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Chapter ONE
General introduction
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The first 1000 days of brain development

The first 1000 days of life, from conception until 2 years of age, represents a unique 
period in which all tissues and organs are rapidly being formed and become functional. 
These developmental processes are driven by the genetic make-up and are strongly 
influenced by the environment, including nutrition and affective/sensory experiences. 
These environmental exposures have short and long term consequences for infant growth, 
development and function of organs and systems including the brain. The human brain is 
the organ that takes the longest to mature, its developmental trajectory extending at least 
until adolescence, arguably throughout life, with different parts and functions of the brain 
developing at different times (1). At term birth, the human brain weighs about 350 g on 
average, representing 25% of its adult weight (i.e. 1300-1400 g) (2). Until 2 years of age, 
the human brain rapidly increases in volume up to 80% of adult size (3, 4), with the most 
rapid increase occurring between birth and 1 year of age (2). Whereas brain structures and 
neural circuits continue to develop and change until early adulthood, the foundation of 
brain development during the first 1000 days forms the base for further development and 
thus for brain health and optimal function throughout life.
An overview of the basic processes in brain development can be found in figure 1. Most 
neurons are formed during fetal life in the period between 5 weeks after conception until 
the 2nd trimester of pregnancy (1). After production, neurons migrate to different locations 
in the brain where they change shape, grow dendrites and axons that connect with other 
neurons via synapses that form the basis for complex organized networks and anatomical 
distinct structures and circuits with specialized functions (5, 6). The formation of these 
functional neuronal networks takes place predominantly between 20 weeks of gestation and 
2 years of life. The first synaptic connections are formed as early as 5 weeks after conception, 
while organization and reorganization of networks, including also the elimination of neurons 
and neuronal networks, i.e. pruning, continues well beyond early life (5, 7). Myelination of 
axons begins during the last weeks of gestation and also continues for life (8, 9). Rather than 
homologous development, individual anatomical structures and circuits within the brain 
have their own unique growth and development trajectory that peaks at different times. 
Coherent with this, the different brain functions also develop at different ages (10).

Whereas all mammalian species follow roughly the same developmental sequence of brain 
maturation, the total duration and timing of structural and functional maturation differs 
across species (11).   This is not only related to total life span of specific species, but also 
to a different time scale in the realization of specific neurodevelopmental milestones in 
perinatal life, either in utero or after birth. For example, the peak of the brain growth spurt, 
i.e. the total brain weight gain as percentage of adult weight, occurs around birth in humans 
whereas in rats this milestone is reached after birth at postnatal day 7 (3). These species 
differences also occur in the development of specific neurological pathways. An example of 
this is the establishment of the hypothalamic circuitry that is involved in the regulation of 
food intake; the formation of axonal projections from neurons in the arcuate nucleus of the 
hypothalamus (ARH) to the paraventricular nucleus (PVN) is thought to take place in humans 
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primarily during the 3rd trimester of pregnancy whereas these neuronal connections are not 
formed until the first 2 to 3 weeks after birth in rodents (12). The general mechanisms that 
underlie brain development are, however, conserved across species despite these species 
differences in temporal organization.

Figure 1, timetable of major events in human brain development during prenatal and postnatal life. 
Dark blue-shaded areas indicate peak activities; light blue-shaded areas indicate low or medium 
activity. The current graphical representation of events was based on information described by 
Linderkamp et al. (7) and Thomson et al. (10).

Nutritional programming of brain functions

Mammalian brain growth and the individual steps in morphological and functional 
development are regulated by the complex interplay between gene expression, experiences, 
and environmental factors including the nutritional environment. The nutrient supply to the 
developing fetus is dependent maternal factors including the nutritional environment of the 
mother, influencing placental nutrient transfer. After birth, the nutritional environment of 
the infant still strongly depends on maternal nutrition and other maternal factors that reach 
the infant through breast milk, and after 6 months, also other nutrient sources become 
important. Specifically, nutrients and cofactors provide energy for brain growth and are 
directly used as building blocks for neuronal cells, allowing the increase in total brain volume 
and the emerging complex connectivity of neuronal networks during the brain growth spurt 
to occur (13, 14).  At the functional level, nutrients are used for many processes required for 
brain development such as neuronal proliferation, gene expression, and neurotransmitter 
and hormone metabolism (13, 15, 16). Nutrient- derived hormones, metabolites and factors 
originating in the periphery may act on brain development as well, often functioning as 
neurotrophic factors (i.e. compounds that can enhance growth, survival, differentiation and 
plasticity of both developing and mature neurons) (17-19).  For instance, (maternal) leptin 
and insulin released in response to nutrient and energy status are involved in shaping the 
connectivity of the fetal hypothalamic circuitry (18, 20, 21). Furthermore, the physical act 
of feeding in itself provides experience of social cues from the parents and sensory input 
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(e.g. taste, olfactory, visual, tactile) that influence the complexity of dendritic branching 
and synaptic connectivity within and between the different brain regions involved in food 
perception (16). Together with homeostatic signals and reward processing, this contributes 
to food learning, food preference and feeding behaviour (22, 23).
Thus, many different aspects of nutrient supply and the related nutrition-derived 
neurotrophic factors are essential for normal morphological and functional development 
of neuronal networks and brain regions during the first 1000 days. The quality of these 
early life established neuronal networks form the basis for further brain development and 
the capacity of the brain to reach its full potential throughout childhood, adolescence 
and adulthood. The nutritional conditions during the first 1000 days influence the quality 
of brain development and may “program” brain health and disease risk later in life. This 
concept is known as the Developmental Origins of Health and Disease (DOHaD) hypothesis, 
which applies to all organs and systems in the body (24). Nutritional programming of brain 
development may affect the brain in numerous ways, depending largely on the timing of the 
nutritional exposure in relation to various developmental events in the brain. As mentioned 
before, the individual structures, circuits and functions of the brain each develop within 
their own restricted time frames, and many of the processes involved in development have 
specific nutritional demands (15). Consequently, the first 1000 days of life represents a period 
of increased vulnerability to nutritional deficits (13, 25).  Insufficient supply of nutrients, 
even when relatively small or short, during this critical period, may lead to adjustments 
in the ongoing structural and functional neurodevelopment. This may affect the (quality 
of) subsequent development as the completion of one step in brain development often 
influences the next. Once initiated, such changes are generally irreversible and can lead 
to adjustments in neurological function that cannot be recovered by adequate nutritional 
supply at a later stage of development (16, 25, 26). The neuroanatomical and functional 
consequences of insufficient nutrient supply to the fetal and early postnatal developing 
brain have been extensively studied in animal models, for example by (maternal) protein-
energy or food restriction causing undernutrition (see for a review (27)). Evidence from 
these studies shows that, at anatomical level, undernutrition during early life results in a 
variety of persistent abnormalities such as reduced myelination (28), impaired synaptic 
density and morphology (29), altered neurotransmission and increased neuronal cell death 
(30). Functionally, perinatal undernutrition may be linked to learning and memory problems 
later in life (31, 32), behavioural impairments such as increased anxiety-like behaviour and 
depression (33-35) and alterations in regulation of food intake behaviour (36). In humans, 
the effects of undernutrition on brain development and function are best illustrated by 
observational cohort data. For example, the Dutch Hunger Winter in 1945, a five-month 
period at the end of World War II during which there was a severe famine in the Western part 
of the Netherlands, provided important information about the  consequences of prenatal 
exposure to insufficient nutrient supply during specific stages of pregnancy for infant brain 
development. Infants exposed to peak famine during mid and late gestation, but not during 
early gestation, were smaller and had smaller head circumference at birth compared to 
non-exposed infants (37). Head circumference and body weight at birth can be inversely 
correlated to cognitive performance at a later age (38). 
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Adverse effects on adult mental health that were not dependent on birth weight have 
also been reported. Functionally, undernutrition during the different stages of pregnancy 
appears to be related to increased risk for specific adult psychopathologies, with peak famine 
during mid-gestation being associated with higher risk for affective disorders (39), and peak 
famine during early gestation only with higher risk for schizophrenia (40), addiction (41) and 
accelerated cognitive decline (42). Whereas other environmental factors during childhood, 
adolescence and adulthood certainly contribute, these examples suggest that the origin of 
these psychopathologies may be traced back to impairments in the development of specific 
brain structures that were taking place during the various stages of pregnancy during which 
the undernutrition occurred. In general, human studies investigating the effects of fetal 
famine exposure on adult anatomical or biochemical alterations in the brain are very limited, 
but malformations have been reported in relation to exposure during early gestation (40, 
43).
Whereas undernutrition represents a situation in which the quantitative supply of all 
nutrients is reduced, deficiencies of specific nutrients (referred to as malnutrition (44)) 
during the first 1000 days may also impair neural development and affect long-term brain 
function. Iron deficiency for instance is one of the most common nutritional deficiencies in 
humans, affecting more than 2 billion people worldwide (45). Iron plays an essential role in 
a number of neuronal processes that are important for normal development during the first 
1000 days. As evidenced in rodent studies, fetal and early postnatal iron deficiency results 
in various impairments in cognitive function (46-49). These functional impairments may be 
related to alterations in e.g. myelination (50, 51), dopamine metabolism (52), neuronal energy 
metabolism (53) and anatomical and biochemical changes in the developing hippocampus 
(54-56) that persist even after repletion with iron at a later stage of development. In humans, 
fetal and early postnatal iron deficiency results in similar cognitive problems during infancy 
and childhood (57-59) and has been proposed a risk factor for adult psychopathology (60, 
61). A number of other perinatal micronutrient or vitamin deficiencies that are well known 
to cause abnormalities in neurological development during the first 1000 days include folate 
deficiency that impairs closure of the neural tube in the 4th week after conception (62), zinc 
deficiency that disturbs e.g. neurotransmitter metabolism and growth hormone receptor 
expression (63) and iodine deficiency that mediates its effects through altered thyroid 
hormone metabolism (64).
To conclude, these examples clearly show that inadequate nutrient quantity or specific 
nutrient deficiencies during critical periods of development early in life can have 
implications for brain structure and functioning throughout life, and may predispose an 
individual to behavioural derangements, learning difficulties, atypical or delayed cognitive 
development, cognitive decline, psychopathology, neuroendocrine abnormalities and other 
diseases  at a later stage of life (42, 65, 66). However, besides nutritional insults leading 
to malprogramming, the DOHaD concept also applies to (changes in) nutritional supply 
that may be beneficial for brain development. Therefore, the first 1000 days may not only 
be seen as a “period of high vulnerability”, but also as the period that provides a unique 
opportunity to optimize brain development and lifelong functioning by providing the right 
nutrition. To this end, there is an increasing body of literature that suggests a connection 
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between improved nutritional quality after birth, for instance breastfeeding compared to 
formula feeding, and optimal brain development.

Milk, lipids and brain development

For mammals, the first and only source of nutrition directly after birth is maternal milk. For 
humans, the current recommendations by the World Health Organization (WHO) for infant 
feeding are to exclusively breastfeed infants up to at least 6 months of age, with continued 
breastfeeding along with appropriate complementary foods up to 2 years of age or beyond. 
Although most mothers start breastfeeding, many children do not receive mothers own milk 
exclusively for 6 months (67). When mothers do not breastfeed for medical or other reasons, 
Infant Milk Formula (IMF) should provide an adequate alternative. Although breast milk and 
IMF may be comparable in energy content and macro nutrient composition that is needed 
for infant growth and development, breastfed infants appear to have several advantages 
over formula fed infants when it comes to (long term) health including immune, gut and 
metabolic health (68-70). This suggests that the quality of breast milk arises from factors 
beyond bulk nutritional constituents. Regarding brain development, there are numerous 
publications that show that breastfeeding exclusivity and duration is positively associated 
with brain structural development (71-73), cognitive function (74-76), behaviour, school 
performance (77) and food intake regulation (78, 79). However, the specific aspects of 
breastfeeding that contribute to these differences remain unknown. There are still numerous 
differences between breastfeeding and formula feeding that may affect brain development, 
including behavioural aspects of infant feeding (e.g. breast vs bottle feeding (78, 79), 
feeding on demand vs fixed schedule (80), self-regulation vs parental encouragement for 
bottle emptying (81)), mother child bonding (82), as well as compositional differences 
between breast milk and formula such as the presence of bioactive components in human 
milk including hormones, growth factors and immune factors (83-86). Furthermore, there 
are specific differences in the nutrient quality between breast milk and IMF, especially with 
regard to lipid quality. Lipids in human milk provide approximately half of the energy needs 
for the infant. Whereas the total lipid content in IMF is fixed, the lipid content of human milk 
is highly variable between individuals but also changing over the course of lactation, during 
the day and even during a single feed (87, 88). The mean total lipid content is estimated at 
3.2 to 3.6 g/dL (85). In addition, the quality of the lipid fraction in breast milk differs from 
that in IMF in at least two more aspects. First, the composition of individual fat components, 
specifically the types of fatty acids and bioactive lipid ingredients that make up the total fat 
content of milk, is not the same. Second, the supramolecular structure in which lipids are 
organized is substantially different between breast milk and IMF. These specific aspects of 
lipid quality and how this relates to brain development will be addressed in more detail 
below.
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Milk fatty acid composition

Approximately 98% of the lipid fraction in human milk consists of triglycerides, each 
containing three fatty acids that are connected (esterified) to a glycerol backbone (89, 
90). Fatty acids are carbon chains that can be divided into various classes depending on 
chain length and the existence and position of double bond(s) between the carbon atoms 
(level of saturation). Over 50% of the fatty acids (FA’s) in human milk are saturated fatty 
acids (SFA) (91), followed by mono-unsaturated fatty acids (MUFA’s) that have one double 
bond. About 20% of the FA’s in human milk are polyunsaturated fatty acids (PUFA’s) which 
contain 2 or more double bonds, thereby causing a more kinked configuration compared 
to saturated and mono-unsaturated fatty acids. PUFA’s of various chain lengths can be 
further classified into omega-3 or omega-6 PUFA’s, depending on the location of the first 
double bond from the methyl-end of the chain (omega – n ) (92). Milk n-3 and n-6 PUFA’s 
include the essential fatty acids (EFA) linoleic acid (C18:2 n-6; LA) and alpha-linolenic acid 
(C18:3 n-3; ALA). After ingestion, these EFA’s can be converted by desaturase and elongase 
enzymes in the liver to produce longer chain PUFA’s (carbon chain-length>20, LCPUFA’s) of 
the n-6 and n-3 family that fulfill a variety of physiological functions in the body (see figure 
2). LA is converted to arachidonic acid (ARA), and ALA is converted to eicosapentaenoic 
acid (EPA) and docosahexanoic acid (DHA) (93). LA and ALA use the same set of enzymes 
and therefore compete with each other for conversion to LCPUFA. In humans infants the 
capacity of LCPUFA synthesis from EFA is low (94, 95). Although infants (both preterm and 
term) have a similar capacity as adults to convert LA to AA, and ALA to DHA (96, 97), the 
activity seems insufficient to fulfill the high LCPUFA requirements needed for growth and 
development in infancy, in particular for DHA. Preformed DHA in sufficient amounts in the 
infant’s diet therefore is considered conditionally essential (98, 99). Human milk contains 
a considerable amount of LCPUFA’s in preformed state. It has been suggested that one 
of the reasons for the advantages of breastfeeding over formula feeding regarding brain 
development is related to the high concentration of LCPUFA in breast milk, especially the 
natural presence of DHA (100).
Dietary LCPUFA’s are essential for brain development and function (101). Approximately 
60 % of the dry weight of the human brain consists of lipids, and fatty acids can be found 
as structural component of phospholipids in the neuronal membranes. The most abundant 
LCPUFA’s in the neuronal membrane are DHA and ARA. These LCPUFA’s cannot be synthesized 
by the brain in sufficient amounts, and rapidly accumulate in brain tissue by accretion from 
the infant circulation during the first 1000 days (102), see figure 2. N-3 and n-6 LCPUFA’s 
compete for uptake from the plasma to the brain. Therefore, the accumulation pattern 
is influenced by the relative abundance of n-3 LCPUFAs in the circulation, which in turn 
depends on the dietary supply of preformed n-3 and n-6 LCPUFA’s as well as the on supply 
of LA and ALA followed by endogenous LCPUFA synthesis (93). In the neuronal membrane 
the LCPUFA’s support physical and functional membrane properties. Longer chain LCPUFA’s 
increase membrane fluidity due to their spacious structure and influence membrane receptor 
and enzyme activities and neuronal plasticity (103).  Sufficient presence of particularly DHA 
in the neuronal membranes is critical for promotion of brain development and function, 
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by affecting many of the previously mentioned processes, such as neurogenesis, neural 
metabolism, differentiation, neurite outgrowth, synaptogenesis, myelination and anti-
inflammatory effects (104-110). Importantly, the role of DHA cannot be matched by other 
LCPUFA’s, such as the n-6 molecular homologue of DHA n-6 DPA (105, 108, 111). Preferential 
accumulation of DHA in the brain occurs at high rate between the 3rd trimester up to 2 
years of age, and accumulation extends into childhood and adolescence (112, 113). This 
pattern parallels active brain development and further illustrates the importance of DHA 
for brain development.  Postmortem studies in the past have revealed that infants fed 
formula without DHA had lower brain DHA levels and higher n-6 LCPUFA’s compared to 
age-matched breastfed infants (102, 114-116). Evidence from animal studies demonstrates 
that inadequate accumulation of DHA in brain tissue during perinatal development, for 
instance due to the (maternal) consumption of a diet devoid of n-3 EFA or LCPUFA, indeed 
results in a compensatory accumulation of n-6 LCPUFA’s in neuronal membranes (117). 
Furthermore, these studies demonstrate that perinatal depletion of brain DHA leads to 
enduring abnormalities in brain development and function including altered morphology, 
neurotransmission and functional impairments (118-122). Importantly, once established, 
these alterations cannot be fully restored by supplementing with n-3 LCPUFA’s during later 
life stages (123, 124).
DHA accumulation in the infant brain is, however, not only dependent on high circulating 
levels of DHA due to preformed DHA in the infant diet.  Because of the competitive nature 
of n-3 and n-6 fatty acids it also depends on the dietary supply of n-6 EFA.  This class of 
fatty acids increases endogenous synthesis of n-6 LCPUFAs, increasing n-6 LCPUFA’s in the 
circulation which impairs DHA accumulation in the brain. Whereas the proportion of SFA’s 
and MUFA’s in human milk are relatively constant, the EFA and LCPUFA profile varies in 
relation to maternal dietary fatty acid intake and fatty acids released from maternal adipose 
tissue stores or the liver (97). In particular maternal dietary intake of DHA and LA affects 
the amounts of these specific LCPUFA’s in breast milk (125, 126). In Western industrialized 
societies, there has been a marked increase in the intake of LA over the last decades, which 
is largely caused by the increased use of vegetable oils rich in LA.  At the same time, the 
consumption of food products that contain n-3 LCPUFA’s, such as fish, are typically low (127-
129). The contemporary increase in dietary LA intake is also reflected in human milk with 
increased LA content in milk of women from Europe, Australia, and Northern America (93, 
130).  Formula fed infants are also exposed to this relatively high supply of LA since the 
fatty acid composition of IMF has been based on human milk composition analysis (131), 
specifically from Caucasian women in a Western industrialized society of which the milk 
typically reflects the high n-6 content of the available diet (129, 130). In a piglet study it was 
found that newborn piglets fed a formula containing this westernized fatty acid composition 
for 30 days showed increased the accumulation of n-6 LCPUFA and reduced DHA and other 
n-3 LCPUFA in the brain.  Moreover, supplementation with DHA on this diet failed to prevent 
some of the impairments in the brain fatty acid profile that were induced by the high supply 
of LA (108). This suggests that, also in human infants, exposure to high dietary LA content 
as observed in the Western industrialized society may compromise accumulation of DHA in 
the developing infant brain, and may compromise normal brain development. Due to the 
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persistent changes in, for example, serotonergic and dopaminergic neurotransmitter systems 
that are linked to early life impaired brain DHA accumulation (119), it is suggested that the 
contemporary dis-balance in nutritional supply of EFA and LCPUFA may also contribute to 
the increased incidence of neurological and psychiatric disorders such as depression and 
schizophrenia that has been observed in the last decades (132-135).
As can be derived from the examples described above, ensuring adequate levels of n-3 
LCPUFA’s, as well as prevention of excessive n-6 (LC)PUFA in the infant’s diet are important 
factors to support optimal development and functioning of the infant brain. Many studies 
have therefore attempted to increase infant neurocognitive outcomes by (maternal) n-3 
LCPUFA supplementation. However, for healthy term infants this supplementation has not 
always shown clear benefits (136-138), although maternal n-3 LCPUFA supplementation 
during lactation seems more effective than n-3 LCPUFA supplementation of IMF (139).  Yet, 
it seems unlikely that differences between LCPUFA composition in breast milk and formula 
alone could explain the beneficial effects of breastfeeding over formula feeding on infant 
health and neurodevelopmental outcomes.

Figure 2. Pathways of omega 3 and 6 EFA’s and preformed LCPUFA’s from breast milk to incorporation 
in the developing infant brain.
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Milk fat globule membrane; polar lipids and supramolecular structure of lipid droplets

Mammalian milk is produced in and secreted from the mammary gland. In mammary gland 
cells, milk triglycerides are synthesized in the endoplasmatic reticulum and aggregate in 
small lipid droplets that are surrounded by a single layer of polar lipids and proteins. In the 
cytoplasm of the mammary gland cell, several of these microlipid droplets fuse to form 
larger lipid droplets that migrate through the cell to their secretion site. Upon secretion, 
the plasma membrane of the mammary gland cell encloses the lipid droplet, resulting in 
large milk lipid globules existing of a triglyceride core surrounded by a three-layer biological 
membrane, known as the Milk Fat Globule Membrane (MFGM) (140-142) (see figure 3). 
Human milk lipid droplets are large, ranging in diameter from 0.2 to more than 15 μm with 
an average mode diameter of 4 µm in mature milk (143). Lipid globules are larger in early 
colostrum than in mature milk (143-145), but remain stable during the day (143) and during a 
single feed (144). The composition of the MFGM equals that of other biological membranes, 
containing bioactive and polar lipids such as phospholipids (PL), cholesterol and glycolipids 
(i.e. cerebrocsides and gangliosides), which together represent the remaining 1-2% of the 
total lipid fraction in milk (146, 147). The PLs are mainly located in the outer bilayer of the 
MFGM, while cholesterol and sphingomyelin are primarily aggregated in rigid domains in the 
membranes called lipid rafts (148).  PLs comprise a polar head containing a phosphate group 
and two FA tails, bound to a glycerol molecule. Similar to total fat and FA composition of the 
TG fraction in human milk, the FA composition of the PL fraction in the MFGM is influenced 
by the maternal diet and the stage of lactation (144, 149). The most important PLs in the 
MFGM are phosphatidylcholine (PC), phosphatidylethanolamine (PE), phosphatidylinositol 
(PI), phosphatidylserine (PS) and sphingomyelin (147, 150, 151).  The factory-produced 
composition of IMF is based on the macro- and micronutrient composition of human milk, 
but not taking into account the specific structural organization of nutrients as seen in human 
milk. Most commercially available infant formulas therefore contain only triglycerides as 
source of lipids, and due to processing steps like homogenization and emulsification in IMF 
production, the lipid droplets have a much smaller diameter (about 0.3–1.0 μm) compared 
to those in human milk. Moreover, there is no biological membrane surrounding the lipid 
globules and many lipid components typically present in MFGM are absent (143).

The presence of the MFGM bioactive and polar lipids in human milk might contribute to the 
improved neurocognitive development that is seen in breastfed and formula fed infants. 
DHA accumulation in the brain may be increased by the presence of PLs, as a piglet study 
showed that dietary PL were more effective carriers of preformed dietary DHA for accretion 
in the developing brain than dietary TG (152). In addition, piglet and rodent studies have 
shown that early life dietary supplementation with several of the lipid components found 
in MFGM, including phospholipids, sphingomyelin, and sialic acid (i.e., a component found 
gangliosides) contribute to brain development and function (153-158). For human infants 
too, there are some indications that neurobehavioural development may be improved by 
adding MFGM derived sphingomyelin (159) and gangliosides (160) to IMF.
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Figure 3. Milk Fat Globule. Figure obtained from: http://www.dolcera.com/wiki/images/MFGM_STR.
gif

The unique supramolecular organization of lipid droplets in human milk, i.e. a large 
lipid droplet and a more complex surface area, may also contribute by itself to infant 
neurodevelopment. The physical structure affects (temporal) digestion and absorption of 
lipid components after ingestion, which in turn affects their appearance in the circulation 
(161). Altered bioavailability of milk derived lipids and lipid components that are used as 
building blocks and developmental signals by the infant’s brain could lead to differences 
in structural and functional neurodevelopment. As mentioned before, there are indeed 
examples in literature that show that the molecular structure of dietary lipids (i.e., TG vs 
PL) can alter brain LCPUFA accumulation during development (152, 162, 163). However, 
the consequences of the supramolecular structure of dietary lipid globules for brain 
development and function remain an underexplored area of research.

The interaction between nutrition and environment in brain programming.

The extent to which postnatal dietary lipid quality may contribute to brain development 
and function depends on a number of other internal and external factors that influence 
infant health and physiology. These other environmental factors may target and influence 
the development of the same brain structures and functions that are targeted by nutrition. 
Therefore, these other environmental factors may modulate the susceptibility of the 
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developing brain to influences by diet. The impact of other environmental factors on 
brain development may be simply too strong to be affected by relatively small changes 
in nutritional quality. For example it was shown in rats that high fat diet exposure during 
juvenile life impaired their adult learning and memory performance compared to that of 
animals fed standard rodent chow. This impairment was affected by the quality of dietary 
lipids, e.g. when the fat fraction in the high fat diet was sourced from lard or beef tallow 
(high in saturated fats) the animals were typically more impaired than when the same 
total fat content was used but sourced from soy bean oil (high in PUFA) (164). A later study 
showed that the adverse effect of the high fat diet on cognitive function was only observed 
in rats that were housed under standard environmental conditions, but not in rats kept in 
a more complex, stimulating environment. The previously observed differences in cognitive 
performance due to saturated vs PUFA based high fat diet feeding were no longer visible 
when the animals were kept in the enriched housing situation (165). These data show 
that the environmental conditions may modify any effects of dietary lipid quality on brain 
development and function. Various elements of environmental enrichment in rodents may 
each contribute in itself to the development of neural systems. These include physical 
activity (166, 167), social interaction (168, 169) sensory stimulation by environmental 
complexity and experiences (170-172) and altered levels of stress (173). Many of these 
factors are known to be of relevance to human brain development as well (e.g. (174)).
Environmental factors and events may interact with nutritional lipid quality by modifying 
lipid absorption and or lipid and energy partitioning in the body. For example, social 
isolation rearing in rodents (i.e., which is a model for increased chronic stress (175, 176)) was 
associated with altered activity of desaturase enzymes in the liver involved in essential fatty 
acid metabolism (177). In addition, stress in rodents has been shown to result in increased 
n-6/n-3 circulating PUFA and reduced n-3 LCPUFA accumulation in the brain (178-180). 
Interestingly, dietary supplementation with n-3 LCPUFA’s was shown to reduce restraint 
stress-induced deficits in cognitive functioning (181). These examples suggest that health 
status and environmental conditions may alter nutritional status of the organism, increasing 
the relevance of providing optimal (tailored) dietary lipid quality to support normal brain 
development and function. Intrauterine environmental conditions and or birth conditions 
that influence the infant health status at birth may also interact with the effects of dietary 
lipid quality on brain development.  Infants born preterm for instance were unable to 
experience the normal increase in brain DHA accumulation originating from higher maternal 
supply during the final stages of pregnancy (113). As a result, these infants show lower levels 
of circulating (182) and brain DHA (102, 114) compared to term infants at term gestational 
age. Reduced DHA levels in the preterm brain may be one of the factors contributing to the 
neurocognitive problems typically seen in these infants (183, 184). Because of their impaired 
fatty acid status, preterm infants need a higher dietary supply of DHA after birth than term 
infants. Indeed, preterm infants generally benefit much more from dietary supplementation 
with n-3 LCPUFA’s for brain development and function than term infants (183).
Another factor adding to the complex interaction between early life dietary lipid quality 
and environmental factors is the environment of the individual at later life stages. Some 
neurodevelopmental changes in response to the early life nutritional environment may reflect 
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an evolved adaptive mechanism with functional relevance for the survival of the organism. 
This concept is known as the “predictive adaptive response (PAR) hypothesis”, which states 
that the perinatal (nutritional) environment triggers anatomical and functional adaptations 
that would benefit survival of the individual in the current and anticipated adult (nutritional) 
environment (185). However, these adaptations may actually be disadvantageous when the 
adult nutritional environment is different from what was anticipated during development 
(i.e. a mismatch), leading to increased risk for disease development. For instance, the 
development of the brain hypothalamic circuitry, which is a key node in the regulation of 
food intake and neuroendocrine/autonomic activity, is highly responsive to the perinatal 
nutritional environment. Perinatal undernutrition by (maternal) caloric or protein restriction 
leads to adaptations in hypothalamic axonal connectivity leading to a higher set point for 
satiety and increased adipose tissue deposition (186). These neuroanatomical adaptations 
may be beneficial for growth and development while experiencing limited food resources 
later in life. On the other hand, exposure to ad libitum feeding and or high fat nutritional 
environments  leads to excessive calorie intake, preference for high fat foods and thereby 
increases the risk for obesity and metabolic syndrome (186).
Altogether, there is a firm basis for the notion that both past and current environmental 
factors may interact with nutritional programming of the brain during the first 1000 days. 
Therefore, results should always be carefully evaluated in relation to both past and current 
environmental factors, diet and health status when studying the effects of nutritional 
programming on brain functions. This applies to both human studies and animal models.

Aim and structure of this thesis

An optimal nutritional environment and dietary (lipid) supply to infants during the first 
1000 days of life may support their brain development, leading to healthier individuals, that 
may also be better protected against potentially harmful (programming) effects caused by 
environmental adversities early in life. The effectiveness of and the underlying mechanisms 
by which dietary lipid quality contribute to developmental programming of the brain, 
targeting various brain functions and in relation to other environmental factors, can be 
assessed in preclinical studies.
The main aim of this thesis is to test the hypothesis that lipid quality in the postnatal diet is 
important for brain function in later life using a mouse model for nutritional programming. 
Emphasis is put on brain lipid composition, the development of brain structures and neuronal 
circuits and their relevance for cognition and behaviour later in life. In addition, the effect 
of the environmental factor social housing situation during development and adulthood are 
investigated in relation to nutritional programming of brain function.
Chapter 2 investigates whether, and if so, to what extent, a maternal diet with high 
n-3 LCPUFAs or reduced n-6 LA content during lactation was translated in the fatty acid 
composition of maternal milk in mice. Additionally, it is investigated whether effects of this 
maternal diet on the accumulation of n-3 LCPUFA’s in offspring neuronal membranes could 
be detected.
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Next, in Chapter 3 it is evaluated whether the above mentioned (maternal) dietary 
interventions could change the structural development (anatomy) of the hypothalamic 
circuitry in the offspring brain, which is responsible for the control of food intake and energy 
expenditure throughout life. It is tested whether any anatomical changes are permanent. 
If so, these structural changes could potentially explain the previously observed effects of 
these early life dietary regiments on adult diet body fat accumulation (187, 188). In addition, 
it is evaluated if these diets alter postnatal circulating levels of leptin, a hormone known for 
its role in mediating the anatomical development of the hypothalamic circuitry (189).
Besides lipid composition, the physical structure of lipids in the early life diet may also 
contribute to later life health. As demonstrated in a previous study, a concept IMF with 
large, phospholipid coated lipid droplets (i.e. Nuturis®), thereby mimicking more closely the 
lipid structure seen in human milk (190), may prevent adult excessive body fat accumulation 
in the mouse programming model (191). In Chapter 4 it is determined if and to what extend 
this concept IMF could alter specific cognitive functions in mice and if this is associated with 
an altered brain biochemical lipid profile.
Next to dietary lipid quality, other early life and adult environmental factors such as 
psychosocial stressors and metabolic challenges may affect brain development and mental 
and metabolic health. Moreover, these environmental factors may interact with nutritional 
programming, amend nutritional needs and change adult phenotype. As described in 
the Intermezzo, one of the environmental factors that could interact with nutritional 
programming of adult health in the mouse programming model is the housing situation that 
is applied after weaning (i.e. social vs individual housing after weaning). Individual housing of 
rodents may cause chronic psychosocial stress and affect the neurodevelopmental trajectory 
during adolescence, resulting in adult (psycho) pathology. In addition, individual housing in 
rodents provides a metabolic challenge, affecting energy balance regulation with possible 
long term consequences for metabolic health.  Because the available studies in literature 
show sometimes conflicting results, a systematic review and meta-analysis of rodent 
literature was performed regarding the effects of individual housing during adolescence and 
or adulthood on body weight, food intake and adiposity in Chapter 5.
In Chapter 6 growth trajectories and the behavioural phenotype of individually and socially 
housed mice in the mouse programming model were compared. In addition, exposure to 
the concept IMF with structure closer to Human Milk was tested under these different 
housing conditions.
Finally, in Chapter 7, the main findings, the underlying mechanisms and the implications of 
the results reported in Chapter 2-6 are summarized and discussed. Also, possible follow up 
studies are discussed in more detail.
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