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Abstract: Mounting evidence suggests that dietary oligosaccharides promote brain development.
This study assessed the capacity of oligofructose (OF) alone or in combination with 2′-fucosyllactose
(2′-FL) to alter recognition memory, structural brain development, and hippocampal gene expression.
Beginning on postnatal day (PND) 2, male pigs received one of three milk replacers formulated to
contain OF, OF + 2′-FL, or no oligosaccharides (CON). Pigs were tested on the novel object recognition
task using delays of 1 or 48 h at PND 22. At PND 32–33, magnetic resonance imaging (MRI) procedures
were used to assess structural brain development and hippocampal tissue was collected for analysis of
mRNA expression. Pigs that consumed the OF diet demonstrated increased recognition memory after
a 1 h delay, whereas those consuming diets containing OF + 2′-FL displayed increased recognition
memory after a 48 h delay. Pigs fed OF or OF + 2′-FL exhibited a larger relative volume of the
olfactory bulbs compared with CON pigs. Provision of OF or OF + 2′-FL altered gene expression
related to dopaminergic, GABAergic, cholinergic, cell adhesion, and chromatin remodeling processes.
Collectively, these data indicate that dietary OF and OF + 2′-FL differentially improve cognitive
performance and affect olfactory bulb structural development and hippocampal gene expression.

Keywords: prebiotics; milk; pig; brain; cognition; neuroimaging; human milk oligosaccharides;
infant; nutrition

1. Introduction

While their ability to stimulate gut bacteria and prebiotic activity has been known for some time,
it is becoming increasingly evident that oligosaccharides (OS) act through unknown mechanisms to
stimulate brain development. Oligofructose (OF), also known as fructooligosaccharide (FOS), is an
OS of vegetable origin, commonly found in foods such as asparagus, artichoke, onion, and wheat [1].
Oligofructose is non-digestible and readily fermentable by Bifidobacterium spp. and Bacteroides spp.,
but not by potentially pathogenic bacteria such as Escherichia coli and Clostridium perfringens [2].
Infants consuming formula containing OF display increased fecal bifidobacteria and bacteroides,
decreased fecal Escherichia coli and enterococci, and increased stool frequency [3,4]. Consumption
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of OF has also been shown to alter the expression of brain-derived neurotrophic factor (BDNF) and
N-methyl-D-aspartate (NMDA) receptor subunits in the rodent brain [5] and improve cognitive
function in a rodent model of Alzheimer’s disease [6,7].

Human milk contains a heterogenous group of OS that have demonstrated benefits for immune
and intestinal function and are hypothesized to promote brain development [8,9]. The concentration
and diversity of these human milk oligosaccharides (HMO) is unmatched by other mammals [10],
and these OS are specific to milk as opposed to non-milk OS such as OF. This has significant implications
for infants consuming bovine milk-based infant formulas, as bovine milk contains up to a hundred times
fewer and less diverse OS [9]. Infants consuming formula containing HMO such as 2′-fucosyllactose
(2′-FL) and Lacto-N-neotetraose report fewer incidences of respiratory illness [11]. Evidence from
rodent studies suggests that HMO such as sialyllactose and 2′-FL may improve response to stress [12]
and learning and memory [13,14], respectively. Both sialyllactose and 2′-FL contain monosaccharides
(i.e., sialic acid and fucose, respectively) that are known glycoconjugates in the brain [15,16]. Whether
sialyllactose and 2′-FL impact the brain in large part due to their sialic acid or fucose content is
unclear. Sialic acid, alone or as part of a ganglioside, is known to promote cognition [17–19]. Similarly,
fucose has been shown to accrete in glycoproteins after a passive avoidance task in chicks [16],
and impairing fucosylation in the rat hippocampus impairs retention during discrimination tasks [20].
Yet, Vazquez et al. demonstrated that intact 2′-FL, and not fucose, promotes hippocampal long-term
potentiation [14].

Alluding to the probability that intact OS and not their active monosaccharide components are
required for promoting cognition is the evidence that OS such as OF, galactooligosaccharide (GOS),
and chitosan oligosaccharide have been shown to benefit cognition in various animal models and
species [7,21–23]. This is significant as some formulas contain OF or GOS [24], yet these OS are not
found in human milk. Whether HMO provide a cognitive benefit greater than that of non-human milk
OS is an important question as infants relying on formula as their sole source of nutrition are typically
not provided the level and diversity of HMO that are present in human milk.

We chose to use the neonatal pig as an animal model due to fact that similarities with the human
regarding gastrointestinal physiology [25], brain development [26], and strengths and limitations of
comparisons to the human microbiome are well described [27–29]. As the majority of studies assessing
the efficacy of OS to promote brain development have been conducted in rodent models, this study
evaluated whether such effects can be replicated in an animal model closer to humans. As previously
mentioned, it is unclear whether HMO provide a cognitive benefit in addition to formula already
containing non-HMO OS. Thus, the objective of this study was to assess the impact of dietary OF
alone or combined with 2′-FL on recognition memory, hippocampal gene expression, and structural
development of the brain using the pig as an animal model.

2. Materials and Methods

2.1. Animals and Housing

All animal care and experimental procedures were in accordance with the National Research
Council Guide for Care and Use of Laboratory Animals and approved by the University of Illinois at
Urbana-Champaign Institutional Animal Care and Use Committee (IACUC 15034). In general, rearing
and housing methods were conducted similarly to previous studies from our lab [21], and are described
as follows. Thirty-six intact male pigs (1050 Cambro genetics) were naturally farrowed and allowed
colostrum consumption for up to 48 h before transport to the Piglet Nutrition and Cognition Laboratory
at the University of Illinois at Urbana-Champaign. Pigs were artificially reared from postnatal day
(PND) 2 until PND 33. This study was conducted using six independent cohorts (n = 2 pigs per dietary
treatment in each cohort), with litter and initial bodyweight counterbalanced between dietary groups
and within each cohort. All pigs were housed in master caging units that contained six individual
stainless-steel cages (L ×W ×H of 87.6 × 88.9 × 50.8 cm), with clear, polycarbonate facades on three
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sides of the cage and vinyl-coated, expanded-metal flooring (Tenderfoot ®, Minneapolis, MN, USA).
The master unit was designed such that there were three separate levels each with two individual pig
cages on each level. Thus, pigs on each level shared a common wall containing holes to permit pigs
to see, smell, hear, and minimally touch one another. A towel and toy were included in each cage to
provide enrichment, all pigs were removed from cages and allowed to socialize for approximately
30 min each day, and all pigs were allowed ad libitum access to water at all times.

All pigs were reared in the same room with ambient temperature maintained between 27 and 29 ◦C
and a 12 h light/dark cycle maintained from 600 to 1800 h. Prior to placement in the artificial rearing
system, pigs were administered 5.0 mL of Clostridium perfingens antitoxin C + D per the manufacturer’s
recommendations (Colorado Serum Company, Denver, CO, USA) to prevent enterotoxemia [30].
At study conclusion (PND 33), pigs were anesthetized using a telazol: ketamine: xylazine solution
(50.0 mg tiletamine plus 50.0 mg of zolazepam reconstituted with 2.50 mL ketamine [100 g/L] and
2.50 mL xylazine [100 g/L]; Fort Dodge Animal Health) by intramuscular injection at 0.03 mL/kg
bodyweight. After anesthetic induction, pigs were euthanized via intracardiac administration of
sodium pentobarbital (86.0 mg/kg of body weight; Euthasol, Virbac Animal Health, Fort Worth, TX,
USA). Pigs were observed twice daily at approximately 800 and 1600 h and given health scores to track
any weight loss, vomiting, diarrhea, or lethargic behavior. Figure 1 demonstrates the study design.
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Figure 1. Study timeline. Pigs were reared artificially from postnatal days 2–33. On postnatal day 22,
pigs were tested on the novel object recognition test twice using delays of 1 h or 2 days, with task order
randomized and counterbalanced between groups. On PND 32–33, pigs were subjected to magnetic
resonance imaging; and on PND 33, brain tissue was collected for quantification of hippocampal gene
expression. Pigs were weighed daily to track growth.

2.2. Dietary Treatments

All researchers involved with conducting the study and acquiring and analyzing study
results remained blind to dietary treatment identity until final data analyses were complete.
Pigs (n = 12 per diet) were provided milk replacers reconstituted at 200 g of dry powder per
800 g of water. Reconstituted diets were formulated to contain approximately 0 g/L OF + 0 g/L
2′-FL (control [CON], ProNurse® Specialty Milk Replacer, Purina Animal Nutrition, Gray Summit,
MO, USA), 5 g/L OF + 0 g/L 2′-FL (OF), or 5 g/L OF + 1 g/L 2′-FL (OF + 2′-FL). The concentration of
oligosaccharides was chosen to remain consistent with previous clinical studies investigating stool
characteristics infants of fed formula containing 3–5 g/L oligofructose [31,32] or impact on growth
of infants fed formulas containing 1 g/L 2′-fucosyllactose [11,33]. As the aim of the research was to
assess the addition of 2′-FL to a diet already containing an oligosaccharide source, a group fed 2′-FL
alone was not included. The base diet was diluted to allow the addition of oligosaccharides and all
diets were formulated to contain supplemental lactose to balance the amount of total carbohydrate.
Thus, diets contained equivalent fat and protein content with as minimal as possible adjustments
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to the lactose content. Nutrient composition of the base diet and both formulated and analyzed
concentrations of oligosaccharides and lactose in the diet are shown in Tables 1 and 2.

Table 1. Formulated nutrient composition of the base formula 1,2.

Nutrient Units
Base Formula Final Composition 3

Per kg Per Liter Per kg Per Liter

Energy and Macronutrients
Metabolizable Energy kcal 4286.4 857.3 3989.4 797.9

Crude Protein g 241.0 48.2 224.3 44.9
Crude Fat g 241.0 48.2 224.3 44.9

Lactose g 369.1 73.8 343.5 68.7
Crude Fiber mg 20.0 4.0 18.6 3.7

Ash g 85.3 17.1 79.4 15.9
Minerals
Calcium mg 1000.0 200.0 930.7 186.1
Copper mg 12.1 2.4 11.2 2.2

Total Phosphorous mg 800.0 160.0 744.6 148.9
Potassium mg 1835.0 367.0 1707.8 341.6
Selenium µg 875.0 175.0 814.4 162.9
Sodium mg 345.0 69.0 321.1 64.2

Zinc mg 120.0 24.0 111.7 22.3
Vitamins and Other

Nutrients
Vitamin A IU 82,427.3 16,485.5 76,715.0 15,343.0
Vitamin D IU 11,563.9 2312.8 10,762.5 2152.5
Vitamin E IU 253.3 50.7 235.7 47.1

Lysine g 25.2 5.0 23.4 4.7
Methionine + Cysteine g 9.9 2.0 9.2 1.8

1 ProNurse® Specialty Milk Replacer (Purina Animal Nutrition, Gray Summit, MO, USA) was used as the base
formula and nutritional composition is adapted from advertised nutrient composition. 2 Milk was reconstituted
at a rate of 200 g of milk replacer per 800 g of water. 3 The base formula was diluted 6.93% to allow addition
of oligosaccharides.

Table 2. Carbohydrate content of the diets 1.

Oligofructose 2 2′-FL 3 Additional Lactose Total OS Total Lactose Total
Carbohydrate

Diet, g Per kg Per Liter Per kg Per Liter Per kg Per Liter Per kg Per Liter Per kg Per Liter Per kg Per Liter

Formulated
CON 0.00 0.00 0.00 0.00 69.30 13.86 0.00 0.00 412.79 82.56 412.79 82.56
OF 26.08 5.22 0.00 0.00 61.98 8.64 26.08 5.22 386.71 77.34 412.79 82.56

OF + 2′-FL 26.08 5.22 4.92 0.98 38.30 7.66 31.00 6.20 381.79 76.36 412.79 82.56
Analyzed

CON 0.00 0.00 0.00 0.00 NQ NQ 0.00 0.00 NQ NQ NQ NQ
OF 18.10 3.62 0.00 0.00 NQ NQ 18.10 3.62 NQ NQ NQ NQ

OF + 2′-FL 17.05 3.41 5.60 1.12 NQ NQ 22.65 4.53 NQ NQ NQ NQ

1 Abbreviations: 2′-FL, 2′-OS, oligosaccharide; CON, control group; HMO, pigs fed human milk oligosaccharides;
BMOS; pigs fed bovine milk oligosaccharides, BMOS + HMO, pigs fed both human and bovine milk oligosaccharides;
NQ, not quantified. 2 Orafti® P95; Beneo-Orafti, Tienen, Belgium. 3 Glycom, Hørsholm, Denmark.

Pigs received small volumes (approximately 500 mL) of experimental diets on the day of arrival to
the rearing facility to allow for adjustment to the milk replacer prior to the standard feeding regimen.
Pigs were fed at a rate of 285 and 325 mL of reconstituted diet per kg bodyweight from PND 3–6 and
PND 7–33, respectively. Individual pig bodyweight was recorded daily to determine the volume of
milk to be dispensed to individual animals throughout the day. Meals were administered 10 times
a day, approximately every 100 min, between 400 and 1000 h using an automated feeding system.
Feed refusals were not quantified.
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2.3. Behavior

Pigs were tested on the novel object recognition (NOR) task using two different delays to assess
intermediate and long-term recognition memory. This task has previously been validated for use
in pigs by independent labs [34–37] and the methods used for execution and analysis of this test by
our lab have been previously described [21,38,39]. Testing consisted of a habituation phase, a sample
phase, and a test phase. During the habituation phase, each pig was placed in an empty testing arena
for 10 min each day for two days leading up to the sample phase. In the sample phase, the pig was
placed in the arena containing two identical objects and given 5 min for exploration. After a delay
of 1 or 48 h the pig was returned to the arena for the test phase of the NOR task. During the test
phase, the pig was placed in the arena containing one object from the sample phase and a novel
object and allowed to explore for 5 min. Between trials, objects were removed, immersed in hot
water with detergent, and rubbed with a towel to mitigate odor and the arena was sprayed with
water to remove urine and feces. Objects chosen had a range of characteristics (i.e., color, texture,
shape, and size). However, the novel and sample objects only differed in shape and size. Only objects
previously shown to elicit a null preference were used for testing [35]. Task order was counterbalanced
between replicates. Habituation trials began at PND 22 and testing on the sample phase began on
PND 24. The recognition index, or the proportion of time spent with the novel object compared
to total exploration of both objects, was used to measure recognition memory. A recognition index
significantly above 0.50 demonstrates a novelty preference and thus recognition memory. Videos from
all experiments were analyzed using a commercially available software package (Ethovision XT 11®,
Noldus Information Technology, Wageningen, The Netherlands). Time spent investigating objects was
recorded manually by mapping start and stop conditions to specific keys on a computer keyboard.
Experimenters were blind to all treatment conditions during analysis. Investigations were classified
as nose-directed behavior such as rooting, mouthing, or sniffing of the objects. Rubbing up against,
standing over, standing near, looking at, or sniffing the floor/air near the objects were not counted
as investigations.

2.4. Magnetic Resonance Imaging (MRI)

All pigs underwent MRI procedures at PND 32 or 33 at the Beckman Institute for Advanced
Science and Technology Biomedical Imaging Center using Siemens MAGNETOM Trio 3T (Siemens,
Munich, Germany) equipment with a Siemens 32-channel head coil. Methods used were adapted
from previous studies using MRI in pig [40–42]. Each pig underwent imaging protocols only once,
and scans for each cohort of pigs were completed all on the same day. The pig neuroimaging protocol
included three magnetization prepared rapid gradient-echo (MPRAGE) sequences and diffusion tensor
imaging (DTI) to assess brain macrostructure and microstructure, respectively, as well as magnetic
resonance spectroscopy (MRS) to obtain brain metabolite concentrations. In preparation for MRI
procedures, anesthesia was induced using an intramuscular injection of telazol (50.0 mg of tiletamine
plus 50.0 mg of zolazepam reconstituted with 5.0 DI water; Zoetis, Florham Park, NJ) administered
at 0.07 mL/kg bodyweight, and maintained with inhalation of isoflurane (98% O2, 2% isoflurane).
Pigs were immobilized during all MRI procedures. Visual observation of each pig’s well-being, as well
as observations of heart rate, PO2 and percent of isoflurane were recorded every 5 min during the
procedure and every 10 min post-procedure until animals recovered. Total scan time for each pig was
approximately 60 min. Imaging techniques are briefly described below.

2.4.1. Structural MRI

A T1-weighted magnetization-prepared rapid gradient echo (MPRAGE) sequence was used to
obtain anatomic images of the pig brain with a 0.7 mm isotropic voxel size. Three repetitions were
acquired and averaged using SPM8 in Matlab 8.3, and brains were manually extracted using FMRIB
Software Library (FSL) (FMRIB Centre, Oxford, UK). Manual extraction was initially performed by a
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single trained observer and reviewed by a second trained observer blind to experimental treatment.
The following sequence specific parameters were used to acquire T1-weighted MPRAGE data: repetition
time (TR) = 1900 ms; echo time (TE) = 2.49 ms; 224 slices; field of view (FOV) = 180 mm; flip angle = 9◦.
Methods for MPRAGE averaging and manual brain extraction were previously described [42]. All data
generated used a publicly-available population-averaged pig brain atlas (http://pigmri.illinois.edu) [43].
For volumetric assessments, individual brains were segmented into 22 different regions of interest
(ROI) using the pig brain atlas. Total brain and individual region volume analysis was performed with
SPM8 in which an inverse warp file for each ROI was generated from the DARTEL-generated warp
files for each region. As described previously [42], the SPM ‘Segment’ tool, along with pig-specific
tissue prior probabilities, was used to obtain gray matter, white matter, and CSF tissue segmentations
for each pig, and DARTEL was used to align the native space segmentations. The fslstats toolbox
was used to determine the voxel volume of the subject-space segmentation for each of the three tissue
types. Using fslmaths, the mean overall partial volume map was obtained for each subject-space
segmentation. Overall absolute volume for gray matter, white matter, and CSF was determined by
multiplying the voxel volume measure by the mean intensity of the partial volume segmentation.
In order to account for absolute whole-brain volume, all regions of interest were also expressed as a
percent of total brain volume (%TBV).

2.4.2. Diffusion Tensor Imaging

Diffusion tensor imaging was used to assess white matter maturation and axonal tract integrity
using a b-value = 1000 s/mm2 across 30 directions and a 2 mm isotropic voxel. Diffusion-weighted
echoplanar images (EPIs) were assessed in FSL 5.0 for fractional anisotropy (FA), mean diffusivity (MD),
axial diffusivity (AD), and radial diffusivity (RD) using methods previously described [42]. The pig
brain atlas was used for assessment of the following regions of interest: caudate, corpus callosum,
cerebellum, both hippocampi, internal capsule, left and right cortex, thalamus, DTI-generated white
matter, and atlas-generated white matter using a customized pig analysis pipeline and the FSL software
package. The diffusion toolbox in FSL was used to generate values of AD, RD, MD, and FA. In the
corresponding results, atlas-generated white matter indicates the use of white matter prior to using
probability maps from the pig brain atlas that were used as a region of interest mask. Likewise,
DTI-generated white matter indicates a threshold of 0.2 was applied to FA values, thus restricting
analysis to white matter tracts. Masks for each ROI from the atlas were non-linearly transformed into
the MPRAGE space of each individual pig and a linear transform was then applied to transfer each
ROI into DTI space. A threshold of 0.5 was applied to each ROI, and the data were dilated twice.
For each individual ROI, an FA threshold of 0.15 was applied to ensure that we included only white
matter in that region of interest despite the mask expansion.

2.4.3. Magnetic Resonance Spectroscopy

Magnetic resonance spectroscopy was used to non-invasively quantify metabolites in the
whole brain. The MRS spin-echo chemical shift sequence was used with a voxel size of
20 mm × 23 mm × 13 mm and centered over the left and right dorsal hippocampi. The following
sequence parameters were used in acquisition of spectroscopy data for the water-suppressed scan:
TR = 1800 ms; TE = 68 ms; signal averages = 256; vector size = 1024. The following sequence
parameters were used in acquisition of spectroscopy data for the non-water-suppressed scan:
TR = 20,000 ms; TE = 68 ms; signal averages = 1; vector size = 1024 point. Both water-suppressed
and non-water-suppressed data were collected in institutional units, and all MRS data were analyzed
with LC Model (version 6.3) using methods previously described [41]. Limits were placed on MRS
data for inclusion in the statistical analysis. Cramer–Rao lower bounds (i.e., % standard deviation)
were calculated using LC Model and only metabolites with a standard deviation less than 20% were
considered to have reliable quantitative results of absolute levels.

http://pigmri.illinois.edu
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2.5. Hippocampal Gene Expression

Approximately 20 mg of hippocampal tissue was introduced in a Lysing Matrix D tube (MP
Biomedicals, Santa Ana, CA, USA), placed on ice, and 650 µL of lysis buffer (Agencourt RNAdvance
Tissue Kit, Beckman Coulter, Indianapolis, Indiana, USA) was added. Tubes were agitated for
2 × 1 min at speed 6 on FastPrep®-24 (MP Biomedicals, Santa Ana, CA, USA), and 400 µL of lysate
was then extracted using the Agencourt RNAdvance Tissue Kit (Beckman Coulter, Indianapolis, IN,
USA) following the manufacturer’s recommendations. RNA were quantified using the Quant-iT™
RiboGreen™ RNA Assay Kit (Invitrogen, Carlsbad, CA, USA) on a Spectramax M2 (Molecular Devices,
Sunnyvale, CA, USA). RNA quality assessment was completed using a Fragment Analyzer 96 with
Standard Sensitivity RNA Analysis Kit (15 nt) (Advanced Analytical Technologies, Inc., Ankeny, IA,
USA). Relative mRNA copy number on 93 genes was quantified using the NanoString nCounter™
system (NanoString Technologies Inc., Seattle, WA, USA) according to the manufacturer’s instructions
using 100 ng of RNA as the starting amount. Using nSolver software (Version 4.0, NanoString
Technologies Inc., Seattle, WA, USA), background subtraction using the median of all eight negative
controls was followed by positive control normalization using the geometric mean of six positive
controls and housekeeping normalization using the geometric mean of six housekeeping genes.

2.6. Statistical Analysis

Data analysis was conducted using the GLIMMIX procedure of SAS Enterprise Guide 7.1
(SAS Institute, Cary, NC, USA). All data were subjected to a one-way analysis of variance to assess
the effect of dietary treatment. The cohort of pigs was included in the model as a random variable.
For all variables, observations with a studentized residual greater than |3| were considered outliers
and removed from that variable only. Distribution of data was assessed visually using diagnostic
plots (e.g., QQ plots). However, formal tests for normality were not conducted, given that ANOVA
is robust towards non-normality. For behavioral data, pigs that exhibited little exploration of either
object (i.e., less than 2 s of exploration of the sample or novel objects) were considered non-compliant
and their recognition index was not measured in the test phase (final sample size: 1 h delay; CON,
n = 9; OF, n = 12; OF + 2′-FL, n = 10; 2-d delay; CON, n = 10; OF, n = 11, OF + 2′-FL, n = 10), but all
other exploration measures were included for those subjects. Inclusion of non-compliant animals tends
to misrepresent the true effect of the task, as only animals that explore an object should be tested for
memory of a previously explored object. Variables from the sample phases from the 1 and 48 h delay
paradigms were averaged to create sample phase exploration measures (e.g., total time visiting objects
during the sample phase in the 1 and 48 h delay were average to create a single measure). To test
for recognition memory, a one-sample t-test was conducted comparing the recognition index to a
null mean of 0.5. Groups with a mean recognition index significantly above 0.5 were considered to
demonstrate recognition memory.

For individual brain region volume assessment, volume was expressed in both absolute (i.e.,
mm3) and relative units (i.e., regional volume as a proportion of total brain volume, within subject).
Gene expression data were standardized (mean of zero and standard deviation of one) and centered
by the control group, thus all scores for the control group are zero. Statistical significance was
defined at p < 0.05 (insignificant results provided in Supplemental Tables). Post-hoc comparisons for
mean separation were conducted with a Tukey adjustment, and data are represented as least square
means. Correlations between significant outcomes (MRI or gene expression) gene expression and the
recognition index were conducted using the Pearson correlation coefficient for each diet and linear
regression was used to assess the diet independent relationship between outcomes. Sample sizes for
all variables assessed can be found in the Supplemental Tables.
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3. Results

3.1. Growth and Behavior

No difference in average daily body weight gain over the course of the study (p = 0.99, Figure 2)
was found. Given that all animals were fed on a by-weight basis, daily body weight data suggest that
pigs across treatments consumed similar amounts of milk replacer per day (milk intake not quantified).
The control group failed to exhibit recognition memory after either 1 or 48 h delay. The OF group
was able to show recognition memory after a 1 h delay (one-sample t-test, p < 0.001) but not after
a 48 h delay (one-sample t-test, p = 0.155). On the other hand, the OF + 2′-FL group failed to show
recognition memory after 1 h delay (one-sample t-test, p = 0.592), but was able to show recognition
after a 48 h delay (one-sample t-test, p = 0.001, Figure 3A). Exploratory behaviors (e.g., distance
moved, time spent exploring objects, frequency of object visits, and mean length of object visits) were
similar between groups during both habituation trials, the sample trials, and the 48 h delay test trial
(Supplemental Table S1). After a 1 h delay, the OF group demonstrated more frequent visits to the
novel object compared with the CON group (p = 0.022), whereas the control group maintained a high
rate of exploration of the novel object throughout the trial (p = 0.045). On the contrary, exploration
of the sample object by the OF + 2′-FL group increased (pigs exhibited a positive rate of exploration
[seconds exploring/minute]) as the trial went on compared to the CON group (p = 0.038, Figure 3).
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Figure 3. Recognition memory and exploratory behavior during the novel object recognition task.
(A) The OF group was able to show recognition memory after a 1 h delay (one-sample t-test, p < 0.001).
However, only the OF + 2′-FL group was able to show recognition memory after a 48 h delay (one-sample
t-test, p = 0.001). Exploratory behavior was similar between groups after a 48 h delay. However,
differences emerged after a 1 h delay. (B) The OF group visited the novel object more frequently than
the CON group (p = 0.022), (C) whereas the control group maintained a high rate of exploration of the
novel object throughout the trial (p = 0.045). That is, the OF group habituated to the novel object more
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quickly than the CON group. (D) On the contrary, exploration of the sample object by the OF + 2′-FL
group increased as the trial went on compared to the CON group (p = 0.038). Lines depict the mean
± standard error, and groups without a common superscript differ (p < 0.05). Asterisks depict that a
given group mean was significantly greater than 0.50, as measured by a one-sample t-test. (p < 0.05)
Abbreviations: CON, control group; OF, pigs fed oligofructose; OF + 2′-FL, pigs fed oligofructose and
2’ fucosyllactose.

3.2. MRI

A 3D surface rendering of the brain regions affected by the diet is shown in Figure 4. Trending
effects of diet were observed for the absolute volumes of the olfactory bulbs, caudate, internal capsule,
and thalamus, whereas the relative volumes of the caudate, cerebrospinal fluid, and both hippocampi
exhibited a trending effect of the diet (0.05 < p < 0.10, Figure 5, Supplemental Tables S2 and S3).
The only significant effect observed was an increase in the relative volume of the olfactory bulbs in
the OF and OF + 2′-FL groups compared with the CON group (p = 0.019, Figure 5). There was no
effect of diet for any DTI measure (AD, MD, RD, or FA, all p > 0.165, Supplemental Tables S4 and S5).
Of the MRS outcomes, only glutathione, myo-inositol, N-acetylaspartate, and γ-amino butyric acid
met criteria for inclusion. However, none were altered by diet (all p > 0.303, Supplemental Table S6).
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Figure 5. (A) Both the OF and OF + 2′-FL groups demonstrated larger relative volumes of the olfactory
bulbs (p = 0.019) as compared to controls. (B) Trending effects of diet are shown for both absolute and
(C) relative brain volumes (0.05 < p < 0.10). Lines depict the mean ± standard error, and groups without
a common superscript differ (p < 0.05). Abbreviations: CON, control group; OF, pigs fed oligofructose;
OF + 2′-FL, pigs fed oligofructose and 2′ fucosyllactose; %TBV, percent of total brain volume.
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3.3. Hippocampal Gene Expression

No samples were found outside the normalization factor ranges for positive controls (0.3–3.0) or
housekeeping genes (0.1–10). Some samples demonstrated mRNA counts of some genes below the
threshold for background subtraction, and these are detailed in Supplemental Table S7. However,
none of the below genes expressed below threshold were found to be affected by the diet. The OF and
OF + 2′-FL groups largely had opposite effects compared to the CON group. Hippocampal mRNA
expression of the dopamine receptor D3 (DRD3), the GABA type B receptor subunit 1 (GABBR1),
the histone deacetylases 5 and 8 (HDAC5/8), the neural cell adhesion molecule 1 (NCAM1), and the
cholinergic receptor muscarinic 2 (CHRM2) were all downregulated in the OF group (all p < 0.045,
Table 3, Figure 6A). Except for HDAC8 and CHRM2, these same genes were upregulated in the
OF + 2′-FL group compared to controls (all p < 0.045). To visualize the general trend for mRNA to be
up- or downregulated as compared to controls, within diet, genes were ordered by descending average
Z-score and plotted on a heatmap (Figure 6B). All results can be found in Supplemental Table S7.

Table 3. Standardized RNA expression 1.

CON OF OF + 2′-FL

Measure 2 N Mean N Mean N Mean SEM p-Value 3

CHRM2 4 12 0 a 12 −0.75 a 12 −0.77 a 0.32 0.045
DRD3 12 0 ab 12 −0.47 b 12 0.67 a 0.26 0.016

GABBR1 12 0 ab 12 −0.52 b 12 0.42 a 0.32 0.037
HDAC5 11 0 ab 12 −0.45 b 12 0.62 a 0.30 0.012
HDAC8 12 0 a 12 −1.27 b 12 −0.35 a 0.25 0.003
NCAM1 12 0 a,b 12 −0.74 b 12 0.35 a 0.29 0.011

1 Abbreviations: CON, control group; OF, pigs fed oligofructose; OF + 2′-FL, pigs fed oligofructose and
2′-fucosyllactose; SEM, standard error of the mean; CHRM2, cholinergic receptor muscarinic 2; DRD3, dopamine
receptor D3; GABBR1, GABA type B receptor subunit 1; HDAC5/8, histone deacetylases 5 and 8; NCAM1, neural
cell adhesion molecule 1. 2 Standardized values for mRNA expression centered by control group. Only measures
significantly altered by diet are shown. 3 Data analyzed via one-way ANOVA with post-hoc Tukey adjustment
for mean separation. 4 Mean separation insignificant after Tukey adjustment. a,b,c Mean superscripts without a
common letter differ (p < 0.05).
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Figure 6. Hippocampal tissue was assessed for the mRNA expression of 93 genes. (A) Figure depicts
standardized data (mean = 0, standard deviation = 1) centered by control group. Values below zero
indicate decreased expression compared to control, whereas values above zero indicate increased
expression. Bars show the mean + standard error, and genes significantly impacted by diet are denoted
by an asterisk. Accession numbers for each gene can be found in Supplemental Table S7. (B) Genes
were sorted in descending order by Z-score for each diet, visualizing the abundance of downregulated
gene products in the OF group compared to the OF + 2′-FL group. Abbreviations: CON, control group;
OF, pigs fed oligofructose; OF + 2′-FL, pigs fed oligofructose and 2′ fucosyllactose.
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3.4. Correlation and Linear Regression

Linear regression (independent of diet) and correlations (by diet group) were conducted
between only those variables significantly affected by the diet. Although hippocampal tissue, MRI,
and behavioral data were collected on separate days, there were significant study-wide relationships
between the recognition index after a 1 h delay and CHRM2 (β1 =−0.08, p = 0.01), GABBR1 (β1 = −0.13,
p < 0.01), and HDAC5 (β1 = −0.11, p < 0.01) expression. When correlations were assessed by diet,
these relationships appeared to be driven by specific dietary groups (Figure 7, Supplemental Table S8).
No relationships were observed between gene expression data and the recognition index after a 48 h
delay (all p > 0.10).
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Figure 7. Significant correlations by diet or study-wide linear regression between the recognition index
after a 1 h delay and genes affected by diet. No significant relationships were found with the recognition
index after a 48 h delay. (A) A negative correlation for all diets was found between GABBR1 and
the recognition index. Linear regression demonstrated the presence of a significant relationship—for
every increase in 1 standard deviation of GABBR1 expression, the recognition index decreased by 0.13.
(B,C) Some dietary groups showed a correlation between the recognition index and either HDAC5
or CHRM2. Overall, linear regression revealed significant negative relationships between mRNA
expression and the recognition index. Abbreviations: GABBR1, GABA type B receptor subunit 1;
HDAC5, histone deacetylase 5; CHRM2, cholinergic receptor muscarinic 2; CON, control group; OF,
pigs fed oligofructose; OF + 2′-FL, pigs fed oligofructose and 2′ fucosyllactose.

4. Discussion

The objective of this study was to assess the effectiveness of OF alone or in combination with 2′-FL
at altering recognition memory, brain structure, and hippocampal gene expression. Dietary intake
of OF alone produced effects differential to that of OF + 2′-FL concerning recognition memory and
hippocampal gene expression, yet both increased the relative volume of the olfactory bulbs compared
to controls. An important limitation of the experimental design is the use of different doses for each
source of oligosaccharide and lack of a full two-way ANOVA design, thus confounding the ability
to delineate between dose and source effects. This choice was made to replicate the doses used from
previous clinical trials, however [11,31–33]. Here, the analyzed concentration of OF in each group was
3.41–3.62 g/L, and 2′ FL was included in the combination at 1.12 g/L. This is in comparison to previous
clinical trials investigating OF in infant formula at ranges from 3 to 5 g/L [31,32] and 2′ FL at ranges
from 0.2 to 1.0 g/L [11,33]. Thus, the aim was to assess if there is additional benefit to the addition of 2′

FL in a formula already containing OF, using historically relevant doses for each OS. Still, this study
adds to a growing body of literature suggesting that OS can alter behavior and neurobiology. However,
the mechanisms of action remain unclear. While many OS have been cited as having such effects [44],
it is becoming clear that not all OS act similarly or with the same efficacy.

We chose to use the NOR task using two different delays to assess short-to-intermediate (1 h delay)
and long-term (48 h delay) object recognition memory. While CON pigs failed to exhibit recognition
memory after both the 1 and 48 h delays, pigs fed OF exhibited recognition memory after a 1 h delay,
whereas pigs fed OF + 2′-FL exhibited recognition memory after a 48 h delay. Curiously, pigs fed the
combination did not show an improvement in recognition memory after a 1 h delay, demonstrating
specificity of the combination to improve type-specific recognition memory. This is potentially due
to the requirement of the perirhinal cortex for short- but not long-term memory, and the role of the
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hippocampus in only long-term recognition memory [45]. As speculated further below, this may also
be related to the differences in molecular pathways used for short- and long-term memory.

Pigs fed OF displayed greater number of visits and quicker habituation to the novel object after a
1 h delay, whereas those fed OF + 2′-FL did not habituate to the sample object, but rather maintained a
high rate of exploration throughout the trial. Aside from recognition memory, all groups behaved
similarly (e.g., total distance moved, frequency, total duration, and mean length of object visits) after
a 48 h delay. Though it may appear concerning that the control group was unable to complete the
task, we have previously reported a similar phenomenon wherein pigs fed a diet without prebiotics
(polydextrose and galactooligosaccharide) could not demonstrate recognition memory [21]. In a
follow-up study where the control diet was then supplemented with those same prebiotics and the
test diet supplemented further with sialyllactose, no differences in behavioral performance were
observed [39]. Given that recognition memory is measured behaviorally in a binary manner (presence
or absence thereof), if the goal is to demonstrate a cognitive promoting effect of a nutrient, the use
of a control group that is unable to complete the task is necessary to detect subtle improvements in
recognition memory.

Where diet had a significant impact on behavioral outcomes, it had no impact on MRS or DTI
outcomes, and of the 22 brain regions investigated, only the relative size of the olfactory bulbs was
affected. In humans aged 1–17 years of age, absolute volume of the olfactory bulb increases with age,
whereas the relative volume decreases continuously starting the first year of age [46]. During this time,
olfactory bulb function was correlated with olfactory bulb volume, with increasing volume correlated
with increasing function [46,47]. Animals studies have also found that olfactory deprivation results
in reduction in olfactory bulb size in opposums [48] and vascular density in rats [49], demonstrating
a strong link between size and function. However, we found no relationship between recognition
memory and relative olfactory bulb volume (Supplemental Table S8), but a true test of olfactory
function would be required to relate olfactory size and function in the pig.

Although the change in relative volume of the olfactory bulb was the only statistically significant
outcome, a statistical trend for a change in volume of several brain regions warrants investigation. It is
notable that all brain regions affected by the diet were subcortical. The absolute volumes of the caudate,
internal capsule, and thalamus and the relative volumes of the caudate, cerebrospinal fluid, and both
hippocampi were sensitive to diet. Although the volumes (absolute or relative) of the olfactory bulbs,
caudate, and internal capsule are similar between OF and OF + 2′-FL groups, in the latter group,
there was a trend for the relative volumes of the left and right hippocampi to be smaller compared
to CON and OF groups. This further supports the emerging and consistent pattern where several
measures (behavior, structural, or genetic) were divergently affected between OF and OF + 2′-FL
groups. Hippocampal function has been traditionally associated with behavioral tasks requiring
integration of spatial cues or retention of information over a long period of time. In regard to the
novel object recognition task, a study in mice has shown that hippocampal lesion only impaired novel
object recognition with a delay of 24 h but not with a delay of 5 min [50]. It is only when recognition
memory contains a spatial component (such as the context or location of a stimulus) or long delay
that the hippocampus is required, otherwise recognition of “what” was seen requires the perirhinal
cortex [45]. It is therefore surprising to observe in the OF + 2′-FL group a trend toward a reduction
in relative hippocampi volume (0.05 ≤ p < 0.1) concurrent with increased performance in the novel
object recognition with a long delay (48 h). Here, the absolute volumes of the hippocampi were similar
between groups. However, the relative decrease in volume in the OF + 2′-FL group may suggest a shift
in the process of synaptogenesis and/or myelination. Conversely, given the stability between groups in
absolute volume, it is possible that the reduction in relative volume of the hippocampi is an artifact of
more significant growth in other brain regions.

Of the genes affected by diet in the present study, it appeared that pigs fed OF displayed opposite
effects of those fed OF + 2′-FL, and this is evident in the pattern shown in Figure 6B. Overall, pigs
fed OF demonstrated greater hippocampal downregulation as compared to controls than pigs fed OF
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+ 2′-FL. Specifically, pigs fed OF displayed reduced gene expression of DRD3, GABBR1, HDAC5/8,
NCAM1, and CHRM2 relative to controls. Pigs fed OF + 2′-FL displayed increases in all of the previous
genes except for HDAC8 and CHRM2. Although the magnitude of expression was similar for CHRM2,
a gene known to be related to cognition in humans [51], the downregulation of HDAC5 was greater for
pigs fed OF than those fed OF + 2′-FL. Such a pattern may be related to the apparent difference in
behavior observed in the NOR task, but it remains difficult to reconcile the differential effects of OF
and OF + 2′-FL on gene expression given their apparent benefit to recognition memory.

Our results share some overlap with previous work examining GOS and FOS on cognition and
gene expression. Oral gavage with 3 g/kg FOS or 4 g/kg GOS for 5 weeks has been shown to differentially
alter BDNF, NMDAR, and plasma D-serine in adult male rats [5]. BDNF and the glutamatergic NMDA
receptor NR1 were greater in the hippocampus of those fed FOS, whereas NR1 was greater in the
frontal cortex and NR2 greater in the hippocampus of those fed GOS. Interestingly, we did not see
an increase in mRNA expression of BDNF, any of the glutamate ionotropic receptor NMDA type
subunits (GRIN1, GRIN2A/B/C/D), or α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)
type subunits (GRIA1–4). We noted similar departures from rodent work in a previous study [21],
and these differences may be accounted for by a myriad of differences such as outcome (protein or
mRNA expression), animal model (pig or rodent), and the relative difference in development over the
course of a four week period between pigs and rodents.

We assessed the relationship between the genes affected by diet and behavioral outcomes. Of the
affected genes, CHRM2, GABBR1, and HDAC5 were inversely correlated with the recognition index
after a 1 h delay. While significant relationships were observed overall, these appeared to be driven by
specific dietary groups. The relationship between the recognition index and CHRM2 was strongest in
the OF + 2′-FL group, whereas the relationship between HDAC5 and the recognition index was driven
by the CON and OF + 2′-FL group. All dietary groups showed an inverse relationship between GABBR1
and the recognition index, and linear regression revealed the strongest and most significant relationship
between these two outcomes. None of the affected genes were related to the recognition index after a
48 h delay, suggesting a different mechanism for the behavioral demonstration of recognition memory
after intermediate and long delays, and that these mechanisms are sensitive and differentially altered
by oligosaccharide supplementation.

The idea that some genes are differentially expressed in context of time or familiarity/novelty of a
stimuli is not new [52,53]. However, the possibility that dietary oligosaccharides may differentially
alter such processes is novel. The divergence in performance on the NOR task and GABBR1 expression
(and many other genes) by the OF and OF + 2′-FL groups together with the relationship between
the recognition index and GABBR1 expression highlight a potential mechanistic link connecting the
two phenomena. To our knowledge, there has been little investigation into the connection between
prebiotic intake and GABAergic processes. In context of probiotics, BALB/c mice orally gavaged
with broth containing L. rhamnosus (JB-1) for 28 d displayed greater movement in an open field test,
less time immobile during a forced swim test, greater entries to the open arm in an elevated plus maze,
and increased memory on a fear conditioning task; indices demonstrating reduced response to stress
and improved memory [54]. These changes were simultaneous with reduced mRNA expression of the
GABAB1b receptor in the amygdala, locus coeruleus, and hippocampus, and increased expression in
the cingulate 1 and prelimbic cortices. A follow-up study using magnetic resonance spectroscopy in
mice provided JB-1 demonstrated increased brain GABA after 4 weeks of consumption [55]. For object
recognition, it appears that hippocampal reductions in GABAB receptor expression may be beneficial.
Cavallaro et al. [52] proposed that downregulation of hippocampal GABAB receptor signaling may
improve short term memory. In support of this hypothesis, Baclofen, a GABAB receptor agonist,
has been shown to dose-dependently impair acquisition and storage of object recognition memory,
whereas GABAB receptor antagonism can prevent baclofen-induced impairments [56]. Although the
effects of GABAB agonism and antagonism vary by dose, route, and behavioral task used (for review
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see Heaney and Kinney [57]), it appears that both oligosaccharides and probiotics [54,55] are linked to
beneficial alteration of GABA receptor expression in the brain.

While this study confirms several reports showing that various OS improve behavioral performance
in both human and animal models [6,13,14,21–23,58], it is one of the first to examine the potential of
human and non-human milk OS together. Adult mice and rats fed chow containing 0.312% or 0.625%
2′-FL for 12 or 5 weeks, respectively, showed increased and longer-lasting potentiation of Schaffer
collateral neurons in the CA1 region of the hippocampus [13]. Supplemented mice displayed increased
performance on place learning, working memory, and fixed-ratio lever-pressing tasks in an operant
box, suggesting that 2′-FL supplementation enhanced multiple cognitive domains. In a follow-up
study by the same group, subdiaphragmatic bilateral vagotomy was used to assess the requirement
of the vagus nerve for 2′-FL-mediated increases in cognition in rodents [14]. Vagotomy abolished
2′-FL-mediated increases in hippocampal long-term potentiation. However, all groups (sham/vagotomy
and control/2′-FL) were still able to perform above criterion in a fixed-ratio lever pressing task.
By the end of training, 2′-FL/sham animals displayed greater lever presses than 2′-FL/vagotomy
or control/vagotomy animals, indicating that while not required for behavioral performance, vagal
communication is necessary for 2′-FL-induced increases. Together, these data suggest that the vagus
nerve has a crucial role in mediating gut–brain-related increases in cognitive ability.

Given the significant evidence described above demonstrating preliminary but growing data
suggesting that prebiotics of many sources can improve cognition, there are few compelling arguments
without speculation upon why. This extends to the present research, wherein alterations in brain
volume and gene expression are not sufficient to describe the behavioral effects shown. Ultimately,
the field of study is too young to make reasonable inferences on why prebiotics can improve cognition.
These limitations add to the field’s novelty and provide compelling evidence for why future research is
highly warranted.

5. Conclusions

We investigated the impact of early life dietary supplementation with OF alone or in combination
with 2′-FL on cognition, structural brain development, and hippocampal gene expression. Feeding
either OS had little impact on brain structure. However, they had differential effects on cognition
and hippocampal gene expression. We found relationships between novel object performance and
mRNA expression of genes related to GABAergic, cholinergic, and histone deacetylation processes.
Overall, these data highlight the potential for these two OS to be used in early life nutrition to promote
cognition, and the potential interactions between OS of human and non-human sources. However,
more research on the underlying mechanisms is warranted.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6643/12/7/2131/s1,
Table S1. Exploratory behavior during the novel object recognition task 1,2. Table S2. Absolute Brain Volume 1,2.
Table S3. Relative Brain Volume 1,2. Table S4. Diffusion Tensor Imaging 1,2. Table S5. Fractional Anisotropy 1,2.
Table S6. Magnetic Resonance Spectroscopy 1,2. Table S7. Gene Expression 1. Table S8. Correlations between the
recognition index and significant MRI and gene expression outcomes 1,2.

Author Contributions: S.A.F., A.T.M., J.Y., J.H., P.S., S.M.D., and R.N.D. contributed to study design and
interpretation. S.A.F. and A.T.M. contributed to study execution. S.M. performed the gene expression analysis.
S.A.F., A.T.M., and R.N.D. performed the statistical analysis. All authors have read and agreed to the published
version of the manuscript.

Funding: This study was funded by Nestlé.

Acknowledgments: The authors would like to thank Kristen Karkiewicz for her assistance with rearing the
animals and Alex Elliot for her assistance with the behavioral analysis. Lastly, we would like to thank Brad Sutton
and the rest of the Beckman Imaging Center staff for their help in imaging acquisition and data analysis.

Conflicts of Interest: Jonas Hauser, Jian Yan, Sylviane Metairon, and Pascal Steiner are employees of Nestlé.
Sharon Donovan and Ryan Dilger have consulted for and received grant funding from Nestlé. Stephen Fleming
and Ryan Dilger both share ownership in Traverse Science. The authors declare no other competing interests,
financial or otherwise.

http://www.mdpi.com/2072-6643/12/7/2131/s1


Nutrients 2020, 12, 2131 15 of 17

References

1. Clevenger, M.A.; Turnbull, D.; Inoue, H.; Enomoto, M.; Allen, J.A.; Henderson, L.M.; Jones, E. Toxicological
Evaluation of Neosugar: Genotoxicity, Carcinogenicity, and Chronic Toxicity. J. Am. Coll. Toxicol. 1988, 7,
643–662. [CrossRef]

2. Rivero-Urgell, M.; Santamaria-Orleans, A. Oligosaccharides: Application in infant food. Early Hum. Dev.
2001, 65, 43–52. [CrossRef]

3. Costalos, C.; Kapiki, A.; Apostolou, M.; Papathoma, E. The effect of a prebiotic supplemented formula on
growth and stool microbiology of term infants. Early Hum. Dev. 2008, 84, 45–49. [CrossRef] [PubMed]

4. Kapiki, A.; Costalos, C.; Oikonomidou, C.; Triantafyllidou, A.; Loukatou, E.; Pertrohilou, V. The effect of a
fructo-oligosaccharide supplemented formula on gut flora of preterm infants. Early Hum. Dev. 2007, 83,
335–339. [CrossRef] [PubMed]

5. Savignac, H.M.; Corona, G.; Mills, H.; Chen, L.; Spencer, J.P.E.; Tzortzis, G.; Burnet, P.W.J. Prebiotic feeding
elevates central brain derived neurotrophic factor, N-methyl-d-aspartate receptor subunits and d-serine.
Neurochem. Int. 2013, 63, 756–764. [CrossRef] [PubMed]

6. Yen, C.-H.; Wang, C.-H.; Wu, W.-T.; Chen, H.-L. Fructo-oligosaccharide improved brainβ-amyloid,β-secretase,
cognitive function, and plasma antioxidant levels in D-galactose-treated Balb/cJ mice. Nutr. Neurosci. 2017,
20, 228–237. [CrossRef] [PubMed]

7. Chen, D.; Yang, X.; Yang, J.; Lai, G.; Yong, T.; Tang, X.; Shuai, O.; Zhou, G.; Xie, Y.; Wu, Q. Prebiotic Effect of
Fructooligosaccharides from Morinda officinalis on Alzheimer’s Disease in Rodent Models by Targeting the
Microbiota-Gut-Brain Axis. Front. Aging Neurosci. 2017, 9, 403. [CrossRef]

8. Ballard, O.; Morrow, A.L. Human milk composition: Nutrients and bioactive factors. Pediatr. Clin. North Am.
2013, 60, 49–74. [CrossRef] [PubMed]

9. Bode, L. Human milk oligosaccharides: Every baby needs a sugar mama. Glycobiology 2012, 22, 1147–1162.
[CrossRef] [PubMed]

10. Urashima, T.; Saito, T.; Nakamura, T.; Messer, M. Oligosaccharides of milk and colostrum in non-human
mammals. Glycoconj. J. 2001, 18, 357–371. [CrossRef]

11. Puccio, G.; Alliet, P.; Cajozzo, C.; Janssens, E.; Corsello, G.; Sprenger, N.; Wernimont, S.; Egli, D.; Gosoniu, L.;
Steenhout, P. Effects of infant formula with human milk oligosaccharides on growth and morbidity:
A randomized multicenter trial. J. Pediatr. Gastroenterol. Nutr. 2017, 64, 624–631. [CrossRef]

12. Tarr, A.J.; Galley, J.D.; Fisher, S.E.; Chichlowski, M.; Berg, B.M.; Bailey, M.T. The prebiotics 3′Sialyllactose and
6′Sialyllactose diminish stressor-induced anxiety-like behavior and colonic microbiota alterations: Evidence
for effects on the gut–brain axis. Brain. Behav. Immun. 2015, 50, 166–177. [CrossRef]

13. Vázquez, E.; Barranco, A.; Ramírez, M.; Gruart, A.; Delgado-García, J.M.; Martínez-Lara, E.; Blanco, S.;
Martín, M.J.; Castanys, E.; Buck, R.; et al. Effects of a human milk oligosaccharide, 2′-fucosyllactose, on
hippocampal long-term potentiation and learning capabilities in rodents. J. Nutr. Biochem. 2015, 26, 455–465.
[CrossRef] [PubMed]

14. Vázquez, E.; Barranco, A.; Ramírez, M.; Gruart, A.; Delgado-García, J.M.; Jimenez, M.L.; Buck, R.;
Rueda, R. Dietary 2’-fucosyllactose enhances operant conditioning and long-term potentiation via gut-brain
communication through the vagus nerve in rodents. PLoS ONE 2016, 11, 1–14. [CrossRef]

15. Palmano, K.; Rowan, A.; Guillermo, R.; Guan, J.; McJarrow, P. The Role of Gangliosides in Neurodevelopment.
Nutrients 2015, 7, 3891–3913. [CrossRef] [PubMed]

16. Sukumar, R.; Rose, S.P.R.; Burgoyne, R.D. Increased Incorporation of [3H]Fucose into Chick Brain
Glycoproteins Following Training on a Passive Avoidance Task. J. Neurochem. 1980, 34, 1000–1006.
[CrossRef] [PubMed]

17. Fagioli, S.; Castellano, C.; Oliverio, A.; Toffano, G. Effect of chronic GM1 ganglioside administration on
passive avoidance retention in mice. Neurosci. Lett. 1990, 109, 212–216. [CrossRef]

18. Silva, R.H.H.; Felicio, L.F.F.; Nasello, A.G.G.; Vital, M.A.B.F.A.; Frussa-Filho, R. Effect of ganglioside (GM1)
on memory in senescent rats. Neurobiol. Aging 1996, 17, 583–586. [CrossRef]

19. Popov, N.; Toffano, G.; Riechert, U.; Matthies, H. Effects of intraventricularly applied gangliosides and
N-acetylneuraminic acid on acquisition and retention performance of a brightness discrimination task in
rats. Pharmacol. Biochem. Behav. 1989, 34, 209–212. [CrossRef]

http://dx.doi.org/10.3109/10915818809019540
http://dx.doi.org/10.1016/S0378-3782(01)00202-X
http://dx.doi.org/10.1016/j.earlhumdev.2007.03.001
http://www.ncbi.nlm.nih.gov/pubmed/17433577
http://dx.doi.org/10.1016/j.earlhumdev.2006.07.003
http://www.ncbi.nlm.nih.gov/pubmed/16978805
http://dx.doi.org/10.1016/j.neuint.2013.10.006
http://www.ncbi.nlm.nih.gov/pubmed/24140431
http://dx.doi.org/10.1080/1028415X.2015.1110952
http://www.ncbi.nlm.nih.gov/pubmed/26539995
http://dx.doi.org/10.3389/fnagi.2017.00403
http://dx.doi.org/10.1016/j.pcl.2012.10.002
http://www.ncbi.nlm.nih.gov/pubmed/23178060
http://dx.doi.org/10.1093/glycob/cws074
http://www.ncbi.nlm.nih.gov/pubmed/22513036
http://dx.doi.org/10.1023/A:1014881913541
http://dx.doi.org/10.1097/MPG.0000000000001520
http://dx.doi.org/10.1016/j.bbi.2015.06.025
http://dx.doi.org/10.1016/j.jnutbio.2014.11.016
http://www.ncbi.nlm.nih.gov/pubmed/25662731
http://dx.doi.org/10.1371/journal.pone.0166070
http://dx.doi.org/10.3390/nu7053891
http://www.ncbi.nlm.nih.gov/pubmed/26007338
http://dx.doi.org/10.1111/j.1471-4159.1980.tb09677.x
http://www.ncbi.nlm.nih.gov/pubmed/7359125
http://dx.doi.org/10.1016/0304-3940(90)90565-Q
http://dx.doi.org/10.1016/0197-4580(96)00065-6
http://dx.doi.org/10.1016/0091-3057(89)90301-8


Nutrients 2020, 12, 2131 16 of 17

20. Jork, R.; Grecksch, G.; Matthies, H. Impairment of glycoprotein fucosylation in rat hippocampus and the
consequences on memory formation. Pharmacol. Biochem. Behav. 1986, 25, 1137–1144. [CrossRef]

21. Fleming, S.A.; Monaikul, S.; Patsavas, A.J.; Waworuntu, R.V.; Berg, B.M.; Dilger, R.N. Dietary polydextrose and
galactooligosaccharide increase exploratory behavior, improve recognition memory, and alter neurochemistry
in the young pig. Nutr. Neurosci. 2019, 22, 499–512. [CrossRef] [PubMed]

22. Schmidt, K.; Cowen, P.J.; Harmer, C.J.; Tzortzis, G.; Errington, S.; Burnet, P.W.J. Prebiotic intake reduces
the waking cortisol response and alters emotional bias in healthy volunteers. Psychopharmacology 2015, 232,
1793–1801. [CrossRef] [PubMed]

23. Jia, S.; Lu, Z.; Gao, Z.; An, J.; Wu, X.; Li, X.; Dai, X.; Zheng, Q.; Sun, Y. Chitosan oligosaccharides alleviate
cognitive deficits in an amyloid-β1–42-induced rat model of Alzheimer’s disease. Int. J. Biol. Macromol. 2016,
83, 416–425. [CrossRef]

24. Bertelsen, R.J.; Jensen, E.T.; Ringel-Kulka, T. Use of probiotics and prebiotics in infant feeding. Best Pract. Res.
Clin. Gastroenterol. 2016, 30, 39–48. [CrossRef]

25. Odle, J.; Lin, X.; Jacobi, S.K.; Kim, S.W.; Stahl, C.H. The suckling piglet as an agrimedical model for the study
of pediatric nutrition and metabolism. Annu. Rev. Anim. Biosci. 2014, 2, 419–444. [CrossRef] [PubMed]

26. Mudd, A.T.; Dilger, R.N. Early-life nutrition and neurodevelopment: Use of the piglet as a translational
model. Adv. Nutr. 2017, 8, 92–104. [CrossRef]

27. Wang, M.; Donovan, S.M. Human microbiota-associated swine: Current progress and future opportunities.
ILAR J. 2015, 56, 63–73. [CrossRef]

28. Aluthge, N.D.; Van Sambeek, D.M.; Carney-Hinkle, E.E.; Li, Y.S.; Fernando, S.C.; Burkey, T.E. Board invited
review: The pig microbiota and the potential for harnessing the power of the microbiome to improve growth
and health1. J. Anim. Sci. 2019, 97, 3741–3757. [CrossRef] [PubMed]

29. Roura, E.; Koopmans, S.-J.; Lallès, J.-P.; Le Huerou-Luron, I.; de Jager, N.; Schuurman, T.; Val-Laillet, D.
Critical review evaluating the pig as a model for human nutritional physiology. Nutr. Res. Rev. 2016, 29,
60–90. [CrossRef]

30. Niilo, L. Clostridium perfringens Type C Enterotoxemia. Can. Vet. J. 1988, 29, 658–664. [PubMed]
31. Yao, M.; Lien, E.L.; Capeding, M.R.Z.; Fitzgerald, M.; Ramanujam, K.; Yuhas, R.; Northington, R.;

Lebumfacil, J.; Wang, L.; DeRusso, P.A. Effects of Term Infant Formulas Containing High sn-2 Palmitate
With and Without Oligofructose on Stool Composition, Stool Characteristics, and Bifidogenicity. J. Pediatr.
Gastroenterol. Nutr. 2014, 59, 440–448. [CrossRef] [PubMed]

32. Wernimont, S.; Northington, R.; Kullen, M.J.; Yao, M.; Bettler, J. Effect of an α-lactalbumin-enriched infant
formula supplemented with oligofructose on fecal microbiota, stool characteristics, and hydration status:
A randomized, double-blind, controlled trial. Clin. Pediatr. 2015, 54, 359–370. [CrossRef] [PubMed]

33. Marriage, B.J.; Buck, R.H.; Goehring, K.C.; Oliver, J.S.; Williams, J.A. Infants Fed a Lower Calorie Formula
With 2’FL Show Growth and 2’FL Uptake Like Breast-Fed Infants. J. Pediatr. Gastroenterol. Nutr. 2015, 61,
649–658. [CrossRef]

34. Moustgaard, A.; Lind, N.M.; Hemmingsen, R.; Hansen, A.K. Spontaneous Object Recognition in the Göttingen
Minipig. Neural Plast. 2002, 9, 255–259. [CrossRef]

35. Gifford, A.K.; Cloutier, S.; Newberry, R.C. Objects as enrichment: Effects of object exposure time and delay
interval on object recognition memory of the domestic pig. Appl. Anim. Behav. Sci. 2007, 107, 206–217.
[CrossRef]

36. Kornum, B.R.; Thygesen, K.S.; Nielsen, T.R.; Knudsen, G.M.; Lind, N.M. The effect of the inter-phase delay
interval in the spontaneous object recognition test for pigs. Behav. Brain Res. 2007, 181, 210–217. [CrossRef]
[PubMed]

37. Kouwenberg, A.-L.; Walsh, C.J.; Morgan, B.E.; Martin, G.M. Episodic-like memory in crossbred Yucatan
minipigs (Sus scrofa). Appl. Anim. Behav. Sci. 2009, 117, 165–172. [CrossRef]

38. Fleming, S.A.; Dilger, R.N. Young pigs exhibit differential exploratory behavior during novelty preference
tasks in response to age, sex, and delay. Behav. Brain Res. 2017, 321, 50–60. [CrossRef]

39. Fleming, S.A.; Chichlowski, M.; Berg, B.M.; Donovan, S.M.; Dilger, R.N. Dietary Sialyllactose Does Not
Influence Measures of Recognition Memory or Diurnal Activity in the Young Pig. Nutrients 2018, 10, 395.
[CrossRef] [PubMed]

40. Jacob, R.M.; Mudd, A.T.; Alexander, L.S.; Lai, C.-S.; Dilger, R.N. Comparison of Brain Development in
Sow-Reared and Artificially Reared Piglets. Front. Pediatr. 2016, 4, 95. [CrossRef]

http://dx.doi.org/10.1016/0091-3057(86)90100-0
http://dx.doi.org/10.1080/1028415X.2017.1415280
http://www.ncbi.nlm.nih.gov/pubmed/29251222
http://dx.doi.org/10.1007/s00213-014-3810-0
http://www.ncbi.nlm.nih.gov/pubmed/25449699
http://dx.doi.org/10.1016/j.ijbiomac.2015.11.011
http://dx.doi.org/10.1016/j.bpg.2016.01.001
http://dx.doi.org/10.1146/annurev-animal-022513-114158
http://www.ncbi.nlm.nih.gov/pubmed/25384150
http://dx.doi.org/10.3945/an.116.013243
http://dx.doi.org/10.1093/ilar/ilv006
http://dx.doi.org/10.1093/jas/skz208
http://www.ncbi.nlm.nih.gov/pubmed/31250899
http://dx.doi.org/10.1017/S0954422416000020
http://www.ncbi.nlm.nih.gov/pubmed/17423103
http://dx.doi.org/10.1097/MPG.0000000000000443
http://www.ncbi.nlm.nih.gov/pubmed/24840511
http://dx.doi.org/10.1177/0009922814553433
http://www.ncbi.nlm.nih.gov/pubmed/25297064
http://dx.doi.org/10.1097/MPG.0000000000000889
http://dx.doi.org/10.1155/NP.2002.255
http://dx.doi.org/10.1016/j.applanim.2006.10.019
http://dx.doi.org/10.1016/j.bbr.2007.04.007
http://www.ncbi.nlm.nih.gov/pubmed/17524499
http://dx.doi.org/10.1016/j.applanim.2009.01.005
http://dx.doi.org/10.1016/j.bbr.2016.12.027
http://dx.doi.org/10.3390/nu10040395
http://www.ncbi.nlm.nih.gov/pubmed/29570610
http://dx.doi.org/10.3389/fped.2016.00095


Nutrients 2020, 12, 2131 17 of 17

41. Radlowski, E.C.; Conrad, M.S.; Lezmi, S.; Dilger, R.N.; Sutton, B.; Larsen, R.; Johnson, R.W. A neonatal
piglet model for investigating brain and cognitive development in small for gestational age human infants.
PLoS ONE 2014, 9, e91951. [CrossRef] [PubMed]

42. Mudd, A.T.; Getty, C.M.; Sutton, B.P.; Dilger, R.N. Perinatal choline deficiency delays brain development and
alters metabolite concentrations in the young pig. Nutr. Neurosci. 2016, 19, 425–433. [CrossRef] [PubMed]

43. Conrad, M.S.; Sutton, B.P.; Dilger, R.N.; Johnson, R.W. An in vivo three-dimensional magnetic resonance
imaging-based averaged brain collection of the neonatal piglet (Sus scrofa). PLoS ONE 2014, 9, e107650.
[CrossRef] [PubMed]

44. Kao, A.C.C.; Harty, S.; Burnet, P.W.J. The Influence of Prebiotics on Neurobiology and Behavior.
Int. Rev. Neurobiol. 2016, 131, 21–48. [CrossRef] [PubMed]

45. Barker, G.R.I.; Warburton, E.C. When Is the Hippocampus Involved in Recognition Memory? J. Neurosci.
2011, 31, 10721–10731. [CrossRef] [PubMed]

46. Hummel, T.; Smitka, M.; Puschmann, S.; Gerber, J.C.; Schaal, B.; Buschhüter, D. Correlation between olfactory
bulb volume and olfactory function in children and adolescents. Exp. Brain Res. 2011, 214, 285–291.
[CrossRef]

47. Buschhüter, D.; Smitka, M.; Puschmann, S.; Gerber, J.C.; Witt, M.; Abolmaali, N.D.; Hummel, T. Correlation
between olfactory bulb volume and olfactory function. Neuroimage 2008, 42, 498–502. [CrossRef]

48. Cummings, D.M.; Knab, B.R.; Brunjes, P.C. Effects of unilateral olfactory deprivation in the developing
opossum, Monodelphis domestica. J. Neurobiol. 1997, 33, 429–438. [CrossRef]

49. Korol, D.L.; Brunjes, P.C. Unilateral naris closure and vascular development in the rat olfactory bulb.
Neuroscience 1992, 46, 631–641. [CrossRef]

50. Hammond, R.S.; Tull, L.E.; Stackman, R.W. On the delay-dependent involvement of the hippocampus in
object recognition memory. Neurobiol. Learn. Mem. 2004, 82, 26–34. [CrossRef]

51. Gosso, F.M.; de Geus, E.J.; Polderman, T.J.; Boomsma, D.I.; Posthuma, D.; Heutink, P. Exploring the functional
role of the CHRM2 gene in human cognition: Results from a dense genotyping and brain expression study.
BMC Med. Genet. 2007, 8, 66. [CrossRef]

52. Cavallaro, S.; D’Agata, V.; Manickam, P.; Dufour, F.; Alkon, D.L. Memory-specific temporal profiles of gene
expression in the hippocampus. Proc. Natl. Acad. Sci. USA 2002, 99, 16279–16284. [CrossRef]

53. Scott, H.; Rogers, M.F.; Scott, H.L.; Campbell, C.; Warburton, E.C.; Uney, J.B. Recognition memory-induced
gene expression in the perirhinal cortex: A transcriptomic analysis. Behav. Brain Res. 2017, 328, 1–12.
[CrossRef]

54. Bravo, J.A.; Forsythe, P.; Chew, M.V.; Escaravage, E.; Savignac, H.M.; Dinan, T.G.; Bienenstock, J.; Cryan, J.F.
Ingestion of Lactobacillus strain regulates emotional behavior and central GABA receptor expression in a
mouse via the vagus nerve. Proc. Natl. Acad. Sci. USA 2011, 108, 16050–16055. [CrossRef]

55. Janik, R.; Thomason, L.A.M.; Stanisz, A.M.; Forsythe, P.; Bienenstock, J.; Stanisz, G.J. Magnetic resonance
spectroscopy reveals oral Lactobacillus promotion of increases in brain GABA, N-acetyl aspartate and
glutamate. Neuroimage 2016, 125, 988–995. [CrossRef]

56. Pitsikas, N.; Rigamonti, A.E.; Cella, S.G.; Muller, E.E. The GABAB receptor and recognition memory: Possible
modulation of its behavioral effects by the nitrergic system. Neuroscience 2003, 118, 1121–1127. [CrossRef]

57. Heaney, C.F.; Kinney, J.W. Role of GABABreceptors in learning and memory and neurological disorders.
Neurosci. Biobehav. Rev. 2016, 63, 1–28. [CrossRef]

58. Savignac, H.M.; Couch, Y.; Stratford, M.; Bannerman, D.M.; Tzortzis, G.; Anthony, D.C.; Burnet, P.W.J.
Prebiotic administration normalizes lipopolysaccharide (LPS)-induced anxiety and cortical 5-HT2A receptor
and IL1-β levels in male mice. Brain. Behav. Immun. 2016, 52, 120–131. [CrossRef] [PubMed]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1371/journal.pone.0091951
http://www.ncbi.nlm.nih.gov/pubmed/24637829
http://dx.doi.org/10.1179/1476830515Y.0000000031
http://www.ncbi.nlm.nih.gov/pubmed/26046479
http://dx.doi.org/10.1371/journal.pone.0107650
http://www.ncbi.nlm.nih.gov/pubmed/25254955
http://dx.doi.org/10.1016/bs.irn.2016.08.007
http://www.ncbi.nlm.nih.gov/pubmed/27793220
http://dx.doi.org/10.1523/JNEUROSCI.6413-10.2011
http://www.ncbi.nlm.nih.gov/pubmed/21775615
http://dx.doi.org/10.1007/s00221-011-2832-7
http://dx.doi.org/10.1016/j.neuroimage.2008.05.004
http://dx.doi.org/10.1002/(SICI)1097-4695(199710)33:4&lt;429::AID-NEU7&gt;3.0.CO;2-C
http://dx.doi.org/10.1016/0306-4522(92)90150-Z
http://dx.doi.org/10.1016/j.nlm.2004.03.005
http://dx.doi.org/10.1186/1471-2350-8-66
http://dx.doi.org/10.1073/pnas.242597199
http://dx.doi.org/10.1016/j.bbr.2017.04.007
http://dx.doi.org/10.1073/pnas.1102999108
http://dx.doi.org/10.1016/j.neuroimage.2015.11.018
http://dx.doi.org/10.1016/S0306-4522(03)00067-8
http://dx.doi.org/10.1016/j.neubiorev.2016.01.007
http://dx.doi.org/10.1016/j.bbi.2015.10.007
http://www.ncbi.nlm.nih.gov/pubmed/26476141
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Animals and Housing 
	Dietary Treatments 
	Behavior 
	Magnetic Resonance Imaging (MRI) 
	Structural MRI 
	Diffusion Tensor Imaging 
	Magnetic Resonance Spectroscopy 

	Hippocampal Gene Expression 
	Statistical Analysis 

	Results 
	Growth and Behavior 
	MRI 
	Hippocampal Gene Expression 
	Correlation and Linear Regression 

	Discussion 
	Conclusions 
	References

