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water, a nest box and a running wheel affected the behaviour of rats. It was found that running behaviour

declined more rapidly than feeding or drinking as costs increased (Collier er al., 1990).

Slight decreases in time spent drinking and grooming by the transgenic mice were also noted. The
reduction in the percentage of daily time spent engaging in these activities may simply be the result of the
increased amount of time spent resting. The relative time budget confirmed this by indicating no changes
in the relative amount of active time spent engaged in either of these activities (Table 2). Curiously, we
found a slight decrease in water consumption between normal mice and heterozygous mice, but not between
normal mice and homozygous mice. In the case of homozygous mice, the small sample size may have

obscured statistical resolution.

We therefore speculate about the existence of a general trend. It would seem that when energy
intake is reduced or when more energy is shunted into a life-history feature such as growth, the net amount
of energy left in the system available for other features is reduced. One method by which the allocation
system may conserve energy expenditure is by shifting the time allocation strategy, which could result in
altering behaviour patterns such as increasing resting and minimizing locomotion. This suggests that
behaviour may be sensitive to modifications in energy availability and lends support to the principle of
allocation. The principle of allocation states that an organism has a limited amount of time, matter and
energy available to devote to activities such as foraging, maintenance and reproduction. If any of the costs
for these conflicting demands changes without a corresponding increase in energy intake, a shift in resource
allocation strategy is predicted. The behavioural changes exhibited by the transgenic mice seem to support
the realty of such unavoidable tradeoffs and also the idea that mice have evolved behavioural responses to

counter energy shortages in the system.
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It is remarkable that we found such dramatic behavioural changes with the mice since they were at

the tail-end of their growth phase when energy demands for growth are declining. Of course they do have
increased maintenance costs associated with a larger body size. We therefore predict that even greater
behavioural differences might be observed in younger transgenic mice during their earlier, more rapid
growth phase. With our strain of homozygous transgenic mice we appeared to reach a plateau in terms
of body size. Although these mice could be recognized by early elevations in growth rate, their rival adult
sizes were no more than 5 to 10 g greater than heterozygous transgenics. If we could somehow increase
body size even further (if the genetic constraints allow it!), more dramatic changes might become apparent.
Recently mice have been developed containing insulin like growth factor-] fusion transgenes, but these grow
less quickly than GH mice (Mathews er al., 1988). Assuming that growth is bottlenecked by a lack of
sufficient IGF-1 genes in GH mice, and lack of sufficient GH in IGF-1 mice, crossing these strains might
produce offspring with multiple copies of both GH and IGF-1. The effectiveness of both might be
increased. Alternately, higher growth rates may be constrained by the diet. Recent studies involving
transgenic pigs have found that increased levels of dietary protein, particularly lysine resulted in the animals
gaining weight faster (Pursel er al., 1989; Wall er al., 1990) Our lab is currently studying the effect of
varying high protein and high carbohydrate diets on our line of mice to determine whether or not there is
a dietary bottleneck inhibiting higher growth. Preliminary results with high protein diets (40% protein)

have yielded significant increases.

In any case the sparse literature on the lifehistory of transgenic mice combined with our data suggest
that the transgenic mouse is a truly maladapted organism. The overexpression of GH has been associated
with several pathological changes including shortened lifespan, glomerulosclerosis, hepatocellularmegaly,
and infertility (Doi er al., 1983; Brem er al., 1989; Bartke er al., 1988; Quaife er al., 1989; Naar er al.,

1991). Pursel et al. 1989 reported similar results among transgenic pigs in addition to lethargy, lameness
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and uncoordinated gait. Many of the pathologies are prevalent in natural populations at lower incidences
and less severity (Pursel er al., 1989). It is believed that the anomalies are not artifacts resulting from
ectopic expression of a heterologous GH gene, but the result instead from the chronic elevation of
circulating GH (Quaife er al., 1989). In fact, a study of a line of mice selected for large body mass found
a decrease in mean lifespan comparable to that of our own transgenic mice. In addition there was a trend

for increased incidences of tumours in the high growth line (Eklund and Bradford, 1977).

Interestingly enough, strains of mice carrying ovine GH transgenes (mMT/oGH), and strains which
are transgenic for GH releasing factor (nMT/hGRF) are generally fertile. Although both of these strains
of mice are larger than controls, the increased growth is significantly less than the increased growth
observed in our transgenic mice expressing GH. A possible explanation of the trend is that these strains
allocate less energy to somatic growth and more to reproduction than their transgenic GH cousins (Orian
et al., 1989; Hammer et al., 1985). No mention was made regarding the activity levels of these mice, but
we would suspect that they would be very similar to normal controls. The strain carrying ovine GH did
show some physiological pathologies including lesions in the liver. This indicates that even modest
increases in growth (average 30%) can have effects on the bealth (Orian er al., 1989).  This suggests
there may be greater DNA damage or somatic damage accompanying accelerated growth. These problems
hint at possible longterm tradeoffs as a result of the increased growth rate rather than artifacts which occur

due to the unusual nature of the animals.

Growth may be pathological when morphological increases are not accompanied by commensurate
improvements in functional efficiency (Goss, 1978). Presumably this lends support to the argument that
growth rate may be optimized rather than maximized in animals. The very existence of transgenic mice

indicate that physiologically, mice have the capacity to at least double their body size. However, when
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this happens, a whole range of problems become apparent as we have indicated. It appears then that mice
have an optimal growth rate fine tuned to their life-history and physiological circumstances. It can be
expected that both optimum and maximum growth rates are fixed or constrained genetically. The maximal
rate is fixed by developmental and physiological constraints while the optimal rate is determined by active
control via GH, IGF-1 and other growth factors. The old adage that mice are the size they are for a good

reason may hold true.

Many molecular biologists have claimed that elimination of the side effects associated with over
expression of the transgene in domestic animals can be achieved by regulation of transgene expression
during the rapid growth phase (Pursel er al., 1989). The data yielded by our transgenic mice indicates
that this may be only a partial solution. Unless food intake is increased, maintenance of the elevated
growth rate without the associated problems may not be possible. Perhaps by crossing the "supermouse”
with a line of hyperphagic mice a line of supermice with large appetites to match, may be produced. This
seems an easier much more practical solution and the implication for agriculture are obvious. It seems
therefore, that if the advances of modern molecular biology are ever to be effectively applied, an ecological
overview is required. Life history traits are not independent of one another. Consequently simple
alterations of the genome may not be enough to "improve” a species. Intimate knowledge of the inter-
relationships between lifehistory features is essential. By understanding these relationships we can have
a basis for predicting directions and also magnitudes of expected differences in life-histories under selective
regimes or as a result of genetic manipulations (Taylor and Gabriel, 1992). Evolutionary ecology will

therefore become much more important as molecular biology advances

In conclusion, it is our hope that the wide range uses of the transgenic mouse system in investigating

otherwise untestable hypotheses will not be overlooked by fellow evolutionary ecologists. We are indeed
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on the verge of a new era and the transgenic mouse may be a bridge allowing us to span the gulf between

ecology and molecular biology.
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Integration, Implications and Conclusion

"The Mouse That Roared"

The aim of this study was to characterize the effect of increased growth costs on the behaviour of
a mammal utilizing a new empirical method for testing life-history theory; the transgenic mouse. The
results of the study provide evidence to support the idea that behavioural shifts can occur in organisms to
help offset energetic costs associated with a high growth rate. To date this is the first study to arrive at
such a conclusion. This implies that the resource allocation system is adaptable and can respond to changes

in the cost structure by shifting energy flow pathways.

I have no wish to overstate the importance of behaviour as a life-history variable, merely I wish
to prevent it from being overlooked in empirical studies and theoretical models. In the past, far too many
studies have looked at life-history traits in isolation (for instance studying the relationship between growth
and reproduction). Separate life-history traits have no independent existence in pature (Tuomi et al, 1983).
Organisms are tightly integrated, precisely controlled systems which have evolved as a unified organization
(Calow and Townsend,1981). Life-history traits are intercoupled and are dependent on the physiological
organization of the individual organism. The way in which all of these life-history features interface is still
unclear. It is our hope that the transgenic mouse will help us in determining how the genotype of an

animal can influence these traits.

An ongoing longterm study has indicated that the average lifespan for our strain of normal female
mice in our strain is 665 days while the lifespan for female transgenic mice is 307 days, or only 46.2%

(p<.0005) as long. Lifetime reproduction for transgenic mice was also compromised. More than half
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of the transgenic females were sterile. Those that reproduced produced on average 1.3 litters versus 5.3
litters, (p <.0005) for normal mice. Both of these decreases have been casually noted in the literature
(Brem er al, 1989; Naar ef al, 1991; Bartke ef al, 1988). Clearly extra-normal growth has a direct cost
in terms of fitness. Fitness is ultimately measured in terms of the phenotype’s relative success in
converting resources to reproductive products. Growth can be viewed as the developmental means of
achieving the reproductive state. Increased growth usually increases fitness in several ways: Large
animals may have a competitive advantage during resource acquisition and may be less vulnerable to
predation. In addition large animals may have an easier time maintaining homeostasis. However
maximizing somatic growth appears to have the opposite effects and in addition, this study indicates the
costs of maintaining the higher growth rate can adversely affect fitness directly by lowering reproductive

rate (Calow and Townsend, 1981).

Are these the only other tradeoffs made with a high growth rate? Most likely not. Two other
possible avenues of energy reduction are being investigated. Comparison of the respiration rates and core
body temperatures between normal and transgenic mice will be conducted during the next phase of the
project. Both are known to occur in other systems, or in particular circumstances. It is very clear that

the relationship between the various life-history traits is very complex.

This leaves us on the verge of many new and exciting discoveries about how life-history features
interface with organism design and it is our hope that the transgenic mouse will play a useful role allowing
in achieving these goals. Molecular biologists have referred to the transgenic mouse as “the mouse that
roared”. I do not believe however, that they fully realized how loud a roar this *...wee timorous little

beastie..” will have on the future of biology. As the science of organism design evolves and spurred on
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by the discoveries made using this tool, greater interdisciplinary study will occur and finally swing the

pendulum back from reductionism in biology towards a more holistic approach.
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Tables



Table 1: The absolute time budget for normal mice and transgenic
"supermice”.

Values represent total mean time for each activity (mins) and expressed
as a percentage of 24 hours +/- SE.

Variable Normal % of 24h Transgenic % of 24h Ditference % T/N t-test

Mass () 2659 529 2631 19895  p<.0005
SE 0.38 1.27

fLocomotion 269.61 18.72 181.58 12.61 88.03 67.35 p<.0005
SE 11.52 0.80 10.13 0.70

Whee! 114.40 7.94 25.15 1.75 89.25 21.98 p<.0005
SE 15.02 1.04 6.27 044

Resting 81983 56.83 1025.05 7118 -205.22 125.03  p<.0005

SE 18.50 128 17.70 123
Feeding 97.55 6.77 111.95 7.7 -14.40 114.76 NS
SE 5.02 035 6.88 048

Drinking 1283 0.89 9.88 0.69 295 7.0 p<.04
SE 1.10 0.08 0.85 0.06

Grooming 12140 843 84.50 587 3690 6960  p<002
SE 0.01 0.00 0.01 0.00
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Table 2: The relative time budget for normal and transgenic

"supermice”.

Values represent the percentage of active time each behaviour

occupies.
Vartable Normal Transgenic Ditterence t-Test
Locomotion 41.74 4115 0.58 NS
8E 168 1.83
Wheel 1742 5.36 11.76 p<.0005
SE 2.06 1.21
{Total Locomotion 58.70 46.15 12.55 p<.0005
SE 1.68 1.81
Feeding 15.19 25.36 10.17 p<.0005
SE 0.86 135
Drinking 2.01 231 0.30 NS
SE 020 0.20
Grooming 18.77 19.01 0.24 NS
SE 122 1.29
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Table 3: Correlation matrix for pooled normal and transgenic data. Mass measured
in grams. All other variables measured in seconds. n=38.

Mass Resting Locomotion Feeding Drinking Wheel Grooming
Mass 1.00
Resting 0.74 1.00
Locomotion 0.67 -0.82 1.00
Feeding 0.23 -0.05 0.18 1.00
Drinking -0.27 -0.28 0.10 0.14 1.00
Wheel -0.68 0.79 0.45 -0.10 0.37 1.00
Grooming 0.40 -0.65 0.51 0.15 -0.05 0.29 1.00
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Table 4: Correlation matrix for normal mice. Mass measured in
grams. All other variables measured in seconds. n=15.

Mass Resting Locomotion  Feeding Drinking Wheel Grooming
Mass 1.00
Resting 0.31 1.00
Locomotion 0.41 047 1.00
Feeding 017 0.08 Q.27 1.00
Drinking 0.03 0.29 0.35 0.11 1.00
Wheel 0.14 0.70 0.15 -0.09 0.13 1.00
Grooming 0.32 0.36 0.20 0.23 -0.62 0.09 1.00
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Table 5: Correlation matrix for transgenic mice. Mass measured in grams. All

other variables measured in seconds. n=23.

Mass Resting Locomotion Feeding Drinking Wheel

Grooming

Mass 1
Resting 0.05 1.00
Locomotion -0.09 0.71 1.00
Feeding 0.07 0.54 0.06 1.00
Drinking 0.19 -0.21 -0.08 0.30 1.00
Whee! .07 0.42 <0.01 0.27 032 1.00

Grooming 0.21 -0.54 0.30 0.02 -0.07 -0.12
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Figure 1. Schematic diagram of the artificial enclosure. Constructed of Smm. clear acrylic (1 x w x
h = 51 x 51 x 16 cm). The cover was constructed from 1 cm grid construction mesh attached to a
wooden frame. A hole in the side of one compartment allowed access to an exterior water bottle
supported by a retort stand.




Figure 2. Diagram of the experimental setup. Two infra-red videocameras were suspended over the
artificial enclosures from wooden scaffolding. A video switcher allowed two experiments to be
conducted simultaneously by recording the inputs from the two cameras on one videotape.
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Figure 3. Graph of total time spent at rest (min) vs live body mass (g). Standard errors

are omitted to avoid visual confusion.
Regression equation (pooled data) y=
Regression equation (hormal data) y=

Regression equation (transgenic) y=

00476 x + 652.38 (r* = .548, p<.0005, n=38)

.0105 x + 419.52 (r* = .0941, n.s. , n=15)

-.00045 x +

1059.05 (r* =.002, n.s. , n=23)
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Figure 4. Graph of total time in minutes spent in locomotion, over 24 hours, versus live
body mass, for pooled normal and transgenic mouse data. Standard error bars are omitted

to avoid visual confusion.

Regression equation (pooled data) y= -.00214 x + 347.45 (r* = .452, p<.00005, n=38)
Regression equation (normal data) y= -.00873 x + 603.95 (r* = .169, n.s. , n=15)

Regression equation (transgenic) y= -.000509 x + 220.35 (r* = .00847, n.s. , N=23)
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Figure 5. Graph of total time in minutes running on a wheel, over 24 hours versus live
body mass, for pooled normal and transgenic mouse data. Standard error bars are omitted

to avoid visual confusion.
Regression equation (pooled data) y= -.0021 X + 190.07 (r* = .47, p <.0005 ., n=32)
Regression equation (normal data) y= -.004 X + 266.72 (r*=.02 , n.s. , n=15)

Regression equation (transgenic) y= -.0002 X + 42.82 (r* =.005 , n.s. , N=23)
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Figure 8. Graph of total time spent in minutes in locomotion and wheel running , over 24
hours, versus live body mass for both normal and transgenic mice. Standard errors are

omitted to avoid visual confusion.

Regression equation (pooled data) y= -.00426 x + 537.63 (r* =.635, p< .0005, n=38 )

Regression equation (normal data) y= -.0127 x + 87965 ( r*= .15, ns. , n=15)

Regression equation (transgenic) y= -.000741 x + 263.17 ( r*= 603, n.s. , N=23 )
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Figure 7. Graph of total time spent feeding, over 24 hours, versus live body mass,
for pooled normal and transgenic mouse data. Standard error bars are omitted to
avoid visual confusion.

Regression equation (pooled data) y= .0003 x + 85.2 (r* = .053 , n.s. , n=38)
Regression equation (normal data) y= -.0016 x +157.7 (r*= .028 , n.s. , n=15)

Regression equation (transgenic) y= .0003 x + 91.37 (r*= .005, n.8. , n=23)
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Figure 8. Graph of total time in minutes spent drinking, over 24 hours versus live body
mass, for pooled normal and transgenic mouse data. Standard error bars are omitted to

avoid visual confusion.
-5

Regression equation (pooled data) y= -5.91x 10 X + 14.67 (r* =074 |, p<.04 , n=32)
-S

Regression equation (normal data) y= -5.38 x 10 X + 149 (r* =.001, n.s. , n=15)

Regression equation (transgenic) y= 8.70 x 10 °X + 3.25 (r*=.04, n.s. , n=23)
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Figure 9. Greaph of total time in minutes spent grooming, over 24 hours versus live body
mass, for pooled normal and transgenic mouse data. Standard error bars are omitted to

avoid visual confusion.

Regression equation (pooled data) y= -.00075 x + 144.73 (r* = .16 , p < .002 , n=32)
Regression equation (normal data) y= .0046 x - 53.1 ("= .10, n.s. , n=15)

Regression eguation (transgenic) y= .00081 x + 22.97 (r* = .04, n.s. , n=23)
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