of 17-9 and 3-7 g respectively, while the lit/lit genotype
decreased it by an average of 14-7 g (Table 2). REML
analysis of untransformed (linear scale; Table 2) body
weights revealed a significant interaction between the
lit/lit genotype and genetic background, the lit gene
reducing body weight more in the High line; however
this interaction was small and non-significant on log-
transformed data, showing that the lit gene had a
similar proportionate effect in both genetic back-
grounds. Thus there is an approximate 2-fold differ-
ence (e082) between the High and Low lines in body
weight and a reduction of approximately 50 % (e~°67)
due to the lit/lit genotype. Since these effects are
additive there is a 4-fold difference in body weight
between the High/+ and Low /lit lines. The 50%
reduction in body weight attributable to the lit/lit
genotype is similar to that observed for the lit/lit
genotype in unselected genetic backgrounds (Eicher &
Beamer, 1976) and in unselected lines of mice where
GH production has been eliminated by genetic
ablation of GH secreting cells (Behringer et al. 1988).

There was no apparent interaction between genetic
background and the lit gene which implies the effects
of the GH axis had not been altered over the course of
selection. These conclusions were reached from analy-
sis of log-transformed data; this reduces scale effects
and so is more appropriate than linear data for the
analysis of body weights which may differ upto 5-fold
between groups (Table 1).

Similar results to those obtained for body weight
were obtained for lean mass at 7 weeks of age (Table

2). One exception is the presence of a significant
interaction between the lit/lit genotype and the genetic
background which remains even after transformation
of the data. This may have arisen as a result of a
repartition of growth away from lean and into fat.
The similar magnitude of main effects and interactions
on both body weight and lean mass are in agreement
with previous analyses showing that the two traits had
high phenotypic and genetic correlations (both over
0-9, Beniwal et al. 1992*) and that the amount of fat
in the carcass could be genetically altered with little
effect on the underlying lean mass (Hastings et al.
1991).

As expected, there was a significant interaction
between the effects of GH and the presence or absence
of the lit gene: exogenous GH increased weight by
35% in the lit/lit genotype (which lacks significant
levels of endogenous GH) and by around 10% in the
+ / + genotype. This latter result is in agreement with
a previous study of these lines (Bootland et al., 1991 b)
which reported increased body weights in High and
Low + / + genetic backgrounds of 6 or 15%
depending on whether response was expressed as body
weight or weight gain respectively. Similar results
were obtained by Nagai et al. (1990) who crossed male
mice, transgenic for a rat GH construct, with females
from lines selected on body weight, nursing ability, or
unselected controls; the additional GH produced by
the transgenes increased body weight of their offspring
by about 16% at 6 weeks of age and showed no
interaction with maternal genetic background.

The genetic background had only a small effect on
fat content, the High background increasing % fat by
about a sixth. This confirms previous studies showing
only a small correlated change in fat content associated
with the 2-5-fold divergence in body weight (Hastings
& Hill, 1989). However, the lit gene greatly increased
the proportion of fat, doubling it in the High genetic
background and increasing it by around a half in the
Low genetic background in the absence of exogenous
GH; in this trait there is a large interaction between
the lit gene and the genetic background on both linear
and logarithmic scales. Exogenous GH reduced this
extra fat attributable to the lit/lit genotype by about
one third in both backgrounds. The effects of the
lit/lit genotype on fat content are probably explicable
by the known lipolytic effects of GH (Fielder &
Talamantes, 1992). However the reason for its
interaction with genetic background remains un-
explained.

There was no interaction between genetic back-
ground and the effects of exogenous GH in any trait
(provided body weight and lean mass are analysed on
transformed data). This implies that the sensitivity to
GH had not been altered and, indirectly, that the
sensitivity or numbers of hormone receptors had not
changed over the course of selection.

Pidduck & Falconer (1978) performed a similar
experiment by backcrossing the Snell dwarf (d\v) gene
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into lines divergently selected on body weight. Their
data were similar to ours in suggesting that differences
in GH metabolism were not the sole cause of the
observed divergence in body weight, but dissimilar in
that a small but significant interaction occurred
between the dw/dw genotype and genetic background.
One complication of their methodology lay in their
use of the dw gene {lit was not then available): the
dw/dw genotype lacks not only GH but the anterior
pituitary hormones PRL, TSH, FSH and LH (Cheng
et al. 1983). In contrast, the effects of the lit gene
appear restricted to the disruption of GH release
(Clarke & Robinson, 1985; Jansson et al. 1986;
Behringer et al. 1990). Pidduck & Falconer (1978)
further suggest that sensitivity to GH may have
decreased in the Low line but not in the High or
Control lines. Sensitivity in the form of a dose/
response study did not form part of our protocol as
artificial elevation of GH is usually massive whether
achieved by injection of GH or by endogenous
transgenes (for example transgenes may increase GH
levels several hundred-fold; Palmiter et al. 1983).
Also, it is not clear how changes to a single daily dose
of bovine GH should be interpreted biologically. Our
results and those of Pidduck & Falconer are similar in
two important respects: that GH is not the only factor
causing differences in growth rate in response to
artificial selection, and that little or no disproportion-
ate response had occurred in this area of metabolism.
Selection may still act on individual components of
GH metabolism, and Salmon et al. (1988) and
Winkelman & Hodgets (1992) found evidence of
selection at the GH coding locus in several lines of
mice selected for increased body weight, including one
derived from that studied by Pidduck & Falconer
(1978).

Many studies have identified physiological traits
which may have been altered as a result of divergent
selection (e.g. O'Sulliven et al. 1986; McKnight &
Goddard, 1989; Blair et al. 1990) although such
studies are frequently unreplicated so the effects of
selection cannot formally be distinguished from the
spurious effects of genetic drift. In addition, such
studies cannot separate cause from effect; for example,
the changes in enzyme activity associated with obesity
caused by divergent selection (Asante et al. 1989,
Hastings & Hill, 1990) are similar to those observed
when obesity is due to a single gene (Bulfield, 1972).
Such studies identify the mechanism by which the
phenotype is altered (and thus may identify suitable
genes for disruption by homologous recombination)
but give few clues as to the actual genotypic changes
which have occurred. The approach described here
differs in using direct genetic manipulation so is
experimental rather than purely observational. Such
studies may, by eliminating specific portions of
metabolism, provide insights into their relative im-
portance in response and to the epistatic, pleiotropic
and dominance effects of the underlying genes.

In this particular case of weight in mice, it suggests
that a part of metabolism which might a priori be
expected to have been subjected to a disproportionate
selection pressure, appears not to have responded.
This may be due to a lack of additive genetic variance
but is unlikely, because such variance has been
demonstrated previously for its effector IGF-I (Blair
et al. 1990), and because genetic variance in GH
appears not to have been utilized in response to
selection on body weight when such variance is
present as a result of transgenes (Sabour et al. 1991).
Furthermore, a gene causing increased growth in mice
is associated with a decreased level of circulating GH
(Medrano et al. 1991), but with an increased level of
IGF-I. This latter result illustrates a point of general
biological relevance to the response to selection: that
critical areas of metabolism are typically tightly
regulated by feedback mechanisms and response may
therefore be more likely in the mediators and effectors
of such systems. If we conclude that disproportionate
pressures did not act on GH metabolism, this strongly
supports the pleiotropic model of genetic divergence:
that many genes with diverse metabolic roles all
contribute to the divergent phenotype.

The use of new technologies to manipulate growth
in commercial species depends on their efficacy in
combination. The results described here demonstrate
two principles relevant to their application. Firstly the
lack of interaction between genetic background, the lit
gene and GH injection (with the exception of a
significant but relatively small lit by GH interaction)
on the trait under selection (log-transformed BW,
Table 2) suggests that animal breeding, transgenic
technology and environmental manipulation may be
synergistic approaches rather than antagonistic.
Secondly, investigations using model species like the
mouse may identify unpredicted consequences of
genetic manipulation, in this case the large interaction
between the lit gene and genetic background on
carcass fat content.
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