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phase offers a second PAR window where animals could potentially strategically 
forecast future environmental conditions and undergo strategic phenotypic 
changes governed by their early-life conditions to adapt to future environments 
(Nettle, Frankenhuis, Rickard, 2013). Importantly, phenotypic changes in response 
to early life environmental influences are likely mediated by early maternal care 
and energy transfer (Sauce et al., 2017; Guidotti et al., 2013; Stefanidis & Spencer, 
2012) and the associated development of the (neuro)endocrine and metabolic 
system (Monaghan, 2008; Criscuolo et al., 2008; Bouret, 2012) are known to 
affect energy balance regulation later in life (Remmers & Delemarre-van de Waal, 
20011). Obviously, studying these mechanisms will improve our understanding 
how derangements in energy balance (such as in obesity) can develop. The 
scope of this thesis is to explore how (early life) social and environmental factors 
in preclinical (obesity) research can affect the development of obesity in mice. 
Specifically, the role that developmental plasticity plays in regulating phenotypic 
development of an individual in response to early life social and environmental 
conditions will be investigated. 

Mouse models to study energy balance regulation 
and obesity

Prospective and retrospective cohort studies are of tremendous value in 
investigating specific environmental conditions and later in life risk for obesity. 
Due to the biological similarity with humans and for ethical, practical and 
financial reasons, the use of mouse models provides a useful and indispensable 
tool to study the causal mechanisms of developmental programming of obesity 
(Speakman et al., 2008). Specifically, mice are particularly useful in this respect 
for their relative short gestation period and the fact that their environments can 
be easily manipulated in a controlled way. For these reasons, multiple mouse 
models to study the mechanisms responsible for obesity development have been 
deployed (Seki et al. 2012). Since social and environmental factors (like in humans) 
are known to strongly affect energy balance regulation and growth in mice, these 
factors should also to be taken into account. The number of mice present in a litter 
or a cage and the temperature at which mice are kept can strongly affect growth 
and metabolic health, and impair the translational value of mouse models to 
humans and be a possible moderator of reported outcomes (Schipper et al., 2018; 
Parra-Vargas et al., 2020; Speakman and Keijer, 2013). Therefore, it is vital that we 
learn more about these social and environmental factors and how these can affect 
growth, sustainable health and reported outcomes.

Developmental plasticity, energy balance 
regulation, and obesity

In the last decades, the incidence of obesity and overweight worldwide has 
dramatically risen. In 2016, 1,9 billion adults and 340 million children were 
overweight worldwide (World Health Organization 2017) and this is considered an 
important risk factor for the development of non-communicable diseases (NCDs) 
(WHO | Noncommunicable diseases 2017) such as cardiovascular diseases and 
diabetes. Together with the well-known risks that contribute to the global epidemic 
of obesity such as unbalanced diet and physical inactivity, epidemiological and 
animal studies have shown that the interaction between genes and fetal and 
postnatal environment play a role as well (Taylor and Poston 2007). Therefore, 
it has become evident that nutritional environment of the developing fetus 
and the offspring not only serves tremendous physiological growth and rapid 
functional development of metabolic organs of the child, but also influences 
the susceptibility of an individual to obesity and NCDs in adulthood (Koletzko et 
al. 2012; Martin-gronert and Ozanne 2013; Wrottesley, Lamper & Pisa 2015). The 
capability of animals, including humans, to respond to environmental cues during 
early life probably originated from evolved adaptive mechanisms with functional 
relevance for the survival of the organism. This concept, named the Predictive 
Adaptive Response (PAR) hypothesis, states that the perinatal environment 
triggers anatomical and functional adaptations that would benefit the survival of 
an individual in the current and anticipated adult environment (Gluckman, Hanson 
and Spencer, 2005). However, these adaptations may actually be ineffective, or 
even counterproductive, when the adult environment is different than what 
was anticipated during development (i.e. mismatch) (Bateson, Gluckman, and 
Hanson 2014). This indicates that each organism with a given genotype has the 
ability to shape the phenotype depending on the environmental circumstance. 
The prototypical example is provided by individuals born after the Dutch hunger 
winter which took place in the western part of the Netherlands towards the end 
of the second world war. Children with low birthweight (due to the fact that 
mothers were starving during pregnancy) had increased susceptibility later in life 
to obesity, cardiometabolic and inflammatory diseases compared to children born 
around the same time, but did not have low birthweight (Ravelli, Stein, and Susser 
1976).   These effects are explained to indicate that these children were primed 
for a life of low nutritional plane, but they were instead exposed to a life of high 
nutritional plane after the second world war. However, it remains to be elucidated 
how and to what extent developmental plasticity allows individuals to cope with 
environmental switches that are experienced after birth. To this end, the postnatal 
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in regulating energy balance. Indeed, locomotor activity and behaviours directed 
towards the middle of the (huddling) litter may be affected by litter size but also 
by variability in body size among pups from the same litter (Bautista et al. 2010). 
Studying ultimate and proximate mechanisms underlying phenotypic changes 
resulting from PNOF will allow us to develop and improve preventive strategies 
aimed at tackling postnatal overfeeding at the root of the problem. This would 
allow a better translation of rodent models of PNOF to the human situation.  

Postweaning social (housing) factors 

Next to the number of pups placed in a litter before weaning, also the number of 
rodents housed in a cage from weaning on can have an effect on the physiology 
and on (long-term) energy balance regulation (Schipper et al. 2018). Typically, 
rodents in the laboratory are weaned at three weeks of age, and are housed 
thereafter either individually or socially (i.e. in groups of two or more rodents 
per cage). Although it is strongly recommended to house rodents in groups in 
order to meet the social needs of these species (Council 2011), individual housing 
is still widely applied. Individual housing is favoured over social housing for 
practical reasons: to avoid aggression among cage-mates (especially in male 
rodents), to allow for the presence of exteriorised devices (Kappel, Hawkins, and 
Mendl 2017) and to allow differentiation among individuals when measuring 
individual parameters such as food intake and energy expenditure (Tschöp et al. 
2012). A recent systematic review and meta-analysis by our group concluded that 
individually housed rodents at standard room temperature (≈21°C) had higher 
visceral fat mass and food intake compared to socially housed rodents, and these 
alterations were independent of changes in body weight (Schipper et al. 2018). 
We hypothesized that these changes were mediated by chronic emotional stress, 
due to the lack of social cues, and to mild chronic cold stress, as standard room 
temperature is below thermoneutrality for mice and individually housed rodents 
cannot engage in social thermoregulation (Schipper et al. 2018). In particular 
adolescence is a period of vulnerability to isolation stress in rodents (McCormick 
and Mathews 2007). Moreover, given that the majority of the neuroendocrine 
systems involved in regulating energy balance develop during this period (Grove 
et al. 2005), suggests that individual housing at weaning may have consequences 
on the programming of energy balance (and derangements herein) as well. 
Indeed, in a follow-up study we showed that postweaning individual housing 
compared to social housing at room temperature reduced adolescent growth rate 
and increased (adult) adiposity in male mice, which was accompanied by increased 

The litter size reduction model

In humans, postnatal overfeeding (PNOF) has been proposed to accelerate growth 
trajectories early in life and thereby increase the risk of overweight, obesity and 
related comorbidities at later life stages (Hopkins et al. 2015; Singhal et al. 2010). 
The sole source of nutrition for a newborn infant is human milk. However, not 
all infants have access to breastfeeding due to medical or other reasons. These 
infants rely on infant milk formula (IMF) as a source of nutrition. One concerning 
aspect is that bottle feeding is often associated with a “tendency to overfeed” that 
could override the natural self-regulation of energy intake according to the infants’ 
needs (Adair, 1984). For example, the tendency of parents to require infants to 
finish the bottle out of the fear that the infants are not getting enough nutrition 
or to increase sleep duration following larger intakes are considered overfeeding 
practices (Baughcum et al., 1998; Clark et al., 2007; Appleton et al. 2018). Among 
the various models to investigate PNOF and the resultant development of obesity, 
one of the most used and well accepted models is the litter size reduction model 
in rodents. This model relies on the fact that differences in the number of pups 
within a litter during the lactation phase may change the amount of milk transfer 
from mothers to individual offspring, thereby influencing directly the growth 
trajectory of the offspring (Habbout et al. 2013). As such, PNOF is mimicked by 
decreasing the number of pups in a litter (small litter, generally three or four pups 
per litter) and compared to normal size litters (generally from six to twelve pups, 
depending on species and strain). The resultant of this paradigm is that overfed 
offspring develop robust phenotypes characterized by increased body weight and 
adiposity, insulin resistance (Plagemann et al. 1999; Davidowa and Plagemann 
2007) and leptin resistance later in life (Schmidt et al. 2001). Importantly, changes 
in circulating leptin and insulin levels as a result of PNOF are already observed 
during the lactation phase (Bernardo, 2016; Sominsky, 2017). Such alterations 
can affect early hypothalamic development of energy balance circuits leading 
to (mal)adaptive responses and metabolic derangements later in life (Bouret 
2012; Plagemann 2008). Similar to the human situation, increased energy intake 
is generally recognised as the underlying mechanisms for (later in life) metabolic 
derangements observed in pups raised in small litters. However, there may also be 
other factors in the rodent small litter rearing model contributing to, and possibly 
amplifying the (adult) metabolic derangements, but these may be generally 
overlooked. Huddling is an adaptive strategy applied by rodents to minimize heat 
loss and thereby saving energy that is required for growth (Gilbert et al. 2010).   
Therefore, a different number of pups huddling in a litter can affect heat loss and 
energy expenditure. Both within and between litter differences seem to play a role 
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housed in large groups (n=12) (Williamson et al. 2019). For this reason, a better 
understanding of how social hierarchical structures in both sexes could affect 
energy balance is needed to improve preclinical research.

Environmental temperature in relation to (social) 
housing

In the last years, questions have been raised about which is the best temperature 
to house mice in order to best mimic human physiology and disease (Fischer, 
Cannon, and Nedergaard 2018; Keijer, Li, and Speakman 2019; Speakman and 
Keijer 2013). Existing research recognizes that housing mice at standard room 
temperatures (i.e. around 21°C) induces a mild cold stress challenge that can 
potentially limit the translational value of mouse models to mimic human 
physiology and disease, (Ganeshan and Chawla 2017; Karp 2012). In fact, mice 
are usually housed at room temperature in order to meet the thermal comfort of 
animal husbandry staff, but at these temperatures over one-third of their energy 
expenditure is required to maintain core body temperature (Speakman and Keijer 
2013; Reitman, 2018). This depends on the mice’ high surface-to-volume ratio that 
translates into greater heat loss, compared to the lower surface-to-volume ratio 
of humans that also use clothing for better insulation (Reitman, 2018). This means 
that humans spend little energy to keep warm at standard room temperature and 
have the possibility to insulate them with warm clothing, whereas mice do not, 
and therefore it has been argued that mice should be housed closer to, or even at 
their thermoneutral zone (i.e. when they experience no cold stress) to better model 
the human situation (Ganeshan & Chawla, 2017; Reitman, 2018). However, when 
mice are housed in groups of two or more, they typically huddle and decrease 
their collective surface area allowing them to conserve heat better at standard 
room temperatures (Harshaw and Alberts, 2012). Importantly, this strategy (also 
called social thermoregulation) is an adaptive and well-preserved strategy to 
maximize fitness in group-living endotherms (Gilbert et al. 2010). Therefore, at 
standard laboratory conditions, socially housed rodents may experience less or 
no mild chronic cold stress compared to individually housed rodents (Speakman 
and Keijer 2013). Whether this saving strategy can reduce thermal stress and 
affect growth in post-weaned mice is yet to be established. In a recent study, 
we found that postweaning individual housing increased the expression of 
uncoupling protein-1 (UCP-1) in the brown adipose tissue (BAT) at adolescence 
and in the inguinal adipose (iWAT) tissue at adulthood, which suggest increased 
thermoregulation relative to social housing at 21°C (Schipper et al. 2020). As 

energy expenditure and energy intake (Schipper et al. 2020). These results 
indicate that researchers should be more aware of the potential consequences 
of social housing factors early in life, as these factors contribute to (later in life) 
energy balance regulation. Interestingly, the majority of published studies that 
focus on the effects of social housing factors on energy balance regulation in mice 
include male subjects but female subjects are not well represented (Schipper et 
al. 2018). Therefore, a better understanding of how postweaning social factors 
affect growth and energy balance regulation in female subjects is required.

In addition to social versus individual housing, there is another “social” factor that 
may affect energy balance regulation in socially housed animals specifically: the 
social hierarchical structure in which individuals live can shape individual plasticity. 
For example, changes in social environment affect food intake and subsequent 
growth rate and body mass in fish (Reed et al. 2019) and mammals (Dantzer et 
al. 2013). Changes in body size among individuals living in the same group may 
be the result of developmental plasticity adjusting the offspring phenotypes 
to match the environment they experience and increase the chances of future 
survival. Hypothetically, larger or equal size subordinates may be perceived by 
dominants as competitors, and reducing growth rate may be a counter-adaptation 
employed by subordinates in order not to be harassed or evicted by dominants. 
On the contrary, individuals may increase growth rate to become large and attain a 
dominant position in the group. For example, subordinate Lake Tanganyika cichlid 
adjust their size to remain smaller than dominants and thereby decrease the 
threat of eviction from the territory (Heg, Bender & Hamilton, 2004). Interestingly, 
meerkats living in groups can adjust their growth rate in response to the body 
mass of their closest competitors irrespective of variation in food availability to the 
group (Huchard et al. 2016). These examples illustrate how the social hierarchical 
structure in which individuals live can shape individual plasticity and therefore 
the establishment of social hierarchies in group-housed rodents should be 
properly evaluated. In particular, potential differences in body size, growth rate, 
body composition and metabolic health as a result of social hierarchical structures 
can increase within-cage variance. Most of the studies investigating the effects 
of social hierarchy on energy balance considered only male animals kept in large 
groups (Lee, Yang & Curley, 2018) or in mixed male/female colonies (Tamashiro et 
al., 2007). Therefore, a better understanding of social hierarchy establishment in 
smaller groups is important too. Moreover, female rodents are thought not to form 
social hierarchies (Tamashiro et al. 2004) and thus studies on the establishment of 
social hierarchical structures in female rodents are underreported. Despite this, 
recent evidence suggests that female mice form hierarchies, especially when 
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other publications (Tolkamp et al. 2011). This practice is widely used and current 
methodologies to obtain a minimum intermeal-interval in mouse studies are 
scarce (Rathod, Di, and Id 2021), since the majority of these have been deployed 
in rats and not in mice (Castonguay, Kaiser, and Stern 1986; Zorrilla et al. 2005). 
Therefore, the choice of a robust and appropriate minimum intermeal-interval to 
define meals in mice is of importance. One of the most used methodology for meal 
definition is the log survivor analysis, in which the log transformed cumulated 
frequency of the number of behavioural events (like feeding bouts) over time 
is plotted as a function of the minimal time interval that separates these events 
(Slater and Lester 1982). However, this methodology has been used mainly in rats 
and not in mice. Moreover, it has a major limitation, as a minimum intermeal-
interval for meal definition has to be chosen by visual inspection, making this 
method subject to different interpretations of assessors. In addition to the 
criterion or the methodology chosen to determine what is a meal, there are other 
current practices in feeding behaviour research that should be carefully evaluated. 
For example, researchers tend to perform meal pattern analysis during the dark 
phase omitting the whole or small parts of the light phase (Goebel-Stengel et al., 
2012; Zorrilla et al., 2005), failing to address data from the light phase that may 
be relevant to consider for a more complete understanding of feeding behaviour. 
This would be especially relevant when dietary or pharmacological challenges 
affect circadian rhythms (Kohsaka et al. 2007) and selective evaluation of data 
may potentially prevent the detection of specific feeding events taking place 
outside the selected time frame, but that could be relevant to feeding behaviour. 
Another practice that is often applied is the exclusion of meals falling below a 
certain size, as these are assumed to be noise in the registration not due to mice 
initiating or consuming a meal (Treesukosol and Moran 2016). The relevance of 
the exclusion of these small meals should be also carefully evaluated. Therefore, a 
better understanding of how current practices affect study outcomes is needed to 
improve the study of feeding behaviour in mouse models.

Aim of the thesis

The main aim of the thesis is to study the effects of various social and 
environmental factors on growth and energy balance regulation. Firstly, the effects 
of (early-life) social and environmental factors on energy balance regulation have 
been examined. Secondly, a new methodology for feeding behaviour analysis in 
mice and current practices generally applied by researchers in mouse feeding 
behaviour studies have been studied. 

discussed before, these findings were associated with reduced adolescent 
growth and increased adult adiposity. Taken together, these findings suggest that 
environmental temperature may interact with the lack of social thermoregulation 
in individually housed mice to affect growth and obesity development. Therefore, 
it is important to dissociate the effects of social thermoregulation and the lack of 
social cues in affecting energy balance regulation between individual and socially 
housed mice. A strategy to better study this is to compare growth and obesity 
development in individually vs socially housed mice both at standard vivarium 
temperature and at thermoneutrality.

Studying feeding behaviour in mice to improve 
preclinical research into energy balance regulation 
and obesity

In a simplistic way, obesity can be seen as the resultant of energy intake 
overriding energy expenditure, leading to a positive energy balance and weight 
gain (Hill, Wyatt & Peters, 2012). However, next to energy intake and energy 
expenditure, feeding behaviour plays a role in obesity development as well 
(Wardle 2007). Therefore, mice have been widely deployed for the assessment of 
feeding behaviour through the use of meal pattern analyses (Ellacott et al. 2010). 
Meal pattern analyses are employed to study the mechanisms that control food 
intake regulation, using continuous monitoring of food intake. Mice, like humans, 
eat their food interspaced by time intervals (intermeal intervals) of different 
durations. However, contrary to humans, they are nocturnal species, and eat the 
majority of their daily food intake during the dark phase. Moreover, meals during 
the dark phase are typically separated by shorter intermeal intervals than during 
the light phase, where longer intermeal intervals are observed (Strubbe and Dijk 
2002). A persistent problem with published studies on meal pattern analysis in 
mice is the lack of consistency in what is considered a meal and how much time 
should elapse between two feeding bouts to consider these bouts separately 
or clustered together as a single meal. This is important because feeding bouts 
interspaced by short intervals may be considered short pauses of food intake 
within a single meal and longer ones may be regarded as true intermeal intervals 
separating meals. A common practice in mouse studies on meal pattern analysis 
is that the researcher determines arbitrarily a minimum intermeal-interval that is 
used for meal definition, without properly assessing how meal related parameters 
can be affected by this (Demaria-Pesce and Nicolaïdis 1998). Moreover, and 
maybe even worse, meal criteria to define a meal may also simply be copied from 
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in females could influence energy balance regulation. 
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Background

It has become evident that inadequate nutrition during the first 1000 days of 
life can increase the risk of the development of obesity and the risk for non-
communicable diseases (NCDs) later in life, during childhood and the adult stage 
(Mameli, Mazzantini & Zuccotti, 2016).   During pregnancy, hyperalimentation of 
the mother leads to increased body weight of the offspring at delivery which is 
carried on at least through childhood (Tie et Al., 2014). On the other hand, reduced 
nutritional supply or protein restriction during pregnancy leads to intrauterine 
growth restriction of the fetus and lower body weight at delivery, but leads to 
catch up after birth (Morrison et al., 2010). Both aforementioned situations have 
been mentioned as risk factors for exaggerated adipose tissue development 
and cardiometabolic complication later in life (Fall & Kumaran, 2019; Agarwal et 
al., 2018). A second window of influence on the long-term regulation of body 
weight and energy balance is the lactation phase. For mammals, maternal milk 
is the sole source of nutrition right after birth. However, in the human situation 
many children are unable to receive maternal milk, and infant milk formula (IMF) 
via bottle feeding is provided as an alternative. IMF is not providing exactly the 
same macro and micro nutrients as human milk does, as human milk quantity and 
composition varies over the course of lactation (meeting infant requirements), 
and its consistency also depends on the maternal diet. IMF, however, has a 
standard composition (Emmet & Rogers, 1997; Codini et Al., 2020; EU Commission 
Directive, 2006), which may contribute to the observed differences between 
breastfed and formula fed infants in early growth trajectories. In fact, IMF has 
been shown to increase the risk for childhood and later in life obesity compared 
to breast-fed infants (Gale et al., 2012).  Apart from the IMF consistency that differs 
from breast milk, bottle feeding might increase the risk of postnatal overfeeding 
(PNOF) (Appleton et Al., 2018). Newborn infants generally possess the ability to 
regulate their energy intake according to their nutritional needs (Adair, 1984). 
Bottle feeding, however, may lead to a tendency to override this natural self-
regulation of infants. Examples of these feeding practices are parents having the 
infant to finish the bottle, the tendency to supplement above the recommended 
quantity based on the concern that the infant is not getting enough nutrition 
or to increase its sleep duration, and the use of bottle feeding to calm and 
soothe infants or to reward certain behaviors (Baughcum et al., 1998; Clark et 
al., 2007; Appleton et Al., 2018). The resultant effect of bottle feeding is that it 
can increase early life weight trajectories (Weng et al., 2012), which is associated 
with susceptibility to overweight, obesity and related comorbidities later in life 

Abstract

Early postnatal overfeeding has been suggested to be one of the factors that 
contribute to the increasing rates of obesity among children and adults. One 
frequently applied method to model postnatal overfeeding in rodents is reducing 
the normal litter size during the lactation phase, and to subsequently study the 
resultant energy balance changes and underlying behavioral, physiological, 
and neuroendocrine mechanisms resulting from this model. By reducing 
the number of littermates, individual pups ingest more milk and are likely to 
develop overweight, (pre)diabetes, insulin and leptin resistance. Interestingly, 
these changes often take place when offspring are kept in postweaning healthy 
nutritional conditions and may be further exacerbated in unhealthy high fat 
conditions. Early life hyperinsulinemia and hyperleptinemia resulting from litter 
size reduction are likely to affect the arcuate and paraventricular nucleus of the 
hypothalamus, which regulate food intake and energy expenditure. Changes in 
the development of these neural circuits are capable of leading to hyperphagia 
and/or reduced metabolic rate in rodents raised in small litters. However, some 
aspects should be taken into account that could lead to a high level of variation 
between studies.  Most important ones are strain differences, number of pups 
assigned to control litter size, and litter-sex distribution, which all have effects on 
the pups and possible health outcomes.
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Milk energy output from dam to offspring can be estimated based on litter 
characteristics in relation to litter energy expenditure assessment and milk 
digestibility (Zhao et al., 2013). While dams typically reduce their own intake when 
nursing SL compared to NL, and energy transfer to the entire SL is equally reduced, 
energy transfer to individual SL pups is higher compared to that of individual NL 
pups during the lactation phase (Cunha et al., 2009). In addition, a typical increase 
in fat and energy content in milk from SL dams has been observed (Fiorotto et Al., 
1991; Xavier et Al., 2019).    As a result of the increased energy supply, individual 
SL offspring show increased weight gain during the lactation phase, which is 
particularly the resultant of an increase of fat mass, specifically of visceral white 
adipose tissue (WAT) (Bernardo et Al., 2016; Rodrigues et Al., 2011; Dai et Al., 2018; 
Hou et Al., 2011). These effects persist into adolescence (Hou et Al., 2011), young 
(Halah et Al., 2018) and adulthood (e.g. more than 12 weeks old), and this is often 
observed together with various metabolic derangements (Conceição et Al., 2013; 
Conceição et Al., 2011; Sánchez-García, Del Bosque-Plata & Hong, 2018; Dai et Al., 
2018; Hou et Al., 2011; Ji et Al., 2014; Cunha et Al., 2009). Importantly, the effects 
of PNOF on weight gain and increased fat mass are consistent among studies, 
and observed when offspring is kept on normal (relatively healthy) rodent chow 
(Cunha et Al., 2009).  In general, effects of PNOF may be further exacerbated by 
postnatal exposure to high calorie diets (Ji et al., 2014). SL animals show sustained 
hyperphagia in many (Cunha et Al., 2009; Conceição et Al., 2013; Rodrigues et Al., 
2011) but not in all studies (Dai et Al., 2018; Halah et Al., 2018; Hou et Al., 2011), 
suggesting that the changes in body weight and fat mass in SL rodents may not 
be dependent only on alterations in energy intake, but also energy expenditure 
may be affected (Zhu, Eclarinal, Baker, Li, & Waterland, 2016). Indeed, energy 
expenditure was found to be decreased in SL at weaning and at adult age (Dai et 
al., 2018; Li et al., 2013).  SL has been reported to reduce deposition and activity of 
interscapular brown adipose tissue (BAT) (Xiao et al., 2007, de Almeida et al., 2013), 
which may be among the underlying mechanisms of reduced energy expenditure 
found in SL offspring.  

Litter size reduction and derangements in fuel 
homeostasis.

The effects of PNOF by SL to increased adipose tissue accumulation are sometimes 
found to be associated with hyperinsulinemia (potentially as a result of insulin 
resistance) and hyperglycemia in young SL rodents (Bernardo et al., 2016; 

(Hopkins, Steer, Northstone, & Emmett, 2015; Singhal et al., 2010).   However, the 
observed differences between formula and breastfed infants are mostly obtained 
in observational studies. Case-controlled investigations of the mechanisms 
underlying obesity development by gestational hyperalimentation and PNOF in 
humans is inherently difficult to perform.  For this reason, animal studies provide 
an alternative.   In particular rodents have been used to model PNOF and study 
its (long term) consequences on metabolic health and obesity development.   
In rodents PNOF can be induced by decreasing the size of the litter of the dam 
during the lactation period. The concept of litter size manipulation in rodents was 
pioneered by Kennedy in 1957 (Kennedy, 1957), who argued that downscaling the 
normal litter size right after birth would increase milk energy transfer from mother 
to the individual pup, leading to increased weight gain and development of the 
offspring during the lactation phase.  This method has since then been used in 
numerous studies, among others those that have studied the early neurobiological 
determinants of energy balance regulation, and derangements hereof.  The aim of 
the present paper is to revisit the reported effects of PNOF by litter size reduction 
in rodents on neurobiological control of energy balance regulation and fuel 
homeostasis, and to discuss some of the implications and caveats. 

The rodent small litter size model to investigate 
postnatal overfeeding 

Litter size reduction as a model of PNOF is currently often applied in obesity 
research, which may be related in part to its simple yet effective nature. For rats 
and mice, a substantial number of the delivered pups are typically removed 
from the litter on postnatal day (PND) 2 or 3, creating a smaller sized litter (SL) 
compared to normal sized litters (NL) for the remainder of the lactation period. 
SL often consist of 3 or 4 pups per litter while NL ranges between 6 or 10 pups/
litter, depending on the typical average litter size of the species and strain used 
(Parra-Vargas et al., 2020).   It is important to realize, however, that rodents are 
altricial animals, meaning that the developmental status of rodents at birth 
may be considered equivalent to that of a human fetus during the 3rd trimester 
of pregnancy (Dearden & Ozanne, 2015). For this reason, rodent PNOF by SL 
manipulation may be argued to model human hyperalimentation in the combined 
late prenatal (i.e., intrauterine) and postnatal lactation phase.
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adipose tissue, and liver contribute to the development and insulin resistance in 
PNOF rodents. 

Besides abnormalities in glucose homeostasis, SL manipulation is also able to affect 
lipid homeostasis, since circulating triglycerides (TG), total cholesterol (TC) and high-
density lipoprotein-c (HDL-C) were increased in young SL mice and rats (Bernardo et 
al., 2016, Rodrigues et al., 2011). Lipid homeostasis seem to be affected also in adult 
rodents, as TG were increased also in 13 weeks old (Dai et al., 2018), 32 weeks old rats 
(Sánchez-García, Del Bosque-Plata & Hong, 2018) and together with free-fatty acids 
(FFA) in 16 weeks old rats (Bei et al., 2015). However, two studies failed to find changes 
in circulating lipids in young and adult rats’ offspring (Cunha et al., 2009; Hou et al., 
2011), but also in this case, the studies listed so far subjected SL rodents to low fat 
conditions and HF dietary regimens seem to aggravate lipid homeostasis in SL rodents 
(Ji et al., 2014). The mechanisms contributing to the changes in lipid homeostasis by 
SL manipulation are likely the result of increased hepatic lipogenesis and reduced 
hepatic fat oxidation, as liver gene expression of Acetyl-CoA carboxylase and sterol-
regulatory element binding protein-1c  (ACC and SREBP1c; i.e., committed steps 
towards hepatic lipogenesis) were increased at weaning. At early adulthood and later 
adulthood, the hepatic expression levels of peroxisome proliferator-activated receptor 
α (PPARα; i.e., a committed step for fat oxidation) was decreased in early adulthood 
leading to hepatic steatosis, particular when the SL rodents were subjected to a HF 
diet after weaning (Ji et al., 2014). Disturbances in lipid (and glucose) homeostasis 
and insulin action are intricately related (Samuel, Petersen & Shulman, 2010), but it is 
difficult to disentangle the causality between them.  

While insulin resistance may be the common denominator linking hyperinsuli-
nemia and glucose intolerance (Cavaghan, Ehrmann & Polonsky, 2000), insulin 
resistance and visceral obesity at young age is often causally related with activation 
of the immune system (Singer & Lumeng, 2017). Kayser et al observed that SL mice 
(relative to NL mice) have increased visceral fat deposition, which at weaning did not 
yet show overt signs of inflammation (like crown-like structures, TNF upregulation 
etc) (Kayser, Goran & Bouret, 2015). However, these SL mice at weaning did have 
increased expression of toll-like receptor 4 (TLR4), which is known to trigger 
innate immunity (Takeda & Akira, 2004), and can bind fatty acids leading to insulin 
resistance (Li et al, 2020). When exposed to a HF diet after weaning, SL mice had 
equal visceral fat accumulation as NL mice did, however, the SL HF exposed mice 
had higher levels of visceral tissue inflammation than NL mice on a HF diet, and 
this was also corroborated with stronger impairments in glucose tolerance and the 
expression of fatty liver syndrome (Singer & Lumeng, 2017).

Rodrigues et al., 2011; Bei et al., 2015; Plagemann et al, 1992) and in adult SL rodents 
(Kappeler et al 2009; Bei et al., 2015; De Almeida et al., 2013; Cunha et al., 2009; Hou 
et al., 2011; Sánchez-García, Del Bosque-Plata & Hong, 2018).  However, there are also 
studies that did not demonstrate any changes in glucose homeostasis in SL rodents 
versus NL rodents (Rodrigues et al., 2007; Rodrigues et al., 2011), which is probably 
the due to the fact SL rodents in those studies were fed a standard chow diet after 
weaning. This is relevant since a common approach to study derangements in insulin 
and glucose homeostasis is to subject rodents to high fat (HF) diet-induced obesity 
(DIO), leading to insulin resistance and glucose unresponsiveness per sé (Wang & Liao, 
2012). Indeed, one study revealed that glucose tolerance was unaffected at weaning 
and in early adulthood by SL manipulation, but it was present in 6 weeks old rats only 
when these animals were fed a HF diet or in 10 and 16 weeks old rats fed either a 
standard diet or a HF diet (Ji et al., 2014). These findings suggest that the development 
of glucose intolerance can be exacerbated by HF feeding early in life, but may also 
develop later in life also in low fat conditions. The use of glucose tolerance tests (GTT) 
has been applied in adult SL rodents and showed glucose intolerance in rats at 13 
weeks (Dai et al., 2018), 14 weeks (Bei et al., 2015), 16 weeks (Hou et al., 2011), 25 
weeks (Rodrigues et al., 2011), and 1 year old rats (Cunha et al., 2009).

Hyperinsulinemia by SL manipulation may be the result of permanent 
physiological changes that alter glucose uptake in pancreatic beta cells, that in 
response secrete insulin. This process is driven by pancreatic glucose transporter 
(GLUT-2) that regulates the uptake of glucose by the pancreas (Thorens, 2015). 
Interestingly, the expression of GLUT-2 was increased in pancreatic islets of SL 
manipulated rats, explaining the increased insulin secretion (Cunha et al., 2009).   
Additionally, the endocrine pancreas of SL manipulated rats presented permanent 
defects in glucose-stimulated insulin secretion, as it was shown by differential 
expression of 10 key regulatory genes both at PND 26 and PND 100 (Waterland & 
Garza, 2002).  Besides the pancreas, also glucose uptake in adipose tissue appears 
to be affected by SL manipulation. For example,  isolated adipocytes from SL rats 
showed impaired glucose uptake in the presence of insulin (Aubert, Suquet, 
& Lemonnier, 1980). These effects are accompanied by in-vivo reduced GLUT-
4 translocation and expression, suggesting that glucose uptake was decreased 
(Rodrigues et al., 2007). Similarly, protein and gene expression of Irs-1 and Glut-4, 
were decreased in 16 weeks old rats, suggesting that insulin signaling and glucose 
uptake were impaired in adipose tissue (Bei et al., 2015). Importantly, impaired 
insulin signaling was found also in the liver of 25 weeks old rats, where protein 
expression of IRβ, phospho-IRS-1, IRS-1, PI3K and Akt1 were decreased (Conceição 
et al., 2013). It is possible that the impaired insulin signaling in the pancreas, 
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of leptin (Pelleymounter et al., 1995). Leptin deficient mice display hyperphagia, 
obesity and related metabolic derangements (Lindström, 2007). Injection of leptin 
peripherally as well as centrally causes restoration of (many of ) these characteristics, 
underscoring the importance of leptin in energy balance regulation and fuel 
homeostasis (Stephens et al., 1995; Pelleymounter et al., 1995; Campfield et al., 
1995).   The structural formation of the hypothalamic circuitry takes place during 
early postnatal life in rodents and leptin deficient mice show profound abnormalities 
in the densities of axonal projections from the ARH to other nuclei, which endure 
during their entire lifetime (Kamitakahara et al., 2018). Interestingly, ARH axonal 
outgrowth in Lepob/Lepob mice could be rescued by leptin injection between P4 
and P12, but not by injections during adulthood (Bouret, Draper, & Simerly, 2004).   
This shows that leptin signaling specifically during the early postnatal period is an 
important mechanism targeting the formation of hypothalamic circuitry, and it 
may suggest that the (long term) metabolic effects of early life nutritional insults 
including SL may be mediated by altered postnatal leptin signaling. This seems likely 
since SL pups presented hyperleptinemia as early as during lactation (Sominsky et 
al., 2017; Rodrigues et al., 2011). 

Leptin-mediated hypothalamic development and 
sensitivity

Increased leptin levels in PNOF rodents by SL manipulation have been shown 
to be associated with early life leptin resistance. Specifically, Davidowa and 
Plagemann  using single unit electrophysiological recordings showed reduced 
neuronal activity to leptin in NL rats (n=10/litter), whereas those raised in SL (n=3/
litter) were unresponsive to leptin when they were between 5 and 11 weeks old 
(Davidowa & Plagemann, 2000). In another electrophysiology study, Roberts 
and colleagues demonstrated that POMC neurons in SL mice (n=3/litter) became 
leptin-resistant during lactation which persisted into adulthood, a phenomenon 
that was not observed in NL (n=7-9/litter) (Roberts et al., 2019).   Furthermore, SL 
manipulation caused an increase in the excitatory synaptic transmission and a 
decrease in inhibitory transmission of ARH LepR-expressing neurons in pubertal 
mice, suggesting that SL manipulation can exert robust effects on ARH neurons 
activity too (Zampieri et al., 2020). Finally, AgRP and NPY fiber density in the ARH 
was found to be increased by SL manipulation in 12 days old rats, which reversed at 
adulthood to lower NPY fiber density. No effects were observed on fiber density of 
POMC neurons (Sominsky et al., 2017).

In summary, PNOF by litter size reduction causes disturbances in fuel homeostasis 
when rodents are subjected to a LF diet, however, these outcomes were not 
always consistent. Exposing PNOF offspring by SL to post-weaning HF diets may 
exacerbate differences in fuel homeostasis between NL and SL manipulations. 
The various processes underlying these changes are still a matter of debate, but 
may be orchestrated at the level of the central nervous system (CNS). Indeed, the 
CNS is known to control peripheral fuel homeostasis through several behavioral, 
physiological and neuroendocrine/autonomic routes (van Dijk et al., 2003; Fliers 
et al., 2003; Russo et al., 2021), and it may therefore be possible that PNOF by SL 
manipulation exerts many of these effects by changes in neuronal circuitry at an 
early age.  The next paragraphs will elaborate on these specific mechanisms. 

Neurobiology of energy balance and fuel 
homeostasis

Since the mid twentieth century, the hypothalamus has been known to play a key 
role in the regulation of energy balance and fuel homeostasis (Anand & Brobeck, 
1951). While attention was initially focused on the ventromedial and lateral nuclei 
serving a dual role in hunger and satiety (Stellar, 1954), focus shifted towards 
neurocircuitry, in particular the one originating from neuronal cell bodies in the 
arcuate hypothalamic area (ARH) and its vast projections to other hypothalamic 
and extra-hypothalamic regions (Elmquist, Elias & Saper, 1999). The discovery of 
leptin in 1994 was a hallmark for insight into the CNS control of energy balance 
(Zhang et al., 1994), and also how  leptin could interact with specific neuronal cell 
body populations in the ARH to achieve this effect.   Among the ARH populations 
are the so-called pro-proopiomelanocortin (POMC) neurons, which increase their 
activity in response to elevated circulating leptin, which in turn causes a decrease 
in food intake and increased energy expenditure (Kwon, Kim & Kim, 2016). Another 
subpopulation of ARH neurons co-express neuropeptide Y (NPY) and agouti-related 
protein (AgRP). In situations of food scarcity,  leptin levels decline, which enhances 
the activity of NPY/AgRP neurons, that in turn stimulate appetite and reduce 
energy expenditure (Schwartz et al., 2000).   Besides energy balance regulation, 
central leptin action through interplay with ARH neurons has been shown to affect 
peripheral glucose and lipid homeostasis through largely undiscovered routes 
(Schwarz et al., 1996; Diéguez et al., 2011).  

Studies using mice that lack leptin (i.e., due to recessive homozygous mutation in 
the OB gene; Lepob/Lepob) have been instrumental in uncovering the neurobiology 
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of ghrelin has been postulated to switch off this leptin mediated ARH outgrowth 
(Steculorum et al., 2015).  Because ghrelin levels are reduced by PNOF as a result of 
SL manipulation, the leptin-mediated sprouting of ARH neurons is prolonged and 
becomes derailed (Collden et al, 2014), with long-term effects including increased 
body weight, visceral fat, disturbed fuel homeostasis and decreased leptin sensitivity 
(Steculorum et al., 2015).  

Insulin-sensitive hypothalamic development

Similar to leptin, insulin exerts its action also in the CNS and in particular it 
acts on insulin receptors (IR) and starts a downstream pathway resulting in 
the downregulation of NPY/AgRP and upregulation of POMC (Simerly, 2008). 
Interestingly, insulin appears to have neurotrophic effects on the hypothalamus as 
well (Plagemann, 2008). Perinatal high levels of insulin and glucose are known to 
cause alterations in hypothalamic insulin sensing and actions (Steculorum, Vogt, 
& Brüning, 2013). The exact mechanism is still unclear and whether PNOF can 
affect this pathway is still not known. However, insulin treatment of brain slices of 
medial ARH showed that the inhibition of these neurons was significantly reduced 
in both juvenile and adult SL rats (Davidowa & Plagemann, 2007), suggesting 
that insulin may play a synergistic role with leptin in programming ARH neurons 
regulating energy intake.

Besides IRs, insulin can bind to another kind of receptor, namely insulin-like 
growth factor receptors (IGFR). These receptors are normally ligated by insulin-
like growth factors (IGF), but because of the close relation of insulin with these 
growth factors leptin is also able to bind to IGFRs. Different isoforms of IGFRs 
exist, but in the brain the A isoform is predominantly expressed which has a 
higher affinity for IGF-2 than for other IGFs. This particular IGF is important for 
overall neural proliferation (Schubert et al., 2003). Since IGFRs and IRs can 
heterodimerize there seems to be some cross-over in signalling and biological 
effects of the two ligands (Kleinridders, Ferris, Cai, & Kahn, 2014). This could be 
a possible explanation for how insulin is able to affect neurodevelopment, but 
evidence is scant in this respect. The litter size reduction model is known to cause 
insulin resistance at later ages. However, even during postnatal development an 
indication of hypothalamic resistance to elevated central insulin levels has been 
found in rodents (Plagemann, et al., 1999a), meaning insulin would not be able to 
exercise its function on the hypothalamus during the critical period of hormone-
dependent neurodevelopment in the ARH.

In addition, also protein expression of key regulatory genes involved in leptin 
signaling in the hypothalamus have been affected by SL manipulation. Leptin acts 
by binding the leptin receptor (Ob-Rb) and this interaction induces a signaling 
cascade that involve Janus tyrosine kinase 2 (JAK2) and STAT3, that as a result 
stimulate the suppression of cytokine signalling-3 (SOCS-3) (Kwon, Kim & Kim, 2016). 
SL manipulation in rats did not affect hypothalamic expression of this pathway at 
weaning, but a decreased JAK2 protein expression and increased SOCS3 were 
detected at PND180, suggesting hypothalamic leptin resistance at adulthood 
(Rodrigues et al., 2011). In addition, SL mice displayed hypothalamic leptin resistance 
in the ARH as showed by a lower activation of signal transducer and activator of 
transcriptor-3, STAT3 (Glavas et al., 2010).  In conclusion, the changes described so 
far indicate that SL manipulation is able to render ARH neurons less responsive to 
leptin by judging the smaller changes in expression or transcription of key regulatory 
proteins involved in leptin signaling. These changes could be involved in the control 
of energy intake and energy expenditure and could contribute to the development 
of obese phenotypes as a result of PNOF.  

The mechanism that connects postnatal hyperleptinemia and leptin resistance 
may be related to the fact that early elevated hypothalamic leptin levels stimulate 
local astrocyte proliferation (Rottkamp et al, 2015).   Astrocytes can fulfill multiple 
functions, including provision of metabolic support (Prebil et al., 2011), but can also 
undergo changes in which they start to secrete inflammatory cytokines (Colombo 
& Farina, 2016). PNOF by SL manipulation has indeed been shown to upregulate 
hypothalamic pro-inflammatory profiles, relative to NL manipulation (Ziko et al., 2014).  
In vitro studies using neonatal glial cell cultures showed that increased saturated 
(but not unsaturated) fatty acid levels are potent stimulators of cytokine release 
(Gupta et al., 2012).  Because fatty acids are elevated in response to early neonatal 
hyperalimentation (Bei et al., 2015), it may be speculated that this route connects 
hypothalamic leptin via astrocytes – fatty acid interactions to leptin resistance.  

In addition to leptin, also ghrelin appears to have profound neurodevelopmental 
effects. Ghrelin is a peptide released from the stomach into the circulation and able to 
affect CNS neurons mainly through interplay with the growth hormone secretagogue 
receptor 1a (Muccioli et al., 2007).   Ghrelin levels are highest before feeding and 
lowest right after feeding (Cummings et al., 2001), and ghrelin has potent orexigenic 
effects in adulthood by actions in the hypothalamus (Wren et al., 2001).   Whereas 
neonatal leptin levels peak the first and the third weeks of life as part of a leptin 
surge (i.e., which may be an important mechanism to stimulate the formation of 
ARH projections in neonates) (Ahima, Prabakaran & Flier, 1998), a subsequent surge 
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Source of variation in the reduced litter size model

In a recent literature review by Parra-Vargas and colleagues, awareness was raised 
on the profound influence of litter size of rats and mice on neonatal growth and 
adult metabolic health and the authors strongly advocate for explicit reporting 
of this potentially confounding variable in scientific articles describing obesity 
and metabolic research models using rodents (Parra-Vargas et al., 2020).   Another 
important aspect to take into consideration when using SL manipulation as a model 
for PNOF is that the “normal” litter size is dependent on several factors, including the 
strain of rodents (table 1) and maternal age (Patel et al., 2017). While it is a common 
and accepted strategy to decrease the number of pups per litter to 3 or 4 to achieve 
postnatal overfeeding, the choice of a control litter size appears to vary between 
studies. For mice, the litter size at birth generally does not exceed 10 pups, with few 
exceptions for some strains (Silver, 1995). For C57BL6 mice, one of the most commonly 
used strains in obesity and metabolic disease research, the average size of the litter at 
birth is around 6 (see table 1). A strain of mice that has been used as well is the Swiss 
Webster strain that shows susceptibility to diabetes and capability of overnutrition-
induced obesity (Glavas et al., 2010; Liu et al., 2013) and shows an average litter size 
of 11 pups (see refs in table 1). On the other hand, rats are known to give birth to 
more pups compared to mice (Evans, 1986). For this reason, the quantification of a 
control standard litter is debatable, difficult to define and may be strictly dependent 
on the strain of rodents used. The issue that can arise is that if a strain has a low 
average litter size (as for example the C57BL6J), and control groups of 8-10 pups are 
chosen, researchers incur the risk of comparing PNOF to postnatal undernutrition. In 
litters larger than average (large litters; LL), milk competition between pups would be 
increased leading to a (relatively) postnatal underfeeding model. Somatic growth is 
stunted in LL mice and catch-up growth is variable, either leaving the mice with lower 
body weights than normal throughout their life (Kappeler, et al., 2009; Aubert, Suquet, 
& Lemonnier, 1980), or that it leads to catch-up growth later (Debarba et al., 2020). 

In these cases, it can be speculated that if litter larger than average litter size is used as 
control against a SL litter, the apparent significant higher body weight of PNOF mice 
could in fact be partly due to their control group being retarded in growth, or that 
actually no difference is found because the two extremes lead to the same phenotype. 
Variation between studies may arise also for different reasons. For example, PNOF 
reduces competition over milk availability and this can affect maternal affective 
behaviour (Enes-Marques & Giusti-Paiva, 2018; Priestnall, 1972), pups’ behaviour 
(Enes-Marques & Giusti-Paiva, 2018) and as a result it may be speculated this can 
affect energy balance regulation.  

Epigenetic modulations

Besides the effects of “hormone-mediated” and graded changes in the expression 
levels of neuropeptides controlling energy balance and fuel homeostasis, an 
additional mode of control is that certain genes can be switched on or off 
by epigenetic mechanisms as a result of chromatin modifications like DNA 
methylation or histone modifications (Obri & Claret, 2019). For example, DNA 
methylation on a promotor site of a gene leads to silencing because the binding of 
transcription factors is disrupted (Kouzarides, 2007). This may be the case also for 
PNOF, as Plagemann et al. found that SL manipulation caused hypermethylation 
(and thus silencing) of the promotor of hypothalamic insulin receptor protein, 
potentially underlying predisposition to metabolic derailments throughout 
life (Plagemann et al., 2010). In addition, Plageman et al. also found that the SL 
manipulation caused hypermethylation of the hypothalamic gene promoter of 
POMC, within the two Sp1-related binding sequences (Sp1, NF-kappaB) which 
are essential for the mediation of leptin and insulin effects on POMC expression. 
Consequently, POMC expression lacked upregulation, despite hyperleptinaemia 
and hyperinsulinaemia in the SL rats (Plageman, et al., 2009). Interestingly, Li et 
al. reported that these changes did not persist throughout the lifetime of their 
mice. Additionally, they showed methylation changes in genes associated with 
hypothalamic neurodevelopment and function (Aqp14, Nolz1, Gadd45b). These 
epigenetic modulations were found to be sex-specific since only male mice 
showed changes in gene expression (Li, et al., 2013). Unfortunately, the studies 
investigated DNA methylation in the entire hypothalamus and not for specific 
nuclei associated with energy homeostasis and food intake, which would give 
a better understanding of the effect of PNOF. Nonetheless, these studies show 
that PNOF, by means of litter size manipulation causes epigenetic modulations, 
which could also explain the disrupted energy homeostasis and increased body 
weight.   While this is not the scope of this review, it may very well be the case 
that SL manipulation, in addition to hypothalamic changes, will also affect the 
mesolimbic reward system. Indeed, a recent study by Rosetti et al. showed that 
perinatal feeding of a cafeteria diet (i.e., which is another way of overfeeding) 
caused profound epigenetic modifications in the offspring as early as embryonic 
day 21 and PN 10 in several genes encoding for factors implicated in the reward 
system (Rossetti et al., 2020). 



3736

Chapter 2 – Neurobiology of postnatal overfeeding by litter size reduction in rodents

2

different. For instance, dams from the C57BL6J strain exhibit significantly larger 
amounts of pup licking and other pup-directed behaviours like nursing towards 
fostered pups (Curley & Rock, 2008; Van Der Veen et al., 2008). In line with the 
previously explained effect of pup licking on anxiety-like behaviour, non-fostered 
pups emitted more faecal boli during open field exploration. However, these 
effects were specific for the C57BL6J strain as 129S dams showed no sensitivity 
to this fostering effect and consequently there was no difference in anxiety-like 
behaviour. Interestingly, fostered C57BL6J pups were found to weigh slightly less 
than their non-fostered peers but this was not found to be significant (Van Der 
Veen et al., 2008). Moreover, cross fostering may result in differences in metabolic 
health and behavior in adulthood mediated by other mechanisms than maternal 
care and behavior (Bartolomucci et al, 2011). To prevent this source of variation 
pups may not be randomized at all (Ye et al., 2012; Schreiner et al., 2017) or all 
offspring can be fostered to non-biological dams. Overall, these findings indicate 
that fostering effects should be carefully taken into account when using SL 
manipulation as a model for PNOF. In conclusion, the use of different strains, 
different litter sizes as control, litter gender composition and the use of fostered 
versus non-fostered pups can result in an increased variation among studies and 
become a possible moderator of the outcomes. 

Strain Litter size

Balb/c 6-7

DBA2 hybrid 7

C57BL6J 6

C57BL6N 6-8

FVB/N 8

ICR 11.5

NMRI 10

Swiss (SJL/J) 11

129/SvPas 6.4

Table 1. List of average natural litter sizes of strains used by studies (“Animal Models for Research, 
Taconic Biosciences”; The Jackson Laboratory; Janvier Labs; Ferretti et al., 2011; Shin et al., 2017; 
Kappeler et al., 2009; Finlay et al., 2015).

Another aspect that may be an additional source of variation is the distribution 
of male and female offspring within the litter (sex ratio). Litters consisting of 
only male offspring are not uncommon, and this is often accepted, as there is no 
evidence that litter sex ratio affects body weight at weaning and/or later in life 
(Curley & Rock, 2008; Hao, Huang, Nielsen, & Kosten, 2011). However, significant 
changes in behaviour associated with epigenetic modulations as a consequence 
of litter sex ratio have been reported. It has been hypothesized that these changes 
may be explained by maternal bias and/or sibling effect. Rodent mothers seem 
to have a bias toward directing more nursing care behaviour towards males. 
For instance, dams showed more licking towards males (Hao et al., 2011) and 
more frequent nursing behaviours compared to all female litters or mixed litters 
(Laviola & Terranova, 1998). These types of maternal behaviours and in particular 
licking and nursing behaviour are necessary for pup development (Bridges, 2015). 
It has been demonstrated that the amount of licking is negatively correlated 
with DNA methylation levels of the promotor of the Nr3c1 gene (Weaver et al., 
2004). Higher amounts of licking and lower amounts of DNA methylation on this 
promotor result in higher RNA levels of the glucocorticoid receptor, suggesting 
this can affect stress reactivity (Meaney, 2001). Similarly, effects of litter sex ratio 
on the methylation of the Nr3c1 promotor site has also been found, suggesting 
these changes can affect early life stress-responsiveness (Kosten, Huang, & 
Nielsen, 2014). In line with this, C57BL6J female mice, who were reared with 
mothers that exhibited low frequencies of pup licking showed more anxiety-like 
behaviour than males (Pedersen, Vadlamudi, Boccia, & Moy, 2011). These findings 
show how litter sex ratio may be important in regulating pups’ behaviour and 
how maternal behaviour can change as a result of litter sex ratio. In addition, also 
sibling effects (i.e. playing and social behaviour among siblings) can play a role in 
this respect. Observations from litters with predominantly female mice showed 
more social behaviour than litters with mainly male mice. However, litters with a 
sex-ratio of 1:1 exceeded the amount of exploration and social behaviour (Laviola 
& Alleva, 1995) and were significantly less fearful (Laviola & Terranova, 1998). In 
conclusion, whereas litter sex ratio does not appear to affect metabolism and 
body composition directly, it is likely that maternal nursing behaviour and sibling 
playing and social behaviour may play a role in affecting the offspring behaviour. 
These effects should be carefully evaluated when PNOF is applied.

Finally, another potential source of variation may arise in litter manipulation 
models that also apply randomization of pups from different litters (i.e. random 
redistribution of newborn pups to either their biological or non-biological 
dams) is that behavior of the dam towards her own vs fostered pups may be 
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and several inflammatory and cardiometabolic derangements at adulthood 
(Ravelli, Stein & Susser, 1976). The bases of these changes are poorly understood, 
but may find their origin in evolutionary prioritization of investments in visceral 
adipose tissue over other (adipose) tissues because of its importance in immune 
functioning (West-Eberhard, 2019). Visceral adiposity has indeed been shown to 
be of key importance to shield off the body from bacterial toxins (Desruisseaux 
et al., 2007).  While this mechanism has been explained to indicate that catch-
up growth associated with increased visceral adiposity compartmentalization 
occurs following fetal malnutrition (by adaptive programming), it may be argued 
that postnatal overnutrition after birth causes changes that tie into some of the 
same mechanisms as seen with postnatal undernutrition (Habbout et al., 2013).  
The rodent homologue of this is to stunt fetal growth by offering the dam a low 
protein diet during gestation, which results in low birth weight followed by catch-
up growth in the postnatal period (Ozanne et al., 2004).  Raising rodents in large 
litters (LL) also produces stunted growth after birth, but can - in some conditions - 
be related to the post-weaning hyperleptinemia and hypothalamic inflammation, 
which seemed quite comparable to that seen in rodents raised SL (Debarba et al., 
2020).  However, LL rearing also showed conflicting results in other studies, namely 
that it protected against obesity and leptin and insulin resistance in the offspring 
when exposed to nutritional overload later in life (Patterson et al, 2010). The basis 
of these discrepancies may rely on how the inflammatory system responds to 
early life nutritional cues, and how strong these relations are embedded in the 
(epi)genome as adaptive strategies to deal with prospective challenges.   

Concluding remarks and perspectives.

SL manipulation is often used as a model for PNOF and to model some aspects 
of the etiology of (human) obesity and associated derangements. Mice and rats 
raised in SL are hyperphagic and become heavier than control rodents as early 
as during lactation, with these effects persisting into adulthood. These changes 
are often associated with early life hyperleptinemia and hyperinsulinemia and by 
disturbances in fuel homeostasis, traits that are all associated with obesity and 
these may be sparked an augmented inflammatory state. The mechanisms that 
may play a role in the development of insulin resistance and hyperinsulinemia 
are likely to be in the pancreas, adipose tissue and the liver, where glucose 
transport is deranged due to heightened inflammatory activity. Hyperleptinemia 
is a consequence of the increased fat mass deposition shown by SL rodents. Early 
life hyperleptinemia and hyperinsulinemia likely affect the development of the 
ARH, leading to hyperphagia and body weight gain and associated disturbances 
in fuel homeostasis. Rodent models are useful to study these effects, however 
litter size manipulation should be thoroughly evaluated. In fact, the optimal 
normal litter size is preferably the same size as the natural litter size of the chosen 
rodent strain. When selecting a rodent strain their natural litter size should be 
taken into account as it should be large enough to be able to create a small litter. 
Regarding litter sex composition it is best to stay as close to natural conditions as 
possible and choose for a mixed sex litter. And finally, pups should preferably not 
be randomized, but should all be placed with a foster dam to avoid bias. While 
this review on PNOF through SL manipulation was intended for improvement 
of our understanding of the aetiology of human obesity and its comorbidities 
from a clinical perspective, it may also help to understand the mechanisms that 
are driving these processes.   The predictive adaptive response (PAR) hypothesis 
has been postulated to explain these latter mechanisms (Gluckman, Hanson 
and Spencer, 2005).   The PAR hypothesis highlights the role of the early-life 
developmental period of young lending itself to late life plasticity. PAR predicts 
that the developmental period affects several components of an individual’s 
development that will be advantageous later in life. This means that offspring 
which are developing in an environment with specific challenges, will become 
adapted better to those challenges later in life (Gallowat and Ettorson 2007; van 
den Heuvel et al. 2013).   Therefore, individuals born at a low nutritional plane 
may do well when they experience later in life a low nutritional plane, but may do 
poorly when the forecast does not materialize (Nettle et al. 2013, Baig et al. 2011).  
The prototypical example is children born during the Dutch famine at the end 
of the second world war, who appeared to be at high risk of developing obesity 
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Introduction

Mice are widely used to model human health and disease development (Speakman 
and al., 2008). Recommendations for housing and husbandry of laboratory 
rodents state that they should be group-housed in order to meet the social needs 
of these species (Council 2011). However, researchers frequently choose to house 
their mice individually (IND) for a number of reasons. For instance, IND housing 
makes the assessment of physiological, metabolic and behavioural parameters 
easier compared to assessing these in SOC housing, as it can be challenging in the 
latter condition to differentiate between individuals, especially when measuring 
individual parameters such as food intake and energy expenditure (ref, Tschöp et 
al. 2012).   One solution is to treat each cage with more than one animal as an 
entity (Schipper et al., 2020), however this leads to ignoring within-cage variance 
with respect to behaviour (Berry et al. 2012) or energy balance parameters (Moles 
et al. 2006; Nagy et al. 2002).  

While IND housing has a number of (experimental) benefits, it may however 
impede affective functioning and have consequences for thermoregulation 
(Schipper et al., 2018).   IND mice do not have the ability to huddle and share 
body heat, a strategy applied by rodents to limit heat loss (Ebensperger, 2001), 
which might have implications for energy balance regulation per se. Recently, we 
showed that IND housed mice compared to SOC housing at room temperature 
(21°C; RT) caused mice to increase (adult) adiposity, which was accompanied 
by increased energy expenditure and energy intake (Schipper et al. 2020). We 
hypothesized that the increased adiposity was an adaptation to deal with the 
increased heat loss to the environment.   Increased heat loss to the environment 
can be compensated by active heat production, and we indeed found that IND 
mice housed at RT showed increased expression of uncoupling protein-1 (UCP-
1) in the brown adipose tissue (BAT) at adolescence and in the inguinal adipose 
(iWAT) tissue at adulthood (Schipper et al. 2020). This reinforces the idea that 
social thermoregulation is an adaptive strategy applied by mice to minimize heat 
loss and thereby lowering energy expenditure in mice at RT (Gilbert et al. 2010).  

Because RT is much closer to thermoneutrality in humans (Pallubinsky, Schellen & 
van Marken Lichtenbelt, 2019) than in (individually housed) mice, the translational 
value of mice housed at RT to model human health and disease may be 
questionable (Karp 2012; Ganeshan and Chawla 2017; Hankenson et al. 2018), and 
is therefore subject to debate (Keijer, Li, and Speakman 2019; Speakman and Keijer 
2013). To shed light on this issue, the aim of the present study was to investigate 

Abstract

Rodent studies that model metabolic dysfunctions differ widely in study design, 
including (social) housing conditions. Social thermoregulation is a strategy 
applied by socially housed mice kept at standard room temperature (21°C, i.e. 
below thermoneutrality) to minimize energy use for body temperature regulation. 
Individual housing at 21°C has been hypothesized to affect energy balance and 
metabolic health due to lack of social thermoregulation, whereas these effects 
could be potentially eliminated at thermoneutrality. The current study investigated 
the consequences of post-weaning individual (IND) versus social (SOC; n=2 per 
cage) housing at 21°C and at thermoneutrality (28°C) in male C57BL/6J mice, 
under normal (LF) and high fat diet (HF) conditions. Readouts of body growth 
including bone mineral content and bone mineral density were evaluated with 
dual energy absorptiometry (DXA) at postnatal day 97 (PND97) and femur length 
was assessed at PND126. Body weight was monitored throughout the experiment 
and energy expenditure and energy intake were determined using indirect 
calorimetry at PND 113-119. Body composition was determined at PND126 with 
fat extraction using a soxhlet apparatus. Plasma hormones and hypothalamic 
gene expression analyses were performed in samples obtained at PND126. IND 
at 21°C profoundly reduced growth rate and lean mass whereas adiposity was 
increased. IND increased energy expenditure at an environmental temperature 
of 21°C suggesting increased thermogenesis. Environmental temperature of 28°C 
prevented the increased energy expenditure due to IND, but it did not prevent 
reduced growth and adiposity. This suggests that the metabolic consequences 
of IND housing are not (only) explained by lack of social thermoregulation. 
Furthermore, increased environmental temperature to 28°C led to decreased 
energy intake and expenditure, whereas a HF diet induced an obesity phenotype. 
These data show that (social) housing and diet could influence experimental 
outcomes in mouse models of human metabolic dysfunctions.
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Animals
All mice were housed in polycarbonate type II cages with bedding (Aspen wood 
shaving) and a shelter (red-transparent plastic house; Techniplast, Varese, Italy). They 
were in-house bred offspring from primiparous C57BL/6J dams (n=80) and males 
(n=40) (Charles River Laboratories Sulzfeld, Germany), which were fed a standard 
rodent diet (Low fat - LF; Altromin® 1410 – 10 mm pellets) and water ad libitum. 
Before mating, they were habituated in our animal facilities for at least two weeks in 
climate rooms (21 ± 1°C; 50 ± 5% humidity; 12/12 light/dark cycle with lights on at 
09:00), separate rooms were used per sex. Males were housed individually and dams 
in pairs. Mating took place by hosting a male and a dam together for 72 hours in 
the climate room assigned to the males. After mating, dams were returned to their 
room and pair-housed with the same previous cage-mate for two weeks. Pregnancy 
was determined by an increased body weight of >20% and when pregnant, dams 
were single housed for the last week of gestation. Body weight (BW) was measured 
weekly during gestation. At postnatal day 2 (PND2), litters were randomized and 
culled to 6 pups (4 males and 2 females or 3 males and 3 females) per dam to reduce 
potential variability based on litter size. Litter weight as a whole was measured 
weekly during lactation. In total, 96 male C57BL/6J experimental mice were 
obtained from eight different breeding batches that were performed once a week. 
On average, 12 mice were obtained for each batch. Batch is here defined as a round 
of breeding where 10 dams and 10 males were used and offspring were used for the 
experiment. Dams were used only once and male breeders were used twice. Mice 
were tail-handled from the base of the tail during the course of this experiment. An 
outline of the experiment is presented in figure 1. 

Housing conditions
Offspring was weaned at postnatal day (PND) 21, and males were randomly 
housed in one of the following conditions: a) individually housed (IND) at 21°C 
(n=24), b) socially-housed with a male littermate (SOC, 2 animals per cage) at 
21°C (n=24), c) IND at 28°C (n=24), d) SOC at 28°C (n=24). Weaned male mice were 
housed in a room where only male mice were present. Each group included a 
total of 24 animals. Climate rooms were used to keep temperature and humidity 
constant (21 ± 1°C or 28 ± 1°C; 50 ± 5% humidity) and animals were kept in a 
12/12 light/dark cycle with lights on at 09:00. Animal procedures and handling 
took place during the light inactive phase. Cage cleaning took place every two 
weeks, where olfactory cues (i.e., a handful of wood shavings) were transferred 
from the old to the new cages in order to maintain familiar odors in the new cage. 
A red-plastic shelter and the lid containing the food hopper were not replaced/
cleaned. Water was provided freshly once a week.

the consequences of the social housing condition and ambient temperature on a 
number of energy balance-related health parameters in mice. To achieve this, we 
compared male mice housed either IND (n=1 per cage) or SOC (n=2 per cage) from 
weaning till PND 126, either at standard room temperature (21°C) or at a temperature 
closer to rodent thermoneutrality (28°C). To induce a health-impeding stimulus, 
half of the above-mentioned cohorts of mice were exposed to either a cafeteria 
diet high in fat and sucrose (HF diet) from postnatal day (PND) 42 onwards, while 
the other half remained on the low fat (LF) maintenance diet (which is considered 
healthy). We subsequently assessed body weight changes, body composition, bone 
homeostasis, energy intake, energy expenditure, hypothalamic gene expression 
and plasma hormones and fuels in the mice. We hypothesized that by maintaining 
IND housed mice at 28°C, the need for social thermoregulation would be reduced, 
thereby minimizing some of the metabolic consequences of IND housing typically 
observed at standard RT (like increased adiposity). 

Abbreviations
Standard room temperature (RT), Postnatal day (PND), energy expenditure (EE), 
resting metabolic rate (RMR), energy intake (EI), individual housing (IND), social 
housing (SOC), low-fat diet (LF), high-fat and high sugar diet (HF), indirect 
calorimetry (InCA), body weight (BW), SOP dual energy x-ray absorptiometry 
(DXA), fat mass (FM), body lean mass (LM), percentage of total fat mass respective 
to BW (%FM), percentage of body lean mass respective to BW (%LM), bone mineral 
content (BMC), bone mineral density (BMD), fecal testosterone metabolites (FCM).

Material and methods

Ethical statement
This study was conducted in accordance with institutional guidelines for the care 
and use of laboratory animals established by the Animal Ethics Committee of 
the University of Groningen, and all animal procedures related to the purpose of 
the research were approved under the Ethical license of the national competent 
authority (CCD, Centrale Commissie Dierproeven), securing full compliance the 
European Directive 2010/63/EU for the use of animals for scientific purposes. 
C57BL/6J mice were chosen as research subjects as they are the most common 
inbred strain used in biomedical research. In particular, this strain is prone to 
obesity and related cardiometabolic alterations (Collins et al., 2004) and were 
also used in our previous study on the effects of postweaning individual housing 
versus social housing on sustainable metabolic health (Schipper et al. 2020). 
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Diets
After weaning, all groups were kept on the LF. From PND 42 onwards, groups were 
either exposed to a high fat and high sugar diet (HF) or continued on the LF until 
the end of the study. The allocation to the groups was random. This gave rise 
to 8 groups of n=12 each (e.g. 21–IND–LF, 21–SOC–LF, 21–IND–HF, 21–SOC– HF, 
28–IND–LF, 28–SOC–LF, 28–IND–HF, 28–SOC–HF). Researchers were aware of the 
group allocation, as housing, diet and temperature could not be blinded. Diets 
were provided ad libitum unless specified otherwise. The HF diet was made in-
house by using grinded Altromin® 1410 (46.5% of total weight) and by adding lard 
(14.5%), soy oil (4.7%), sucrose (17.4%), arabic gum (2.3%), casein (10.5%), mineral 
mix (2.3%) and vitamin mix (1.7%). Minerals and vitamins were added to avoid 
any deficiency (Weiskirchen et al. 2020). Both the diets were provided as pellets. 
To avoid fat oxidation, the HF was kept in a freezer (-18°C) and thawed for 2 hours 
prior to the exposure to the mice. Due to rancidification of the HF diet, this diet 
was entirely replaced once a week, whereas the LF was refilled once a week. The 
composition of the experimental diets is represented in table 1. 

Low fat diet (LF) High fat + high sugar diet (HF)

Fat (w/w%) 9,1% 25,6%

Energy from fat (%) 22% 44,7%

Carbohydrates (w/w%) 47,4% 24,3%

Energy from Carbohydrates (%) 50% 35,7%

Proteins (w/w%) 25,3% 24,3%

Energy from proteins (%) 28% 19,6%

Total energy 3,68 Kcal/Kg 4,77 Kcal/Kg

Table 1. Weight and energy content of the experimental diets.

Body weight measurements
Body weight (BW) was recorded weekly from PND21 until PND56 and once every 
two weeks from PND56 until the end of the experiment (PND125). Adolescence 
body weight gain has been calculated by the following formula: BW PND42 – BW 
PND21. Adult body weight gain was calculated by the following formula: BW 
PND125 – BW PND42. From PND21 till PND 42 a total of 24 mice were included 
in each group (21-SOC; 21-IND; 28-SOC; 28-IND) and from PND42 till PND125a 
total of 12 mice were included in each group (21–IND–LF, 21–SOC–LF, 21–IND–HF, 
21–SOC– HF, 28–IND–LF, 28–SOC–LF, 28–IND–HF, 28–SOC–HF). A few data points 
are missing in the body weight measurements (two at PND112 and thirteen at 
PND125) due to unforeseen technical issues.
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to be performed once at 21°C and once at 28°C each week. This means that of the 
8 batches with an average of 12 mice per week, the test was performed once at 
each temperature, with the order in which the temperature was tested switched 
every week. This implies that the first temperature was tested between PND 113 and 
PND 116, and the second between PND 116 and PND 119. This indirect calorimetry 
system recorded the differential in O2 and CO2 between dried reference air and 
dried air from metabolic chambers. O2 and CO2 were calibrated with knowing 
concentrations of these gases. Flow rate of inlet air was measured with a mass-flow 
controller (Type 5850 Brooks mass flow controller, Rijswijk, NL) and set at 30 l h-1. 
The RQ was defined as rCO2/rO2 according to Weir (Weir 1949). Energy expenditure 
(EE) (KJ/time unit) was calculated using the formula: EE = {[(RQ – 0,70) / 0,30] x 473} 
+ {[(1,0 – RQ) / 0,30] x 439} x VO2.   For calculation of resting metabolic rate (RMR) 
and daily EE, the first day was excluded from the calculations to minimize bias due 
to the habituation to the novel environment and only the last 48 hours were taken 
into account. RMR was calculated as the average of the lowest three EE found for 
each day (that were calculated over 10 minutes) and then averaged over 24 hours. 
Total EE was calculated by summing the total energy expenditure of day 2 and 3 
and then averaged to 24 hours. Energy intake (EI) in the indirect calorimeter system 
was measured by weighing the food in the food hopper prior and at the end of the 
test. EE, EI and RMR were calculated either per gram of body weight (average of the 
BW at the beginning and end of the test) or per gram of lean mass (LM; assessed at 
PND126). Socially housed mice were not separated in the indirect calorimeter, thus 
RMR and total EE were calculated per pair and then averaged to one value (n=6), 
by dividing EE, EI and RMR by two. EE, EI and RMR of socially housed mice were 
calculated by taking into account the average BW or LM of the pairs. In total, 4 data 
points could not be used for statistical analysis for EE and RMR due to a software 
error and 3 for EI due to unforeseen technical issues.

Tube test
Most stable dominance hierarchies develop when mice are housed in small  
groups (Poole & Morgan, 1973; van Loo et al., 2001). Because dominance in mice 
relies on prior experience, we decided to perform the tube test later in life between 
PND124-125 (only for the SOC group), as not to inflate the dominance hierarchy  
early life (van den Berg, Lamballais & Kushner, 2015).   Corresponding to the 
differences in body size between HF-fed and LF-fed mice, two different tubes were 
used: one with an inside diameter of 33mm and with an inside diameter of 30mm 
respectively. Both the tubes were 30cm long. Briefly, on the first day the mice were 
habituated and trained to the tube. The red plastic shelter was removed and the 
tube was placed in the home cage of the mice. After one minute of habituation, 

Feces collection and testosterone metabolite analysis
At PND42, mice were shortly introduced in a new cage until two fecal pellets 
were present in the wood shaving. This phase lasted on average 3 minutes. In the 
case no fecal pellets were detected after 5 minutes, the mice were returned to 
their home-cage and no pellets were collected. As a result, the total sample size 
consisted of 20 mice per group. Samples were dried for three days at 37°C and then 
grounded to powder and weighed. Subsequently, the samples were submerged 
in 1ml methanol, vortexed and let dissolve for 36 hours. The samples were then 
centrifuged and 0.75ml of the supernatant was collected and evaporated to 
dryness. The crystalized materials were dissolved in 1ml of assay buffer (pH 7,4) 
provided with the commercial testosterone kit (DetectX®, Testosterone EIA, Arbor 
Assays, Ann Arbor, USA). Samples were then treated and analyzed following the 
manufacturer protocol. Fecal testosterone metabolites (FCM) are expressed as 
picograms per milliliter (pg/ml) present in the 1ml buffer, obtained through the 
following formula: conc(pg/ml)/[0.75 x weight (mg)].

Dual energy x-ray absorptiometry (DXA)
At PND 97, bone homeostasis was analyzed by dual energy x-ray absorptiometry 
(DXA). A pDEXA apparatus from Norland Stratec was used. The mouse was 
anaesthetized under light isoflurane anesthesia in an induction chamber (flow 
meter set to 0,8L/min and 4-5% isoflurane) and then placed in the DXA apparatus 
while the anesthesia was maintained with a tube positioned on the mouse nose 
(flow meter set to 0,5L/min and 1-8%-2,2% isoflurane). Spontaneous breathing 
pattern was constantly monitored during the test by an operator. After the test, 
the mouse was removed from the apparatus and let recover alone in a cage 
provided with a heating mat for 10-15 minutes. After complete awakening, the 
mouse was reintroduced in its home-cage (with or without cage-mate). Bone 
mineral content (BMC) is reported in grams and bone mineral density (BMD) is 
reported in grams/cm2. Due to technical issues, some data points were excluded 
(21–IND–LF n=9; 21–SOC–LF n=10; 21–IND–HF n=12; 21–SOC– HF n=12; 28–IND–
LF n=10; 28–SOC–LF n=8; 28–IND–HF n=12; 28–SOC–HF n=12).

Indirect calorimetry (InCA)
Between PND 113 and 119, mice were moved to a different climate room and each 
placed within their home cage inside an air-tight box. These boxes were thoroughly 
cleaned after every use with 70% ethanol and let evaporate for at least 5 minutes. 
The boxes were connected to a paramagnetic O2 analyzer (Sevomex Xentra 4100, 
Crowborough, UK) and by a CO2 infrared gas analyzer (Servomex 1440). Due to the 
presence of only one climate room provided with an InCA apparatus, this test had 
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Plasma measurements
Plasma corticosterone (CORT) and insulin were analyzed in duplicate by 
commercial RIA kits (CORT: MP Biomedicals, Orangeburg, NY, cat. No 07-1201103; 
insulin:   Millipore, St. Charles, Missouri, cat. No #RI-13K). Plasma glucose levels 
were assessed by the ferricyanide method by Hoffman (Hoffman 1937). HOMA-IR 
was obtained with the following formula ([glucose]*[insulin]/14.1) as reported by 
van Dijk et Al (van Dijk et al. 2013). Plasma triglyceride content was determined 
with a commercial kit (Roche DIagnostic, Mannheim, Germany; C.f.a.s calibrator 
Nr: 10759350 & Cobas Triglyceride Nr. 20767107322). Plasma leptin concentrations 
were determined with a commercial kit (Millipore) (Reijne et al., 2016). Four 
samples for insulin and CORT, and three for glucose could not be analysed due to 
unforeseen circumstances.

RNA isolation and quantitative real-time PCR
Hypothalamic RNA was extracted using NucleoSpin® kit (Macherey-Nagel) according 
to manufacturer’s instructions and it was used as template for cDNA synthesis using 
iScript cDNA synthesis kit (Biorad®). A Nanodrop spectrophotometer 2000c assessed 
the quality of the RNA. Quality was considered acceptable when the A260/A280 ratio 
was > 1-8. RNA expression of the genes of interest was measured using real time 
polymerase chain reaction (RT-PCR) using SYBR Green (Thermofisher®). Forward 
and reverse primers for Bdnf, Pomc, Npy, Lepr, Mc4r, Crh, Ghrh, Somatostatin and 
housekeeping gene Gapdh are shown in table 2. The lay-out for the PCR plates were 
designed to minimize between-plate variances. Furthermore, primer concentrations 
were optimized resulting in the following final concentrations (in nM) for forward 
and reverse primers, respectively: Bdnf (520:380); Pomc (520:520); Npy (520:520); 
Lepr (380:520); Mc4r (380:520); Crh (400:400), Ghrh (400:400), Somatostatin (400:400) 
and Gapdh (240:240). In each well 1 ml of 5 ng/L cDNA, 5 uL SYBR green, 1 uL 
forward primer, 1 uL reverse primer and 2 uL water was used. The samples were 
run at the following program: 95°C for 2 min; 50x (95°C for 3 seconds, 60°C for 
30 seconds); melting temperature protocol (60°C to 95°C, increment 0.2°C for 5 
second). Triplicates were made for each gene per sample. Non-baseline corrected 
data was processed and corrected using LinregPCR (version 2018.0) to determine 
the PCR efficiency for each sample, the efficiency per amplicon group and for Cq 
determination. The relative gene expression was calculated using the delta delta 
Ct method using Gapdh as housekeeping gene. Samples with either deviating 
individual PCR efficiency of more than 5%, or baseline errors or noisy samples have 
been excluded from the calculations. Therefore, 33 samples have been excluded for 
Pomc, 25 for Lep, 28 for NPY, 16 for Mc4r, 17 for Bdnf, 11 for Crh, 13 for Ghrh and 10 
for Somatostatin.

one mouse at a time was gently guided inside the tube and let it successfully walk 
through for a total of ten times. The second day, the pair-housed mice were tested 
for a total of five times. While both mice were inserted simultaneously into the 
tube, a sliding door in the middle of the tube was removed allowing the passage 
of the mice. The mouse rank (1 to 5) was assessed by the number of wins a mouse 
won against its cagemate. Win is here defined as the mouse that is able to push 
the other mouse out of the tube. The mouse that won more trials was considered 
the dominant, while the losing mouse was considered the subordinate. This test 
was validated in our own facilities. More information on the tube test can be found 
elsewhere (Fan et al., 2019).

Tissue collection and body composition analysis 
Before tissue collection on PND 126 mice were weighed at the previous day (at 
17:00 hrs) and were provided with half the amount of their normal nocturnal food 
intake, by taking into account the food eaten for three consecutive evenings/
nights between PND91-97. This was done to provide a semi-fasted state at 
sacrifice. To reduce differences in food eaten between cage-mates, we evenly 
distributed small pellets of food over the cage and the body weight of the pairs 
were monitored. Delta body weight analysis did not show differences in body 
weight lost during the last night among pairs (data not shown). At PN126, sacrifice 
took place between 9:00 and 12:00 hrs. Mice were anesthetized by inhalation 
of isoflurane (4-5 % and flow meter set to 0,8L/min) and subsequently heart 
puncture was performed for blood collection followed by decapitation. Blood was 
collected in EDTA tubes and centrifuged at 2600G for 10 minutes, and plasma was 
stored at -80°C until further analyses. Brain regions (hypothalamus), liver and fat 
pads (perirenal, retroperitoneal, inguinal, epididymal, mesenteric, subcutaneous, 
brown adipose tissue) were dissected, weighed and snap frozen and stored at 
-80°C. The left femur was dissected and its length was measured using a digital 
micro-caliper. Carcasses were frozen at -20°C for one week till they were placed 
at 60°C for two weeks until complete drying. Fat extraction was then performed 
with petroleum ether in a soxhlet apparatus as previously described (Reijne et al. 
2016).  Total fat mass (FM) and total lean mass (LM) were given in grams, and the 
percentage of total fat mass (%FM) was calculated by the following formula [(total 
fat mass / body weight) x 100]. The fat mass to lean mass ratio was calculated by 
the following formula (total fat mass / body lean mass). Five data points could not 
be used due to unforeseen technical issues.
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relationship between groups (emmeans R package). IBM SPSS Statistics (version 26) 
was used to run multiple stepwise regressions to predict one dependent variable 
(either RMR, EI, LM or FM) from temperature, housing, diet and the factors that were 
not considered as dependent variables (that were independent of the dependent 
variable). As RMR/EI were dependent from one another, they were not used together 
in the same models. This led to the six different models: 1) dependent variable: RMR, 
independent variables: FM, LM, temperature, housing, diet;2) dependent variable: EI, 
independent variables: FM, LM, temperature, housing, diet; 3) dependent variable: 
LM, independent variables: FM, EI, temperature, housing, diet; 4) dependent 
variable: LM, independent variables: FM, RMR, temperature, housing, diet; 5) 
dependent variable: FM, independent variables: LM, EI, temperature, housing, 
diet;   6) dependent variable: FM, independent variables: LM, RMR, temperature, 
housing, diet. Graphical design was performed using the ggplot2 R package and 
3D scatterplots with the use of the scatter3d function from the rgl package. All data 
is presented as mean ± SD, except for the qPCR data which are presented as mean 
relative expression with 95% confidence intervals. Data are considered significantly 
different when p < 0,05.

Results

Effect of individual housing, increased environmental temperature 
and high fat diet on body weight and body weight gain
Groups did not differ in body weight at the beginning of the housing and 
temperature interventions (PND21). Linear mixed model assessment of housing 
and temperature effects on body weight from PND21 to PND42 revealed that 
IND significantly decreased body weight (p = 0.02), but temperature did not (p = 
0.58). The difference in body weight between IND and SOC housed animals was 
first detected at PND35 (p = 0.01) (Figure 2A). These results were also reflected 
by the adolescence weight gain, where IND gained less weight from PND21 till 
PND42 (p < 0.001) and temperature did not affect this parameter (Figure 2B). 
Linear mixed model assessment of housing, temperature and diet effects on body 
weight from PND42 to PND125 revealed that, despite the increased absolute body 
weight of IND mice at baseline (PND42, p < 0.001), IND decreased (p < 0.001) and 
HF-feeding increased (p < 0.001) adult body weight. Interestingly, temperature 
did not affect body weight (p = 0.9) (figure 2C). Finally, adult body weight gain of 
IND was lower than SOC (p = 0.03) and a temperature x diet interaction (p = 0.02) 
indicated that the differences in body weight gain between mice fed a HF vs a LF 
diet were higher at 21°C compared to 28°C (Figure 2D).

Gene Forward primer Reverse primer

Bdnf GGTATCCAAAGGCCAACTGA GCAGCCTTCCTTGGTGTAAC

Pomc ACCTCACCACGGAGAGCA GCGAGAGGTCGAGTTTGC

Npy ATGCTAGGTAACAAGCGAATGG TGTCGCAGAGCGGAGTAGTAT

Lepr CCTCTTGTGTCCTACTGCTCG GAAATTCAGTCCTTGTGCCCAG

Mc4r CCCGGACGGAGGATGCTAT TCGCCACGATCACTAGAATGT

Crh CCTGGGGAATCTCAACAGAA AACACGCGGAAAAAGTTAGC

Ghrh TGCCATCTTCACCACCAAC TCATCTGCTTGTCCTCTGTCC

Somatostatin TCTGCATCGTCCTGGCTTT CTTGGCCAGTTCCTGTTTCC

Gapdh ACAACTTTGGCATTGTGGAA GATGCAGGGATGATGTTCTG

Table 2. Primer sequences.

Statistical analyses
Sample size was estimated based on our previous experience in carrying out 
metabolic experiments involving C57BL/6J mice. Overall, sample size was 
calculated taking into account the number of animals necessary for indirect 
calorimetry. An average effect size of 0.29 for indirect calorimetry readouts, an α 
error prob. of 0.05 and a power of 0.8 for a total of 24 through an F-test (ANCOVA, 
fixed effects, main effects and interactions) provided a minimal group size of 12 
animals per group.

Statistical analyses were performed using RStudio 1.3.959. General linear models 
were constructed to evaluate the effects of the factors housing, temperature and 
diet on either FCM, body weight gain, BMC, BMD, EI, EE, RMR, FM (g and %), LM 
(g and %), FM/LM, fat pads weight, femur length and relative gene expression. 
General linear models were constructed to investigate the effects of the factors diet 
and social rank in SOC mice only, on FCM, BMC, BMD, BW, FM, LM, FM/LM, fat pads 
weight and femur length. A general linear mixed-effects model was used to examine 
whether housing and temperature predicted body weight in adolescence (from 
PND21 to PND42) (lmer in the lme4 R package), which adjusted for the repeated 
measures and with a random intercept for mouse identity. A second general linear 
mixed-effects model was used to investigate whether housing, temperature and diet 
predicted body weight from PND42 to PND125 (adulthood). The body weight on 
the morning of the sacrifice (PND126) of the animals was not included in this model, 
as the animals were semi-fasted compared to all the other timepoints. In these 
models, we also examined whether potential interactions between factors were 
present. Results were interpreted after homogeneity and normality were assessed. 
Post hoc comparisons using Tukey’s method were performed to assess significant 
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Effect of individual housing, increased environmental temperature 
on fecal Testosterone metabolites (FCM)
Fecal testosterone metabolite concentrations at PND42 were increased in IND 
mice compared to SOC mice at PND42 (p = 0.02) (Figure 3), whereas temperature 
did not affect this readout.

Figure 3. Fecal testosterone metabolites expressed as concentration (pg) per fecal mass (mg). 
(21-SOC n=20, 21-IND n=19, 28-SOC n=20, 28-IND n=20; one outlier removed from group 21-IND, 
FCM=724.8), a = significant main effect of housing. Data are individual dot-points, means ± standard 
deviation (SD).

Effect of individual housing, increased environmental temperature 
and high fat diet on bone homeostasis assessed by DXA scan 
(PND97)
Bone composition analysis by DXA showed that BMC was decreased by IND (p 
< 0.001) and increased by HF-feeding (p < 0.001) (Figure 4A). BMD was slightly 
increased in HF-fed mice (p < 0.001). There was also an interaction housing x 
temperature (p = 0.01), although Tukey’s post-hoc test did not show any significant 
differences between the groups (Figure 4B). 
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Figure 5. Energy intake (EI), energy expenditure (EE) and resting metabolic rate (RMR) averaged 
over 24 hours and corrected either per gram of body weight (BW) or lean mass (LM), assessed in an 
indirect calorimetry system (InCA). A) EI (KJ/g BW), (B) EI (KJ/g LM), (C) EE (KJ/g BW), (D) EE (KJ/g LM), 
(E) RMR it (KJ/g BW) and (F) (KJ/g LM). For figure A and B, group composition was: 21–IND–LF n=11; 
21–SOC–LF n=6; 21–IND–HF n=11; 21–SOC– HF n=6; 28–IND–LF n=12; 28–SOC–LF n=6; 28–IND–HF 
n=11; 28–SOC–HF n=6. For figures C-F, group composition was: 21–IND–LF n=11; 21–SOC–LF n=6; 
21–IND–HF n=12; 21–SOC– HF n=6; 28–IND–LF n=11; 28–SOC–LF n=6; 28–IND–HF n=10; 28–SOC–HF 
n=6. Data is represented as individual dot-points, means ± standard deviation (SD). a = significant 
main effect of housing, b = significant main effect of diet, c = significant effect of temperature,  
a*b = significant housing x diet interaction, a*c = significant housing x temperature interaction. 

Effect of individual housing, increased environmental temperature 
and high fat diet on body composition at PND126 
At PND126, 12 weeks after the start of diet exposure and 15 weeks after ambient 
temperature assignment, body weight of IND was significantly reduced (- 10.5%) 
compared to SOC (p < 0.001) (table 3). Whereas absolute total fat mass was not 
affected by IND (p = 0.27, figure 6A), a significant reduction in lean mass (- 7%, 
p < 0.001, figure 6B) and an increased fat mass to lean mass ratio (+ 19%, p = 
0.001, figure 6C) were shown for IND mice. In line with this, the proportion of fat 
in relation to body weight (p < 0.001), inguinal (p = 0.02) and subcutaneous fat 
depots (p = 0.02) were also increased (table 3). Finally, IND decreased significantly 
femur length compared to SOC (-2.5%, p < 0.001, figure 6D), whereas diet and 
temperature did not affect this readout.

Figure 4. Bone homeostasis assessed by DXA scan. (A) Bone mineral content (g) and (B) bone mineral 
density (g/cm2). (21–IND–LF n=9; 21–SOC–LF n=10; 21–IND–HF n=12; 21–SOC– HF n=12; 28–IND–LF 
n=10; 28–SOC–LF n=8; 28–IND–HF n=12; 28–SOC–HF n=12). Data are individual dot-points, means ± 
standard deviation (SD). a = significant main effect of housing, b = significant main effect of diet, c = 
significant effect of temperature, a * c = housing x temperature interaction.

Effect of individual housing, increased environmental temperature 
and high fat diet on energy intake, energy expenditure and resting 
metabolic rate assessed in the InCA system
Energy intake (EI) was assessed manually in the InCa system (PND113-119) and 
was corrected either for body weight or for lean mass. A housing x temperature 
interaction was present both when EI was normalized per gram of BW (p = 0.002, 
figure 5A) and LM (p = 0.004, figure 5B). In particular, Tukey post-hoc test showed that 
energy intake was higher in IND than SOC only at 21°C and not at 28°C (21°C-IND-LF 
vs 21°C-SOC-LF p < 0.001, figure 1A; 21°C-IND-LF vs 21°C-SOC-LF p < 0.001, 21°C-IND-
HF vs 21°C-SOC-HF p = 0.007, figure 1B). Furthermore, HF feeding increased EI 
normalized per gram of LM (p = 0.007) compared to LF feeding (figure 5B).

Both EE and RMR assessed by InCA showed a housing x temperature interaction 
both when normalized per BW and LM (p < 0.001, figure 5C-F). Tukey post-hoc 
analysis showed that IND mice had increased EE (KJ/BW), EE (KJ/LM), RMR (KJ/
BW) and RMR (KJ/LM) compared to SOC mice, only at 21°C and not at 28°C (figure 
5C-F). In addition, a diet effect was present for EE (KJ/BW) (p < 0.001) and RMR 
(KJ/BW) (p = 0.02, figure 5C and 5E), indicating that HF-feeding decreased EE and 
RMR when this was normalized per gram of body weight. Conversely, a housing x 
diet interaction for EE (KJ/LM) (p = 0.01) and RMR (KJ/LM) (p = 0.006) was present, 
denoting that when EE and RMR were corrected per gram of lean mass HF-feeding 
increased EE and RMR, mostly at 21°C (Figure 4 A-D).
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21 - IND - LF 21 - SOC - LF 21 - IND - HF 21 - SOC - HF 28 - IND - LF 28 - SOC - LF 28 - IND - HF 28 - SOC - HF

Absolute body weight (g) 27.9 ± 1.6 31.2 ± 1.3 33.1 ± 3 36.1 ± 3.3 29.4 ± 1.7 31.1 ± 2.3 34 ± 2.9 35.8 ± 2.5 a,b

Total fat mass (g) 2.7 ± 0.5 2.8 ± 0.8 7.9 ± 1.7 7.9 ± 2.5 4 ± 0.9 3.4 ± 1.1 8.8 ± 2 7.9 ± 2 b,c

Total fat mass (%) 9.8 ± 1.4 8.9 ± 2.1 23.7 ± 3.9 21.6 ± 4.8 13.5 ± 2.6 10.8 ± 2.9 25.7 ± 4 21.8 ± 4.1 a,b,c

Body lean mass (g) 25.1 ± 1.2 28.5 ± 0.9 25.2 ± 1.8 28.1 ± 1.2 25.4 ± 1.1 27.7 ± 1.5 25.2 ± 1.2 27.9 ± 1.3 a

Body lean mass (%) 10.9 ± 1.7 9.8 ± 2.6 31.4 ± 6.6 28 ± 8.1 15.7 ± 3.4 12.2 ± 3.6 34.9 ± 7.2 28.2 ± 6.8 a,b,c

WAT, perirenal (mg) 58.7 ± 18.7 74.1 ± 36.3 162 ± 53.7 184.6 ± 66 95.9 ± 32.1 89.7 ± 36 212.7 ± 57.6 207.2 ± 71.8 b,c

WAT, retroperitoneal (mg) 101 ± 29.5 141.5 ± 75.4 487 ± 121 483.5 ± 140.4 200.1 ± 61.8 154.8 ± 79.4 507.9 ± 123.4 462.6 ± 103.8 b

WAT, inguinal (mg) 274.7 ± 49 257.3 ± 57.8 757.2 ± 223.6 689.9 ± 227.4 377.5 ± 94.4 294.9 ± 101.1 814.7 ± 205.4 644.2 ± 275.6 a,b

WAT, epididymal (mg) 426.1 ± 98.5 486.9 ± 137.7 1437.6 ± 346.8 1540.4 ± 426.6 708.3 ± 171.6 587.8 ± 230.4 1623.3 ± 362.4 1513.3 ± 401 b,c

WAT, mesenteric (mg) 288.4 ± 71.3 295.2 ± 116 520.3 ± 106.5 610.2 ± 156.6 365.4 ± 136.7 406.4 ± 271.2 588 ± 134 595 ± 160.9 b

WAT, subcutaneous (mg) 477.1 ± 142.4 378.9 ± 120.7 1366.7 ± 380 1283.8 ± 635.8 575.5 ± 229.2 404.6 ± 146.8 1470.2 ± 454 1150.8 ± 288.8 a,b

BAT, interscapular (mg) 158.6 ± 15.1 186 ± 40.1 362.6 ± 85.8 346.5 ± 89.1 222.3 ± 39.8 229.5 ± 57.9 368.4 ± 68.9 397.1 ± 107.3 b,c

Table 3. Means ± SD of body weight, fat mass (g & %), lean mass (g & %) and fat pads at sacrifice 
(PND126). Data is n=12 per group, with three data-points missing for body weight, five for carcass 
fat mass and carcass lean mass, four for perirenal, retroperitoneal and subcutaneous fat; and three 
for epididymal, mesenteric and brown adipose tissue. a = significant main effect of housing, b = 
significant main effect of diet, c = significant effect of temperature.

Effect of individual housing, increased environmental temperature 
and high fat diet on plasma levels of glucose, insulin, corticosterone, 
HOMA-IR, triglycerides and leptin
Plasma glucose levels were decreased by IND (p = 0.04) and at 28°C (p = 0.04), 
whereas they were increased by HF-feeding (p < 0.001). Plasma levels of 
insulin were decreased significantly by IND (p = 0.01) and unaffected by diet  
(p = 0.22) and temperature (p = 0.18). The homeostatic model assessment (HOMA-
IR) was significantly decreased by IND (p = 0.003) and increased by HF-feeding  
(p = 0.004). Plasma levels of CORT were unaffected by housing , diet   and 
temperature. Plasma levels of triglyceride were significantly increased by LF 
feeding (p < 0.001) and unaffected by diet and temperature, whereas plasma 
leptin levels were significantly increased by HF feeding (p < 0.001) but unaffected 
by diet and temperature. Graphical representation of plasma measurements is 
represented in figure 7.

Carcass analysis showed that mice housed at 28°C had increased absolute total 
fat (p = 0.045, figure 6A) despite no differences in body weight (p = 0.34, table 3). 
These changes were reflected in a different proportion of body fat (p = 0.007) and 
lean body mass (p = 0.02) relative to body weight (table 3) and in increased fat 
mass to lean mass ratio (p = 0.02, figure 6C). The increased adiposity of the mice 
living at 28°C was associated with increased perirenal (p = 0.002), epididymal (p = 
0.03) and brown adipose tissue (p = 0.004) fat depots (table 3).

Finally, 12 weeks of high fat diet exposure increased body weight (p < 0.001), fat 
mass (p < 0.001, figure 6A), fat to lean mass ratio (p < 0.001, figure 6C) and all the 
fat pads weighed at PND126 (see table 3). Interestingly, lean mass was unaffected 
by HF feeding (p = 0.84, figure 6B).

Figure 6. Body composition analysis performed at PND126. (A) Fat mass (g), (B) lean mass (g), (C) 
fat mass to lean mass ratio and (D) femur length (mm). Data is n=12 per group, with five data points 
missing for fat mass and lean mass and fat mass to lean mass ratio (21–IND–LF n=11; 21–SOC–LF 
n=11; 21–IND–HF n=12; 21–SOC– HF n=12; 28–IND–LF n=11; 28–SOC–LF n=12; 28–IND–HF n=11; 
28–SOC–HF n=11) and four for femur length (21–IND–LF n=11; 21–SOC–LF n=12; 21–IND–HF n=11; 
21–SOC– HF n=12; 28–IND–LF n=11; 28–SOC–LF n=12; 28–IND–HF n=11; 28–SOC–HF n=12). Data is 
represented as individual dot-points, means ± standard deviation (SD). a = significant main effect of 
housing, b = significant main effect of diet, c = significant effect of temperature.
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Figure 8. Relative Pomc, Lepr, Npy, Mc4r, Bdnf, Crh, Ghrh and Somatostatin mRNA expression of IND 
and SOC mice fed either a LF or HF diet and housed either at 21°C or 28°C. Data is reported as means 
± interval confidence (95%) and individual dot-points. In total 33 samples have been excluded for 
Pomc, 25 for Lep, 28 for NPY, 16 for Mc4r, 17 for Bdnf, 11 for Crh, 13 for Ghrh and 10 for Somatostatin. 
The exclusion of these samples was due to either deviating individual PCR efficiency of more than 
5%, or baseline errors or noisy samples as assessed by LinRegPCR. b = significant main effect of diet.

Effects of social rank on body composition, bone homeostasis, 
growth and plasma hormones
Social hierarchy was evaluated by means of a tube test performed at PND124-125 
in the SOC group only. To exclude that the mouse rank was dependent on diet and 
body size, the number of wins (3-5) of dominant animals was used as dependent 
variable in a general linear model with either diet, body weight, the pair’s delta 
body weight (body weight dominant - body weight subordinate), fat mass or lean 
mass as independent variables. Neither diet nor body weight, delta body weight, 
fat mass and lean mass predicted the number of wins, indicating that the number 
of wins was not dependent on the size of dominant animals. The average number 
of wins was 3.77 ± 0.92 (mean ± SD) for dominant animals and 1.23 ± 0.92 for 
subordinate animals. Therefore we continued this exploratory analysis by using 
the social rank of each animal used as a factor (together with diet) for statistical 
analysis on the parameters investigated. However, in this section, only main 
effects of hierarchy are discussed, as diet has been thoroughly discussed in the 
previous section. 

Figure 7. Plasma levels of (A) glucose (mM) and (B) insulin (ng/ml), (C) calculated HOMA-IR, (D) 
plasma corticosterone (ng/ml), (E) triglycerides (TG, mg/dl) and (F) leptin (ng/ml). Four samples for 
insulin, CORT and leptin, three for glucose and six for TG could not be analysed due to unforeseen 
circumstances. Group composition for glucose was the following: 21–IND–LF n=11, 21–SOC–LF 
n=12, 21–IND–HF n=12, 21–SOC– HF n=12, 28–IND–LF n=11, 28–SOC–LF n=11, 28–IND–HF n=12, 
28–SOC–HF n=12. Group composition for insulin was the following: 21–IND–LF n=10, 21–SOC–LF 
n=12, 21–IND–HF n=11, 21–SOC– HF n=12, 28–IND–LF n=9, 28–SOC–LF n=11; 28–IND–HF n=12; 
28–SOC–HF n=12, with three outliers removed (values: 1.89, 1.91, 2.8). Group composition for CORT 
was the following: 21–IND–LF n=11, 21–SOC–LF n=12, 21–IND–HF n=11, 21–SOC– HF n=11, 28–IND–
LF n=11, 28–SOC–LF n=11, 28–IND–HF n=12, 28–SOC–HF n=12, with one outlier removed (value: 
626.9). Group composition for  HOMA-IR was the same as insulin (three outliers removed with values: 
1.75, 2.14, 2.47). Group composition for TG was the following: 21–IND–LF n=12, 21–SOC–LF n=12, 
21–IND–HF n=12, 21–SOC– HF n=12, 28–IND–LF n=10, 28–SOC–LF n=9, 28–IND–HF n=11, 28–SOC–
HF n=12. Group composition for leptin was the following: 21–IND–LF n=11, 21–SOC–LF n=12, 21–
IND–HF n=12, 21–SOC– HF n=12, 28–IND–LF n=10, 28–SOC–LF n=11, 28–IND–HF n=12, 28–SOC–HF 
n=12. Data are represented as individual dot-points, means ± standard deviation (SD). a = significant 
main effect of housing, b = significant main effect of diet, c = significant effect of temperature.

RNA isolation and quantitative real-time PCR
General linear models found no effects of housing and temperature on relative 
Pomc, Lepr, Npy, Mc4r, Bdnf, Crh, Ghrh and Somatostatin mRNA expression in 
the hypothalamus. High fat feeding decreased the relative mRNA expression of 
Mc4r (p = 0.012), Crh (p = 0.010), Ghrh (p = 0.021) and Somatostatin (p = 0.026), 
compared to LF-feeding (figure 8). 
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Social rank did not affect BMC and BMD at PND97 and body weight, fat mass (g), 
lean mass (g), fat to lean mass ratio, fat pads weight, femur length, plasma levels 
of glucose, insulin, CORT and HOMA-IR, TG and leptin at PND126 (means showed 
in table 4).

Table 4. Means ± SD of body weight, fat mass, lean mass, fat pads, femur length and plasma 
hormones at sacrifice at PND126 and BMC/BMD at PND97. As temperature did not affect any of the 
aforementioned parameters, in this table data has been expressed based on social status and diet 
only.

Multiple regression models to study the effects of housing, 
temperature and diet on lean body mass, fat mass and resting 
metabolic rate/energy intake
To investigate which factors could explain the variation of the primary outcomes 
RMR, EI, FM and LM, multiple linear regression models were tested with one of 
the aforementioned factors as dependent variable, and with “temperature”, 
“housing”, “diet” (and the factors that were not considered as dependent variables) 
as independent variables.   As we found that RMR and EI were dependent of 

Dependent variable Independent variables Main effect P-value Adjusted R2

RMR FM, LM, temperature, housing, diet Temperature
FM

p < 0.001 0.817
+ 0.67

EI FM, LM, temperature, housing, diet Temperature
FM
Housing
LM

p < 0.001 0.817
+ 0.058
+ 0.034
+ 0.057

LM FM, EI, temperature, housing, diet Housing
EI
Temperature

p < 0.001 0.557
+ 0.041
+ 0.028

LM FM, RMR, temperature, housing, diet Housing
 

p < 0.001 0.547
 

FM LM, EI, temperature, housing, diet Diet
Temperature

p < 0.001 0.728
+ 0.02

FM LM, RMR, temperature, housing, diet Diet
Temperature
RMR

p < 0.001 0.728
+ 0.02
+ 0.019

Table 5. Description, main effects, p-values and adjusted R squared of each multiple regression 
model used to investigate the primary outcomes RMR, EI, FM and LM with the independent variables 
FM, LM, EI, RMR. 

Figure 9. 3D scatterplots representing four of the multiple stepwise regression models. (A)   Effects 
that temperature exerted on RMR (blue: 21°C and red: 28°C); (B)  Effects that temperature exerted on 
EI (blue: 21°C and red: 28°C); (C) effects of housing on lean mass (green: IND and orange: SOC), (D) 
effects of diet on fat mass (yellow: LF and purple: HF).
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mice could be the result of mechanism unrelated to differences in lean mass, most 
likely by increased activity of uncoupling protein 1 (UCP-1) in brown adipose tissue 
or beige white adipose tissue (Schipper 2020; Schipper et al., 2018). Although 
UCP-1 expression was not determined in WAT or BAT in the current study, it was 
found to be elevated as a result of IND at RT in  our previous study (Schipper 2020). 
Induction of UCP-1 may also interact with glucose homeostasis as previously 
shown by Wang et al. (Wang et al., 2015) and Clayton and McCurdy (Clayton & 
McCurdy, 2018), which potentially may explain the seemingly discordant findings 
in the present study that IND housed mice had a lower HOMA-IR with higher fat 
and lower lean mass than those that were SOC housed. As mentioned above, 
differences in HOMA-IR were in line with the reported effects of HF feeding to 
increase insulin resistance (van Dijk et al., 2013), thus ensuring the validity of this 
measure in the present study. 

IND housing persistently reduced lean mass, femur length and reduced bone 
mineral content, which may be explained by several underlying mechanisms. 
During adolescence, a rapid growth spurt in mice is characterized by a rapid 
increase in lean mass and bone mineral content (Gargiulo et al. 2014; Malik 
1984). This process is also associated with increased energy demands, compared 
to adulthood maintenance requirements (Nutrition 1995). Differences in energy 
intake and energy expenditure during this period can directly affect the growth 
rate of IND mice, and may explain the observed reduced weight gain of IND mice 
between PND21 and PND42. Another factor that may impair (skeletal) growth is 
the absence of physical activity related to social behaviours in IND mice - such 
as playing behaviour and fighting – as these may induce increased mechanical 
loading, therefore SOC mice may have longer bones and increased bone mineral 
content (Meakin et al. 2013). Androgens such as testosterone are fundamental for 
bone formation and stimulation of growth of lean mass at adolescence (Venken et 
al. 2007). It has been suggested that winning fights elevates plasma testosterone 
levels in male mice (Oyegbile and Marler 2005) and we hypothesized that social 
behaviours may be responsible for increased levels of testosterone. However, fecal 
testosterone metabolite analysis at PND42 indicated that IND mice had increased 
levels of these metabolites, suggesting that other factors could be influencing 
growth and development. Growth hormone (GH) is another factor that contributes 
to the development of bone and lean mass in adolescence (Ohlsson et al. 1998). 
GH is released by the anterior pituitary gland by GH-releasing hormone (GHRH) 
and somatostatin (Lin-Su and Wajnrajch 2002). At adulthood, gene expression 
analysis of Ghrh and Somatostatin however showed no differences between 
IND and SOC housed mice, however we did not investigate plasma GH levels. A 

each other, they were not tested against each other within each model. Overall, 
we found a strong effect of temperature in predicting RMR and EI, of housing 
in predicting LM and of diet in predicting FM. The aforementioned models are 
reported in table 5 and graphically represented in figure 9.

Discussion

In the current study we showed that IND housed mice (compared to SOC housed 
mice) had increased body fat percentage as well as fat mass content expressed 
per lean mass at PND 126 irrespective of whether they were housed at RT or at 
thermoneutrality.  This outcome does not appear to be in line with our hypothesis 
stating that IND housing at thermoneutrality would reduce the need for social 
thermoregulation, thereby minimizing some of the metabolic consequences 
of IND housing. The validity of our experimental design appeared nevertheless 
solid, because resting metabolic rate (RMR: i.e., lowest metabolic rate at a time 
when mice would be huddling the most, expressed per bodyweight or per lean 
mass) was higher in IND housed mice than in SOC housed mice at RT, but not at 
thermoneutrality. The same was found for energy intake (EI), which was increased 
in IND housed mice relative to SOC housed mice at RT, but not at thermoneutrality. 
An interesting observation was that the type of diet appeared to have a relatively 
minor role in abovementioned thermoregulatory findings. Thus, while feeding 
a HF diet relative to LF feeding clearly augmented body fat (i.e., as percentage 
as well as expressed per lean mass), increased HOMA-IR (i.e., a proxy for insulin 
resistance, which is a frequently observed correlate of HF-induced weight gain) 
and increased leptin levels, it hardly affected the differences in either RMR or EI 
between IND versus SOC housed mice.  If an increase in body adiposity (e.g., due 
to insulating properties of body fat) would for example limit heat loss, then such 
an interaction of diet with this discrepancy would be expected too. Our findings 
are largely in line with the work of Fisher and colleagues, who found no insulating 
role for body fat in limiting heat loss (Fischer et al., 2016).   

Beside a role of social housing condition in regulation of energy intake and 
expenditure at RT, we observed that IND housed mice had reduced lean mass as 
well as reduced femur length compared to SOC irrespective of diet type, and this 
is well in line with our previous findings (Schipper 2020).   Here we additionally 
show that this effect is also independent of whether the mice are maintained at 
RT or thermoneutrality.  Since lean mass strongly contributes to RMR, this finding 
suggests that the excess RMR at RT in IND housed mice relative to SOC housed 
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best temperature to house mice in order to best mimic human physiology and 
disease, as it is quite accepted that room temperature induces mild cold stress in 
mice (Keijer, Li, and Speakman 2019; Speakman and Keijer 2013). Cold stress has 
been proposed as a limit for the translational value of mice models in this respect 
(Karp 2012; Ganeshan and Chawla 2017; Hankenson et al. 2018). What we found, 
however, is that maintenance of mice at 21°C or 28°C was by far the strongest 
factor to regulate energy fluxes RMR and EI, irrespective of whether the mice were 
fed a HF diet or LF diet, or whether they were IND or SOC housed.   This was also 
the key finding that emerged from the linear regression analysis, with ambient 
temperature, housing and diet (and some energy balance factors like adiposity 
and lean mass) as dependent factors. Indeed, the strength of our study was that 
it allowed us to compare the relative contribution of these conditions in a full 
factorial design. Besides the relevance of ambient temperature for regulation 
of energy fluxes, it also became clear that diet was the prime factor relating to 
adiposity (with HF diet causing more adiposity than LF diet), and the social 
housing condition was the prime factor relating to lean mass (with SOC housing 
causing more lean mass than IND housing).   Further studies in mice may benefit 
from these insights by choosing conditions for optimal study of mechanisms in 
biomedicine research.   

limitation of these findings is that gene expression analysis has been performed 
at PN126, that is beyond adolescence and eventual differences in key regulatory 
gene expression may have appeared earlier.    The only changes in hypothalamic 
gene expression that we did observe were related to the diet, with reductions in 
Mc4r, Crh, Ghrh and Somatostatin in mice subjected to the HF diet. Changes in 
these hypothalamic factors could be relevant for the increased storage capacity 
of adipose tissue in the HF fed mice, without affecting their lean mass (Girardet 
& Butler, 2013; Baldini & Phelan, 2019; Auvinen et al, 2012; Pérez-Romero et al., 
1999).  

In the present study, mice were exposed to SOC versus IND housing from weaning 
onwards, and we observed a reduced growth rate in the latter ones irrespective 
of ambient temperature.   These findings are in contrast with those of Toth et al, 
who found no changes in body weight in mice with housing density varying from 
5 to 1 mice, although in that study the housing intervention started at 8 weeks of 
age and not at weaning (Toth, Trammell, and Ilsley-Woods 2015). In another study, 
post-weaning IND resulted in no differences in body weight versus group housing 
in adolescent C57BL/6J mice (Bibancos et al. 2007; Lopez and Laber 2015) whereas 
it did increase body weight at 7 and 11 weeks of age in C57BL/6J mice (Tsuduki et 
al. 2015). Variations in design and experimental conditions between these studies 
could influence body weight trajectories in IND versus SOC mice and could explain 
the high heterogeneity found between studies reporting body weight in IND 
versus SOC rodents (Schipper et al. 2018). Among the factors that could influence 
body weight is the cage-density of the social-housed groups. We chose to pair 
housed male mice with two littermates to decrease the risk of fighting between 
cage-mates and to decrease litter size variation (Bartolomucci et al., 2001), 
meanwhile the studies aforementioned housed together 4 – 6 unfamiliar male 
mice. It is well-known that at increased cage densities an increased variation can 
arise (Nicholson et al. 2009), as fighting and the development of complex social 
hierarchies can affect phenotypic variation (Varholick et al. 2019).   In the current 
study, clear dominance hierarchies were observed in the SOC housed mice, but 
these did not pertain to clear dominant-subordinate phenotypes, like changes in 
the activity of the HPA axis (including hypothalamic CRH expression and plasma 
corticosterone levels) as mentioned before by others (Pohorecky, Baumann & 
Benjamin, 2004).

In summary, the present study showed that thermoneutrality did not ameliorate 
the effects of IND housing to alter certain energy balance characteristics that were 
previously reported for housing at RT.   A much debated question is which is the 
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Introduction

Mice are extensively used in disease-related research. Because mice are social 
animals with specific needs from the environment, laboratory and housing protocols 
can have profound effects on the physiology of this species (Schipper et al., 2018; 
Kappel, Hawkins, and Mendl 2017).   Although a social (SOC) housing condition is 
obviously best to suit social needs (Council 2011; Van Loo, Van Zutphen & Baumas, 
2003), individual (IND) housing is frequently applied to allow for the presence of 
exteriorized devices (Kappel, Hawkins, and Mendl 2017), to prevent fighting among 
cagemates (Zidar et al., 2019) and to better differentiate among animals when 
measuring individual parameters such as food intake and energy expenditure 
(Tschöp et al. 2012). Apart from the affective consequences of IND versus SOC 
housing of laboratory mice (Võikar et al., 2005), individual housing versus social 
housing may have considerable effects on energy balance regulation and may 
influence metabolic phenotype, especially when individual housing is applied 
early in life (Schipper et al. 2018). Indeed, we recently showed that individual (IND) 
compared to SOC (pair-wise) housing of male C57BL/6J mice at standard room 
temperature (RT; 21°C) from weaning age onwards reduces (adolescent) growth 
rate, followed by increased body weight gain and predisposition for obesity in 
adulthood (Schipper et al. 2020). Likewise, these findings were confirmed in chapter 
3 of this thesis. The majority of published studies that focused on the effects of 
SOC housing conditions on energy balance regulation in rodents included males 
(Schipper et al. 2018). The limited number of studies on female rodents comparing 
the effects of postweaning (i.e. at 3 or 4 weeks of age) IND versus SOC housing on 
body weight trajectories showed contradicting results. Some studies demonstrated 
increased body weights as a result of post-weaning IND housing (Jahng et al. 2012; 
Weltman, Sachler, and Sparber 1966) while others reported no effects (Barnhart and 
Pizzi 1982; Chvédoff et al. 1980; Lopez and Laber 2015), or even a reduction due 
to individual housing (Guo et al. 2004; Wiberg, Airth, and Grice 1966). Most studies 
reporting effects of IND versus SOC housing on food intake in female rodents 
indicate that this parameter is increased by IND housing (Chvédoff et al. 1980; 
Jahng et al. 2012; Weltman, Sachler, and Sparber 1966; Morgan and Einon 1975), 
although one study showed that food intake was increased only in response to 
high fat feeding (Krolow et al. 2013). These data suggest that IND housing increases 
energy intake in female mice, however sufficiently detailed data on the effect of 
IND versus SOC housing on body composition and parameters linked to (neuro)
endocrine regulation of energy metabolism is lacking. The primary aim of the 
present study was to investigate the effects of IND (1 indivdual/cage) versus SOC (2 
individuals /cage) housing of female C57BL/6J mice on growth, body composition 

Abstract

In mice, postweaning individual versus social housing can have profound effects 
on energy balance regulation and growth. However, the effects of postweaning 
individual versus social housing have been investigated mainly in male 
subjects. The primary aim of the present study was to investigate the effects of 
postweaning individual (IND, 1 individual/cage) versus social (SOC, 2 individuals/
cage) housing parameters for growth, energy balance regulation and metabolic 
health status in female C57BL/6J mice, under normal (LF) and high fat diet (HF) 
conditions. Body weight was monitored throughout the experiment, food intake 
was assessed at postnatal day (PND) 92-97 and bone mineral content and bone 
mineral density were evaluated with dual energy absorptiometry (DXA) at 
PND97. Body composition was determined at PND126 with fat extraction using 
a soxhlet apparatus, when plasma and hypothalamic slices were collected for 
further analyses. Since social rank might contribute to some of the variation in 
phenotypical outcomes observed in SOC housed females, an exploratory analysis 
was conducted by the use of a tube test at PND 124-125 in SOC housed females 
only. Diet, but not housing, affected body weight trajectories and adiposity in 
female mice. The effects of IND on energy balance regulation were subtle, and 
were characterized by increased food intake and lean mass compared to SOC. 
Reanalysis of these parameters according to dominance hierarchy showed that 
dominant female mice had higher weight gain relative to subordinate ones, only 
in HF diet conditions. Dominant females showed an increase in lean mass and 
fat mass and an increase in plasmatic leptin levels irrespective of diet type. The 
findings of the current study show that differences in energy balance regulation 
between SOC housed female littermates and IND housed ones are relatively 
small, in comparison to the impact of feeding a HF diet versus a LF diet and that 
social rank may lead to changes in energy balance regulation. These findings may 
contribute to explain some of the variation within and between studies and help 
select appropriate housing conditions in future studies.
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Material and methods

Ethical statement
The animal experiment and procedures complied with the principles of laboratory 
animal care following the EU-directive for the protection of animals used for 
scientific purposes. Experimental procedures were approved by the Dutch Central 
Committee on Animal Experimentation (license number AVD1050020185905). 
C57BL/6J mice were selected for this study as they are prone to develop obesity 
and metabolic alterations (Collins et al., 2004) and has been already used by 
our laboratory, for example to investigate the effects of postweaning individual 
housing versus social housing on energy balance regulation in male C57BL/6J 
mice (Schipper et al. 2020). 

Animals
Experimental groups were bred in house and obtained from C57BL/6J males and 
dams purchased from Charles River Laboratories (Sulzfeld, Germany). After two-
weeks acclimation, one dam was introduced to a cage with a male for three days. 
After mating, dams were pair-housed for two weeks and singly housed for the last 
week of gestation. At postnatal day (PND) 2, litters were randomized and culled 
to 6 pups (male:female ratio of 3:3 or 4:2) to standardize litter size and to reduce 
litter-variability. Litter weight was measured once a week during lactation. In 
total, 48 female C57BL/6J experimental mice were obtained from eight different 
breeding batches that were performed once a week. Dams were fed a standard 
rodent diet (low fat diet - LF; Altromin® 1410 – 10 mm pellets) and water ad libitum. 
A full overview of the experimental outline is given in figure 1. 

Housing conditions
All mice were weaned at PND 21 and housed in polycarbonate type II cages with 
bedding (Aspen wood shavings) and a plastic shelter (Red house; Techniplast, Va, 
Italy). Female offspring were randomly housed either individually (IND) or socially 
with a littermate (SOC, 2 animals per cage) and fed the same maternal LF diet and 
water ad libitum (n = 24 per group). Climate rooms were used to keep temperature 
and humidity constant (21 ± 1°C; 50 ± 5% humidity), and light/dark periods of 
12hrs were maintained (with dark starting at 21:00 and light at 09:00). 

and for parameters energy balance regulation from weaning till PND 126. Moreover, 
to investigate potential interactions between housing condition and diet on the 
aforementioned parameters we exposed subgroups of IND and SOC mice to either a 
healthy low fat (LF) maintenance diet, or a palatable high fat (HF) diet supplemented 
with sucrose from PND 42 onwards.

Mice form complex social hierarchies both in the wild and in laboratory settings 
(Wang, Kessels & Hu, 2014) and this might play a role in regulating energy balance 
(Tamashiro et al, 2004). Changes in body size among individuals living in the 
same group may be the result of developmental plasticity adjusting the offspring 
phenotypes to match the environment they experience and increase the chances 
of future survival. For example, it has been shown that body size can be affected 
by hierarchical status in male rats (Blanchard et al. 1995; Tamashiro et al. 2004). A 
common pattern in dominance hierarchies is that animals show different levels of 
psychosocial stress (Dadomo et al. 2011) and this may impact eating patterns and 
weight gain depending on social rank (Moles et al. 2006). Again, in rodents the 
majority of the studies investigating the effects of social dominance on energy 
balance have been focused on males. Generally, female rats are thought not to 
form strong social hierarchies (Tamashiro et al. 2004). Female mice, however, do 
show strong directionally consistent social relationships when housed in large 
groups, with hierarchies that are less linear and less despotic compared to male 
mice (Williamson et al., 2019). However, data on the formation of social hierarchies 
in pair-housed female mice is lacking. Interestingly, dominancy in non-human 
female primates showed that social hierarchies affect energy balance and metabolic 
health in female subjects. Indeed, dominant female primates showed increased 
body weight relative to subordinate (Wilson et al. 2008; Michopoulos and Wilson 
2011) as well as increased fat mass, bone mass and higher circulating leptin levels 
(Michopoulos et al. 2012; Jarrell et al. 2008; Collura, Hoffman, and Wilson 2009). 
Therefore, in the assessment of SOC versus IND housing effects on energy balance 
and neuroendocrine regulation of metabolic parameters in female mice, the role of 
social rank might play a role in explaining some of the variation observed in SOC 
housed females. Therefore, in an exploratory analysis we assessed the potential 
interplay of social hierarchies in explaining the variation in energy balance 
regulation and metabolic health in the SOC group only. 

Abbreviations
bone mineral content (BMC), bone mineral density (BMD), dual energy x-ray 
absorptiometry (DXA), high-fat (HF), individual housing (IND), postnatal-day 
(PND), low fat (LF), social (pair) housing (SOC)
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After mixing for 1 hr, the dough was used to make pellets which were dried, and 
subsequently frozen in air tight bags at -18°C, until use. Because fats in the HF 
diet become rancid, the HF diet in food hoppers was replaced completely once 
a week. The HF diet was replaced once a week following two hours of thawing. 
On the other hand, the LF was kept at RT (21°C) and refilled once a week. Both 
diets were provided by a food hopper. The composition of the experimental diets 
is represented in table 1.

Low fat diet (LF) High fat + high sugar diet (HF)

Fat (w/w%) 9,1% 25,6%

Energy from fat (%) 22% 44,7%

Carbohydrates (w/w%) 47,4% 24,3%

Energy from Carbohydrates (%) 50% 35,7%

Proteins (w/w%) 25,3% 24,3%

Energy from proteins (%) 28% 19,6%

Total energy 3,68 Kcal/Kg 4,77 Kcal/Kg

Table 1. Weight and energy content of the experimental diets.

Body weight measurements
Body weight (BW) was recorded weekly from PND21 until PND56 and at PND70, 
PN84, PND91, PND97, PND112, PND125 and PND126. 

Automated food intake registration
From PND 91 to PND 97, food intake was monitored using a feeding/drinking 
automated apparatus from TSE-System (Feeding and drinking, Bad Homburg vor 
der Höhe, Germany). However, only food intake (and not drinking behaviour) was 
assessed to the nearest 0.04g every 10 seconds over a period of 6 days. To avoid the 
stress of placing the mice in a metabolic chamber, the lid of the mice’ home cages 
was adapted to fit the system’s food hopper (Feeding sensor advanced, 259998-
SEN/FED).   The first day of food registration was excluded from the calculations to 
avoid variation due to the habituation to the novel food hopper and only the last 
5 days were considered for food intake analyses. For socially housed animals, total 
food intake was divided by two and only one statistical unit was used for the pair. 
Food intake was expressed either as daily food intake in kilojoules (KJ) or daily food 
intake corrected for body weight (KJ / g BW), therefore for each animal or pair, a 
total of five observations were present and 5 units were used (IND: 24 x 5 = 60, SOC: 
12 x 5 = 30). For socially housed mice, the averaged BW of the pairs was used.

Figure 1. Timeline (A) and group overview (B) of the experiment. PND = postnatal day,  
IND = individual housing, SOC = social housing (pairwise), LF = low fat diet, HF = high fat diet. 

Diets
At PND 42, after three weeks from the housing assignment, half of the groups 
were fed a high fat (HF) diet supplemented with sucrose until the end of the study. 
This gave rise to 4 groups: individually housed fed a low fat diet (IND–LF), socially 
housed fed a low fat diet (SOC–LF), individually housed fed a high fat/sucrose 
diet (IND–HF), socially housed fed a high fat/sucrose diet (SOC– HF). Each group 
consisted of 12 animals. Animals remained in their respective housing conditions 
and diet allocated until sacrifice at the end of the experiment (PND126). 
Researchers were aware of the group allocation, as housing and diet could not be 
blinded, but were not aware of the dominance relationships. The HF diet was made 
in-house by using grounded Altromin® 1410 (46.5% of total weight) as base, with 
addition of lard (14.5%), soy oil (4.7%), sucrose (17.4%), arabic gum (2.3%), casein 
(10.5%), mineral/vitamin mix (respect. 2.3% and 1.7 % added to compensate for 
dilution of the LF diet base from which the HF diet was produced) and 10% water.  
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isoflurane (4-5 % and flow meter set to 0,8L/min) and subsequently heart puncture 
was performed for blood collection followed by decapitation. Blood was collected 
in EDTA tubes maintained at melting ice, centrifuged at 2600G for 10 minutes, and 
plasma then taken into sealing tubes and stored at -80°C until further analyses. 
Brain regions (hypothalamus) and fat pads (perirenal, retroperitoneal, inguinal, 
subcutaneous, brown adipose tissue) were dissected, weighed and snap frozen 
and stored at -80°C. The left femur was dissected and its length was measured 
using a digital micro-caliper. Carcasses were frozen at -20°C till they were placed 
at 60°C for two weeks until complete drying. Fat extraction was then performed 
with petroleum ether in a soxhlet apparatus as previously described (Reijne et 
al. 2016). Total fat mass (FM) and total lean mass (LM) were given in grams, and 
the percentage of total fat mass (%FM) was calculated by the following formula 
[(total fat mass / body weight) x 100]. The percentage of body lean mass (%LM) 
was calculated by the following formula [(body lean mass / body weight) x 100]. 
The fat mass to lean mass ratio (FM/LM) was calculated by the following formula 
(total fat mass / body lean mass). 

Plasma measurements
Plasma corticosterone (CORT) and insulin were analyzed in duplicate by 
commercial RIA kits (CORT: MP Biomedicals, Orangeburg, NY, cat. No 07-1201103; 
insulin:   Millipore, St. Charles, Missouri, cat. No #RI-13K). Plasma glucose levels 
were assessed by the ferricyanide method by Hoffman (Hoffman 1937). HOMA-
IR was obtained with the following formula ([glucose]*[insulin]/14.1) as reported 
previously (van Dijk et al. 2013). Plasma triglyceride content was determined with 
a commercial kit (Roche DIagnostic, Mannheim, Germany; C.f.a.s calibrator Nr: 
10759350 & Cobas Triglyceride Nr. 20767107322). Plasma leptin concentrations 
were determined with a commercial kit (Millipore). Four samples for insulin and 
CORT, three for glucose, five for triglyceride and one for leptin could not be 
analysed due to unforeseen circumstances.

RNA isolation and quantitative real-time PCR
Hypothalamic gene expression analysis was performed to study genes regulating 
energy balance regulation and growth. Hypothalamic RNA was extracted using 
NucleoSpin® kit (Macherey-Nagel) according to manufacturer’s instructions 
and it was used as template for cDNA synthesis using iScript cDNA synthesis kit 
(Biorad®). A Nanodrop spectrophotometer 2000c assessed the quality of the RNA. 
Quality was considered acceptable when the A260/A280 ratio was > 1-8. RNA 
expression of the genes of interest was measured using real time polymerase 
chain reaction (RT-PCR) using SYBR Green (Thermofisher®). Forward and reverse 

Dual energy x-ray absorptiometry (DXA)
Right after the end of automated food intake registration, at PND 97, bone 
homeostasis was analyzed by dual energy x-ray absorptiometry (DXA) with a 
pDEXA apparatus from Norland Stratec. The mouse was anaesthetized under light 
isoflurane anesthesia in an induction chamber (flow meter set to 0,8L/min and 
4-5% isoflurane) and then placed in the DXA apparatus where the anesthesia was 
maintained with a tube positioned on the mouse nose (flow meter set to 0,5L/
min and 1-8%-2,2% isoflurane). Spontaneous breathing pattern was constantly 
monitored during the test by an operator. After the test (duration 12-15 minutes), 
the mouse was removed from the apparatus and let recover alone in a cage 
provided with a heating mat for 10-15 minutes, until complete awakening was 
re-established. After complete awakening, the mouse was reintroduced in its 
home-cage with (SOC) or without cage-mate (IND). Bone mineral content (BMC) is 
reported in grams and bone mineral density (BMD) in grams/cm2. 

Tube test
Social hierarchy was evaluated by the means of a tube test performed at PND124-
125 in the SOC group only. Two different tubes were used: one for HF-fed mice 
with an inside diameter of 33mm and one for LF-fed mice (standard) with an 
inside diameter of 30mm. This was necessary due to the differences in body size 
between LF and HF mice. Both the tubes were 30cm long. Briefly, on the first day 
the mice were habituated and trained to the tube. The red plastic shelter was 
removed and the tube was placed in the home cage of the mice. After one minute 
of habituation, one mouse at a time was gently guided inside the tube and let it 
successfully walk through for a total of ten times. The second day, the pair-housed 
mice were tested for a total of five times successively in order to obtain dominance 
status (winner versus loser). The mouse able to push the other mouse out of the 
tube was considered the winner. While both mice were inserted simultaneously 
into the tube, a sliding door in the middle of the tube was removed allowing the 
passage of the mice. The mouse rank (1 to 5) was assessed by the number of wins a 
mouse won against its cage mate. The mouse that won more trials was considered 
the dominant, while the losing mouse was considered the subordinate. 

Tissue collection and body composition analysis 
To induce a semi-fasting state at sacrifice (PND126), mice were weighed at the 
previous day (5 pm) and were provided with half the amount of their normal 
nocturnal food intake calculated with TSE system (PND91-97), by taking into 
account the food eaten for three consecutive evenings/nights. Animals were 
sacrificed between 9 am and 12 pm. Mice were anesthetized by inhalation of 
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experiment in which the effects of IND versus SOC on energy balance regulation 
in male and female mice. An average effect size of 0.29, an α error prob. of 0.05 
and a power of 0.8 for a total of 24 through an F-test (ANCOVA, fixed effects, main 
effects and interactions) provided a minimal group size of 12 animals per group.

Effects of housing and diet
Statistical analyses were performed using RStudio 1.3.959 (R Core Team, 2013). 
A general linear mixed-effects model was used to examine whether housing 
predicted body weight in adolescence (from PND21 to PND42) (lmer in the lme4 R 
package), which adjusted for the repeated measures and with a random intercept 
for mouse identity. Each group included 24 mice (IND, SOC; n = 24, figure 1). A 
second general linear mixed-effects model was used to investigate whether 
housing and diet predicted body weight from PND49 to PND125 (adulthood). 
The body weight on the morning of the sacrifice (PND126) of the animals was not 
included in this model, as the animals were fasted, but it was used for\ calculating 
%FM and %LM at PND126. General linear models were constructed to evaluate 
the effects of the factors housing and diet on body weight, BMC, BMD, body 
composition parameters (FM, LM, FM/LM, FM%, LM%, femur length, fat pads 
weight), plasma measurements and hypothalamic relative gene expression. Each 
group included a total of 12 animals, unless specified otherwise (IND-LF, SOC-
LF, IND-HF, SOC-HF; figure 1). A general linear mixed-effects model was used  
to examine whether housing and diet predicted daily food intake (lmer in the  
lme4 R package), which adjusted for the repeated measures with a random 
intercept for mouse identity. In these models, we also examined whether 
potential interactions between factors were present. Results were interpreted 
after homogeneity and normality were assessed. Post hoc comparisons using 
Tukey’s method were performed to assess significant relationship between  
groups (emmeans R package). 

Exploratory analysis into the effects of hierarchy and diet (only in socially 
housed mice)
Using data only from socially housed animals, a general linear mixed-effects 
model was used to examine whether social hierarchy predicted body weight 
in adolescence (from PND21 to PND42) (lmer in the lme4 R package), which 
adjusted for the repeated measures and with a random intercept for mouse 
identity. A second general linear mixed-effects model was used to investigate 
whether social hierarchy and diet predicted body weight from PND49 to PND125 
(adulthood). General linear models were constructed to evaluate the effects of the 
factors social hierarchy and diet on body weight, BMC, BMD, body composition 

primers for Bdnf, Pomc, Npy, Lepr, Mc4r, Crh, Ghrh, Somatostatin, Socs3, Ptpn1, 
Ikk-β and housekeeping gene Gapdh are shown in table 2. The lay-out for the PCR 
plates were designed to minimize between-plate variances. Furthermore, primer 
concentrations were optimized resulting in the following final concentrations (in 
nM) for forward and reverse primers, respectively: Bdnf (520:380); Pomc (520:520); 
Npy (520:520); Lepr (380:520); Mc4r (380:520); Crh (400:400), Ghrh (400:400), 
Somatostatin (400:400), Socs3 (400:400), Ptp1b (400:400), Ikk-β (400:400) and 
Gapdh (240:240). In each well 1 ml of 5 ng/L cDNA, 5 uL SYBR green, 1 uL forward 
primer, 1 uL reverse primer and 2 uL water was used. The samples were run at the 
following program: 95°C for 2 min; 50x (95°C for 3 seconds, 60°C for 30 seconds); 
melting temperature protocol (60°C to 95°C, increment 0.2°C for 5 second). 
Triplicates were made for each gene per sample. The relative gene expression 
was calculated using the delta delta Ct method using Gapdh as housekeeping 
gene. Non-baseline corrected data was processed and corrected using LinregPCR 
(version 2018.0) to determine the PCR efficiency for each sample, the efficiency 
per amplicon group and for Cq determination. Samples with either deviating 
individual PCR efficiency of more than 5%, or baseline errors or noisy samples 
have been excluded from the calculations. 

Gene Forward primer Reverse primer

Bdnf GGTATCCAAAGGCCAACTGA GCAGCCTTCCTTGGTGTAAC

Pomc ACCTCACCACGGAGAGCA GCGAGAGGTCGAGTTTGC

Npy ATGCTAGGTAACAAGCGAATGG TGTCGCAGAGCGGAGTAGTAT

Lepr CCTCTTGTGTCCTACTGCTCG GAAATTCAGTCCTTGTGCCCAG

Mc4r CCCGGACGGAGGATGCTAT TCGCCACGATCACTAGAATGT

Crh CCTGGGGAATCTCAACAGAA AACACGCGGAAAAAGTTAGC

Ghrh TGCCATCTTCACCACCAAC TCATCTGCTTGTCCTCTGTCC

Somatostatin TCTGCATCGTCCTGGCTTT CTTGGCCAGTTCCTGTTTCC

Socs3  CACCTGGACTCCTATGAGAAAGTG  GAGCATCATACTGATCCAGGAACT 

Ptp1b  GCGCTTCTCCTACCTGGCTGTCAT ACGTGCTCGGGTGGAAGGTCTA

Ikk-β  CGGCCCTTCCTCCCTAAC  GGTGCCACATAAGCATCAGC 

Gapdh ACAACTTTGGCATTGTGGAA GATGCAGGGATGATGTTCTG

Table 2. Overview of forward and reverse primers used for RT-PCR.

Statistical analyses
Sample size was estimated based on our previous experience in carrying out 
metabolic experiments involving (male) C57BL/6J mice. Overall, sample size 
was calculated taking into account the number of animals necessary for a larger 



9594

Chapter 4 – Post-weaning individual housing of C57BL/6J female mice does not affect energy balance

4

parameters (FM, LM, FM/LM, FM%, LM%, femur length, fat pads weight), plasma 
measurements and hypothalamic relative gene expression. In these models, we 
also examined whether potential interactions between factors were present. 
Results were interpreted after homogeneity and normality were assessed. Post 
hoc comparisons using Tukey’s method were performed to assess significant 
relationship between groups (emmeans R package). In this exploratory analysis, 4 
groups were included: dominant–LF n=4, subordinate–LF n=4, dominant–HF n=6, 
subordinate– HF n=6. Four mice were not tested in the tube test due to unforeseen 
circumstances, therefore the dominant–LF and subordinate–LF groups have 2 
statistical units less than the HF groups.

Graphical design was performed using the ggplot2 R package. All data is presented 
as mean ± SD, except for the qPCR data which are presented as mean relative 
expression with 95% confidence intervals. Data are considered significantly 
different when p < 0.05. 

Results 

Effects of post-weaning IND versus SOC housing
Body weight 
Body weight did not differ at the beginning of the housing assignment between 
groups (PND 21) (p = 0.47). Housing conditions did not affect adolescent growth 
(between PND21 and PND42, p=0.67, figure 2A) and adult body weight over time 
period (between PND42 and PND125, p= 0.99, figure 2B). Exposure to HF diet 
during adulthood increased body weight (p < 0.001, figure 2B) relative to the LF 
diet condition. 

Food intake
Daily food intake was measured during adulthood. IND housed mice showed 
higher energy intake than SOC housed mice, both when this was expressed as 
KJ (p = 0.02, figure 3A) and corrected per BW (p = 0.02, figure 3B). Food intake 
expressed as KJ was increased in HF fed mice compared to LF feeding (p = 0.001, 
3A), but this difference became non-significant after correcting for body weight 
(figure 3B). 
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Figure 4. (A) Bone mineral content and (B) bone mineral density assessed by dual energy x-ray 
absorptiometry (DXA). (IND–LF n=8, SOC–LF n=8, IND–HF n=12, SOC– HF n=12). Data is expressed 
as individual points and means ± standard deviation (SD). P-values are expressed as * (< 0.05), ** (< 
0.01) and *** (< 0.001).

Figure 5. Body composition analysis assessed at PND126 by fat extraction performed with petroleum 
ether in a soxhlet apparatus. (A) Fat mass (g), (B) fat mass (%), (C) lean mass (g), (D) fat to lean mass 
ratio, (E) femur length. Data are expressed as individual data points, means ± standard deviation 
(SD). n=12 per group. P-values are expressed as * (< 0.05), ** (< 0.01) and *** (< 0.001).

Figure 3. Average daily food intake assessed in the automated feeding/drinking TSE system. (A) Daily 
food intake expressed in KJ. (B) Daily food intake corrected per gram of body weight. (few data points 
were excluded due to technical issues: IND–LF n=59, SOC–LF n=29, IND–HF n=53, SOC– HF n=28). 
Data is expressed as individual points and means ± standard deviation (SD). P-values are expressed 
as * (< 0.05), ** (< 0.01) and *** (< 0.001).

Bone mineral content and bone mineral density
At PND97, bone mineral content (BMC) was unaffected by housing (p = 0.86) 
and significantly increased by high fat feeding (p = 0.03) (figure 4A). A significant 
housing x diet interaction was present for bone mineral density (BMD) (p < 0.001) 
(figure 4B). Tukey post-hoc analysis showed that BMD was significantly increased 
in the SOC-HF group compared to the other three groups (p < 0.001, 4B).

Body composition 
At PN 126, IND housed animals showed increased lean mass compared to SOC 
housed animals (p = 0.01, figure 5D), however other parameters related to body 
composition remained unaffected by housing conditions (figure 5 and table 3). 
HF diet feeding resulted in higher body weight (p < 0.001, figure  5A), fat mass (p 
< 0.001, figure  5B), fat mass (%) (p < 0.001, figure  5C), lean mass (p = 0.03, figure  
5D), fat to lean mass ratio (p < 0.001, figure   5E), weights of white and brown 
adipose tissue depots  (p < 0.001, table 3) and femur length (p = 0.01, figure  5F).

Hypothalamic gene expression
While IND housing significantly decreased pomc hypothalamic expression (p = 
0.04) the expression of npy, mc4r, bdnf, crh, ghrh, somatostatin, Socs3, Ptp1b and 
Ikk-β was not different compared to socially housed animals. HF fat diet feeding 
increased npy expression (p = 0.008) and a diet x housing interaction was present 
for hypothalamic lepr (p = 0.001). Tukey post-hoc analysis showed that SOC 
housing significantly increased lepr expression compared to IND in HF (p = 0.001) 
but not in LF-groups. Other genes investigated were not affected by HF feeding.
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Plasma levels of glucose, insulin, corticosterone, HOMA-IR, 
triglycerides and leptin
Plasma glucose, insulin, calculated HOMA-IR and triglyceride were unaffected by 
diet and housing (figure 7A-C). On the other hand, a housing x diet interaction 
was present for plasma corticosterone (p = 0.047). Tukey post-hoc test showed 
that plasma CORT was increased in the SOC-LF group compared to IND-LF (p = 
0.002), while this difference was not present in the HF groups (figure 7D). Leptin 
levels were significantly increased by HF-feeding compared to LF-feeding (p < 
0.001), irrespective of housing conditions (figure 7F).

Figure 7.  Plasma levels of (A) insulin (ng/ml), (B) glucose (mM), (C) calculated HOMA-IR (D) plasma 
corticosterone (ng/ml), (E) triglyceride (mg/dl) and (F) leptin (ng/ml). Group composition is as follow: 
insulin IND–LF n=12, SOC–LF n=10, IND–HF n=12, SOC– HF n=12; glucose IND–LF n=12, SOC–LF n=10, 
IND–HF n=11, SOC– HF n=12; HOMA-IR IND–LF n=12, SOC–LF n=9, IND–HF n=11, SOC– HF n=12; 
CORT IND–LF n=12, SOC–LF n=11, IND–HF n=11, SOC– HF n=12; triciglerydes  IND–LF n=11, SOC–LF 
n=10, IND–HF n=11, SOC– HF n=11; leptin IND–LF n=12, SOC–LF n=11, IND–HF n=12, SOC– HF n=12. 
Few samples could not be analysed due to unforeseen circumstances, therefore some groups do not 
include 12 mice. For insulin and HOMA-IR, data has been log-transformed for statistical analysis, but 
raw data is graphically represented. Data are expressed as individual data points, means ± standard 
deviation (SD). P-values are expressed as * (< 0.05), ** (< 0.01) and *** (< 0.001).

Exploratory analysis into the effects of hierarchy and diet (only in 
socially housed mice)
Social hierarchy was evaluated by means of a tube test performed at PND124-125 
in the SOC group only. To exclude that the mouse rank was dependent on diet and 

Table 3. Fat pads weight assessed at PND126 by carcass analysis and fat extraction performed with 
petroleum ether in a soxhlet apparatus. Data is expressed as means ± standard deviation (SD). n=12 
per group. P-values are expressed as * (< 0.05), ** (< 0.01) and *** (< 0.001).

Figure 6. Relative pomc, lepr, npy, mc4r, bdnf, crh, ghrh, somatostatin, socs3, ptp1b and ikk-β 
hypothalamic expression. Data is expressed as individual units, means ± 95% confidence intervals. 
(pomc: IND–LF n=11, SOC–LF n=10, IND–HF n=11, SOC– HF n=10 – lepr: IND–LF n=11, SOC–LF n=11, 
IND–HF n=11, SOC– HF n=11 – npy: IND–LF n=8, SOC–LF n=11, IND–HF n=8, SOC– HF n=11 – mc4r: 
IND–LF n=11, SOC–LF n=12, IND–HF n=10, SOC– HF n=11 – bdnf: IND–LF n=11, SOC–LF n=11, IND–HF 
n=11, SOC– HF n=12 – crh: IND–LF n=12, SOC–LF n=12, IND–HF n=12, SOC– HF n=12 – somatostatin: 
IND–LF n=12, SOC–LF n=12, IND–HF n=12, SOC– HF n=12 – ghrh: IND–LF n=12, SOC–LF n=10, IND–
HF n=11, SOC– HF n=12, Socs3, Ptp1b and Ikk-β: IND–LF n=12, SOC–LF n=12, IND–HF n=12, SOC– HF 
n=10). P-values are expressed as * (< 0.05), ** (< 0.01) and *** (< 0.001).
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body size, the number of wins (3-5) of dominant animals was used as dependent 
variable in a general linear model with diet and either body weight, the pair delta 
body weight (body weight dominant - body weight subordinate), fat mass or lean 
mass as independent variables. Neither diet nor body weight, delta body weight, fat 
mass and lean mass predicted the number of wins, indicating that the number of 
wins was not dependent on the size of dominant animals. Therefore we continued 
this exploratory analysis by using the social rank of each animal used as a factor 
(together with diet) for statistical analysis on the parameters investigated. However, 
in this section, only main effects of hierarchy and eventual interactions (hierarchy x 
diet) are discussed, as diet has been thoroughly discussed in the previous section. 

Body weight
Body weight did not differ at weaning between dominant and subordinate mice  
(p = 0.9). No effects of social hierarchy were found on adolescent body weight gain 
(p = 0.2, figure 8A). However, dominant mice were heavier at PND42 compared to 
subordinate counterparts (p = 0.01). Furthermore, an interaction between social 
hierarchy and diet was present for adult body weight (p = 0.01). Tukey post-hoc 
test showed that body weight was higher in dominant versus subordinate mice 
on the HF diet  (p = 0.009), but this effect was not seen in LF fed  mice (p = 0.99) 
(figure 8B).

Bone mineral content and bone mineral density
BMC (p=0.19) and BMD (p = 0.7) were unaffected by social hierarchy (figure 9).

Body composition analysis
At PND126, body weight in fasted conditions presented a hierarchy x diet 
interaction (p = 0.046), indicating that HF-dominant mice were heavier than HF-
subordinate counterparts (p < 0.001, figure 10A). Interestingly, these differences 
were absent between LF-dominant and LF-subordinate mice. Furthermore, 
dominant mice showed increased absolute fat mass (p = 0.02, figure 10B) and 
absolute lean mass (p = 0.001, figure 10D) compared to subordinate animals. 
Specifically, higher fat mass in dominant mice versus subordinate mice on HF diet 
was reflected in more retroperitoneal fat (p = 0.02), inguinal fat (p = 0.03), brown 
adipose tissue (p = 0.02) and muscle and organs fat (p = 0.03) (table 4). However, 
the percentage of fat mass of body weight (p = 0.06, figure 10C) and the fat to 
lean mass ratio (p = 0.06, figure 10E) were not significantly affected by hierarchy. 
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Table 4. Absolute body weight, fat mass, lean mass, fat pads and femur length assessed at PND126 
by fat extraction performed with petroleum ether in a soxhlet apparatus. Data is expressed as means 
± standard deviation (SD). P-values are expressed as * (< 0.05), ** (< 0.01) and *** (< 0.001).

Figure 11. Relative pomc, lepr, npy, mc4r, bdnf, crh, ghrh, somatostatin, socs3, ptp1b and ikk-β 
hypothalamic gene expression. Data is expressed as individual units, means ± 95% confidence 
intervals. (pomc, socs3, ptp1b and ikk-β: Subordinate–LF n=4, Dominant–LF n=4, Subordinate– HF 
n=5, Dominant–HF n=5 – lepr: Subordinate–LF n=4, Dominant–LF n=4, Subordinate– HF n=6, 
Dominant–HF n=5 – npy and mc4r: Subordinate–LF n=4, Dominant–LF n=4, Subordinate– HF n=5, 
Dominant–HF n=6 – mc4r: – bdnf: Subordinate–LF n=3, Dominant–LF n=4, Subordinate– HF n=6, 
Dominant–HF n=6 – crh and   somatostatin: Subordinate–LF n=4, Dominant–LF n=4, Subordinate– 
HF n=6, Dominant–HF n=6 – ghrh: Subordinate–LF n=3, Dominant–LF n=3, Subordinate– HF n=6, 
Dominant–HF n=6 ). P-values are expressed as * (< 0.05), ** (< 0.01) and *** (< 0.001).

Figure 9. Bone mineral content (A) and bone mineral density (B) assessed by dual energy x-ray 
absorptiometry (DXA). Data is expressed as individual units, means and standard deviation (SD). 
(Dominant–LF n=4, Subordinate–LF n=4, Dominant–HF n=6, Subordinate– HF n=6). P-values are 
expressed as * (< 0.05), ** (< 0.01) and *** (< 0.001).

Figure 10. Body composition analysis assessed at PND126 by fat extraction performed with 
petroleum ether in a soxhlet apparatus. (A) Fat mass (g), (B) fat mass (%), (C) lean mass (g), (D) fat 
to lean mass ratio, (E) femur length. Data is expressed as individual datapoints, means ± standard 
deviation (SD). P-values are expressed as * (< 0.05), ** (< 0.01) and *** (< 0.001).
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Discussion

The present study showed that adult diet, but not postweaning individual housing 
modulates body weight trajectories and adiposity in female C57BL/6J mice 
until PND 126. Higher body weight and adiposity was observed in HF fed mice 
compared to LF fed mice, which could be explained, in part, by higher energy 
intake in HF mice as frequently shown by others in the past too (Hu et al., 2018; 
Licholai et al., 2018). Interestingly, a significantly increased food intake in IND 
housed mice relative to SOC housed mice was observed, which did not pertain 
to differences in body weight.   One explanation relevant to this outcome is that 
the experiments were carried out at room temperature, which is well below the 
thermoneutral zone of mice (Reitman, 2018).  SOC housed mice frequently huddle, 
particularly during the resting phase, thereby sharing body heat; a process that 
is called social thermoregulation (Gilbert et al., 2010). IND housed mice lack this 
possibility and would therefore emit relatively more heat to the environment than 
SOC housed, hence the requirement of increased EI to maintain energy balance. 
While we do not have an account of energy expenditure in the present study to 
substantiate this point, we did show the presence of such a mechanism in male 
mice housed at room temperature, in which IND housing of mice caused higher 
levels of food intake and resting metabolic rate (RMR), relative to SOC housing 
(chapter 3 of this thesis and Schipper et al., 2020).

A major difference between the female mice in the present study and the 
male mice discussed in a previous study (chapter 3 of this thesis) was that IND 
housing caused male mice to decrease body size on the basis of decreased lean 
mass and femur length, phenomena that were not observed in the females in 
the present study. In fact, IND housed  females in the present study presented 
a significantly increased, albeit relatively small increase in lean mass, without 
changes in femur length compared to SOC. Bone mineral density (BMD, on the 
basis of DXA scanning), on the other hand, was reduced in IND housed female 
mice in the present study, but only when subjected to a HF diet. In the male mice 
the effect of IND housing on BMD appeared irrespective of diet.   One potential 
underlying mechanism may be that mechanical loading increases BMD in 
mice (Kesavan et al, 2005) and IND housing in male mice is thought to reduce 
mechanical loading as there is no activity due to social conflict (fighting) behavior 
(Meakin et al, 2013). A lower level of activity in general in IND compared to SOC 
is probably not playing a role (Shin et al, 2018). Since female mice engage less 
in aggressive and fighting behaviors, but show larger responses to mechanical 
loading than male mice (Meakin et al, 2013), it may be speculated that lack of 

Hypothalamic gene expression
Hypothalamic gene expression showed a hierarchy x diet interaction on lepr 
expression (p = 0.015), indicating that on HF diet dominant mice had higher 
lepr expression than subordinate counterparts (p = 0.03), whereas this was not 
observed in mice on LF diet (figure 11B). In addition, there was a trend of reduced 
ptp1b expression in dominant mice (p = 0.09) compared to subordinate mice 
(figure 11J). The expression of the other genes was unaffected by hierarchy  
(figure 11).

Plasma levels of glucose, insulin, corticosterone, HOMA-IR, 
triglycerides and leptin
Plasma levels of insulin, glucose, corticosterone, calculated HOMA-IR and 
triglycerides were all unaffected by social hierarchy (figure 12). Leptin levels were 
increased in dominant animals (p = 0.02), irrespective of diet type (figure 12 F).

Figure 12. Plasma levels of (A) insulin (ng/ml), (B) glucose (mM), (C) calculated HOMA-IR, (D) 
plasma corticosterone (ng/ml), (E) triglycerides (mg/dl) and (D) leptin (ng/ml). Group composition 
is as follows: insulin and HOMA-IR: Subordinate–LF n=3, Dominant–LF n=4, Subordinate– HF n=6; 
Dominant–HF n=6; glucose, CORT and  leptin: Subordinate–LF n=4, Dominant–LF n=4, Subordinate– 
HF n=6, Dominant–HF n=6; triglycerides: Subordinate–LF n=4, Dominant–LF n=3, Subordinate– HF 
n=5, Dominant–HF n=6.. Data has been log-transformed for statistical analysis for insulin,HOMA-
IR and CORT, but raw data is graphically represented. Data are expressed as individual data points, 
means ± standard deviation (SD). P-values are expressed as * (< 0.05), ** (< 0.01) and *** (< 0.001).
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In an exploratory analysis, we investigated the establishment of social dominance 
relations in SOC housed mice, and its potential relevance (in interaction with 
diet) for the assessed parameters. At the end of the study, a clear hierarchical 
dominance/subordination difference between cage mates was revealed by 
exposing the animals to the tube test. The reason for assessment of social rank 
in a rather late stage of this experiment is that we did not want to potentially 
inflate rivalry between the females by subjection to the tube test, as this may 
have subsequently affected health, weight gain trajectories etc.  The disadvantage 
however is that we do not have an account of dominance status during earlier 
stages.   Several lines of research however indicate that dominance hierarchy is 
rather stable in small groups of littermates (Bartolomucci et al., 2001) or non-
littermates (Vekovishcheva, Sukhotina & Zvartau, 2000), at least in male mice. 
Analysis of the data according to dominance hierarchy showed that dominant 
females had higher weight gain relative to subordinate ones irrespective of the 
number wins in the tube test (i.e., 3,4, or 5), but this effect was only present in 
HF exposed animals. While the development and dynamics of the dominance 
hierarchy at earlier stages of life, such as in the litter or post-weaning after PND 
21, was not assessed in the current study, retrospective analyses revealed that 
dominant females had higher body weight than subordinate ones at PND 42, just 
before they were exposed to the HF diet.   Remarkably, the observed effects of 
hierarchy on parameters of energy balance in female mice were not observed in 
male mice (see chapter 3 in this thesis), suggesting a female-biased effect of pair 
housing on HF diet-induced perturbations of energy balance.  Dominant females 
showed an increase in lean mass and fat mass irrespective of diet type, but this did 
not pertain to difference in femur length or BMD/BMC, suggesting that dominant 
females are not larger animals per sé, but accrual more fat and lean mass relative 
to subordinate ones.  

Although our study did not allow to dissociate energy intake between 
dominant and subordinate mice, it may be speculated that dominant mice fed 
a HF diet ingested more food in relation to metabolism than their subordinate 
counterparts. An intriguing hypothesis by MacCormack and Muscatell assumes 
that the leptin pathway is sensitive to social context, thereby affecting metabolic 
status (MacCormack and Muscatell 2019). Interestingly, dominant female mice 
showed hyperleptinemia relative to subordinate mice, suggesting that these 
mice were leptin resistant. However, lepr expression in HF dominant female 
mice waas increased compared to subordinate ones, paradoxically suggesting 
improved leptin sensitivity. However, other post-receptor mechanisms could still 
underlie leptin resistance (Gruzdeva et al., 2019).   Among the mechanisms that 

social (playing) behaviors during adolescence may be sufficient to reduce BMD in 
IND female mice. It remains unclear however why the effect reached significance 
in the current study only when females were exposed to HF diet. While these 
findings are of interest, they are based on DEXA scanning at PND97, and do need 
confirmation by histological and molecular analysis. In addition, the underlying 
(brain) mechanisms should be revealed. In this sense, the reduced hypothalamic 
expression of POMC in IND housed females relative to SOC housed ones which 
we observed in the present study could be of interest.  The melanocortin system, 
with POMC as one of its regulatory genes (Cone, 2005), has been implicated in 
bone homeostasis (Idelevich et al., 2018), however with complex interactions 
between lean mass and adiposity (Butler, 2006).   These interactions deserve to 
be investigated further with emphasis on the role of (social) housing in these 
mechanisms. The high levels of hypothalamic NPY and leptin receptor expression 
in the SOC-HF mice in the present study are intriguing as they, based on gene 
deletion experiments (Wong et al., 2013), would not be expected to be associated 
with a high level of BMD. They are, however, more in line with exposure to a HF 
diet leading to increased adiposity (Huang, Han & Storlien, 2003).  

Despite the effects of the housing and diet conditions on caloric intake, adiposity, 
lean mass, and BMD, there were remarkably little effects on associated plasma 
parameters of fuels and hormones, perhaps due the fact that females are quite 
resilient to develop cardiometabolic derangements at young age (Jacobs et al., 
2019). Despite no changes in the levels of glucose, insulin and triglycerides in 
response to housing and diet, leptin levels were increased in response to high-fat 
feeding, suggesting leptin resistance (Knight et al., 2010). However, we did not find 
changes in hypothalamic genes of interest that could underlie leptin resistance 
in HF animals, such as socs3, ptp1b and ikk beta. It remains to be seen whether 
other key genes could support hypothalamic leptin resistance, such as the JAK2-
STAT3 pathway (Liu et al., 2021). Another exception was the decreased plasma 
levels of corticosterone (CORT), which was lower in the IND-LF group compared 
to SOC-LF, despite no changes in hypothalamic crh expression. Although elevated 
levels of CORT can be seen in response to stress, CORT levels may actually also rise 
as a result of pleasurable conditions (Koolhaas et al., 2011).   In this respect, the 
absence of a difference between the IND-HF and SOC-HF in plasma CORT levels 
is of interest.  Since HF feeding is known for its blunting effects on corticosterone 
levels (Auvinen et al., 2012; Hwang et al., 2010), it may be speculated that as 
female C57BL/6J mice housed in groups seem to present increased levels of 
corticosterone levels (Arndt et al., 2009), this may have been prevented by the HF 
diet in SOC housed mice in the present study. 
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significant effects of social status on hypothalamic expression of socs3 and ikk-β, 
however, we did find a trend of reduced ptp1b expression in the dominant female 
mice relative to the subordinate ones. ptp1b contributes to leptin resistance by 
inhibiting intracellular leptin receptor signaling, however, a reduced expression 
of ptp1b may indicate that dominant mice may not have been leptin resistant 
(White et al, 2009). These results are not conclusive, as our exploratory analysis 
was performed with a low sample size, and these effects should be studied in the 
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Introduction

Mice have been widely used to unravel the neurobiology of feeding behaviour 
(Clifton, 2000; Tecott & Abdallah, 2003; Ellacott et Al., 2010). For this purpose, a 
multitude of genetic modifications, pharmacological tools and behavioural 
paradigms have been employed in and for mice which advanced the knowledge 
on regulation of hunger and satiety, taste perception, the role of motivated 
behaviour on ingestion, and the integral regulation of energy balance (Ellacott 
et al., 2010; Heisler & Lam, 2017, Tecott & Abdallah, 2003, Lin et al, 2014, Dickson 
et Al., 2011). However, a persistent problem in the mouse literature is the lack 
of consistency in the meal-definitions used.   Mice, like humans, presumably eat 
their food interspaced by time intervals of different durations (Strubbe & van 
Dijk, 2002), and investigators often defined on arbitrary grounds an intermeal-
interval (IMI, the time that should minimally elapse between two feeding bouts 
in order to consider them as separate meals) (Castonguay, Kaiser, & Stern, 1986; 
Strohmayer & Smith, 1987).   The IMIs that are used may therefore vary between 
studies. For example, IMIs have been reported of 5 minutes (Kim, Park, et al., 2013; 
Stengel, Wang, Goebel-Stengel, & Taché, 2011), 10 minutes (Dill, Shaw, Cramer, & 
Sindelar, 2013; Elander, Engström, Hallbeck, & Blomqvist, 2007; Li et al., 2014),15 
minutes (Bake, Murphy, Morgan, & Mercer, 2014), 20 minutes (Chi & Powley, 2003; 
Fox, Biddinger, Jones, McAdams, & Worman, 2013) or 30 minutes (Atalayer & 
Rowland, 2009). Meal pattern analysis and its primary outcomes - meal frequency 
and meal size – may rely on such definition, and could therefore impact study 
outcomes (Castonguay, Kaiser, & Stern, 1986; Strohmayer & Smith, 1987; Demaria-
Pesce & Nicolaïdis, 1998). It may be possible that individual differences in feeding 
behaviour and/or group effects hereon (due to certain treatment/conditions) 
remain unnoticed or overstated using arbitrary chosen IMIs.

A semi-quantitative method to assess repetitive behaviours (and ultimately IMI) 
that tend to cluster (like feeding behaviour) is the so-called survivor analysis 
(Slater & Lester, 1982). In this analysis, log transformed cumulated frequency of 
the number of behavioural events (like feeding bouts) over time is plotted as a 
function of the minimal time interval that separates these events (Slater & Lester, 
1982; Sibly, Nott, & Fletcher. 1990, Clifton, 2000, Castonguay, Kaiser, & Stern, 1986). 
This type of analysis generally yields an initial steep negative linear relation, in 
which the cumulative number of feeding events rapidly declines when the 
minimal interval between these events increases, until a sudden “breakpoint” is 
reached (a graphical representation can be found in Supplementary material, 
figure 2).   In the feeding behaviour literature, this breakpoint is the smallest 

Abstract

Mice have been extensively used in feeding behaviour studies. The choice of an 
intermeal interval (IMI) to define separate meals and as such defining meal related 
parameters is of importance. Typically, most IMIs are chosen arbitrarily and there 
are few quantitative methods to assess them in mice. Current methodologies 
take into account the length and the frequency of intermeal intervals to obtain 
an IMI. However, as meals are a more relevant unit of animal feeding behaviour 
instead of the frequency of IMIs, a methodology that investigates the relationship 
between meal related parameters and IMIs would make more sense in this respect. 
Therefore, we sought a new method to assess the relationship between meal size 
and increasing IMIs and investigate whether an IMI could be extrapolated. To do so, 
feeding behaviour was continuously recorded using an automated weighing scale 
apparatus for 5 days in 13-weeks-old male C57BL/6J mice (n=45), under specific 
experimental (low fat vs high fat) and environmental (21°C vs 28°C) conditions. 
A meal cluster analysis (MCA) function was designed to obtain meal sizes for 
each given intermeal interval, by iteratively clustering meals. The relationships 
between meal sizes and minimal IMIs showed broken-stick relationships, in which 
meal size rapidly increases with increasing IMIs, until a sudden “breakpoint” is 
reached. Individual breakpoints were automatically extracted for each animal 
and were used to define meals. The meal related parameters obtained were 
subsequently compared with meal related parameters obtained using arbitrary 
IMI. The MCA function successfully revealed breakpoints under each experimental 
and environmental conditions, as well as under nocturnal and diurnal conditions. 
Importantly, breakpoint estimations and meal-related parameters were strongly 
affected by dietary and temperature challenges, indicating that experimental 
and environmental manipulations affected how meal size progressed in relation 
to increasing IMI. Differences in the main effects of diet and temperature were 
dependent on the use of arbitrary IMI (i.e. the same IMI for each mouse, irrespective 
of experimental and environmental manipulations), indicating that the choice 
of an arbitrary IMI could influence experimental outcomes. In summary, the 
current study revealed that breakpoint analysis is feasible and valid on individual 
data sets of food intake continuously recorded from mice over a 5-day interval, 
and it also allows to differentiate nocturnal and diurnal phases for breakpoint 
analysis.   Furthermore, using arbitrarily chosen IMIs may obscure certain aspects 
of metabolic and dietary manipulations compared to those obtained by MCA and 
their use should be carefully evaluated.  
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were performed in accordance with the principles of good laboratory animal 
care following the EU-directive for the protection of animals used for scientific 
purposes. C57BL/6J mice were chosen as they represent one of the most common 
inbred mouse strains used in biomedical research. In particular, this mouse strain 
is prone to obesity and related metabolic alterations and is therefore often used 
to study feeding behaviours. The animals used for this study were part of a larger 
experiment to investigate effects of different housing conditions (individual 
versus social housing) on a variety of metabolic and behavioural outcomes in 
C57BL/6J mice.

Animals and experimental design
Mice in this study were inhouse bred offspring from naïve breeding couples 
obtained from Charles River Laboratories (Sulzfeld, Germany). Unless otherwise 
stated, breeder mice were maintained under conventional conditions in 
polycarbonate Macrolon type II cages with bedding (wood shaving) and a 
shelter (red-transparent plastic house), in two separate rooms with a controlled 
environment (12h/12h light/dark cycle with lights on at 09:00 and off at 21:00; 21 ± 
1°C 50 ± 5% humidity), and were provided with grain based control chow diet (LF; 
Altromin® 1410 – 10 mm pellets; 15.397 KJ/Kg, 22% of total calories from fat, 28% 
from protein and 50% from carbohydrates) and water ad libitum. At postnatal day 
(PND) 2, litters were randomized and culled to 6 pups (4 males and 2 females or 
3 males and 3 females). At weaning (3 weeks), male offspring were single-housed 
and randomly assigned to be housed at one of two conditions differing in ambient 
temperature (21 ± 1°C or 28 ± 1°C) and kept on the LF control diet. Single-housing 
was of the factors investigated in another experiment (chapter 3 of this thesis) 
and it was required for monitoring of food intake at the individual level, as this 
would have not been possible in socially housed animals. Ambient temperature 
of 21°C is considered standard room temperature in most laboratories, while 
28°C is considerably higher and closer to mouse thermoneutrality (Speakman 
& Keijer, 2013; Fischer, Cannon & Nedergaard, 2018). At 6 weeks of age, half of 
the experimental mice were switched from LF to an obesogenic high fat/high 
sugar diet (HF; 19.957 KJ/Kg, 44,7% of total calories from fat, 19,6% from proteins 
and 35,7% from carbohydrates), while the other half of the mice continued on 
the LF control diet. This resulted in 4 experimental groups: mice kept at 21°C 
and fed a LF diet (21 – LF; control group, n = 11), mice kept at 21° and fed a HF 
diet (21 – HF; diet challenge, n=11), mice kept at 28° and fed a LF diet (28 – LF; 
temperature challenge, n=11), mice kept at 28°C and fed a HF diet (28 – HF; diet 
and temperature challenge, n=12). All cages were randomly placed in racks in the 
respective climate rooms with mice having visual, auditory or olfactory contact 

interval interspacing between clustered feeding events that are then considered 
“meals”. Further increasing the minimal time interval generally yields a less 
steep negative relation with the log transformed frequency of clustered events, 
which results from the fact the individual bites added to those meals occurs less 
frequently as the minimal IMI becomes larger. Such a relation is generally referred 
to as a “broken stick”. Application of this analysis to feeding behaviour indeed 
reveals such “breakpoints’’ in a wide variety of species including rats (Clifton, 2000, 
Castonguay, Kaiser, & Stern, 1986), pigs (Gloaguen et Al., 2013), grasshoppers 
(Chapman and Beerling 1990) and fowls (Savory, 1986); however thus far have 
not been shown in mice, at least to our knowledge. The aim of this study was to 
investigate whether such breakpoints could be assessed in male mice using an 
automated weighing system for continuous monitoring of food intake. In the 
likelihood we were able to find these breakpoints using the log survivor analysis, 
we investigated whether such an approach could also be applied by iteratively 
clustering “meal size” as a function of increasing minimal IMI (i.e., rather than 
cumulated frequency as resultant of increasing minimal IMI). By using meal size 
instead of the cumulated frequency of events happening randomly over time, 
such a method would have the advantage that the average meal size as well 
several other meal-related parameters could be directly inferred in relation to 
the breakpoint and not be related to the number of (cumulated) events. Finally, 
implications of using arbitrarily chosen IMIs (IMI

arb) as meal definitions rather than 
the minimal IMIs based on breakpoint analysis (IMIbp) were investigated under 
specific experimental and environmental conditions known to affect energy 
intake (i.e., low fat diet versus high fat diet feeding, ambient temperature of 21°C 
versus 28°C, and day versus night). This will shed some light on the implications 
of a common practice used among researchers, and in particular on whether the 
choice of an IMIarb can be a moderator of reported experimental outcomes. Finally, 
by investigating ambient standard temperature versus thermoneutrality, we aim 
at uncovering how meals are regulated in non-cold temperatures, as studies 
investigating ambient temperature on meal regulation in rodents are rare and 
mostly include comparisons between animals kept at standard room temperature 
versus very low temperatures (Leung & Horowitz, 1976).

Methods

Ethical statement
Experimental procedures were approved by the Dutch Competent Authority 
(“Centrale Commissie Dierproeven”) and all animal experiments and procedures 
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.xlsx format with changes in hopper weights to the nearest 0.04 gr, over every 
10 seconds intervals, and if two feeding bouts had an IMI of less than 50 second, 
they were clustered beforehand (i.e., to avoid noise by behaviors that would affect 
hopper weight, such as climbing).  Mice were weighed only at the beginning and 
at the end of the test (PND91 and PND97), to reduce disturbance to a minimum as 
possible. 

Log survivor analysis and meal-cluster analysis (MCA)
Prior to running the R package, analysis of the raw data is essential. The relation 
between each minimal IMI reported by the automated weighing scale apparatus 
and the log transformed cumulated frequency of the number of feeding events 
was inspected both for each mouse or by pooling data across all the mice for each 
group (log survivor analysis). Clear broken-line relations upon visual inspection 
were present only when using data for each mouse separately (supplementary 
material, figure 2), but these were not present when using data pooled from all 
the mice of a certain group. Afterwards, data of individual mice were investigated 
using the R package “segmented” (Muggeo, 2008) to investigate whether these 
relationships fit a broken-stick model (breakpoint). A function was designed to 
perform log survivor analysis using R-studio. Initially, a General Linear Model 
(GLM) was fitted to the data using IMI and cumulative frequency as variables. 
Subsequently, segmentation was fitted to the GLM, with the intermeal intervals 
to allow piecewise relation of the variable (seg.Z). The validity of the segmented 
model over a linear model was tested by using the Davies test to test for a 
significant difference in slope (Davies, 2002). The summary of the segmented 
model shows the estimated breakpoint, the confidence intervals of the breakpoint 
and the estimation of the regression lines in continuous data by using iterative 
computational algorithms (Muggeo, 2008). Because more than one breakpoint 
can exist (e.g., when multiple meals start to cluster at certain phases of the 
circadian cycle), the abovementioned analysis probably works best when using a 
maximal cut-off for minimal IMI.  For this purpose, both the log-frequency survivor 
as well as the meal cluster analysis (see later) was repeated several times in order 
to use the IMIs that were shorter than either 10, 15, 20, 25, 30, 35, 40, 45, 50, 55 
or 60 minutes as maximal cut-offs. A clear increase of variance in the breakpoint 
estimation was observed when cut-offs of IMIs longer than 25 minutes were used. 
This may be the result of the presence of a second breakpoint when longer IMIs 
are taken into account, therefore the model may not be able to accurately detect 
only one breakpoint. We considered a cut-off of 20 min. suitable for breakpoint 
estimation of our dataset (see Supplementary material, Figure 1).

with neighboring cages or cages located elsewhere in the room. Data analyses 
were conducted at the end of the experiment with researchers not aware of group 
allocations. Diets were provided to the mice on the lid of the cage containing a 
food hopper, unless mentioned otherwise. The HF diet was prepared in-house 
by using grounded Altromin® 1410 (46.5% of total weight) and by adding lard 
(14.5%), soy oil (4.7%), sucrose (17.4%), arabic gum (2.3%), casein (10.5%), mineral 
mix (2.3%) and vitamin mix (1.7%). Both LF and HF diets were provided to the 
mice as pellets.   The energy content of the experimental diets is represented in 
table 1. Cages were cleaned one week before the food monitoring during the 
light phase, where olfactory cues were transferred from the old to the new cages 
(i.e. a handful of wood shaving). A new lid containing an adapted food hopper 
was used for the test and was provided at the beginning of the test. Cages were 
left untouched for the duration of the test. Tap water was provided freshly at the 
beginning of this procedure. All mice were weighed at the beginning and at the 
end of the monitoring.

Low fat diet (LF) High fat + high sugar diet (HF)

Fat (w/w%) 9,1% 25,6%

Energy from fat (%) 22% 44,7%

Carbohydrates (w/w%) 47,4% 24,3%

Energy from Carbohydrates (%) 50% 35,7%

Proteins (w/w%) 25,3% 24,3%

Energy from proteins (%) 28% 19,6%

Total energy 3,68 Kcal/Kg 4,77 Kcal/Kg

Table 1. Weight and energy content of the experimental diets

Continuous monitoring of food intake
When mice were 91 days old (PND91), food intake and meal related parameters 
were monitored continuously during the light and dark phase using an automated 
weighing scale apparatus (TSE System, Drinking and Feeding monitor) over a 
period of 6 days of ad libitum food intake. This assessment was carried out in the 
home-cage of the mice by replacing the wire mesh lid containing the food and 
drinking bottle by a custom made lid in which a suspended food hopper (Feeding 
sensor advanced, 259998-SEN/FED) was fitted (next to the drinking bottle) that 
was connected to the weighing system. The first 24 hours, in which the mice 
became used to the system and the new food hopper, were excluded from 
analysis, as an actual reduced food intake was noticed compared to the following 
days. The registration equipment yielded chronological data sets exported in 



123122

Chapter 5 – A new method for the assessment of meal parameters in laboratory mice exposed

5

related parameters obtained with the MCA model with arbitrarily chosen IMI 
(IMIarb), the same function was used with IMIs of 5, 10, 15 and 20 minutes. Total 
food intake was presented in absolute terms (grams), in terms of energy (KJ) or 
as proportion of food intake between light and dark phase (%). To investigate the 
circadian rhythm of food timing, food intake was also investigated per classes of 3 
hours over the circadian cycle (09am – 12pm, 12pm – 15 pm, 15pm – 18pm, 18pm 
– 21pm, 21pm – 00am, 00am – 03am, 03am – 06 am, 06a, – 09am). 

Statistics 
In order to reduce the number of animals used for scientific research purposes, 
animals that were used for the current study were part of a larger experiment 
aimed at investigating effects of different housing conditions on a variety of 
metabolic and behavioural outcomes in C57BL/6J mice. Sample size for that study 
was calculated based on previous experience using male C57BL/6J mice. Overall, 
sample size was calculated with an average effect size of 0.29, an α error prob. 
of 0.05 and a power of 0.8 for a total of 24 groups (the number of total groups 
used in the large experiments). An F-test (ANCOVA, fixed effects, main effects and 
interactions) yielded a minimal group size of 12 animals per group. In the current 
study data of three subjects had to be excluded from meal-related analysis due 
to software recording errors.   Therefore, group composition was as follows: 21-
HF n=11, 21-LF n=11, 28-HF n=12, 28-LF n=11, unless specified otherwise. Each 
mouse has been considered as a single experimental unit since they were housed 
individually. 

Statistical analyses were performed using R (R Core Team, 2013). All data is 
presented as mean ± standard deviation (SD) unless otherwise stated, and 
outcomes were considered significantly different when p < 0,05. Two-way 
ANOVA was used to investigate the effect of diet and temperature on breakpoint 
estimations, delta body weight (PND97 - PND91), meal related parameters 
(meal frequency, meal size, intermeal interval, meal duration, satiety ratio and 
ingestion rate; this was done for IMIbp and each IMIarb), food intake (24 hours, dark 
phase, light phase) and contribution of smallest meals detectable to total meal 
frequency. Significant interactions were followed by multiple comparisons with 
Tukey’s HSD test (honestly significant differences). To meet the assumptions of 
parametric analysis, residuals were graphically examined for normal distribution, 
homoscedasticity and outliers. In addition, variance and normality were 
confirmed by using Levene’s test and Shapiro-Wilk test. Energy (KJ) and (mass) 
food intake (g) intake calculated over the circadian cycle (24 hours) per class 
of 3 hours were analysed by a three-way ANOVA with repeated measures (time 

Since meal frequency and meal size are two major determinants of total food 
intake, we next investigated whether average meal size (in KJ) as a function of 
minimal IMI also yielded valid broken-line relations (according to the same 
methodologies as mentioned above). Meal size was obtained by iteratively 
clustering meals using increasing minimal IMI, by creating an R function (MCA, 
meal cluster analysis). Briefly, each IMI reported by the automated weighing 
scale apparatus was used as a hypothetical IMI (IMIhyp) for meal definition. 
Therefore, the R function allowed for the calculation of the averaged meal size 
(total food intake / meal frequency) for each IMIhyp reported, by clustering feeding 
bouts separated by IMI shorter than the IMIhyp and by considering separate meals 
the feeding bouts separated by IMI longer than the IMIhyp. Subsequently, data of 
individual mice were investigated using the R package segmented, investigating 
the relationship between the IMI and the relative average meal sizes. Also in this 
case, clear segmented relationships appeared only when individual mouse data 
was used, and not when data was pooled from all the mice of a certain group. The 
breakpoint found by this model was used as the IMI used to analyse meal-related 
parameters (IMIbp). We also assessed whether these breakpoints could be found 
for the nocturnal and diurnal phases separately. Once a breakpoint was found for 
each animal, this was used to separate feeding bouts into meals at the individual 
level with the use of another function (analysis of meal-related parameters, 
see later). For a graphical representation of individual breakpoints (both log-
survivor analysis and MCA analysis) found with the R package segmented see 
Supplementary material, Figure 2.

Analysis of meal-related parameters
With the use of another function, meal-related parameters were calculated 
using the IMIbp found with the meal clustering analysis. Similarly, to the function 
described above, feeding bouts were clustered together when they were separated 
by IMI shorter than the IMIbp, whereas they were considered separated meals when 
feeding bouts were separated by IMI longer than the IMIbp. Once meals (clustered 
or not) were defined on the basis of IMIbp, average meal size (in KJ), average 
meal number (24h average number of meals), average IMI interspacing meals 
and average meal duration were expressed per animal.   In the case of clustered 
meals, the duration of each meal was calculated by summing the duration of each 
feeding bout added to the IMIs separating the clustered feeding bouts. The satiety 
ratio (min/kJ) was calculated by dividing each IMI by the amount of food eaten 
(in kJ) in the preceding meal. Ingestion rate (kJ/min) for each meal was calculated 
by dividing meal size by meal duration. Total food intake was analysed either in 
the dark phase only, light phase only or total daily food intake. To compare meal 
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5Figure 1.   Food intake analysis in male C57BL/6J mice kept either at 21°C or 28°C and fed either a 
low-fat diet (LF) or a high fat diet (HF). (A) Body weight (G) at the beginning of the test (PND 91). 
(B) Delta body weight from the beginning till the end of the test (PND 91-97, grams). (C) Averaged 
24 hours food intake (KJ). (D) Averaged 24 hours food intake (g). (E) Diurnal/nocturnal pattern of 
energy intake (KJ). Data is presented as individual data points and as means ± SD. For graph E, data is 
presented as means ± SE to allow for better data visualisation. (a= temperature effect, b = diet effect, 
a*b = temperature * diet interaction). 

Table 1. Averaged food intake (KJ) and the proportion of food intake in the light and dark phase, 
relative to total food intake (%). Data is presented as means ± SD (a= temperature effect, b = diet 
effect). (a= temperature effect, b = diet effect)

x diet x temperature with the identifier as random effect). A linear mixed effect 
model was used to predict whether the IMIbp and IMIarb (here referred as model), 
diet and temperature predicted each meal parameter, which were corrected for 
the repeated measures and with a random intercept for mouse identity. Data 
are presented as individual data points overlaid on a bar-plot showing mean ± 
standard deviation (SD) unless otherwise stated.  

Results

Effects of temperature, diet, and circadian cycle on food intake.
At the beginning of the test (PND91), mice fed the HF were significantly heavier 
than mice on a LF diet (p<0.001, figure 1A). Delta body weight between PND91 
and PND97 presented a significant temperature x diet interaction (p = 0.02), 
suggesting that mice on a HF at 21°C tended to gain less weight compared to 
mice on a HF at 28°C (figure 2A). However, Tukey post-hoc analysis showed that 
this difference did not reach statistical significance (21-HF vs 28-HF p = 0.07). 
Mice kept at 21°C showed significantly increased food intake compared to mice 
kept at 28°C irrespective of diet type, both in the light and dark phase as well as 
throughout the majority of the circadian cycle (p < 0.01, Figure 1C, 1D and table 1).  
Feeding a HF diet significantly increased food intake in terms of calories (Figure 
1C, p = 0.04), however, food intake per mass ingested was strongly reduced by HF 
feeding, particularly at 21 °C (Figure 1D, p < 0.01). A three-way ANOVA with time 
as repeated measures showed an altered diurnal/nocturnal pattern of food intake, 
with mice on the HF diet having reduced energy intake during the dark phase 
that was counterbalanced by an increased energy intake over the light phase, 
compared to LF feeding (Figure 1E, p < 0.01). These changes were the result of 
an increased energy intake of HF-fed mice over the final three hours of the light 
phase (18 – 21 pm). Conversely, LF-fed mice had a peak of food intake at the onset 
of the dark phase (21 pm – 00 am) (Figure 1E). 
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the effects that temperature and diet can have on these meal related parameters. 
Specifically, increasing IMIarb resulted in an increase in average meal size, average 
IMI, and average meal duration, and lower average frequency and ingestion rate 
relative to the IMIs at breakpoints (IMIbp). The satiety ratio, however, appeared 
to be rather constant over the different minimal IMIarb (figure 3E). Interestingly, 
analyses of meal related parameters for IMIbp  and each  IMIarb showed that the main 
effects of diet and temperature were not constant between the models used. In 
particular, meal size was unaffected by diet with IMIarb of 15 and 20 minutes and 
was increased by HF feeding with shorter IMIarb (IMIbp p = 0.01; IMIarb 5 min p < 0.001, 
IMIarb 10 min p = 0.01)(figure 3A). Meal frequency was significantly increased by 
HF feeding only with an IMIarb of 5 minutes (p = 0.01) and unaffected at other IMIarb 
timings (figure 3B). Average intermeal interval was increased by HF feeding only 
using an IMIarb of 5 minutes (p = 0.008) and unaffected by diet with other IMIarb or 
using IMIbp (figure 3C). Meal duration was unaffected by temperature when using 
IMIbp and it was significantly affected with IMIarb of 5, 10, 15 and 20 minutes (IMIarb 5 
min p < 0.001, IMIarb 10 min p = 0.001, IMIarb 15 min p = 0.002, IMIarb 20 min p = 0.003). 

Breakpoint analyses
Assessment of 5-day continuous recording of food intake (to the nearest 
change of 0.04 gr every 10 sec) allowed us to perform log survivor analysis of 
cumulated frequency of feeding events as a function of minimal IMI as well as 
meal clustering analysis as a function of minimal IMI. Both methods revealed 
significant breakpoints (according to the Davies test) for all mice, with a high level 
of agreement between the two methods (figure 2A-B). Interestingly, datasets for 
the meal clustering method did not need to be log-transformed to attain linearity.  
Breakpoints analysis according to both methods were affected by ambient 
temperature as well as diet, with mice kept at an ambient temperature of 21°C 
having breakpoints at shorter minimal IMIs than those kept at 28°C (p < 0.01), and 
mice fed the HF diet having breakpoints at shorter minimal IMIs than mice fed the 
LF diet (p < 0.01) (see figure 2A and 2B). Again, no significant differences could be 
found between the two methods with respect to timing of breakpoints in these 
conditions.   Both methods also revealed quite comparable breakpoints in the 
dark and light phase in most of the mice, with again temperature and diet effects 
in the dark phase as mentioned above (p < 0.01 for both), but only a diet effect 
was observed in the light phase (p = 0.01) (only shown for the meal clustering 
analysis; figures 1C and 1D). Importantly, for the dark phase one statistical unit 
was removed and for the light phase two statistical units were removed, because 
no clear breakpoints were visible. 

Meal clustering analysis and other meal related parameters.
Because the meal cluster analysis performed equally well compared to the log 
survivor analysis of cumulated frequency to discover breakpoints, but did not 
require log transformation, we decided to continue investigating other meal-
related parameters as a function of minimal IMIs only using the meal cluster 
analysis. The outcomes of this analysis were then compared to meal parameters 
obtained from arbitrary chosen minimal IMIs (IMIarb; i.e., 5, 10, 15 and 20 min). 
Overall, a linear mixed effect model showed relevant interactions between the 
model chosen (IMIbp, IMIarb of 5, 10, 15 and 20 min) with both temperature and diet 
for most meal-related parameters (meal size: model x temperature p < 0.001, 
model x diet p < 0.001; meal frequency: model x temperature p < 0.001, diet p 
< 0.001, intermeal interval: model x temperature p = 0.03, diet p < 0.001, meal 
duration: model x temperature p < 0.001, diet p < 0.001), but for satiety ratio only 
main effects were present (model p < 0.001, temperature p < 0.001 and diet p = 
0.002) and for ingestion rate a model x temperature interaction (p = 0.03) and main 
effect of diet (p < 0.001) were found (figure 3). This indicated that the choice of an 
IMI  affects meal size, meal frequency, intermeal intervals and meal duration, and 

Figure 2. Breakpoint analysis (IMIbp) using the R package “segmented”. (A) IMIbp obtained through 
log-survivor analysis and (B) IMIbp obtained through MCA taking into account diurnal and light 
phase combined. (C) IMIbp obtained through MCA considering data only from dark phase and (D) 
IMIbp obtained through MCA considering data only from light phase. (21-HF n=11, 21-LF n=11, 28-
HF n=12, 28-LF n=11; for C one statistical unit was removed and for D two statistical units were 
removed). For statistical analysis of C & D data has been log-transformed to achieve normality, but 
the raw data is presented in the figures. Data is presented as individual data points and as means ± 
SD. (a= temperature effect, b = diet effect)
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5A). Meal frequency was decreased by HF feeding (p = 0.004) and decreased at 
28°C (p < 0.001) in the dark phase (figure 4B), but it was only decreased at 28°C 
in the light phase (p = 0.01) (figure 5B). Average intermeal intervals were longer 
in HF feeding conditions (p = 0.004) and at 28°C (p < 0.001) in the dark phase 
(figure 4C); concomitantly they were longer at 28°C (p = 0.01), but unaffected by 
diet   in the light phase (figure 5C). Meal duration was decreased significantly by 
HF feeding both in the dark phase (p = 0.001,figure 4D) and the light phase (p 
= 0.03, figure 5D). Satiety ratio was increased at 28°C both in the dark phase (p 
< 0.001, figure 4E) and the light phase (p < 0.001), but it was only decreased by 
HF feeding   (p < 0.001) in the light phase (figure 5E). Finally, ingestion rate was 
significantly increased by high fat feeding both in the dark (p < 0.001, figure 4F) 
and light phase (p < 0.001, figure 5F). 

Figure 4. Meal related parameters extracted by the meal cluster analysis using the breakpoints 
found for each animal in the dark phase. (A) Average meal size (KJ), (B) average meal frequency,   
(C) average intermeal interval, (D) average meal duration, (E) average satiety ratio (min/KJ) and (F) 
average ingestion rate (KJ/min). Data is presented as individual statistical units, means ± SD. (21-HF 
n=11, 21-LF n=11, 28-HF n=11, 28-LF n=11, one statistical unit not used for this analysis as for one 
animal IMIbp could not be assessed). Data has been log-transformed for analysing the average meal 
duration, satiety ratio and ingestion rate, but raw data is represented in the figures. a= temperature 
effect, b = diet effect.

Similarly, ingestion rate   was unaffected by temperature when using IMIbp and it 
was significantly affected with IMIarb of 5, 10, 15 and 20 minutes (IMIarb 5 min p = 
0.003, IMIarb 10 min p = 0.007, IMIarb 15 min p = 0.002, IMIarb 20 min p = 0.002).

Figure 3.   Average meal parameters based on breakpoint analysis of minimal IMI (IMIbp) using the 
meal cluster analysis (MCA), or based on arbitrary IMIs (IMIarb; 5, 10, 15 and 20 minutes). A linear 
mixed effect model was used to predict whether the IMIbp and IMIarb (here referred as model), diet and 
temperature predicted each meal parameter. The result of this analysis is reported on top of each 
graph (model, temperature and diet effects/interactions are reported). In addition, for each IMIarb of 
5, 10, 15 and 20 minutes and the IMIbp, meal-related parameters were statistically analysed (reported 
with letters: a= temperature effect, b = diet effect). (A) Average meal size (KJ), (B) average meal 
frequency,  (C) average intermeal interval, (D) average meal duration, (E) average satiety ratio (min/
KJ) and (F) average ingestion rate (KJ/min) (F). Data is presented as means ± SD. (21-HF n=11, 21-LF 
n=11, 28-HF n=12, 28-LF n=11). Data has been log-transformed for analysing the meal duration of 
each model. 

Meal clustering analysis and other meal related parameters in the dark and 
light phase only
Meal clustering analysis was also performed in the dark phase and light phase 
only, by using the respective IMIbp found for each animal in each phase to cluster 
meals (reported in figure 2C-D). Interestingly, main effects of diet and temperature 
differed greatly among the two phases. In particular, meal size was unaffected in 
the dark phase (figure 4A), but in the light phase it was significantly increased 
by HF feeding (p < 0.001) and decreased by housing at   28°C (p = 0.02)   (figure 
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and unaffected by diet (figure 6C). However, the proportion of energy coming 
from small and larger meals was affected only by diet (p < 0.001), specifically, mice 
on HF had increased energy coming from small meals and less from larger meals 
compared to mice on LF (figure 6D). 

Figure 6. Smallest meals (0.04g) detected by the weighing system and large meals (> 0.04g) and their 
contribution to meal frequency and total food intake, according to the MCA model. (A) Contribution 
of small and large meals to meal frequency, (B) proportion of small and large meals of total meal 
frequency, (C) contribution of small and large meals to total food intake, (D) proportion of small 
and large meals to total food intake. Data are presented as means and averages are reported (21-HF 
n=11, 21-LF n=11, 28-HF n=12, 28-LF n=11).  a= temperature effect, b = diet effect.

Discussion

Our study showed that analyses of feeding behaviour of mice, with changes in 
food intake to the nearest 0.04 g over every 10 sec, during five consecutive days 
yields data sets suitable to perform log survivor analysis of cumulative frequency 
as a function of minimal IMI.   For this purpose, we adapted the R package 
“segmented” (Muggeo, 2008) which yielded breakpoints automatically (thereby 
ruling out potential bias related to visual inspection) in the majority of mice and 
under different experimental and environmental conditions. Performance of 
breakpoint analysis in each individual mouse separately, rather than at the group 
level, allowed us to perform statistics of differences in breakpoints among the 
different metabolic and dietary conditions, as well as under nocturnal and diurnal 

Figure 5. Meal related parameters extracted by the meal cluster analysis using the breakpoints 
found for each animal in the light phase. (A) Average meal size (KJ), (B) average meal frequency, 
(C) average intermeal interval, (D) average meal duration, (E) average satiety ratio (min/KJ) and (F) 
average ingestion rate (KJ/min). Data is presented as individual statistical units, means ± SD. (21-HF 
n=11, 21-LF n=11, 28-HF n=11, 28-LF n=10, two statistical units not used for this analysis as for two 
animals IMIbp could not be assessed). One outlier has been removed for meal duration (234 seconds, 
group = 28-LF n=9).  a= temperature effect, b = diet effect.

Contribution of small isolated meals to feeding behaviour
Mice had small isolated feeding bouts relatively frequently. As mentioned earlier, 
the smallest detected amounts by the weighing system was 0.04g, corresponding 
to 0.798KJ and 0.616KJ for HF and LF diets respectively. The frequency of both 
small (i.e., 0.04g) and larger (> 0.04g) meals was lower in mice kept at 28°C 
compared to 21°C (p < 0.001 Figure 6A), however their proportion was unaffected 
by ambient temperature (figure 6B).   Mice on a HF diet consumed fewer larger 
meals (> 0.04g, p < 0.001) and a similar number of small meals compared to LF-fed 
mice (figure 6A). In agreement with this finding, HF-fed mice had about 46.5% of 
meal frequency derived from small meals and 53.5% from larger meals, while for 
LF-fed mice this was 40% and 60% (figure 6B, p < 0.001). These results indicate that 
HF-fed mice, compared to LF-fed mice, had a reduced number of larger meals and 
a lower proportion of larger to small meals. The contribution of small and larger 
meals to total food intake was also analyzed. The energy obtained from small 
meals was decreased at 28°C and increased by HF feeding (p < 0.001 for both) 
and the energy coming from larger meals was only reduced at 28°C (p < 0.001) 
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density, the HF diet was made more palatable with the addition of sucrose, and 
it had a softer texture than the LF diet. Palatability and texture may affect meal 
parameters independent of energy/macronutrient content of the diet (Stribiţcaia, 
Evans, Gibbons, Blundell, & Sarkar, 2020; Mccrickerd & Forde, 2016). The fact that 
the HF-induced hyperphagia in mice was associated with increased meal size was 
also shown in studies using rats (Farley et al, 2003; Treesukosol & Moran, 2014). 
Together with an increased meal size, HF diet caused shorter meal duration, 
lower satiety and higher ingestion rate, with higher caloric density of the diet 
probably contributing to this phenomenon. These findings are in accordance with 
other studies, in which rats feeding HF diets showed specific eating behaviours 
characterized by larger and faster meals, likely as a result of lower satiety and 
increased hunger (Furnes, Zhao, & Chen, 2009; Melhorn et al., 2010), although it 
is difficult to disentangle these effects from the palatability effects. Studies in rats 
revealed that HF feeding was associated with reduced meal frequency, likely to 
compensate for the increased meal size. However, in our study, HF-fed mice did 
not display lower meal frequency compared to LF-fed mice. Differences in meal 
frequency between studies using HF-fed rats and HF-fed mice could be the result 
of species differences. Overall, our findings suggest that the hyperphagia in the HF 
diet group is the result of altered signals which control meal termination, rather 
than meal initiation (and thus frequency). Changes in satiety (the feeding state of 
animal after a meal, indicated by the intermeal interval) and satiation (measure of 
the feeding state of animal during a meal, indicated by meal size and duration) are 
likely the result of HF feeding (Blundell & Macdiarmid, 1997).

Influence of dark and light phase on breakpoint and meal related parameters
An aspect that we also investigated was to which extent these environmental 
conditions modulated energy intake distribution and breakpoints during the 
dark phase and the light phase. This is an important feature of feeding behaviour 
research, as most studies are carried out either during the dark phase, or during 
the dark phase together with a portion of the light phase (Kim, Zhang, et al., 2013; 
Donovan, Paulino, & Raybould, 2007; Zorrilla et al, 2005) rather than over a 24hr 
period. Energy intake analysis showed that mice on a HF diet had about 39% of 
their food intake during the light phase, which was significantly higher than the 
27% of mice on a LF diet. A possible explanation for this may be that HF feeding 
disrupts the circadian amplitude rhythms in mice fed high fat diets (Kohsaka et al., 
2007). Importantly, mice on a LF diet had increased amplitude of food intake over 
the circadian cycle, meanwhile the food intake of mice on a HF seemed to be more 
uniform. The results from this study also suggests that meal analysis using data 
from a specific time of the day only rather than 24 hours should be interpreted 

conditions. Since the principle basis of feeding behaviour in mice appears to be 
“meal-related” (based on breakpoint analysis) we designed a meal clustering 
analysis, where the average meal size as a function of minimal IMI directly revealed 
breakpoints.   While the timing of these appeared to be similar to those obtained 
by log survivor analysis of cumulated meal frequency, the advantage of this meal 
cluster analysis is that the average meal size as well several other meal-related 
parameters can be directly inferred in relation to the breakpoint. Interestingly 
the meal cluster analysis yielded data that, unlike the situation in the log survivor 
cumulated frequency analysis, did not need to be log transformed, which could 
be related to the linear nature by which meal size relates to the length of the post-
meal interval (LeMagnen & Devos, 1980).  

Influence of temperature and diet on energy intake, breakpoints and meal 
related parameters
The specific environmental condition (ambient temperature) and the dietary 
interventions used in the current study clearly affected feeding behavior of mice. 
Specifically, we confirmed that ad libitum fed mice kept at 28°C had reduced 
energy intake compared to mice kept at 21°C and mice on a HF diet presented 
increased energy intake compared to mice on a LF diet, as previously described 
by others (Ganeshan & Chawla, 2017; Cui et al., 2016; Licholai et al., 2017). On the 
basis of the meal cluster analysis, mice kept at 21°C had breakpoints at shorter 
minimal IMIs than those kept at 28°C, irrespective of whether they were feeding a 
HF or a LF diet.   Thus, the lower energy intake that was observed in mice at 28°C 
compared to 21°C could be explained by reduced meal size as well as lower meal 
frequency. As a result, satiety was increased and the rate of ingestion was reduced 
in mice kept at 28°C. Studies investigating effects of ambient temperature on 
meal regulation in rodents are very rare and mostly (at least in rats) include 
comparisons between animals kept at standard room temperature and at very 
low temperatures (Leung & Horowitz, 1976).    Despite differences in body size 
our findings in mice are however in line with what has been observed in sows 
(Renaudeau et al., 2002), which suggest  meal regulation in relation to ambient 
temperature may be similarities among endotherms. 

Next to ambient temperature affecting breakpoint estimates of average meal 
size as a function of minimal IMIs irrespective of diet, we found that mice feeding 
a HF diet had breakpoints at shorter minimal IMIs than those feeding a LF diet, 
irrespective of ambient temperature.   Further analysis revealed that HF feeding 
mice had higher average meal size, without effects on meal frequency compared 
to LF feeding mice. It is important to keep in mind that next to a higher energy 
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use of 0.04 g as minimal value to identify the feeding bout. As (0.04g) could be 
considered high for mice (1-2 % of total food intake, depending on diet and 
temperature), differences between experimental groups may become even more 
pronounced when taking into account also the contribution of smaller feeding 
bouts that could be detected by more sensitive weighing apparatuses. Thus, it is 
questionable to exclude small isolated feeding bouts, and their contribution to 
meal parameters should be properly evaluated. 

Conclusions and recommendations for future research
In summary, the current study revealed that breakpoint analysis is possible and 
valid on individual data sets of food intake patterns obtained from mice over a 
5 day interval, and it is even possible to discern nocturnal and diurnal phases 
for breakpoint analysis.   Furthermore, using arbitrarily chosen IMIs may obscure 
certain aspects of metabolic and dietary manipulations compared to those 
obtained by IMIbp.   While we have made progress in the methodology of meal 
analysis using an automated cluster algorithm, further research is needed in 
mice with higher resolution food intake registration equipment, and also the 
consequences of our findings for several of neurobiological mechanisms that a 
play a role in satiety may have to be revisited using proper methodologies.   The 
use of log survivor and/or meal cluster analysis for each mouse to be studied is 
certainly recommended.  
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with caution. This is all the more relevant when assessing meal parameters at 
breakpoint. Breakpoint analysis confirmed that breakpoints were reduced by high 
fat feeding in both the light and dark phase, however the effects of temperature 
on breakpoints were evident only in the dark phase. This resulted in no effects of 
diet and temperature on meal size in the dark phase, whereas there were effects 
of both of these conditions on meal size in the light phase.  

Arbitrary IMIs affect meal parameters
Because the meal cluster analysis uses the assessment of IMIs at breakpoints at 
the individual mouse level, meal parameters based on arbitrary chosen IMIs that 
are the same for all mice could reveal differences in outcomes.   Indeed, the use 
of longer arbitrary IMIs (IMIarb) yielded progressively larger average meal sizes, 
reduced average meal frequencies, increased average IMIs, increased meal 
durations and reduced ingestion rates (i.e. the satiety ratios remained rather 
constant). More importantly, the use of IMIarb also yielded substantial differences 
in meal parameters between experimental groups, for example between the HF 
feeding mice relative to the LF feeding mice, where the IMIarb of 5 min versus IMIbp 
yielded different outcomes on meal size. This indicates that the choice of IMI can 
influence the outcomes of meal parameter analysis. 

Contribution of small meals to meal parameters
The final question we addressed in this study is how small isolated meals 
contribute to meal parameters. This is an important point since exclusion of small 
isolated meals is a common practice in feeding behaviour research in mice and 
rats. Their exclusion is based on the idea that they may be the result of playing 
behaviour, physical activity on the weighing system not related to ingestion, 
or to weighing errors (Treesukosol & Moran, 2016). More sensitive apparatuses 
are likely to detect changes in measurements that are not related to an animal 
initiating a meal. The lower number of small meals (0.04g) that was observed in 
mice at 28°C vs that of mice at 21°C mirrored their lower meal frequency at this 
temperature, suggesting that these can be considered meals rather than errors. 
The smallest feeding bouts (0.04g) corresponded to ~ 0.8 kJ and ~ 0.6 kJ for 
HF- and LF-fed mice respectively. While diet type did not affect the number of 
(small) feeding bouts, HF-fed mice presented increased energy intake from small 
feeding bouts compared to LF-fed mice when the number of small feeding bouts 
was normalized per energy intake. These findings suggest that exclusion of small 
feeding bouts would fail to consider important differences in food intake and 
feeding behaviour when using diets that differ in energy density. In the current 
experiment differences between experimental groups were apparent with the 
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Figure 2. Graphical representation of the segmented model using either the MCA or the log-survivor 
analysis. One mouse for each group has been represented. The y-axis represents either the averaged 
meal size in grams (MCA) or the log-cumulated frequency (log-survivor) for each intermeal interval 
reported by the automated feeding apparatus (x-axis). This way, clear broken-line relationships are 
visible and dotted lines represent the breakpoints assessed by the R package segmented developed 
by Vito Muggeo. To perform this analysis, a cut-off on the values of the x-axis has to be established 
(figure 1) and in our dataset this was fixed at 1200 seconds (20 minutes). 
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likely to be in the pancreas, adipose tissue and the liver, where glucose transport is 
deranged and as a consequence insulin secretion can be increased. Interestingly, 
early life hyperleptinemia and hyperinsulinemia likely affect the development of 
the hypothalamus, leading to hyperphagia and body weight gain and associated 
disturbances in fuel homeostasis. I concluded that litter size reduction is a suitable 
model to mimic postnatal overfeeding and to study the resultant neuroendocrine, 
physiological and functional adaptations. However, there are some aspects to 
consider when applying this model. Indeed, a high level of variation seems to 
be present between studies and this may be the result of strain differences, litter 
gender composition, number of pups assigned to control litter size, and litter-sex 
distribution, which all have effects on the pups and possible outcomes.  

In chapter 3, the effects of postweaning individual housing relative to social housing 
on growth, energy balance regulation and metabolic health were investigated both 
at standard room temperature (21°C) and at thermoneutrality (28°C), either in low 
fat and high fat conditions. The major outcome of this study was that postweaning 
individual housing induced a dramatic reduction in body weight, lean mass and 
femur length at adulthood, indicating a strong effect of housing on growth and 
energy balance regulation. At the same time, individually housed mice presented 
more body fat percentage as well as fat mass content expressed per lean mass, 
suggesting an increased susceptibility to obesity. Importantly, individual housing 
presented these changes both at 21°C and at 28°C, although at 21°C individually 
housed mice had increased energy expenditure and energy intake than socially 
housed mice. Increased environmental temperature decreased both energy intake 
and expenditure, but did not lead to considerable changes in metabolic health and 
body composition. Finally, a high fat diet that was provided to induce a metabolic 
challenge, led to increased fat mass and worsened metabolic health, leaving lean 
mass unaffected. As an exploratory parameter, we assessed the establishment of 
social hierarchical structures by the means of a tube test in social housed mice. 
Interestingly, clear dominance hierarchies were observed in socially housed male 
mice, but social status did not appear to affect the (variability) in metabolic health 
outcomes that were investigated in the current study. It was  concluded that 
postweaning individual housing versus social housing is a strong determinant of 
growth and energy storage, irrespective of environmental temperature and diet. On 
the other hand, temperature was the strongest factor regulating energy fluxes and 
diet was the prime factor regulating adiposity. 

In chapter 4, the effects of postweaning individual housing on growth, obesity 
development and metabolic health were studied in female mice, relative 

The use of mouse models has been of tremendous value to understand the 
mechanisms regulating energy balance regulation, as they share characteristics 
of human obesity (Lutz & Woods, 2012). The C57BL/6J mouse has been extensively 
used in this respect, as it is prone to obesity and metabolic dysregulations (Collins 
et al., 2004). However, there are some limitations to bear in mind when using mouse 
models to study energy balance regulation and obesity, as common experimental 
procedures and environmental conditions can affect experimental reproducibility 
and the translation of findings using mouse models of obesity (Kleinert et al., 
2018). Among the factors that can affect experimental outcomes, the number of 
mice present in a litter or a cage, and the temperature at which mice are kept 
can strongly affect growth, metabolic health and the translatability of mouse 
models to humans and be a possible moderator of reported outcomes (Schipper 
et al., 2018; Parra-Vargas et al., 2020; Speakman & Keijer., 2013). Therefore, a better 
understanding of these factors is important. The overall aim of this thesis was to 
study the effects of various social (number of pups in a litter; individual versus 
social housing at weaning) and environmental factors (housing temperature) on 
growth and energy balance regulation, using C57BL/6J mice exposed to either 
healthy or obesogenic diets. In addition to investigating social and environmental 
factors, a part of this thesis focuses on improving methodology for studying 
feeding behaviour and meal related parameters in mice. Indeed, mouse models 
are widely employed for studying feeding behaviour and meal-related parameters 
as well (Ellacot et al., 2010), and current methodologies to obtain a criterion to 
define a meal in mice are scant. 

Summary of the results

In chapter 2, previously published literature was used to investigate the 
neuroendocrine mechanisms resulting from postnatal overfeeding. In rodents, 
postnatal overfeeding can be induced by decreasing the size of the litter of 
the dam during the lactation period, resulting in an increased milk energy 
transfer from mother to the individual pup. Mice and rats raised in small litters 
were found to be hyperphagic and become heavier than control rodents as 
early as during lactation; with these effects persisting into adulthood also in 
relatively healthy (low fat diet) conditions. These changes were associated with 
early life hyperleptinemia and hyperinsulinemia and by disturbances in fuel 
homeostasis; all traits associated with obesity. Hyperleptinemia is a consequence 
of the increased fat mass deposition shown by rodents raised in small litters. The 
mechanisms that may play a role in the development of hyperinsulinemia are 
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intermeal chosen, and meal frequency and ingestion rate that decreased. Most 
importantly, the effects of environmental temperature and diet on meal related 
parameters were dependent on the arbitrary intermeal interval chosen, indicating 
that the choice of such arbitrary intermeal intervals can obscure the effects of 
metabolic and dietary manipulations. It was concluded that breakpoint analysis 
is possible and valid on individual data sets of food intake patterns obtained from 
mice over a 5 day interval and more awareness should be raised on the use of 
arbitrary intermeal intervals to define meals.

Discussion

In this thesis, it has been shown that early life (social) manipulations of the number 
of pups or young mice present in a litter or in a cage can affect growth, energy 
balance regulation and metabolic health. This is particularly relevant for the 
interpretation and the translation of results obtained from rodent experiments, as 
preclinical studies are often used for the design of social and other environmental 
conditions. Therefore, a careful evaluation of the social and environmental factors 
studied in this thesis on growth and energy balance regulation is advised.

In chapter 2 we showed that the number of pups present in a litter can greatly 
affect energy balance regulation and metabolic health of the animals. In particular, 
rodents raised in small litters develop consistently weight gain and obesity 
between studies and these changes are often associated with worsened metabolic 
health. These effects are likely the result of the increased milk energy transfer from 
mother to the individual pup, but also other effects cannot be ruled out. Indeed, 
a different number of pups huddling in a litter can affect heat loss and energy 
expenditure (Stefanidis & Spencer, 2012). Besides this limitation and the factors 
to take into account when applying the litter size reduction (strain differences, 
litter gender composition, number of pups assigned to control litter size, and 
litter-sex distribution), this model seems a good strategy to investigate postnatal 
overfeeding. This is relevant, as bottle feeding (i.e. an alternative to children 
unable to receive maternal milk) could make infants vulnerable to postnatal 
overfeeding (Appleton et Al., 2018) and this is a practice that can increase early 
life weight trajectories (Weng et al., 2012) and is associated with susceptibility to 
overweight, obesity and related comorbidities later in life (Hopkins et al., 2015; 
Singhal et al., 2010). On the other hand, it is important to be aware of the effects 
that litter size can have on energy balance regulation and metabolic health, and 
information on litter sizes should be always reported in energy balance studies 

to social housing. The effects on growth, body composition and metabolic 
health of individual versus social housing were relatively small. The main factor 
regulating energy balance in female mice was the exposure to a high fat diet. 
When including hierarchical status of socially housed animals as exploratory 
analysis, social hierarchies in female mice influenced energy balance regulation. 
In particular, dominant female mice fed a high fat diet showed increased body 
weights compared to subordinate mice fed the same diet. Furthermore, dominant 
females showed an increase in lean mass and fat mass and an increase in plasmatic 
leptin levels irrespective of diet type. I concluded that the effects of individual 
housing versus social housing in female mice are relatively small, but within-cage 
differences in energy balance regulation on the basis of dominance hierarchy, 
however, were found to be quite striking.

In feeding behaviour studies using mice, current methodologies to obtain a 
criterion to define a meal are scant and researchers often determine arbitrarily 
a criterion for meal definition, without being aware if this practice can affect 
meal related parameters. In chapter 5, a novel methodology was developed and 
validated to assess meal definition in mice, using increasing intermeal intervals 
as a function of averaged meal size. The same male mice housed individually 
described in chapter 3 were used for this purpose, minimising the number of 
mice and allowing us to test for the same experimental variables of chapter 3 
(diet and temperature). For each animal, each given intermeal interval was taken 
as a hypothetical meal definition parameter and the resultant average meal size 
was calculated. This was done by clustering feeding bouts separated by intervals 
shorter than the intermeal interval considered, whereas they were regarded as 
separated meals when separating intervals were longer. The relationship between 
average meal sizes and minimal intermeal intervals followed a broken-stick model 
and individual breakpoints were assessed automatically. This way, individual 
breakpoints were used as meal definition criterions. Importantly, breakpoints 
were significantly shorter in mice fed a high fat diet and longer in mice kept at 
28°C, suggesting that using standard arbitrary intermeal intervals (i.e. the use 
of the same intermeal interval to define meals for each animals, irrespective of 
diet and temperature) may potentially alter meal related parameters, as the 
effects of environmental temperature and diet on breakpoint would be missed. 
The comparison of meal related parameters obtained with either this method or 
arbitrary intermeal intervals (i.e. 5, 10, 15, 20 minutes) revealed that the choice 
between these models affect meal related parameters and the main effects of 
environmental temperature and diet. In fact, meal size, meal duration and average 
intermeal intervals separating meals were increased with increasing length of 
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To understand which mechanisms could be implicated in affecting growth and 
body composition, we investigated hypothalamic gene expression of genes 
related to energy metabolisms, stress and growth. These analyses did not 
suggest that any of the selected genes were affected by housing. However, these 
measurements were performed in hypothalamic slices obtained at postnatal 
day 126, that is beyond puberty and adolescence in mice (Brust, Schindler & 
Lewejohann, 2015). Therefore, possible differences in energy intake, expenditure, 
stress and growth that may have arisen during adolescence may have not been 
detected at such late stages. Androgens such as testosterone are fundamental for 
bone formation and stimulation of growth of lean mass at adolescence (Venken et 
al. 2007). Investigation of fecal testosterone metabolite at PND42 (adolescence), 
indicated that testosterone metabolites were elevated in individually housed 
mice. Contrary to our findings, increased levels of testosterone would accelerate 
growth trajectories, therefore other mechanisms may have affected growth 
at this stage. For example, measurement of hypothalamic-pituitary-adrenal 
axis activity and corticosterone levels during adolescence would have shed 
some light on whether these mechanisms could have been responsible for the 
different growth trajectories presented by individually and socially housed mice. 
Indeed, corticosterone administration in adolescence can decrease adolescent 
body weight gain, increase fat mass, decrease lean mass, lower plasma glucose 
and affect skeletal development (Kinlein et al., 2017), all features that have been 
displayed by individually housed male mice. 

Another finding from chapter 3 is that increasing environmental temperature 
resulted in a decreased energy expenditure that was compensated for by a 
decreased energy intake, with no apparent effects on body composition and 
metabolic health. This is relevant in spite of the fact that mice kept at standard 
room temperature spend an increased amount of energy to keep warm, and this 
has been proposed to limit the translational value of mice models for human 
physiology and disease (Karp 2012; Ganeshan and Chawla 2017; Hankenson et 
al. 2018). Another factor that arose in chapter 3 is that mice on a high fat diet 
displayed increased energy expenditure and resting metabolic rate (when these 
were normalized per gram of lean mass). In the human literature, it has been 
suggested that the health consequences of obesity are metabolically costly and 
therefore they could increase energy expenditure (Soares, Cummings & Ping-
Delfos, 2011).   Such mechanisms are in line with the findings of Vijgen et al. that 
showed that obese humans rely less on thermogenesis in cold conditions than 
lean individuals (Vijgen et al., 2011).

(Parra-Vargas et al., 2020) for a better interpretation and translation of animal 
experiments to the human situation. 

Interestingly, not only the number of pups present in  a litter can affect growth, 
energy balance regulation and metabolic health. Indeed, as shown in chapter 3, 
housing male mice either individually or socially (i.e. in pairs with a littermate) 
from weaning on can also affect these parameters. In particular, male mice that 
were individually housed at weaning showed a dramatic reduction in body 
weight, lean mass and femur length. These changes were accompanied by an 
increased percentage of fat mass and fat mass to lean mass ratio, suggesting that 
postweaning individual housing predisposes for obesity. However, the metabolic 
health of individually housed mice was not worsened as a fatter phenotype may 
suggest, as shown by an improved glucose homeostasis and insulin sensitivity. 
This is particularly relevant, since with the litter size reduction model the amount 
of energy that each individual pup in a small litter obtains is greater than the 
amount of energy that pups obtain from normal (control) litters. Contrary to 
the litter size reduction model, in chapter 3 the animals were fed ad libitum 
and raised in standard litters of 6 pups each, therefore there was not a factor 
limiting energy intake between individual and social housed mice. Therefore, 
differences in energy intake and energy expenditure between individual and 
socially housed animals can be argued to be the result of either emotional stress 
or from the lack of social thermoregulation in individually housed mice (Schipper 
2018). The latter is particularly important, as individually housed mice do not 
have the ability to huddle and share body heat, a strategy applied by rodents 
to limit heat loss (Ebensperger, 2001) and individually housed mice seem to 
increase energy expenditure and intake as a result of increased thermoregulation 
(Schipper et al., 2020). To rule out the effects of social thermoregulation on energy 
fluxes in individually housed mice at room temperature (21°C), we kept half of 
the mice near their thermoneutral zone (28°C): Interestingly, we found that the 
effects of postweaning individual housing were independent of environmental 
temperature, despite energy expenditure and intake were elevated in individually 
housed mice only at 21°C. This may explain why metabolic health was improved 
in individually housed mice, as glucose homeostasis can be improved by cold 
exposure, mainly through the activation of uncoupling-protein-1 (UCP-1) in the 
brown adipose tissue and “browning” of white adipose tissue (Wang et al., 2015). 
Although we did not investigate this in chapter 3, in our previous investigation, 
we indeed showed that UCP1, together with energy expenditure were elevated in 
individually housed mice at 21°C (Schipper et al., 2020).
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high fat feeding (Mauvais-Jarvis, Arnold & Reue, 2017). Our findings showed that 
female mice developed obesity following high fat feeding, but with the settings 
and the readouts chosen, metabolic health was not affected. However, individual 
versus social housing did not affect growth, body composition and metabolic 
health as it did in male mice. These findings are relevant and should be taken 
into account in designing and interpreting studies investigating energy balance 
using male and female mice. This suggests that experimental designs need to be 
optimized for each sex separately and findings from one sex cannot be simply 
extrapolated to the other. 

In an exploratory analysis, the establishment of social dominance relationships 
in the social group and whether these could have an effect on energy balance 
regulation was investigated. Dominant female mice were heavier than 
subordinates when fed a high fat diet. In addition, dominant female mice 
showed increased fat mass, lean mass and leptin levels compared to subordinate 
cagemates. These differences could have been explained by differences in energy 
intake and expenditure between cagemates, but unfortunately we were unable 
to assess these parameters at the individual level. A potential limitation of this 
study was that social dominance relationships were investigated only at a late 
stage, as we did not want to potentially inflate rivalry between the females, which 
subsequently would affect health, weight gain trajectories of socially housed 
females (relative to individually housed ones). Socially housed female mice were 
housed together from postnatal day 2, when litter randomization took place 
and were kept together at weaning (littermates). It remains to be seen whether 
the establishment of social hierarchies is stable in small groups of littermates in 
female mice. While the development and dynamics of the dominance hierarchy 
in the litter or shortly after weaning were not evaluated in the current study, 
there was already an increase in body weight of the dominant females above the 
subordinate ones at postnatal day 42, just before they were exposed to the high 
fat diet and these effects persisted till the end of the experiment. This may suggest 
that dominance hierarchy was already established at an early age, however 
more research is needed to unravel the mechanisms of dominance hierarchy 
establishment in mice. These findings are relevant, but should be interpreted with 
caution, as this was an exploratory analysis and it was not certainly powered for 
drawing conclusions. Future research should focus on studying the establishment 
of social dominance relationships in female littermates housed in pairs and in 
bigger groups, with a bigger sample size than our experiment. In addition, the 
measurement of the estrous cycle in female mice should be regularly evaluated, 
as this seems to be compromised in bigger groups compared to pair-housing in 

In an exploratory analysis in chapter 3 it was observed that pair housing male 
littermates led to clear dominance structures, but did not pertain to metabolic 
phenotype based on the parameters evaluated in this analysis, like changes in 
the activity of the HPA axis and body composition. Dominance structures have 
been reported to contribute to phenotypic variation within cages of laboratory 
mice (Varholick et al., 2019). However, our findings are in line with Bartolomucci 
et al. who found that housing together male littermates at weaning does not 
contribute to variation within a cage (Bartolomucci et al., 2001). This suggests 
that housing familiar animals together at weaning could be a better strategy 
than housing unfamiliar animals, since unfamiliar animals tend to fight more 
and show more aggression towards their cagemates (Kareem & Barnard, 1982; 
Rowe & Redfern, 1969) and this strategy seems to be even improved if applied 
at an early age (Zidar et al., 2019). In conclusion, it is important to interpret these 
findings with caution, as this was an exploratory analysis and it was not certainly 
powered for drawing conclusions. Future studies should increase sample size and 
evaluate the effects of social hierarchies also in non-littermate pairs, but also take 
into account larger groups (more than two animals per cage, either of littermates 
and unfamiliar animals) to increase awareness on the effects of social hierarchy on 
energy balance regulation. 

In conclusion, with a full factorial design we found that (social) housing conditions 
were the prime factor that affected lean mass and bone development, whereas 
environmental temperature affected energy fluxes and diet was the main factor 
affecting adiposity. 

Contrary to chapter 3, using female mice in chapter 4 we showed that individual 
housing did not significantly affect growth, body composition and metabolic 
health relative to social housing. The only differences between the housing 
conditions were found in lean mass accrual, as individual housed females had a 
relatively small increase in lean mass compared to social housing and a limited 
effect on bone mineral density. The difference between these two studies could be 
explained by potential sex-differences in body weight development, growth and 
metabolic health following metabolic challenges (Jacobs et al., 2019; Bergmann et 
al., 1995). Indeed, female mice seem to be more resistant to diet induced obesity 
and are less vulnerable to metabolic alterations than male mice (Hwang et al., 
2010), probably as a result of estrogens (Hong et al., 2009; Stubbins et al., 2012). 
This is one of the reasons why female rodents are used less than male rodents 
in studies investigating energy balance and metabolic health, as male rodents 
develop a more profound obesity and deterioration of metabolic health following 
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Importantly, this was done for each animal, as by pooling data from all the mice, 
broken-stick relationships were not present. This suggests that these relationships 
can be investigated only when a greater number of IMI is taken into account and 
with data of individual animals. One shortcoming of such analysis is that it can be 
time consuming, as meal size has to be calculated several times for each animal. 
This can be overcome by the use of the R free software, that allows to compute 
such analyses in an automated and fast way (R Core Team, 2013). In fact, through 
the use of an R function, average meal size for each given IMI could be calculated 
for each animal (for a total of 45 mice) in less than a minute. The broken-stick 
model indicates that at shorter intermeal intervals (relative to the breakpoint) 
the averaged meal size increases faster. On the other hand, after the breakpoint 
is reached, averaged meal size increases slower. Therefore, with this model it is 
assumed that initially average meal size increases faster, as more feeding bouts 
are clustered into meals (within meals). After the breakpoint is reached, feeding 
bouts occur less often (between meals) and average meal size increases slower. 
The advantage of our methodology is that these broken-stick relationships were 
automatically investigated with the R library “segmented” (Muggeo, 2008). This 
allowed to overcome one of the biggest biases of previous methodologies used to 
investigate a meal criterion, as one of the main limitations was that an intermeal 
interval to separate feeding bouts had to be chosen by visual inspection (Sibly, 
1990), making this practice subject to potential bias. To facilitate further research 
into mouse feeding behaviour (but also for other animals), we are planning to 
make these R functions freely available online. 

Another aspect investigated in chapter 5 is that the use of standard arbitrary 
intermeal intervals (i.e. a predefined and arbitrarily chosen criteria for all the 
animals) to define meals may obscure certain aspects of metabolic and dietary 
manipulations compared to those obtained with the MCA function for each 
animal. We came to this conclusion as breakpoints were significantly shorter in 
mice fed a high fat diet and longer in mice kept at 28°C, indicating that dietary 
and environmental manipulations affected how meal size develops in relation to 
increasing IMI, therefore these differences are overlooked with the use of standard 
arbitrary IMI. This means that if arbitrary intermeal intervals are used to define 
meals, individual differences on how meal size develops in relation to each given 
intermeal interval are not taken into account, but the same intermeal interval is 
used for meal definition, irrespective of diet and temperature. Certainly, the use 
of arbitrary IMI led to differences in the main effects of diet and temperature, 
indicating how important it is to take into account and analyse meal related 
parameters not only using arbitrary IMI. This implies that studies performed with 

female mice (Mauvais-Jarvis, Arnold & Reue, 2017) and may potentially influence 
outcomes in the tube test. Another suggestion for future research is that energy 
intake should be evaluated at the individual level in socially housed female mice. 
This would help to unravel potential differences in food intake between dominant 
and subordinate animals and therefore it may explain some potential differences 
in energy balance regulation. In conclusion, the results of our experiment suggest 
that differences in energy balance regulation between individually housed and 
socially housed littermates are relatively small, certainly in comparison to the 
impact of feeding a high fat diet versus a low fat diet.   In-cage differences in 
energy balance regulation on the basis of dominance hierarchy, however, were 
found to be quite striking. However, these findings could not be conclusive, as a 
small sample was used and social hierarchies were assessed only at the end of the 
experiment. It remains to be seen whether these hierarchies were present in early 
life and they were stable throughout an experimental setting as in the present 
study. 

In chapter 5 I showed that the detection of a criterion for meal definition can 
be done in an automated way, under different experimental and environmental 
conditions. The feeding behaviour of animals, such as cows, pigs, mice and rats, 
has been investigated extensively and the determination of a criterion for meal 
definition (intermeal interval) has been the subject of intense debate within the 
scientific community. Typically, an intermeal interval for meal definition is found 
with the use of mixed distribution models (Yeates et al., 2001), log-survivor 
(Slater & Lester, 1982), log-frequency functions (Sibly, 1990) or drinking-implicit 
intervals (Zorilla et al, 2005). However, these methodologies take only the length 
and the frequency of intermeal intervals separating feeding/drinking bouts into 
account. It has been suggested that meals would be a more relevant unit of 
animal feeding behaviour (Sibly, 1990; Demaria-Pesce & Nicolaïdis, 1998; Yeates 
et al., 2001), therefore, a methodology that would take into account how meal 
related parameters evolve with increasing intermeal intervals and investigate 
their relationships would make sense in this respect. In a recent paper, Rathod and 
Di Fulvio applied these concepts in group-housed mice, investigating how meal 
size and meal frequency develop with increasing (arbitrary) intermeal intervals 
ranging from 1 to 30 minutes (Rathod & Di Fulvio, 2021). With the use of less than 
20 (arbitrary) intermeal intervals, they did not find broken stick relationships 
between IMI and the aforementioned meal parameters. In chapter 5 I showed 
that by taking into account every IMI reported by the automated weighing system 
(therefore a greater number than Rathod and Di Fulvio), the relationship between 
averaged meal sizes and minimal IMIs did show broken-stick relationships. 
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This thesis raises awareness on social, environmental factors and feeding behaviour 
in a mouse model of obesity research, and how these factors can affect reported 
outcomes. These findings should be taken into account in future research, since 
social factors can strongly affect growth, energy balance and metabolic health 
and feeding behaviour can be affected by the choice of an intermeal interval for 
meal definition. We recommend being more aware of these specific and potential 
confounding factors in ongoing preclinical research and when evaluating the 
efficacy of drugs, nutritional components and other metabolic interventions to 
enhance scientific (preclinical) progress.

the use of standard arbitrary IMI may have missed potential relevant effects of 
experimental and reanalysis of meal related parameters with the use of the MCA 
function may shed some light in this respect.

In conclusion, in chapter 5 we showed that (automated) breakpoint analysis 
is possible and valid on individual data sets of food intake patterns obtained 
from mice over a 5 day interval and that the use of arbitrary intermeal intervals 
to define meals should be carefully evaluated. There are also some limitations 
of our study that deserve to be mentioned. Our automated weighing system 
could detect only feeding bouts that weighed more than 0.04g, excluding small 
feeding bouts that may potentially be relevant for food intake analysis in mice. 
However, this approach allows to rule out behaviours that may be unrelated to 
feeding behaviour, such as climbing and playing with the food hopper. Future 
studies should focus on replicating the MCA analysis also with more sensitive 
systems in mice. The validity of this methodology should be applied also to 
rats’ feeding behaviour. In addition, the MCA system can be used to investigate 
feeding behaviour and meal related parameters also in socially housed animals, 
with the help of radio frequency identification (RFID) transponders implanted 
subcutaneously, as recently done by Rathod and Di Fulvio (Rathod & Di Fulvio, 
2021). With this approach, the eating patterns and breakpoints of group housed 
mice and potential differences among dominance hierarchies can be unravelled.

Conclusions

Overall, in this thesis we showed that social factors during lactation greatly 
affect growth, energy balance and metabolic health. Furthermore, social 
factors (individual versus social housing) after weaning, were also able to affect 
growth, metabolism and body composition, but in a sex-dependent fashion. 
Therefore, litter composition and postweaning social housing practices have to 
be thoroughly reported in studies investigating energy balance regulation. In 
addition, social hierarchy relationships were clear both in male and female socially 
housed littermates, but these pertained to clear differences in energy balance 
regulation and metabolic health only in female mice. Finally, investigation of 
feeding behaviour and meal-related parameters in mice is possible through 
automated breakpoint analysis and the use of arbitrary intermeal intervals to 
define meals should be carefully evaluated. 
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individually and socially housed animals could be the result of the lack of social 
thermoregulation in individually housed mice. This is why, to rule out these effects, 
half of the mice were kept near their thermoneutral zone (28°C), compared to 
standard room temperature (21°C). Keeping mice near thermoneutrality, resulted 
in a decreased energy expenditure that was compensated for by a decreased 
energy intake, with no apparent effects on body composition and metabolic 
health. However, it was found that the effects of postweaning individual housing 
were independent of environmental temperature, despite energy expenditure 
and intake were elevated in individually housed mice only at 21°C. In addition, 
hypothalamic gene expression of genes related to energy metabolisms, stress 
and growth were also studied, but no effect of housing was found. Finally, the 
exposure of mice to a high fat diet greatly increased adiposity in male mice. In 
an exploratory analysis, the establishment of social dominance relationships in 
the mice housed socially was evaluated, but it did not pertain to effects in energy 
balance regulation. We concluded that (social) housing conditions were the prime 
factor that affected lean mass and bone development, whereas environmental 
temperature affected energy fluxes and diet was the main factor affecting 
adiposity.  

In chapter 4, the effects of postweaning individual versus social housing on 
growth, energy balance regulation and metabolic health were studied in female 
mice. Remarkably, the effects found in male mice (chapter 3) were not present in 
female mice. Potential sex-differences in body weight development, growth and 
metabolic health may explain these differences. These findings are relevant and 
should be taken into account in designing and interpreting studies investigating 
energy balance using male and female mice. In an exploratory analysis, the 
establishment of social dominance relationships in female mice was investigated. 
Dominant female mice were heavier than subordinates when fed a high fat 
diet, and showed increased fat mass, lean mass and leptin levels, compared to 
subordinate cagemates. These findings are relevant, but should be interpreted 
with caution, as this was an exploratory analysis and it was not certainly 
powered for drawing conclusions. Future research should focus on studying the 
establishment of social dominance relationships in female littermates housed in 
pairs and in bigger groups, with a bigger sample size than our experiment. It also 
remains to be seen whether these hierarchies were present in early life and they 
were stable throughout an experimental setting as in the present study. 

In chapter 5, a new methodology for meal definition was developed and validated. 
By taking into account every intermeal-interval (i.e. the time elapsing between 

In the last decades, the prevalence of obesity and overweight increased 
dramatically worldwide. Research has shown that early life factors, such as 
unhealthy nutrition, can increase the risk of developing these conditions. In 
this respect, the use of mouse models has been essential to understand the 
neurobiology of energy balance, body weight regulation, growth, and appetite 
control. However, there are laboratory factors that can profoundly affect energy 
balance regulation in itself and can affect experimental outcomes. The main goal 
of this thesis was to study the effects of various social (number of pups in a litter; 
individual versus social housing at weaning) and environmental factors (housing 
temperature) on growth, energy balance regulation, and metabolic health in 
C57BL/6J mice, exposed to either healthy or obesogenic diets. In addition, focus 
has also been given to study feeding behaviour in mice, and in particular a new 
methodology for meal definition has been developed to calculate meal-related 
parameters.

In chapter 2, previously published literature was used to investigate the 
neuroendocrine mechanisms resulting from the use of litter size reduction models 
in rodents. The results of this review showed that rodents raised in small litters 
develop consistently weight gain and obesity, and these changes are often 
associated with worsened metabolic health. These effects are likely the result of 
the increased milk energy transfer from mother to the individual pup, but other 
factors may also play a role in this respect. For example, huddling among pups 
in a litter can affect heat loss and energy expenditure, but also factors such as 
strain differences, number of pups assigned to control litter size, and litter-sex 
distribution might contribute to these effects. Therefore, it is important to be 
aware of the effects that litter size can have on energy balance regulation and 
metabolic health, and information on litter sizes should be always reported in 
energy balance studies.

In chapter 3, the effects of postweaning individual versus social (i.e. in pairs with 
a littermate) housing on growth, energy balance regulation and metabolic health 
in male mice were studied. It was found that male mice individually housed at 
weaning showed lower weight gain, lean mass and femur length in adulthood. 
These changes were accompanied by an increased percentage of fat mass, and 
fat mass to lean mass ratio, suggesting that postweaning individual housing 
predisposes for obesity. However, the metabolic health of individually housed mice 
was not worsened as a fatter phenotype may suggest, as shown by an improved 
glucose homeostasis and insulin sensitivity in individually housed mice. It has 
been argued that differences in energy intake and energy expenditure between 
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two feeding events) reported by an automated weighing system, the relationship 
between averaged meal sizes and minimal intermeal intervals showed broken-
stick relationships. This was present only when pooling data from each animal 
and not by pooling the data of all the animals together. With the use of the R 
package “segmented”, the breakpoint between the broken-stick relationships 
were automatically detected and used as meal definition parameter (meal cluster 
analysis - MCA). Interestingly, the breakpoints found varied significantly based 
on which dietary and environmental manipulations the mice were subjected to. 
This may suggest that with the use of standard arbitrary intermeal intervals, that 
is the use of a predefined and arbitrarily chosen criteria for all the animals, may 
affect meal related parameters in a different way than the MCA. In fact, the use 
of arbitrary IMI led to differences in the main effects of diet (high fat versus low 
fat) and temperature (21°C versus 28°C), indicating how important it is to take 
into account and analyse meal related parameters not only using arbitrary IMI. 
This implies that studies performed with the use of standard arbitrary IMI may 
have missed potential relevant effects of experimental challenges and reanalysis 
of meal related parameters with the use of the MCA function may shed some light 
in this respect.

In conclusion, the number of pups in a litter and postweaning social factors can 
affect growth, energy balance and metabolic health. Interestingly, social factors 
after weaning had robust effects on growth and energy balance regulation in a 
sex-dependent fashion. On the other hand, social hierarchy relationships were 
present both in male and female socially housed littermates, but pertained to 
clear differences in energy balance regulation and metabolic health only in female 
mice. Finally, investigation of feeding behaviour and meal-related parameters in 
mice is possible through automated breakpoint analysis and the use of arbitrary 
intermeal intervals to define meals should be carefully evaluated. 
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dat mannelijke muizen een minder sterke toename in lichaamsgewicht hadden 
als gevolg van individuele huisvesting na spenen, en een lagere vetvrije massa en 
kortere dijbeenlengte op volwassen leeftijd. Deze veranderingen gingen gepaard 
met een hoger lichaamsvetpercentage en een hogere ratio vetmassa /vetvrije 
massa, wat suggereert dat individuele huisvesting na het spenen aanleiding is 
voor de ontwikkeling van obesitas. In In tegenstelling tot wat een dikker fenotype 
suggereert was de metabole gezondheid van individueel gehuisveste muizen 
echter niet verslechterd zoals bleek uit een verbeterde glucosehomeostase 
en insulinegevoeligheid. Er is geopperd dat de verschillen in energie-inname 
en energieverbruik tussen individueel en sociaal gehuisveste dieren het 
gevolg zouden kunnen zijn gebrek aan sociale thermoregulatie bij individueel 
gehuisveste muizen. Om dit effect uit te kunnen sluiten werd een groep muizen 
bij een hogere omgevingstemperatuur gehouden (28 ° C), die in de buurt van hun 
thermoneutrale zone ligt, en vergeleken met een groep muizen die bij standaard 
kamertemperatuur (21 ° C) werden gehouden. De omgevingstempereratuur in 
de buurt van thermoneutraliteit resulteerde in een lager energieverbruik van 
de muizen, dit werd gecompenseerd door een lagere energie-inname zonder 
verder duidelijke effecten op de lichaamssamenstelling en metabole gezondheid 
te veroorzaken. Ondanks dat het energieverbruik en de voedsel inname bij 
individueel gehuisveste muizen alleen bij 21°C verhoogd waren werd er gevonden 
dat de effecten van individuele huisvesting na het spenen niet afhankelijk waren 
van de omgevingstemperatuur. Daarnaast werd ook de expressie bestudeerd van 
specifieke genen in de hypothalamus die gerelateerd zijn aan energiemetabolisme, 
stress en groei, maar er werd geen effect van huisvesting op expressie vastgesteld. 
Tot slot bleek dat blootstelling aan een vetrijk dieet de lichaamsvetophoping 
aanzienlijk verhoogde bij mannelijke muizen. In de sociaal gehuisveste muizen 
werden de onderlinge dominantie-relaties tussen kooigenoten bepaald en er 
werd middels een verkennende analyse vastgesteld dat deze relaties verder niet 
van invloed waren op de regulatie van de energiebalans. We concludeerden 
dat bij mannelijke muizen de (sociale) huisvestingsomstandigheden de 
belangrijkste factor is die de vetvrije massa en botontwikkeling beïnvloedde, 
terwijl de omgevingstemperatuur de energiefluxen beïnvloedde en voeding de 
belangrijkste factor was die de ophoping van lichaamsvet bepaalde.

In hoofdstuk 4 werden de effecten van individuele versus sociale huisvesting na 
het spenen op groei, energiebalansregulatie en metabole gezondheid bestudeerd 
bij vrouwelijke muizen. Opmerkelijk is dat de effecten die gevonden werden bij 
mannelijke muizen (hoofdstuk 3) niet aanwezig waren bij vrouwelijke muizen. 
Dit verschil zou mogelijk verklaard kunnen worden door sekseverschillen in 

In de afgelopen decennia is er wereldwijd een drastische toename geweest 
in de prevalentie van obesitas en overgewicht. Uit onderzoek is gebleken dat 
omgevingsfactoren tijdens het vroege leven, zoals ongezonde voeding, het risico 
op het ontwikkelen van deze aandoeningen kunnen vergroten. Het gebruik van 
muismodellen is essentieel geweest om de hierbij behorende processen zoals 
neurobiologie van energiebalans, regulering van het lichaamsgewicht, groei en 
voedselinname controle beter te kunnen begrijpen. In het laboratorium kunnen 
er echter factoren aanwezig zijn die ook de regulering van de energiebalans 
sterk kunnen beïnvloeden en die daarmee van invloed kunnen zijn op de 
experimentele uitkomsten. Het hoofddoel van dit proefschrift was het bestuderen 
van de invloed van verschillende sociale factoren (aantal pups in een nest; 
individuele versus sociale huisvesting na het spenen) en omgevingsfactoren 
(omgevingstemperatuur) op groei, regulering van de energiebalans en de 
metabole gezondheidsstatus van C57BL/6J muizen die waren blootgesteld 
aan een gezond dieet of een dieet dat aanzet tot obesitas. Daarnaast is er ook 
aandacht besteed aan het bestuderen van voedselinnamegedrag bij muizen, 
waarbij er een nieuwe methodologie is ontwikkeld voor het definiëren van een 
maaltijd om maaltijd gerelateerde parameters te kunnen berekenen.

  In hoofdstuk 2 is gebruik gemaakt van reeds gepubliceerde artikelen om 
veranderingen in neuro-endocrine mechanismen te onderzoeken die optreden 
bij knaagdiermodellen waarbij het aantal pups in het nest wordt verlaagd. De 
resultaten van dit literatuuronderzoek toonden aan dat knaagdieren die in 
kleine nesten zijn grootgebracht gewichtstoename en obesitas ontwikkelen, 
deze veranderingen worden vaak geassocieerd met een verslechterde metabole 
gezondheid. Deze effecten worden waarschijnlijk veroorzaakt door een hogere 
aanvoer van energie van de moeder naar de individuele pup via de melk, maar 
andere factoren kunnen ook meespelen. Het tegen elkaar aankruipen van de pups 
in een nest kan bijvoorbeeld van invloed zijn op warmteverlies en energieverbruik, 
maar ook factoren zoals knaagdierstam, het aantal mannelijke en vrouwelijke 
pups in het nest, het aantal pups per nest dat gebruikt wordt in de controlegroep 
kunnen bijdragen aan deze effecten. Bewustwording over de effecten van 
nestgrootte op de regulatie van de energiebalans en de metabole gezondheid 
is daarom belangrijk en de gebruikte nestgrootte zou standaard gerapporteerd 
moeten worden bij studies over energiebalans.

In hoofdstuk 3 werden de effecten van individuele versus sociale huisvesting (in 
paren met een nestgenoot) na het spenen op groei, regulatie van de energiebalans 
en metabole gezondheid van mannelijke muizen bestudeerd. Er werd gevonden 
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standaard willekeurige IMI, mogelijk relevante effecten van experimentele factoren 
niet zijn opgepikt, en heranalyse van maaltijdgerelateerde parameters met behulp 
van de MCA-functie zou hier nieuw perspectief kunnen bieden. 

De eindconclusie van dit werk is dat groei, de energiebalans en de metabole 
gezondheid van muizen kan worden beïnvloed door het aantal pups in het nest 
tijdens het vroege leven en door sociale omgevingsfactoren na het spenen. 
Interessant is dat sociale factoren na het spenen robuuste effecten hadden op de 
groei en de regulering van de energiebalans op een geslachtsafhankelijke manier. 
In sociaal gehuisveste dieren waren hiërarchierelaties aanwezig tussen kooigenoten, 
zowel bij mannelijke als vrouwelijke dieren, maar alleen bij vrouwelijk muizen had 
dit betrekking op de regulering van de energiebalans en metabole gezondheid. Tot 
slot kan geautomatiseerde breekpuntanalyse uitkomst bieden bij onderzoek naar 
voedselinnamegedrag en maaltijdgerelateerde parameters bij muizen en zal het 
gebruik van de traditioneel willekeurige gekozen intermeal intervals om maaltijden 
mee te kunnen definiëren zorgvuldig moeten worden geëvalueerd. 

lichaamsgewichtontwikkeling, groei en metabole gezondheid. Deze bevindingen 
zijn relevant en er moet rekening worden gehouden met sekseverschillen bij het 
opzetten en het interpreteren van onderzoek naar de energiebalans met muizen. 
In de sociaal gehuisveste vrouwelijke muizen werden de onderlinge dominantie-
relaties tussen kooigenoten bepaald en werd de invloed hiervan op experimentele 
uitkomsten middels een verkennende analyse onderzocht. Bij blootstelling aan een 
vetrijk dieet waren dominante vrouwelijke muizen zwaarder dan ondergeschikte 
kooigenoten, dit ging gepaard met verhoogde vetmassa, vetvrije massa en 
hogere leptinespiegels. Deze bevindingen zijn relevant, maar moeten met de 
nodige voorzichtigheid worden geïnterpreteerd, aangezien dit een verkennende 
analyse was en de gebruikte groepsgrootte te klein was om sterke conclusies aan 
de uitkomsten te kunnen verbinden. In toekomstige studies zou het ontstaan   van 
sociale dominantierelaties bij vrouwelijke muizen die in paren en in grotere groepen 
zijn gehuisvest verder onderzocht moeten worden, waarbij gebruik moet worden 
gemaakt van een grotere groepsomvang dan toegepast in de huidige studie. Het is 
tevens nog onzeker of de sociale hiërarchieën op jonge leeftijd reeds aanwezig zijn 
en of deze stabiel blijven in een experimentele setting zoals in de huidige studie.

In hoofdstuk 5 werd een nieuwe methodologie voor het definiëren van een  
maaltijd van een muis ontwikkeld en gevalideerd. Door iedere intermeal-interval 
(d.w.z. de tijd die verstrijkt tussen twee voedselinname gebeurtenissen) die 
geregistreerd wordt met behulp van geautomatiseerd weegsysteem mee te nemen 
in de berekeningen, kon de relatie tussen gemiddelde maaltijdgroottes en minimale 
intermeal-interval uitgedrukt worden als een gebroken lijn. Dit was alleen het 
geval wanneer gegevens van elk individu samengevoegd werden en niet bij het 
samenvoegen van de gegevens van alle dieren. Met het gebruik van het R-pakket 
“gesegmenteerd”, werd het breekpunt op de gebroken lijn relatie automatisch 
gedetecteerd en gebruikt als maaltijddefinitieparameter (maaltijdclusteranalyse - 
MCA). Interessant is dat deze breekpunten varieerden op basis van de voeding en 
omgevingsfactoren waaraan de muizen werden blootgesteld. Dit kan erop wijzen 
dat bij het traditioneel gebruik van standaard willekeurige intermeal intervals (IMI, 
vooraf gedefinieerde en willekeurig gekozen criteria voor alle dieren) de uitkomsten 
op het gebied van maaltijdgerelateerde parameters anders zijn dan bij het  
gebruik van MCA. Het gebruik van standaard willekeurige IMI in deze studie leidde 
inderdaad tot andere uitkomsten op het gebied van effecten van voeding (vetrijk 
versus laag vetgehalte) en temperatuur (21°C versus 28°C) dan met MCA, wat 
aangeeft hoe belangrijk het is om maaltijdgerelateerde parameters uitgebreider 
te analyseren dan enkel met de standaard willekeurige IMI. Dit zou tevens kunnen 
betekenen dat men bij eerdere studies, waarbij alleen gebruik gemaakt is van 
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