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ABSTRACT

KEYWORDS

Introduction: Oligosaccharides found in mammalian milk have shown the potential to alter brain
development across multiple species. The diversity and concentration of these oligosaccharides is
species-speciﬁc and varies greatly between individuals, thus understanding their role in cognitive
development is warranted. We investigated the impact of early life dietary fucosylated/neutral or
sialylated human milk oligosaccharides (HMO) on behaviours in tasks assessing anxiety,
motivation, appetite, learning, and memory.
Methods: Sixty-four female Göttingen minipigs were artiﬁcially reared from 2 weeks postnatal and
provided milk replacers. The study used four groups: no additional oligosaccharides (Con),
fucosylated and neutral oligosaccharides (FN, 4 g/L), sialylated oligosaccharides (SL, 0.68 g/L), or
both FN and SL (FN + SL, 4 g/L) from 2 to 11 weeks postnatal. One reference group was sowreared. Weaning occurred between 10 and 11 weeks postnatal, and thereafter an obesogenic
diet was provided. Behavioral tasks were conducted over three periods: 1) 0–11 weeks; 2) 16–29
weeks; 3) 39–45 weeks. Tasks included a spatial holeboard task, open ﬁeld task, exposure to a
novel object, runway task, single-feed task, and home pen behaviour observation.
Results: In the holeboard, the SL group demonstrated improved reference memory during reversal
trials between 16-29 weeks. All groups demonstrated equivalent behavior in open ﬁeld, novel
object, runway, and single-feed tasks, as well as in their home pens (Ps > 0.05).
Discussion: These results suggest that early life dietary intake of sialylated oligosaccharides may
provide an improvement to cognition during the equivalent developmental stage of adolescence.

Human milk oligosaccharide;
prebiotic; sialyllatose; 2′ fucosyllactose; cognition;
memory; development

Introduction
Human milk oligosaccharides (HMO) are nondigestible
carbohydrates found in human milk that have a signiﬁcant impact on brain development, the microbiome,
and intestinal development of the infant [1–3].
Human milk is unique in that it contains oligosaccharides at a greater concentration and diversity than most
animal species [4]. The typical structure of milk oligosaccharides follows repeated glucose-galactose backbones with a variety of linear or branched chains that
may be modiﬁed (e.g. fucosylated or sialylated, see [1]
for in-depth review). Emerging evidence suggests
these components have a variety of functions, including
prebiotic-like activity, with the capacity to alter brain
development [5–14].

While there is a growing interest and recognition in
the neurodevelopmental role of HMO, there are very
few studies published and most are in preclinical models
[10]. Of those found in human milk, 2′ -fucosyllactose
(2′ -FL), 3′ -sialyllactose (3’SL) and 6′ sialyllactose
(6′ -SL) have been studied in animal models with neurodevelopmental outcomes. Adult and pup rodents supplemented with 2′ -FL demonstrated improved
learning and memory, hypothesized to be due to vagally
mediated improved hippocampal long-term potentiation [7,8,11]. Mice supplemented with sialyllactose
demonstrated improved spatial navigation [5] or
reduced anxiety-like behavior in response to stress
[6]. Absence of 6’SL in maternal milk was associated
with deﬁcits in learning, memory and attention through
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short term regulation of genes modulating patterning
and myelination of the prefrontal cortex [15]. Furthermore, pigs fed sialyllactose have been found to have
enriched sialic acid in some areas of the brain [9,12].
In a recent study investigating the potential impact of
6′ -SL on preterm pig development, Obelitz-Ryom
et al. have reported improved performance in a working
memory task and upregulation of myelin-related gene
expression in the hippocampus [13]. There is only
limited clinical data reported on HMO and brain development so far. A study in an obese Hispanic population
in the US, where breast-milk levels of 2′ -FL at 1 month
of age were positively associated with the Bayley-III cognitive sub-scale at 24 months of age [14].
Still, it is unknown which HMO at which concentrations are necessary or suﬃcient to induce some
alteration to brain development. Confounding this
issue is the ﬁnding that the concentration and diversity
of HMO vary wildly between mothers and with geographic location [16]. Thus, the identiﬁcation of a single
‘factor’ is likely unrealistic. Yet, as not all infants can be
breastfed, understanding which of the HMO are important for brain development is key to improving global
infant health.
The need to address early nutrition as a strategy to
increase health and to decrease non-communicable diseases in future generations is well recognized and has
been included among WHO’s recommendations for
ﬁghting childhood obesity [17]. A meta-analysis has
found that breastfeeding may provide a reduction of
10% in the prevalence of overweight or obesity in children breastfed for relatively longer durations. Numerous components in human milk may contribute to
this eﬀect [18], and some HMO have been linked to
infant weight and fat mass [19]. Beyond its metabolic
eﬀects, obesity is also known to impair cognitive function [20–23]. Though evidence is limited, HMO may
be novel components of milk capable of preventing
obesity-related cognitive deﬁcits during development.
The objective of the present study was to assess the
potential lasting impacts of HMO intake during early
development on cognition and behavior in the context
of obesity. We chose to investigate these eﬀects using
the Göttingen minipig due to the broad developmental,
anatomical and physiological similarities of both the
gastrointestinal tract [24,25] and the nervous system
of the pig [26–30] compared to the human. We previously demonstrated that combinations of human,
bovine, or non-milk sources of oligosaccharides were
capable of inﬂuencing cognition and brain development
in a piglet model during neonatal development [31,32].
Here, we investigated the impact of milk formulas supplemented with various blends of HMO containing

fucosylated, neutral, and/or sialylated HMO on behavioral and cognitive development. Oligosaccharides
included: 2′ -fucosyllactose, di-fucosyllactose, lacto-Ntetraose, lacto-N-neotetraose, 3′ -sialyllactose, 6′ -sialyllactose, and their combination. Pigs were tested for
emotional reactivity, motivation, and learning and
memory from pre-weaning development through sexual
maturity. Furthermore, we assessed if these HMO
impacted development in the context of a post-weaning
obesogenic diet.

Methods
The protocol of the experiment (sows: AVD1040020
15325, pigs: AVD104002016515) was approved by the
Animal Care and Use committee of Wageningen University & Research (Wageningen, The Netherlands) on
June 13, 2017, and in accordance with the Dutch law
on animal experimentation, which complies with the
European Directive 2010/63/EU on the protection of
animals used for scientiﬁc purposes.
Animals and housing
In total, 64 female pigs (Göttingen minipigs, Ellegaard,
Denmark) born from 20 sows were subjected to a series
of behavioral tests during 3 consecutive periods (See
Figure 1): Period 1 between birth and 11 weeks of age,
i.e. during the period of early development, Period 2
between 16 and 21 weeks of age, i.e. shortly before sexual maturity, and Period 3 between 39 and 45 weeks of
age, i.e. sexual maturity [33]. The study was conducted
over 3 cohorts, with 2-week intervals between cohorts.
During the ﬁrst 2 weeks of age, pigs were kept with
the sows and housed in individual farrowing pens
(1.8 × 1.5 m). Pens were equipped with a heated nest
only accessible to the pigs and had shredded straw as
bedding. At 2 weeks of age, formula-fed pigs were separated from sows and housed in mixed groups of 2 pigs
per pen (2.5 × 1 m) enriched with shredded straw as
bedding and equipped with a squeeze ball and a dog
bed. In addition, 8 pigs were cross-fostered and kept
with 3 sows until the end of the milk intervention at
10–11 weeks of age (termed the Sow-Reared (SR)
group). After being weaned from maternal milk at 10–
11 weeks of age, SR pigs were housed in the same conditions as the formula-fed pigs. During the period of
milk intervention, pens were equipped with a water dispenser and a milk dispenser with 2 drinking cups. After
weaning from milk, the milk dispensers were removed
from the pens, and pens were equipped with 2 feeders
and 2 water dispensers. Two metallic chains were also
added to the pens as additional enrichment material.
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Figure 1. Schematic depicting the study design. In total, 64 female pigs born from 20 sows were subjected to a series of behavioral
tests during a period of early development, shortly before sexual maturity, and at sexual maturity [33]. The study was conducted over
3 cohorts, with 2-week intervals between cohorts. During the ﬁrst week of age, pigs were kept with the sows and housed in individual
farrowing pens. At 2 weeks of age, formula-fed pigs were separated from sows and housed in mixed groups of 2 pigs per pen. In
addition, 8 pigs were cross-fostered and kept with 3 sows until the end of the milk intervention at 10–11 weeks of age (termed
the Sow-Reared (SR) group). After being weaned from maternal milk at 10–11 weeks of age, SR pigs were housed in the same conditions as the formula-fed pigs. At 2 weeks of age, formula-fed pigs were randomly allocated to 1 of 4 milk formulas, enriched with a
diﬀerent oligosaccharide mixture, up to 11 weeks postnatal. After weaning at 10–11 weeks of age, formula-fed and SR pigs were fed a
high-energy, obesogenic diet. Generally, the sample size was n = 12 pigs for each group, with n = 8 in the SR group. Pigs were tested
on a variety of behavioral tasks designed to assess anxiety, motivation, appetite, learning, and memory.

Dietary treatments
The milk intervention lasted from 2 to 11 weeks of age
(pigs were weaned on postnatal days 14 and 12 for
cohorts 1 and 2-3, respectively). At 2 weeks of age, formula-fed pigs were randomly allocated to 1 of 4 milk
formulas, enriched with a diﬀerent oligosaccharide mixture. Pigs were fed milk replacer with either no
additional oligosaccharides (Con), a mixture of fucosylated (2′ -fucosyllactose and di-fucosyllactose) and neutral (lacto-N-tetraose and lacto-N-neotetraose)
oligosaccharides (FN, 4 g/L), sialylated oligosaccharides
(3′ - and 6′ -sialyllactose) (SL, 0.68 g/L), or both FN and
SL (FN + SL, 4 g/L). See Tables 1 and 2 for a description

of the ingredient and nutrient composition. Milk replacer was fed three times per day according to body weight
to provide approximately 65 g milk replacer powder
(325 ml milk) per kg body weight per day. Sow-reared
pigs were allowed to suckle, thus receiving porcine
milk up until weaning. After weaning at 10–11 weeks
of age, formula-fed and SR pigs were fed a high-energy,
pelleted, obesogenic diet twice per day (Supplemental
Table 1 for ingredient composition). Generally, the
sample size was n = 12 pigs for each group, with n = 8
in the SR group. Eight extra pigs were included in the
control group during Period 1 for additional analyses,
but these were not included in Period 2 or 3. Final
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Table 1. Ingredient composition of milk replacers.
Ingredient, g/kg

Con

FN

SL

FN + SL

Whey protein concentrate, 75% crude protein
294.00
294.00
294.00
294.00
Lactose
240.50
220.50
237.10
220.50
Coconut Oil, Vana Grasa 80C
182.77
182.77
182.77
182.77
Palm Oil, Vana-Grasa 80D
182.28
182.28
182.28
182.28
Maltodextrin
24.50
24.50
24.50
24.50
Di-Potassium phosphate
14.70
14.70
14.70
14.70
Citric acid
9.80
9.80
9.80
9.80
Sodium chloride
9.80
9.80
9.80
9.80
Calcium carbonate
7.35
7.35
7.35
7.35
Vitamin and mineral premix
4.90
4.90
4.90
4.90
Calcium formate
4.90
4.90
4.90
4.90
Calcium acetate
4.90
4.90
4.90
4.90
Magnesium sulfate
4.90
4.90
4.90
4.90
Emulsiﬁer E487 silica
3.43
3.43
3.43
3.43
Potassium sorbate
3.33
3.33
3.33
3.33
DL-methionine
3.14
3.14
3.14
3.14
L-Lysine
1.76
1.76
1.76
1.76
L-Threonine
0.78
0.78
0.78
0.78
L-Tryptophan
0.59
0.59
0.59
0.59
Silica Tix-O-Sil 38
0.59
0.59
0.59
0.59
Sweetener
0.29
0.29
0.29
0.29
Vanilla Aroma
0.29
0.29
0.29
0.29
Vitamin E 50% Adsorbate
0.20
0.20
0.20
0.20
Iron sulfate
0.20
0.20
0.20
0.20
Copper sulfate
0.10
0.10
0.10
0.10
1
0.00
20.00
3.40
20.00
Formulated Oligosaccharides
Analyzed Oligosaccharides, g/kg
<0.027
12.12
<0.027
10.06
2′ -Fucosyllactose
Di-fucosyllactose
<0.111
1.56
<0.111
1.29
Lacto-N-tetraose
<0.026
3.79
<0.026
3.24
Lacto-N-neotetraose
<0.016
1.01
<0.016
0.92
0.28
0.28
3.11
1.75
3′ -Sialyllactose
0.07
0.07
0.74
1.99
6′ -Sialyllactose
Total fucosylated and neutral
0.00
18.48
0.00
15.51
Total sialylated oligosaccharides
0.35
0.35
3.85
3.74
Total Oligosaccharides, g/kg (mg/L)
0.35 (70)
18.83 (3,766)
3.85 (770)
19.25(3,850)
Abbreviations: Con, control group; FN, group fed fucosylated and neutral oligosaccharides; SL, group fed sialyllacted oligosaccharides; FN + SL, group fed fucosylated, neutral, and sialylated oligosaccharides.
1
All HMO sourced from Glycom A/S, Copenhagen, Denmark.

sample sizes of each group for each behavioral test are
described in Supplemental Table 2.

to mitigate the potential eﬀects of testing in the morning
vs. the evening.

Behavior

Experimenter socialization

For all behavioral procedures, order of testing within
and between days were counter-balanced for treatment,

Before the start of the behavioral tests, all pigs were
habituated to the experimenters in their home pens.
Starting 1 week after the expected birth date, the experimenters entered each pen daily in random order for
approximately 5 min, sat in the pen, and pigs were
allowed to approach and touch the experimenters spontaneously. In turn, the experimenters tested whether
they were allowed to touch the pigs’ nose, head, and
body, and when the pigs showed no sign of fear, to
hold the pigs in their hands.
Furthermore, because the pigs were not yet familiarized with solid food in Period 1, pigs were habituated to
the food rewards that would be used in the behavioral
tests (runway and holeboard tests). Daily, experimenters
gave small pieces of apple by hand to the pigs. When
pigs learned to accept the rewards, a few pieces of
apple were oﬀered in a plastic plate (the same as the
one used in the runway), and later, into a bucket (the

Table 2. Macronutrient composition of the base diets.
Milk replacer1
Nutrient
Dry matter
Crude protein
Crude fat
Crude ash
Crude ﬁber
Starch (amylase method)
Net energy
1

Unit

Per kg

Per Liter

Obesogenic feed2
Per kg

g
g
g
g
g
g
kcal

970.6
251.8
320.4
68.2
0.0
0.0
4117.8

194.1
50.4
64.1
13.6
0.0
0.0
823.6

925.7
130.0
137.6
58.9
127.6
102.4
2278.6

Milk replacer was fed three times per day according to body weight to provide approximately 65 g milk replacer powder (325 ml milk) per kg body
weight per day.
2
At ten weeks of age, all pigs were gradually weaned oﬀ of milk and onto
pelleted feed over three days by introducing 200 g solid feed per pig
per day. After weaning was completed, solid feed was provided twice
daily according to body weight. On average, pigs fed the obesogenic
diet received 300 g of solid feed per pig per day until 15 weeks of age,
500 g per day until 35 weeks of age, and 700 g per day thereafter.
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same as the ones used in the holeboard). After daily sessions of habituation, the experimenters spread a few
pieces of apple on the ﬂoor of the pens so that the
pigs could freely forage for apple. After 8 days, all pigs
were fully habituated to the experimenters and food
rewards.
Cognition
Apparatus
The holeboard arena (3 × 3 m) had black, wooden, 80cm-high walls and 4 entrances with guillotine doors
that could be operated from the south-west corner of
the arena with a system of ropes and pulleys. The
arena was surrounded by a corridor for the pig to access
the 4 entrances, a waiting area containing a jute bag and
toys in the south-east corner of the room, and an observation area for experimenters in the south-west corner
of the room. In the arena, 16 gray metallic buckets
(Period 1: ⌀ 10.5 cm – H10 cm, Period 2 and 3:
⌀12 cm – H12 cm) were screwed to the ﬂoor in a
4 × 4 matrix. During the test, 4 of the buckets were baited with a small piece of apple (Period 1 ∼
12 × 12 × 12 mm; Period 2 ∼ 12 × 12 × 20 mm; Period
3 ∼ 12 × 12 × 30 mm) according to 1 of 4 conﬁgurations
of baited buckets. To prevent the use of visual cues to
ﬁnd the rewards, the rewards were hidden under a
thin layer of shredded straw. All buckets had a perforated false bottom under which fresh pieces of apple
were placed at the start of the day to prevent the use
of odor cues to locate the baited buckets. Pigs inside
the arena were, however, able to see the walls and ceiling
of the room, as well as the 2 experimenters who were
standing in the south-west corner of the arena, thus providing visual clues for navigation. During the tests, the
pen mate was kept in the waiting area, which may
have provided auditory and olfactory clues for navigation as well. Pigs were deprived from milk (Period 1)
or feed (Periods 2 and 3) overnight (approximately
12-8 h) during the whole duration of holeboard testing.
Period 1
Habituation. For 8 working days (i.e. excluding weekends) before the start of the tests, pigs were gradually
habituated to the experimenters, buckets, rewards,
the corridor leading to the test room, the test room,
and the task in sessions of 10–15 min per day. On
day 1, pigs were habituated to ﬁnding the food rewards
(small pieces of apple) in buckets in their home pens.
From days 2 to 6, pigs from the same pen were transported to the holeboard room in a transport box
(59 × 40 × 30 cm) with shredded straw and were
allowed to explore the holeboard arena, in which the
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16 buckets were baited. Pigs were habituated to the
holeboard arena together with their pen mate on
days 2–4, and individually from days 4 to 6. While
being tested individually, their pen mate was kept in
the waiting area with toys. On days 7 and 8, pigs
were subjected to individual habituation trials in
which only 8 buckets were baited, with at least 2 trials
of maximum 3 min per day. At the end of the habituation period all pigs consumed food rewards, showed
no extreme stress responses (e.g. high-pitched vocalizations, standing alert, escape attempts) when alone
in the holeboard arena, and performed the task (i.e.
looked into the buckets).
Acquisition trials. From approximately 7–9 weeks of
age, pigs were individually subjected to 2 massed trials
(two trials were performed a few min apart) per day
on 14 consecutive working days, totaling to 28 acquisition trials.
Each day of the test, both pigs from the pen were
transported to the testing arena using a cart
(60 × 40 × 42 cm) with shredded straw as bedding.
While a pig was tested, its pen mate was kept in the waiting area. The test pig was led to the start box (at the
south door) or released into the corridor where it
could walk freely to the correct entrance door, which
was then opened. Diﬀerent entrances were used daily,
with two diﬀerent entrances per day of test (i.e. 1
entrance per trial), to prevent pigs from developing a
ﬁxed pattern of visits that would reduce the working
memory (WM) load. The trial started when the pig
had four legs in the holeboard arena and ended when
the pig found all four rewards or after 180 s. Every
time the pig visited a baited bucket for the ﬁrst time, a
clicker sound was produced to facilitate learning. Visits
were counted when a pig inserted its snout into a
bucket. If the pig completed the task (i.e. found the
four rewards in fewer than 180 ), the exit (south) guillotine door was opened, the pig received verbal praise (e.g.
‘good job!’, ‘well done!’), and received half of a white
grape. If the pig did not complete the task within
180 s, a police siren sound was produced for 1–2 s; the
pig was not praised and did not receive a reward.
After each trial, the pig was led back into the waiting
area and the other pig was tested. After the two pigs
per pen had been tested twice, they were transported
back to their home pen and their morning milk ration
was distributed.
In total three diﬀerent conﬁgurations (chosen from a
total of eight used across all pigs over the course of the
study) of baited buckets were used for each pig. Each pig
was tested on a ﬁxed conﬁguration throughout the
acquisition phase, with the conﬁguration of baited
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buckets diﬀering between the two pigs within each pen
and balanced between formulas and cohorts. Testing
order within and between pens was alternated within
and between days to balance between experimental
groups.
Period 2
Re-acquisition and reversal trials. From approximately
16–19 weeks of age, pigs were individually subjected
to 2 massed trials per day on 12 consecutive working
days for a total of 24 re-acquisition trials. Pigs were
tested with the same conﬁguration as in Period 1,
and the procedure was the same as in Period
1. Pigs, however, were not transported in a cart but
could walk freely from their home pen to the testing
room. After two pigs per pen had been tested twice,
they walked back to their home pen and their morning feed ration was distributed.
After the re-acquisition phase was completed, pigs
were individually subjected to 16 reversal trials, with 2
massed trials per day on 8 consecutive working days.
The procedure was the same procedure as in the reacquisition phase of Period 2, but pigs were assigned
to a diﬀerent conﬁguration of baited buckets (e.g. A
→ C, C → A, B → D, D → B).
Period 3
Re-acquisition and reversal trials. From approximately
41–43 weeks of age, pigs were individually subjected
to 2 massed trials per day on 12 consecutive working
days for a total of 24 re-acquisition trials. Pigs were
tested according to the same procedures as for
Period 2, but only with the conﬁguration of the
reversal trials of Period 2. After the re-acquisition
phase was completed, pigs were individually subjected to 16 reversal trials, with 2 massed trials per
day on 8 consecutive working days. The procedure
was the same procedure as in the re-acquisition
phase of Period 3, but pigs were assigned to a diﬀerent conﬁguration of baited buckets (e.g. A → G, B →
H, C → E, D → F).
Behavioral analysis
The following parameters were scored live using The
Ethovision XT 10 software (Noldus Information Technology, Wageningen, The Netherlands): all visits and
revisits to all buckets, latencies to all bucket visits, and
trial duration, total number of defecations, urinations,
high-pitched vocalizations and escape attempts during
the trial. From the parameters recorded during the
test, variables (described in Supplemental Table 3)
were calculated a posteriori according to van der Staay
et al [34].

Supplementary behavioral testing
A full description of methods used for testing emotional
reactivity, motivation, appetite, and home pen behavior
can be found in the Supplemental Methods. Brieﬂy, pigs
were tested on multiple tasks to assess their response to
novel environments/objects, physiological response to
stress, motivation for food rewards, appetite, and typical
home pen behaviors.
For all Periods 1–3, pigs were subjected to an open
ﬁeld task wherein they were allowed to explore an unfamiliar empty arena (3 × 3×1.2 m) for ﬁve min and their
exploratory behaviors recorded (i.e. posture, interest in
the ﬂoor and walls, vocalizations and excretions, etc. See
Supplemental Table 4). In Periods 2–3, pigs were
exposed to a novel object dropped in the middle of
the arena for ﬁve min after exploration of the Open
Field. In both Periods 2 and 3, heart rate and salivary
cortisol were collected. Pigs were ﬁtted with heart rate
monitors (BioHarness 3.0, Zephyr Technology, Annapolis, MD, USA) for measurement of heart rate before
(‘Pre-test’), during Open Field testing (OF), during the
Novel Object test (‘NO’), after (‘Post-test’) testing, and
during transport to and from testing (Transport 1 and
2, respectively). For salivary cortisol, saliva samples
were collected from each pig in the home pen at 60 (t60), 5–10 min before (t-5), and 15, 30, and 60 min
after the pig entered the test arena (t15, t30, and t60,
respectively). Salivary cortisol was measured in duplicate using a commercially available enzyme immunoassay kit (ELISA, IBL International GmbH, Hamburg,
Germany) according to the procedures of the manufacturer. Behavioral observations were scored live by two
trained observers using The Ethovision XT 10 software
(Noldus Information Technology, Wageningen, The
Netherlands). One observer recorded state behaviors:
locomotion (e.g. walking, running, standing), exploratory (e.g. nosing, rooting, approaching), and ‘other
behaviors’ (i.e. not performing exploratory behaviors);
and one observer recorded event behaviors: vocalization
(e.g. grunts, squeals, barks), defecation, urination,
escape attempts and grooming.
To measure motivation, pigs were trained on a
runway task to run down a narrow corridor (4–8 m
in length) for a reward (2 apple pieces of up to
12 × 12 × 20 mm). Pigs were feed restricted overnight
to ensure motivation. Pigs were provided 4 trials at
each Period, with a maximum of 120 s for completion of each trial. If this limit was reached in
two consecutive trials, testing was ended for that animal. Time to leave the start box, latency to complete
task, and run time (latency to completion – leave
time) were recorded.
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as (untransformed) means ± SEMs and analyzed via
mixed model ANOVA. The number of experimental
units used in the analyses for each test are presented
in Supplemental Table 2. Given the rearing environment of the SR group was largely diﬀerent from the formula-fed groups, the SR group was not included in
statistical analyses and are meant to serve as a reference
group only. Performance on behavioral tasks from this
group are in the Supplemental Material.

To measure appetite, at 29 weeks-of-age, all pigs were
subjected to 4 single-feed tests in which they had ad libitum access to their regular diet for 1-h meals in 2 consecutive days (2 meals/day). Feed refusals were weighed
at the end of the 1-h meals to assess the pigs’ voluntary
feed intake as a proxy of their appetite. The day before
the testing, all pigs were weighed before their morning
meal to correct feed intake for body weight.
Behavioral activity of pigs in their home pens was
recorded at approximately 3 (Period 1, the SR group
was omitted from this analysis), 21 (Period 2) and 40
(Period 3) weeks of age. Behaviors were scored live
using a 1.5-min instantaneous scan sampling schedule
for 6 h/day during 6 sessions of 1 h (08:15–09:15,
09:30–10:30, 10:45–11:45, 14:00–15:00, 15:15–16:15,
16:30–17:30 h). The behaviors, described in Supplemental Table 5, were scored using The Observer® 5.0 software (Noldus Information Technology, Wageningen,
The Netherlands) in Periods 1 and 2, and a paper
score sheet in Period 3. Per period, the same observer
recorded the behaviors for the 3 cohorts of animals to
limit inter-observer observation bias.

No diﬀerences were found in growth between any
groups (Diet eﬀect, P > 0.050, Figure 2). Milk and feed
intake were similar between groups, with some variation
in feed intake during Period 2.

Statistical analysis

Cognition

Statistical analyses were conducted with SAS 9.3 and 9.4
(SAS Institute, Cary, NC, USA). Exact models used are
described in their respective tables, however, the general approach used is as described. Data were analyzed
with the MIXED procedure (analysis of variance), and
signiﬁcant main eﬀects were further analyzed using
the diﬀerences of the least square means with a Tukey
adjustment for multiple comparisons. Data were analyzed by period, with diet and cohort as main eﬀects.
For holeboard data, performance across each of two
days were considered 1 ‘block’ (i.e. 2 trials per day
over 2 days was averaged to create a single ‘block’ containing 4 total trials). Ultimately, cohort, block, and diet
were included as ﬁxed eﬀects. Block by diet interactions
were found insigniﬁcant in the model for almost all
variables, and thus removed. The distribution of
model residuals was checked with the UNIVARIATE
procedure. If model residuals were not normally distributed, analyses were performed on (arc sin) square
root or logarithmically transformed data such that the
data met the normality assumption or analyses were
performed using non-parametric tests. For variables
where no normal distribution of the model residuals
could be obtained, data were analyzed with the nonparametric Kruskal–Wallis test and/or as binary data
using the GLIMMIX procedure. However, in each
case model ﬁt was similar between raw/transformed
and non-/parametric tests. Thus, all data are presented

Period 1

Results
As noted in the methods, the SR group was only
included as a reference. No statistical comparisons
were made between the SR group and any other group.

Growth

Acquisition
Although working and reference memory scores
increased while errors decreased over time (Block
eﬀect, P < 0.001), this period was considered training
as almost all groups did not reach 80% or better working
memory scores and 9 of 62 pigs did not ﬁnd the 4
rewards for more than half of the trials (N: Con, 3;
FN, 3; SL, 2; FN + SL, 1). All variables measured showed
no diﬀerence between groups (Diet eﬀect, all P > 0.15,
data not shown).
Period 2
Re-acquisition
During acquisition, all groups showed improved performance with time (Block eﬀect, P < 0.001) for working
and reference memory scores. Diet eﬀects included the
percentage of working memory errors, total trial duration, latency to ﬁrst baited visit, and inter-visit intervals
(Diet eﬀect, all P < 0.05). The SL group displayed the
lowest percentage working memory errors (this was signiﬁcant only when compared to the FN group post-hoc,
P = 0.018). Test groups demonstrated longer trial durations, latency to ﬁrst baited visit, and greater intervisit intervals than the control group (Diet eﬀect, all P
< 0.05, Supplemental Table 6, Figures 3 and 4).
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Figure 2. Growth and intake data. Across the trial, there were no diﬀerences in bodyweight growth between groups (P < 0.05). A lean
reference using Göttingen minipigs from the vendor (Ellegaard) is shown to verify the weight-gain inducing capacity of the diets used.
Milk and feed intake were measured per pen (2 animals per pen). Milk replacer was provided at 325 mL/kg BW per day and pelleted
feed was fed twice per day. Variation in milk intake was observed during Periods 1 and 2, however by Period 3 feed intake was equivalent between groups as all pigs consumed the pelleted feed provided.

Reversal
All groups were able to learn a new conﬁguration as
evidenced by increased working and reference memory
scores over time (Block eﬀect, P < 0.001). Overall, we
observed a signiﬁcant eﬀect of diet on reference memory score, percentage of reference memory errors, and
total errors (Diet eﬀect, all P ≤ 0.010). These eﬀects
were driven by the improved performance of the SL
group, which exhibited signiﬁcant improvement for
these variables compared to the control group, speciﬁcally an increase of reference memory score and a
reduction of percentage of reference memory errors
and total errors (Supplemental Table 7, Figures 3
and 4).

Period 3
Re-acquisition
All groups demonstrated improved working and reference
memory scores over time (Block eﬀect, P < 0.001), and
although controls demonstrated the lowest memory scores
and a greater number of errors, there were no diﬀerences
between groups in memory scores (Diet eﬀect, all P >
0.050). FN and SL groups displayed longer inter-visit intervals compared to controls (pairwise mean comparison, all
P = 0.001, Supplemental Table 8, Figures 3 and 4).
Reversal
All groups showed increased working and reference
memory scores with time (Block eﬀect, P ≤ 0.001),
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Figure 3. Average performance by training block on select variables in the holeboard task. Data represent an average of 4 trials within
each block. By block, animals in all groups improved both their working memory (WM) and reference memory (RM) scores, while errors
decreased. As expected, reversal trials lowered performance which quickly recovered in subsequent blocks. Performance during Period
1 was considered ‘training’ as most groups demonstrated poor behavior, thus is not shown. Data were analyzed via one-way ANOVA
sliced by time with diet, cohort, and blocks as main eﬀects (shown in Figure 4). Abbreviations: Con, control group; FN, group fed
fucosylated and neutral oligosaccharides; SL, group fed sialylated oligosaccharides; FN + SL, group fed both FN and SL.

however, there were no diﬀerences in memory scores
between groups (Diet eﬀect, all P ≥ 0.308). Similar to
performance during the acquisition task during Period
2, test groups had longer trial durations on average
than the control group (Diet eﬀect, P < 0.001), which
was reﬂected in longer inter-visit intervals (Diet eﬀect,
P = 0.013, Supplemental Table 9, Figures 3 and 4).
Emotional reactivity
Overall, few diﬀerences were found between groups for
any variable related to emotional reactivity during the
Open Field, or Novel Object tasks.
Period 1
Open ﬁeld. Each group performed similarly, with the
test groups spending less time performing ‘Other’ behaviors as opposed to exploratory related behavior compared to the Control group (Diet eﬀect, P = 0.090,
Supplemental Table 10, Figure 5).

Period 2
Open ﬁeld and novel object tasks. Groups SL and FN +
SL exhibited the fewest vocalizations as compared to
other groups (Diet eﬀect, P = 0.088) during the OF task.
Otherwise, all groups behaved similarly with regard to
posture and activity in the OF and NO tasks (Supplemental Tables 11 and 12, Figure 5). At no time prior to,
during, or after the behavioral tasks were heart rate or
salivary cortisol diﬀerent between groups (Diet eﬀect,
all P ≥ 0.144, Supplemental Table 16, Figure 6).
Period 3
Open ﬁeld and novel object tasks. Behavioral performance was similar across all formula-fed groups during
the Open Field task. During the Novel Object task,
groups SL and FN + SL tended to spend a greater proportion of time approaching the novel object than
other groups (Diet eﬀect, P = 0.062). All other behaviors
were similar between groups (Diet eﬀect, all P ≥ 0.535,
Supplemental Tables 14 and 15, Figure 5). There were
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Figure 4. Average performance on select variables in the holeboard task. Averaged over blocks, the SL group demonstrated greater
reference memory (RM) scores and fewer errors (P < 0.05) on the reversal phase at Period 2. The Control group demonstrated the
shortest inter-visit interval (IVI) at all times measured, and also completed the trial faster during acquisition and reversal trials of
Periods 2 and 3, respectively (P < 0.05). Data were analyzed via one-way ANOVA sliced by time with diet and cohort as main
eﬀects with a post-hoc Tukey adjustment for multiple pairwise comparisons. Abbreviations: Con, control group; FN, group fed fucosylated and neutral oligosaccharides; SL, group fed sialylated oligosaccharides; FN + SL, group fed both FN and SL.

no diﬀerences in average heart rate between groups at
any time before, during, or after behavioral testing
between groups (Diet eﬀect, all P ≥ 0.178). Cortisol
was overall low in group FN + SL and was diﬀerent
from the other groups at 15 and 60 min after the start
of the emotional reactivity tests (Diet eﬀect, P < 0.050,
Supplemental Table 16, Figure 6).
Home pen observations
During Period 1 the FN group spent the most time displaying ingestive behaviors compared to all other groups
(pairwise mean comparison P < 0.05). However, all other
behaviors at each time observed were equivalent between
groups (Diet eﬀect, P ≥ 0.05, Supplemental Table 17).
Motivation and appetite
Performance on the runway and single-feed tasks was
equivalent between groups at all times measured (Diet

eﬀect, P > 0.100 for all variables, Supplemental Tables
18 and 19).

Discussion
In the present experiment, the goal was to assess if oligosaccharides that are present in human milk have the
capacity to promote cognitive development in the context of an obesogenic diet. Thus, Göttingen minipigs
were artiﬁcially reared at an early age and exclusively
fed a milk replacer supplemented with fucosylated
+neutral and/or sialylated oligosaccharides, and their
performance in multiple cognitive domains was
assessed. A group of sow-reared pigs were included in
the study as a reference group but were not included
in statistical analyses.
Porcine milk contains primarily neutral oligosaccharides (65–85% neutral), with < 30% acidic and
<10% neutral fucosylated. The concentration of oligosaccharides in porcine milk is greatest in colostrum
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Figure 5. Observed behavior during the Open Field and Novel Object tasks. Behaviors were characterized by % time spent in various
postures, exploratory behaviors, and frequency of discrete events. See Supplemental Table 4 for a detailed description. Due to great
variability, at no point did any group demonstrate behavior diﬀerent from another. Data were analyzed via one-way ANOVA sliced by
time with diet and cohort as main eﬀects. Abbreviations: Con, control group; FN, group fed fucosylated and neutral oligosaccharides;
SL, group fed sialylated oligosaccharides; FN + SL, group fed both FN and SL.
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Figure 6. Salivary cortisol before and after Open Field testing. Saliva samples were collected from each pig in the home pen at 60
before (t-60), 5–10 min before (t-5), and 15, 30, and 60 min after the pig entered the test arena (t15, t30, and t60, respectively). In
general, salivary cortisol exhibited high variability between and within-groups. At Period 2, there were no diﬀerences between groups.
During Period 3, the FN + SL group displayed the lowest salivary cortisol at all times; this was only signiﬁcantly diﬀerent from other
groups at t15 and t60. Data were analyzed via one-way ANOVA sliced by time with diet and cohort as main eﬀects with a post-hoc
Tukey adjustment for multiple pairwise comparisons. Abbreviations: Con, control group; FN, group fed fucosylated and neutral oligosaccharides; SL, group fed sialylated oligosaccharides; FN + SL, group fed both FN and SL.

(∼250 mg/L) and lowers to less than 100 mg/L after 18
days of lactation [35]. Human milk, though exhibiting
great geographical diversity [16], is largely neutral fucosylated, with a lesser proportion of acidic and neutral
nonfucosylated HMO [3]. Total concentrations of OS
can range from 5-15 g/L, much higher than either
bovine or porcine milk [1]. Thus, the doses used in
the current study approximate concentrations seen in
mature porcine milk (in the Control group), or those
much higher than porcine milk and closer to the
lower end of that seen in human milk (all other test
groups).
Ultimately, we found that oligosaccharide intake
had minimal or no eﬀects on growth or behavioral
indices of emotional reactivity, stress, motivation,
and appetite. On a spatial task testing working and
reference memory, pigs fed sialylated oligosaccharides
demonstrated a moderate improvement in performance between weaning and sexual maturity (i.e. the

equivalent of adolescence). Such ﬁndings suggest
oligosaccharides may play a speciﬁc role in cognitive
development, particularly during the adolescent time
period.
Sialylated oligosaccharides promote cognitive
ﬂexibility in a spatial memory task
The holeboard task was chosen for its ability to separate
the subject’s performance into domain-speciﬁc memories: working and reference memory. As reviewed in
depth by Nadel and Hardt [36], reference and working
memory are distinct concepts. Reference memory represents a continuous process requiring sensation, perception, encoding, storage, and retrieval of
information. A process occurring over time that
requires protein synthesis and structural synaptic
change. Consequently, alterations to reference memory
can act at one or multiple points throughout this
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process. In contrast, working memory is responsible for
storing and manipulating information for an acute
length of time. In the holeboard task, reference memory
can be measured by the ability of a subject to remember
the spatial locations of the baited buckets across trials.
Working memory is the ability of the subject to remember (and avoid) the spatial arrangements of buckets
already visited within a trial. In our study, all pigs, independently of the treatments, exhibited improvement of
both reference and working spatial memory with training in all three periods, conﬁrming the ability of (young)
pigs to learn during the task [37,38]. Interestingly, we
found that early life dietary supplementation with sialylated HMO improved the reference memory of piglets
during reversal learning, but only when assessed in
period 2 (between weaning and sexual maturity, i.e.
early adolescence) and not in period 3 (adulthood).
That the diet eﬀects were speciﬁc to reversal learning
and were only found during early adolescence, and
not during adulthood, might be due to diﬀerences in
the ontogeny of diﬀerent memory function in pigs.
There are limited studies of the early ontogeny of
spatial learning in pigs. Elmore et al [39]. reported
that pigs are able to learn a spatial T-maze task as
early as 2 weeks of age. When the task was more complicated, such as the radial 8-arm maze, 2-week-old piglets needed a non-spatial version of the task to be able to
perform [40]. There are limited studies investigating the
ontogeny of reversal learning in any animal model. As
reviewed by Izquierdo and colleagues [41], reversal
training is a method to study cognitive ﬂexibility, hallmarked by the ability to rapidly alter behavior in
response to changes to a learned association (or set of
rules). In this case, pigs have learned to associate the
spatial location of baited buckets with a reward. During
reversal, the locations of these buckets change, and the
pigs must inhibit their previous associations to learn
the new spatial locations. Here, the use of working
and reference memory are still required, recruiting multiple brain regions within the medial temporal lobe.
In rats, the capacity to exhibit reversal learning has
been reported in the T-maze as early as PND 19–21
[42,43], suggesting that rats are capable of exhibiting cognitive ﬂexibility around weaning age. Saperstein et al.
[44] reported that reversal learning in a non-spatial olfactory discrimination learning task was visible as early as
PND 12. Willing et al. [45] demonstrated that rats’ cognitive ﬂexibility, measured as the capacity to learn a
new platform in the water maze, increased from pre-pubertal to post-pubertal periods. It is possible that early
adolescence is a period where reversal learning capacity
is at its lowest in pigs and would, therefore, beneﬁt the
most from supplementation of sialylated HMO in early

13

life. Consequently, a harder task in adulthood could
have facilitated the detection of a beneﬁcial eﬀect of the
early life HMO supplementation in this period as well.
In line with such a hypothesis, Wang et al. [46] reported
that early life sialic acid supplementation only beneﬁted
learning in adult pigs in a hard task but not in an easy one.
Here, we demonstrated that early-life supplementation with sialyllactose moderately improved cognitive
ﬂexibility. Early life sialyllactose supplementation has
been shown to attenuate stress-related behavior [6],
alter the sialic acid composition in the brain [912],
improve performance in spatial tasks in preterm pigs
[13], and improve learning and memory in cross-fostered rats [11]. On the other hand, sialyllactose has
been shown to have no additional beneﬁt when added
to a diet already containing oligosaccharides [47], or
minimally impact spatial navigation [5]. Studies on
ingredients containing sialic acid such as gangliosides
[48], complex milk lipids [49], lactoferrin [50], and
casein glycomacropeptide [46] have been shown to
have some positive impact on cognition.
The importance of sialic acid in brain development
has been well reviewed. Brieﬂy, 75% of sialic acid is present in the brain in gangliosides, which themselves have
critical roles during neurodevelopment for the synthesis
and regulation of neurons, synapses, axons, and myelin
[48,51]. Though sialic acid can be synthesized de novo, it
is believed that exogenous sources may also be required
for optimal brain development [51]. In early life, this
exogenous source is human milk, in which about ¾ of
sialic acid is present in oligosaccharide bound form
(i.e. as sialylated milk oligosaccharides), or infant formula, in which sialic acid level is signiﬁcantly lower
[51]. Here, we observed a cognitive promoting eﬀect
of early life sialyllactose supplementation speciﬁc to a
period of sexual development. Adolescence is a known
time of great cognitive change and plasticity in the
brain [52]. For example, pruning of dendritic spines
and loss of synaptic density are well documented in
the rodent prefrontal cortex [53,54]. Such changes
coincide with improvements in reversal learning during
adolescence [45]. Thus, it is tempting to speculate that
the eﬀects observed in this study are of a programing
eﬀect wherein increased sialyllactose in early life better
primed the brain for the synaptic reorganization that
occurred during adolescence.
Independent of sialyllactose, all groups fed oligosaccharides in this study spent more time between visits
to buckets in the holeboard task as compared to the control group during both Periods 2 and 3. Speculatively, a
combination of shorter inter-visit intervals, shorter trial
duration, lower memory scores, and greater errors in
the control group suggest that pigs fed oligosaccharides
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may have had a greater executive function and inhibited
the impulse to quickly visit buckets and exhaustively
ﬁnd the rewards. Despite these promising results, only
sialyllactose, but not FN or a mixture of FN and SL,
showed a promoting eﬀect on cognition in our study.
Yet, a growing body of literature across many diﬀerent
oligosaccharides suggests a link to cognition. For
example, chitosan oligosaccharides [55], fructooligosaccharides [56–59], galactooligosaccharides [56,58,60–
64], 2′ -fucosyllactose [8,7,11] or mixes of these oligosaccharides [31,32] have all been shown to impact cognition. Few of these have been measured in human trials.
2′ -Fucosyllactose in milk at 1 month of age was
recently found to mediate the relationship between
breast feeding frequency at 1 month of age and performance on the Bayley-III at 24 months of age [14] in
human infants. However, this relationship did not
hold at 6 months of age. The authors suggest this may
be evidence of a critical window during early development. Of note, however, is that disialyllacto-N-tetraose
at 1 month of age was inversely related to cognitive performance, and at 6 months of age lacto-N-hexaose,
fucosyl-lacto-N-hexaose, and sialyl-lacto-N-tetraose b
were all related to cognitive performance [14]. In an
observational study of Malawian mother-infant dyads,
Jorgensen et al. [65] identiﬁed relationships between
infant cognition and maternal bioactives that were
dependent on the secretor status of the mother. In
mothers that secrete 2′ FL, the relative abundance of
fucosylated and sialyllated HMO were positively associated with language at 18 months of age. Multiple HMO
were also positively associated with motor skills in dyads
from mothers that do not secrete 2′ FL. Ultimately, many
HMO likely play a role in cognition.
In light of signiﬁcant evidence implicating a link
between multiple oligosaccharides of various compositions and cognition, it is unclear why the present
study suggests this only occurred for sialyllactose
alone. A variety of factors may be at play: synergistic
eﬀects between oligosaccharides, diﬀerent animal
models used, various methods employed to test cognition, doses, etc. Beyond methodological and dietary
diﬀerences, the reason behind the discrepancy may
not surface until further mechanistic research is performed. Even for studies of single, discrete compounds
(i.e. the structure of 2′ -FL or 3′ -SL is consistent, whereas
galactooligosaccharide may have various degrees of
polymerization and branching) the true mechanism is
not known. Hypotheses surrounding the gut–brainaxis are largely divided into direct eﬀects (via
the vagus nerve) or indirect eﬀects (absorption of
metabolites/bioactives or modulation of the immune
system) [66].

HMO minimally impacted emotional reactivity,
motivation to obtain food rewards, or appetite
Ultimately, the eﬀects of the diet on behavioral
measures of emotional reactivity and exploratory behavior were minimal. At no time was exploratory behavior
during the Open Field or Novel Object tasks diﬀerent
between formula-fed groups. During Period 1, formula-fed groups tended to spend more time exhibiting
explorative vs. non-explorative behaviors as compared
to the Control group, however this was variable and
did not reach signiﬁcance. During Period 2, the Control
and FN groups tended to vocalize more during the
Open Field task, but again such diﬀerences were minimal. During the Novel Object task, the SL and FN+
SL tended to spend a greater percentage of their time
approaching the novel object than other groups, but
not actively exploring the novel object.
During home pen observations, the behavior was
equivalent at nearly all times measured. During Period
1, the FN group displayed greater ingestive behaviors,
but these did not translate to diﬀerences in body
weight gain. There was no diﬀerence in performance
between any of the groups on either the runway task
at any age or the single-feed test. Such results suggest
that the eﬀects on cognition arose not out of alterations to the hedonic sensation or perception of the
rewards used. Together with the lack of eﬀect on
exploratory behavior and general reactivity these
results suggest that across groups pigs were in similar
motivational states. Thus, the eﬀects on cognition
observed in the holeboard task may reasonably be
inferred to arise out of some alteration to learning
and memory processes and not sensation, perception,
stress, or emotional processing.
Biological indices of emotional excitation measured
such as heart rate activity and cortisol also revealed
few-to-no diﬀerences between groups. All groups
tended to have lower heart rates when not in transport
to and from behavioral testing. Salivary cortisol was
variable between and within-groups, however, the FN
+ SL group had, on average, lower salivary cortisol
than all other groups regardless of time point at Period
3. Speciﬁcally, pigs fed FN + SL showed lower salivary
cortisol 15 and 60 min after the start of testing. This
eﬀect is similar to that found by Schmidt et al. [67],
who demonstrated adult humans provided galactooligosaccharide had a smaller change in waking cortisol than
controls.
Previous studies have shown that various prebiotics
elicited an anxiolytic eﬀect on animals exposed to social
stressors [6,68], lipopolysaccharide injection [60], and
chronic unpredictable mild stress [69,70]. While
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salivary cortisol was reduced in the FN + SL group,
behavior appeared to be unaﬀected. The results herein
are largely discordant with previous data on prebiotics
and emotion-related outcomes. It may be likely that
the magnitude of stress measured in this study was
too low and oligosaccharides would have provided a
protective eﬀect in the face of a greater stressor. The
stressors used in previous studies were arguably more
disruptive than the present use of an open ﬁeld and
novel object.
All together our results demonstrate minimal eﬀects
on behaviors related to emotional reactivity in response
to a modest stressor; however, the majority of data from
previous studies largely support the hypothesis that prebiotics confer a protective eﬀect against many stressors.

Conclusions
We conducted a controlled feeding trial in Göttingen
minipigs to address the potential eﬀects of early-life
dietary intake of human milk oligosaccharides on cognitive development. During sexual development, sialyllactose improved reference memory during a reversal task,
indicative of improved cognitive ﬂexibility. No impact
of any tested oligosaccharide mixture was found on
emotional reactivity, motivation, or appetite. The mechanisms underlining this cognitive improvement are
unknown but suggest discrete improvements to cognitive domains related to learning, memory, and inhibitory control.
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