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Abstract 
 

 
 The environment under which an individual develops plays an important role in 

determining its physiological phenotype. Maternal diet is one of several variables that can have 

lasting impacts on offspring phenotype.  It’s been suggested that these changes can be set during 

early development can last through adulthood, ultimately affecting an individual’s ability to 

function maximally in their adult environment.  The environmental matching hypothesis predicts 

that an individual’s fitness is highest under conditions in which the developmental and adult 

environments are matched. Accordingly, when those environments are mismatched individuals 

will have reduced fitness. This response may be important for shaping an individual’s life history 

strategy. However, there have been few empirical tests of this hypothesis with respect to diet and 

fitness, particularly in wild populations. In this study I investigated the environmental matching 

hypothesis in a natural population of house mice (Mus musculus). I experimentally manipulated 

dietary protein levels and monitored individuals into adulthood. We placed the parental (F0 

generation) on either a high (H, 20% protein) or low (L, 10% protein) and the offspring of these 

mice were then kept on a similar diet (HH, LL) or given the alternate diet (HL, LH). I also 

measured several reproductive variables including age at first reproduction, reproductive status, 

and reproductive effort.  In addition, I measured resting metabolic rate (RMR) at 30 days 

(weaning) and 75 days. I also measured circulating levels of the metabolic hormone IGF-1 and 

IGF-1 gene expression at 30 days and at approximately 1 year. 



 iii 

 Under the environmental matching hypothesis I predicted 1) individuals matched with 

their developmental environment to have greater reproductive success than individuals that are 

mismatched and 2) the developmental environment can alter aspects of an individual’s 

physiology that persist into adulthood. Dietary treatment had a significant effect on age at first 

reproduction, with mismatched individuals reproducing significantly earlier than matched 

individuals. This is in contrast to predictions made by the environmental matching hypothesis. 

We found no differences between treatment and reproductive status or reproductive effort. 

However, there was a trend that suggested LH individuals had greater reproductive effort than 

other treatment groups. There was no difference in RMR between treatment groups at 30 days. It 

was not until 75 days that metabolic adjustments became apparent. At 75 days, matched 

individuals exhibited similar RMR while there were significant differences in RMR between 

mismatched groups. Concentrations of IGF-1 at 30 days did not differ between treatment groups. 

However, LH individuals had significantly lower concentrations of IGF-1 at adulthood. There 

were no differences in IGF-1 expression among treatment groups at 30 days or adulthood, 

although a trend suggested that adults had greater expression levels than juveniles. Interestingly, 

when we compared IGF-1 levels to reproductive effort, individuals with lower levels of IGF-1 

had greater reproductive effort. This result may be due to relative age of animals at the time of 

sample collection. The results of this study suggest that reproductive success in the house mouse 

is not determined by matching the metabolic phenotype to the maternal diet.  
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     CHAPTER ONE 

The effects of early nutrition on resting metabolic rate and age at first reproduction in the house 
mouse (Mus musculus) 

  

INTRODUCTION  

 A central component of life history theory predicts that individuals have a finite energy 

budget from which they allocate energy to support the costs of self-maintenance, growth, and 

reproductive activities (Stearns 1992). The size of the energy resource pool in an individual and 

the amount of available energy partitioned to life-history demands are thought to play an 

important role in determining individual differences in reproductive performance and longevity. 

Resting metabolic rate (RMR) reflects the cost of maintaining basic physiological functions 

necessary for survival (McNab 2002, Speakman 2008). These costs can vary by as much as 3-

fold between individuals within any given population (Burton et al. 2011 and references therein). 

However, the factors that contribute to individual variation in RMR and how they impact 

individual fitness are poorly understood. The relationship between fitness and RMR remains 

ambiguous as high RMR has been correlated with improved fitness under some environmental 

conditions and reduced fitness under others. In response, Burton et al (2011) suggested that 

optimal RMR likely varies with environment and the environment that an individual experiences 

during development may play a key role in matching an offspring’s metabolism to its 

environment (i.e. the environmental matching hypothesis, Monaghan 2008). 
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Because of its low heritability (Nilsson et al 2009, Labocha et al 2004), high variance 

among individuals (Speakman et al. 1994, Speakman 2000) it is likely that RMR is largely 

influenced by the conditions an individual experiences early in life.  In mammals, the mother’s 

phenotype, as well as the environment can influence the conditions and resources she provides 

for her young during gestation and lactation. A mother’s diet is among one of several 

environmental variables that can impact offspring phenotype.  Maternal diet has been shown to 

impact both RMR and the metabolic variables that contribute to an individual’s RMR.  For 

example, Ayala-Moreno et al (2013) showed that, relative to the young of ad lib fed mothers, the 

offspring of food-restricted rat mothers display reduced RMR roughly 2 months after weaning. 

Changes to an individual’s physiology are relatively plastic and can occur within short periods of 

time. For example, caloric restricted lab mice showed changes in fatty acid composition of 

phospholipids from several organs including the brain, liver and kidneys after just one month 

(Faulks et al. 2006), indicating that long term dietary conditions are likely to impact metabolic 

rate by altering an individual’s physiology.  In laboratory mice (Mus musculus),  the alimentary 

organs, including organs of the gut and liver, explained up to 71% of the variation seen in 

metabolic rate (Speakman and McQueenie 1996). However, studies selecting for low and high 

intake mice suggest that the liver as whole is responsible for most of the variation seen in 

metabolic rate (Selman et al. 2001).   

The impact of the maternal diet and offspring metabolic rate on offspring fitness is less 

well studied however; both metabolic rate and nutrient intake have been shown to contribute to 

individual variation in performance.  High metabolic rates are correlated with increased growth 

rates (Metcalfe et al. 1995, Mathot et al. 2009, Criscuolo et al. 2008) and increased reproductive 

performance in birds (Chastel et al. 2003). Nutrition prior to and during reproduction can 
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influence growth rates and age at first reproduction in small mammals (McAdam and Millar 

1999, Dobson and Kjelgaard 1985, Boutin 1990). For example, cotton rats (Sigmodon hispidus) 

consuming high protein dicots reached first estrous sooner than comparably sized cotton rats 

consuming low protein monocots (Cameron and Eshelman 1996). Yet when poor nutrition is 

associated with reduced growth rate followed by a period of compensatory growth, a delay in 

onset of first reproduction is common (Morgan and Metcalfe 2001, Oli et al. 2002). 

Consequently, individuals that experience compensatory growth may incur costs that are not 

evident until later in life (Metcalfe and Monaghan 2001).  

 The timing of first reproduction determines how quickly early maturing genotypes are 

introduced into a population (Oli 2003). Therefore, any phenotypic variants associated with an 

early age at first reproduction, such as those with a favorable metabolic rate, are likely to incur a 

fitness advantage.  In this study, we investigated the effects of the early nutritional environment 

on metabolic rate and the onset of first reproduction in the house mouse (Mus musculus). We 

selected house mice for this investigation because of their short generation times and, under 

conditions designed to mimic the wild, house mice display increased sensitivity to intrinsic and 

extrinsic stressors over their laboratory counterparts (Meagher et al. 2000, Ruff et al. 2013).  

Laboratory mice have been shown to display metabolic plasticity in both glucose and lipid 

metabolism in response to maternal nutrition (Zambrano et al. 2005, Gluckman et al. 2007). To 

investigate the effect of nutrition on metabolism, we manipulated the protein intake of breeding 

females. We chose to manipulate protein intake for this investigation because the effects of 

maternal protein intake on offspring metabolism are more consistent than other dietary 

manipulations (McMillen and Robinson 2005). Similar diets have been shown to impact the 

metabolic phenotype (Reeves et al. 1993) and reproductive performance of rodents (Guzmán et 
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al. 2006, Zambrano et al. 2005). Lastly, variation in protein intake by mice is ecologically 

relevant, with the protein intakes of wild mice varying from low protein for mice that consume a 

diet that is entirely grain (~10-13% protein for corn and wheat) to high protein (~20% protein) 

for mice that consume mostly insects (Bomford 1987, Smith et al 2002, Tann et al 1991, 

(Robbins 1993).  

 To investigate the role of nutrition during early development on RMR and the onset of 

breeding, we manipulated diet in a population of wild-derived house mice. The parental 

generation of mice (F0) was given ad lib access to a high (20%, H) or low protein (10%, L) diet.  

At weaning, the F1 offspring were either maintained on the same diet (HH, LL) or switched to 

the alternate diet (HL, LH). Under the thrifty phenotype hypothesis, the environment 

experienced in early life may stimulate a developmental trajectory that permanently alters 

metabolic processes such as RMR. The environmental matching hypothesis predicts that those 

individuals matched with their developmental environment should have increased fitness relative 

to those that are mismatched. Therefore, alterations made to an individual’s physiology during 

development will ultimately reflect differences in seen in fitness. We predicted that individuals 

that are matched with their maternal environment (HH and LL) should reproduce earlier than 

those that are mismatched (HL and LH).  

MATERIALS AND METHODS: 

Animal Husbandry 

 All mice were 9 generation removed from the wild at the onset of the experiment and 

were obtained from established breeding colonies maintained by W. Potts, University of Utah.  

We maintained mice in enclosures designed to mimic ambient conditions, home range sizes, and 
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population densities of mice living in natural demes within a barn or similar structure (Ilmonen 

et al 2007). Each side of the ten 1.4 m x 3.5 m enclosure is lined with 3.5 m aluminum flashing 

to prevent escapes. The enclosures were divided between 2 adjacent buildings that are secure, 

keeping predators out, but exposing mice to ambient temperatures through hardware-cloth 

windows. We maintained no more than 10 breeding age mice in an enclosure. When animals first 

arrived, we kept them segregated by sex for 8 weeks and then placed males and females in mixed 

sex groups of 3 males and 7 females. Deviation from a 1:1 sex ratio was employed to reduce 

male aggression. Further, we put mice on their experimental diets within one-week of their 

arrival. 

 I allowed females and males to breed and compete for mates as they would in a natural 

population. Pups were born between late December 2012 and March 2013 for the F1 generation. 

No more than two males and two females per litter. If two individuals of the same sex were 

collected, then we placed them on different diets. Female and male siblings of the same litter 

were never placed in the same enclosure.  A pit tag was inserted subcutaneously in all mice 

(HPT8, Biomark, Inc) to allow for identification with handheld reader. In addition, I punched (1-

2 mm) the ears of each mouse in a unique pattern to provide a secondary form of identification. 

Diet   

 I  randomly assigned mice to a 20% (high) or 10% (low) protein custom diet prepared by 

TestDiet (Purina Animal Nutrition, St Louis, MO).  The 10 % and 20% protein diets were 

isocaloric, providing 3.9 kJ of energy per kg.  Cornstarch was used to compensate for the energy 

deficit in the 10% protein diet. The diets were otherwise similar, including the concentration of 

fat, fiber, minerals, and vitamins that each diet provided.   
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Husbandry  

Breeding of individuals was monitored in each enclosure daily.  We entered each 

enclosure, identified all adult females using the handheld pit tag reader, and counted the number 

of young that each female was rearing from birth until weaning. I removed F1 juveniles at 4 

weeks and either euthanized or retained them to examine the impact of maternal diet on offspring 

RMR and age at first reproduction.  I moved retained young into a juvenile enclosure and 

provided them with a high or low protein diet that was similar (HH, LL) or dissimilar (HL, LH) 

to their mothers. 

Sexual maturity in the house mouse generally occurs between 6 and 8 weeks 

(Whittingham and Wood 1983). However, this can be delayed up to 12 weeks depending on a 

number of factors including environmental conditions or the presence or absence of other mice 

(Lantham and Mason 2004). Males generally reach sexual maturity sooner than females, but this 

can be highly variable (Singleton and Krebs 2007, Miller et al. 2002).  Most females reach 

sexual maturity at a greater mass than males (Singleton and Krebs 2007). Outbred and inbred 

strains of wild house mice, ancestors of those used in this experiment, were reported to reach 

sexual maturity at 45 days (Meagher et al. 2000). In this experiment we ensured that males in 

each enclosure were older or the same age as the oldest female in each enclosure at the time 

breeding populations was established. 

Metabolic Rate 

 I measured RMR in juvenile mice at 30 days old, just prior to the diet switch, and again at 

75 days. I trapped individuals from the breeding enclosures and fasted them for 8 hours prior to 

metabolic rate measurements. I carried out metabolic rate measurements using a closed Sable 
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Systems TR-3 respirometry system (Sable systems, Henderson, NV, USA).  In this system, 

incoming air is drawn through a Li-Cor6251 CO₂ analyzer (LI-COR Inc. Lincoln, NE, USA) and 

scrubbed of CO₂ and H₂O using a Drierite® - Ascarite®-Drierite® tube before O₂ analysis. The 

CO₂ and H₂O free air will then flow through the system at a known rate of 750ml/min. We 

analyzed oxygen consumption of the mice with an Oxilla II O₂ Analyzer (Sable Systems, 

Henderson, NV, USA) that was calibrated (zeroed and spanned) regularly. We used 100ppm 

Certified CO₂ (Airgas South, Theodore, AL USA) to span. To zero, we used 0ppm CO₂ 

generated by passing incoming air through the FT-IR Whatman purge-gas generator and a 

Drierite® - Ascarite®-Drierite® tube.   

Mice were kept in small cages and had unlimited access to water prior to metabolic 

measurements. Since mice are nocturnal, we measured the RMR of individuals during the day as 

that is the normal resting period for wild mice. We weighed each mouse just prior to and after 

taking metabolic rate measurements. We placed each mouse in a 280ml respirometry chamber 

inside an incubator illuminated by a 15W white fluorescent light and maintained at 

approximately 30ºC, within the thermal neutral zone for Mus musculus (Speakman and 

McQueenie 1996, Wone et al 2009).  We allowed mice to acclimate to the respirometry chamber 

for 15 minutes and then an additional five minutes once placed in the incubator prior metabolic 

rate measurements. We monitored mouse movement inside the incubator using a SONY DCR-

SX85 video camera (Sony Corporation, Tokyo, Japan). Each individual was sampled for a 

minimum of 30 minutes and maximum of 60 minutes. I recorded baseline O2 and CO2 levels at 

the beginning and end of each measurement. I recorded and analyzed data using the Datacon V 

acquisition and analysis software (Sable Systems, Henderson, NV, USA).  We recorded oxygen 

consumption from the lowest stable 10-minute segment or from 2-3 averaged 3 minute stable 
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segments was used to calculate resting metabolic rate. We then calculated the respiratory 

quotient (RQ) by dividing carbon dioxide produced (𝑉!"₂) by oxygen consumed (𝑉!₂), correcting 

for body mass.  Sample sizes for the HH, HL, LH and LL treatment groups were n= 4, 7, 8, and 

10 respectively.  

Age at First Reproduction 

 The putative mother of each litter was identified based on the recorded locations of the 

animals each day when we first entered the enclosure for husbandry.  In general, I designated the 

female found on the nest greatest number of days as the mother of the litter.  When the likelihood 

being the mother was equivocal between two females, I considered both the number of days 

female was on the nest during the first few days post-partum and the time between reproductive 

bouts.  I used the female’s age on the birth date of her first litter as her age at first reproduction. 

Statistical Analyses 

 Only those females that were fasted and non-reproductive at the time of metabolic rate 

measurements were included in the analyses. I analyzed the effects of diet on body mass, RMR 

and age at first reproduction using a linear mixed effects model (lme), with enclosure included as 

a random factor. I performed all analyses using R v.3.0.1 (nlme library, Pinheiro et al.2007) 

(http://www.r-‐project.org/) and difference between groups were based on the results of a linear 

mixed effect model. I used a chi-squared test to determine if the effect of diet differed between 

reproductive and non-reproductive animals during the study. Significance was set at an α of P < 

0.05. 

 

RESULTS  
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Day 30 

 I observed no significant difference in body mass between high (H) and low (L) protein 

diets in mice at age 30 days (P = 0.65; fig. 1). After correcting for body mass, I observed no 

difference in levels of oxygen consumption between high (H) and low (L) treatment groups in 30 

day mice (P = 0.83; fig. 2). I observed no differences in respiratory quotient (RQ) between high 

or low protein treatment groups at age 30 days (P = 0.93; fig. 3).  

Day 75 (adulthood) 

 I observed no differences between body mass and treatment groups at age 75 days (fig. 

4). However, it appeared that mice at adulthood in the LL treatment group were slightly heavier 

than those in the HH treatment group (P = 0.13), although this was not significant. I found 

differences in oxygen consumption, after correcting for body mass, in 75 day mice (fig. 4). Mice 

allocated to HH and LL treatment groups showed no differences in oxygen consumption in 

adulthood (P = 0.36; fig. 5). However, oxygen consumption was 0.007 O2 min-1g-1 (±0.006 [95% 

C.I]) lower in the HL group relative to the HH group (P = 0.04) and there is a trend suggesting 

higher oxygen consumption in HL individuals relative to HH individuals (P = 0.22). In addition, 

oxygen consumption was 0.011 O2 min-1g-1 (±0.004 [95% C.I.]) lower in the LH group relative 

to HL the group (P = 0.001).  The RQ increased slightly in the HL group relative to the HH 

treatment group (P = 0.10), however this was not significant (fig. 6).  

 I observed a significant difference in age at first reproduction between treatment groups 

(fig.7). Individuals in the HL group first reproduced 47.5 days (± 47.32 [95% C.I]) earlier than 

the HH group (P = 0.05). Similarly, individuals in the LH group also bred 49.5 days (± 41.4 

[95% C.I]) earlier than the HH group (P = 0.02).  Although not significant, a similar trend was 
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seen between HH and LL individuals, with LL individuals reproducing 30.1 days (± 43.8 [95% 

C.I.]) earlier (P = 0.18). In addition, there were several individuals within each enclosure that 

remained non-reproductive throughout the course of the study.  While not significant, it suggests 

that there is an effect of treatment on whether or not individuals reproduced (X2 = 5.82, N=54, 

P=0.12; fig. 8). 

DISCUSSION 

 In this investigation we studied the effects of early nutrition on metabolic rate and age at 

first reproduction in the house mouse. The dietary manipulation had no effect on body mass at 30 

days of age (fig. 1) or at 75 days (fig. 4). Maternal diet also had no effect on offspring metabolic 

rate at weaning (fig. 2), but the interaction between maternal diet and the offspring’s diet at 

independence resulted in significant differences in RMR between groups just before the onset of 

reproduction at 75 days (fig. 4). Mice in the matched treatment groups (HH and LL) exhibited 

similar levels of oxygen consumption at day 75 (fig. 5). The RQ for these groups was also 

similar suggesting that there was no difference between groups in the relative oxidation of lipids, 

proteins and carbohydrates in the production of ATP (fig. 6).  Mice in the HL treatment had 

significantly lower levels of oxygen consumption and higher RQ at 75 days compared to the HH 

treatment group (fig. 5, 6). This suggests that the dietary shift to a low protein diet not only 

affected the metabolic of these mice but also they fuel metabolism, specifically relying on fats 

and carbohydrate to a greater degree than mice that born to mothers that consume a similarly low 

protein diet. Mice in the LH treatment group did not differ from HH females, but a trend 

suggests that they may experience a drop in metabolism in response their dietary shift to a high 

protein diet at independence (fig. 5).  Hales and Barker (1992) argued that the dietary 

environment of an individual during development sets its metabolic trajectory. If this is true for 
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the house mouse, we can assume that the target metabolic rate is similar for mice born to mothers 

consuming a high protein and a low protein diet, even if there are underlying differences in 

metabolism between HH and LL mice. Yet, when a mouse’s diet at independence did not match 

the programmed effect on metabolism, metabolic rate either shifted above or below that target.  

Criscuolo et al (2008) found a similar response to HH, HL, LH, and LL diet quality treatments in 

zebra finches, suggesting that the metabolic response to shifts in diet could be highly conserved. 

 Individuals that mature earlier are likely to incur a fitness advantage over those that 

mature later (Lindström 1999). Therefore, following the environmental matching hypothesis and 

evidence that the metabolic trajectory is similar for HH and LL females, we predicted that mice 

consuming a diet that matched their mothers diet (HH or LL) would reproduce earlier than those 

that experienced a dietary mismatch (HL or LH). Interestingly, our results did not support this 

prediction. Individuals in the LH and HL reproduced earlier than the HH treatment group, and 

the LL group displayed a similar trend.  In many rodents, including mice, mass often determines 

when an individual reproduces (Singleton and Krebs 2007, Lantham and Masson 2004), with 

heavier individuals reproducing earlier. This effect was not apparent in our populations, as there 

was no difference in body mass between groups just before the onset of breeding, although there 

was a trend suggesting the females in the LL groups may be heavier than the females in the HH 

group. There was also a trend suggestion that the LL group also had a greater proportion of 

reproductive individuals (fig. 8).  

These findings differ from prior work, suggesting that the cumulative quality of an 

individual’s diet may drive fitness (Auer 2010, Dmitriew an Rowe 2011) For example, bank 

voles that had access to high quality food only as adults to those who had access to high quality 

food throughout their lives display comparable age at first reproduction, but reduced litter size 
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and offspring mass (Helle et al. 2012). There was a tremendous amount of variation of age at 

first reproduction within treatment groups and this may be attributed to factors in conjunction 

with dietary treatment. For example, social dominance can have strong impacts on reproduction 

(Vandenberg et al 1972). Reproductive suppression is known to occur in house mice under direct 

competition or when investment is high (Wasser and Barash 1983). It is possible that individuals 

in the mismatched groups (HL or LH) experienced increased competition and increased 

investment in reproduction due to dietary changes.  

 To our knowledge, this is the first study to evaluate the impact of metabolic rate and age 

at first reproduction within the context of environmental matching.  Our results indicate that the 

RMR of an individual may not be a critical determinant of age at first reproduction. Bateson and 

Gluckman (2011) argued that dietary information that an individual received from its mother 

during develop can allow it to program a physiology that maximizes within a similar dietary 

context.  Although we found no support for this hypothesis, it is likely that the cumulative 

reproductive effort of a house mouse presents a more meaningful measure of its probable fitness, 

given that the probability of successfully weaning the first litter in the house mouse is low 

relative to many other mammalian species. 
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Figure1. Body mass (g) of F1 mice at 30 days between high (H) and low ( L) treatment 

groups 
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Figure2. Oxygen consumption (O2 min-1g-1) corrected for body mass of F1 mice in high (H) 

and low (L) treatment groups at 30 days  
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Figure3. Respiratory quotient (RQ) in F1 mice at 30 days between high (H) and low (L) 
treatment groups 
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Figure4. Body mass (g) of F1 mice at 75 days of age in HH, HL, LH, LL treatment groups  
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Figure5. Oxygen consumption of F1 mice at 75 days of age in HH, HL, LH, and LL 

treatment groups. Asterisks indicate significant diet treatment differences (*p<.05, 

**p<.001) 
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Figure6. Respiratory quotient (RQ) of F1 individuals in HH, HL, LH, LL treatment groups. 

Asterisk indicates significant diet treatment differences (*p<.05).   

	  

	  

	  



19	  
	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

 

Figure7.  Age at first reproduction for F1 mice in HH, HL, LH, LL treatment groups. 

Asterisks indicate diet treatment difference (*p<.05, **p<.02).  
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 Figure8. Reproductive status of F1 mice. Solid color refers to non-reproductive individuals 

and striped refers to reproductive individuals. 
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CHAPTER TWO 

Short and long-term effects of the developmental environment on insulin-like growth factor 1 
and reproductive effort in the house mouse (Mus musculus) 

 

INTRODUCTION 

The life history strategy that affords an individual the highest possible fitness typically 

varies with environmental conditions (Ricklefs and Wikelski 2002) and the environment that an 

individual experiences during early development can play an influential role in determining its 

physiological phenotype (Hales and Barker 2001, McMillen and Robinson 2005). Based on these 

observations, it has been suggested that these physiological changes can be maintained through 

adulthood and affect an individual’s ability to function optimally in its adult environment 

(Monaghan 2008).  In other words, the early developmental environment may be key in shaping 

an individual’s life history strategy and therefore, determining how available resources are 

partitioned to growth, reproduction, and self-maintenance.  Metabolic hormones play 

fundamental roles in coordinating energy allocation to such tasks and regulating physiological 

and behavioral activities. Therefore, hormonal cues may also underlie and mediate life history 

tradeoffs (Ketterson and Nolan 1992, Ricklefs and Wikelski 2002). Insulin-like growth factor 1 

(IGF-1) is a metabolic hormone that has been shown to influence life history traits associated 

with growth, reproduction, and lifespan (Dantzer and Swanson 2012, Yakar et al. 2002, 

Sparkman et al. 2009). Given that IGF-1 is an effective stimulator of growth and is highly 

sensitive to nutritional status, IGF-1 may be one mechanism by which the early
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developmental environment influences an individual’s physiological phenotype and ultimately 

its life history strategy.  

It is known that nutrition during early development can affect the physiology and 

metabolism of individuals (Desai and Hales 1997, McMillen and Robinson 2005), potentially 

altering their growth and developmental trajectories. Consistent with this idea, IGF-1 is highly 

plastic in response to fluctuations in nutrient availability (either food quality or quantity). For 

example, when Stellar sea lions undergo bouts of food restriction, levels of IGF-1 decrease 

(Jeannaird du Dot et al. 2010). Additionally, it is widely recognized that IGF-1 has positive 

effects on postnatal growth (Yakar et al. 2002, Stratikopoulos et al. 2008, Stuart and Page 2010). 

Furthermore, the nutrients available to young during early development, which are influenced by 

both the mother’s phenotype and environmental conditions, can have long-lasting effects on 

IGF-1 production. In particular, restriction during prenatal and postnatal development has been 

shown to impact IGF-1 production later in life. For example, early restriction of the maternal diet 

results in reduced levels of IGF-1 in offspring up to 9 days following parturition (Woodall et al. 

1996). Mice that experienced periods of food restriction after birth via an increase or decrease in 

litter size had significantly decreased plasma IGF-1 production compared to controls up to three 

months after restriction (Kappeler et al. 2009). The fetuses of female rats fed a low protein (8% 

protein) diet had lower levels of IGF-1 compared to the fetuses of control females (El Khattabi et 

al. 2003). Tissues exposed to such low levels of IGF-1 during development are proposed to 

suffer long-term consequences that alter metabolic regulation or growth trajectories (McMillen 

and Robinson 2005).  

 IGF-1 not only affects somatic growth but it is also necessary for proper function and 

maturation of the reproductive system. When levels of IGF-1 are low, sexual maturation is 
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delayed due to altered synthesis of reproductive hormones or cellular activity of reproductive 

organs (Chandrashekar et al. 2004, Woodall et al. 1996). For example, in female rats IGF-1 

receptors (IGF-1R) are involved in stimulating estradiol and progesterone production (Demeestre 

et al. 2004). In addition to showing delayed postnatal growth, mice that lack the gene for IGF-1 

are essentially infertile. Because of its essential role in the reproductive system, it has been 

suggested that variation in circulating levels of IGF-1 and in IGF-1 signaling may influence life 

history traits associated with reproduction (Dantzer and Swanson 2012). For instance, increased 

circulating levels of IGF-1 are generally associated with both reproductive success and onset of 

reproduction (Taylor et al. 2014, Velazquez et al. 2008). In male deer, IGF-1 is positively 

correlated with circulating testosterone and antler size during the breeding season (Ditchkoff et 

al. 2001). Circulating IGF-1 is also positively correlated with reproductive output in garter 

snakes (Thamnophis elegans) (Sparkman et al. 2009). Yet, the interactions among the 

environment, IGF-1, and reproductive variables in natural populations remain largely unexplored 

(but see Bronikowski and Arnold 2000, Sparkman et al. 2010).   

 The amount of energy a mother can allocate to reproduction is dependent on her own 

energy stores and resource availability. Reproduction is energetically expensive, particularly in 

small mammals. During this time, individuals can face significant protein and calcium demands 

and to a larger extent organ remodeling (Speakman 2008, Hammond 1997, Hood 2012). The 

plasticity of IGF-1 and IGF-1 signaling in response to nutrition may allow for individuals to cope 

with costs of reproduction, by delaying or altering high-energy activities such as reproduction.  

For example, during periods of negative energy balance, perhaps prompted by low resource 

availability, IGF-1 levels decrease (Du dot et al. 2009). This can result in a reduction in overall 

energy expenditure (Yambayamba et al. 1996, Ling et al. 1996). Therefore, a female’s 
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reproductive effort, or the proportion of energy available to the female for reproduction, is likely 

to be mediated by changes in IGF-1 levels.  

 There is strong evidence suggesting that conditions an individual experiences during 

development can permanently alter individual metabolism (Lillycrop 2010, McMillen and 

Robinson 2005), and a mismatch between the developmental and adult environment can lead to 

metabolic dysfunction in adulthood (Hales and Barker 2001). The environmental matching 

hypothesis links these metabolic effects to reproductive fitness and predicts that fitness of an 

individual will be highest when individuals match their adult environment to conditions 

experienced during early development.  Accordingly, when development and adult conditions 

are mismatched fitness is predicted to decrease. It is possible that the interaction between the 

development and adult diet programs differences in circulating levels of IGF-1 and expression 

the IGF-1 gene at its sites of production, such as the liver, and a result provides a mechanism that 

links metabolism, developmental conditions, and reproductive performance in adulthood.  

 The house mouse was an ideal candidate for this investigation due to their short 

generation time and their increased sensitivity to intrinsic and extrinsic stressors compared to 

their laboratory counterparts (Meagher et al. 2000, Ruff et al. 2013). I chose to manipulate 

dietary protein because 1) wild mice, as generalists, are likely limited by diet quality rather than 

quantity (Lochmiller et al. 2000) and 2) protein manipulation has been shown to impact 

physiology and reproduction in rodents (Guzman et al. 2006, Zambrano et al. 2005). Protein 

intake can be highly variable in wild mice varying from low protein for individuals consuming 

an entirely grain based diet (~10-13% for corn and wheat) or high protein (~20%) for individuals 

consuming an insectivorous diet (Bomford 1987, Tann et al. 1991, Robbins 1993).   In addition, 

dietary protein has been shown to alter glucose, lipid, and protein metabolism (Zambrano et al. 
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2005, Gluckman 2007, Lillycrop et al. 2005).  To investigate the impact of early nutrition during 

development on circulating IGF-1 levels, expression and reproductive effort in a population of 

wild-derived house mice, we manipulated dietary protein. The parental generation was given 

access to either a 20% high protein (H) or 10 % low protein (L) diet and allowed them to breed 

freely. After weaning, their offspring (F1 generation) were either maintained on the maternal diet 

(HH, LL) or switched to the alternate diet (HL, LH). Therefore, we can examine the effect of the 

early developmental diet on reproductive success by switching from a low to high (LH) or high 

to low (HL) diet after weaning. Under the environmental matching model, we predict that mice 

in the HH and LL group will display greater reproductive effort than mice in the HL or LH 

groups. Given its association with greater reproduction, circulating IGF-1 and IGF-1 gene 

expression in the liver is predicted to be highest in the animals with highest reproductive 

performance. Therefore, if the predictions for reproductive effort are supported, mice in the HH 

and LL groups are predicted to have higher IGF-1 than mice in the HL and LH groups. 

 

METHODS 

 

Study Organism 

 The house mouse (Mus musculus) is an ideal model species to study the impacts of the 

early developmental environment on offspring physiology in a wild population. House mice are 

easy to maintain and a rapid generation time allows us to measure reproductive variables within 

a controlled environment.  In addition, methods for quantifying physiological variables in mice 

were readily available and often standardized.  The house mice that founded our populations 
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were obtained from established breeding populations maintained by W. Potts, University of 

Utah, Salt Lake City. 

Diet Manipulation  

 To assess the impact of early environmental conditions on circulating and expression 

levels of IGF-1, I manipulated diet in F0 parents and F1 offspring after weaning.  Mice were 

maintained on a custom 10% low protein diet (L) or a 20% high protein diet (H) prepared by 

TestDiet Inc. These diets were isocaloric with cornstarch making up the differences in energy 

content between the H and L diets as described in chapter 1. 

 

Animal Husbandry 

	   Mice were maintained in 10 semi-natural enclosures. In the wild, mice typically interact 

within breeding groups known as demes that include 7-12 adults and use a home-range size of 

just a few meters (Klein 1975). Each 1.4 m x 3.5 m enclosure was lined with 1 m aluminum 

flashing to prevent escapes. All enclosures were located in within 1 of 2 adjacent buildings. The 

windows in each building were covered with hardware cloth to expose the mice to ambient 

temperatures and keep predators out. When mice were first obtained, they were segregated by 

sex for approximately 8 weeks. Group assignments minimized relatedness among individuals 

and did not include female or male siblings from the same litter.  Populations in each enclosure 

were founded with a maximum of 10 individuals, with up to 7 females and 3 males.   

 Females and males were allowed to breed and compete for mates as they would in a 

natural setting. I selected F1 pups born between late December 2012 and March 2013 for this 

study. No more than two males and two females were taken from each litter.  Littermates of 

opposite sex were placed on different diets to ensure that siblings were not mated. At the time of 
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collection all F1 individuals were pit tagged subcutaneously (size: HPT8, Biomark, Inc) for 

future identification using a handheld reader. As a secondary form of identification, each F1 

individual were also ear punched (1-2 mm) in a unique pattern that referred a unique number.  

 The reproductive status of each female was monitored daily. On each occasion, we 

determined if any new females gave birth, the identity of all females on a nest of pups based on 

its pit tag number, monitored the condition of young and counted the number of young present in 

each litter from birth until weaning. I removed F1 offspring at 4 weeks from each enclosure. 

These individuals were either euthanized or retained to examine the impact of the developmental 

diet on reproductive effort and circulating levels of IGF-1 and IGF-1 gene expression.  

Individuals that were retained were moved to a new enclosure and were either given a high or 

low protein that was either similar or dissimilar to their developmental diet, creating four distinct 

treatment groups (HH, LL, HL, and LH).  After 8 months of breeding, the males were removed 

from each enclosure to stop breeding.  When females were approximately 1 year (277-379 days), 

all remaining F1 adults were euthanized. Because breeding females often mated shortly after 

parturition, it was necessary prevent breeding so that the final IGF-1 values could be compared 

between females in a comparable non-reproductive state. Sample sizes for the HH, HL, LH, and 

LL group were 3, 7, 12, and 13 respectively.   

 

Reproductive Effort 

 After the diet manipulation we allowed the retained F1 individuals to breed. I followed 

each litter daily and recorded the number of offspring at birth through weaning. In general, I 

designated the female found on the nest the greatest number of days as the mother of the litter.  

When the likelihood of being the mother was equivocal between two females, I considered both 
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the identity of the female that was on the nest during the first few days post-partum and the 

amount of time between reproductive bouts. I removed the offspring of the F1 females (F2 

estimated reproductive effort (RE) of each F1 female by applying a modification of the lifetime 

reproductive effort equation (LRE) described by Charnov, Warne and Moses (2007).  I applied 

the following equation to estimate reproductive effort per female: 

 RE= #  !"  !""#$%&'(
!"##$%

∗ (𝑎𝑣𝑒𝑟𝑎𝑔𝑒  𝑡𝑜𝑡𝑎𝑙  𝑏𝑜𝑑𝑦  𝑚𝑎𝑠𝑠  𝑝𝑒𝑟  𝑙𝑖𝑡𝑡𝑒𝑟) 

I included only those F1 offspring that survived until independence (weaning) in these analyses.  

 

Blood and liver collection 

Following euthanasia, I collected blood from 30 day F1 females following weaning and 

from 1 year old females following breeding.  Approximately 1ml of blood was collected in 

EDTA tubes and centrifuged at 13,000 rpm for 5 minutes, and the plasma was removed from 

each sample. The intact liver was also removed from each female and placed in a tube with 

RNAlater (Life Technologies).  Both the plasma and liver were then frozen at -80 C for future 

analysis. 

 

Radioimmunoassay techniques 

 Plasma IGF-1 concentrations were measured using a radioimmunoassay (RIA) previously 

validated for mice, following the methods outlined in Richmond and Zinn (2009). The primary 

antibody was rabbit anti-human antisera (National Hormone & Peptide Program, AF Parlow). 

The secondary antiserum to ƴ-globulin was produced in goats (GARGG) (National Hormone & 

Peptide Program).  The sensitivity of the validation assay was 20 ng/ml, the intraassay variation 
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was 16%, and percent recoveries were 53% for the juvenile pool and 80% for the adult pool.  

Linearity was determined using a linear regression analysis of the observed hormone 

concentrations vs. the expected hormone concentrations. A correlation coefficient (R2) and slope 

of 1 were considered linear in our serially diluted adult and juvenile pools (fig.1). The sensitivity 

of the assay was 20 ng/ml , the interassay variations were 11.8 % and 20%, and the intraassay 

variations were 7% and 9% respectively.  Internal controls were created by pooling samples from 

3-4 juvenile and adult mice from the same cohort and sex. All samples were run in two assays in 

quadruplicate. Percent recoveries for the juvenile pool were 82% and 86%. Recoveries for the 

adult pool were 86% and 72% respectively.  

 

Quantitative polymerase chain reaction (qPCR) for IGF-1 mRNA expression 

 I collected livers from F1 juvenile females at 30 days after parturition and at adulthood. 

We extracted RNA using TRIzol (Invitrogen). I then treated the RNA with Turbo DNase 

(Ambion Inc.) for 30 minutes at 37ºC and further purified using a phenol-chloroform reaction. I 

converted 2µg of RNA to cDNA via reverse transcription using qScript cDNA SuperMix 

(Quanta Biosciences, Gaithersburg, MD). We used qPCR to determine levels of IGF-1 mRNA 

expression in F1 females and used GADPH as a housekeeping control (as adapted from 

Yamamoto et al. 2013 and Sun et al. 2004) (see Table1 for primer sequences ).  We used 2X 

SYBR® green PCR Master Mix (Applied Biosystems) to complete the qPCR according to the 

manufacturer’s instructions and 1ul of primers at 100 ng/µl concentration per reaction. Cycling 

conditions were: 10 minutes holding at 95ºC and 50 cycles of 95º C for 15 seconds followed by 

60ºC for 1 minute (Eppendorf Mastercycler eprealplex2).  
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Statistical Analyses 

 The effects of diet on levels of circulating IGF-1 and IGF-1 mRNA expression were 

analyzed using linear mixed effect models (lme), with mouse enclosure included as a random 

factor.  Reproductive effort in relation to treatment group was also analyzed using a liner mixed 

effect model including enclosure as a random factor. We compared circulating levels of IGF-1 

and reproductive effort using a standard linear model (lm).  IGF-1 expression was analyzed by 

comparing the ratio of liver IGF-1 expression relative to expression of GADPH and then 

determining differences among groups using a linear model (lm). We performed all analyses 

using R v.3.0.1 (http://www.r-project.org/, nlme library from Pinheiro et al., 2007) and extracted 

all p values from the model summaries.  Significance was set at α for P <  0.05.  

 

RESULTS 

Reproductive Effort  

 There was no observed difference between reproductive effort and treatment group in 

matched individuals (P = 0.4) (fig. 2). However, there is a trend suggesting that LH individuals 

average may have greater reproductive effort than individuals in the HH treatment group 

(P=0.12).  Interestingly, this trend was not apparent in the HL group (P = 0.70).  We also 

compared reproductive effort to concentrations of circulating IGF-1 in adult females (fig. 3). I 

found that circulating IGF-1 concentrations negatively correlated with reproductive effort (F = 

6.004, df = 16, P = 0.02; fig.3).  

Circulating IGF-1 concentrations 
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 At 30 days of age we observed no significant difference in circulating levels of IGF-1 

between high (H) and low (L) protein treatment groups (P = 0.35; fig. 4). However, diet had a 

significant effect on circulating levels of IGF-1 in adulthood (365 days; fig. 5). IGF-1 

concentrations in the HL treatment group averaged 20.4 ng/ml (± 18.0 [95% C.I.]) greater 

compared with those in the LH treatment group (P = 0.04). Mice in the LH treatment group 

averaged 13.92 ng/ml (± 16.7 [95% C.I.]) higher IGF-1 concentrations compared to individuals 

in the LL treatment group, although this was not significant (P = 0.11).   

 

IGF-1 Gene Expression in the liver 

I observed no difference in the ratio of IGF-1 to GADPH expression between diets at 30 

days (F = 0.109, P = 0.74) (fig. 6).  This was also the case at adulthood as we observed no 

difference in the ratio of IGF-1to GADPH expression among diets (F = 0.123, P = 0.94 ; fig. 7).  

However, we observed a difference in the ratio of IGF-1 to GADPH expression when we 

compared juveniles to adults (fig. 8).Expression of IGF-1 to GADPH ratio was 0.05 lower (± 

.064 [95% C.I.]) in juvenile mice compared to adult mice (P = 0.09), although this was not 

significant.  

DISCUSSION  

 At 30 days of age, IGF-1 hormone concentrations were similar among diet treatments 

suggesting that they were not impacted by the maternal diet during development (fig. 3). 

Derrickson and Lowas (2007) showed in laboratory mice that mothers consuming a 20% protein 

diet produced higher protein milk that mothers consuming a 10% protein diet.  In addition, low 

protein intake has also been shown to reduce milk yield (Sampson 1984). However under the 
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conditions described herein, 30 day old mice born to mothers on the high and low protein diet 

did not differ in body mass (chapter 1).  It is possible that nutrient intake did not differ between 

pups in each group or young compensated for low protein intake between initial consumption of 

solid foods (~14 days) and the body mass measurements. 

 At 1 year of age, circulating levels of circulating IGF-1 were similar among mice in the 

HH and LL groups but mice in the LH treatment group exhibited significantly lower 

concentrations of circulating IGF-1 compared to mice in the LL group. Mice in the HL treatment 

group had significantly higher circulating levels of IGF-1 compared to the LH treatment group 

(fig. 5).   Similarities in reproductive effort and concentrations of IGF-1 between the HH and LL 

suggest that these two different environments produce similar metabolic phenotypes; but the 

results of for HL and LH high were unexpected. It’s important to note that since mice were fed 

ad libitum animals in the low treatment groups may have adjusted protein deficiencies by 

increasing intake, however this does not explain differences between the mismatched groups (HL 

and LH). There is a trend that suggests reproductive effort in the LH animals could be higher 

than the other groups (fig. 2).  Based on results of previous studies (Sparkman et al. 2009, 

Sparkman et al. 2010), IGF-1 was expected to be highest in the group with highest reproductive 

effort. However, this effect was not observed.  Interestingly, when treatment group was ignored 

and IGF-1 was compared to reproductive effort using a simple linear model, we observed a 

negative relationship (fig. 3), suggesting that IGF-1 is lower in mice that have displayed greater 

reproductive effort than those that displayed lower effort. These IGF-1 values represent females 

that had an opportunity to mate for approximately 8 months and all mice were approximately 1 

year old.  Females with the highest reproductive effort would have continuously bred for the full 

8 months that they were paired with a male, whereas a female with low reproductive effort 
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would have breed discontinuously and may not have been reproductively active at the time males 

were removed.  If females with high reproductive effort could have readily bred again, we would 

have expected concentrations of IGF-1 to be higher than those that had put little effort into 

reproduction. In addition, IGF-1 has also been shown decline with age (Breese et al. 1991), it is 

possible that reduced IGF-1 among females with high reproductive effort reflects the costs of 

reproduction. 

Given that most of circulating IGF-1 production originates in the liver, we predicted that 

expression levels could be altered by diet during early development. Treatment group had no 

effect on differences in IGF-1 expression at 30 days (fig.5). However, our data suggests that 

there is a difference in IGF-1 expression between juveniles (30days) and adults, with juveniles 

exhibiting lower IGF-1 expression than adults (fig.8). This response may be largely due to the 

fact that individuals were just weaned and IGF-1 production was only beginning to increase. We 

also observed no effect of diet on IGF-1 expression at adulthood (fig. 7). This is surprising given 

that there appeared to be changes in circulating levels at adulthood. While we found no 

differences among diets and levels of IGF-1 expression it is possible that local IGF-1 production 

and signaling such as IGF-1 receptors (IGF-1R) had an additional impact on offspring 

metabolism. Like IGF-1 gene expression, IGF-1R can also be altered during early development. 

For example, it is known that increased activity of IGF-1 receptors (IGF-1 R) caused by an 

increase in plasma IGF-1 can have effects postnatal growth (Baker et al. 1993), which can have 

potential fitness consequences. Reproduction is also influenced by the expression of specific 

IGF-1 binding proteins (IGF-1BP) (Gay et al. 1997, Fowler et al.2000).  It is possible that the 

effect of treatment on components of the IGF-1 system may be altered at the level of IGF-1 

receptor or binding protein expression and in turn influences reproduction.  
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 Investment in reproduction and lifespan thought to be constrained by physiological 

tradeoffs making it impossible for both to increase simultaneously (Reznick 1985, Stearns 1992). 

Within the IGF-1 system, high levels of circulating IGF-1 and local IGF-1 signaling are 

generally associated with increased reproductive output and decreased longevity (Dantzer and 

Swanson 2012, Sparkman et al 2009, Bartke 2005). Mice with genetic mutations that result in 

permanent decreases in levels of plasma  IGF-1 exhibit resistance to oxidative stress and greater 

lifespan than wild-type controls (Bartke 2005, Holzenberger et al. 2003). We also measured liver 

mitochondrial respiratory efficiency, oxidative damage, and antioxidant production the 1-year-

old mice described in this study.  Our results suggest that although ROS production and 

oxidative damage was higher in animals that had reproduced (4-HNE), females that bred 

displayed higher mitochondrial efficiency (respiratory control ratio, SOD2, catalase) and higher 

antioxidant production than those that did not breed (Mowry, Kavazis, and Hood unpublished 

data).  This suggests that despite oxidative damage, reproductive females did not display a 

decline in metabolic function and repair that commonly observed during aging (Balaban et al. 

2005; Speakman et al. 2004). Low circulating IGF-1 in females with high reproductive 

performance and high mitochondrial respiratory efficiency in females that bred, question whether 

enhanced reproductive effort would have been associated with reduced longevity in these 

animals.   

  The results of this study suggest that reproductive effort in house mice is not influenced 

by matching metabolic phenotype to maternal diet.  Yet, similarities in patterns of reproductive 

effort, circulating IGF-1 levels, and a negative correlation between reproductive effort and 

circulating IGF-1 suggest that IGF-1 may still be important in matching reproductive effort to 

dietary environment.  Interestingly, circulating IGF-1 levels countered the predicted relationship 
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between IGF-1 and reproduction and this may be due to the relative age of animals at the time of 

samples collection. Most of the prior work examining IGF-1 during reproduction and aging 

evaluated each of these life history variables independently (but see Sparkman et al. 2009).  To 

further understand the role that IGF-1 plays in life-history variation, future work should consider 

the inevitable interaction between these variables.  
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Table1 

qPCR Primer Sequences 

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

Gene Primer 
Orientation 

Nucleotide Sequence (from 5’ to 3’) Source 

GADPH Forward GAAGACACCAGTAGACTCCAC Sun et al. 2005 
 Reverse AACGACCCCTTCATTGAC  
IGF-1 Forward GTCTGCTCACCTTCACCAGC Yamamoto et al. 2013 
 Reverse AATGTACTTCCTTCTGAGTCT  
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Figure 1. Insulin-like growth factor (IGF)-1 linearity; Adult and juvenile pool for Mus 

musculus. Adult pool exhibited a significant linear regression with a slope and correlation 

coefficient close to one. Linear regression equations and correlation coefficients for both 

the adult and juvenile pool are displayed on the graph. Closed circles represent the adult 

pool, open circles represent the juvenile pool. 
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Figure2. Reproductive effort (grams) in adult females for HH, HL, LH, and LL protein 

treatment groups.  P = 0.12 
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Figure3. Reproductive effort (grams) and circulating IGF-1 concentrations (ng/ml) in adult 

mice (P=.02) 

 

 

y=-8.60x-81.7 

R2=0.23 
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Figure4. Circulating insulin-like growth factor 1 (ng/ml) in mice at 30 days for high (H) 

and L (low) protein treatment groups. P=0.35 
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Figure5. Circulating insulin-like growth factor1 (ng/ml) in adult mice for HH, HL, LH, and 

LL treatment groups (*P<.05).   
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Figure6. Ratio of IGF-1 to GADPH expression between high (H) and low (L) treatment 

groups at 30 days. P = .74 
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Figure7. Ratio of IGF-1 to GADPH expression between HH, HL, LH, and LL treatment 

groups at adulthood. 

	  

	  

	  



48	  
	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

 

 

 

 

Figure8. Ratio of IGF-1 to GADPH expression between adults (A) and juveniles (J). 

 P= 0.06 
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