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Abstract

Background: Infant cognitive development can be positively influenced by breastfeeding rather than formula feeding. The

composition of breast milk, especially lipid quality, and the duration of breastfeeding have been linked to this effect.

Objective: We investigated whether the physical properties and composition of lipid droplets in milk may contribute to

cognitive development.

Methods: From postnatal day (P) 16 to P44, healthy male C57BL/6JOlaHsd mice were fed either a control or a concept

rodent diet, in which the dietary lipid droplets were large and coated with milk phospholipids, resembling more closely the

physical properties and composition of breast milk lipids. Thereafter, all mice were fed an AIN-93M semisynthetic rodent

diet. The mice were subjected to various cognitive tests during adolescence (P35–P44) and adulthood (P70–P101). On

P102, mice were killed and brain phospholipids were analyzed.

Results: The concept diet improved performance in short-term memory tasks that rely on novelty exploration during

adolescence (T-maze; spontaneous alternation 87% in concept-fed mice compared with 74% in mice fed control diet; P <

0.05) and adulthood (novel object recognition; preference index 0.48 in concept-fed mice compared with 0.05 in control-fed

mice; P < 0.05). Cognitive performance in long-term memory tasks, however, was unaffected by diet. Brain phospholipid

composition at P102 was not different between diet groups.

Conclusions: Exposure to a diet with lipids mimicking more closely the structure and composition of lipids in breast milk

improved specific cognitive behaviors in mice. These data suggest that lipid structure should be considered as a relevant

target to improve dietary lipid quality in infant milk formulas. J Nutr 2016;146:1155–61.

Keywords: postnatal diet, breast milk, dietary lipid droplets, brain development, cognitive behavior

Introduction

Infancy is a period of rapid growth and development during which
the brain is particularly sensitive to environmental influences,
including nutrition. Cognitive development in infants can be
positively influenced by duration and exclusivity of breastfeeding in
comparison with infant milk formula (IMF)7 as the sole source of
nutrition during the first months of life (1–4).

Differences in nutritional quality between breast milk and
IMF may contribute to this effect. An important part of the daily
energy intake of infants is derived from dietary fat. Milk fat not
only provides energy for growth, but also supplies lipids and

their essential precursors, which are used by and accumulate in
the developing brain. Of particular relevance to brain and
cognitive development is the FA composition of milk. Long-
chain PUFAs (LCPUFAs), such as DHA, rapidly accumulate in
the brain during pre- and postnatal life in an age-specific pattern

(5, 6) and support various essential neurodevelopmental pro-
cesses (7–10). Breastfed infants were shown to have a higher
brain DHA concentration than formula-fed infants (11, 12),
which could be explained by different (13) and more variable
concentrations (14, 15) of DHA and other PUFAs in breast milk

than in IMF. Although a direct relation between milk FA
composition and cognitive development is difficult to prove in
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humans, numerous rodent studies have shown that dietary
LCPUFAs can affect brain FA composition and cognitive
performance (16).

Besides having a unique FA composition, human milk
contains biologically active lipids, including polar lipids such
as phosphatidylcholine and sphingomyelins (17), that contain
important nutrients for brain development, such as choline (18).
Although the total amount of these polar lipids in human milk is
<1% of total fat (19, 20), IMF is usually void of polar lipids.

We investigated an aspect of lipid quality beyond composi-
tion, namely, the way in which lipid components are structured
in milk. The mammary gland secretory cells release breast milk
containing TGs and other nonpolar lipids as lipid globules,
which are enveloped by a triple-layer membrane—the so-called
milk fat globule membrane (MFGM)—which consists of phos-
pholipids and other polar lipids, cholesterol, (glyco-)proteins,
and enzymes (21). These membrane-enveloped lipid globules
have a diameter of ;4 mm (21, 22). In contrast, commercially
available IMFs contain TGs as a lipid source; because of
processing such as homogenization, lipid droplets have a far
smaller diameter of 0.3–1.0 mm, with milk proteins adhering to
the surface (23). The physical properties of dietary lipids,
including lipid droplet size and surface, are relevant to digestion
and absorption kinetics, affecting lipid bioavailability and
metabolic fate (24–28). Altered lipid bioavailability during
critical periods of development could alter organ development,
with possible long-term consequences for function and capacity
(responsiveness). Indeed, we showed in a mouse model that a
diet provided between postnatal day (P) 16 and P42 containing
lipid droplets with physical properties more closely resembling
those found in breast milk, i.e., larger in size, and coated with
phospholipids (Nuturis) improved later-life metabolic health
after challenging with a mild Western-style diet (29, 30). These
results are in line with reported protective effects of breastfeed-
ing on childhood obesity and metabolic health (31) and suggest
that, besides LCPUFA composition, the physical structure and
composition of lipid droplets may be a relevant aspect of lipid
quality in milk. Given the important role of dietary lipids in
brain development, we investigated whether a diet with large,
phospholipid-coated lipid droplets in early life may impact brain
development and cognitive function during the dietary inter-
vention as well as later in life.

Methods

Mice and experimental design. All experimental procedures were
approved by the Dutch Animal Experimental Committee in accordance

with the European Communities Council Directive of 24 November 1986

(86/609/EEC), and complied with principles of laboratory animal care.

Experimental groups were obtained from C57BL/6JOlaHsd dams and
housed in a controlled environment (12-h/12-h light/dark cycle,

humidity, and temperature) with ad libitum access to food and water

unless specified otherwise. Breeding pairs were fed semisynthetic
rodent diets (AIN-93G; Research Diet Services). On P2, litters were

randomly assigned and culled to 6 pups/dam (male-to-female ratio 4:2

or 5:1). On P16, dams with litters were randomly assigned to 1 of 2

experimental diets (3 dams with litters/diet) consisting of either control
IMF (control diet) or Nuturis IMF (concept diet). The experimental

diets were provided to the dams and litters in the form of dough on the

cage floor to allow easy and early access to the diet by the pups.

Between P16 and P21, pups consumed experimental diets but were
also allowed to drink milk from the dam. Although pups can rely on

solid foods from P16 onward, early weaning can have a profound

influence on neurodevelopment and behavior (32) and was therefore

avoided. Male pups were weaned on P21 onto their respective diets and

single-housed on P34. On P44, mice were switched to a maintenance

semisynthetic rodent diet (AIN-93M) until dissection on P102. Mice

were weighed on a weekly basis throughout the experiment. A total of 27

male offspring (control diet, n = 13; concept diet, n = 14) were used for this

study.

Experimental diets. The experimental diets (Research Diet Services;

Supplemental Table 1) were semisynthetic, with a macronutrient and

micronutrient composition that was based on the AIN formulation of

AIN-93G purified diets for laboratory rodents as described (33), and

were produced as previously reported (29, 30). The diets consisted of

28.3% wt:wt control or concept IMF powder and were complemented

with additional protein, carbohydrates, and micronutrients to mimic

AIN-93G composition. The fat portions of the diets were entirely

derived from the IMFs, which were similar in total lipid content and FA

composition (Supplemental Table 2), but differed in physical properties

and composition of dietary lipid droplets because of the addition of

milk phospholipid and processing adjustments. IMF powders were

clinical study products for infants aged 0–6 mo. The control IMF was

produced according to the standard stage I IMF recipe and processing

procedures (Danone Nutricia Research). The concept IMF was gener-

ated by adding 4 g phospholipid sourced from bovine milk/kg IMF

(Cream Serum; Royal Friesland Campina), and processing was

adjusted to obtain phospholipid-coated lipid droplets that were

larger than those in standard IMF (patent EP2825062A1) (34). Lipid

droplet size distribution (Supplemental Table 3) was measured as

previously described (29, 35). The structural characteristics and compo-

sition of the lipid droplets in the concept IMF are described elsewhere in

detail (35).

Behavioral testing. Mice were subjected to various cognitive tests

during adolescence (P35–P43) and adulthood (P70–P101) to assess

possible short- and long-term effects of early exposure to the experi-

mental diet. All behavioral assessments were performed during the light

phase.

Open field test. Effects of the postnatal dietary intervention on
locomotor activity and exploratory behavior at juvenile (P35) and adult

(P78) age were measured by using the open field test, with the use of the

same settings and equipment as previously described (36). Briefly, mice

were introduced into a square open field and exploration was tracked for

5 min. Total distance moved and time spent in the center square of 9

equally sized squares were measured. The open field test was used as a

control assay tomonitor basal levels of locomotor activity and exploration

that could affect outcomes in other behavioral tests.

Novel object recognition test. To determine the effects of the postnatal

diet on the ability of the mice to recognize a change in a previously

explored environment, mice were subjected to the novel object recognition

(NOR) test on P35 and P78. NOR testing was conducted subsequent to

the open field test with the use of similar settings and video tracking

software and according to a protocol described before (37). The test was

divided into three 5-min trials in the same arena: object familiarization,

novel place recognition (NPR), and NOR. Mice were returned to their

home cage between trials. Mice were introduced in the west corner of the

arena in each trial. During the familiarization trial, the arena contained 2

identical objects (plastic LEGO brick stacks of identical color but different

shape) placed in the north and south corners of the arena. For NPR testing

2 h later, mice were introduced in the same arena with identical objects,

one of which was placed in the east instead of the south corner. For NOR

testing 2 h after NPR testing, mice were introduced in the same arena with

a familiar object in the north corner and a novel object in the east corner.

The basic measure was the time taken by the mice to explore the objects in

the NPR and NOR trial. Performance was evaluated by calculating a

discrimination index (N 2 F/N + F), where N = time spent exploring the

object in the new location (NPR) or the novel object (NOR) and F = time

spent exploring the object in the familiar location (NPR) or the familiar

object (NOR). The discrimination index was calculated for the first 2 min

after introduction into the arena. A higher index reflects better memory

performance.
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T-maze. The effect of postnatal diet on short-term spatial memory was

assessed with the use of the T-maze spontaneous alternation test at

juvenile (P36 and P37) and adult (P79 and P80) ages, as previously
described (38). In short, the mouse was placed into the base of a

T-shaped box and was allowed to choose freely the left or right arm to

explore, which was closed up by a sliding door immediately after entry.

After 30 s, the mouse was transferred back to the starting position and
was again allowed to choose. A successful alternation was scored if mice

chose to enter the previously unvisited goal arm. This procedure was

repeated 6 times distributed across 2 d with $1 h in between. The

percentage of test trials with a successful alternation was used as a
measure of short-term spatial memory.

Barnes maze. The effects of the postnatal dietary intervention on
spatial learning and memory during adolescence were assessed with the

use of the Barnes maze (BM; between P38 and P41), as previously

described in detail (36). Mice were introduced in the center of a circular

platformwith 24 holes equally spaced at 5 cm from the perimeter. One of
the holes was designated as the target hole, providing access to an escape

box mounted underneath the maze. During acquisition trials (P38, 2

trails; P39, 3 trials; P40, 3 trials; and P41, 1 trial in the morning), mice

learned to associate extra maze visual cues with the location of the target
hole. Trials ended after 5 min or when the target hole was found. Latency

to reach the target hole was recorded for each session. During the probe

trial (P41, in the afternoon) the escape hole was identical to all 23 other
holes and a target zone was defined that comprised the previous escape

hole and the holes next to the left and right of the escape hole. The

proportion of hole visits in the target zone (probability) was calculated as

follows: total number of visits to a hole in the target zone divided by the
total number of hole visits.

Subsequently, the BM was used to determine possible effects of

postnatal diet on behavioral flexibility. During the reversal-acquisition

trials (P42, 3 trials; P43, 1 trial in the morning) of maximum 5 min, the
target hole was located at the exact opposite position to its former

location and the acquisition of the new escape location was measured as

an indicator for behavioral flexibility. Reversal acquisition trials were

followed by a reversal probe trial (P43, afternoon) as described above.

Spontaneous behavior. The spontaneous behavior of the mice was

video recorded in a home cage environment between P73 and P79 with

the use of a PhenoTyper (model 3000; Noldus Information Technology)

and software as described in detail elsewhere (39). After 2 d of habituation,

the X–Y coordinates of mice were acquired at 15 coordinates/s over 3

consecutive days. Data were processed to generate 20 key behavioral

variables describing kinematic markers of move and arrest segments,

characteristics of sheltering behavior, activity bout characteristics, habit-

uation effects across days, the effect of the light/dark phase, and activity

patterns during light/dark phase transitions.

Radial-arm maze. Effects of postnatal dietary intervention on spatial

learning and memory during adulthood were assessed with the use of the
8-arm radial-arm maze (RAM; between P90 and P101). The apparatus

consisted of a maze with 8 identical and equally spaced arms radiating

from the center that could be baited with sweetened rewards (14 mg

Dustless Precision Pellets F05684; Bio-Serve) at the far end of the arm.
The baits were located behind a horizontal obstacle on the floor of the

arm, preventing mice from seeing the reward from the center. Inacces-

sible food rewards were present at the ends of all 8 arms, behind a fence,
preventing mice from using the odor of the baits as a cue. Extramaze

visual cues with different shapes were attached to the walls surrounding

the apparatus. The mouse was placed in the center and was allowed to

explore the arms. During acquisition, the same 3 arms were baited with
food pellets over 20 consecutive trials (10 d; 2 trials/d). The trials ended

either when all food pellets were consumed or after a maximum of 10

min. Reference memory was calculated as visits to baited arms divided

by total visits and working memory performance was assessed by
calculating the number of re-entries to previously visited arms divided by

total visits in the same trial (working memory errors). The acquisition

trials were followed by a probe trial on day 10 during which no arm was

baited, and the ratio of entries into previously baited and unbaited arms

was recorded for 10 min. To increase motivation for seeking food

pellets, mice were provided with daily food below ad libitum intake to

reach 90% of initial body weight starting 10 d before testing. Mice were
weighed on a daily basis.

Brain phospholipid analysis. On P102, mice were killed by decapi-

tation and brains were weighed. Brain material was lyophilized and stored
at –80�C until further analysis. Brain phospholipids were quantified by an

external laboratory (Biocrates Life Sciences) with the use of an MS-based

metabolomics approach. The biologicallymost abundantmembers of (lyso-)

glycerophospholipids, i.e., phosphatidyl-cholines, -ethanolamines, -serines,
and -glycerols, as well as sphingolipids, i.e., sphingomyelins, ceramides,

dihydroceramides, and 2-hydroxyacyl ceramides, were analyzed by a high-

throughput flow injection electrospray ionization tandem–MS screening
method. Five internal standards were used to compensate for matrix effects,

and 43 external standards were used for a multipoint calibration.

Comparisons of diet groups were calculated on log2-transformed mea-

surements for all metabolites yielding $75% of values above detection
limit. Total brain phospholipid content and phospholipid class distribution

(percentage of phosphatidyl-cholines, -ethanolamines, -serines, -glycerols,

sphingomylenins, and ceramides) was calculated.

Statistical analysis. The effects of the experimental diet on behavior,

brain weight, phospholipid content, and phospholipid class distribution

were tested with the use of SPSS 15.0.1 software. A Student�s t test was
used to compare between the diet groups the behavioral variables in the

T-maze; object recognition test; BM and RAM probe trials; spontaneous

behaviors in the home cage; and the brain weight, brain phospholipid

content, and phospholipid class distribution. The acquisition of learning
over various trials in the BM and RAM and the possible influence of

dietary exposure on acquisition were analyzed by repeated-measures

ANOVA with the fixed factors time (trial day) and diet. The effects of

the experimental diet on individual brain metabolites were analyzed
by using in-house MetIDQ software with the use of the statistical

computing environment R, with the R package Limma being applied for

moderated statistical tests. A t test was used to compare between the diet

groups and false discovery rate was calculated to correct for multiple
comparisons. All data are presented as means 6 SEMs unless indicated

otherwise. Differences were considered to be significant at P < 0.05.

Results

General health and home cage behavior. The body weight
gain of mice throughout the experiment was similar between
diet groups (on P102: control, 27.4 6 0.6 g; concept, 26.8 6
0.6 g). In addition, there were no differences in spontaneous
behavior of mice in the home cage during adulthood (Supple-
mental Table 4).

Open field test. The total distance moved (meters) and time
spent in the center (seconds) were comparable between diet
groups at adolescence (control, 42.5 6 23.8 m and 126 6 16 s;
concept, 44.5 6 25.1 m and 112 6 11 s, respectively) and in
adulthood (control, 56.86 37.6 m and 296 6 s; concept, 55.16
31.9 m and 28 6 4 s, respectively).

NOR. At adult age, the discrimination index during the novel
object trial was significantly increased by early-life exposure to
the concept diet (P = 0.038; Figure 1B), but the discrimination
index was not different between groups during adolescence
(Figure 1A). The discrimination index during the object location
trial was similar in the diet groups at adolescent (control, 0.2 6
0.1; concept,20.16 0.2) and adult (control, 0.26 0.2; concept,
0.1 6 0.2) age.

T-maze test. In adolescent mice, alternation performance in the
T-maze was significantly greater in those fed the concept

Lipid structure and composition affect cognition 1157
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diet (P = 0.037; Figure 2A), but there was no difference between
diet groups in alternation performance in adulthood (Figure 2B).

BM test during adolescence. During acquisition, mice
showed a significant decrease in the latency to reach the target
hole over training days (P < 0.001; Supplemental Figure 1A), but
the decrease was not different between diet groups, indicating
similar learning rates. The overall probability of visiting a hole in
the target octant during the probe trial was not affected by diet
(Supplemental Figure 1B), indicating similar spatial reference
memory performance in the diet groups. Subsequently, during
reversal, the latency to reach the target hole was reduced over
training days (P = 0.001; Supplemental Figure 1C), but, again,
not differently affected by diet. The probability of visiting a hole
in the new target octant during the reversal probe trial was not
affected by diet either (Supplemental Figure 1D).

RAM during adulthood. During acquisition, the number of
correct visits to baited arms (reference memory performance) of
the mice increased over trials (P < 0.001; Supplemental Figure 2A),
whereas working memory errors decreased (P < 0.001; Supple-
mental Figure 2C). These changes were comparable between diet
groups. Also during the probe trial, reference memory perfor-
mance and working memory errors were similar between diet
groups (Supplemental Figure 2B and D).

Brain phospholipid profile. On P102, brain weight was
comparable between groups (control, 385 6 7 mg wet weight;
concept, 3796 2 mg wet weight). The phospholipid profile was
analyzed in lyophilized brain tissue. A total of 275 metabolites
were used for statistical analysis of individual lipid species. Of
these, 20 metabolites were different between diet groups (9
ceramides, 4 phosphatidylcholines, 3 (lyso)phosphatidyletha-
nolamines, and 4 sphingomyelins) (Supplemental Table 5), but
these differences were not significant after false discovery rate
correction. Total ceramide plus phospholipid (glycerophos-
pholipid + phosphosphingolipid) concentration was similar
between diet groups (control, 79.4 6 5.2 nmol/mg tissue;
concept, 71.9 6 4.4 nmol/mg tissue). Although the relative
phosphatidyl-glycerol concentration was significantly higher in
the brains of mice fed the concept diet (0.211% 6 0.008%
compared with 0.185% 6 0.006% in control; P = 0.038), the
relative concentrations of ceramides and other phospholipid
classes (phosphatidyl-cholines, -ethanolamines, -serines, sphingo-

myelins) (Supplemental Table 6) were unaffected on P102 by the
early-life diet.

Discussion

Our study showed that exposure to a diet containing lipids with
composition and physical properties closer to human milk lipids
(i.e., large, phospholipid-coated lipid droplets) between P16 and
P44 improved T-maze performance and NOR in healthy male
C57BL/6JOlaHsd mice. The improved NOR performance was
sustained into adulthood. These effects were demonstrated
under feeding conditions that met all nutritional requirements
for optimal growth and development of rodents. The experi-
mental diets were introduced from P16 onward (directly after
normal lactation), and groups showed normal body weight
trajectories. Under these conditions, mice are expected to show
optimal cognitive performance, and further improvements in
cognitive function may seem difficult to achieve. Nevertheless,
this study showed that certain aspects of cognitive performance
in healthy rodents can be improved by an early-life diet with
lipids that mimic the unique structure and composition of
MFGM in raw unprocessed milk. To our knowledge, this is the
first report that proposes a possible role for the physical
structure of dietary lipids in cognitive development and function
in healthy subjects.

Although the concept diet improved T-maze and NOR test
performances, there were no signs of improved performance in
the BM test during adolescence and in the RAM during adulthood.
Furthermore, locomotor and general exploratory activity in the
open field, and also spontaneous behavior in the home cage,
were comparable between diet groups. This collectively suggests
that the effects underlying improved performance of concept-
fed mice in the T-maze test and NOR test are rather domain
specific. NOR and T-maze tests are short-term memory tasks
that rely on a rodent�s innate drive to explore novelty (38, 40),
whereas the BM and RAM tests rely on different motivations
(i.e., escape from an aversive environment and food-motivated
behavior, respectively) and involve multiple training sessions to
build a (long-term) reference memory of spatial cues around the
maze. In rodents, novelty exposure induces a moderate state of
arousal. It is well known that cognitive performance has a
nonlinear relation with acute stress and arousal, with low to
moderate levels of arousal facilitate learning and memory, as
opposed to stressful conditions, which can negatively affect

FIGURE 1 Novel object recognition test.

Discrimination index on postnatal day 35 (A)

and postnatal day 78 (B) in mice fed a control

or concept diet during adolescence. Values

are means 6 SEMs, n = 13 (control) and n =

14 (concept). *Different from control, P ,
0.05. F, time spent exploring the familiar

object; N, time spent exploring the novel

object.
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learning and memory (41). Our data suggests that the concept
diet improved novelty-induced arousal and associated learning
and memory, but not the form of memory that is associated with
more stressful conditions.

Several mechanisms may be postulated to contribute to these
effects. First, the entire lipid fraction of the concept diet
consisted of lipid droplets with an altered physical structure
(i.e., large, phospholipid-coated lipid droplets) from the control
diet. Size and surface properties of dietary lipid droplets directly
affect digestion and/or absorption kinetics in the digestive tract,
which results in different postprandial plasma lipid concentra-
tions (25, 26, 42, 43). Although bioavailability of lipids may
affect brain lipid accretion and utilization, which are essential
processes for brain growth and development early in life, we do
not believe that this mechanism contributed to the long-term
cognitive effects observed in the current study, because we did
not detect any differences between diet groups in brain weight,
phospholipid content, or individual glycerophospholipid or
phosphosphingolipid species on P102. There was a small but
significant percentage increase in total brain phosphatidylglyc-
erol content in the concept-fed mice, but brain phosphatidyl-
glycerol content was very low (;0.2% in the current study). The
more complex dietary lipid structure of the concept diet and the
putatively altered postprandial lipid responses may have altered
the release of gut-derived satiety hormones such as cholecysto-
kinin (44). Increased cholecystokinin release augments arousal
and can facilitate learning and memory processes (45). More-
over, the satiety factor oleoylethanolamide, the release of which
is selectively triggered by dietary lipids, can facilitate learning
processes by increasing noradrenergic activity in the brain (46).
The point here is that, during critical periods of brain develop-
ment, altered concentrations of these and other satiety factors
may modulate circuit formation by prolonged or increased
postprandial stimulation of, e.g., the noradrenergic system. This
possibility seems all the more likely, because noradrenergic
projections in the brain that contribute to arousal continue to
develop during postnatal life in rodents (47), and this develop-
ment may have been affected by the concept diet. Alternatively
or in addition, the brief exposure of the lactating dams to the
experimental diet (between P16 and P21) could have influenced
maternal care and behavior in this period. This could also
contribute to the development and long-term functioning of
noradrenergic systems (48). Maternal care and behaviors were,
however, not systematically recorded in the current study, and

possible influences of experimental diets on this remain to be
investigated.

Important for consideration of our results is that the altered
structure of lipid droplets in the IMF used in the concept diet was
generated by the addition of phospholipid sourced from bovine
milk containing MFGM, followed by unique technological
processing of the IMF (34). The concept diet in the current study
therefore did not simply contain phospholipid from bovine
MFGM extract as an added ingredient, but, rather, the entire
lipid fraction of the concept diet consisted of lipids with an
altered structure (large, phospholipid-coated lipid droplets).
Previous studies have shown that early-life exposure to concept
diet improves long-term metabolic health outcome and protects
mice from diet-induced obesity (29, 30), which was caused by
the altered lipid structure, but not the mere presence, of the
phospholipid ingredients in the concept diet (49). As an added
ingredient to the diet, and in higher concentrations than the
0.1% that was used in the current study, MFGM lipid extracts
have been reported to improve cognitive performance assessed
by a variety of tests in young rats (50), piglets (51), and human
infants at 6 mo of age (52), and, more long term, at 12 mo of age
(53). However, the experimental formula in the latter study also
contained a reduced energy and protein density compared with
the control formula, making it difficult to rule out the possible
influences of this additional dietary manipulation (53). It needs
to be mentioned that the use of bovine milk–derived phospho-
lipid in the concept diet in the present study also increased the
content of cholesterol- and MFGM-derived bioactive compo-
nents, including gangliosides and sialic acid. Cholesterol, gan-
gliosides, and sialic acid are present in human milk and in
neuronal and myelin membranes in the brain. A perinatal
(maternal) cholesterol deficiency impairs offspring brain weight,
brain cholesterol content, and myelination (54, 55), but the
relevance of relatively small differences in the cholesterol
content of the postweaning diet, after normal lactation, to brain
development is most likely negligible. Whereas dietary supple-
mentation with gangliosides and sialic acid early in life may be of
biological significance to neuronal development and cognition
(56, 57), postnatal supplementation of these ingredients in a low
concentration did not improve cognitive performance (50) and
did not significantly increase the brain sialic acid content (55) in
healthy rats. Together, these results suggest that phospholipid-
and other MFGM-derived components, added as an ingredient
in a low dose to the postweaning diet, may be of little relevance

FIGURE 2 T-maze. Spontaneous alterna-

tion on postnatal days 36–37 (A) and postna-

tal days 79–80 (B) in mice fed a control or

concept diet during adolescence. Values are

means 6 SEMs, n = 13 (control) and n = 14

(concept). *Different from control, P , 0.05.
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to brain development and function in healthy subjects. Although it
is unlikely that the small differences in concentration of phospho-
lipid- and MFGM-derived components between experimental
diets in the current study contributed to the observed effects, this
possibility cannot be fully excluded based on the study design.

In conclusion, we found that exposure to a diet containing
lipid droplets that are closer to those observed in breast milk with
regard to size, physical properties, and composition between P16
and P44 (directly after lactation) improved the cognitive function
of healthy mice during juvenile life while on the diet, and in adult
life after previous exposure to the diet. The improvements were
specific for age and cognitive domain, and were not associated
with changes in the adult brain phospholipid profile. We hypoth-
esize that differences in lipid absorption, digestion kinetics,
postprandial hormone responses, and/or alterations in brain
circuitry involved in arousal may contribute to the observed effects
on behavior. In the current experiment, the effects of the concept
diet were observed in healthy mice; therefore, experiments to
investigate the effects of the concept diet under conditions
that are more challenging to brain development (e.g., early-
life stress, nutritional deficiency, or obesogenic environment)
are needed. To what extent the physical structure of dietary
lipids beyond lipid composition in breast milk contributes to
cognitive development in infants remains to be investigated.
Nonetheless, our study suggests that the overall structure of
dietary lipids could be a crucial aspect of dietary lipid quality in
early life.

Acknowledgments
LS designed the research and wrote the paper; LS and ML
conducted the research and performed the statistical analyses;
GvD, LMB, NB, and AJWS reviewed the manuscript; and
EMvdB had primary responsibility for the final content. All
authors read and approved the final manuscript.

References

1. Anderson JW, Johnstone BM, Remley DT. Breast-feeding and cognitive
development: a meta-analysis. Am J Clin Nutr 1999;70:525–35.

2. Angelsen NK, Vik T, Jacobsen G, Bakketeig LS. Breast feeding
and cognitive development at age 1 and 5 years. Arch Dis Child
2001;85:183–8.

3. Kramer MS, Aboud F, Mironova E, Vanilovich I, Platt RW, Matush L,
Igumnov S, Fombonne E, Bogdanovich N, Ducruet T, et al. Breastfeed-
ing and child cognitive development: new evidence from a large
randomized trial. Arch Gen Psychiatry 2008;65:578–84.

4. Belfort MB, Rifas-Shiman SL, Kleinman KP, Guthrie LB, Bellinger DC,
Taveras EM, Gillman MW, Oken E. Infant feeding and childhood
cognition at ages 3 and 7 years: Effects of breastfeeding duration and
exclusivity. JAMA Pediatr 2013;167:836–44.

5. Innis SM. Dietary omega 3 fatty acids and the developing brain. Brain
Res 2008;1237:35–43.

6. Martinez M. Tissue levels of polyunsaturated fatty acids during early
human development. J Pediatr 1992;120:S129–38.

7. Calderon F, Kim HY. Docosahexaenoic acid promotes neurite growth
in hippocampal neurons. J Neurochem 2004;90:979–88.

8. Cao D, Kevala K, Kim J, Moon HS, Jun SB, Lovinger D, Kim HY.
Docosahexaenoic acid promotes hippocampal neuronal development
and synaptic function. J Neurochem 2009;111:510–21.

9. Yavin E, Himovichi E, Eilam R. Delayed cell migration in the
developing rat brain following maternal omega 3 alpha linolenic acid
dietary deficiency. Neuroscience 2009;162:1011–22.

10. Ahmad A, Moriguchi T, Salem N. Decrease in neuron size in
docosahexaenoic acid-deficient brain. Pediatr Neurol 2002;26:210–8.

11. Makrides M, Neumann MA, Byard RW, Simmer K, Gibson RA. Fatty
acid composition of brain, retina, and erythrocytes in breast- and
formula-fed infants. Am J Clin Nutr 1994;60:189–94.

12. Farquharson J, Jamieson EC, Abbasi KA, Patrick WJ, Logan RW,
Cockburn F. Effect of diet on the fatty acid composition of the major
phospholipids of infant cerebral cortex. Arch Dis Child 1995;72:198–203.

13. Smit EN, Martini IA, Kemperman RF, Schaafsma A,Muskiet FA, Boersma
ER. Fatty acids in formulae for term infants: compliance of present
recommendations with the actual human milk fatty acid composition of
geographically different populations. Acta Paediatr 2003;92:790–6.

14. Uauy R, Dangour AD. Fat and fatty acid requirements and recommen-
dations for infants of 0–2 years and children of 2–18 years. Ann Nutr
Metab 2009;55:76–96.

15. Brenna JT, Varamini B, Jensen RG, Diersen-Schade DA, Boettcher JA,
Arterburn LM. Docosahexaenoic and arachidonic acid concentrations
in human breast milk worldwide. Am J Clin Nutr 2007;85:1457–64.

16. Luchtman DW, Song C. Cognitive enhancement by omega-3 fatty acids
from child-hood to old age: findings from animal and clinical studies.
Neuropharmacology 2013;64:550–65.

17. Zeisel SH, Char D, Sheard NF. Choline, phosphatidylcholine and
sphingomyelin in human and bovine milk and infant formulas. J Nutr
1986;116:50–8.

18. Zeisel SH. The fetal origins of memory: the role of dietary choline in
optimal brain development. J Pediatr 2006; 149(5 Suppl)S131–6.

19. Contarini G, Povolo M. Phospholipids in milk fat: composition,
biological and technological significance, and analytical strategies. Int
J Mol Sci 2013;14:2808–31.

20. Giuffrida F, Cruz-Hernandez C, Fluck B, Tavazzi I, Thakkar SK,
Destaillats F, Braun M. Quantification of phospholipids classes in
human milk. Lipids 2013;48:1051–8.

21. Lopez C, Menard O. Human milk fat globules: polar lipid composition
and in situ structural investigations revealing the heterogeneous distribu-
tion of proteins and the lateral segregation of sphingomyelin in the
biological membrane. Colloids Surf B Biointerfaces 2011;83:29–41.

22. Koletzko B, Agostoni C, Bergmann R, Ritzenthaler K, Shamir R.
Physiological aspects of human milk lipids and implications for infant
feeding: a workshop report. Acta Paediatr 2011;100:1405–15.

23. Michalski MC, Briard V, Michel F, Tasson F, Poulain P. Size distribution
of fat globules in human colostrum, breast milk, and infant formula.
J Dairy Sci 2005;88:1927–40.

24. Armand M, Hamosh M, Mehta NR, Angelus PA, Philpott JR,
Henderson TR, Dwyer NK, Lairon D, Hamosh P. Effect of human
milk or formula on gastric function and fat digestion in the premature
infant. Pediatr Res 1996;40:429–37.

25. Armand M, Pasquier B, Andre M, Borel P, Senft M, Peyrot J, Salducci J,
Portugal H, Jaussan V, Lairon D. Digestion and absorption of 2 fat
emulsions with different droplet sizes in the human digestive tract. Am J
Clin Nutr 1999;70:1096–106.

26. Garcia C, Antona C, Robert B, Lopez C, Armand M. The size and
interfacial composition of milk fat globules are key factors controlling
triglycerides bioavailability in simulated human gastro-duodenal diges-
tion. Food Hydrocoll 2014;35:494–504.

27. Michalski MC, Genot C, Gayet C, Lopez C, Fine F, Joffre F, Vendeuvre
JL, Bouvier J, Chardigny JM, Raynal-Ljutovac K, et al. Multiscale
structures of lipids in foods as parameters affecting fatty acid bioavail-
ability and lipid metabolism. Prog Lipid Res 2013;52:354–73.

28. Bourlieu C, Menard O, De La Chevasnerie A, Sams L, Rousseau F, Madec
MN, Robert B, Deglaire A, Pezennec S, Bouhallab S, et al. The structure of
infant formulas impacts their lipolysis, proteolysis and disintegration
during in vitro gastric digestion. Food Chem 2015;182:224–35.

29. Oosting A, Kegler D, Wopereis HJ, Teller IC, van de Heijning BJ,
Verkade HJ, van der Beek EM. Size and phospholipid coating of lipid
droplets in the diet of young mice modify body fat accumulation in
adulthood. Pediatr Res 2012;72:362–9.

30. Oosting A, van Vlies N, Kegler D, Schipper L, Abrahamse-Berkeveld M,
Ringler S, Verkade HJ, van der Beek EM. Effect of dietary lipid
structure in early postnatal life on mouse adipose tissue development
and function in adulthood. Br J Nutr 2014;111:215–26.

31. Arenz S, Ruckerl R, Koletzko B, von Kries R. Breast-feeding and
childhood obesity–a systematic review. Int J Obes Relat Metab Disord
2004;28:1247–56.

32. Kikusui T, Mori Y. Behavioural and neurochemical consequences of
early weaning in rodents. J Neuroendocrinol 2009;21:427–31.

33. Reeves PG, Nielsen FH, Fahey GC, Jr. 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 1993;123:1939–51.

1160 Schipper et al.

D
ow

nloaded from
 https://academ

ic.oup.com
/jn/article-abstract/146/6/1155/4584757 by U

niversity of G
roningen user on 21 M

arch 2019



34. Van den Brenk J, Van Dijke KC, Van der Steen AML, Moonen RCJ, Van
Baalen A. Process for preparing infant formula. European Patent
2825062A1. 2013 Mar 13.

35. Gallier S, Vocking K, Post JA, Van De Heijning B, Acton D, Van Der
Beek EM, Van Baalen T. A novel infant milk formula concept:
Mimicking the human milk fat globule structure. Colloids Surf B
Biointerfaces 2015;136:329–39.

36. Loos M, Mueller T, Gouwenberg Y, Wijnands R, van der Loo RJ, Neuro
BMPC, Birchmeier C, Smit AB, Spijker S. Neuregulin-3 in the mouse
medial prefrontal cortex regulates impulsive action. Biol Psychiatry
2014;76:648–55.

37. Corradini I, Donzelli A, Antonucci F, Welzl H, Loos M, Martucci R, De
Astis S, Pattini L, Inverardi F, Wolfer D, et al. Epileptiform activity and
cognitive deficits in SNAP-25(+/2) mice are normalized by antiepileptic
drugs. Cereb Cortex 2014;24:364–76.

38. Deacon RM, Rawlins JN. T-maze alternation in the rodent. Nat Protoc
2006;1:7–12.

39. Loos M, Koopmans B, Aarts E, Maroteaux G, van der Sluis S, Neuro
BMPC, Verhage M, Smit AB. Sheltering behavior and locomotor
activity in 11 genetically diverse common inbred mouse strains using
home-cage monitoring. PLoS One 2014;9:e108563.

40. Antunes M, Biala G. The novel object recognition memory: neurobiology,
test procedure, and its modifications. Cogn Process 2012;13:93–110.

41. Yerkes RM, Dodson JD. The relation of strength of stimulus to rapidity
of habit-formation. J Comp Neurol Psychol 1908;18:459–82.

42. Michalski MC, Soares AF, Lopez C, Leconte N, Briard V, Geloen A. The
supramolecular structure of milk fat influences plasma triacylglycerols
and fatty acid profile in the rat. Eur J Nutr 2006;45:215–24.

43. Bourlieu C, Michalski MC. Structure-function relationship of the milk
fat globule. Curr Opin Clin Nutr Metab Care 2015;18:118–27.

44. Schneeman BO, Burton-Freeman B, Davis P. Incorporating dairy foods
into low and high fat diets increases the postprandial cholecystokinin
response in men and women. J Nutr 2003;133:4124–8.

45. Gülpinar MA, Yegen BC. The physiology of learning and memory: role
of peptides and stress. Curr Protein Pept Sci 2004;5:457–73.

46. Campolongo P, Roozendaal B, Trezza V, Cuomo V, Astarita G, Fu J,
McGaugh JL, Piomelli D. Fat-induced satiety factor oleoylethanolamide
enhances memory consolidation. Proc Natl Acad Sci USA 2009;106:
8027–31.

47. McLean JH, Shipley MT. Postnatal development of the noradrenergic
projection from locus coeruleus to the olfactory bulb in the rat. J Comp
Neurol 1991;304:467–77.

48. Caldji C, Diorio J, Meaney MJ. Variations in maternal care in infancy
regulate the development of stress reactivity. Biol Psychiatry
2000;48:1164–74.

49. Baars A, Oosting A, Engels E, Kegler D, Kodde A, Schipper L,
van der Beek EM, Verkade HJ. Milk fat globule membrane coating
of large lipid droplets in the diet of young mice prevents body
fat accumulation in adulthood. Br J Nutr 2016 Apr 4 (Epub ahead
of print, DOI: http://dx.doi.org/10.1017/S0007114516001082).

50. Vickers MH, Guan J, Gustavsson M, Krageloh CU, Breier BH, Davison
M, Fong B, Norris C, McJarrow P, Hodgkinson SC. 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 2009;29:426–35.

51. Liu H, Radlowski EC, Conrad MS, Li Y, Dilger RN, Johnson RW.
Early supplementation of phospholipids and gangliosides affects
brain and cognitive development in neonatal piglets. J Nutr
2014;144:1903–9.

52. Gurnida DA, Rowan AM, Idjradinata P, Muchtadi D, Sekarwana N.
Association of complex lipids containing gangliosides with cognitive
development of 6-month-old infants. Early Hum Dev 2012;88:595–601.

53. Timby N, Domellof E, Hernell O, Lonnerdal B, Domellof M. Neuro-
development, 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
2014;99:860–8.

54. Haque ZU, Mozaffar Z. Importance of dietary cholesterol for the
maturation of mouse brain myelin. Biosci Biotechnol Biochem
1992;56:1351–4. Corrected and republished from: Biosci Biotechnol
Biochem 1992;56:A21.

55. Scholtz SA, Gottipati BS, Gajewski BJ, Carlson SE. Dietary sialic acid
and cholesterol influence cortical composition in developing rats. J Nutr
2013;143:132–5.

56. Palmano K, Rowan A, Guillermo R, Guan J, McJarrow P. The role of
gangliosides in neurodevelopment. Nutrients 2015;7:3891–913.

57. Wang B. Sialic acid is an essential nutrient for brain development and
cognition. Annu Rev Nutr 2009;29:177–222.

Lipid structure and composition affect cognition 1161

D
ow

nloaded from
 https://academ

ic.oup.com
/jn/article-abstract/146/6/1155/4584757 by U

niversity of G
roningen user on 21 M

arch 2019


