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Abstract

Observational studies demonstrated a positive association between breastfeeding (duration) 
and cognitive and growth outcomes. These effects are modified by infant health status and 
other environmental conditions. Besides lipid composition, also the supramolecular structure 
of lipids in milk may contribute to the beneficial effects of breastfeeding. We investigated, in 
mice, whether the previously reported beneficial effects of supramolecular structure of lipid 
droplets in the postnatal diet were influenced by housing conditions of mice after weaning 
using a variety of growth and brain development related parameters. Male C57BL/6J mice 
were housed individually or in pairs after weaning at postnatal day (PN) 21. From PN 16 to 
43, mice were fed Control (CTR) or Complex Lipid Matrix (CLM)-based rodent diet processed 
to produce enlarged lipid droplets surrounded by phospholipids derived from bovine MFGM. 
After day 43 animals were fed AIN-93M semi-synthetic rodent diet. During adolescence 
and adulthood, body weight gain was monitored and mice were subjected to various 
behavioural tests. At dissection (PN 43 or 126) body composition and bone characteristics 
were analyzed.  Individual housing impaired adolescent growth, skeletal development and 
increased body fat mass, while cognitive and behavioural alterations as a result of different 
housing conditions were modest. The CLM diet increased adolescent growth and skeletal 
development, increased lean body mass, reduced adolescent anxiety and improved adult 
cognitive performance. These effects were comparable between individually and socially 
housed mice. In conclusion, individual housing of mice after weaning impairs adolescent 
growth, body composition and skeletal development. Exposure to a diet with lipids 
mimicking the supramolecular structure of raw mammalian milk improved these outcomes 
and altered brain function under both housing conditions. The robustness of these findings 
suggests that the dietary lipid structure may be a relevant target for nutritional solutions 
targeting both healthy infants and infants facing growth challenges.
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Introduction

The first 1000 days of life represent a period of fast growth and development, during which 
nutrition and other environmental factors can influence the growth rate and the structural 
and functional development of organs and tissues, with long term consequences for their 
function. During the first 6 months after birth, the sole source of nutrition for an infant is 
human milk (HM) or infant milk formula (IMF) if HM is not available. It is well-known that 
infant feeding influences growth trajectories, with breast-fed infants showing more rapid 
body weight gain in the first 2 to 3 months after birth compared to formula fed infants, 
while formula-fed infants gain weight faster afterwards (1-3). Feeding mode also influences 
skeletal development during infancy (4). While there seem to be no effects on bone mass in 
early childhood (i.e., around 4 years of age (5), particularly the duration of breastfeeding is 
positively associated with parameters indicative of bone health and mass longer term (i.e., 
around 8 years (6, 7) and adolescence (8, 9). Furthermore, there are numerous publications 
showing that breastfeeding and duration is positively associated with neurodevelopmental 
outcomes including improved brain structural development and myelination (10-12), 
cognitive function and intelligence (13-15) and school performance (16). Breastfeeding 
(duration) may be protective against mental health issues and behavioural/affective 
problems including anxiety, psychosocial- and mental disorders throughout childhood and 
early adulthood (17, 18) and may increase the resilience against (psychosocial) stress (19). 
Interestingly, infants that are born small and/or that experience suboptimal growth patterns 
appear to benefit more from the positive effects of extended breastfeeding on growth (20) 
and brain development (21, 22) compared to their normal weight peers.
It is currently unknown how specific aspects of breastfeeding contribute to the improved 
outcomes on growth, skeletal and neurodevelopment. Many factors may be implicated, 
including differences in feeding behaviour (e.g. feeding frequency, meal size), but also 
differences in nutritional composition (macro- and micronutrients and bioactive components 
such as hormones) between HM and IMF may play a role. HM contains bioactive ingredients 
such as hormones, growth factors and cytokines that are not present in IMF, and that may 
improve various health outcomes in later life (23-25). The major energy component of 
HM and IMF comprises dietary lipids, which do not only provide energy for growth, but 
also supply the (conditionally essential) long chain poly unsaturated fatty acids (LCPUFAs) 
such as docosahexaenoic acid (DHA) and arachidonic acid (ARA), which are critical for brain 
development and function (26). In addition, milk lipids contribute to the absorption of 
fat-soluble vitamins such as vitamin D, which is in turn essential for adequate absorption 
of calcium and normal skeletal growth and development (27). Whereas the lipid content 
and composition of commercially available IMF mimics HM as closely as possible, many 
differences in lipid quality remain. For instance the LCPUFA composition in IMF is stable 
whereas in HM it is variable, depending on stage of lactation and maternal dietary habits 
(28). In addition, HM contains bioactive (polar) lipids such as sphingomyelin and gangliosides 
(29) that are usually not present in IMF. While LCPUFA composition and other dietary (lipid) 
ingredients remain of interest, it must be emphasized that a very important difference in 
lipid quality between HM and IMF is the supramolecular lipid structure. Mammalian milk 
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lipid droplets are large, with an average mode diameter between 3 and 5µm (30), and consist 
of a triglyceride core which is surrounded by a biological membrane (i.e. the so called milk 
fat globule membrane (MFGM)) that is composed mainly of phospholipids (PL), cholesterol 
and some other bioactive components (31). Lipid globules in regular IMF however have 
a diameter of approximately 0.1-1 µm and consist of a core of triglycerides with mostly 
proteins adhering to the surface. These differences in size and surface properties of lipid 
globules cause differential absorption and digestion kinetics between lipids in mammalian 
milk and IMF and may directly affect their subsequent distribution and bioavailability to 
developing organs (32-35). In addition, the absorption of fat soluble vitamins and cofactors 
may be improved by the unique supramolecular structure of lipids in mammalian milk (36). 
Together, these effects may explain some of the observed beneficial effects of (prolonged) 
breastfeeding on skeletal and organ growth and brain development.
Besides proper nutrient availability, other environmental challenges such as metabolic 
and social stressors may affect development. In rodents, social isolation has frequently 
been studied as an environmental challenge that permanently impairs cognitive function 
and increases anxiety-like behavior. The associated neurochemical and neuroanatomical 
aberrations include differences in myelinisation patterns (37), disruption of central 
neurotransmitter systems (like norepinephrine and serotonin (38)) and altered hypothalamic-
pituitary-adrenal (HPA) activation and responsiveness (39, 40). The underlying mechanisms 
for these alterations are not fully understood, and are thought to include the lack of social-
experience dependent neuronal activity during critical periods of brain development (37) 
as well as alterations in glucocorticoid feedback (41). Individual housing in mice may also 
provide a challenge for the metabolism due to the absence of social thermoregulation, a 
strategy applied by many rodent species to conserve energy (42). Individual housing may 
therefore affect energy balance regulation and fuel homeostasis (43, 44). Especially during 
adolescence, when mice experience their highest increase in lean body mass (45), increased 
energy costs of thermogenesis could directly affect growth rate and consequently may affect 
brain development.
In the current study, we exposed mouse pups to a diet with large-PL coated lipid droplets 
(CLM diet) following normal lactation. Provision of the CLM after the regular lactation 
period beyond weaning would extend exposure to large, coated lipid droplets with a 
complex surface mimicking the lipid quality as present in mammalian milk. We investigated 
the short and long term effects of CLM diet on parameters for growth, skeletal and neuronal 
development under social and individual housing conditions, mimicking a well-known and 
controlled environmental exposure that could affect phenotype development (see Chapter 
5). Because individual housing can affect growth and brain development in rodents, we 
hypothesized that potential beneficial effects of the CLM diet would be more clear in 
individually housed mice compared to socially housed mice.
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Methods and material

Animals and study design

Experimental animals (C57BL/6J) were bred in house, breeder dams and males were 
obtained from Charles River laboratories (Germany). All animals were housed in a controlled 
environment (12/12h light/dark cycle with lights on at 08:00, 21±2 °C) with ad libitum access 
to food and water, unless specified otherwise. All experimental procedures applied in this 
study were conducted in accordance with principles of good laboratory animal care and 
were approved by an independent ethics committee for animal experimentation (DEC-
Consult, Soest, The Netherlands). Animal welfare was monitored daily through the entire 
period of experimental procedures. A total of 109 male offspring were divided randomly 
over a long term (LT) experiment (n=51) and a short term (ST) experiment (n=58). Dams 
were assigned to the American Institute of Nutrition-93G diet during pregnancy and 
lactation. After birth, at postnatal day (PN) 2, litters were randomized and culled to 6 pups 
(male:female ratio, 4:2 or 3:3). From birth to PN 16, mice offspring were exclusively suckled. 
At PN 16 litters were randomly assigned to one of the two experimental IMF diets that were 
provided in the home cage, still allowing the mice to suckle. We chose to start the dietary 
intervention from PN day 16 onwards, which is an age at which mouse pups are known 
to start consuming solid foods, and therefore the first age that the dietary intervention 
could be started in a non-stressful way. After weaning (PN 21), dams and female pups were 
anaesthesized and terminated by cervical dislocation. The male pups of each diet group 
were marked by ear clipping, moved to a different room where they were either housed 
individually or housed with a littermate (2 animals per cage). This resulted in four possible 
diet -housing combinations (control diet and individual housing, CTR-IND; CLM diet and 
individual housing, CLM-IND; control diet and social housing; CTR-SOC; CLM diet and social 
housing, CLM-SOC). All groups were housed in Makrolon type III cages, containing Aspen 
wood shavings and a shelter. The cages were randomly placed in the racks in the same room 
while no attempt was made to prevent visual, auditory or olfactory contact between mice in 
neighboring cages and / or cages elsewhere in the room. The experimental procedures are 
described in figure 1 A, and the order and age of behavioural testing are specified in figure 
1B. In brief, litter weights before weaning and individual body weight after weaning were 
recorded weekly. For determination of early life diet and housing effects on behavioural 
phenotype during adolescence, animals in the ST experiment were subjected to behavioural 
testing between PN 35 to PN 42. These animals were sacrificed at PN 43. For evaluation 
of effects of early life diet and housing on adult behavioural phenotype, animals in the LT 
experiment were kept on their respective IMF diets until PN 42, after which all animals were 
switched to regular semi-synthetic rodent chow (AIN-93M). These animals were subjected 
to behavioural testing from PN 88 until PN 92, and were sacrificed on PN 126.
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Experimental diets

The experimental diets (Research Diet Services, Wijk bij Duurstede, the Netherlands; table 
1) were semisynthetic, with a micro- and macronutrient composition according to the 
American institute of Nutrition formulation (AIN)-93G purified diets for laboratory rodents  
(46). The diets were produced as previously reported (47). In brief, the experimental diets 
contained 28,3 %, w/w IMF powder complemented with protein and carbohydrates to 
match the AIN-93G composition. The lipid fraction was completely derived from the IMFs, 
which differed in supramolecular lipid structure due to adjusted processing of the CLM-IMF 
and the addition of 4 g MFGM phospholipids /kg IMF, resulting in large, PL-coated lipid 
droplets as previously reported (48). Powdered rodent diets were mixed with water (28% 
w/w%) to form dough balls, which were freshly prepared daily and provided in the cage.

Behavioural testing

All behaviour tests were conducted during the light phase, while an observer blinded to 
the experimental conditions performed observations. To minimize the influence of prior 
test history on the behavioural responses, tests were run in the order listed in figure 1B 
for all mice, from least invasive to most invasive. All behaviour tests were performed in an 
adjacent testing room. Animals were transported to the room and allowed to habituate at 
least 30 minutes before the test. For the individual tests test, the order of testing within 
each group was randomized, except for socially housed cage mates that were always tested 
successively (though socially housed animals were taken randomly from the cage).

Open field

To test the effects of the postnatal dietary intervention and social housing conditions on 
locomotor activity and exploratory behaviour during adolescence (PN35, ST experiment) 
and adulthood (PN88, LT experiment) the open field (OF) test was performed as previously 
described (49). The mice were placed in a square open field (50x50cm) for a period of 5 
minutes and the total distance moved and time spent in the center square were recorded 
and analyzed using Ethovision® XT software (Noldus, The Netherlands), using the nose, 
center and tail point of the mouse for tracking. This test functions as a reference to measure 
basal levels of locomotor activity and exploration that could affect outcomes in other 
behavioural tests.

Novel object recognition test

To test the effects of the postnatal dietary intervention and social conditions on the ability 
of the mice to recognize a change in a previously explored environment, adolescent (PN 
36, ST experiment) and adult (PN 89, LT experiment) mice were subjected to the novel 
object recognition test (NOR). NOR testing included three 5-min trials in the same arena: 
object familiarization (NOR1), novel place recognition (NOR2) and novel object recognition 



Effects of a postnatal diet with large, phospholipid coated lipid droplets on growth, | 161 
skeletal and brain development in mice under individual or social housing conditions

(NOR3), as described previously (49), with minor adaptations to the protocol. In short, 
mice were introduced to the center square of the arena in each trial. During NOR1, two 
identical ceramic objects were present in opposing corners. During the NOR2, one object 
was moved from the original corner to a new corner, while the other object remained at its 
original position. During NOR3, the previously moved object was now replaced by a novel 
object of similar size and material, but different shape. The basic measure was the time 
(s) taken by the mice to explore the objects in the NOR2 and NOR3 trial. We defined the 
exploration zones (20cm in diameter) around the objects and time spent inside the zones 
while facing the objects was used as a measure of object exploration, using the nose, center 
and tail point of the mouse for tracking (Ethovision® XT software (Noldus, The Netherlands). 
Performance was evaluated by calculating a recognition index: (N/(N+F)) where N is time 
spent exploring the object in the new location (NOR2) or the novel object (NOR3), and F is 
time spent exploring the object in the familiar location (NOR2) or the familiar object (NOR3). 
The recognition index was calculated for the first 2 minutes after introduction into the arena. 
A higher index reflects better memory performance.

Elevated plus maze

To test the effects of the postnatal dietary intervention and social conditions on adolescent 
(ST, PN 38) and adult (LT, PN 92) anxiety level, an elevated plus maze (EPM) task was 
performed. The EPM was composed of two enclosed arms (50 cm in length and 10 cm in 
width) with elevated walls, opposed perpendicularly by two open arms (same size) extending 
out from a central platform (10 cm×10 cm). The test is based on an approach avoidance 
conflict; the natural tendency of mice to explore novel environments and their preference to 
stay in dark, protected, unexposed places (i.e. the arms with the elevated walls). Mice that 
are more anxious spent more time in the closed arms (50). Mice were placed in the center 
of the maze, facing one of the open arms, and then allowed to explore the maze for 5 min. 
Exploration in the maze was recorded with a camera for later (manual) recording of time 
spent in each arm. Time spent in the arm was defined as the mouse being located with all 
4 paws in an arm. The anti-anxiety index can be calculated according to: (O/(O+C), where 
O is time spent exploring the open arm  and C is time spent exploring the closed arm, with 
a higher index indicating a lower anxiety score (51). The % of time spent in the open and 
closed arm were also calculated, taking also into account the potential influence of time 
spent in the center of the maze.

Sociability and social novelty

The effect of the postnatal dietary intervention and social conditions on adult sociability 
and social novelty were assessed using a “three chamber test” at PN 90, with a protocol 
similar to that described by Kaidanovich-Beilin (52). The three chamber tests is comprised 
of a Plexiglas arena divided into three chambers, each 19 x 45 cm by elevated walls, with 
an open middle section, allowing access to each chamber. Inside the side chambers a metal 
wire cup-like container is placed that can hold a single mouse with whom social interaction is 
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possible through visual, auditory and olfactory cues, but physical interaction is prevented. In 
total there were three consecutive trials of 10 minutes and sessions were recorded for later 
analysis with Ethovision® XT software (Noldus, The Netherlands), using the nose, center 
and tail point of the mouse for tracking. Mice were introduced to the center chamber in 
each trial. The first session served as a habituation trial to the arena with empty containers 
in the side chambers. In the second trial an unfamiliar adolescent male mouse (stimulus 
mouse) was introduced in the container in one of the side chambers. The experimental 
mouse was allowed to explore and interact with the stimulus mouse. Time spent in the 
chamber containing the mouse vs time spent in the empty chamber describes the sociability 
of the mouse. The chamber with the stimulus mouse was randomized for each mouse. In 
the third and final trial, another unfamiliar stimulus mouse was introduced in the container 
in the opposing chamber. The amount of time spent in the chamber with the novel stimulus 
mouse compared to the chamber with the now familiar stimulus mouse describes social 
novelty. In addition, a performance index was calculated for sociability and social novelty 
similar to the index in the NOR: (N/(N+F)) where N is time spent in the chamber with the 
novel stimulus mouse, and F is time spent exploring the empty chamber (sociability) or 
chamber with the familiar stimulus mouse (social novelty).

Tissue collection and analysis

Prior to sacrifice at PN43 (ST experiment) or PN 126 (LT experiment) mice were fasted for 
4 hours (start at end of dark phase). Mice were anaesthetized by isoflurane inhalation 
followed by heart puncture and decapitation. Brains were dissected into different sub-
regions including the prefrontal cortex (PFC), and Locus Coeruleus (LC) and snap frozen with 
liquid nitrogen. Organs and fat tissue including interscapular Brown Adipose Tissue (BAT) 
were removed and weighed on a micro-scale. Length and width of the right femur were 
measured using a digital micro-caliper. Blood was centrifuged at 2600 G for 10 minutes. 
Plasma was subsequently separated and stored at -80 °C until analysis of plasma hormones 
corticosterone (CORT), Insulin-like growth factor-1 (IGF1), leptin and insulin, according 
to manufacturer’s instructions (EIA CO kit, Arbor Assays, Michigan, USA; IGF1 ELISA kit, 
R&D Systems, Minneapolis, USA; insulin and leptin, Milliplex Mouse Adipokine Multiplex, 
Millipore, Amsterdam, The Netherlands). Carcasses were dried till constant weight at 103°C 
(ISO 6496-198 (E)) and this was followed by fat extraction with petroleum ether (Boom 
BV, Meppel, NL) in a soxhlet apparatus. All organ analyses were performed by a technician 
blinded to the experimental conditions.

RNA preparation and quantification of gene expression

In order to study whether the housing conditions and or diet affected (non-shivering) 
thermogenic capacity, the mRNA expression of Mitochondrial uncoupling protein 1 (UCP1) 
in BAT was examined in both adolescent and adult mice. In addition, we determined 
the effects of housing and diet on PFC myelination by assessing the levels of myelin 
basic protein (MBP) mRNA in the PFC of mice at adult age. RNA isolation was performed 
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using the NucleoSpin® RNA isolation protocol of Macherey-Nagel (June 2015). After RNA 
isolation, cDNA was formed using the iScript cDNA synthesis kit protocol from Biorad®. The 
Nanodrop spectrophotometer 2000c assessed the quality of the RNA and cDNA, quality was 
considered acceptable when Nanodrop A260/A280 ratio was > 1.8. mRNA expression of 
the genes was measured using real time polymerase chain reaction (RT-PCR) according to a 
protocol previously described (53). For each gene, the RT-PCR was performed in triplicates 
by using validated UCP-1 primers (forward primer CAAAAACAGAAGGATTGCCGAAA, 
reverse primer TCTTGGACTGAGTCGTAGAGG) and MBP primers (forward primer 
ACATTGTGACACCTCGAACACC, reverse primer GCCAAATCCTGGCTTCTGC) housekeeping 
gene GAPDH, SYBR green and the CFX96 qPCR from Biorad® according to the PrimePCRTM 
RT-qPCR instruction manual (Biorad® 2014). UCP1 and MBP relative expression values were 
normalized to non-targeted GAPDH expression levels within the same sample to determine 
deltaCt (deltaCt = Cq gene – Cq GAPDH). The deltaCt values for each replicate was then 
exponentially transformed to deltaCt expression (Mean deltaCt expression; [2^(Cq gene - 
Cq GAPDH)]. DeltaCt expression values were finally averaged for each triplicate. LinRegPCR 
(version 12.15, 2011) was used to calculate PCR efficiencies for each sample.

Statistical analysis

Statistical analyses were performed using SPSS 22.2 (IBMSoftware) and graphical design 
using GraphPad Prism (GraphPadSoftware, Inc). Effects of experimental diet on growth 
during lactation (litters), adolescence and adulthood life were analyzed by analysis of 
variance (ANOVA) with repeated measures (PN as the repeated measures). In addition, 
total body weight gain during adolescence (PN21-43, short term experiment) and adulthood 
(PN42-126) was analyzed by two-way ANOVA with repeated measures (experimental diet 
x housing with PN as the repeated measures). All other parameters were analyzed by two-
way ANOVA (experimental diet x housing). Significant interaction effects were followed by 
one-way ANOVA, with Tukey’s HSD as post-hoc test for comparisons between groups. All 
data are presented as mean ± SEM and considered significantly different when P < 0.05. 
Each group included a total of 10-16 animals (ST study: CTR-IND, n=14; CLM-IND, n=14; CTR-
SOC, n=16; NUT-SOC, n=14 and long term study: CTR-IND, n=13; NUT-IND, n=14; CTR-SOC, 
n=10; NUT-SOC, n=14). One animal in the LT NUT-SOC group was excluded from statistical 
analysis because of elephant-teeth, the animal was however kept in the study to avoid 
single housing of its cage mate.
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Figure 1, experimental design. A. experimental design and B. behavioural tests. *One animal was 
excluded from analyses due to elephant-teeth
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CTR CLM
nutrient composition per kg rodent chow
carbohydrates, g 648,9 646,3
protein, g 176,3 176,2
Lipids1, g 69,4 67,6
Phospholipids2, g 0,36 1,6

linoleic acid, % of lipids 12,9 13,0
alpha linolenic acid, % of lipids 2,6 2,6
arachidonic acid, % of lipids 0,43 0,40
docosahexaneoic acid, % of lipids 0,32 0,29

Cellulose (Vitacell L600-20) , g 47,5 47,5
Mineral mix (AIN93-G-MX), g 35,0 35,0
Vitamin mix (AIN93-VX), g 10,0 10,0
Dietary lipid droplet size distribution3

mode, µm 1,1 4,2
Diameter 2-12 μm, % 21,4 53,4
Diameter 5-20 μm, % 3,7 29,8

Table 1: Composition of experimental diets
Values shown per kg diet.  1Mixture of oils, including canola, fish, coconut and palm oil. 2 Phospholipids 
derived from bovine MFGM (PC, 30%; PE, 20%; PI, 10%; PS, 10% and SM, 30% of total PL). 3 determined 
by laser light scattering of IMF powder. The measurements were performed at 20°C, using a refractive 
index for fat of 1·46 and 0·01 absorption. The refractive index for the dispersant (water) of 1·33 was 
used (Mastersizer 2000, Hydro 2000G; Malvern Instruments Limited).

Results

Effects of early life diet and housing on body weight (gain) and body composition

Average weight gain of litters fed CLM was increased after introduction of the diet (effect 
of age* diet [F(1.596,47.884) = 3.544, P = 0.046) see figure 2A). At weaning, the CLM fed 
animals had significantly higher body weight compared to animals fed CTR and did not differ 
between groups allocated to different housing conditions starting at weaning (main effect of 
diet in short term study: [F(1,54)=11.191, p = 0.001], CTR-IND, 11.2 ± 0.17; CLM-IND, 11.8 ± 
0.21; CTR-SOC, 11.2 ± 0.14; CLM-SOC, 11.8 ± 0.15). Body weight gain between P21 and P43 
was reduced following individual housing [effect of age* housing [F(1.573,84.966) =15.752, 
P < 0.001)], the difference in body weight between individually and socially housed animals 
first reached statistical significance at PN 35, see figure 2B). At day 42 individually housed 
animals in the long term study showed reduced body weight compared to socially housed 
animals (main effect housing [F(1,45)=37.823, p < 0.001], CTR-IND, 24.2 ± 0.30; CLM-IND, 
24.0 ± 0.48; CTR-SOC, 26.1 ± 0.20; CLM-SOC, 26.3 ± 0.22). However, individual housing 
increased body weight gain during adulthood, (main effect of housing [F(1,45)=32.653, p < 
0.001, figure 3E]).  The CLM diet in general reduced adult body weight gain (main effect of diet 
[F(1,45)=6.210, p = 0.016], figure 3E), albeit at a later age in the individually housed animals 
compared to socially housed animals (interaction age* housing* diet [F(1.977,86.946) 
=3.071, P = 0.050)], see figure 2C).
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At dissection (PN 43), individually housed animals had lower bodyweight than their socially 
housed counterparts (main effect of diet: [F(1,54)=15.126, p < 0.001], CTR-IND, 23.7 ± 
0.25; CLM-IND, 24.0 ± 0.45; CTR-SOC, 24.8 ± 0.32; CLM-SOC, 25.3 ± 0.29). The reduced 
body mass of the individually housed animals was associated with a reduced femur length 
[F(1,54)=4.275, p = 0.043], see figure 3D) and femur width (main effect of diet: [F(1,54)= 
55.509, p < 0.001], CTR-IND, 1.29 ± 0.01; CLM-IND, 1.28 ± 0.01; CTR-SOC, 1.39 ± 0.01; 
CLM-SOC, 1.38 ± 0.02), but the percentage of body fat was higher (main effect of housing: 
[F(1,51)=16.147, p < 0.001], see figure 3C). In addition, interscapular BAT weight at PN 43 
was higher in individually housed mice (main effect of housing: [F(1,54)=6.879, p = 0.011], 
see figure 4A), and UCP1 mRNA expression in BAT was increased in animals on CTR diet only 
(housing*diet interaction: [F(1,53)=6.857, p = 0.011]). There was no overall effect of diet 
on body weight, fat percentage or BAT characteristics at PN 43, however, CLM fed animals 
showed a higher lean body mass percentage (main effect of diet: [F(1,51)=5.898, p = 0.019], 
see figure 3B) and higher femur length (main effect of diet: [F(1,54)=4.834, p = 0.032], 
see figure 3D), but not femur width compared to CTR fed animals  Besides an increase in 
circulating plasma leptin concentration in individually housed mice (main effect of diet: 
[F(1,54)=8.557, p = 0.005], other plasma hormones (i.e. insulin, IGF1 and CORT) were not 
affected by diet or housing condition at PN 43 (table 2). At dissection during adulthood 
(PN 126), the difference in absolute body weight due to housing condition did not reach 
statistical significance (main effect housing [F(1,45)=3.250, p = 0.078];  CTR-IND, 31.0 ± 
0.97; CLM-IND, 29.4 ± 0.58; CTR-SOC, 29.7 ± 0.49; CLM-SOC, 28.5 ± 0.61), but body fat % 
was significantly increased by individual housing (main effect housing ([F(1,42)=20.648, p < 
0.001], figure 3G). Similarly, BAT weight was increased in individually housed animals (main 
effect of housing: [F(1,45)=20.078, p < 0.001], see figure 4C) but UCP1 expression was not. 
Femur length and width were still lower in the individually housed animals compared to the 
socially housed animals (femur length, main effect housing ([F(1,46)=17.887, p < 0.001], 
figure 3H; femur width, main effect housing ([F(1,46)=83.135, p < 0.001],  CTR-IND, 1.32 ± 
0.02; CLM-IND, 1.26 ± 0.02; CTR-SOC, 1.51 ± 0.02; CLM-SOC, 1.43 ± 0.02)). Furthermore, 
individually housed animals showed higher levels of plasma insulin and leptin and lower 
CORT than socially housed animals (main effects of housing [F(1,45)=7.975, p = 0.007]; 
[F(1,45)=13.324, p = 0.001]; [F(1,45)=5.993, p = 0.018] respectively, table 2). CLM diet 
exposure in early life resulted in reduced body weight at PN 126 ([F(1,45)=5.854, p = 0.020], 
figure 3E) regardless of housing condition, which was accompanied by higher lean body 
mass percentage ([F(1,42)=4.092, p = 0.049], figure 3F), lower femur width ([F(1,46)=12.085, 
p = 0.001]), reduced interscapular BAT depot weight [[F(1,45)=8.789, p = 0.005], figure 4C] 
and reduced plasma IGF1 ([F(1,45)=5.854, p = 0.020], table 2) compared postnatal exposure 
to CTR diet.
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Figure 2.Effects of diet and housing condition on body weight of (A) litters before weaning, (B) adolescent 
mice (PN 21-43) and (C) adult mice (PN42-126). CLM-SOC, animals fed CLM and housed socially; 
CTR-SOC, animals fed CTR and housed socially; CLM-IND, animals fed CLM and housed individually; 
CTR-IND, animals fed CTR and housed individually; PN, postnatal day. Data are represented as means 
+/- SEM; n per group litters (CTR = 19, CLM = 13), adolescent growth (CTR-IND = 14, CLM-IND = 14, 
CTR-SOC = 16, CLM-SOC=14), adult growth (CTR-IND = 13, CLM-IND = 14, CTR-SOC = 10, CLM-SOC=13). 
Data were analyzed by a 2-way ANOVA with repeated measures (PN as repeated measures) and 2-way 
ANOVA with housing condition and diet as between-subject factors at each time point; a, main effect 
for diet; b, main effect for housing; c, interaction diet* housing condition; P < 0.05.
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Figure 3. Effects of diet and housing condition on (A) gained body weight during adolescence (PN 21-
43) (B), % of lean body mass %, (C) % of body fat mass, (D) femur length, of animals in the short term 
study at PN 43. (E) gained body weight during adulthood (PN 42 – PN 126), (F) % of lean body mass %, 
(G) % of body fat mass, (H) femur length of animals in the long term study at PN 126. CLM, concept 
diet; CTR, control diet; PN postnatal day. Data are represented as means +/- SEM; n per group PN43 
(CTR-IND = 14, CLM-IND = 14, CTR-SOC = 16, CLM-SOC=14), PN126 (CTR-IND = 13, CLM-IND = 14, CTR-
SOC = 10, CLM-SOC=13). Data were analyzed by a 2-way ANOVA with housing condition and diet as 
between-subject factors; a, main effect for diet; b, main effect for housing; P < 0.05.
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Figure 4. Effects of diet and housing condition on (A) interscapular BAT weight and (B) UCP1 expression 
in BAT at adolescence (PN 43) and (C) BAT weight and (D) UCP1 expression in BAT at adulthood. CLM, 
concept diet; CTR, control diet; PN postnatal day. Data are represented as means +/- SEM; n per group 
PN43 (CTR-IND = 14, CLM-IND = 13-14#, CTR-SOC = 16, CLM-SOC=14), PN126 (CTR-IND = 13, CLM-IND = 
14, CTR-SOC = 10, CLM-SOC=12-13#); # n/group for UCP1 expression is lower due to sample processing 
errors. Data were analyzed by a 2-way ANOVA with housing condition and diet as between-subject 
factors; a, main effect for diet; b, main effect for housing; c, interaction diet* housing condition; P < 
0.05.

Short term effects (PN 43) data Long term effects (PN 126)data
individual social individual social
CTR CLM CTR CLM effect CTR CLM CTR CLM effect

Insulin 
(pg/ml) 9 4 1 . 3 

± 
227.9

6 1 0 . 1 
± 84.3

813.7 ± 
142.8

1081.3 
± 242.3

n.s. 300.6 
± 38.4

331.9 
± 68.5

143.6 
± 25.0

2 0 7 . 2 
± 39.9

b

IGF1 
(ng/ml) 3 5 8 . 4 

± 14.6
3 2 8 . 9 
± 19.7

326.8 ± 
15.4

324.1 ± 
18.0

n.s. 316.1 
± 17.0

259.6 
± 12.3

268.9 
± 13.4

2 5 4 . 0 
± 15.0

a, b

Leptin 
(ng/ml) 2.71 ± 

0.27
3.14 ± 
0.50

1.97 ± 
0.34

1.86 ± 
0.31

b 3.84 ± 
0.78

2.92 ± 
0.47

1.08 ± 
0.14

1.51 ± 
0.63

b

CORT 
(ng/ml) 37.0 ± 

6.49
30.7 ± 
4.85

37.7 ± 
5.67

40.3 ± 
6.17

n.s. 40.0 ± 
5.83

48.9 ± 
7.46

57.7 ± 
11.4

66.4 ± 
8.01

b

Table 2. Plasma hormones of animals in the short term (PN 43) and long term (PN 126) study
CLM, concept diet; CORT, corticosterone; CTR, control diet; IGF1, insulin-like growth factor; PN, 
postnatal day. Data are represented as means +/- SEM Data are represented as means +/- SEM; n per 
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group P43 (CTR-IND = 14, CLM-IND = 13-14#, CTR-SOC=16, CLM-SOC=14), PN126 (CTR-IND = 13, CLM-
IND =14, CTR-SOC = 10, CLM-SOC=12-13#); # n/group is lower due to sample processing errors. Data 
were analyzed by a 2-way ANOVA with housing condition and diet as between-subject factors; n.s., not 
significant; a, main effect for diet; b, main effect for housing condition; P < 0.05.

Effects of early life diet and housing conditions on behaviour and brain parameters

Open Field test

In adolescent animals (PN 35), the total distance moved (m) was increased by individual 
housing (main effect of housing, [F(1,54)=11.515, p = 0.001] see figure 5A). For this 
parameter, there was a significant interaction between housing and diet [F(1,54)= 7.473, p = 
0.008] driven by higher activity of individually housed animals compared to socially housed 
animals on CLM diet (P<0.01). Locomotor behaviour during adulthood was not influenced 
by diet or housing. Time spent in the center during adolescence and adulthood was also not 
influenced by diet or housing.

Novel object recognition

Neither diet nor housing significantly affected the discrimination index during the object 
location and novel object trial in adolescent (PN 36) animals (see figure 5B). In adulthood 
(PN 89), however, the recognition index during novel object trial was significantly increased 
by CLM diet exposure irrespective of housing condition (main effect of diet [F(1,43)=6.464, 
p = 0.015], figure 5D].
Elevated plus maze

At PN 38, individual housing increased the anti-anxiety index compared to compared to 
social housing (main effect of housing [F(1,54)=7.284, p = 0.009], figure 6A]. The time spent 
on the closed arms was significantly affected by diet (main effect of diet: [F(1,54)=4.349, p 
= 0.042, figure 6A], with reduced anxiety in animals fed CLM diet compared to CTR. Time 
spent on the closed arms was not significantly affected by housing condition. At PN 92, 
individual housing also reduced anxiety levels, as indicated by both a higher anti-anxiety 
index and more time spent on the open arms in individually housed mice (main effect of 
housing, index [F(1,46)=4.200, p = 0.046]; time on open arm [F(1,46)=5.946, p = 0.019], 
figure 6B]. There were no effects of early life diet exposure on any of the parameters in the 
elevated plus maze during adulthood.

3 chamber social test

During the sociability trial, all adult (PN 90) mice showed a strong preference for the chamber 
containing the stimulus mouse compared to the empty chamber (data not shown), indicating 
normal sociability, social motivation and affiliation. The sociability index was increased by 
individual housing but not by diet (main effect of housing, index [F(1,45)=8.450, p = 0.006], 
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figure 7A). During the social recognition trial all mice showed a strong preference for the 
chamber with the novel stimulus mouse (data not shown), which may indicate a preference 
for novelty and intact social memory. The recognition index was not affected by diet or 
housing. There were no signs of aggressive behaviours during direct interaction with the 
stimulus mouse (e.g. bar biting, tail rattling).

Prefrontal cortex myelin

PFC MBP mRNA expression in adult mice was not influenced by diet or housing conditions 
(see figure 7B).

Figure 5. Effects of diet and housing condition on (A) distance moved and time (%) spent in the center 
of the open field during adolescence (B) novel place and novel object recognition during adolescence 
(C) distance moved and time (%) spent in the center of the open field during adulthood (D) novel place 
and novel object recognition during adulthood. CLM, concept diet; CTR, control diet; PN postnatal 
day. Data are represented as means +/- SEM Data are represented as means +/- SEM; n per group 
adolescence (CTR-IND = 14, CLM-IND = 14, CTR-SOC = 16, CLM-SOC=14), adulthood (CTR-IND = 12-13#, 
CLM-IND = 13-14#, CTR-SOC = 9-10#, CLM-SOC=11-13#); # n/group for Novel Object Recognition test 
in CLM-IND and CLM-SOC, and for MBP in all groups is lower due to sample or video-file processing 
errors. Data were analyzed by a 2-way ANOVA with housing condition and diet as between-subject 
factors; a, main effect for diet; b, main effect for housing; c, interaction diet* housing condition; P < 
0.05.
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Figure 6. Effects of diet and housing condition on (A) anti-anxiety index and time (%) spent in closed 
and open arm of the Elevated Plus Maze, during adolescence (B) anti-anxiety index and time (%) spent 
in closed and open arm of the Elevated Plus Maze, during adulthood. Data are represented as means 
+/- SEM Data are represented as means +/- SEM; n per group adolescence (CTR-IND = 14, CLM-IND = 
14, CTR-SOC = 16, CLM-SOC=14), adulthood (CTR-IND = 12-13#, CLM-IND = 13-14#, CTR-SOC = 9-10#, 
CLM-SOC=11-13#); # n/group for Novel Object Recognition test in CLM-IND and CLM-SOC, and for MBP 
in all groups is lower due to sample or video-file processing errors. Data were analyzed by a 2-way 
ANOVA with housing condition and diet as between-subject factors; a, main effect for diet; b, main 
effect for housing; c, interaction diet* housing condition; P < 0.05.
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Figure 7. Effects of diet and housing condition on (A) socialibility and social recognition in the three-
chamber social test, during adulthood, and (B) MBP mRNA expression in PFC at PN 126. CLM, concept 
diet; CTR, control diet; PN postnatal day. Data are represented as means +/- SEM Data are represented 
as means +/- SEM; n per group adolescence (CTR-IND = 14, CLM-IND = 14, CTR-SOC = 16, CLM-SOC=14), 
adulthood (CTR-IND = 12-13#, CLM-IND = 13-14#, CTR-SOC = 9-10#, CLM-SOC=11-13#); # n/group for 
Novel Object Recognition test in CLM-IND and CLM-SOC, and for MBP in all groups is lower due to 
sample or video-file processing errors. Data were analyzed by a 2-way ANOVA with housing condition 
and diet as between-subject factors; a, main effect for diet; b, main effect for housing; c, interaction 
diet* housing condition; P < 0.05.

Discussion

Individual housing of mice impaired early life growth and skeletal development, and increased 
body adiposity in adulthood. Individual housing also reduced anxiety-like behaviour, but did 
not affect cognitive and affective behaviours in the current experiment. Exposure to a diet 
(CLM) with large, PL-coated dietary lipids mimicking the supramolecular structure of lipids 
in HM, directly following lactation until PN day 43 improved adolescent growth, skeletal 
development and lean body mass. Thus, the CLM diet attenuated some of the individual 
housing-induced changes in growth. The effects of the early life CLM diet were accompanied 
by reduced adolescent anxiety and improved cognitive function.
There are limited studies that focused on the consequences of the post-weaning social 
environment on growth and body composition development in mice. Our study characterizes 
the effects of individual housing on early life growth patterns of male C57BL6j mice up to 
adolescence. Our results indicate that post-weaning individual housing may reduce initial 
growth rates, but that this difference is lost between 6 and 8 weeks following weaning. 
The latter may explain studies that report no effects of individual housing on body weight 
6 weeks (54, 55) or 4 weeks after weaning (56). The reduced growth rate in individually 
housed animals was reflected in reduced bone length and width during adolescence, which 
persisted into adulthood. These effects could directly be related to the reduced growth rate 
observed in individually housed animals as mouse bone length typically correlates to growth 
rate between 3 and 5 weeks of age (57). In addition, a lower level of mechanical loading (i.e. 
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physical interaction, play, fighting) in individually housed animals may also lead to reduced 
bone mass (58). Despite the lower body weight at adolescence and equal body weights in 
adulthood, a higher body fat percentage was observed following individual housing. These 
effects were already visible after 3 weeks and persisted into adulthood. This concurs with 
the findings of Tsuduki et al. (56) after 8 weeks of individual housing, but not with those 
of Nagy et al. (59), who found no differences in body fat mass after 9 weeks of individual 
housing. In the latter study, however, the authors report a 3 fold higher variation in fat 
mass in socially compared to individually housed mice. Such variations could be related 
to opposing patterns in body weight and adiposity gain in socially housed mice due to the 
existence of an unstable dominant - subordinate relationship (60, 61). In our study we used 
pair-housed siblings rather than unfamiliar mice to minimize unstable social hierarchy. The 
higher bodyweight and increased fat mass gain during adulthood in individually housed mice 
coincided with increased plasma leptin, insulin and IGF1 levels. While these hormonal effects 
are indicative of metabolic alterations, they likely reflect changes in body composition rather 
than instrumental (causal) changes.  In humans, poor weight gain in the first two years of life 
is also recognized as a risk factor for adult obesity and metabolic disease (62). The reduced 
adolescent growth rate and lasting alterations in body composition in individually housed 
mice can be explained by a different energy partitioning during critical phases of growth 
and metabolic development for mice. Mice are social species by nature that engage in social 
thermoregulation in order to reduce energy costs (63). Individual housing under standard 
laboratory temperatures as applied in the current study (i.e. 21±2 °C), are in fact below 
thermoneutrality for single housed mice (64) and may lead to considerable increases in 
energy costs for maintenance of normal body temperature (44, 65). The thermoregulatory 
differences between individually and socially housed mice were indeed reflected in 
increased BAT depot weights in individually housed mice versus socially housed mice at 
adolescence as well as adulthood, without overall alterations in the expression of UCP1 
per tissue weight due to housing. A higher energy use for thermoregulation would reduce 
the energy and nutrient availability for other purposes including growth. Especially during 
adolescence, when mice experience their highest increments in lean body mass (45) and 
energy requirements are 3 to 4 fold higher compared to adult maintenance requirements 
(66), such changes in energy partitioning may explain the reduced growth rate and altered 
body composition of individually housed mice versus socially housed mice observed in the 
current study. Together, these results clearly demonstrate that individual housing of mice 
following weaning may lead to suboptimal growth and metabolic development, with longer 
term consequences for metabolic health, as compared to socially housed mice.
Exposure to diet containing lipids with a supramolecular structure mimicking that found in 
mammalian (human) milk (i.e. large, PL-coated lipid droplets), between postnatal day 16 
and 43 following lactation mitigated some of the individual housing induced impairments 
in growth, skeletal development and body composition. First, the CLM diet increased body 
weight gain of animals before weaning. The increased body weight of CLM fed mice compared 
to control fed mice was still visible at PN 28, while differences in body weight were no 
longer present at P43. Interestingly, the initial faster growth rates observed in CLM fed mice 
mimics the initial faster growth observed in breast-fed infants compared to that observed 
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in formula fed infants over the first few months after birth (1, 2). Whereas breastfed infants 
have higher body fat mass and lower lean body mass than formula fed infants at least up 
to 6 months of age (67), adiposity is increased in formula fed infants during childhood and 
adolescence (68, 69). In the current study, early life diet did not significantly affect body 
fat percentage at PN 42 but CLM fed animals showed higher lean body mass compared to 
CTR mice. These findings are in line with previous results in socially housed mice (70) and 
extend the effects of the early CLM dietary exposure to a positive effect on the quality of 
growth and skeletal development. Circulating hormones known to influence (bone) growth 
include IGF1, insulin, leptin and CORT (71-73), however, were not different between the diet 
groups at adolescence in the current study. The observed differences in adolescent growth 
and body composition development between diet groups may be explained by a different 
use and/or distribution of nutrients after ingestion of CLM compared to CTR diet.  Indeed, 
it has been shown that both lipid droplet size as well as complex surface properties of 
dietary lipid globules affects nutrient absorption and digestion kinetics, which influences the 
bioavailability of nutrients to developing organs (32-35). This may also include a different 
absorption of fat soluble vitamins and related cofactors (58) such as vitamin D and calcium 
that together stimulate bone growth (27).
In adulthood, however, the CLM exposed mice showed reduced femur width compared to 
that of CTR fed mice, while femur length was not different. Whereas breastfeeding in humans 
is associated with improved bone health in childhood and adolescence (6, 7), studies that 
compare effects of breastfeeding and formula feeding on bone health in adulthood (or even 
late childhood) are rare and inconclusive. One study reached no conclusion about the impact 
of breastfeeding on bone characteristics in middle aged men (74), while another study 
suggested an association between breastfeeding and reduced bone surface area and bone 
mineral density in men at 32 years of age (75). In the latter study, however, the authors note 
that their result could have been be confounded by vitamin D deficiency during pregnancy. 
The reduced femur width observed in CLM fed mice during adulthood is more likely related 
to reduced adult body weight gain compared to that of CTR fed animals. Indeed, bone 
(width) and body weight are strongly correlated to support mechanical loading (76). The 
lower levels of plasma IGF1 in adult CLM fed mice are in line with previous reports showing 
reduced bone mass (77) and reduced body weight gain (78).
Breastfeeding (duration) is believed to have a moderate but consistent protective effect 
against obesity later in life (79). In our study, the reduced weight gain during adulthood in the 
CLM exposed mice coincided with a higher lean body mass percentage, similar to the effects 
observed at PN 42. This effect is likely explained by reduced body fat percentage in the CLM 
fed individually housed mice during adulthood, albeit that the overall diet effect and the 
diet* housing interaction did not reach statistical significance. Previous studies repeatedly 
showed that in socially housed mice the early life dietary exposure to CLM protected against 
excessive body fat accumulation in adulthood when challenged with a high fat diet (e.g. (47, 
70, 80)). In the current study all animals were kept on regular semi synthetic rodent chow 
in adulthood rather than high fat diet. The individual housing in itself, however, provided 
a metabolic challenge that resulted in increased adult body fat accumulation and support 
the notion that individual housing of mice may produce an adult obesity phenotype. In 
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addition, these results show that the previously reported protective effects of CLM diet are 
also protective under more stressful conditions.
Postweaning social isolation in rodents is known to cause emotional stress and permanent 
changes in brain anatomy and function, behaviour, and physiology. For example, social 
isolation rearing after weaning in mice induced hypomyelination in PFC and impaired adult 
cognitive function (37). One of the underlying mechanisms proposed to explain these effects 
is the lack of social experience-dependent neuronal expression of neuregulin-1 (NRG-1), a 
factor important for oligidendrocyte maturation (81) during adolescence specifically (37). In 
our study, however, we observed no impairment in cognitive function in individually housed 
mice compared to social housing. Also, PFCMBP mRNA expression in adult mice was not 
affected by individual housing. Individually housed mice in our study did spent less time 
on the closed arm of the elevated plus maze which may indicate reduced anxiety. These 
results contradicts the general accepted idea that social isolation in rodents causes stress 
and increases anxiety-like behaviour (82). The discrepancy could be related to differences 
in experimental setting between the current study and the literature.  We used individual 
housing rather than complete social isolation in the present design. The individual housing 
allowed for some level of social interaction with mice in neighboring cages via smell, sight 
and sound. This may be sufficient for normal NRG-1 expression, subsequent PFC myelination 
and related cognitive function. Indeed, housing systems that allow some degree of social 
contact result in lower levels of stress compared to situations where absolutely no contact 
is possible (83-85). For male mice in particular, individual housing may in fact not be more 
stressful than social housing (86, 87). In line with the findings of others (86, 88), basal CORT 
levels were not affected by housing conditions during adolescence and lower in individually 
housed mice in adulthood. In the current study mice under both housing conditions were 
frequently handled by the experimenters and subjected to multiple testing, which could 
have interacted with the effects of individual housing. Frequent handling was reported 
to attenuate social isolation induced anxiety and cognitive impairments in rats (89-92). 
Mice, however, may adapt poorly to handling (93), and studies investigating the potential 
interaction between handling and mouse social housing conditions are lacking. We observed 
lower levels of anxiety-like behaviour in individually housed animals. This effect has been 
reported before in socially isolated male mice (94-96) and may be due to a different neophobic 
response to a novel environment inducing increased exploratory activity (97). In line with 
this, we observed a higher exploratory activity in the Open Field in individually housed mice 
during adolescence, in accordance with findings of others (94, 95). There was no evidence, 
however, for different exploratory activity between individually and socially housed groups 
in the EPM (e.g. # arm entries, distance moved, data not shown). Reduced exploratory 
activity and neophobia in socially housed animals may be due to social animals experiencing 
higher anxiety and suppression of novelty induced arousal when placed individually in a 
novel environment and experiencing a lack of social support compared to animals that are 
housed individually (97). The same explanation may apply to the increased social interest 
of individually housed mice observed in sociability trial, although such an effect was not 
seen during the social recognition trial. Social behaviour is complex and includes additional 
motivation and brain activation compared to those involved in novelty exploration (52). 
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Together the results of our study show that, despite the substantial alterations in growth 
and metabolic development, individual rearing of male mice, while allowing marginal social 
contact, may not lead to any neurocognitive and behavioural deficits as reported following 
true social isolation rearing (98, 99).
In addition to beneficial effects on growth and body composition, the mice exposed to dietary 
lipids with more human milk like supramolecular structure showed improved cognitive 
function in adulthood compared to control fed mice. These results confirm previous findings 
with individually housed mice (49). Moreover, the current results show that the beneficial 
effects of the early CLM diet on cognitive function were not restricted to animals housed 
individually. In addition, CLM exposed mice showed reduced anxiety-like behaviour during 
adolescence. In humans breastfeeding (duration) is suggested not to be only associated 
with improved cognitive function (13-15) but also with reduced anxiety related problems 
(17-19). The results from the current study suggest that the supramolecular structure of 
lipids in HM could, at least in part, contribute to these effects. The exact mechanism by 
which the dietary lipid structure leads to alterations in cognitive function and anxiety are 
not yet known. We previously hypothesized (49) that the CLM diet may increase novelty 
induced arousal. Neural correlates of novelty induced arousal include increased activity of 
the LC noradrenergic system (100), which targets brain area’s like the prefrontal cortex and 
hippocampus and facilitates learning and memory performance (101-103). Following this 
notion, higher arousal levels by CLM diet may be mediated by different postprandial release 
of satiety hormones after ingestion of CLM compared to that of control diet. A recent study 
in adult men showed that IMF with this particular CLM indeed caused a prolonged release 
of the small intestine derived satiety hormone cholecystokinin (CCK) (104). CCK has been 
shown to simulate LC activity (105) and thereby augments arousal and can facilitate learning 
and memory processes (106). Exposure to CLM diet during early life may have long term 
influences on novelty induced arousal or stress response as the development of LC neurons 
and their projections to target area’s continues during postnatal life in rodents (107-109) 
and noradrenalin acts as an important neurotropic factor during this developmental period 
(110-113). The reduced anxiety and higher exploratory activity by individual housing seen in 
CLM fed mice during adolescence may also reflect higher novelty induced arousal, but these 
effects were not sustained into adulthood and may therefore reflect acute effects of diet.
Improved cognitive function and reduced anxiety as seen in the CLM fed mice may also be 
the result of the higher growth rate and increased skeletal development in the animals. 
Skeletal development has been has been suggested to be an important determinant of 
brain development, neuronal structure and behavioural function. For instance, bone tissue 
secretes the hormone osteocalcin (OCN), which has been shown to promote synthesis of 
several neurotransmitters including serotonin, dopamine and noradrenalin during postnatal 
life, affecting cognitive and behavioural phenotype (114). Interestingly, OCN also contributes 
to the regulation of energy expenditure, adiposity (115) and BAT thermoregulation (116), 
with plasma OCN levels inversely related to metabolic derangements (117).
It is important to note that the CLM diet used in the current study contained PL sourced from 
bovine MFGM, not present in the control diet. Several studies suggest that supplementation 
with (high doses of) MFGM derived fragments may increase cognitive outcomes of formula 
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fed infants to the level of breastfed infants (118, 119). In experimental studies, the relevance 
of dietary supply for structural and functional brain development has been confirmed for 
some of the components present in MFGM such as sphingomyelin (120) and sialic acid 
(121). In addition, some of these components were reported to contribute to skeletal health 
(122, 123). Although a role for the presence of the PL as an ingredient in the CLM diet 
cannot be excluded in the current study we believe that the lipid structure, e.g. the large 
lipid droplets coated by PL (48), contributed, at least partially, to the observed improvement 
in growth, skeletal development and behavioural outcomes. We previously showed that 
the unique supramolecular structure, but not the added MFGM-derived PL, generated 
metabolic health benefits (80). In addition, the behavioural benefits as reported here were 
achieved with a far lower MFGM-derived PL dose than those reported effective when added 
as an ingredient to the diet (124).
The beneficial effects of breastfeeding on infant growth, metabolic health and brain 
development and function have become a subject of fierce debate since other environmental 
conditions such as parental health and behavior as well as social economic factors may 
ameliorate the effects (125-127). Especially infants facing challenges such as suboptimal 
growth and preterm birth may be more susceptible to the protective effect of breastfeeding 
while such positive effects are more difficult to show in healthy term infants (20-22). Individual 
housing impaired early life growth and we thus anticipated potentially more robust effects 
of the CLM diet on outcomes in individually housed mice compared to socially housed mice. 
Surprisingly there were no significant diet*housing interactions in the current study and the 
CLM effects were in fact similar on the outcomes evaluated. The results of the current study 
therefore do not directly support the idea that protective effects of breastfeeding may be 
confounded by other environmental conditions. Under these standard laboratory settings 
these results indicate that the positive effects of a diet with a lipid structure mimicking the 
supramolecular structure of human milk lipids appear to be rather robust. However, we did 
not take into account possible effects of additional environmental challenges such as adult 
Western Style Diet exposure as previously employed to study effects of the CLM diet on 
parameters for adult metabolic health (70, 80)).
In summary, we found that individual housing of mice following weaning impaired 
adolescent growth and skeletal development, and lastingly affected body composition. 
These outcomes were improved by early life exposure to a diet containing lipids with a 
supramolecular structure mimicking the lipid structure present in mammalian milk.  In 
addition, the dietary exposure reduced adolescent anxiety and improved adult cognitive 
function in both individually and socially housed mice, although behavioural alterations as 
a result of individual housing under standard laboratory conditions were mild and cognitive 
function was not affected. We conclude that individual housing of mice following weaning 
may be used as a model for impaired growth and increased susceptibility for adult metabolic 
derangements. In addition we suggest that the supramolecular structure of dietary lipids in 
HM may contribute to improvements in growth, skeletal development, body composition 
and neuronal development as observed in breastfed infants. Based on these results we 
suggest that the supramolecular structure of lipids may provide an interesting aspect of 
dietary lipid quality in infant formula that could contribute to healthy outcomes for both 
healthy infants as well as infants facing growth challenges.



Effects of a postnatal diet with large, phospholipid coated lipid droplets on growth, | 179 
skeletal and brain development in mice under individual or social housing conditions

Acknowledgements

We thank Jan Bruggink, Ellis Mulder, Giorgio Karapetsas, Emma Gerrits, Lian Feenstra Esmee 
Castermans, Ivor van der Laan, Eefje Engels and Andrea Kodde for their technical assistance 
with the expreimental procedures, behavioural observations and sample analyses. This 
work was fully funded by Nutricia Research.



180 | Chapter six

References

1. Kramer MS, et al. (2002) Breastfeeding and infant growth: biology or bias? Pediatrics 
110(2 Pt 1):343-347.

2. Butte NF, Wong WW, Hopkinson JM, Smith EO, & Ellis KJ (2000) Infant feeding mode 
affects early growth and body composition. Pediatrics 106(6):1355-1366.

3. Dewey KG, et al. (1995) Growth of breast-fed infants deviates from current reference 
data: a pooled analysis of US, Canadian, and European data sets. World Health 
Organization Working Group on Infant Growth. Pediatrics 96(3 Pt 1):495-503.

4. Andres A, Casey PH, Cleves MA, & Badger TM (2013) Body fat and bone mineral content 
of infants fed breast milk, cow’s milk formula, or soy formula during the first year of life. 
J Pediatr 163(1):49-54.

5. Harvey NC, et al. (2009) Breast-feeding and adherence to infant feeding guidelines do 
not influence bone mass at age 4 years. Br J Nutr 102(6):915-920.

6. Jones G, Riley M, & Dwyer T (2000) Breastfeeding in early life and bone mass in 
prepubertal children: a longitudinal study. Osteoporos Int 11(2):146-152.

7. Micklesfield L, et al. (2006) Maternal and early life influences on calcaneal ultrasound 
parameters and metacarpal morphometry in 7- to 9-year-old children. J Bone Miner 
Metab 24(3):235-242.

8. Foley S, Quinn S, & Jones G (2009) Tracking of bone mass from childhood to adolescence 
and factors that predict deviation from tracking. Bone 44(5):752-757.

9. Jones G, Hynes KL, & Dwyer T (2013) The association between breastfeeding, maternal 
smoking in utero, and birth weight with bone mass and fractures in adolescents: a 16-
year longitudinal study. Osteoporos Int 24(5):1605-1611.

10. Herba CM, et al. (2013) Breastfeeding and early brain development: the Generation R 
study. Matern Child Nutr 9(3):332-349.

11. Deoni SC, et al. (2013) Breastfeeding and early white matter development: A cross-
sectional study. Neuroimage 82:77-86.

12. Isaacs EB, et al. (2010) Impact of breast milk on IQ, brain size and white matter 
development. Pediatric research 67(4):357-362.

13. Belfort MB, et al. (2013) Infant feeding and childhood cognition at ages 3 and 7 years: 
Effects of breastfeeding duration and exclusivity. JAMA Pediatr 167(9):836-844.

14. Leventakou V, et al. (2015) Breastfeeding duration and cognitive, language and motor 
development at 18 months of age: Rhea mother-child cohort in Crete, Greece. J 
Epidemiol Community Health 69(3):232-239.

15. Horta BL, Loret de Mola C, & Victora CG (2015) Breastfeeding and intelligence: a 
systematic review and meta-analysis. Acta paediatrica 104(467):14-19.

16. Heikkila K, Kelly Y, Renfrew MJ, Sacker A, & Quigley MA (2014) Breastfeeding and 
educational achievement at age 5. Matern Child Nutr 10(1):92-101.

17. Oddy WH, et al. (2010) The long-term effects of breastfeeding on child and adolescent 
mental health: a pregnancy cohort study followed for 14 years. J Pediatr 156(4):568-
574.



References | 181

18. Hayatbakhsh MR, O’Callaghan MJ, Bor W, Williams GM, & Najman JM (2012) 
Association of breastfeeding and adolescents’ psychopathology: a large prospective 
study. Breastfeed Med 7(6):480-486.

19. Montgomery SM, Ehlin A, & Sacker A (2006) Breast feeding and resilience against 
psychosocial stress. Archives of Disease in Childhood 91(12):990-994.

20. Kuchenbecker J, et al. (2015) Exclusive breastfeeding and its effect on growth of 
Malawian infants: results from a cross-sectional study. Paediatr Int Child Health 
35(1):14-23.

21. Rao MR, Hediger ML, Levine RJ, Naficy AB, & Vik T (2002) Effect of breastfeeding on 
cognitive development of infants born small for gestational age. Acta paediatrica 
91(3):267-274.

22. Anderson JW, Johnstone BM, & Remley DT (1999) Breast-feeding and cognitive 
development: a meta-analysis. Am J Clin Nutr 70(4):525-535.

23. Field CJ (2005) The immunological components of human milk and their effect on 
immune development in infants. J Nutr 135(1):1-4.

24. Savino F, Liguori SA, Fissore MF, & Oggero R (2009) Breast Milk Hormones and 
Their Protective Effect on Obesity. International Journal of Pediatric Endocrinology 
2009:327505.

25. Dvorak B (2010) Milk epidermal growth factor and gut protection. J Pediatr 156(2 
Suppl):S31-35.

26. Innis SM (2007) Dietary (n-3) fatty acids and brain development. J Nutr 137(4):855-859.
27. Laird E, Ward M, McSorley E, Strain JJ, & Wallace J (2010) Vitamin D and Bone Health; 

Potential Mechanisms. Nutrients 2(7):693-724.
28. Innis SM (1992) Human milk and formula fatty acids. J Pediatr 120(4 Pt 2):S56-61.
29. Contarini G & Povolo M (2013) Phospholipids in milk fat: composition, biological and 

technological significance, and analytical strategies. Int J Mol Sci 14(2):2808-2831.
30. Michalski MC, Briard V, Michel F, Tasson F, & Poulain P (2005) Size distribution of fat 

globules in human colostrum, breast milk, and infant formula. J Dairy Sci 88(6):1927-
1940.

31. Lopez C & Menard O (2011) Human milk fat globules: polar lipid composition and in 
situ structural investigations revealing the heterogeneous distribution of proteins and 
the lateral segregation of sphingomyelin in the biological membrane. Colloids Surf B 
Biointerfaces 83(1):29-41.

32. Michalski MC, et al. (2006) The supramolecular structure of milk fat influences plasma 
triacylglycerols and fatty acid profile in the rat. Eur J Nutr 45(4):215-224.

33. Michalski MC, et al. (2013) Multiscale structures of lipids in foods as parameters 
affecting fatty acid bioavailability and lipid metabolism. Prog Lipid Res 52(4):354-373.

34. Bourlieu C, et al. (2015) The structure of infant formulas impacts their lipolysis, 
proteolysis and disintegration during in vitro gastric digestion. Food Chem 182:224-
235.

35. Armand M, et al. (1999) Digestion and absorption of 2 fat emulsions with different 
droplet sizes in the human digestive tract. Am J Clin Nutr 70(6):1096-1106.



182 | Chapter six

36. Spitsberg VL (2005) Invited Review: Bovine Milk Fat Globule Membrane as a Potential 
Nutraceutical. Journal of Dairy Science 88(7):2289-2294.

37. Makinodan M, Rosen KM, Ito S, & Corfas G (2012) A critical period for social experience-
dependent oligodendrocyte maturation and myelination. Science 337(6100):1357-
1360.

38. Brenes JC, Rodriguez O, & Fornaguera J (2008) Differential effect of environment 
enrichment and social isolation on depressive-like behavior, spontaneous activity and 
serotonin and norepinephrine concentration in prefrontal cortex and ventral striatum. 
Pharmacol Biochem Behav 89(1):85-93.

39. Biggio F, et al. (2014) Maternal separation attenuates the effect of adolescent social 
isolation on HPA axis responsiveness in adult rats. Eur Neuropsychopharmacol 
24(7):1152-1161.

40. Cacioppo JT, Cacioppo S, Capitanio JP, & Cole SW (2015) The neuroendocrinology of 
social isolation. Annu Rev Psychol 66:733-767.

41. Hawkley LC, Cole SW, Capitanio JP, Norman GJ, & Cacioppo JT (2012) Effects of social 
isolation on glucocorticoid regulation in social mammals. Horm Behav 62(3):314-323.

42. Ebensperger LA (2001) A review of the evolutionary causes of rodent group-living. Acta 
Theriologica 46(2):115-144.

43. Heldmaier G (1975) The influence of the social thermoregulation on the cold-adaptive 
growth of BAT in hairless and furred mice. Pflugers Arch 355(3):261-266.

44. Gordon CJ, Becker P, & Ali JS (1998) Behavioral thermoregulatory responses of single- 
and group-housed mice. Physiol Behav 65(2):255-262.

45. Malik RC (1984) Genetic and physiological aspects of growth, body composition and 
feed efficiency in mice: a review. J Anim Sci 58(3):577-590.

46. Reeves PG, Nielsen FH, & Fahey GC, Jr. (1993) AIN-93 purified diets for laboratory 
rodents: final report of the American Institute of Nutrition ad hoc writing committee 
on the reformulation of the AIN-76A rodent diet. J Nutr 123(11):1939-1951.

47. Oosting A, et al. (2014) Effect of dietary lipid structure in early postnatal life on mouse 
adipose tissue development and function in adulthood. Br J Nutr 111(2):215-226.

48. Gallier S, et al. (2015) A novel infant milk formula concept: Mimicking the human milk 
fat globule structure. Colloids Surf B Biointerfaces 136:329-339.

49. Schipper L, et al. (2016) A Postnatal Diet Containing Phospholipids, Processed to Yield 
Large, Phospholipid-Coated Lipid Droplets, Affects Specific Cognitive Behaviors in 
Healthy Male Mice. J Nutr 146(6):1155-1161.

50. Hogg S (1996) A review of the validity and variability of the elevated plus-maze as an 
animal model of anxiety. Pharmacol Biochem Behav 54(1):21-30.

51. Walf AA & Frye CA (2007) The use of the elevated plus maze as an assay of anxiety-
related behavior in rodents. Nat. Protocols 2(2):322-328.

52. Kaidanovich-Beilin O, Lipina T, Vukobradovic I, Roder J, & Woodgett JR (2011) 
Assessment of Social Interaction Behaviors. Journal of Visualized Experiments : JoVE 
(48):2473.



References | 183

53. Evers SS, Boersma GJ, Tamashiro KL, Scheurink AJ, & van Dijk G (2017) Roman high 
and low avoidance rats differ in their response to chronic olanzapine treatment at the 
level of body weight regulation, glucose homeostasis, and cortico-mesolimbic gene 
expression. J Psychopharmacol 31(11):1437-1452.

54. Bibancos T, Jardim DL, Aneas I, & Chiavegatto S (2007) Social isolation and expression 
of serotonergic neurotransmission-related genes in several brain areas of male mice. 
Genes, Brain and Behavior 6(6):529-539.

55. Lopez MF & Laber K (2015) Impact of social isolation and enriched environment during 
adolescence on voluntary ethanol intake and anxiety in C57BL/6J mice. Physiology & 
Behavior 148:151-156.

56. Tsuduki T, Yamamoto K, E S, Hatakeyama Y, & Sakamoto Y (2015) High Dietary Fat Intake 
during Lactation Promotes the Development of Social Stress-Induced Obesity in the 
Offspring of Mice. Nutrients 7(7):5916-5932.

57. Sanger TJ, et al. (2011) Developmental and Genetic Origins of Murine Long Bone Length 
Variation. Journal of Experimental Zoology. Part B, Molecular and Developmental 
Evolution 316B(2):146-161.

58. Meakin LB, et al. (2013) Male mice housed in groups engage in frequent fighting and 
show a lower response to additional bone loading than females or individually housed 
males that do not fight. Bone 54(1):113-117.

59. Nagy TR, Krzywanski D, Li J, Meleth S, & Desmond R (2002) Effect of group vs. single 
housing on phenotypic variance in C57BL/6J mice. Obesity research 10(5):412-415.

60. Tamashiro KLK, et al. (2007) Dynamic body weight and body composition changes in 
response to subordination stress. Physiology & behavior 91(4):440-448.

61. Moles A, et al. (2006) Psychosocial stress affects energy balance in mice: modulation by 
social status. Psychoneuroendocrinology 31(5):623-633.

62. DeBoer MD, et al. (2012) Early childhood growth failure and the developmental origins 
of adult disease: Do enteric infections and malnutrition increase risk for the metabolic 
syndrome? Nutrition reviews 70(11):642-653.

63. Terrien J, Perret M, & Aujard F (2011) Behavioral thermoregulation in mammals: a 
review. Front Biosci (Landmark Ed). 16:1428-1444.

64. Gordon CJ (2012) Thermal physiology of laboratory mice: Defining thermoneutrality. 
Journal of Thermal Biology 37(8):654–685.

65. Toth LA, Trammell RA, & Ilsley-Woods M (2015) Interactions Between Housing Density 
and Ambient Temperature in the Cage Environment: Effects on Mouse Physiology and 
Behavior. J Am Assoc Lab Anim Sci 54(6):708-717.

66. Nutrition NRCUSoLA (1995) Nutrient Requirements of the Mouse. Nutrient 
Requirements of Laboratory Animals: Fourth Revised Edition, 1995., ed Overton JM ( 
National Academies Press (US);, Washington D.C.).

67. Gale C, et al. (2012) Effect of breastfeeding compared with formula feeding on infant 
body composition: a systematic review and meta-analysis. Am J Clin Nutr 95(3):656-
669.

68. Arenz S, Ruckerl R, Koletzko B, & von Kries R (2004) Breast-feeding and childhood 
obesity--a systematic review. Int J Obes Relat Metab Disord 28(10):1247-1256.



184 | Chapter six

69. Gillman MW, et al. (2001) Risk of overweight among adolescents who were breastfed 
as infants. Jama 285(19):2461-2467.

70. Oosting A, et al. (2012) Size and phospholipid coating of lipid droplets in the diet of 
young mice modify body fat accumulation in adulthood. Pediatr Res 72(4):362-369.

71. Wit JM & Camacho-Hubner C (2011) Endocrine regulation of longitudinal bone growth. 
Endocrine development 21:30-41.

72. Yakar S, et al. (2002) Circulating levels of IGF-1 directly regulate bone growth and 
density. The Journal of Clinical Investigation 110(6):771-781.

73. Upadhyay J, Farr OM, & Mantzoros CS (2015) The role of leptin in regulating bone 
metabolism. Metabolism: clinical and experimental 64(1):105-113.

74. Pearce MS, Relton CL, Groom A, Peaston RT, & Francis RM (2010) A lifecourse study 
of bone resorption in men ages 49-51years: the Newcastle Thousand Families cohort 
study. Bone 46(4):952-956.

75. Pirila S, et al. (2011) Infant milk feeding influences adult bone health: a prospective 
study from birth to 32 years. PLoS One 6(4):e19068.

76. Molgaard C, Thomsen BL, & Michaelsen KF (1998) Influence of weight, age and puberty 
on bone size and bone mineral content in healthy children and adolescents. Acta 
paediatrica 87(5):494-499.

77. Guntur AR & Rosen CJ (2013) IGF-1 regulation of key signaling pathways in bone. 
Bonekey Rep 2:437.

78. Stratikopoulos E, Szabolcs M, Dragatsis I, Klinakis A, & Efstratiadis A (2008) The hormonal 
action of IGF1 in postnatal mouse growth. Proc Natl Acad Sci U S A 105(49):19378-
19383.

79. Harder T, Bergmann R, Kallischnigg G, & Plagemann A (2005) Duration of breastfeeding 
and risk of overweight: a meta-analysis. Am J Epidemiol 162(5):397-403.

80. Baars A, et al. (2016) Milk fat globule membrane coating of large lipid droplets in the diet 
of young mice prevents body fat accumulation in adulthood. Br J Nutr 115(11):1930-
1937.

81. Taveggia C, et al. (2008) Type III neuregulin-1 promotes oligodendrocyte myelination. 
Glia 56(3):284-293.

82. Lukkes JL, Mokin MV, Scholl JL, & Forster GL (2009) Adult rats exposed to early-life 
social isolation exhibit increased anxiety and conditioned fear behavior, and altered 
hormonal stress responses. Horm Behav 55(1):248-256.

83. Hurst JL, Barnard CJ, Tolladay U, Nevision CM, & West CD (1999) Housing and welfare in 
laboratory rats: effects of cage stocking density and behavioural predictors of welfare. 
Anim Behav 58(3):563-586.

84. Boggiano MM, et al. (2008) Effect of a cage divider permitting social stimuli on stress 
and food intake in rats. Physiol Behav 95(1-2):222-228.

85. Harris AP, D’Eath RB, & Healy SD (2010) A cage without a view increases stress and 
impairs cognitive performance in rats. Animal Welfare 19(3):235-241.

86. Hunt C & Hambly C (2006) Faecal corticosterone concentrations indicate that separately 
housed male mice are not more stressed than group housed males. Physiol Behav 
87(3):519-526.



References | 185

87. Arndt SS, et al. (2009) Individual housing of mice--impact on behaviour and stress 
responses. Physiol Behav 97(3-4):385-393.

88. Kamakura R, Kovalainen M, Leppaluoto J, Herzig KH, & Makela KA (2016) The effects of 
group and single housing and automated animal monitoring on urinary corticosterone 
levels in male C57BL/6 mice. Physiol Rep 4(3).

89. Holson RR, Scallet AC, Ali SF, & Turner BB (1991) “Isolation stress” revisited: isolation-
rearing effects depend on animal care methods. Physiol Behav 49(6):1107-1118.

90. Gentsch C, Lichtsteiner M, Frischknecht HR, Feer H, & Siegfried B (1988) Isolation-
induced locomotor hyperactivity and hypoalgesia in rats are prevented by handling 
and reversed by resocialization. Physiol Behav 43(1):13-16.

91. Sciolino NR, et al. (2010) Social isolation and chronic handling alter endocannabinoid 
signaling and behavioral reactivity to context in adult rats. Neuroscience 168(2):371-
386.

92. Costa R, Tamascia ML, Nogueira MD, Casarini DE, & Marcondes FK (2012) Handling of 
adolescent rats improves learning and memory and decreases anxiety. J Am Assoc Lab 
Anim Sci 51(5):548-553.

93. Balcombe JP, Barnard ND, & Sandusky C (2004) Laboratory routines cause animal stress. 
Contemp Top Lab Anim Sci 43(6):42-51.

94. Guo M, Wu CF, Liu W, Yang JY, & Chen D (2004) Sex difference in psychological 
behavior changes induced by long-term social isolation in mice. Progress in Neuro-
Psychopharmacology and Biological Psychiatry 28(1):115-121.

95. Abramov U, et al. (2004) Targeted mutation of CCK(2) receptor gene antagonises 
behavioural changes induced by social isolation in female, but not in male mice. 
Behavioural brain research 155(1):1-11.

96. Voikar V, Polus A, Vasar E, & Rauvala H (2005) Long-term individual housing in C57BL/6J 
and DBA/2 mice: assessment of behavioral consequences. Genes, brain, and behavior 
4(4):240-252.

97. Bartolomucci A, et al. (2003) Individual housing induces altered immuno-endocrine 
responses to psychological stress in male mice. Psychoneuroendocrinology 28(4):540-
558.

98. Lukkes JL, Watt MJ, Lowry CA, & Forster GL (2009) Consequences of post-weaning 
social isolation on anxiety behavior and related neural circuits in rodents. Front Behav 
Neurosci 3:18.

99. Fone KC & Porkess MV (2008) Behavioural and neurochemical effects of post-weaning 
social isolation in rodents-relevance to developmental neuropsychiatric disorders. 
Neurosci Biobehav Rev 32(6):1087-1102.

100. Berridge CW (2008) Noradrenergic Modulation of Arousal. Brain research reviews 
58(1):1-17.

101. Yerkes RM & Dodson JD (1908) The relation of strength of stimulus to rapidity of habit-
formation. Journal of Comparative Neurology and Psychology 18(5):459-482.

102. Sara SJ & Bouret S (2012) Orienting and reorienting: the locus coeruleus mediates 
cognition through arousal. Neuron 76(1):130-141.



186 | Chapter six

103. Berridge CW & Waterhouse BD (2003) The locus coeruleus-noradrenergic system: 
modulation of behavioral state and state-dependent cognitive processes. Brain Res 
Brain Res Rev 42(1):33-84.

104. Baumgartner S, van de Heijning BJM, Acton D, & Mensink RP (2017) Infant milk fat 
droplet size and coating affect postprandial responses in healthy adult men: a proof-of-
concept study. Eur J Clin Nutr.

105. Monnikes H, et al. (1997) Pathways of Fos expression in locus ceruleus, dorsal vagal 
complex, and PVN in response to intestinal lipid. Am J Physiol 273(6 Pt 2):R2059-2071.

106. Gulpinar MA & Yegen BC (2004) The physiology of learning and memory: role of 
peptides and stress. Curr Protein Pept Sci 5(6):457-473.

107. McLean JH & Shipley MT (1991) Postnatal development of the noradrenergic projection 
from locus coeruleus to the olfactory bulb in the rat. J Comp Neurol 304(3):467-477.

108. Saito N, Shimada M, Kitahama K, & Maeda T (1996) Postnatal development of adrenergic 
terminals in rat locus coeruleus, with special reference to growth of noradrenergic 
neurons. Brain Res Dev Brain Res 96(1-2):241-248.

109. Pinos H, et al. (2001) The development of sex differences in the locus coeruleus of the 
rat. Brain Res Bull 56(1):73-78.

110. Marshall KC, Christie MJ, Finlayson PG, & Williams JT (1991) Developmental aspects of 
the locus coeruleus-noradrenaline system. Prog Brain Res 88:173-185.

111. Sullivan RM, McGaugh JL, & Leon M (1991) Norepinephrine-induced plasticity and one-
trial olfactory learning in neonatal rats. Brain Res Dev Brain Res 60(2):219-228.

112. Felten DL, Hallman H, & Jonsson G (1982) Evidence for a neurotropic role of noradrenaline 
neurons in the postnatal development of rat cerebral cortex. J Neurocytol 11(1):119-
135.

113. Siciliano R, Fornai F, Bonaccorsi I, Domenici L, & Bagnoli P (1999) Cholinergic and 
noradrenergic afferents influence the functional properties of the postnatal visual 
cortex in rats. Vis Neurosci 16(6):1015-1028.

114. Oury F, et al. (2013) Maternal and offspring pools of osteocalcin influence brain 
development and functions. Cell 155(1):228-241.

115. Ferron M & Lacombe J (2014) Regulation of energy metabolism by the skeleton: 
osteocalcin and beyond. Archives of biochemistry and biophysics 561:137-146.

116. Motyl KJ & Rosen CJ (2011) Temperatures Rising: Brown Fat and Bone. Discovery 
medicine 11(58):179-185.

117. Kindblom JM, et al. (2009) Plasma osteocalcin is inversely related to fat mass and 
plasma glucose in elderly Swedish men. J Bone Miner Res 24(5):785-791.

118. Gurnida DA, Rowan AM, Idjradinata P, Muchtadi D, & Sekarwana N (2012) Association 
of complex lipids containing gangliosides with cognitive development of 6-month-old 
infants. Early human development 88(8):595-601.

119. Timby N, Domellof E, Hernell O, Lonnerdal B, & Domellof M (2014) Neurodevelopment, 
nutrition, and growth until 12 mo of age in infants fed a low-energy, low-protein formula 
supplemented with bovine milk fat globule membranes: a randomized controlled trial. 
Am J Clin Nutr 99(4):860-868.



References | 187

120. Oshida K, et al. (2003) Effects of dietary sphingomyelin on central nervous system 
myelination in developing rats. Pediatr Res 53(4):589-593.

121. Wang B (2012) Molecular mechanism underlying sialic acid as an essential nutrient for 
brain development and cognition. Adv Nutr 3(3):465S-472S.

122. Khavandgar Z & Murshed M (2015) Sphingolipid metabolism and its role in the skeletal 
tissues. Cell Mol Life Sci 72(5):959-969.

123. van Karnebeek CD, et al. (2016) NANS-mediated synthesis of sialic acid is required for 
brain and skeletal development. Nature genetics 48(7):777-784.

124. Vickers MH, et al. (2009) Supplementation with a mixture of complex lipids derived 
from milk to growing rats results in improvements in parameters related to growth and 
cognition. Nutr Res 29(6):426-435.

125. Walfisch A, Sermer C, Cressman A, & Koren G (2013) Breast milk and cognitive 
development--the role of confounders: a systematic review. BMJ Open 3(8):e003259.

126. Durmus B, et al. (2014) General and abdominal fat outcomes in school-age children 
associated with infant breastfeeding patterns. Am J Clin Nutr 99(6):1351-1358.

127. Brion MJ, et al. (2011) What are the causal effects of breastfeeding on IQ, obesity and 
blood pressure? Evidence from comparing high-income with middle-income cohorts. 
Int J Epidemiol 40(3):670-680.




	Chapter 6



