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The benefits of breastmilk

Breastmilk as a primary nutritional source is recommended by the WHO (WHO,
2024) for at least the first six months of life, and preferably continues to be part
of an infant’s diet for the first few years. Human breastmilk is globally recognized
as the golden standard for infant nutrition, because it is specifically tailored to the
individual infant’s nutritional and developmental needs (Ballard & Morrow, 2013,
de Weerth et al., 2023). Unlike infant formula, it contains all the necessary nutrients
and bioactive molecules, such as immunoglobulins, cytokines, chemokines,
hormones, mucins, oligosaccharides and glycans. These bioactive molecules
promote a prosperous development and immediate beneficial health outcomes,
ranging from protection against infection to boosting the infant immune system
and intestinal development. The beneficial effects of these molecules also extend
beyond infancy, by mediating childhood health outcomes in metabolic disease (de
Weerth et al., 2023). Considering all these protective effects on children’s health
related outcomes, maternal milk is shown to provide a plethora of health benefits
which enable infants to thrive in the early years of life and beyond.

Human Milk Oligosaccharides are a key component of

infant nutrition

One of the important components present within breastmilk are glycans called
Human Milk Oligosaccharides (HMOs). HMOs are synthesized in the maternal
mammary alveolar cells and are composed out of only 5 different monosaccharides.
Nonetheless, they attain a high structural complexity, which has yielded to
over 150 HMOs currently identified (Le Doare et al., 2018; Townsend, 2019). The
monosaccharides which are used as building blocks for HMOs are glucose (Glc),
galactose (Gal), which together make up lactose, N-Acetyl-Glucosamine (GIcNACc),
fucose (Fuc), and sialic acid (Neu5Ac). Depending on the terminal sugar appendage
of sialic acid, fucose or neither, three main classes of HMOs have been identified;
the sialylated HMO'’s which contain sialic acid, the fucosylated HMOs which contain
fucose, and the neutral HMOs which have neither sialic acid nor fucose attached to
the core lactose group.

Tri-saccharides can be synthesized by appending fucose or sialic acids to the
lactose residue, leading to formation of, amongst others, 2-FL (Fuc(a1-2)Gal(31-4)
Glc), 3'-SL (Neu5Ac (a 2-3)Gal(B1-4)Glc) and 6'-SL (Neu5Ac(a 2-6)Gal(B1-4)Glc)
(Ayechu-Muruzabal et al., 2018). 2'-FL, 3'-SL and 6'-SL are found to be the most
prominent HMOs residing in human breastmilk (Vandenplas et al., 2018). Unlike
other mammals, which mainly receive 3'-SL and 6'-SL via maternal milk, human
milk exhibits a very high concentration of 2’-FL (Urashima et al., 2001). Further
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properties of HMOs include their complex diversity within milk, which varies
over time as lactation and infant development progresses (Kunz et al., 2000). The
colostrum, i.e. milk solely secreted very close around the parturition date, yields the
highest absolute HMO content which then tapers off as time passes (Elwakiel et al.,
2018). Next to HMO variation as a function of time, interpersonal variations in HMO
content also persist in terms of quantity and availability of certain HMOs within
the milk. Research has shown that HMO milk composition is linked to the maternal
blood group characteristics, identified as the Secretor (Se) and Lewis (Le) status of
the mother (Bode, 2012; Schneider, Al-Shareffi & Haltiwanger, 2017; Tonon et al.,
2019). The Se and Le genes determine the availability of ABO blood group antigens
and their expression in the mammary glands is linked to the presence of FUT2
and FUT3 enzymes, respectively, which in turn regulate the synthesis of certain
fucosylated HMOs such as 2'-FL, LNFP1 and LNDFH Il (Tonon et al., 2019). Mutations
in the Se gene inactivate FUT2, resulting in milk from non-secretor (Se-) women
lacking or having only traces of a1-2 fucosylated HMOs. Similarly, mutations in the
Le gene inactivate FUT3, causing milk from Lewis-negative (Le-) women to lack or
have only traces of a1-4 fucosylated HMOs (Totten et al., 2012).

Overall, HMOs serve as metabolic substrates for the microbiome residing
within the gut, while also exercising a protective anti-pathogenic role around
epithelial cell surfaces (Bode, 2012; Wise et al., 2018; Falsaperla et al., 2024; Xu et
al., 2025; Urashima et al., 2025). They occur in great abundance and complexity
within breastmilk based on several characteristics such as time, diet and blood
group status.

The basics of brain development and plasticity

To examine how HMOs contribute to brain development and neural plasticity, a
brief overview on how these processes take place is needed. It should be noted
that while the greater majority of brain development occurs in the very early years
in life, several stages of brain development have no clear end point in terms of age.
The brain is susceptible to plasticity changes as a result of environmental influences
such as diet and learning, but also in response to tissue damage due to genetic or
acquired disease and physical trauma. Therefore, processes such as synaptogenesis,
myelination, and within the hippocampus and olfactory bulb also neurogenesis,
still occur within the adult brain.

Brain development unfolds in several stages, primarily during early life, though it
continues throughout life to support neural plasticity (Sanes, Reh & Harris, 2012). The
process begins with neurogenesis, where neural stem cells proliferate to produce
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new neurons. From the moment of their birth, these neurons start to differentiate,
gradually acquiring their specific identities and functions. Initial differentiation
occurs at the site of origin, and as neurons migrate to their final destinations in the
brain, they continue to differentiate. Neural migration, guided by mechanisms such
as radial and tangential migration and chemical guidance, ensures that neurons
reach their correct locations. Upon arrival, neurons undergo a final differentiation
step and acquire their very distinct functions as they integrate into their assigned
neural network. During neuronal migration, axons form to facilitate inter-neuronal
communication, followed by synaptogenesis, where synaptic connections are
established to create neural circuits. Synaptic pruning within these circuits offers
further refinement through the elimination of unnecessary synaptic connections.
Finally, these circuits are further optimized through myelination, where axons
are insulated with myelin sheets to enhance signal transmission strength and
speed. The brain’s development is influenced by critical periods during which it
is particularly sensitive to environmental inputs, and by experience-dependent
plasticity, which allows neural circuits to be shaped by life experiences.

It is important to note that brain development occurs on different time scales.
Regions responsible for higher-order processing, such as the prefrontal cortex, take
significantly longer to mature compared to primary sensory and motor cortices and
subcortical structures. While basic sensory and motor functions are established
early, the prefrontal cortex, which is crucial for complex cognitive processes,
continues to develop well into early adulthood. Secondly, while mammalian
species differ in the time scale during which brain development events occur, the
underlying processes are shared by all species.

The role of fucosylated and sialylated HMOs in brain development
and plasticity

During infancy, brain development is impacted by several factors such as nutrition,
which has cascading downstream influences on cognitive development throughout
the years (Nyaradi, Hickling, Foster, Oddy, 2013). Human milk is proven to be
beneficial for neurodevelopment, and its beneficial effects have been attributed to
both sialylated and fucosylated Human Milk Oligosaccharides (HMOs) (Chiurazzi et
al., 2021), a relationship mediated by the gut microbiome (Cheng & Yeung, 2021;
Carabotti et al., 2015; Falsaperla et al., 2024; Li et al., 2025).

1) Sialic acid in brain development and plasticity
Sialic acid, obtained from dietary sources, is utilized in the assembly of gangliosides
and polysialic acid (PSA) chains (Cheng & Yeung, 2021). Gangliosides are sialylated
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brain glycosphingolipids, mostly found in myelin and neurons, and are involved
in axon myelination interactions, axon stability, axon regeneration, and serve as
modulators of neuronal excitability (Wang, 2009; Sipione et al., 2020). During early-
life neurodevelopment, ganglioside density and structural complexity increase as
the infant brain matures (Xu et al., 2025). When measured during adulthood, the
majority of the complex gangliosides fall into one of four key classes (GM1, GD1a,
GD1b, GT1b), which together account for 97% of the gangliosides within the brain
(Schnaar, Gerardy-Schan & Hildebrandt, 2014; Sipione et al., 2020).

Polysialic acid (PSA) is involved in neural plasticity through its post translational
modification of Neural Cell Adhesion Molecules (NCAM) via a process called
‘polysialylation” (Bonfanti, 2006; Wang, 2012). Polysialylation occurs at different
stages of neurodevelopment and neurogenesis (Fan, McMath & Donovan, 2023).
The majority of neurons contain PSA at some point during the differentiation
process, and PSA has also been associated with long-distance cell migration, neurite
outgrowth, axonal pathfinding, and synaptogenesis (Bonfanti, 2006). While growing
fiber tracts express PSA, it should be noted that during the myelination phase, PSA
is downregulated as it is hypothesised to function as an inhibitor for myelination
(Fewou et al., 2007). NCAM is a transmembrane glycoprotein that is regulated by
the NCAM1 gene, occurs in three major isoforms generated by alternative splicing,
and mediates neural development, learning and memory, synaptic plasticity and
cell signalling (Gascon, Vutskits & Kiss, 2007; Vukojevic et al., 2020). NCAM in its
base form ensures synaptic stability, while attaching the polysialic acid tails to it
induces synaptic plasticity (Muller et al., 1996; Bonfanti, 2006, Weledji & Assob,
2014; Wang, 2012). Therefore, the regulation of the polysialylation of NCAM in
turn, regulates the plasticity of neuronal networks, which have downstream
consequences for cognitive functions. Newly formed granule cells in the dentate
gyrus of the hippocampus exhibit heightened plasticity during their maturation
and display a high expression of PSA-NCAM, highlighting its importance in neural
plasticity and learning (Sahay, Wilson & Hen, 2011; Oomen et al., 2014; Bonfanti,
2006). The fact that brain regions involved in learning and memory are high in PSA-
NCAM content further supports the relevance of sialic acid and its application to
these cognitive processes. Intervention trials in piglets have established that the
supplementation of sialylated HMOs increases the sialic acid brain content during
infant brain development (Wang et al., 2007; Wang, 2009; McVeagh & Miller, 2008).

One of the first notable effects reported of sialylated HMO supplementation on
neurodevelopment is their influence on the myelination processes, as is evident
by an increase in myelination-related genes, myelin-associated glycoproteins, and
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myelin basic protein (encoded by the Mbp gene) (Obelitz-Ryom et al., 2019). While
myelination is traditionally related to long-lasting neurodevelopmental events,
myelin has also been fundamental for memory formation, a process which has
been coined as “myelin plasticity” (Xin & Chan, 2020; Khelfaoui, Ibaceta-Gonzalez,
& Angulo, 2024). Studies have shown that myelin plasticity is involved in cognitive
processes such spatial memory consolidation, fear learning and working memory
(Steadman et al.,, 2020; Shimizy et al., 2023, Pan et al., 2020). While there are no
studies linking HMOs to MBP, the myelin basic protein and ganglioside GM1 have
been found to interact through the binding of up to four GM1 carbohydrate groups
to their binding sites on the myelin basic proteins (Ong & Yu, 1984) Furthermore,
highly myelinated regions such as the corpus callosum and cerebellum display
an increase in ganglioside-bound sialic acid, hence offering further support for
the involvement of sialic acid in axonal myelination (Jacobi et al., 2016) and as a
potential supportive role in myelin plasticity. The study by Mudd et al. (2017) has
indicated that the supplementation effects of sialylated HMOs are dose dependent
and have been found to be specifically constrained to distinct regions such as
the corpus callosum, hippocampus and prefrontal cortex, which are essential key
regions in cognition, memory and learning.

Finally, another neurodevelopmental process under the influence of sialylated
HMOs is the synthesis of important brain metabolites and neurotransmitters such
as an increase in glutamate, which has been shown to support neurite sprouting
and synaptogenesis (Wang et al., 2021; Falsaperla et al., 2024). In rodents, we also
find additional support for the neuroprotective effects of dietary 3'-SL and 6'-SL
during a social disruptor stress paradigm on the generation of new neurons (Tarr et
al., 2015), and improved Long Term Potentiation (LTP) at one year of age (Oliveros
etal., 2016).

2) Fucose in brain development and plasticity

When examining the role of fucose in the developing and mature brain, several
studies indicate that fucosylated glycoconjugates play a crucial role in neuronal
development, learning, and memory (Mountford et al., 2015; Tosh et al., 2019).
Since 2'-FL cannot cross the blood-brain barrier (BBB), its effects are likely mediated
through the incorporation of cleaved fucose at synapses (Murrey et al., 2006) or
via metabolites from the gut-brain axis (GBA). Interestingly, fucose is rapidly
incorporated into hippocampal glycoproteins following learning experiences,
suggesting that fucosylation is tightly linked to local protein synthesis in response
to synaptic stimulation (Schneider, Al-Shareffi & Haltiwanger, 2017; Vazquez et al.,
2015; Munni et al., 2025). Fucosylation via FUT1 and FUT2 has also been shown
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to play a direct role in synapse formation, neurite outgrowth, sensory neuron
pathfinding, and neurite migration. Moreover, the fucosylation of Synapsin la
and Ib, key proteins involved in neurotransmitter release and synapse formation,
regulates synaptic turnover and stability within primary hippocampal neurons
(Murrey et al., 2006; Schneider, Al-Shareffi & Haltiwanger, 2017).

In addition, 2’-FL supplementation has been found to potentiate LTP (Vazquez
et al, 2016; Oliveros et al., 2016), underscoring its significant role in memory
formation and synaptic plasticity. Two key genes involved in mediating 2’-FL's
influence on LTP and plasticity, as highlighted by these studies, are the Brain-
Derived Neurotrophic Factor (Bdnf) gene and the Postsynaptic Density Protein
(Psd95) gene, also known as Dig4. BDNF supports the survival of existing neurons
and promotes the growth of new neurons and synapses, while PSD95 is essential
for the synaptic scaffolding necessary to stabilize postsynaptic structures during
plasticity events (Meyer, Bonhoeffer, & Scgeuss, 2014). Vazquez et al. (2015)
observed that rats supplemented with 2'-FL exhibited increased BDNF protein
levels in the striatum and hippocampus, along with elevated PSD95 expression in
the frontal cortex and hippocampus. Among the various isoforms of the Bdnf gene,
isoform Ill is particularly crucial for activity-dependent plasticity, which is integral
to LTP and memory formation (Altieri et al., 2004). This isoform is regulated by CREB,
a transcription factor activated during synaptic activity, which promotes synaptic
strengthening by driving receptor incorporation at the synapse and supporting
dendritic growth. While isoform Ill plays a central role, other Bdnf gene variants,
such as isoforms | and 1V, also significantly influence plasticity and memory, with
their expression patterns varying depending on the cognitive process involved
(Bach et al., 2023, bioRxiv preprint).

Finally, although the NCAM protein is closely associated with sialic acid in mediating
plasticity, the expression of NCAM1 within the hippocampus has also been found
to be influenced by a combination of BMOs and HMOs, including 2'-LF and LNnT, in
piglets (Fleming et al., 2020). These findings suggest that multiple HMOs coordinate
their molecular effects across different stages of protein synthesis and their
subsequent downstream impacts. Piglet studies also show modest increases in the
relative and absolute volumes of the cortex and corpus callosum following fucose
supplementation (Fleming et al., 2020). In rodent studies, FL supplementation at
one year of age enhanced LTP (Oliveros et al., 2016), aligning with the sialylated
HMO findings reported by Oliveros et al. (2018). An intriguing finding from these
studies is the potential for sex-dependent effects, with a combination of 3'-SL and
2'-FL influencing dopamine transporter expression in the ventral tegmental area
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and leptin expression within the nucleus accumbens in females specifically (Tuplin
etal, 2021).

To summarise, both fucosylated and sialylated HMOs appear to be necessary
contributors to several processes involved with neural development, ranging
from differentiation, axon and circuit formation, and myelination to neurogenesis,
with downstream effects on learning, memory, LTP, and cognition, which may be
mediated by a few key development and neuroplasticity genes such as NcamT,
Bdnf, Mbp and DIg4. Animal studies suggest that these downstream effects of HMO
on cognition can be long-lasting, but it remains uncertain whether these effects are
also present within the infant and adult human brain. While it is prudent to exercise
caution when extrapolating these findings to humans, the empirical evidence in
mammalian studies and the observational studies in infants so far support the
significant role of these oligosaccharides in brain development (Lis-Kuberka &
Orczyk-Pawilowicz, 2019).

The downstream effects of HMO on behaviour and cognition

1) Preclinical studies

Despite differences in natural HMO content between species, supplementing
animals with additional HMOs produces beneficial cognitive outcomes across
different animal species (Docq et al., 2020; Fan, McMath & Donovan, 2023). Various
animal studies on the effects of individually administrated 2’-FL, 3'-SL and 6'-SL
have so far revealed that HMOs enhance learning and memory (Vazquez et al.,
2016; Oliveros et al., 2018), spatial memory (Obelitz-Ryom et al., 2019) and reduce
stress-induced anxiety (Tarr et al,, 2015), irrespective of the age of administration
(e.g. before or after weaning). Vazquez et al. (2014 & 2016) found that oral the
administration of 2’-FL in adult rats enhanced the learning speed in the operant
conditioning tasks). In addition, the 2'-FL treated groups performed significantly
better than controls (who did not receive HMOs) when tested for spatial learning
and working memory. Oliveros et al. (2016) further corroborate these findings. In
their study, they showed that oral 2’-FL administration during the lactation period
improved the memory and learning capabilities of rats, as shown by the novel
object recognition task (NORT), Y maze test. These marked improvements were
apparent both after weaning and during adulthood. Similar beneficial findings
have also been reported for the sialylated HMOs. Oliveros et al. (2018) examined
the effects of 6'-SL and Neu5Ac (administered separately to rat pups during the
lactation period) versus a control group. Here they found that the two groups who
received either sialylated HMO (6'-SL or Neu5Ac) performed better in the NORT,
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Y maze and operant learning. In addition, in adulthood, these groups also displayed
enhanced LTP. Of the sialylated HMOs in this study, 6'-SL proved to have the most
potent beneficial effects on the memory tasks.

2) Clinical studies

When examining the effects of HMOs on future academic outcomes, longitudinal
observational studies are commonly employed where the breastmilk content
of the mother is analysed and then linked with behavioural outcomes, at several
critical time points (e.g. 1 month, 6 months, 12 months, 18 months, 24 months).
Depending on the study, these behavioural outcomes are assessed through
different scales probing for various markers of cognitive development, such as the
Bayley Scales of Infant Development (Bayley-Ill) (Berger et al., 2020 and Oliveros
et al.,, 2021), Mullen Scales of Early Learning and Ages (Cho et al., 2021), Ratings of
Executive Functioning (Willemsen et al., 2023) and Stages and Ages Questionnaires
(ASQ) (Ferreira et al., 2021, Rozé et al, 2022). Depending on the questionnaires
used, distinctions were made between language and communication, motor
skills, problem solving, and social skills. Furthermore, these studies span different
countries and thus different maternal and infant cohort characteristics are at play,
such as the United States (Berger 2020), Malawi (Jorgensen et al., 2021), Korea (Cho
et al., 2021), Brazil (Ferreira et al., 2021) or the Netherlands (Willemsen et al., 2023).
Due to the large heterogeneity in study design and both ethnic and secretor status
of the cohorts included, detailed comparisons between these studies are difficult
to achieve with great certainty. Nonetheless, general trends do emerge from these
different studies and will therefore be discussed.

Recent studies have explored the complex relationship between HMOs and infant
cognitive development, revealing both promising and varied outcomes. Oliveros
et al. (2021) investigated the relationship between HMOs and infant development,
specifically focusing on the impact of 2-fucosyllactose (2'-FL) and 6-sialyllactose
(6'-SL) on composite cognitive scores and motor development at 18 months. Their
study found that higher levels of 2'-FL and 6'-SL in breast milk were positively
associated with improved cognitive scores (6'-SL) and motor outcomes (2'-FL and
6'-SL). Berger et al. (2020) used the same assessment method and found that higher
concentrations of 2'-FL in breastmilk at one month postpartum were positively
associated with cognitive development at 24 months, while higher levels of DSLNT
were linked to lower cognitive scores. However, when measuring HMO content at
six months, these associations shifted, with other HMOs, such as LNH and FLNH,
showing positive correlations with cognition scores, while 2'-FL levels at 6 months
of age no longer were related to the 24-month-old cognition scores. Willemsen et
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al. (2023) confirmed that higher early concentrations of 2'-FL and other fucosylated
HMOs are related to better executive functioning at three years when infants were
exclusively breastfed. However, when infants received a diet of part breastmilk,
part infant formula, higher levels of sialylated HMOS were associated with worse
outcomes, which raises questions on the influence of sialylated HMOs during
development. Lastly, Cho et al. (2021) found that high levels of sialylated HMOs
such as 6'-SL and 3'-SL were associated with improved cognitive and language
outcomes in Korean infants at 24 months of age.

The effects of different classes of HMOs become more complicated once
researchers include the secretor status of the mother in their analysis. Jorgensen
et al. (2021) highlighted the importance of maternal secretor status, finding
that infants of secretor mothers with higher levels of total fucosylated and total
sialylated HMOS, displayed improved language development at 18 months. In
the case of non-secretor mothers, positive correlation between the sialylated
HMO LSTb and working memory and executive function were observed, while
no effects of fucosylated HMOs are reported. The positive effects of high HMO
content have been further highlighted by Ferreira et al. (2021), who found that
lower breastmilk HMO concentrations were linked to higher risks of developmental
problems, while research involving preterm infants by Rozé et al. (2022) indicated
that HMOs like LNFP Il may positively influence cognitive outcomes, particularly in
secretor mothers.

Collectively, these studies emphasize the nuanced and multifactorial nature of the
impact of HMOs on infant development, with maternal secretor status, feeding
practices, and specific milk HMO composition and timing, playing critical roles in
their developmental effects. The overall trend indicates that, depending on the
maternal secretor status, ethnicity and the time point of measuring both HMO
content and cognitive outcomes, certain HMOs either are beneficial or detrimental
to such developmental outcomes. Especially the inclusion of fucosylated HMOs
within the diet yielded positive results in consecutive developmental outcomes,
while surprisingly an increase in sialylactose seemed to produce mixed results
depending on the study. These findings further highlight that there is no such
thing as a perfect and uniform milk composition that will yield the best outcomes
for all children, but that a personalised diet that takes all individual characteristics
into account would likely be the most suitable source of nutrition, as it reflects
the individual infant’s dietary needs at a given point in time. It should be noted
that these relationships are correlational at best and therefore should be used as
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a guideline for further studies elucidating the different effects of fucosylated and
sialylated HMOs.

Outstanding questions regarding HMOs role in cognitive development
An increased recognition of HMOs as important contributors to infant development
has kick started the search to a better mechanistic understanding of its functioning.
Nonetheless, there are still several outstanding questions on the relationship between
HMO and neonatal brain development, which warrant further investigation. One of
the main issues in the research on HMOs conducted so far is that the majority have
focused on singular HMOs or very limited combinations of HMOs, which does not
reflect a naturalistic situation as maternal milk provides a combination of different
HMOs. While it remains unknown how a complex combination of fucosylated and
sialylated HMOs may produce downstream developmental and cognitive outcomes,
it should be noted that specific gut bacteria utilise different classes of HMOs. This
would mean that a greater variety of HMOs yields a greater variety in gut bacteria,
and consequently a different mixture of metabolites which have distinct downstream
effects on development and cognition. In addition, due to the large variability
between these studies’ experimental design and methods used, comparing the
effects of different HMOs between studies is difficult. These limitations call for a
larger, unified study in which the effects of different HMOs on complex cognitive
functioning are systematically compared, when administered both independently as
in conjunction (Wichmann et al., 2024).

In sum, it is to date unclear whether and how HMOs influence neurodevelopment,
and whether there is a synergistic effect of the different types of HMOs in their
modulation of these processes. Answering these questions allow for a deeper
understanding of the precise function and role of HMOs on development and
cognition. Therefore, this thesis aims to elucidate the influence of dietary HMOs
alone and in combination on cognition and development through infancy
until adulthood.

In Chapter 2, we reviewed the cognitive developmental outcomes from fucosylated
and sialylated Human Milk Oligosaccharides (HMOs) administration in rodents and
piglets. We first introduce the background on the importance of HMOs in infant
nutrition for a healthy gut, immune system regulation and how HMOs could
contribute to improved cognitive outcomes in children. As there are few direct
studies investigating the link between HMOs and brain development in humans,
the focus of the review is on murine and piglet models instead. The cognitive
measures included in the review article span behavioural tests with the emphasis
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on memory and learning behaviour. The main behavioural findings summarised in
Chapter 2 highlight a few key aspects of the influence of HMOs on development
and cognition. Overall, administering HMOs during infancy leads to improved
memory and learning when assessed during infancy and adulthood, an effect that
remains apparent once the cognitive load of the task is increased as the animals
age. Finally, the review further highlights that other factors such as sex could also
yield a distinct behavioural profile (Chapter 3). Finally, we proposed potential
underlying mechanisms through which HMOs exert their beneficial actions on
animal cognition, such as the regulation of PSA-NCAM and neural plasticity
(Chapter 4), the interplay of the immune system and cognition and the microbiome.

In the first phase of our research project, we wanted to investigate the effects of
HMO administration on cognitive and emotional development during infancy
and adolescence. In Chapter 3 we therefore investigate the immediate early life
(neuro)developmental outcomes of fucosylated and siayllated HMOs (in singles
and in various combinations) in both male and female rats from PND 8 — PND 49.
All animals were assessed on the rate of eye opening (X* test), weight gain during
infancy, and exploratory + anxiety behaviour in the elevated plus maze and open
field test (MANOVA).

During the final phase of the research project, we wanted to assess whether there
were long term effects of infant HMO administration (in singles and in combinations)
on memory and cognition, and whether performance during memory could be
linked to variations in neural plasticity or neurogenesis. In Chapter 4, all males bred
and used in Chapter 3 were subjected to the novel object recognition test (NORT),
followed up by the novel object location test (NOLT) when they were between 8
and 12 months old. On the final day of the NOLT 50% of the animals were injected
with BrdU to label the rate of neurogenesis during the novel location task as a
cytoarchitectural substrate of neural plasticity and learning. In addition, the gene
expression levels of Mbp, DIg4, NCam1 and Bdnf within the mPFC and hippocampus
were measured to assess if the HMO administration would affect neural plasticity.
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Abstract

Over the last few years, research indicated that Human Milk Oligosaccharides
(HMOs) may serve to enhance cognition during development. HMOs hereby
provide an exciting avenue in the understanding of the molecular mechanisms that
contribute to cognitive development. Therefore, this review aims to summarize the
reported observations regarding the effects of HMOs on memory and cognition
in rats, mice and piglets. Our main findings illustrate that the administration of
fucosylated (single or combined with Lacto-N-neoTetraose (LNnT) and other
oligosaccharides) and sialylated HMOs results in marked improvements in spatial
memory and an accelerated learning rate in operant tasks. Such beneficial effects
of HMOs on cognition already become apparent during infancy, especially when
the behavioural tasks are cognitively more demanding. When animals age, its
effects become increasingly more apparent in simpler tasks as well. Furthermore,
the combination of HMOs with other oligosaccharides yields different effects on
memory performance as opposed to single HMO administration. In addition, an
enhanced hippocampal long-term potentiation (LTP) response both at a young and
at a mature age are reported as well. These results point towards the possibility
that HMOs administered either in singular or combination forms, has long-lasting,
beneficial effects on memory and cognition in mammals.

Keywords: Human Milk Oligosaccharides; cognition; brain development; animal
behaviour; fucosyllactose; sialyllactose; Long Term Potentiation
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Introduction

The natural composition of breast milk is well recognized as the golden standard
of infant nutrition (WHO, 2020) and is associated with long-term health benefits
(Feldman & Eidelman, 2003; Boquien, 2018; Vandenplas et al., 2018; Bar et al., 2016;
Nolan et al., 2019; Carucci et al., 2020; Munlit et al., 2017; Rajani et al., 2018; den
Dekker et al., 2016). Studies have shown that exclusive breastfeeding is accompanied
by a reduced risk for developing medical conditions during childhood such as
gastrointestinal infections (e.g. necrotizing enterocolitis)(Bar et al., 2016; Nolan
et al., 2019). Indications that breastfeeding confers protective effects in the onset
and course of allergic diseases such as atopic dermatitis, food allergy and asthma
have also emerged over the recent years (Carucci et al., 2020; Munlit et al., 2017;
Rajani et al., 2018). Such protective effects of breastfeeding have been attributed
to multiple factors related to the gut, as it is found that breastfeeding can improve
immune functioning, promote a healthy gut microflora (Doare et al., 2018). Apart
from the gut, bioactive components within breast milk such as the adipokines (e.g.
leptin, ghrelin), help regulate appetite control and energy intake. Breast milk also
contains growth factors, such as neuronal growth factors (NGF) and epidermal
growth factors (EGF), which exert trophic effects on the neonatal nervous system
and enhance gastrointestinal mucosal maturation respectively (Doare et al., 2018;
Catli et al,, 2014; Gila-Diaz et al., 2019). In recent years, the mental health benefits
that breastfeeding provides have garnered much more attention in neuroscientific
research. Notably, breastfeeding is associated with improved cognitive development,
as demonstrated by improved 1Q scores (Kramer et al., 2008) and a reduced risk of
childhood behavioural disorders (Vandenplas et al., 2018), (Poton et al., 2018; Horta
et al., 2015). These findings also coincide with studies showing enhanced brain
development parameters, such as white matter development in frontal and temporal
regions (Denoi et al., 2013) and maturation of the basal ganglia and thalamus (Herba
et al., 2013). Overall, these studies indicate that there are clear developmental and
cognitive benefits related to breastfeeding and breast milk, which raises the question:
which breast milk factors facilitate cognitive development?

Breast milk is a complex liquid which contains many different lipids (such as the
Milk Fat Globule rich in phospholipids and long chain fatty acids), an assortment
of vitamins (Vitamin A, B, C, D K), sialic acid (both in free form and bound to
oligosaccharides, glycoproteins and glycolipids) and other biologically active
components, some of which affect neurodevelopment (Allen-Blevins et al., 2017;
Andreas et al., 2015; Mudd & Dilger, 2017, Wang et al., 2017). Of particular interest
to infant nutrition and development are the Human Milk Oligosaccharides (HMOs).
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These non-digestible carbohydrates are the third most abundant class of breast
milk components, and over 200 HMOs, comprised out of 5 monosaccharides
(glucose, galactose, N-Acetyl-Glucosamine, fucose and sialic acid) have thus far
been identified (Ayechu-Muruzabal et al., 2018). HMOs have recently moved into the
spotlight of cognitive research due to its widespread effects on infant development
and cognition (Vandenplas et al., 2018; Le Doare et al., 2018; Andreas et al., 2015).
There are three main families of HMOs; the non-fucosylated neutral HMOs, (e.g.
Lacto-N-neoTetraose (LNnT)), the fucosylated HMOs (e.g. 2'Fucosyllactose (2'-FL))
and the sialylated (SL) HMOs (e.g. 3'-Sialyllactose (3'-SL) and 6’-Sialyllactose (6'-SL))
(Ayechu-Muruzabal et al., 2018; Hegar et al., 2019). Oligosaccharides are present
in all mammalian milk (Urashima et al.,, 2001). However, what makes human milk
unique compared to other mammalian milk is that it contains the largest diversity
of complex oligosaccharides [(Urashima et al., 2001; Ten Bruggencate et al., 2014)
and high concentrations of 2’-FL. It should be noted that the presence of 2'-FL is
subject to large inter individual variation depending on the Lewis antigen blood
group system of the mother, which encompasses two genes; the Lewis gene
(Le gene or FUT-3 gene) and the Secretor gene (Se gene or FUT-2 gene) (Kunz
et al., 2017). Depending on genetic expression, women are either defined as
‘secretors’ (Se+), or ‘non secretors’ (Se-), and Lewis positive (Le+) or Lewis negative
(Le-) (Ayechu-Muruzabal etal.,2018; Kunzetal.,2017). Both Secretor and Lewis genes
are responsible for yielding fucosyltransferase-2 (FUT-2) and fucosyltransferase-3
(FUT-2) respectively, which append fucose to the core oligosaccharides. Depending
on which of these FUT enzymes are active, different oligosaccharides will be created;
as FUT2 expression results in the synthesis of 2'-FL, while FUT3 expression has been
associated with the formation of LNFP-II instead (Austin et al., 2016; Thurl et al.,
2010; Austin et al., 2019). These polymorphisms essentially give rise to four major
milk groups within the human population; as both genes can be active, inactive, or
either one of the two is active, hereby resulting in a variable HMO content in breast
milk (Thurl et al., 2010). Around 60 - 72% of the maternal population are secretors,
and the milk of these ‘secretor mothers’ contains an overall higher concentration
of HMOs in breastmilk as compared to non-secretors (Ayechu-Muruzabal et al.,
2018, Kunz et al.,, 2017; Azad et al., 2018, Paganini et al., 2019). All in all, a large
variability exists within the human population concerning the exact proportions
of different HMOs (Austin et al., 2016). Moreover, HMOs are also subject to dynamic
changes within the same breastfeeding female, depending on factors such as
circadian rhythm, lactation stage, maternal diet, and maternal genetic background
(Vandenplas et al., 2018; Le Doare et al., 2018; Andreas et al., 2015; Austin et al.,
2016; Thurl et al., 2010; Austin et al., 2019; Azad et al., 2018; Paganini et al., 2019;
Lus-Kuberka et al., 2019; Sanchez et al., 2013).
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Supplementation of infant formula with HMOs renders the composition and
downstream effects of infant formula to become closer to those of breastmilk. One
of the well-documented advantages of HMOs is its prebiotic role and the capacity
to regulate the immune system in the periphery. HMOs can exert antimicrobial
and antiviral effects by binding to pathogens which reach the mucosal surfaces in
the gut, or by directly binding to the gut epithelial receptors, effectively blocking
the access of pathogens (Le Doare et al., 2018; Andreas et al., 2015). Experimental
studies in infants showed enhancing effects on the immune response of additional
2'-FL supplementation. Goehring and colleagues (2016) observed that infants who
were fed breastmilk or a 2’-FL enriched formula had lower concentrations of plasma
inflammatory cytokines (IL-1a, IL-18, IL-6, TNF-a) when compared to children fed
the ordinary (non-enriched) infant formula. Furthermore, ex vivo stimulation
of peripheral blood mononuclear cells (PBMCs) yielded lower levels of TNF-a
and IL-6 when infants were breastfed or were on a 2-‘FL enriched diet. Enriching
infant formula with 2’-FL and LNnT also renders the gut microbiome composition
and its metabolites (propionate, butyrate and lactate) of formula infants closer
to that of breastfed infants (Steenhout et al., 2016). It stands to reason that, if the
supplementation of HMOs to infant formula produces immunological and health
responses similar to those of breastfed infants, this may also partly account for
cognitive outcomes (Kramer et al., 2008). Indeed, apart from HMOs involvement
in immune functioning, a recent study by Berger and colleagues (2020) reported
that the amount of 2’-FL, measured in mother’s breast milk one month after birth,
predicted improved cognitive outcomes in two-year-old children. Since it is known
that alterations in the immune system impacts brain development and later life
cognitive functioning (Bilbo & Schwarz, 2012), it is possible that the HMO mediated
immune response provides a route via which HMOs could contribute to cognition.
Thus, investigating how HMOs impact underlying neural mechanisms of their
associated cognitive outcomes will provide valuable insight in HMOs' role in brain
development and functioning.

While there have been correlational studies exploring the role of HMOs on
development in humans, no direct human study has thus far investigated both
immune and cognitive outcomes with HMO analysis in breast milk or upon HMO
supplementation in infant formula. However, direct studies on the effects of
HMOs and cognition have been undertaken in murine models and piglets. While
there are obvious differences between species, several animal models have been
used extensively in behavioural research due to their translational value in brain
development and behaviour. The behavioural tasks used in animal models in
probing various cognitive functions are well validated (Wallace et al, 2015).
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Moreover, since the life span of rodents in particular, is relatively short, animal
models allow the investigation of the most sensitive developmental period to HMO
supplementation. In addition, behavioural studies in animals can be corroborated
by more invasive measures in vivo, granting a live view on the underlying
neurobiological processes. One method commonly used in rodent memory studies
is electrophysiology. Long Term Potentiation (LTP) involves the strengthening of
synapses in response to prior stimulation during memory formation and retrieval.
This produces a long-lasting shift in synaptic strength and is therefore an important
underlying mechanism of synaptic plasticity and memory (Wiera et al., 2017).
Findings derived from preclinical work could prove to be informative and may serve
as input to future longitudinal studies on the contribution of HMOs to the cognitive
development of humans.

This review’s aim is twofold. Firstly, it aims to summarize the effects of HMOs
in animal research and their subsequent cognitive and electrophysiological
outcomes. Special consideration is given to the type of HMO used (e.g. fucosylated
(2’-FL), neutral (LNnT) and sialylated (3’-SL, 6’-SL), the age of the animals upon HMO
administration, the used cognitive task complexity, and the age of the animals
during testing. Its second purpose is to provide additional interesting avenues
for future research to explore. The search for relevant articles was conducted in
Pubmed in the period of 1979 until August, 2020, using a specialized search string
comprised of both Mesh terms and key words in the title and abstract (Appendix A).
This resulted in the inclusion of nine articles that contained 1) an animal model,
2) HMOs and 3) cognitive behavioural tests.

Assessing the effects of HMOs on cognitive measures
in animal models

Rodents and piglets are naturally curious and intelligent animals, which results in
their frequent use as an animal model for the assessment of cognition in a wide
variety of behavioural tasks (Gieling et al., 2011; Antunes & Biala, 2012; Vorhees &
Williams, 2014; Song et al., 2019; Kiryk et al., 2020). Behavioural tests are a valid,
minimally invasive way to expose underlying cognitive processes, under the
condition that the animal is capable of, and facilitated in, expressing such processes
externally. In the context of HMO research, the focus has mainly been on memory
and learning behaviour as cognitive capabilities. In the following sections, we will
first graphically present an overview of the animal tests which investigated the
consequences of HMOs on cognition. Subsequently, we present the main findings
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of the selected nine articles, grouped by the type of HMO (fucosylated or sialylated),
in Table 1. Thereafter, the main results will be described, which is then followed by
a discussion about the implications of the findings reported in the investigations.

The type of behavioural tests used to study the effects of HMOs on cognition
make use of either the intrinsic rewarding value of an animal’s natural curiosity in
new exposures (Fig. 1A, B and E) (Gieling et al., 2011; Antunes & Biala, 2012), the
aversion to uncontrolled swimming without a platform to rest on (Fig. 1D) (Vorhees
& Williams, 2014) or the willingness to obtain an extrinsic reward like food or water
(Fig. 1C, F and G) (Song et al., 2020; Kiryk et al., 2020). Since animals prefer to be
exposed to new items or environments to explore, the time spent to explore this
new item or environment can be used as a measure for spatial or recognition
memory. The willingness to obtain a food or water reward is commonly measured
in operant conditioning tasks in either a skinner box or an Intellicage (Song et al.,
2020; Kiryk et al., 2020). Operant conditioning tasks encompass associative learning
paradigms, in which certain behaviour is reinforced via a reward or a punishment.
In operant conditioning, different reinforcement schedules exist, such as the Fixed
Ratio (FR) schedule, in which animals have to reach a certain criterion before they
receive a reward. For example, an FR(4) schedule requires 4 correct responses from
the animal in order for it to obtain a reward.

Overall, these cognitive tasks can be grouped by the level of complexity; as tasks
that require a few trials are easier to perform than a task that requires weeks of
training. Considering this, we have grouped the Y maze, T maze, Morris Water Maze
(MWM) and the Novel Object Recognition Test (NORT) as simple cognitive tests, and
the 8-arm radial maze and the operant tasks (Skinner box and Intellicage) as the
complex cognitive tasks.
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Figure 1. Summary of the behavioural tests used in the HMO studies. The type of animal placed inside
the test (rodent or piglet) corresponds to the animal model used in the behavioural paradigms
included in this review.
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Effects of HMOs on cognition in mammals

Main behavioural findings
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Figure 2. Graphical summary of behavioural tests results. The results have been grouped based on the
type of HMO (Fucosylated versus Sialylated), animal model (rodents versus piglets) and the age of
when the behavioural test has been performed. Infancy - young adulthood has been defined as the
period ranging from PND1 - 6 months of age, while mature adulthood encompasses animals of 1 year
old. Red crosses indicate that no significant differences were observed between the HMO and the
control group, while green check marks indicate that positive effects due to HMO supplementation
were reported. Details on the nature of such effects are summarized in Table 1.

Supplementing mammals with additional HMOs leads to beneficial cognitive
outcomes under certain specific circumstances (Table 1, Figure 2). In general, both
fucosylated and sialylated HMOs contribute to an improved memory performance
and faster learning speed (tests described in Figure TA — 1G) when tested in mature
adulthood, irrespective of the age of administration of these HMOs (e.g. during
infancy or adulthood) (Oliveros et al., 2015; Oliveros et al., 2018; Vazquez et ak.,
2016; Vazquez et al., 2015; Wang et al., 2007; Obelitz-Ryum et al., 2019; Fleming et
al., 2020a; Fleming et al., 2020b; Fleming et al., 2018).

Simple cognitive tasks

When rodents performed spatial and recognition memory tests during adolescence
and early adulthood, no effects of either fucosylated or sialylated HMOs, as assessed
by the NORT (when tested 24 hours after the acquisition phase), MWM and the
Y maze, were reported. Contrary to the rodent studies, three piglet studies showed
that supplementing HMOs during the lactation period resulted in improved spatial
memory (T maze) in infancy (Obelitz-Ryom et al., 2019) and object recognition
(NORT) (Fleming et al, 2020a; Fleming et al, 2020b). Supplementing only
oligofructose or the combination of 2’_FL and LNnT increased object recognition
when piglets were tested one hour after the acquisition phase. When tested
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48 hours later, only the piglets who received a combination of either Bovine Milk
Oligosaccharides (mostly neutral non fucosylated oligosaccharides) and 2'FL and
LNnT (Fleming et al., 2020a), or Oligofructose and 2'-FL (Fleming et al., 2020b)
displayed long-term recognition memory. In mature adulthood (older than 1 year),
rodent studies also found significant differences in both the Y maze and the NORT
for both sialylated and fucosylated HMOs. However, the sialyllactose piglet study
performed by Fleming and colleagues (2018) yielded no results. In this study, they
found no differences between the sialyllactose group and control group on the
NORT performed during infancy.

Complex cognitive tasks

When considering the tasks that probe conditioning and learning capabilities and in
which the cognitive difficulty could be varied, such as the 8-arm radial maze (Wang
et al., 2007) and operant tasks (Oliveros et al., 2018; Vazquez et al., 2016; Vazquez
et al., 2015), beneficial effects of HMO already surface at a young age in rats, mice
and piglets alike. These effects also persist throughout adulthood. Perhaps the
beneficial effects of HMOs become especially apparent upon increments on the
cognitive load to meet the task demands.

Effects of HMOs on Long Term Potentiation (LTP)

The method of in vivo LTP induction in the studies listed here involved the
implanting of stimulating electrodes on the Schaffer’s collateral of the dorsal
hippocampus and 2 to 4 recording electrodes in the stratum radiatum underneath
CA1 (Oliveros et al., 2015; Oliveros et al., 2018; Vazquez et al., 2016; Vazquez et
al., 2015). A high frequency stimulation (200-Hz trains of pulses, 100ms each and
presented repeatedly with 1-minute intervals) was delivered to the Schaffer’s
collateral and 30 minutes later the field excitatory post-synaptic potentials (fEPSPs)
were recorded. Enhanced LTP responses are reported in all these studies (Oliveros
et al., 2015; Oliveros et al., 2018; Vazquez et al., 2016; Vazquez et al., 2015), both
after weaning and during adulthood, when animals were supplemented with
fucosylated or sialylated HMOs.

Discussion

To the best of our knowledge, this review is the first to summarise the effects of
fucosylated and sialylated HMOs on cognition and electrophysiological brain
recordings in rodents and piglets. The effects of both types of HMOs uncovered
in the reported investigations unequivocally point towards long lasting beneficial
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effects on cognition and memory, which is further supported by changes in the
underlying physiological mechanisms as measured by LTP (Oliveros et al., 2015;
Oliveros et al.,, 2018; Vazquez et al., 2016; Vazquez et al., 2015).

Most of the reported animal studies, included in Table 1, revealed that HMOs
enhance learning and memory. For the simple cognitive tasks, the effects of HMOs
are not unequivocal, as differences are observed between the animal model
used, task parameters, the dosage used and age of administration and testing. It
should be noted that in most of the studies, the HMO dosage was comparable to
concentrations found in human milk Austin et al., 2016; Thurl et al., 2010; Austin et
al., 2019; Azad et al., 2018; Lis-Kuberka & Orczyk-Pawilowicz, 2019), and effects of
HMO supplementation were already visible at these physiological relevant dosages.

In rodents, no significant effects on spatial memory or long-term recognition
memory are reported when the animals’ age ranges from juvenile to young
adulthood. In piglets, HMOs are found to affect spatial memory and intermediate
recognition memory but not long-term recognition memory when they were
fed only HMOs during infancy. Inter species differences between rodents and
piglets may help to explain why effects of HMO administration are visible in
piglets but not in rodents when tested at a very young age. The third trimester
in human gestation coincides with the first ten postnatal days of rat pups, while
the neurodevelopmental trajectory and morphological properties of piglet brains
are much more comparable to humans (Gieling et al., 2011; Pressler & Auvin,
2013; Semple et al., 2013; Radlowski et al., 2014). This complicates the comparison
of the effects of oral delivery of HMOs between piglets and rodents. Differences
reside in the immediate environment upon birth and the extent to which the
brain and body have developed at that point, as neonatal rat pups would be more
comparable to prenatal piglets in the final days before parturition and there are no
studies performed in the cognitive effects of HMOs on piglets in young adulthood.
This interspecies difference in developmental stage upon birth and subsequent
postnatal period might contribute to the heterogeneity in the findings between
species on simple behavioural tests such as the NORT and the T maze.

Nevertheless, one cannot exclude the possibility that other factors than mere species
differences may be at play, for example, the test parameters used in the studies. In the
NORT of the rodent studies, the retention interval (time between acquisition phase
and test phase) was 24 hours, which is considered to be fairly long and is considered
to be a measure of long-term recognition memory (Antunes & Biala, 2012). In the
piglet studies, different retention intervals, ranging from 1 hour (intermediate) to
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48 hours (long-term), were used. It is possible that similar enhancing effects of HMO
administration on recognition memory (NORT) reported by Fleming and colleagues
(2020a and 2020b) would have been found in juvenile rodents if the retention
interval was 1 hour instead of 24 hours, and if the rodents had been fed a similar
combination of oligosaccharides as the piglets received. However, when probing such
a long-term recognition memory of one year old rodents, an improved recognition
memory is observed in the HMO supplemented animals, together with improved
spatial memory as measured by the Y maze. As long-term recognition memory was
not observed in juvenile piglets and rodents when supplied with only one HMO, but
was observed in piglets when they were given a combination of oligosaccharides, this
may not be a simple matter of species differences. Another explanation could be that
within the developing brain, there are different processes at play when retrieving a
newly consolidated memory (one hour later) versus an older memory (24 — 48 hours
later), which may require more resources, such as the combination of various types
of oligosaccharides. Interestingly, when piglets were supplemented with a complex
mixture of oligosaccharides (HMOs and BMOs or Oligofructose), they displayed an
improved long-term recognition memory. Perhaps the effects when HMOs form
combinations, or are provided with other oligosaccharides are more potent, and thus
easier to discern, than the effects of singular HMOs on memory.

Other factors such as gender and sample size could also contribute to the
heterogeneity of the simple behavioural test findings, but it is uncertain to what
extent these factors may have influenced the results. Only two sialyllactose studies
(and no fucosyllactose study), used both males and females; one rodent study by
Oliveros and colleagues (2018) and one piglet study by Obelitz-Ryom and colleagues
(2019). However, no separation based on gender was performed in the analysis. As
studies on postnatal administration of compounds, such as the study by Shumake
and colleagues (2014) have demonstrated gender specific effects in rats, it stands to
reason that early life HMO supplementation could produce gender specific outcomes.
Nonetheless, when comparing the findings generated by Oliveros et al. (2018) and
Obelitz-Ryom et al. (2019) with the exclusively male studies of the same species and
HMO administered, the behavioural results remained very similar. Furthermore, most
of the studies employed comparable sample sizes (n=10 - 12 on average) and effects
of HMOs on cognition were already reported in studies with the lower sample sizes.
While potential effects of variation in sample size cannot be completely excluded,
HMO supplementation already produces beneficial results in experiments with
lower sample sizes. Therefore, the heterogeneity in findings between studies are
more likely due to a combination of factors such as species and task parameters as
previously discussed.
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When both piglets and rodents were tested on complex cognitive tasks from a
young age onwards, HMOs exerted a beneficial effect on learning and memory.
Therefore, it is possible that the HMOs effects become more apparent when
cognitive load is increased, either due to task difficulty or due to aging. This may
explain why the beneficial effects of HMOs are especially visible when the tasks
are cognitively more strenuous, such is the case with the 8-arm radial maze or the
operant tests, as increases in cognitive load make brain limitations more discernible.

While behavioural tests on learning and memory at a young age in general yielded
mixed results, HMO supplementation did significantly improve LTP from a young age
onwards. Interestingly, while in both young adult (2.5 months old) and mature adult
(1 year old), just one HFS application was sufficient to induce LTP, very young rodents
(6 weeks old) required a second high frequency stimulation (HFS) to induce LTP.
Nonetheless, HMO administration resulted in an enhanced LTP response in both
younger and older rodents alike. It is possible that LTP might be a more sensitive
measure to investigate the beneficial effects of HMOs on cognitive outcomes at a
young age. Furthermore, under normal circumstances, the LTP response is reduced in
older rats as a natural result of aging (Oliveros et al., 2015). This natural reduction in
LTP response was not encountered when the animals were supplemented with HMOs.
On the contrary, supplementation with HMOs facilitated an enhanced LTP response.
Because LTP is a measure of synaptic plasticity, it stands to reason that synaptic
plasticity benefits from HMOs both in the short-term as in the long-term. Therefore,
supplementation of HMOs, both sialylated and fucosylated, in infancy could have long-
lasting protective effects on the molecular underpinnings of learning and memory.

Potential underlying mechanisms
There are a few possible factors which could account for the cognition enhancing
effects of HMOs in mammals.

In the case of sialylated HMOs, Polysialylated Neural Cell Adhesion Molecules (PSA-
NCAM) could be upregulated. The PSA-NCAM complex is upregulated in newborn,
immature neurons and growing fiber tracts during embryogenesis and has been
linked to increased synaptic plasticity (Bonfanti, 2006; Weledji & Assob, 2014;
Murrey & Hsieh-Wilson, 2008; Sahay et al., 2011). Furthermore, PSA-NCAM is highly
expressed in adult brain regions with high degrees of plasticity and neurogenesis,
such as the olfactory bulb and the hippocampus (Murrey & Hsieh-Wilson, 2008).
Improved neural plasticity and the survival of newborn neurons contributes to
cognition and memory (Sahay et al., 2011). Therefore, it is possible that sialylated
HMOs are capable of influencing neurogenesis, which in turn contributes to the
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reported improvement in cognition. This suggestion is further supported by
Oliveros and colleagues (2018). These authors found an increase in PSA-NCAM in 6'-
SL supplemented animals. However, the role of fucosylated HMOs in plasticity and
neurogenesis is currently not well understood and requires further investigation.

A second possible factor is the improved immune functioning due to the
supplementation of HMOs and their well-established role in the immune system.
As mentioned in the introduction, immune factors also contribute to cognitive
functioning (Bilbo & Schwarz, 2012), though there are multiple hypotheses on how
this may occur. One hypothesis states that perinatal immune activation directly
affects neurodevelopmental pathways necessary for learning and memory, which
leads to reduced neurotransmitter function, a reduction in hippocampal presynaptic
proteins and impaired LTP (Bilbo & Schwarz, 2012). A second hypothesis postulates
that early life immune activation indirectly determines the adult response to an
infection with a pathogen, either via exaggerated pro inflammatory cytokines or via
a decrease in anti-inflammatory cytokines. This in turn could lead to downstream
changes in cognition and neural function (Bilbo & Schwarz, 2012). As HMOs are
capable of regulating the neonatal cytokine response in the periphery (Le Doare et
al., 2018; Lis-Kuberka et al., 2019; Goehring et al., 2016; Yu et al., 2016), it is possible
that they also exert their enhancing effects on cognition via the immune system.

A last possible factor through which HMOs may improve cognition involves the
microbiome. HMOs contribute to the microbiome composition within the gut and
therefore could interact with the brain via the resulting bacterial metabolites such
as the Short Chain Fatty Acids (Dalile et al. 2019). As certain gut bacteria are specific
for the utilization of sialylated HMOs and other bacteria for the fucosylated HMOs, a
larger variety of HMOs may go hand in hand with a larger yield of specific gut bacteria
capable of metabolizing these HMOs, and thus determining their subsequent
metabolites (Bode, 2015). Interactions between single HMOs and the microbiome
have been previously reported by Tarr and colleagues (2015). They demonstrated
that the administration of sialylated HMOs changed the microbial composition in
the gut of mice, which in turn led to a reduction in anxiety-related behaviour and
a maintenance of neurogenesis. The influence of the gut-brain-axis has also been
touched upon by Vazquez and colleagues (2016), as they found that ablating the
vagal nerve, which is part of the gut-brain-axis, diminished the beneficial effects of
orally supplied 2’-FL on LTP. Similar to these results, Kuntz and colleagues examined
the metabolic fate of 2’-FL and found that 2'-FL was not directly incorporated
in the brain but required an intact gut microbiome for the generation of fucose
metabolites which are subsequently taken up into the systemic circulation and
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organs (Kuntz et al., 2019). In addition, it is possible that combinational HMOs may
generate better effects than alone. This idea has already been demonstrated at the
level of the growth and function of gut bacteria (Thongaram et al., 2017; Lawson
et al., 2020). Different HMOs are processed by different bacteria which contain
either sialidases or fucosidases to cleave sia and fuc of the carbohydrates (Bode,
2015). In turn, another group of bacteria can feed on the HMOs once the fuc and
sia moieties are removed. These bacterial interactions, which depend on the HMOs
present in the gut, may exert downstream effects on memory and cognition via
the gut-brain axis. In light of potential downstream effects of the microbiome on
behaviour, environmental housing conditions which affect the microbiome should
also be considered (Lees et al., 2014) in this context, though it is uncertain to what
extent the microbiotic variations due to husbandry may have influenced the effects
of HMO supplementation on subsequent behaviour. Finally, another important
factor to consider in the context of the microbiome are gender specific effects.
While infant sex is reported to be largely unrelated to the HMO composition within
human breastmilk (Azad et al., 2018), another study by Moossavi and colleagues
(2019) found that the milk microbiota vary dependent on infant sex. This could
potentially be attributed to cross interactions with the gut microbiome of the
infant, as gender differences have been reported there (Moossavi et al., 2019). As
HMOs interact with both the milk and the gut microbiome (Ramani et al., 2018;
Borewicz et al., 2020), it is therefore possible that sex dependent variations could
lead to differential cognitive outcomes of HMO supplementation.

Conclusions

The observation that HMOs are capable of enhancing cognition has initiated the
search for a better mechanistic understanding of its functioning. Nonetheless,
there are still several outstanding questions on the relationship between HMO and
neonatal brain development, which warrant further investigation. An important
aspect that needs to be addressed is the apparent age-related differences when
assessing various cognitive tests. This point illustrates one of the current issues on
HMO research in animals, as the tools currently used may not be sensitive enough
to fully explore the range to which HMOs may affect brain development and
cognition. Thus, one of the more complex tools could be the use of challenging
operant tasks, such as the Trial Unique Delayed Non-Matching to Location (TUNL)
measuring spatial memory and pattern separation (Oomen et al. 2013), the 5-Choice
Serial Reaction Time Task measuring attention and motor impulsivity (Higgins et
al., 2017), or delayed reinforcement tasks measuring choice impulsivity (Dunnett et
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al., 2012), ideally performed in the animal’s home cage. The difficulty of such tasks
can be varied and may thus be more suited to test cognitive functioning in young
animals, as at a young age only effects of HMOs were found in difficult tasks.

Anotherimportantissueisthat due to the large variability between the experimental
design and methods used across studies, comparing the effects of different HMOs
between studies is difficult. Such variability includes the age of testing, the tests
and experimental parameters, the HMO components used, the gender of the
animals, variation in sample sizes, the environmental conditions and the variation
in (neuro)developmental stage during which the animals were supplemented
the HMOs. These limitations call for a larger, unified study in which the effects of
different HMOs on complex cognitive functioning are systematically compared,
when administered both independently and as in conjunction. In such a unified
study, all these factors can be accounted for, enabling a systematic comparison.

A last important issue is that most HMO studies so far have focused on singular
HMOs, with the exception of the two most recent studies performed by Fleming
in 2020. The focus on singular HMOs is a limitation because it does not reflect a
naturalistic situation where maternal milk provides a combination of different
HMOs (Bode, 2012). Therefore, considering the interactions of HMOs when
supplemented in combination would provide valuable insights on the influence of
the gut microbiome and its downstream effects on cognition and development.

While research on the cognitive implications of HMOs is still in its infancy, the early
findings reporting its long-lasting beneficial effects on memory and cognition
are promising. Further studies on the exact molecular mechanisms, ranging from
immune functioning to neuroplasticity and the microbiome will prove to be useful
in deepening our understanding of how HMOs and their interactions contribute to
cognition and development.
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Abstract

Introduction: 2'-fucosyllactose (2'-FL), 3’-sialyllactose (3'-SL) and 6'-sialyllactose
(6'-SL) occur in varying concentrations in breastmilk and exert beneficial effects on
development. Variations in Human Milk Oligosaccharide (HMO) content in infant
nutrition may have differential downstream effects on concurrent developmental
outcomes. We aimed to elucidate the short-term outcomes of 2'-FL, 3'-SL and 6'-SL
in physical and behavioural development.

Methods: Two-hundred-and-twelve male and female Long Evans rat pups were
administered 2'-FL, 3'-SL and 6'-SL, either alone or in various combinations,
from PND8 until PND49. Their weight gain over time, and rate of eye opening
were assessed during infancy, and anxiety and exploratory behaviours
during adolescence.

Results: All HMO treated groups, with the exception of 3'-SL, were significantly
lighter, and both the 3'-SL and one of the triple mixes were the first to have both
eyes opened. In the open field, when male and female data were combined,
3'-SL-treated animals entered the center more frequently and spent more time
there, while also spending less time in the border region. In contrast, the 3'-SL+6'-
SL, 6'-SL, control, and (6:1:2) triple-mix groups spent more time in the border. When
analysed separately by sex, females in the (6:1:2) triple-mix group showed reduced
locomotor activity, while no locomotor effects were observed in males. Finally,
triple mix animals travelled the most on the Elevated Plus Maze when compared to
the control group.

Conclusions: Our findings demonstrate that different HMOs influence various
developmental outcomes. The 3'-SL and triple HMO mix groups showed the earliest
eye-opening times, indicating a potentially accelerated rate in neural development.
In behavioural tests, 3'-SL enhanced exploratory behaviour and reduced anxiety,
while locomotor effects of the triple-mixed groups differed by task: females showed
reduced activity in the open field, whereas triple-mix groups travelled more on the
Elevated Plus Maze. The data suggest that HMOs promote beneficial developmental
outcomes which may be sex dependent.

Keywords: 2'-fucosyllactose, 3'-sialyllactose, 6'-sialyllactose, development, emotion
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Introduction

Early-life nutrition plays a pivotal role in long-term health outcomes. Infants rely
on maternal milk during the first six months of their lives and benefit from specific
nutrients present in maternal milk in terms of physical and cognitive maturation.
Human milk bolsters the infant's immune system by contributing the gut’s defense
to pathogens, aids gastrointestinal maturation, and shapes gut microbiome
(Le Doare et al., 2018). Of particular interest are Human Milk Oligosaccharides
(HMOs), which are the third most abundant class of components in breastmilk
after lactose and lipids and have widespread effects on infant development and
cognition (Andreas, Kampmann & Le Doare, 2015; Vandenplas et al., 2018). HMOs
are necessary nutrients to ensure proper infant development over the period of
supplementation (Andreas, Kampmann & Le Doare, 2015; Vandenplas et al., 2018).
They are synthesized in the maternal mammary alveolar cells and are composed
out of only 5 different monosaccharides. Nonetheless, they attain a high structural
complexity, which has yielded to over 200 HMOs currently identified (Le Doare et
al., 2018; Townsend, 2019). The monosaccharides are used as building blocks for
HMOs are glucose (Glc), galactose (Gal), N-Acetyl-Glucosamine (GIcNAc), fucose
(Fuc), and sialic acid (Neu5Ac). Tri-saccharides can be synthesized by appending
fucose or sialic acids to the lactose residue, leading to formation of, amongst
others, 2’-FL (Fuc(a1-2)Gal(31-4)Glc), 3'-SL (Neu5Ac (a 2-3)Gal(f1-4)Glc) and
6'-SL (Neu5Ac(a 2-6)Gal(B1-4)Glc) (Ayechu-Muruzabal et al., 2018). Importantly,
2'-FL, 3'-SL and 6'-SL are found to be the most prominent HMOs in human breastmilk
(Vandenplas et al., 2018).

Unlike other mammals, human milk has a very high concentration of 2'-FL.
Nonetheless, most other species including pigs and rats, mainly receive 3'-SL and
6'-SL via maternal milk, indicating a large variation in concentration and ratio of
HMOs in mammalian milk (Urashima et al.,, 2001). In addition, HMO content in
maternal milk varies as a function of time, environmental factors and maternal
biological characteristics such as blood group, maternal diet, and ethnical
background. The flexible adaptation of HMO content over time ensures that, for

every individual, their HMO intake is adjusted accordingly to meet the infants’

developmental demands. This is also evident when considering the fact that the
ratio and concentration of different HMOs in breastmilk change dynamically over
time during infant development to meet the developmental demands in immune
functioning, gut microbiota composition and brain development (Wang et al., 2007;
ten Bruggencate et al,, 2014). As HMOs persist in matrixes in the maternal milk, it is
very likely that these HMOs interact with one another, hereby potentially producing
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synergistic effects. Lawson et al. (2019) found that HMOs support gut bacteria
through cross-feeding, where certain HMOs promote specific bacteria, and the by-
products of these bacteria help others to grow. This synergistic effect, supported by
other studies (Thongaram et al., 2017; Hoeflinger et al., 2014; Bunesova et al., 2016),
highlights the importance of HMOs in shaping the gut microbiome, which is key to
understanding how components of human milk influence brain development and
later behaviour.

Research on the impact of HMOs on infant developmental outcomes has been
underway in the last few decades. One of the most marked areas in development from
childhood to adulthood, next to cognitive and physical development, is the increased
aptitude at emotional regulation. This ability to modify emotional reactions in stressful
or demanding situations is a skill that develops gradually from toddlerhood through
early adulthood (Tottenham, 2017). Emotional regulation is tied to the development of
brain systems, especially the bidirectional connection between the medial prefrontal
cortex (mPFC) and the amygdala (Ghasghaei & Barbas, 2002; Quirk & Beer, 2006). This
interaction, seen across mammals such as rhesus monkeys (Ghasghaei & Barbas, 2002)
and rats (Quirk & Beer, 2006), evolves with age. The amygdala develops earlier during
childhood and adolescence, while the mPFC matures in the early twenties. In adults,
greater mPFC activity dampens amygdala responses, whereas children show different
connectivity patterns, indicating a sensitive developmental period (Silvers et al., 2017;
Casey et al.,, 2019). Research suggests amygdala-to-mPFC connectivity emerges earlier
than the reverse, reflecting a gradual maturation of emotional regulation (Gabard-
Durnham et al., 2014).

Furthermore, in the context of HMOs, Tarr et al. (2015) found that that the
supplementation of sialylated HMOs to infant rats reduced social disruptor induced
anxiety, hereby pointing to a role of HMOs not only in cognitive development or
physical development, but also in emotional development. Further support for
how HMOs may influence neurodevelopmental events on a systems connectivity
level has been procured by Pisa et al. (2021 & 2023) and Hauser et al. (2021). They
examined the influence of sialylated HMOs on neurodevelopmental outcomes
through the use of knockout models in which the dam produced either 3'-SL
deficient milk (Pisa et al., 2021), 6'-SL deficient milk (Hauser et al., 2021) or 3'-SL
and 6'-SL deficient milk (Pisa et al., 2023). These knockout studies have shown how
HMOs could potentially contribute to early neurodevelopmental processes by
influencing gene expression and steering circuit formation in the medial prefrontal
cortex. Finally, Rajhans et al. (2023) have found that 6’-SL, mediated by myelination,
was associated with the development of social skills, while 2’-FL was associated
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with improved language outcomes in children. This study provides an additional
argument for the involvement of both fucosylated and sialylated HMOs in cognitive
and emotional development in early life.

Because different gut bacteria process HMOs, they produce metabolites and
glycans that influence neurodevelopment. Since sialylated and fucosylated HMOs
require specific bacteria, their combination in the diet may shape a distinct
microbiota and metabolic profile with unique effects. Therefore, we hypothesise
that the combination of different HMOs function together in synergy, and that a
specific ratio of HMOs provided during developmental critical windows produces
a unique profile of long-lasting beneficial effects on neurodevelopment and
emotional outcomes in mammals.

To test this hypothesis, a longitudinal behavioural study has been conducted using
rats which were administered either a single, a double or triple HMO combination
from PND8 until PND49. These rats were subjected to behavioural tests from infancy
until adulthood. 2'-FL, 3'-SL, 6'-SL, in single form, 3'-SL + 6'-SL in combined form, or
2'-FL + 3- SL + 6'-SL in varying ratios were the elected HMO groups in this study
due to their widespread effects on cognition and development in prior studies.
As outcome parameters we included eye opening and weight gain, representing
common physical parameters to track neonatal development in rodents. While
weight gain is seen as an overall indicator of health and development, eye opening
is also considered to be an indicator of brain maturation (Gandhi, Chang & Stryker,
2005). In addition, the animals were subjected to the Elevated Plus Maze (EPM) test
and Open Field Test (OFT), which are commonly used in animal models and provide
insights into exploratory behaviour and anxiety (Campos et al., 2013).

Method

Animals

Long Evans rats breeding pairs were purchased from Envigo (US) and used for the
in-house breeding of the rats used in this study. Litters exceeding 10 pups were
culled down to 10 pups on PND 0-1 to ensure the dam could provide adequate care,
and pups were weaned at PND21. We attempted to maintain an equal distribution
of males and females within the litters. Animals were housed in a reversed day/
night cycle (12:12; lights off at 9AM, on at 9PM). The housing room’s ambient
temperature was set at a steady 20°C, with 40% humidity. Food and water were
supplemented ad libitum. All animals were housed socially in type IV tecniplast
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cages (either in pairs or in triples). Animals of the same sex and same HMO groups
were housed together to prevent pregnancies and coprophagy of feces from
other HMO treatment groups. A total of 116 males and 96 females were used in
this study (Table 1). The experimental procedures were performed under a project
license from the Central Committee on Animal Experiments (Centrale Commissie
Dierproeven, The Hague, The Netherlands), in full compliance with the legal
requirements of Dutch legislation on the use and protection of laboratory animals
(Animal Testing Act). All efforts were made to reduce the number of animals used
and their suffering.

Table 1. HMO groups sizes per gender. 10:1:2, 6:1:2 and 4:1:2 refer to the HMO ratios used in the
three mix groups 2'-FL+3'-SL, +6'-SL.

3'-SL 2'-FL 3'-SL+6'-SL  Control 6'-SL 10:1:2 6:1:2 4:1:2
Male 13 15 16 1 13 16 16 16
Female 14 12 11 16 14 8 10 11

HMO administration and treatment groups

Three different HMOs (manufactured at Jennewein Biotechnologie, Germany)
were included in this study; 3'-Sialyllactose (3'-SL), 6'-Sialyllactose (6'-SL) and
2'-Fucosyllactose (2'-FL). These HMOs were supplemented to young animals
(from PND 8 until PND 49) as either single HMOs or in different combinations
(Figure 1). This yielded the following eight treatment groups; the control group
which only received drinking water, then the single HMO groups; 3'-SL, 6'-SL
and 2'-FL separately, 3'-SL and 6'-SL combined (double mix group, ratio 1:2)
and the triple mix groups of 2'-FL, 3'-SL and 6'-SL (ratios 10:1:2, 6:1:2 and 4:1:2).
These ratios were based on the ratios of fucosylated and sialylated HMOs naturally
occurring in breastmilk, where 2'-FL is the most abundant HMO, followed by 6'-
SL and then 3'-SL (Liu et al., 2023; Soyyilmaz et al., 2021). It should be noted that
the groups 2'-FL + 6'-SL and 2'-FL + 3'-SL are not included in this study, due to the
use of a limited number of animals. We have chosen 3'-SL+6'-SL as the double mix
group as they are the HMOs that naturally occur in rat milk, of which we know that
they have neurodevelopmental effects (Tarr et al. 2015). Thus, including this group
allows us to compare our findings with other researchers.

The administration age and range (PND8 - PND49), together with the dose
fluctuations were elected because they encompass different developmental
periods. In terms of development, rat pups on (PND7-8) corresponds to a perinatal
infant, and rat pups on PND 21 correspond with a 2-3 year old child (Semple et
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al., 2013). The termination of HMO administration on rodent PND49 was elected as
it corresponds to an 18 year old human. The HMOs were supplemented per litter,
meaning that one litter would receive 3'-SL, the next litter would receive 6'-SL, and
so forth, to keep the microbiome of the litters intact.

All the HMO mixtures were prepared one day in advance at the start of an
experimental cohort using the drinking water of the animal facility, aliquoted
and frozen at -20°C until they were required for administration. On the day of
administration, the required number of aliquots were prepared. The person
administering the HMO mixtures and performing the behavioural experiments was
kept blind to the identity of the components throughout the study.

Finally, the HMO dosage fluctuated over time depending on the developmental age
of the pups; from PND 8 — PND 14 animals were given a dose of 400mg/Kg/Bw a day
via oral gavage, from postnatal day (PND) 15 - 21 they received a dose of 800mg/
kg/Bw a day via oral gavage, and from PND 22 - 49 they received a dose of 200mg/
Kg/Bw a day via their drinking water. The variations in dosage were implemented
to reflect the natural fluctuations in HMO milk content during the lactation period
to end up with a constant level of HMOs by approximation during the whole
lactation period (Duncan et al., 2009). When animals were weaned, a lower, chronic
maintenance dose was provided to mimic the decrease in HMO intake that normally
takes place after weaning, until the last early life behavioural tests were concluded
at PND 49 (Figure 2), hereby covering the entire developmental range (Semple,
2013). The lower dosage was chosen because children do not tend to ingest as
many dietary HMOs once breastfeeding ceases (which could be around the age of
2-3 years old).

Physical and behavioural testing

All animals were transported in their homecage to the testing room and kept in the
testing room under low light (10 lux) conditions. Behaviour was measured using
one overhead camera and analysed offline using Noldus Ethovision. Animals were
tested in the elevated plus maze test on PND 34-35, and the open field test on PND
38-39 (Figure 3).
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Infant weight

Elevated Plus Maze

HMO administration

Figure 2. Experimental timeline. The green bar indicates the HMO administration period going from
PND8 - PND49. The registration of weight and eye opening occurred over time, while the EPM and OFT
were performed only once each. EPM = elevated plus maze; OFT = open field test; PND = postnatal
day. Created with BioRender.com.
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Figure 3. Experimental design early life HMO study in both male and female rats. Pups were
administered HMO from PND8 until PND49 and (1) eye opening from PND10-PND16, (2) weight from
PND8-PND42, (3) Elevated Plus Maze at PND34-35 and (4) Open Field at PND 38-39 were recorded.
Upon conclusion of the last behavioural experiment, all female animals were sacrificed, while the male
animals were kept for late life measures. Created with BioRender.com.
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Eye Opening and weight

Pups from PND 8 until PND 16 were assessed once a day, at 9 AM, on the number of
eyes they had opened on a given day. To this end, the dam was separated from her
pups temporarily until all pups in the litter were visually inspected for eye opening,
had been given their HMO treatment and had been weighed. Upon conclusion of
the inspection and assessment of the litter, the dam was reunited with the pups. The
home cage in which the litter remained was placed on a heated mat (temp: 30 °C)
to ensure the pups’body temperature would not drop in the absence of the mother.
Gloves were changed every time a new cage was being checked. The whole HMO
administration, eye opening check and weighing procedure per cage took about
15 minutes per cage every day.

Elevated Plus Maze (EPM)

The EPM is a plus shaped apparatus, with on one axis two closed arms, and on the
other axis two open arms. Each arm was 10 cm wide and 50 cm long, and the centre
of the plus maze was a square of 10x10 cm. The EPM was kept in the same room
through the entire course of the project, with the same environmental settings;
ambient temperature was 20°C, humidity was at 40% and the light intensity in
the open arms was kept at 10 lux. Each animal was put in the centre of the plus
maze, facing an open arm, and were then recorded for 5 minutes on the plus maze.
Between each animal, the apparatus was thoroughly cleaned with 40% Ethanol and
left to dry. In the event an animal would jump off the plus maze, that animal was
retested 2-3 days later one last time on the plus maze.

Open Field Test (OFT)

The open field setup consisted of a white square, 50cm x 50cm x 50cm (LxWxH). The
open field was kept in a room at 20°C. Humidity was at 40% and the light intensity
in the field was maintained at 10 lux. A camera was mounted above the open
field arenas to record the behaviour for offline behavioural scoring using Noldus
Ethovision (version 15.00). The border region was defined as the area spanning
15 cm in width from each wall, surrounding the center region which was a square
in the middle of the arena measuring 20 cm x 20 cm (LxW). The amount of time
animals spent in either the border or the center of the arena and the frequency
with which they move between zones are commonly used as measures of anxiety,
locomotor activity or exploratory drive. In general, rats who are anxious avoid open
spaces and stay closer to the walls, while rats who were curious were more willing
to explore the entire arena (Lynn & Brown, 2010). Each animal was placed in the
center of the open field and recorded for 15 minutes. After 15 minutes, animals
were returned to their homecage and the arenas were thoroughly cleaned with
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40% Ethanol and left to dry. The open field arenas were white for maximum contrast
for camera detection.

Statistical analysis

For statistical data analysis, IBM SPSS version 20.0 was used. Differences were statistically
significant when the p value was < 0.05. In the event of significant differences between
one HMO treatment from the control group, red diamonds are used in the graphs above
their corresponding bars. The main focus of the data analysis was the comparison of the
individual treatment groups with the control group. Furthermore, as animals were bred
in 4 large batches over time, the data was examined for potential batch effects prior
to each analysis and corrected when batch effects were significant by including which
batch the animals originated from as a covariate. Only relevant data with significant
values are included in the main body of this article.

Body weight: The pre-weaning body weight of all animals was recorded daily from
PNDS8 until PND 21. A Repeated Measures ANOVA, with within-subject factor “time”
and between-subject factors “HMO treatment”, “batch” and “sex”, was performed on
the weight data collected from PND 8 up until PND 21. As no interaction effects
between HMO treatment and sex were found, the analysis was repeated but with
the sexes were pooled. Because the assumption of the Mauchly’s Test of Sphericity
was violated, a Greenhouse-Geisser correction was used in the analysis. In the
event the repeated measures ANOVA vyielded a significant (interaction) effect, a
consecutive MANOVA was performed to identify on which day(s) the groups differed
significantly from each other. The MANOVA was used because it controls for the
testing for multiple dependent variables simultaneously while retaining the same
between-subjects factors ‘sex’ and 'HMO treatment’ factors (Pallant, 2020), with
Wilks’ Lambda (A ) as outcome value. Finally, a Least Significant Difference (LSD)
post-hoc test was used to further determine which groups differed significantly
from one another. This post-hoc test performs pairwise comparisons between
group means but is less conservative than the Bonferroni post-hoc test, henceforth
reducing type Il errors.

Eye opening: Eye opening was included as an early life measure as it is considered
as marker of early postnatal brain development in rodents (Gandhi, Cang & Stryker,
2005). Eye opening was recorded and categorized as either ‘0O eyes open) ‘1 eye
open’or’2 eyes open, from PND12 until PND16. We were interested in two particular
outcomes; which proportion of animals, per HMO treatment, had 1 eye open, and
which proportion of animals, per HMO treatment group, had both eyes open.
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To analyse these data, a Chi Square test (X3 was performed from PND12 up until
PND16, as the X? statistic determines the presence of a significant difference
between two proportions (McHugh, 2013). The Chi-square test examines the
proportion of pups in a given HMO treatment group that had two or one eyes open
versus pups that did not have both eyes open within the same HMO treatment. This
test was subsequently followed up with Cramer’s V (¢c) to express the strength of
the reported correlation between HMO treatment and eye-opening status on the
days on which the X? test statistic yielded significant results. Correlation coefficients
of >0.05< 0.10 are considered weak, correlation coefficients of >0.10 < 0.15 are
considered moderate, and correlation correlations of >0.15 are considered strong
or when > 0.25 very strong (Akoglu, 2018). Due to the nature of ¢c, no direction
in relation (i.e. positive or negative correlation) can be inferred, thus we therefore
limit ourselves in expressing this as a measure of relationship strength. Effects are
deemed significant at a p value of < .05.

Open Field Test: The behaviour of animals in this test fluctuated over time.
Therefore, we conducted the data analysis for the open field in multiple steps.

Analysis 1: examination of effects of sex and HMO treatment on locomotor and
exploratory behaviour over 15 minutes. First, to examine the general effects of
HMO treatment on locomotor behaviour and exploration behaviour, a two-factor
MANOVA was performed, with sex and HMO treatment as between-subject factors.
The independent variables included in this analysis were distance travelled, velocity
(both indices of locomotor behaviour), frequency of entering the center and the
border zone and the time spent in the center and border zone of the arena (which
we and others consider to be indices of not only exploratory behaviour, but also
anxiety, Lynn & Brown, 2010).

Analysis 2: examination of effects of HMO treatment on exploratory behaviour per time
bin. Based on the results of the previous analysis, we used a two-factor repeated
measures ANOVA over three timepoints (timebin 0-5 min, 5-10 min and 10-15 min).
Because HMO treatment did not affect locomotor behaviour directly, our focus was
on the exploratory related measures ‘frequency of entering the border zone’ versus
the ‘center zone, and ‘time spent in the border zone’ versus the ‘center zone' This
analysis was followed up with an LSD post-hoc test where appropriate.

Elevated Plus Maze: To analyse the EPM data, a two-factor MANOVA was performed,
with sex and HMO treatment as between-subject factors. The behavioural
parameters of interest were ‘velocity, ‘distance travelled) ‘time spent in open
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arm’ versus ‘closed arm’ versus ‘center, and frequency of entering the ‘open arm,
‘closed arm’ or ‘center’. When significant effects of HMO treatment on any of these
parameters were found, an LSD post-hoc test was performed.

Results

Infant weight

All animals

Noow B g
o & o o

Weightin grams (g)
5

o

PND 8 PND 9 PND 10 PND 11 PND 12 PND 13 PND 14
Postnatal Day

= Control n=27

m2'-FL n=27

m3-SL n=27

m6-SL n=27

= 3-SL+6™-SL n=27
2'-FL+3-SL+6"-SL (10:1:2) n=24

m2'-FL+3-SL+6'-SL (6:1:2) n=26

PND 15 PND 16 PND 17 PND 18 PND 19 PND 20 PND 21 m2'-FL+3-SL+6'-SL (4:1:2) n=27

Postnatal Day

Figure 4. The effect of HMO treatment on body weight gain over time before weaning in male and
female rats combined. This figure displays the weight gain for each treatment group recorded over
time. Because of a lack of sex differences, males and females were combined in the analysis and the
graphs. The bars represent mean +/- S.E.M. of body weight in grams. The red diamond above the bars
indicate that these groups differed significantly from the control group, when it is placed above an
accolade, the accolade covers all the treatment groups that differ significantly from the control group.

As shown in Figure 4, there was a significant effect of HMO treatment on body

weight gain over time (F, =4.416, p <.001,n’=.137). In addition, there was
2

260,410133) = 9-826, p = .001, 0= .034). As

the weight gain over time due to HMO supplementation was not dependent on sex

(Time*Sex*HMO interaction effect was F(1s.sa1,440433> =.943, p=.520, n’=.032), we did

not make any distinction based on sex in the subsequent analyses, but focused on
the effect of HMO on weight gain per day instead, corrected for batch effects.

(15.881,440.133)
an effect of sex on weight gain over time (F,

A consecutive MANOVA, followed up with a LSD post-hoc test revealed that, over
multiple days, HMO treatment groups differed significantly from one another
(Wilks’' A =8.177, p < .001, n’= .371). Significant differences between HMO

(182,1703.641)
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treatments and the control group are depicted, per postnatal day, in Table S 1.
From PND 8 up until PND 15, the 3'-SL group weighed significantly more than the
control group, and from PND 16 onwards this difference between the control group
and 3'-SL disappeared. All other treatment groups tended to be lighter than the
control group, with significant differences for the single HMO treated groups 2'-
FL from PND8 - PND 21, and 6'-SL on PND 9 and PND 12 onwards. The mix groups
(double and triple mix) were also significantly lighter than the control group; 3'-SL
+ 6'-SL on PND 16 up until PND 18, 2'-FL+3'-SL+6'-SL(10:1:2) on PND 16 and PND
17, 2'-FL+3'-SL+6'-SL(6:1:2) on PND 8, PND 10 and PND 15 until PND 21, and finally
2'-FL+3'-SL+6'-SL(4:1:2) from PND 13 onwards.

In summary, HMO administration produced varying effects on pre-weaning body
weight gain. The 3'-SL administered group was the heaviest, and animals fed
fucosyllactose (FL) in their diet were the lightest in comparison.

Eye opening
Figure 5 shows the eye opening data for one eye open (Figure 7A) and both eyes
opened (Figure 7B), split by sex.

Figure 5A. One eye open, split by male and female: Significant effects of HMO treatment
on single eye opening were found on PND13 (sz = 25.783, p = .001) for females,
but not for males (X° | = 9.412, p = .224), and on PND15 (X | = 14.789, p = .039) for
males, but not for females (sz = 10.213, p = .177). On these two days, there was
a strong correlation between the pups having one eye opened and their HMO
treatment for females on PND13 (¢c =518, p =.001) and males on PND15 (¢c =357,
p =.039). Further examination of these proportions via MANOVA followed by an LSD
post hoc test, revealed that on PND 13 the female 3'-SL supplemented group had
the greatest proportion of pups with one eye opened when compared to all other
-.36, p < .001, SE= .079). On PND
15, all the male treatment groups had the least number of pups with one eye open

treatment groups and the control group (MD

Control ™~

when compared to the control group.

Figure 5B. Two eyes open split by male and female: A significant effect of HMO
treatment on double eye opening were found for both males and females on PND13
(males: X* | = 19.248, p =.007, females: X* | = 29.377, p <.001), only males on PND14
(sz =17.319, p = .015), and both males and females on PND15 (males: x2(7):
49.258, p < .001, females: X2(7)= 25.909, p = .001). On these three days, there was
a strong correlation between the pups having both eyes opened and their HMO
treatment on PND13 (males: ¢c =.407, p =.007, females: ¢c =.553, p <.001), PND 14
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Figure 5. The effect of HMO treatment on eye opening in male and female HMO supplemented
animals during PND12-PND16. The bars represent the cumulative percentage of animals that had
either one eye open (A) or both eyes open (B) on a given day, with no distinction between males and
females. The red diamond above the bars on PND 13, 14 and 15 indicates significant differences in X*
values between HMO treatment groups and the control, the accolade above the bars indicates that the
significant differences from the control group span all treatment groups that fall under the accolade.

(males: ¢c =.361, p =.034), and PND15 (males: ¢c = .652, p <.001, females: ¢c = .520,
p =.001). Further examination of these proportions via MANOVA followed by a
LSD post hoc test, revealed that on PND 13 both the male and the female 6:1:2
mix supplemented group had the greatest proportion of pups with both eyes
opened when compared to all other treatment groups and the control group (male:
MD_, .= -38, p <.001, SE= .118, female: MD =1, p <.001, SE=.194). On PND 14,
the male 2'-FL group had the smallest proportion of pups with both eyes opened

Control
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when compared to the other treatment groups except for 6'-SL, and the control
group (MD__ . . =-.96,p <.014, SE=.383). Finally, on PND 15, both 2'-FL treated animals
(males: MD_ = -47, p =022, SE= .203, female: MD -46, p = .017, SE= .188),
and all other HMO treated animals had the most pups with both eyes opened when

Control

compared to the control group.

To summarise, female 3'-SL treated animals were among the first to have started
eye opening on PND 13, while the 6:1:2 mix treated animals were the first to have
both eyes open on PND 13 (both males and females). As animals age, we find that
on PND 15, both male and female HMO treated animals, except for 2'-FL, has the
most pups with opened eyes.

Open Field Test (OFT)

Analysis 1: examination of effects of sex and HMO treatment on locomotor (velocity
and distance moved) and exploratory / anxiety-like (frequency entry center vs border,
and time spent in center vs border) behaviour recorded over 15 minutes. HMO treated
animals (Figure 6A-D) differed significantly from one another in the time the animals
7192~ 2.203, p =.036, n’= .074) (Figure 5C, and induced trends
for the time spent in the border (Fmgz)= 1.858, p=.079, n2= .063) and the frequency
192 1.865, p=.077, n’= .064). Furthermore, there were
significant sex differences between males and females in both the distance they
1/7587717'336)= 8.965, p=.003, r]z =.045, and their velocity F(1l7587717'336)= 8.826,
p=.003, n’= .045. Finally, in terms of velocity for the females the (6:1:2) group was

spent in the center (F(
of border region entries (F
moved (F(

significantly slower and moved less.
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Analysis 2: examination of effects of HMO treatment on exploratory behaviour per
time bin. For the analysis of center and border behaviour per time bin, the male
and female animals were pooled due to the lack of significant sex differences in
the exploratory behaviours as show in Figure 7A-D. The exploratory behavioural
variables included in this analysis were time spent in the border and center and
frequency of entering border and center, at three different time bins (0-5 min,
5-10 min, 10-15 min). The time spent and frequency with which they preferred
to navigate the different zones, significantly varied over time, depending on HMO
42, 880560~ 1.956, p <.001, Wilks' A= .658, n* = .067). Furthermore, we also
found that the exploratory behaviours of the animals fluctuated significantly over time
(F. . =94.356,p<.001,Wilks' A =.248, n’=.752), and that exploratory behaviours varied

(6,187)
significantly per HMO treatment (F, =1.982, p =.006, Wilks' A= 971, n’= .068).

(21,546.1 28)

treatment (F(

Frequency of center visits. The MANOVA revealed a significant effect of HMO
treatment on the frequency of center visits during the 5-10 min timebin (F, ,)
2.076, p= .048, n2=.068 (Figure 7A). A follow up LSD analysis revealed that the
animals who received 3'-SL entered the center significantly more than all the other
treatment groups; 2'-FL (MD = 3.22, SE = 1.329, p=.016), 3'-SL+6'-SL (MD= 2.87,
SE=1.329,p=.032), Control (MD=2.72,SE=1.329, p=.042), 2'-FL+3'-SL+6'-SL (10:1:2)
(MD = 4.05, SE= 1.356, p = .003), 2'-FL+3'-SL+6'-SL (6:1:2) (MD= 4.46, SE= 1.304,
p =.342) and 2'-FL+3'-SL+6'-SL (4:1:2) (MD= 3.28, SE=1.317, p =.014).

Time spent in center. Further analysis revealed that the effect of HMO treatment on
7200 = 3:024,
p=.005, n’>=.096) (Figure 7B). A follow up LSD corrected post-hoc test revealed that

time spent in the center was significant during the 5-10 min time bin (F,

animals who received 3'-SL spent the most time in the center of the open field
when compared to the control group (MD= 11.6418, SE= 5.00081, p =.021), the 3'-
SL + 6'-SL (MD= 16.3034, SE=5.00081, p= .001) , 6'-SL (MD= 17.1695, SE= 4.95520,
p=.001) and 2'-FL+3'-SL+6'-SL (6:1:2) (MD= 15.3769, SE= 4.95520, p =.002).

Frequency entry border area. For the frequency of border area entries, we found
significant effects of HMO treatment during time bin 0-5 min (F, , ) = 2.721,
p = .010 and n’= .087) and time bin 5-10 minutes (F (7’200) = 2.579, p=.014 and
n’= .083) (Figure 7C). A follow up with a LSD post-hoc test revealed that, for time
bin 0-5 min, the 3'-SL + 6'-SL group entered the border region significantly more
frequently when compared to the control group (MD= 5.73, SE= 1.690, p =.001), 3"-
SL (MD= 4.19, SE= 1.707, p= .015), 2'-FL+3'-SL+6'-SL (10:1:2) (MD= 6.56, SE=1.725,
p <.001), 2'-FL+3'-SL+6'-SL (6:1:2) (MD= 4.23, SE= 1.675, p=.012), 2'-FL+3'-SL+6'-SL
(4:1:2) (MD=3.34, SE=1.675, p=.047). During timebin 5-10 min, the 3'-SL supplemented
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group entered the border region significantly more frequently than the 2'-FL
(MD= 3.93, SE=1.601, p=.015), 6'-SL (MD= 3.86, SE= 1.586, p =.016), 2'-FL+3'-SL+6'-SL
(10:1:2) (MD=5.33, SE=1.633, p =.001), 2'-FL+3'-SL+6'-SL (6:1:2) (MD= 5.38, SE= 1.586,
p=.001), and 2'-FL+3'-SL+6'-SL (4:1:2) (MD= 4.49, SE= 1.586, p=.005) supplemented
groups. Also, animals who received 3'-SL + 6'-SL spent significantly more time in the
border when compared to 2'-FL+3'-SL+6'-SL (10:1:2) (MD= 3.33, SE=1.618, p <.041)
and 2'-FL+3'-SL+6'-SL (6:1:2) (MD= 3.37, SE= 1.570, p=.033).

Time spent in border. Finally, for time spent in the border region we found an
HMO effect in time bin 5-10 min (Fmoo)= 2.634, p = .013, n’= .084) (Figure 7D). A
follow up LSD post-hoc test revealed that, for time bin 5-10 min, the animals who
received 3'-SL spent significantly less time in the border region when compared
to rats who received control (MD= -12.5055, SE= 5.17273, p= .017), 3'-SL+6'-SL
(MD=-16.3748, SE=5.17273, p=.002), , 6'-SL (MD=-16.9070, SE= 5.1255, p=.001) and
2'-FL + 3'-SL + 6'-SL (6:1:2) (MD=-17.7070, SE= 5.1255, p=.001).

In summary, we found, apart from a small reduction in locomotor behaviour in
(6:1:2)-mix-treated animals, no effects of HMO treatment on locomotor behaviour
in the open field test. We did find significant effects of treatment with sialylated
HMOs on exploratory behaviour, especially in the second time bin (5 — 10 min).
The 3'-SL group crossed the border between the center area and border area of
the open field arena the most and spent most time in the center of the field, while
the 3'-SL+6'-SL, control, 6'-SL and (6:1:2) triple mix groups spent most time in the
border of the field.

Elevated plus maze
In the EPM (Figure 7A - C), significant differences between HMO treated animals
were found on multiple exploratory variables (FWOOQ mmm)z 1.560, p=.002, Wilks'
A = .540, n’= .084). Further examination (Figure 6A-C) revealed that the HMO
groups were significantly different from one another for the factors ‘distance
moved’ (F(7'194)=
2.277, p =.030, n’= .076), and time spent in center (F .,
No significant differences between sexes were found (F

2.313, p=.027, r|2= .077), ‘frequency entry closed arms’ (F<7,194)=
)= 3.139, p=.004, n’= .102).
(11.000, 184A000): 1075’ p: 384’
n’= .060). Therefore, the results and subsequent interpretation will generalize over
both sexes. A follow-up with an LSD post hoc test revealed the next results.

Time zones. No effect of HMO treatment on the time spent in the open and closed
arms was found. However, time spent in the center was reduced by almost all
treatments when compared to the control group; 3'-SL (MD= 13.0704, SE= 4.72562,
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p=.006), 3'-SL+6'-SL (MD= 20.000, SE= 4.68082, p < .001), 6'-SL (MD= 11.0781,
SE= 472562, p=.020), 2'-FL+3'-SL+6'-SL (6:1:2) (MD= 13.0519, SE= 4.68082, p=.005)
and 2'-FL+3'-SL+6'-SL (4:1:2) (MD= 11.0667, SE= 4.68082, p=.019) supplemented
rats (Figure 8A).
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Figure 8. The effect of HMO treatment on elevated plus maze test parameters. (A) Time spent in the
open arm, closed arm and center zone, (B) Frequencies of entering the open arm, closed arm and
center zones. (B) (C) Distance moved. Data are presented as mean +/- S.E.M. Horizontal bars with a
black diamond on each end link a pair of HMO groups which differ significantly from one another.
The asterisks indicate significant differences between HMO groups (with a significance level of
p < .05). Bars with a red diamond indicate a significant difference between an HMO treated group and
the control group.

Frequency zone visits. No effect of HMO treatment on the frequency on the open
arms and center was found. However, 2'-FL supplemented animals entered the
closed arms more often than 3'-SL (MD= 2.6154, SE= 1.08731, p=.017), and 3'-SL+6'-
SL (MD=3.1738, SE=1.0772, p=.004) animals. The 3'-SL+6'-SL group also entered the
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closed arm significantly less when compared to 6'-SL (MD= -2.1353, SE= 1.07720,
p=0.049), 2'-FL+3'-SL+6'-SL (10:1:2) (MD=-3.1898, SE=1.09982, p=.004) and 2'-FL+3'-
SL+6'-SL (4:1:2) (MD=-2.556, SE= 1.06699, p=.018) groups. Finally, 2'-FL+3'-SL+6'-SL
(10:1:2) supplemented rats entered the closed arms more frequently compared to
the control group (MD= 2.4120, SE=1.09982, p=.029) (Figure 8B).

Distance moved. 2'-FL supplemented animals travelled a significantly larger distance
compared to the control group (MD= 333.8787, SE= 122.53386, p=.007) and 3'-SL
supplemented animals (MD=400.0779, SE=123.68443, p=.001). 3'-SL supplemented
animals also moved significantly less than 6'-SL (MD= -252.2052, SE= 123.68443,
p= .043), 2'-FL+3'-SL+6'-SL (10:1:2) (MD=-323.2352, SE= 126.23490, p=.011),
2'-FL+3'-SL+6'-SL (6:1:2) (MD= -312.0435, SE= 122.53386, p=.012) and 2'-FL+3'-
SL+6'-SL (4:1:2), (MD= -266.3366, SE= 122.53386, p=.031) supplemented animals.
Finally, distance was increased by the triple mix treatments 2'-FL+3'-SL+6'-SL
(10:1:2) (MD= -257.0360, SE= 125.10778, p=.041) and 2'-FL+3'-SL+6'-SL (6:1:2)
(MD= -245.8443, SE= 121.37237, p=.044) supplemented animals (Figure 8C) when
compared to the control group.

In summary, distance moved on the elevated plus maze was significantly increased
in all HMO treated animals except for the 3'-SL supplemented animals, in particular
the triple - mixed groups. Furthermore, the HMO treated groups spent significantly
less time in the center of the plus maze when compared to the except for the
groups high in fucosyllactose, i.e. 2'-FL and (10:1:2) triple mix animals.

Discussion

We found that different HMOs exerted different developmental outcomes throughout
infancy and adolescence. More specifically, HMO treated animals, with the exception
of the 3'-SL treated group, were on average significantly lighter, with fucosyllactose
treated animals being the lightest. Furthermore, depending on sex, the female 3'-
SL and both female and male (6:1:2) triple mix treated animals were the first HMO
groups started eye opening on PND13. On PND 15, all HMO groups, except for 2'-FL,
had the most pups with eyes opened. In the open field test, the 3'-SL group crossed
the border between the center area and border area of the open field arena the
most and spent most time in the center of the open field, while 3'-SL+6'-SL, 6'-SL and
(6:1:2) triple mix spent the most time in the border of the field. Finally, in the elevated
plus maze test, distance moved was lowest in the 3'-SL supplemented animals but
increased in the triple-mix groups compared to controls. Most HMO-treated groups
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spent significantly less time in the center of the plus maze compared to the control
group, except for the 2'-FL and 2'-FL+3'-SL+6'-SL (10:1:2) groups. Overall, the data
suggest that the 6:1:2 triple mix promotes development, that the 6:1:2 and 10:1:2
triple mix groups increase distance moved in the elevated plus maze, and that the
6:1:2 mix group spent more time in the border of the open field relative to the 3'-SL
group. Finally, we found that the 3'-SL group developed most quickly, was the least
anxious (more time and visits in the center of the open field), and moved the least in
the elevated plus maze test.

One of the earliest markers which could be indicative of HMOs' influence on
neurodevelopment we recorded was eye opening. The effects of HMOs on eye-
opening were dependent on the type of HMOs that were administered, sex specific
and fluctuated over time. During eye opening, the 6:1:2 mix group was the first to
have both eyes opened, while only the females of the 3'-SL group had started eye
opening on PND13. Itis possible that different HMOs, or their potential downstream
metabolites, interact with different neurodevelopmental pathways within the
brain. As we have not collected brain samples at the time of eye opening in our
study, it is difficult to ascertain which neurobiological processes are at play in the
background. However, as it is commonly found that HMOs are a critical component
for neural development, it is likely that they exert their neurodevelopmental actions
via a variety of molecular mechanisms, such as alterations in plasticity, myelination
and circuit formation (Wang, 2009; Berger et al., 2023, Hauser et al., 202, Rajhans
et al,, 2023), which can lead to different behavioural outcomes down the line. In
fact, other studies have examined the molecular effects of a lack of dietary HMOs
on gene expression in the medial prefrontal cortex at the time of eye opening.
Hauser et al. (2021) found that the normal wildtype (WT) pups, who were raised
on 6'-SL deficient milk, displayed a downregulation of genes involved in neural
circuit formation (e.g. gangliosides and PSA -NCAM) in the prefrontal cortex at
the time of eye opening. Furthermore, these 6'-SL deprived WT pups displayed
altered tryptophan metabolism when compared to control mice. As the authors
demonstrated that the lack of a specific HMO during infancy leads to a disruption
in gene expression for neural circuit formation, the presence of certain HMOs in
the infant’s diet seems a prerequisite for neurodevelopmental processes to occur
normally. Such alterations in circuit formation and tryptophan metabolism under
6'-SL deficient conditions thus highlight the importance and role of sialic acid in
neural development during critical time periods such as eye opening. In our study
we found that a diet high in sialic acid, or a complex mixture of fucosyllactose and
sialyllactose, yielded a different rate of eye opening. Guan et al. (2017) describe
eye opening as an indicator of visual cortex maturation. In this case, different HMO
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treatments may contribute to an increased cortical maturation, which seems to
occur in a sex dependent manner as well. While this does not answer the question
whether an abundance of certain HMOs like in our present study would then lead
to an accelerated circuit formation, the fact remains that the presence or absence
of HMOs during infancy influence developmental processes occurring at critical
developmental timepoints, such as eye opening. Future studies are required to
further investigate the neurobiological effects of HMOs, in single forms and various
combinations, to better understand their (combined) effects on brain development.

During adolescence, HMOs were found to affect anxiety-like behaviour. More
specifically, 3'-SL supplemented animals displayed the lowest levels of anxiety in
the EPM and OFT. An effect on emotional behaviour has also been reported by
Tarr et al (2015), who fed mice 3'-SL or 6'-SL in a social disruptor stress paradigm.
They found that the supplementation of sialylated HMOs for two weeks prior to
stressor exposure was effective in ameliorating the negative effects of stress on
anxiety behaviour and rescued the social disruption stressor induced reduction in
immature neurons in the hippocampal dentate gyrus. Regarding locomotor activity
on the EPM, we found that 2'-FL supplementation, in single or mixed form, led to
an increase in the distance moved in the EPM test. To the best of our knowledge,
no other murine study has examined activity behaviour in adolescence because of
HMO administration. However, a recent study by Hung et al. (2021) showed that
the acute administration of 2'-FL immediately post intracerebral haemorrhage
stroke improved locomotor activity. Taken these and the EPM findings together
it is possible that dietary 2'-FL produces a more active phenotype. An additional
interesting finding is the sex difference in locomotor activity in the OFT when the
data was examined over the full duration of 15 minutes. Within the (6:1:2) mix
group, females of this group showed a significant reduction in both distance moved
and the velocity with which they moved, when compared to the control group.
This finding was not found in the males of the (6:1:2) mix treatment group. Hence,
there may be sex differences in the effects of a specific combination of fucosylated
and sialylated HMOs which warrant further investigation. Furthermore, due to the
differences in locomotor activity between the OFT and the EPM for the triple mix
(6:1:2) group, it is possible that the OFT locomotor activity is more anxiety driven
while the EPM locomotor activity is more exploration driven.

In the present study, HMO administration pre- and post-weaning (PND8-42) affected
developmental outcomes during infancy and behaviour already during adolescence
(PND22-42). Of interest, not all studies which started HMO supplementation in the
pre-weaning period yielded short term results in adolescence. For instance, Oliveros



Short-term benefits of fucosylated and sialylated Human Milk Oligosaccharide supplementation |

et al. (2016) supplemented rats from PND3 until weaning with 1g KG/BW of 2'-FL
and only reported improved cognitive performance when they were 1 year old but
not at 6 weeks of age. This delayed effect of administration is also reported in their
sialylated HMO study (Oliveros et al., 2018) where the pre-weaning supplementation
of Neu5Ac and 6'-SL only produced cognitive effects when animals were 1 year
old. The discrepancy between our findings and those of Oliveros may relate to
procedural differences. One of the key differences between our study and Oliveros’
study was that the latter used a cross-fostering paradigm when rearing their
pups on a sialylated specific diet (Oliveros et al. 2018). In their design, the pups
designated for the HMO diet were fostered to already lactating dams whose milk at
that point in lactation, was almost devoid of sialylated HMOs, and thus the dietary
sialic acid intake could be more accurately controlled. In addition, in their 2'-FL
study in 2016; they tested animals both in early life and in late life, but those were
not the same experimental animals.

We hypothesized that combining HMOs may have synergistic effects and exert
beneficial effects on development. In line with this hypothesis, we observed that
the 6:1:2 triple mix promoted eye opening. This group also displayed increased
distance moved in the elevated plus maze compared to amongst others the control
group and spent more time in the border of the open field relative to the 3'-SL
group. As to whether a change in locomotor activity and preference to stay close to
borders is a beneficial development is hard to determine. Our findings do suggest
that the combination of HMOs differently affects brain development.

A strength of this study is that we tested HMO in singular form and in combination
and adjusted the dose according to the developmental stage of the animals.
Moreover, we tested both male and female rats, providing a more complete picture
of the effects of HMO administration by accounting for both sexes. Administrating
HMOs from infancy (PND8) until sexual maturity (PND49) ensured that several
(neuro)developmental milestones such as visual development (eye opening, the
last sense to develop), emotional and locomotor development (OFT and EPM)
were under the influence of HMOs. By including this entire developmental period
from infancy to late teens, we gained more information on how HMOs may affect
the cognitive and emotional development at different stages. A limitation of the
present study is that HMO administration was still ongoing during behavioural
testing in our study, albeit at a lower dose (200mg/kg BW) from PND21 onwards.
Therefore, we cannot rule out the possibility that HMOs acutely influenced various
developmental, behavioural and emotional parameters. Additional studies in
which the effects of acute versus chronic supplementation at different time points
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throughout life would shed more light on this matter. Secondly, the control group
still received HMOs naturally via the dam’s maternal milk, which contains 3'-SL and
trace amounts of 6'-SL (Urashima et al., 2001). Therefore, the inclusion of a negative
control group via a cross-fostering paradigm where the maternal milk has been
depleted could be a viable solution in future studies. Furthermore, it is important
to note that the translation of the effects of HMOs on the development of rats to
human infants requires the utmost caution as there are marked species differences,
such as the naturally occurring HMO content in rat milk versus human milk, and
therefore also differences in the composition of the microbiome that can process
these HMOs to generate the downstream metabolites which may further impact
brain development. Another key difference is the fact that rats are an altricial
species as opposed to humans who are in part altricial and in part precocial species
in terms of neonatal development. However, researchers such as Semple et al.
(2013) have summarised how the rodent ages were to translate to human age based
on neurodevelopmental markers and developmental stages such as proliferation,
migration, myelination and so on. The setup of this study encompassed every
developmental stage so the effects of HMOs throughout development are charted.
In addition, prior studies have found marked effects of dietary sialylated and
fucosylated HMOs in rats and infants alike (Vazquez et al., 2015; Oliveros et al.,
2016, Oliveros et al., 2018, hereby at least providing common ground for potential
underlying metabolic and developmental mechanisms in both species.

Conclusion

In conclusion, our study shows that HMO supplementation from the pre-weaning
phase up to adolescence modifies eye opening, anxiety-related behaviour and
activity. These results support the notion that HMO administration during critical
time periods has marked effects on brain development and behaviour, with
different outcomes between sexes. Furthermore, we provide the first indications of
potential synergistic effects of HMOs, though additional studies are required where
such synergy can be examined closer in a dose-controlled manner. Nonetheless,
this further highlights the importance of having the right balance and variety of
dietary HMOs for the developing infant and beyond.
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Abstract

Introduction: Human Milk Oligosaccharides (HMOs) promote cognitive development
and improve memory functioning. While HMOs are found in different combinations
and ratios across lactation, it is unclear if a combination of HMOs in different ratio’s has
a larger effect on cognitive development relative to single HMOs. We hypothesized
that the combination of fucosylated and sialylated HMOs work in synergy and exert
a greater improvement of cognitive functioning and promote sustained neural
plasticity in later life.

Methods: Hundred-and-ten male Long Evans rats were administered the HMOs
2'-FL, 3'-SL and 6'-SL, either in singles or in various combinations, from PND8
until PND49. During adulthood, they were tested on object recognition and
location memory. Finally, we assessed mRNA expression levels of Bdnf, DGL4, MBP
and NCAM1 within the medial prefrontal cortex and dorsal hippocampus, and
neurogenesis levels based on BrdU+ neurons in the dentate gyrus.

Results: 2'-FL+3'-SL+6'-SL (10:1:2) and (6:1:2) mix treatments, but not the single
HMO treatments, significantly improved recognition memory. No significant effects
of HMO treatment on location memory were found, though the 2'-FL+3'-SL+6'-SL
(10:1:2) mix’s performance differs significantly from baseline. The 2'-FL+3'-SL+6'-
SL (10:1:2) and (4:1:2) supplemented groups displayed an increased number of
BrdU+ neurons within the hippocampus. Finally, the triple mix groups displayed a
significant downregulation in Bdnf gene expression in the medial prefrontal cortex.

Conclusions: In conclusion, early life fucosylated and sialylated HMOs operate in
concert to improve recognition memory, increase hippocampal neurogenesis and
reduce Bdnf gene expression in the medial prefrontal cortex in late adulthood.
Further research is essential to elucidate the mechanisms through which HMOs
affect neurodevelopment and cognition throughout life.

Keywords: 2'-fucosyllactose, 3'-sialyllactose, 6'-sialyllactose, recognition memory,
pattern separation, neurogenesis
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Introduction

Breastmilk is recommended by the WHO (2024) as the primary nutritional source
for at least the first six months of life and ideally remains part of an infant's diet
for several years. Globally recognized as the gold standard for infant nutrition
(Ballard & Morrow, 2014; de Weerth et al., 2023), it is uniquely tailored to an infant's
needs. Unlike infant formula, breastmilk contains essential nutrients and bioactive
molecules like immunoglobulins, cytokines, and oligosaccharides, which support
immune function, protect against infections, and aid intestinal development
(Townsend, 2019). These benefits extend beyond infancy, influencing long-term
health outcomes such as metabolic disease (de Weerth et al., 2023). Maternal milk
thus provides numerous health advantages that help infants thrive. Considering
all these protective effects on children’s health related outcomes, maternal milk is
shown to provide a plethora of health benefits which enable infants to thrive in the
early years of life and beyond.

Of particular interest among these bioactive molecules are the Human Milk
Oligosaccharides (HMOs). HMOs are complex carbohydrates synthesized in the
mammary alveolar glands, and are the third most abundant class of nutrients
present in maternal milk (Ballard & Morrow, 2013, Andreas, Kampmann & Le Doare,
2015; Vandenplas et al., 2018). In general, HMOs consist of three main categories;
fucosylated (FL), sialylated (SL) and neutral HMOs, and their quantity and ratio
within breastmilk dynamically vary over time as a function of a wide range of
maternal and environmental factors, such as maternal genetic background,
maternal bloodtype and maternal diet (Jorgensen et al., 2021; Ferreira et al., 2021;
Bode, 2012). It is generally believed that the high individual variability of HMO
content over time and populations reflects the infant’s specific nutritional demands
at any given point in time (Wang et al., 2007; ten Bruggencate et al., 2014).

HMO'’s function and importance for the developing infant is multifold; HMOs
are critical nutrients in promoting healthy immune system functioning and
contribute to a balanced gut microbial composition with downstream effects on
brain development and cognitive functioning, mediated by the Gut Brain Axis
(GBA). Upon ingestion, HMOs are metabolized in the gut by bacteria, producing
metabolites like short-chain fatty acids (SCFAs) and sialic acid, which further
influence brain functioning (Dalile et al., 2019). It is therefore assumed that the right
HMO balance in infant nutrition is a requirement for healthy brain development
and downstream cognitive outcomes throughout life, a phenomenon also coined
as Lactocrine Programming (Bartol & Bagnell, 2018, Willemsen et al., 2023). This
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phenomenon can be best explained as the concept that bioactive components in
maternal milk foster long lasting effects on cognitive and behavioural development.
As HMOs are among those bioactive components, it stands to reason that they are
capable of exerting long lasting effects by contributing to various neuronal circuits
and neurodevelopmental processes during early life which may ultimately result
into downstream effects on cognition and behaviour.

Research on the impact of HMOs on cognitive development has progressed
significantly over the last two decades. While conducting clinical trials with human
infants presents challenges, animal studies consistently show that HMOs benefit
neural development, neurogenesis, circuit formation, and memory function.
Specifically, studies on individually administered 2'-Fucosyllactose (2'-FL),
3'-Sialyllactose (3'-SL), and 6'-Sialyllactose (6'-SL) reveal that these HMOs enhance
learning and memory (Vazquez et al., 2016; Oliveros et al., 2018), improve spatial
memory (Obelitz-Ryom et al., 2019), and reduce stress-induced anxiety while
maintaining normal neurogenesis rates during stressful conditions (Tarr et al., 2015),
regardless of the timing of administration (e.g., before or after weaning).

Key mechanisms underlying memory formation include adult hippocampal
neurogenesis, which is partly mediated by brain sialic acid levels (Tarr et al., 2015).
Newly formed granule cells in the dentate gyrus exhibit hyper-excitable membrane
properties, facilitating long-term potentiation (LTP) that supports synaptic plasticity
and memory formation (Yirmiya & Hoshen, 2011). These granule cells, along with
CA1/CA3 neurons, express high levels of the development marker PSA-NCAM,
suggesting that sialic acid from HMOs enhances hippocampal plasticity through
these neurons (Bonfanti, 2006). Tarr et al. (2015) demonstrated that administering
sialylated HMOs maintained neurogenesis even under social stress, which typically
reduces new neuron generation (as indicated by BrdU/DCX markers). Such increased
neurogenesis was found to correlate with improved memory performance and
pattern separation, i.e. the ability to distinguish similar contexts, which are crucial for
learning and cognitive flexibility (Sahay et al., 2011; Oomen et al., 2014a; Anacker &
Hen, 2017).

Additionally, both fucosylated and sialylated HMOs uniquely contribute to neural
development and plasticity by influencing key neurodevelopmental processes,
such as neural migration, myelination, synaptic plasticity regulation, and
neurogenesis (Semple et al., 2013). The incorporation of fucose from fucosylated
HMOs into hippocampal glycoproteins during learning suggests that fucosylation
may collaborate with local protein synthesis in response to synaptic stimulation
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and LTP potentiation, further supporting memory formation (Murrey & Hsieh-
Wilson, 2008; Vazquez et al., 2015, 2016; Oliveros et al., 2016). Concurrently,
dietary sialic acid derived from sialylated HMOs plays a critical role in pre- and
postnatal brain development and contributes to synaptic plasticity, neurogenesis,
myelination, and memory formation (Wang et al., 2007; Tarr et al., 2015). One of
the primary molecular mechanisms by which sialic acid influences neural plasticity
and memory is through its attachment to Neural Cell Adhesion Molecules (NCAM)
in a polysialylated form, resulting in increased PSA-NCAM expression in key brain
regions involved in cognition and memory (Muller et al., 1996; Bonfanti, 2006;
Fewou et al., 2007; Weledji & Assob, 2014; Wang, 2012).

Given the high variability in HMO contentin breastmilk, it is likely that different HMOs
work synergistically when supplied together. This has already been demonstrated in
gut bacteria growth and function (Lawson, 2019; Thongaram et al., 2017; Hoeflinger
et al., 2014; Bunesova et al., 2016). Since gut-related mechanisms are closely linked
to brain development, behaviour, and cognition, we propose that the synergistic
effects of HMOs may extend to neural processes, potentially enhancing memory
and cognitive function across the lifespan. To investigate this, we designed a study
which examines cognitive performance and also directly measures neurogenesis.
Specifically, we hypothesize that combined supplementation of fucosylated and
sialylated HMOs will synergistically boost memory performance and hippocampal
plasticity, in part by promoting neurogenesis and increase in neuroplasticity markers
such as Bdnf, Mbp, DIg4 and Ncam1. To this end, we supplemented adult male rats
with 2'-FL, 3'-SL, and 6'-SL (individually and in combination) from PND 8 to PND 49.
Memory performance was assessed using both the Novel Object Recognition
Task (NORT) and the Novel Object Location Task (NOLT), which probe recognition
memory and spatial memory, including pattern separation (Sahay et al., 2011;
Oomen et al., 2014a). Furthermore, we assessed neurogenesis in the hippocampus
and the expression of neuroplasticity factors in the doral hippocampus (dHPC) and
medial prefrontal cortex (mPFQC), regions that play a key role in memory processes.
Specifically, we focused on Dlg4, Mbp, Ncam1 and Bdnf, as they are genes that
are mediated by the fucosylated and sialyllated HMOs (Altieri et al., 2004; Meyer,
Bonhoeffer & Scgeuss, 2014; Vukojevic et al., 2020; Weledji & Assob, 2014; Obelitz-
Ryom et al.,, 2019). DLG4 is a scaffolding protein essential for synaptic signaling and
the organization of synaptic complexes, playing a vital role in maintaining synaptic
structure and plasticity in neurons (Meyer, Bonhoeffer & Scgeuss, 2014). MBP is
critical for the formation and maintenance of the myelin sheath, which insulates
nerve fibers to ensure rapid signal transmission and proper neural function (Obelitz-
Ryom et al., 2019; Xin & Chan, 2020). NCAM1 is involved in cell-cell adhesion,
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influencing neural development, synaptic plasticity, and remodeling, which are
essential for learning, memory, and neural repair processes (Gascon, Vutskits & Kiss,
2007; Vukojevic et al., 2020; Bonfanti, 2006; Weledji & Assob, 2014). Finally, BDNF is
responsible for neuroplasticity, neural survival and cogntion and memory (Altieri
et al.,, 2004; Bach et al., 2023). This combined approach allows us to assess both
behavioural outcomes and potential underlying molecular mechanisms of HMOs
on memory and plasticity.

Method

Animals

Long Evans breeding rats were purchased from Envigo (US) and used for the in-
house breeding of the rats used in this study. Litters exceeding 10 pups were culled
down to 10 pups on PND 0-1 to ensure the dam could provide adequate care, and
pups were weaned at PND21. We attempted to maintain a 50-50 male to female
ratio. Animals were housed in a reversed day/night cycle (12:12; lights off at 9AM,
on at 9PM) so that handling, HMO administration and behavioural testing was
carried out during the dark hours, which was their active period of the day. The
housing room’s ambient temperature was set at a steady 20°C, with 40% humidity.
Food and water were supplemented ad libitum during the course of this study. All
animals were housed socially in type IV tecniplast cages (either in pairs or in triples).
Animals of the same sex and same HMO groups were housed together to prevent
pregnancies and coprophagy of feces from other HMO treatment groups. A total of
110 males were used in this study, these were the same males as used in Chapter 3.
The experimental procedures were performed under a project license from the
Central Committee on Animal Experiments (Centrale Commissie Dierproeven, The
Hague, The Netherlands), in full compliance with the legal requirements of Dutch
legislation on the use and protection of laboratory animals (Animal Testing Act). All
efforts were made to reduce the number of animals used and their suffering.

Experimental groups

The animals used in this study have been supplemented with HMO's from PND 8
until PND 49. 8 experimental groups were included in this study; 3'-SL, 6'-SL and 2'-
FL for the single HMOs, 3'-SL + 6'-SL (1:2 ratio) for the double mix, and for the triple
mixes, the treatments were 2'-FL + 3'-SL + 6'-SL at ratios (10:1:2), (6:1:2) and (4:1:2),
described in detail in Chapter 3. The final group was the control group, who did
not receive any HMOs but were administered normal drinking water in the exact
same manner as the other HMO animals did. In gross alignment with development-
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dependent variation in HMO concentration in mother milk, the HMO dosage they
received and the administration method, changed over time; from PND 8 - PND
14 animals were given a dose of 400mg/Kg/Bw a day via oral gavage, from PND
15 — 21 they received a dose of 800mg/kg/Bw a day via oral gavage, and from
PND 22 - 49 they received a dose of 200 mg/ Kg/Bw a day via their drinking water.
Memory tests were conducted when rats were 10-12 months old (Figure 1).

Novel Object Location Task

HMO administration

Figure 1. Timeline. Male rats who were administered HMOs 3'-SL, 6'-SL or 2'-FL, in single or in
combined form during infancy and adolescence, conducted two memory tests (Novel Object
Recognition Test and Novel Object Location Task) during late adulthood. Half of these animals were
injected with BrdU for hippocampal neurogenesis staining on the final NOLT trial and were sacrificed
three days later, while the remaining half of the animals not receiving BrdU were sacrificed 48 hours
after the final trial. Created with BioRender.com.

Memory tests

Testing conditions: On each testing day, animals were transported during their
active phase to the testing room at least one hour before the experiment began.
This room maintained the same day/night cycle as the original housing room. The
transportation period was included as part of the habituation process. Prior to the
memory tests, animals had been assessed during infancy and adolescence on eye
opening, weight, the elevated plus maze, and the open field test.

Testing apparatus, objects and setup: Two identical grey circular arenas (diameter:
100 c¢cm; wall height: 50 cm; elevated 30 cm from the ground) were used. Each
arena contained embedded magnets in the baseplate to ensure consistent object
placement via magnetic coasters. A camera was mounted above each arena for offline
scoring. Objects included black and white tealights (acquisition phase) and a blue
glass object (testing phase) for the NORT; and red cups and red rubber hoops for
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the NOLT (see Supplementary Material S1). Arenas and objects were cleaned with
70% ethanol after each trial. No external cues were present in the arena or testing
room. Environmental conditions were consistent: temperature at 20°C, humidity at
40%, and arena light intensity at 20 lux. All trials lasted 3 minutes, with a one-hour
interval between acquisition and testing.

Shared Experimental Procedure: Animals were habituated to handling and
the testing environment for two weeks prior to the experiments. Habituation to
objects occurred on two separate days, with one rest day between each. The same
acquisition protocol was used for both the NORT and NOLT: animals were placed
in the arena with two identical objects for 3 minutes, then removed. After a one-
hour inter-trial interval, they were returned for the testing phase. One rest day was
maintained between each testing day.

Novel Object Recognition Test

The Novel Object Recognition Test (NORT) assesses recognition memory by
measuring exploration of a novel object. A trial on a given day consists of two
phases; the acquisition phase in which animals can explore the identical object
pairs for 3 minutes, followed by the testing phase one hour later. During the testing
trial, one familiar object remained while the other was replaced by a novel object.
(Figure 2A and B). Increased exploration of the novel object is taken as evidence
of recognition memory (Lueptow, 2017). order and object positioning were
counterbalanced across animals.

Novel Object Location Task

The Novel Object Location Task (NOLT) assesses spatial memory and pattern
separation (Oomen et al., 2014; van Goethem, van Hagen, & Prickaerts, 2018). In
this task, both acquisition and testing involve two identical objects, but one object
is displaced in the testing phase (Figure 2C). Exploration of the displaced object
indicates recognition of the spatial change.

Object positions were labeled as P1 (center), P3 (intermediate displacement), and P5
(furthest displacement). Two testing conditions were defined: Easy condition (P5):
Large displacement from the original location, assumed easier to detect (low pattern
separation demand). Difficult condition (P3): Small displacement, considered more
difficult to detect (high pattern separation demand).
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Novel Object Recognition Test

Acquisition phase

Novel Object Location Test

Figure 2. Graphical overview of the Novel Object Recognition Test and the Novel Object location test.
A This represents the baseline location of the objects which is the same for both the NORT and the
NOLT. B This is the testing phase of the NORT, where one of the familiar objects (black square) is
replaced by a a novel object (green triangle) on either the left or the right side of the arena. C This is
the testing phase of the NOLT, with Position 1 (P1) being the baseline. Here one of the two objects is
displaced to either position 3 (P3, red boxes) or position 5 (P5, blue boxes). Position 3 is a small
displacement which represents the difficult condition of the task, while Position 5 is a large
displacement which represents the easy condition of the task. Objects used in this task are included in
the supplementary material section.

During testing, the displaced object was moved along an axis with five embedded
magnet positions (P5-P3 north, P1 center, P3-P5 south), placed on either the
left or right side (Figure 2C and Figure S1). The testing sequence and object
pairs were counterbalanced across treatment groups to avoid bias. Object pairs
were alternated between testing days to preserve novelty. One day of rest was
maintained between each testing day.

Recording and scoring: All sessions were video recorded and scored manually
with Behavioral Observation Research Interactive Software (BORIS) (Friard &
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Gamba, 2016), to determine the amount of time animals spent exploring left and
right objects in both acquisition and testing phases. Exploration was defined as
direct nose contact with the object; time spent sitting on the object was excluded
(Lueptow, 2017). The following values were determined: al: time spent on the left
object in acquisition; a2: time spent on the right object in acquisition; a3: time spent
on unchanged object in testing; b: time spent on novel/displaced object in testing;
el: total exploration time in acquisition; and e2: total exploration time in testing.

The preference for a novel/displaced object was expressed as discrimination index
(DI), with 0<DI<1 indicating the preference for the novel/displaced object and
-1<DI<0 indicating the preference for the unchanged object (van Goethem, van
Hagen & Prickaerts, 2018). For the NORT, discrimination indices were calculated
across all groups along this formula; DI: b;—;ﬁ. For the NOLT, indices were calculated
separately for P3 (difficult) and P5 (easy) conditions. Finally, a formula correction for
the discrimination index was applied due to an object preference in some of the

tested animals during the NORT; DI corrected = (b —average(al +a2 +a3 + “4)).
el+e2

NOLT retest with BrdU injection: 2 days after having been tested on each
displacement position in the NOLT, half of each HMO treatment group, selected at
random, underwent one additional NOLT trial (with 50% of the animals being tested
on the P1 position and the other 50% of the animals on the P3 position during the
displacement phase). The rationale behind these two positions was that the P1
location is the 'no displacement’ control condition for the P3 displacement. During
this additional trial, all the animals were administered BrdU via i.p. injection to
facilitate neurogenesis labelling during this memory task. Animals were randomly
assigned to either the P1 or the P3 task condition during this additional trial.

BrdU administration: The animals were injected once with 5-bromo-2'-
deoxyuridine (Sigma-Aldrich, B5002-1G), at a dose of 100mg/Kg Bw, on the final
testing day of the Novel Object Location Task, one hour prior to the acquisition
phase. This enabled the thymidine analogue to be taken up by the body by the
time they were being tested on the novel location (2 hours after injection).

Sacrifice

Rats were sacrificed either three, (BrdU treated animals, 10 — 12 months of age)
or four (the non-BrdU injected rats) days after concluding the NOLT. The rats
who received BrdU were transcardially perfused after pentobarbital anaesthesia,
while the rats who did not receive BrdU were decapitated after a light isoflurane
anaesthesia. Perfusion was performed after a lethal IP pentobarbital injection, first
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by rinsing using (PBS) x1, followed up by tissue fixation with 4% paraformaldehyde
(PFA). Upon sufficient fixation, brains were extracted and subsequently stored in 4%
PFA solution overnight. The brains obtained after decapitation were immediately
extracted and snap frozen on dry-ice, after they were wrapped in aluminium foil
and stored at -70°C.

qPCR

Sample preparation: Brains obtained from the non BrdU treated animals were
sectioned at 100 um thickness and captured on RNA free slides, upon which £10
punches per brain region (dHPC and mPFC) were collected in 2 mL Eppendorf
tubes using a 1.5mm punching needle, for later use in RT-qPCR analysis. All slicing
and punching were performed at -12°C to -14°C using the Leica CM3050 S Research
Cryostat. The Eppendorf tubes containing the brain punches, were immediately put
on dry ice after collection, and stored at -70°C.

RNA isolation: Five animals per HMO treatment group were randomly selected for
gene expression analysis. As both the dHPC and the mPFC were selected as brain
regions of interest, gene expression of all target genes was analysed for the same
40 animals in both regions. The samples were spread over multiple extraction runs,
contemplating equal distribution of the HMO treatment groups over the different
runs. RNA was isolated from the punched brain material, using the QIAGEN RNeasy
mini kit (GIAGEN, Hilden, Germany), according to manufacturer’s standard protocol
including DNase digestion (attachment 5), performed by the QIAGEN QlAcube
automated nucleic acid extractor (QIAGEN), elution volume set at 50 pL. 1% (v/v)
B-mercaptoethanol was added to the RLT buffer as a reducing agent. Lysing of the
samples was performed using 5 mm stainless steel beads by the QIAGEN TissueLyser
(QIAGEN) for two times 2 minutes at 20 Hz. DNase treatment was performed by
using RDD buffer containing 12.5% (v/v) DNase | incubation mix. Once isolated, the
RNA concentration of the samples was measured using the Tecan Infinite F nano+
plate reader (Tecan, Mé@nnedorf, Switzerland). Subsequently, the RNA isolates were
stored at -70°C.

cDNA synthesis: Reverse transcription was performed for the synthesis of single
stranded complementary DNA (cDNA) from 450 ng (dHPC)/500 ng (mPFC) total
RNA, according to the Bioline SensiFAST cDNA synthesis Kit protocol (Bioline,
London, England). Four no-RT controls were added (one per RNA isolation run).
cDNA synthesis was performed using the Thermo Fisher Scientific MiniAmp
Thermal Cycler (Thermo Fisher Scientific, Waltham, Massachusetts, US) (annealing:
10 minutes at 25°C, reverse transcription: 15 minutes at 42°C, inactivation:
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5 minutes at 85°C, whereafter the samples were cooled down and kept at 4°C). After
synthesis, the cDNA samples were diluted 1:4, using RNase-free water as diluent,
divided over two 96-wells plates, sealed and stored at -20°C.

gPCR: mRNA expression levels of Bdnf, Ncam1, Dig4 and Mbp were measured in
the dHPC en mPFC. DLG4 (also known as PSD-95), MBP (Myelin Basic Protein), and
NCAM1 (Neural Cell Adhesion Molecule 1) are crucial for the proper functioning
and development of the nervous system. Together, these genes contribute to the
structural integrity and functional efficiency of neural circuits. Bdnf (isoform ),
Ncam1, DIlg4 and Mbp expression levels were compared to reference genes. Pgkl,
Gapdh and Ywhaz were used as reference genes for the dHPC, and Pgk1, Hprt1, and
Actb were used as reference genes for the mPFC. Gene expression was normalized
to reference genes selected for their stable expression within each brain region
under the experimental conditions. For the dHPC, Pgkl, Gapdh, and Ywhaz were
used; for the mPFC, Pgk1, Hprt1, and Actb were selected. These genes were identified
through pilot studies conducted on the same brain regions and literature as stable
housekeeping genes for these brain regions (Bustin et al., 2009). The stability of the
housekeeping genes in the samples were set according to the geNorm normalization
output calculated in gbase+ software.gPCR sample preparation was performed
using a 10 uM gene-specific primer mix, 1X SensiFAST SYBR No-Rox mix, mixed by
the QIAGEN QIAgility pipetting robot (QIAGEN, Hilden, Germany) (QIAGEN GlAgility
software version 4.17.1) using the QIAGEN Rotor-Disc 100 (QIAGEN). No-template
controls were added for each gene of interest/reference gene. Amplification of the
samples was performed using the QIAGEN Rotor-Gene Q (QIAGEN), according to the
following programme: 95°C for 2 min, 40 amplification cycli: 95°C for 5 sec, 60°C for
10 secand 72°C for 20 sec, followed by a melt curve 75-95°C. For all samples duplicates
were tested. Basic analysis was performed using gbase+ (Biogazelle, Zwijnaarde,
Belgium) (software version 3.4), using ACt<0.5 as cut-off for reliable replicates, and
M<0.5 and ACV<0.2 as cut-off values for expression stability of reference genes.

Immunohistological staining

Samples: The experimental groups included were the control group (n=5), the
2'-FL+3"-SL+6'-SL (10:1:2) mix group (n=5), the 2'-FL+3'-SL+6'-SL (6:1:2) mix
group (n=5) and the 2'-FL+3'-SL+6'-SL (4:1:2) mix group (n=5). These treatment
groups were selected as they were the only ones who have proven to be effective
in influencing behaviour and gene expression. These animals were randomly
selected from the BrdU administered animals from each HMO treatment group. 5
hippocampal slices per animal were stained and BrdU and Doublecortin positive
cells were manually counted using the CellCounter option in ImageJ.
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Sample preparation and reagents: Transcardially perfused brains obtained from
the BrdU injected animals were retrieved from the -70°C storage freezer, divided in
half by splitting the two hemispheres and one hemisphere was consequently sliced
on the microtome at 40 um thickness. The other hemisphere was returned to the
freezer storage for future histological experiments. The newly acquired brain slices
were captured and stored in 12 well plates in a buffer solution of 1x PBS with 0.02%
Sodium Azide until they were ready to be stained. We stained for neurogenesis
markers and included BrdU anti-mouse (1:200,Leuner; Glasper & Gould, 2009)
(ThermoFischer Scientific, B35128) to label the novel neurons, Doublecortin
anti-rabbit (DCX) (1:200, Kuipers, Schroeder & Trentani, 2015) (Synaptic Systems,
326003) to label the immature neurons and NeuN anti-chicken (1:500, Coquand et
al., 2024) (Millipore, ABN91) to label the mature neurons. For fluorescent labelling,
we used the following secondary polyclonic antibodies (1:200): anti-chicken 488
(ThermoFischer Scientific A32931), anti-mouse 546 (ThermoFisher Scientific,
A-11030) and anti-rabbit 648 (1:200) (ThermoFisher A-21245).

Staining protocol: On the first day of the staining, the free-floating sections were
mounted on superfrost coated slides and left to air dry for 40 minutes. The slides
were then washed in PBS x1 for 3 x 10 minutes and then incubated in 2N HCL
(Honeywell Fluka, 07102-11-GL) at 37°C in a warm waterbath for 30 minutes. After
the HCL treatment, the slides were quenched in 1x Borate Buffer (ThermoFisher
Scientific, 28341) for 10 minutes and rinsed again for 3 x 10 minutes. The tissues
were then subsequently blocked using a BSA based blocking buffer. The slides
were then incubated overnight with the primary antibodies at 4°C inside a
humid chamber. On the second day of the staining, the slides were washed for 3x
10 minutes in PBS1x and then incubated for 3 hours with the secondary antibodies
in the dark at room temperature. After the secondary incubation was completed,
the slides were washed for a final time for 3x 10 minutes and were then allowed to
air dry in the dark before the fluorsave and coverslip were added.

Imaging: Slides were imaged using the AxioObserver 7 with Sample Finder Al at
40x magnification. The Zeiss Axio Observer with Sample Finder Al is a widefield
system that allows researchers to perform high-resolution multi-colour automated
imaging (Zeiss, 2020). As elected markers of interest, we included BrdU as a marker
of newborn cells, Doublecortin (DCX) as a marker for immature neurons, and NeuN
as a marker of mature neurons. Tilescan images were stitched and processed using
Image J (version 1.54f), and BrdU+ and DCX+ cells were manually counted using
the Cell Counter plugin and an overlay mask (illustrated in Figure 3) was drawn to
ensure the cells were detected consistently in the same zone across all animals. Cell
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counting focused on the CA1, CA2, CA3, Hilus, Molecular Layer in Dentate Gyrus,
and the regions along the projections of the performant pathway (above the MCL
layer in the DG projecting to CA3) and the Schaffer’s collateral (projecting from CA3

along the ventral side of the CA1 region).

Figure 3. Mask overlay for counting BrdU and DCX+ cells. The dorsal hippocampus was divided in several
subregions; encircled in orange is what considered to be the entirety of the dentate gyrus, consisting of
the molecular cell layer (MCL), granule cell layer (GCL) and the hilus (which extends from CA3). CA1
comprises of both CA1 and the subiculum, CA3 and CA2 have been separated during counting though a
combined CA2+CA3 variable has been included as the transition from CA3 to CA2 is not clear with the
current staining. Finally, the pale blue line delineates the trajectory of the medial and lateral entorhinal
cortex input via the performant pathways projecting through the dentate gyrus into CA3 (as indicated by
the blue arrow), and from the CA3 region projecting through the ventral side of CA1 (as pointed out by
the yellow arrow) lie the Schaffer’s collateral fibers.

Statistical analysis

For statistical analysis, IBM SPSS version 20.0 was used. Prior to the final data
analysis, preliminary checks for object and side preference were performed. As an
object preference was found in one of the object pairs used for the NORT, Animals
who spent less than 10 seconds in total on exploring both objects during the
acquisition phase were excluded all together from the analysis (Asiminas et al.,
2022). The analysis for both the NORT and the NOLT was performed in two steps.
First, we determined if the animals were capable of detecting the novel object or the
displacement of the familiar object. To this end, we assessed if the discrimination
index for each group was significantly larger than 0 using a one sample t-test.
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Then we assessed the discrimination index differences between each of the HMO
treatment groups and the control group using a paired sample t-test. Values higher
than 0 and < +1 indicate a preference for the novel or displaced object, and values
lower than 0 and > -1 indicate a preference for the familiar or stationary object. Ex
vivo data were also analysed, first examined for a main treatment effect using the
MANOVA, followed up with an exploratory student t-test for treatment to control
group comparisons. Multiple comparisons were controlled using the Benjamini-
Hochberg procedure to limit the false discovery rate (FDR) to 5%. P-values were
ranked in ascending order, and an adjusted significance threshold was calculated
for each based on their rank and the total number of tests. Tests with p-values
below their corresponding threshold were considered statistically significant.
Finally, to assess the correlation between ex vivo data and behavioural data,
Pearson correlation analyses were conducted. Correlation coefficients of >0.05
< 0.10 were considered weak, correlation coefficients of >0.10 < 0.15 were considered
to be moderate, and correlations of >0.15 were considered strong (Akoglu, 2018;
Prematunga, 2012). Differences were considered to be statistically significant when
the p value was < 0.05. In the event of significant differences between one HMO
treatment from the control group, red diamonds are used in the graphs above their
corresponding bars, and significant differences between one HMO treatment from
0 is indicated using a blue triangle. Only relevant data with significant values are
included in the main body of this article.

Results

Novel Object Recognition Task

Novel object detection. The one sample t-test revealed that all treatment groups
had a significantly higher discrimination index than 0 (Figure 4). 3'-SL (M=.1904,
SD= 1.3616), t(8)= 4.195, p=.003, 2'-FL (M= .2125, SD=.17462), t(14)= 4.713,
p <.001, 3'-SL + 6'-SL (M= .2141, SD=.12359), t(12)= 6.245, p <.001, Control (M=.1403,
SD=.13891), t(9)= 3.195, p=.011, (10:1:2) mix (M= .2608, SD=.10936), t(10)= 7.909,
p <.001, (6:1:2) mix (M= .1347, SD= .53668), t(11)= 5.847, p <.001, and (4:1:2) mix
(M=.2282, SD=.11250), t(10)= 6.727, p < .001.

HMO effect on object recognition. Interestingly, the (10:1:2) mix group (M=.2608,
SD=.10936, t(19)=-2.219, p =.039), and the (6:1:2) mix group (M= 2.774, SD=.16438,
t(20), -2.087, p = .05) were found to display a significantly higher discrimination
index compared to the control group.
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Object Recognition Memory
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Figure 4. Novel Object Recognition memory (NORT) in male rats supplemented with HMOs during
infancy and adolescence. NORT performance was tested at 10-12 months of age. Data are presented as
mean +/- S.EM. of the discrimination index. The red diamond indicates the groups whose
discrimination index was significantly different from the control group. The blue triangle indicates
which groups differ significantly from 0. All groups’ novel object recognition were significantly above 0
and the mix groups (10:1:2) and (6:1:2) performed significantly better than the control group.

Novel Object Location Task

Novel location detection. 3'-SL + 6'-SL had a significantly higher discrimination index
than 0 in the P3 location (Figure 5A), (M=.1360, SD=.23070, t(13)= 2.205, p=.046). In
the same 3'-SL+6'-SL group a trend was also present for the P5 condition (M= .1606,
SD= .34431), t(14)= 1.807, p= .092). In addition, a trend was detected in the 6'-SL
group for the P3 location (M=.1921, SD=.31545, t(11)= 2.109, p=.059). The (10:1:2)
mix group was able to distinguish the displacement in the P5 condition (Figure 5B)
(M= .2374, SD= .27702, t(14)= 3.320, p= .005), but no other groups detected the
object displacement towards either the P3 or P5 location.

Effect of HMO treatment on NOLT performance. There was a significant effect of HMO
treatment in recognising the object displacement in the difficult (P3) condition
for the (4:1:2) mix group when compared to the control group, (M= -1.1448,
SD=.14018, t(22)= 2.229, p=.036)

In summary, the 2'-FL+3'-SL+6'-SL (10:1:2 and 6:1:2) mix groups displayed better
object recognition memory compared to the control group. In the NOLT only the
10:1:2 mix group could recognise the displacement in the easy task condition (P5
displacement) and 3'-SL+6'-SL could recognise the displacement in the difficult
task condition (P3 displacement).
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Figure 5. Novel Object Location memory (NOLT) performance in rats supplemented with HMOs during
infancy and adolescence. A) Performance on the difficult discrimination (P3) task in which the object
was displaced 32 cm from its starting position. B) Performance on the easy discrimination (P5) trial in
which the object was displaced 16 cm from its starting position. Data are presented as mean +/- S.E.M.
The blue triangle marks the groups whose discrimination index differed significantly from 0.
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A medial Prefrontal Cortex
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Figure 6. Gene expression in the medial prefrontal cortex (mPFC) (A) and dorsal hippocampus (dHPC)
(B) of early life HMO exposed rats. Bars are clustered together per gene (Bdnf, Dig4, Mbp, Ncam1)
and per region (mPFC vs dHPC) and represent the relative mRNA gene expression levels for each
experimental group. Data are presented as mean +/- S.E.M. The numbers within the bars indicate the
group size of each corresponding HMO treatment. Red diamonds indicate a significant difference
between the control group and the experimental group. Significant differences between the control
group and 2'-FL+3'-SL+6'-SL (10:1:2), (6:1:2) (, and (4:1:2)) mixes were found in the levels of mPFC
Bdnf expression.

Global analysis (MANOVA) to examine treatment effects

A MANOVA was performed to examine the effects of HMO treatment on the mRNA
expression levels of Bdnf, DIg4, Mbp and Ncam1 within the dorsal hippocampus
and medial prefrontal cortex. A main effect of treatment was found; F(ss, s5777)=
1.696, p =.027, Wilks’ A=.004, partial n’= .543. Closer examination shows that HMO
. 6= 4,848,
p =.004, partial n?>=.680. A follow up with LSD corrected post hoc test revealed that
the 10:1:2 (MD= -.4147, SE= .15147, p = .015) and 6:1:2 (MD= -.3764, SE= .11733,
p =.005) mix group had a significantly downregulated expression of BDNF when

treatment significantly influences BDNF expression within the mPFC F(

compared to the control group (Figure 6).
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Comparison HMO treatment with control

Bdnf: Significant average relative changes in Bdnf mRNA expression levels were
found in the mPFC, when comparing the control group to the 2'-FL+3'-SL+6'-SL
(10:1:2) (t(6)= 1.060, p=.007), 6:1:2 triple mix (t(8)= 3.722, p=.006), and 4:1:2 triple
mix (t(6)= 2.972, p= .025) groups. No significant differences between the control
and 3'-SL (mPFC t(7)= -.979, p= .36, dHPC t(7)= 1.349, p= .219), 2'-FL (mPFC
t(6)=-.147,p=.88,dHPCt(8)=.744,p=.478),3'-SL+6'-SL (MPFCt(7)=-.777,p=.462,dHPC
t(7)= -.144, p= .889), 6'-SL (mPFC t(7)= .292, p=.779, dHPC t(7)= -.652, p=.535);
2'-FL+3'-SL+6'-SL (10:1:2) (dHPC t(8)= 1.573, p=.154), 2'-FL+3'-SL+6'-SL (6:1:2) (dHPC
t(8)= .897, p=.396) and 2'-FL+3'-SL+6'-SL (4:1:2) (dHPC t(7)= .806, p=.447) groups
were found.

DIg4: No significant differences in DIg4 mRNA expression levels were found between
the control group and any of the HMO treated groups; 3'-SL (mPFC t(7)= 1.004,
p=.349, dHPC t(7)=-.659, p=.531), 2'-FL (mPFC t(7)= -.074, p=.943, dHPC t(8)= .316,
p=.760), 3'-SL+6'-SL (mPFC t(7)= .197, p=.849, dHPC t(7)= 1.134, p=.294), 6'-SL
(mPFC t(7)=.173, p=.867, dHPC t(7)= -.846, p=.426), 2'-FL+3'-SL+6'-SL (10:1:2) (mPFC
t(5)=-.267, p=.80, dHPC t(8)= .822, p=.435), 2'-FL+3'-SL+6'-SL (6:1:2) (mPFC t(7)=
.149, p=.886, dHPC t(8)= .555, p=.594), or 2'-FL+3'-SL+6'-SL (4:1:2) (mPFC t(6)=1.087,
p=.319, dHPC t(7)=.573, p=.584).

Mbp: No significant differences in Mbp mRNA expression levels were found
between the control group and any of the HMO treated groups; 3'-SL (mPFC
t(8)=-.698, p=.505, dHPC t(7)=-.776, p=.463), 2'-FL (mPFC t(8)=-1.330, p=.220, dHPC
t(8)=-.276, p=.790), 3'-SL+6'-SL (mPFC t(8)=-.185, p=.858, dHPC t(7)= .633, p=.547),
6'-SL (mPFC t(7)= .146, p=.388, dHPC t(7)= -.005, p=.996), 2'-FL+3'-SL+6'-SL (10:1:2)
(mPFC t(5)=-.267, p=.80, dHPC t(8)= .822, p=.435), 2'-FL+3'-SL+6'"-SL (6:1:2) (mPFC
t(8)= -.051, p=.961, dHPC t(8)=1.075, p=.314), and 2'-FL+3'-SL+6'-SL (4:1:2) (mPFC
t(8)=-.187, p=.856, dHPC t(7)=-.040, p=.970) groups.

Ncam1: No significant differences in Ncam1 mRNA expression levels were found
between the control group and any of the HMO treated groups; 3'-SL (mPFC
t(8)=-.317, p=.759, dHPC t(7)= -.453, p=.664), 2'-FL (mPFC t(8)= .589, p=.572, dHPC
t(8)=-.512, p=.623), 3'-SL+6'-SL (mPFC t(8)= -.283, p=.784, dHPC t(7)=.749, p=.479),
6'-SL (mPFC t(8)= 2.034, p=.076, dHPC t(7)=-.804, p=.448), 2'-FL+3'-SL+6'-SL (10:1:2)
(mPFC t(7)= -.1,848, p= .107, dHPC t(8)= .080, p=. 938), 2'-FL+3'-SL+6'-SL (6:1:2)
(mPFC t(8)= -.139, p= .893, dHPC t(8)=-.180, p=.862), and 2'-FL+3'-SL+6'-SL (4:1:2)
(mPFC t(8)=-.682, p=.514, dHPC t(7)=.053, p=.959) groups.
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To summarise, there is a marked reduction in Bdnf expression in the mPFC in the 2'-
FL + 3'-SL + 6'-SL mix groups (10:1:2, 6:1:2 and 4:1:2) when compared to the control
group, but no other variations in gene expression were found in either the mPFC
or dHPC.

Exploratory correlation analysis between gene expression levels

and memory performance within the mPFC and dHPC for all HMO
treatment groups

Bdnf: No significant correlations between Bdnf mRNA expression levels within the
dHPC and NORT and NOLT discrimination indexes were found. However, within the
mPFC, Bdnf expression was positively correlated with recognition memory in the
6'-SL group (r=.98, p =.016, n=4) but negatively to recognition memory in the 4:1:2
mix group (r=-.9, p = .023, n=3). Finally, a negative correlation between mPFC Bdnf
expression and object location memory (hard condition) was found in the 3'-SL+6'-
SL group, (r=-.992, p =.008, n=4).

DIg4: No significant correlations between mPFC DIg4 mRNA expression levels and
memory indices were found. Within the dHPC, positive correlations with the object
location hard condition were found for the 2'-FL (r=.89, p= .045, n=5) and (4:1:2)
mix (r=.998, p= .036, n=3) groups. Lastly, a positive correlation between the easy
condition of the object location memory and dHPC DIg4 gene expression was
present in the 3'-SL + 6'-SL mix group (r=.98, p=.017, n=4).

Mbp: Within the mPFC, the (6:1:2) mix group object location memory for the hard
condition was negatively correlated with gene expression. When examining the
dHPC, a reduced Mbp mRNA expression level correlated with improved memory
recognition in the 3'-SL group (r=-.96, p=.043, n=4) and object location memory
(easy condition) for the 10:1:2 mix group (r=-.953, p=.047, n=4).

Ncam1: Within the mPFC, a significant negative correlation between Ncam1 mRNA
expression levels and object location (hard condition) for the 2'-FL+3'-SL+6'-
SL (4:1:2) mix group (r=-.959, p= .036, n=3) was found. Furthermore, there was a
negative correlation between Ncam1 gene expression in the dHPC and object
recognition memory in the 3'-SL group (r=-.99, p=.015, n=4) and the 2'-FL+3'-SL+6'-
SL (10:1:2) (r= -.901, p=.037, n=5) group, and between Ncaml mRNA expression
levels and object location memory (easy condition) in the 2'-FL+3'-SL+6'-SL (4:1:2)
mix group (r=-.968, p=.041, n=4).
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In summary, memory performance of HMO treated animals correlated with multiple
genes in a region-specific manner, while the control group displayed no such
pattern. Overall, a reduced expression of dHPC Mbp and Ncam1 was associated with
better object location memory in the 2'-FL, 3'-SL+6'-SL and 2'-FL+3'-SL+6'-SL (4:1:2)
group, while an increase in dHPC Bdnf was associated with better recognition
memory in the 6'-SL group. Finally, the 6'-SL group showed better recognition
memory with increasing mPFC Bdnf levels (Figure 7).
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Figure 7. Correlation heatmap of qPCR genes, NORT and NOLT discrimination indices. Displayed in the
figure above is a colourgradient heatmap, in which negative correlation coefficients are indicated by a
blue colour, and positive correlation coefficients are marked with a red colour. The level of colour
saturation represents the correlation coefficient’s strength. Only the significant correlations (p < .05)
are filled in the cells.
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Figure 8. BrdU+ cell count graphs along the perforant pathway (A) and BrdU to DCX ratio (B) for the
control and 2’-FL+3'-SL+6'-SL triple mix groups. Data are presented as either the average amount of
counted BrdU+ cells (A) or the BrdU to DCX ratio expressed in percentages % (B). Red diamonds above
the error bars indicate significant differences between the control group and the experimental group.
Data are presented as mean +/- S.E.M. (C) Overview of dentate gyrus BrdU + and DCX +, obtained from
the 2'-FL+3'-SL+6'-SL (4:1:2) mix group. For the subsequent counting and analysis, we did not include
a separate category for neurons expressing BrdU+ DCX+ simultaneously, but we counted the DCX +
and BrdU + cells separately.

Global analysis (MANOVA) to examine treatment effects
To further analyse the data, a MANOVA was conducted to examine whether there was
a main treatment effect of HMOs on BrdU+ and DCX + proliferation (Figure 8A-C and
Figure S2). No main effect of HMO treatment on neurogenesis markers was found,
F(39_000’12>593): 1.050, p = .489, partial n’=.760, Wilks' A = .014.

Due to the large number of comparisons (14 dependent variables), we will be
including the Univariate results next. Based on these results, we do see a main
effect of HMO treatment on BrdU+ cells within the region of the perforant pathway,
F(..)=3.306, p=.047, partial n’= .383 (Figure 8A), for both the 10:1:2 mix (MD

3,16) control
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2.8160, SE= 1.2279, p = .036) and the 4:1:2 mix (MD__ = 3.4800, SE= 1.2279,

p =.012). However, when applying the FDR correction on the univariate results
there were no significant effects on HMO treatment.

Exploratory comparison HMO treatment with control

A paired samples t-test was conducted, in which each HMO group was compared
to the control group (Figure 8A - 8C and S2). The number of BrdU+ cells located in
the perforant pathway region (for location, see Figure 3) was significantly increased
for the 2'-FL+3'-SL+6'-SL (10:1:2) mix group and the control group in (t(8)=-2.392,
p=.044), and also for the 2'-FL+3'-SL+6'"-SL (4:1:2) mix group and the control group
(t(8)= -2.932, p=.019). The BrdU to DCX ratio was significantly different between
the 2'-FL+3'-SL+6'-SL (4:1:2) mix group and the control group in the dentate
gyrus (t(8)= -.2810, p=.023) and granule cell layer (t(8)= -3.164, p=.013). No other
significant effects of HMO treatment on the remaining hippocampal regions have
been detected.

Discussion

In line with our hypothesis, we found that the 2'-FL+3'-SL+6'-SL 10:1:2 and
6:1:2 HMO groups, but not the single and dual HMO supplemented groups,
displayed a significant improvement in recognition memory. However, object
location memory was not affected by early life HMO treatment, although the 10:1:2
mix (P5) and the 3'-SL + 6'-SL group (P3) were capable of detecting the displacement
whereas the control group could not. All triple mix HMO groups displayed a
significant downregulation in Bdnf gene expression in the mPFC. Furthermore,
memory performance of HMO treated animals correlated with multiple genes in a
brain region-specific manner; such as the mRNA expression levels of Bdnf, Mbp and
Ncam1 in the mPFC, and the mRNA expression levels of Dig4, Mbp and Ncam1 in the
dorsal hippocampus. Finally, the 2'-FL+3'-SL+6'-SL (4:1:2 and 10:1:2) supplemented
groups displayed an increased number of BrdU+ neurons within the perforant
pathway region.

We found that early life HMO treatment differentially affected NORT and NOLT
performance. Since the NORT and NOLT probe different neural circuits for
recognition memory (entorhinal cortex based) and spatial pattern separation
(dorsal hippocampus based), respectively (Wilson et al., 2013; Oomen et al., 2014),
it is possible that HMOs target very specific neurocircuitries. This idea could serve as
a potential explanation for the HMO group differences between easy and difficult
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task conditions within the NOLT as well. The 2'-FL rich mix (10:1:2) was beneficial
to recognise a large displacement, while the 3'-SL + 6'-SL group performed better
under the small displacement conditions. It should be noted that the control group
was not able to detect the displacement during either condition of the NOLT, which
could be attributed to task difficulty. The findings however suggest that cognition
is suboptimal at baseline in laboratory rats and that HMOs have a positive effect
on memory performance. It is possible that for more complex task demands, very
specific ratios of sialylated and fucosylated HMOs were required, and that the
margin in which these ratios may operate is very small (i.e requiring a very specific
blend of different types of HMOs for a given to ask to maximize the outcomes).
It is also possible that the NOLT task was too difficult for the animals. No spatial
cues were used in the NOLT task, and while the NOLT protocol we employed (van
Goethem & Prickaerts, 2018) was successfully used for animals between 3-5 months
of age, it could be that further adjustments were required to accommodate the
capabilities of the older animals of 10-12 months of age used in this study. The
navigational strategy the animals used when determining the novel object location
could have been under the influence of an age-dependent loss of function within
the hippocampus (Berdugo-Vega et al., 2020). As ageing coincides with changes in
hippocampal circuits with downstream effects on spatial memory consolidation and
formation, the NOLT performance could be an indication that the HMO treatment
is not sufficient in preventing the detrimental effects of natural ageing on spatial
navigation. As recognition memory, tested at the same time as spatial memory in
our study, was enhanced by HMO treatment, it further lends credence to the idea
that HMO may affect brain development and circuit formation and functioning in a
highly specialised manner.

The results of the gene expression study, in particular the reduced Bdnf expression
in HMO treated groups despite improved object recognition memory, were
surprising but may offer new perspectives. While an increase in Bdnf expression is
often linked to improved memory functioning and plasticity (Meyer, Bonhoeffer, &
Scheuss, 2014; Bach et al., 2024), the specific effects of the different Bdnf isoforms
are still unclear. Our study may suggest that improved memory performance could
be associated with a decrease, rather than an increase, in some Bdnf transcripts,
such as transcript variant lll. The Bdnf gene expresses 4 different isoforms and
comprises nine distinct promoter regions, with the various transcripts possibly
serving unique functions within the brain (Altieri et al., 2004). It would therefore be
valuable to repeat the qPCR analysis targeting other Bdnf transcripts (for example
transcript | or IV) to see whether Bdnf expression changes as a function of HMO
treatment. Moreover, since Bdnf is initially synthesized as a precursor (proBdnf),
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which is subsequently cleaved into its mature form, and because proBdnf and
mature Bdnf have opposite effects, the proteolytic processing of proBdnf is crucial
for the cellular outcomes of Bdnf expression (Miranda et al., 2019). Finally, it
remains possible that the animals experienced some anxiety or stress during the
final experiment, despite efforts to minimize stressful factors during housing and
testing, which might also influence Bdnf expression.

Regarding neurogenesis, we found that HMO treatment increased the number
of BrdU+ neurons in the perforant pathway region. Interestingly, as typically
an increased rate of neurogenesis is related to improved memory and pattern
separation, we found no such effect in this study. In fact, the 2'-FL+3'-SL+6'-SL
(4:1:2) group had the largest number of newborn neurons but did not perform
better than any of the other HMO or control groups on either memory task. At
first glance this seems to contradict our findings in the 2'-FL+3'-SL+6'-SL (10:1:2)
group, as that group performed significantly better in the memory tasks, and also
had significantly more neurogenesis. However, this could be explained by the
hippocampal region in which the neurogenesis took place, as only the number of
newborn neurons was significantly increased in the dentate gyrus in only the 4:1:2
group. Furthermore, neurogenesis does not only incur a better memory. Scott et al.
(2021) recently illustrated that an increase in neurogenesis also mediates forgetting.
This could explain why the (4:1:2) group had the poorest performance in location
memory despite the significant increase in the number of newborn neurons.

A primary limitation of this study is the exclusive use of males. Therefore, it is not
known if the present findings generalize to females, or whether there are sex specific
effects of a prior HMO treatment over time. Secondly, while the control group
was not supplemented with additional HMOs, they still received 3'-SL and trace
amounts of 6'-SL through their maternal milk as rat milk naturally contains certain
sialylated HMOs (Urashima et al., 2001). Perhaps a negative control group in which
the rat milk is completely devoid of HMOs could be included in a future study, as is
the case in the studies performed by Hauser and Pisai. These studies have indicated
that HMOs are a necessary nutrient in the formation and maintenance of cortical
circuits involved in various cognitive outcomes including memory. Including such a
negative control group would serve to disentangle the influence of particular HMOs
and their combinations in the molecular machinery underlying neurodevelopment.
Thirdly, the ex vivo analyses for both gene expression and histology were
underpowered, and we cannot exclude the possibility that different effects, or lack
thereof, may surface as the sample size increases. Therefore, the ex vivo analyses
should be interpreted with caution as they currently serve an exploratory purpose
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to point future research in a potential interesting direction. Nonetheless, other
studies have demonstrated that dietary HMOs influence gene expression within
multiple brain regions (Fleming et al., 2020; Hauser et al., 2021; Pisa et al., 2021;
Pisa et al., 2023). Furthermore, while the correlation study was underpowered, the
correlation coefficient was very high, which provides cause for further investigation
with a larger sample size. Employing a whole transcriptome analysis in larger
groups should be considered to obtain a more detailed picture on the molecular
downstream effects of HMO supplementation on neural development, plasticity
and cognitive outcomes. Fourth, although NeuN staining was included in the
immunohistochemical protocol to provide morphological context and help identify
mature neurons, NeuN-positive cells were not quantified separately in this study.
Consequently, while DCX-positive cells are interpreted as immature neurons in the
process of maturation, and BrdU-positive cells as proliferating precursor cells, the
exact proportion of newly generated neurons reaching full maturation remains
undetermined. Future studies including quantitative NeuN analysis and co-
localization with BrdU and DCX markers would be valuable to assess the degree
of neuronal maturation and integration more precisely. Furthermore, due to the
neuronal labeling protocol included in the study, we have no information which
of the newly generated neurons were included in the task performance. Therefore,
we are presently unable to ascertain how HMO treatment may influence memory
performance beyond the scope of neuronal proliferation and gene expression.
Fifth and last, animals were sacrificed 48 hours after the final trial and the genes
included in this study may operate at different timelines (Mathisen, Johnson &
Kawczak, 1997; Heo et al,, 2018; Xu et al., 2019). A future study design accounting
for these individual gene timelines may yield valuable insights on the exact effects
of early life HMO supplementation throughout the lifespan.

Conclusion

The findings within this study could be indicative of synergistic functioning of
different HMOs when administered during early life, such as improving object
recognition memory, decreasing the Bdnf isoform lll gene expression within the
mPFC and increasing the rate of hippocampal neurogenesis. Further research
is required to unravel the mechanisms through which HMOs may influence
neurodevelopment and cognition throughout life.
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Supplementary material

Figure S1. Objects used in the NORT and the NOLT. NORT: A) The blue glass was the novel object,
B and C were the familiar objects, NOLT: D ) Red hoops and E) Red cups.

Figure S2. Composite image of whole dentate gyrus staining of 2’-FL+3'-SL+6'-SL (4:1:2) HMO treated
group. Blue cells are Neun, red cells are DCX+ and green cells are BrdU+. In the event BrdU+ overlaps
DCX+ cells they appear as yellow.
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Thesis objective and main findings

A healthy start of life is crucial for our future health and mental well-being later
on. Infants rely in their first six months of life on maternal milk, which provides
specific and non-specific factors that have long-term consequences for early
metabolism. Human breastmilk enhances the immature immunologic system,
promotes gastrointestinal mucosal maturation and alters gut microflora of the
neonate and strengthens host defense mechanisms against infective and other
foreign agents. Following the termination of breastfeeding, there is evidence of
ongoing protection against illness due to protective influences on the immune
system mediated via human milk. While almost all women can breastfeed, there
are a small number of mothers who cannot nurse their children, be it due to
underlying health conditions (HIV, drug abuse, breast cancer, lactation failure, etc.)
or treatment for these conditions (anti-viral therapy, mastectomy, chemotherapy,
etc.). In these cases, infant formula is an essential alternative to ensure the proper
growth and development of the infant. To improve infant formula, it is essential
to understand how breastmilk’s various human milk components may beneficially
foster infant development.

In this project we focused on one of those key components in breastmilk which are
the Human Milk Oligosaccharides (HMOs). In the past, nutritional and paediatric
research has highlighted the importance of these complex oligosaccharides in terms
of the development of the immune system and facilitation of its proper functioning,
and how these HMOs contribute to gut microbiome health with downstream
effects on both physical and mental development. As prior longitudinal studies
have indicated, there also exist marked differences between infants who were fed
either breastmilk or infant formula devoid of HMOs. The most prevalent finding
these studies is that the breastfed infants cognitively outperformed the infants who
were solely raised on formula. For example, meta-analysis studies where breastfed
and formula fed children were compared on academic outcomes during childhood
and adolescence report that children who were breastfed had an average gain in
IQ score of 3.44 points (Horta, de Mola & Victora, 2015), even when factors such
as gestation duration, maternal education and birth weight were accounted for
(Anderson, Johnstone & Remley, 1999). This has prompted the present study to
further investigate how these HMOs may contribute. Preclinical studies conducted
in the past two decades have highlighted the importance of fucosylated and
sialylated HMOs, especially in the context of cognitive and memory functioning.
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The aim of this thesis was to generate additional insight in how these different types
of HMOs may contribute to early life behavioural and developmental outcomes
in infancy and adolescence, and how they may also still guide our cognitive
capabilities in later life, thus essentially sketching a picture of HMOs' influence
over our mental capacity throughout our entire lifespan. Furthermore, we aimed
to investigate whether providing a complex mixture of different HMOs provides
additional benefits over only supplementing one particular type.

Discussion of Chapters

In our second chapter, we reviewed the state of the art of HMO supplementation
research in preclinical mammalian studies in terms of cognitive functioning. Here,

we discussed how sialylated and fucosylated HMOs appear to induce marked
improvements in both working and spatial memory in mammals, accelerate the
learning rate during operant tasks and also potentiate the LTP response both
during infancy and adulthood. A key observation in our review is that the beneficial
effects of HMOs become more apparent during infancy when behavioural tasks
have an increased cognitive load. As animals age, also the performance on the
simpler behavioural tasks is positively affected by prior fucosylated and sialylated
HMO administration. Based on these findings, we concluded in our review that
HMOs can exert long-lasting beneficial effects on cognition and memory. However,
the variability across these studies, ranging from animal species, age, duration and
dose of administration, called for the need of one unified study which employed
the same study design over an entire lifespan, where different classes of HMOs and
their combinations are supplemented during key neurodevelopmental windows
ranging from early infancy until adolescence. To this end, we designed one major
longitudinal study in which eight experimental HMO treatment groups (2'-FL, 3'-SL,
6'-SL and combinations thereof) were established. These HMO treated rat pups were
subjected to a comprehensive test battery to document physical development,
(emotional) behavioural development from infancy until adolescence (Chapter 3)
and memory functioning in adulthood (Chapter 4).

In Chapter 3, we delved into the immediate, short-term effects of HMO supplemen-
tation on physical and behavioural development during infancy and adolescence
in both males and females. Here we found that different HMOs generated different
behavioural phenotypes depending on the HMO treatment. Firstly, when 3'-SL and
the 6:1:2 triple mix were provided, animals were the fastest to have both eyes opened
while the control animals and 2'-FL fed animals were the slowest Furthermore, the
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supplementation of single 3'-SL resulted in animals who were the least anxious in
the Open Field Test, while animals fed a 2'-FL enriched diet were the lightest and
displayed an increase in exploratory drive during the behavioural tests. A final
finding is that there were also sex differences apparent during adolescence within
the 6:1:2 mix group, as females displayed decreased locomotor activity compared
to the control group, while in the male population no such effect was observed.
These early life findings seem to point to the possibility that different HMOs and
their combinations contribute to distinctly different developmental profiles, which
may also have a sex dependent component. Further research is required to elucidate
the pathways through which HMOs may shape behavioural and potential cognitive
differences between both sexes in adolescence and later life.

In Chapter 4, we continued our search for the long-term effects of HMO
supplementation in adulthood with the males also used in Chapter 3. These males
were tested on both recognition memory and object location memory when they
were around 10 months old. Here we found that the HMO triple mixes (2'-FL + 3'-
SL + 6'-SL), but not the single HMO treatments, had a significantly improved object
recognition memory, but no effects of HMO treatment on object location memory
were found. Interestingly, we found a significant downregulation of Bdnf gene
expression levels in the medial prefrontal cortex of all triple mix groups when
compared to the control group. While a downregulation of BDNF could be associated
with stress, we would expect to see this with all animals. Furthermore, these groups
also had an increased ratio of BrdU+ to Doublecortin+ cells in the dentate gyrus, and
the number of BrdU+ cells in the performant pathway region were doubled in (10:1:2)
and (4:1:2) treatment groups.

Based on the results generated in both our short term and long-term outcome
studies, we conclude that HMOs have several significant beneficial effects on
concurrent physical and cognitive development and that synergistic action between
these HMOs are an important factor in this. Specifically, HMO administration during
infancy resulted in variations in weight gain depending on the treatment delivered,
improved memory functioning and increased neurogenesis. These beneficial
effects of HMOs on recognition memory functioning seem to be more pronounced
when HMOs were supplied in a complex mixture of both fucosylated and sialylated
oligosaccharides. Finally, our results also indicate that HMOs may possess the
capacity to influence brain development and functioning in both a sex and region-
specific manner, opening up exciting avenues for future research which could even
yield precious insights into neurodevelopment as a whole.
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Potential mechanisms underlying HMO's synergistic
influence on neural plasticity and cognition

Our findings from Chapters 3 and 4 reveal synergistic effects of fucosylated
and sialylated HMOs on cognition and neural plasticity. While our studies
addressed both short-term and long-term effects of HMOs on cognitive and
neural development, these findings prompt several new questions and potential
mechanisms that require further exploration. A central pathway by which HMOs
may exert these widespread effects on cognition and neural plasticity is the gut-
brain axis (GBA). The GBA is integral to neural development and plasticity through
its complex influence on neurochemical signaling. In the section below, we explore
several interconnected mechanisms of interest that may inspire future research
into HMOs' influence on neural outcomes.

1. Human Milk Oligosaccharides interact with the Gut Brain Axis

A significant body of research supports the beneficial effects of HMOs in both
infants and animals. Upon ingestion, HMOs are not directly digested in the stomach;
instead, they act as a growth substrate for beneficial gut microbiota, which, in turn,
produce metabolites that influence multiple systems, including the brain (Bode,
2012; 2015; Dalile et al., 2019). Depending on the infant’s diet—and thus the
ratio and concentration of different HMOs consumed—a specific gut microbiotic
profile develops. Microbiota capable of digesting these specific HMOs will thrive,
sometimes at the expense of those unable to efficiently utilize these compounds.
This enzymatic digestion process triggers a cascade of effects on metabolite
production, ultimately impacting brain development. This further underscores
the level of specificity and adaptive flexibility required in an infant’s diet over time
(along with the infant’s age) to maximize beneficial developmental outcomes.

The Gut-Brain Axis (GBA) is of great importance to the healthy development of an
individual. The rapid changes and maturation of the intestinal microbiota during
the first years after birth coincide with the hallmark rapid structural and functional
changes in the central nervous system (de Weerth, 2017). Brain regions important
for cognitive functioning, such as the hippocampus, can be shaped by the gut
microbiota. Their metabolites (SCFAs) are capable of steering synaptogenesis via
BDNF (Brain Derived Neurotrophic Factor) modulation, myelination, and microglia
development, which participate in the shaping of neural circuits in the developing
brain (de Weerth, 2017; Dalile et al., 2019). In addition, they are also capable of
altering the glutamate and GABA levels within the hypothalamus (Bridgman et al.,
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2017). Dysfunction of the GBA could have pathophysiological consequences and
negatively impact both physical and mental health.

Interactions between single HMOs and the microbiome have previously been
reported. Tarr et al. (2015) demonstrated that administration of 3'-SL and 6'-
SL changed the microbial composition which led to behavioural and neuronal
changes. 6-8-week-old mice were fed a diet, enriched with either 3'-SL, 6'-SL or a
normal diet prior and during social stress exposure. Control mice were shown to
be more anxious, with a reduction in immature neurons in the dentate gyrus when
compared to mice fed either a 3'-SL or 6'-SL enriched diet. These results show that
ingested sialylated HMOs improve anxious behaviour and that one of the potential
supporting mechanisms of this is the GBA. The influence of the GBA has also been
touched upon by Vazquez et al. (2016), as they found that ablating the vagal nerve,
which is part of the Gut-Brain Axis, diminished the beneficial effects of orally
supplied 2’-FL on LTP.

To summarise, HMOs contribute to the gut microbiome composition and therefore
could interact with the brain via the GBA, bacterial metabolites such as the SCFAs
(Tarr et al., 2015; Dalile et al., 2019) and the supply of sialic acid and fucose in
neural glycosylation processes (Varki & Kornfeld, 2022). As certain gut bacteria are
specific for the utilization of sialylated HMOs and other bacteria for the fucosylated
HMOs, it stands to reason that a larger variety of HMOs goes hand in hand with
a larger yield of specific gut bacteria capable of metabolizing these HMOs, and
thus determining their subsequent metabolites (Bode, 2015). This points towards
synergistic effects of HMOs because of the growth of certain bacteria (most notably
bifidobacteria) which results in a specific yield of SCFAs, with possible downstream
effects on cognition. Therefore, there is a great need to study the effects of specific
combinations of HMO to find out what downstream effects it has on the gut
microbiome and subsequent modulation of the central nervous system.

2.The role of glycobiology in HMOs’ interactions with neurodevelop-
mental processes

To understand how HMOs may contribute to neural developmental processes, we need
to discuss the basic principles of glycobiology first. Every cell in our body is covered
in a thick layer of glycans, providing cells with a complex surface texture. Glycans are
branching structures that attain even a higher level of complexity than proteins or DNA
and are excreted to the cell surface via the endoplasmatic reticulum-Golgi pathway.
They are involved in nearly every bodily process and play a central role in cell-to-
external environment communication, such as during the onset of viral infections or
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via alterations in the glycan coat in cancer cells rendering them invisible to the immune
system (Varki & Kornfeld, 2022). The overarching glycan class can subsequently
be divided into several subclasses, such as HMOs, polysaccharides, glycoproteins
(NCAM and glycosylated neurotransmitter receptors), glycolipids (sphingolipids,
gangliosides and cerebrosides) and proteoglycans (aggrecan). It should be noted that
glycan structures are not the direct result of genetic expression but are recognised as
secondary gene products.

Of particular relevance are HMOs' indirect effects on neurodevelopment through
gut-brain interactions and their direct roles in neural glycosylation processes.
Sialylated HMOs, for instance, supply sialic acid, which is essential for the formation
of sialylated glycoproteins like PSA-NCAM and glycolipids like gangliosides. These
compounds play essential roles in synaptic plasticity, axonal growth, and cell

adhesion, all fundamental for healthy neural circuitry formation.

3. Prenatal oligosaccharide enrichment of the developing infant brain
One of the items we did not include in our study revolves around the fact that infants
are already exposed to HMOs and their terminal sialic acid and fucose sugars in utero
(Wise et al., 2018). Our main focus was on the effects of HMOs supplied postnatally,
but we did not examine or accounted for sialic acid or fucose supply prenatally.
Nonetheless, as HMOs are involved in neurodevelopmental processes and are already
present within the embryonic brain, it stands to reason that next to breast feeding
alternative sources exist. Firstly, HMOs 2'-FL, 3-FL and 6'-SL have previously been
found in the amniotic fluid, where they are hypothesised to function as prebiotics
and define the developing infant’s microbiome at this stage (Wise et al., 2018).

4, Epigenetic modification due to HMO supplementation

We found that specific combinations of HMOs produce long lasting effects. A
possible mechanism of action could be that the HMOs guide epigenetic changes
in critical brain regions. The reason we propose this is that HMO supplementation
was suspended at PND 49, and all the animals were kept on the exact same diet
since. While it is plausible that their microbiotic profile was altered during the
supplementation, once the HMOs were no longer included in the diet, it is more
likely that the microbiome of the different groups has become more similar again
over time. This means that the different effects in adulthood are caused by changes
during development when they were given HMOs, and one way to have such long
lasting changes is through variation in epigenetic regulation. Further research in
which the microbiome profile and an epigenetic profile is generated will shed more
light on these potential underlying mechanisms.
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Concluding Remarks and Future Directions

In conclusion, this chapter proposes several mechanisms through which HMOs
may influence cognitive and neural plasticity outcomes, providing a basis for future
research. HMOs may support neurodevelopment through a combination of gut-
brain axis interactions, glycan-mediated cellular processes, prenatal exposure, and
long-lasting epigenetic modifications. Future studies should explore specific HMO
combinations and their downstream effects on the microbiome, neurotransmitter
systems, and neural plasticity, particularly focusing on the complex interplay of
microbiota-driven metabolites and glycobiology within the developing brain.
Additionally, investigating the epigenetic landscape shaped by early HMO exposure
could reveal novel insights into the mechanisms by which early nutrition influences
lifelong cognitive outcomes.

Beyond infancy, the potential therapeutic applications of HMOs warrant further
exploration. The long-lasting effects observed in experimental models suggest
that HMOs may play a role in sustaining gut and brain health across the lifespan.
While current research predominantly focuses on early-life development, an
emerging question is whether HMO supplementation could offer neuroprotective
benefits in aging populations. To date, no clinical studies have been conducted
to evaluate the effects of HMOs on cognitive maintenance or neurodegeneration
in later life, yet their prebiotic properties and influence on neuroactive molecule
production suggest promising avenues for investigation. For instance, HMOs
promote gut microbial diversity and stimulate the synthesis of neurotransmitters
such as gamma-aminobutyric acid (GABA) and serotonin, which are crucial for
cognitive function and mental health. Animal studies indicate that HMOs modulate
behaviour, learning, memory, and other cognitive processes, highlighting their
potential impact on human brain health. Consequently, future research should
examine whether HMO supplementation at strategic life stages could mitigate
cognitive decline or even contribute to the prevention of neurodegenerative
diseases such as Alzheimer’s disease (AD). While no direct evidence currently
supports the role of HMOs in preventing Alzheimer’s, their known benefits for
gut and brain function make them a compelling target for future clinical trials. By
bridging the gap between preclinical findings and human applications, research
on HMOs could ultimately inform dietary interventions, from infant nutrition to
potential supplements for aging individuals, with the goal of optimizing cognitive
health across the lifespan.
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English summary

Breast milk is considered the gold standard for infant nutrition during the first years
of life. What makes breast milk so unique is its distinctive composition, ranging from
nutrients such as proteins, fats, and vitamins to bioactive components that promote
the child’s growth, gut microbiota, and immune function. Even after breastfeeding
ends, there is still evidence of long-lasting protection against diseases due to the
boost breastfeeding gives to the immune system. However, breastfeeding is not
always an option, for example, due to practical considerations or medical reasons.
In these cases, infant formula serves as a complete alternative to ensure that infants
still receive all the essential nutrients for growth and development.

While infant formula provides a complete nutritional alternative to breast milk,
there are still differences in its composition, which can contribute to differences
in immune function and cognitive development between children raised on
breast milk and those raised on formula. One of these critical differences lies in the
presence of Human Milk Oligosaccharides (HMOs). HMOs are complex milk sugars
that play a crucial role in the development of the immune system, the composition
of the gut microbiome, and both physical and mental development. Although HMOs
are made up of up to five components (glucose, galactose, glucosamine, sialic acid,
and fucose), this results in a broad spectrum of over 150 different HMOs in breast
milk, and the quantity and ratio of these HMOs also vary according to the stage of
lactation and other factors such as the mother’s diet and blood type. This indicates
that there is no universal composition of breast milk that is equally effective for
all infants, but that breast milk is dynamically adjusted to meet the specific needs
of the individual child. This important nuance is currently lacking in the synthesis
of infant formula, as it contains only a limited number of HMOs. Furthermore, it is
still unclear whether HMOs interact with each other to produce synergistic effects,
although studies on the gut microbiome do provide some indications.

In recent decades, HMOs have also been studied in the context of brain development
and cognition, exploring areas such as emotional and social development, memory,
and learning ability. Several animal studies show that HMOs rich in fucose and sialic
acid impact multiple critical brain areas, such as the medial prefrontal cortex and
hippocampus, and processes related to these cognitive domains. These processes
include the regulation of genes related to neural plasticity, myelination, memory,
and the formation of neural circuits within the aforementioned areas. Since HMOs
are processed by various bacteria in the gut, they trigger a cascade of metabolites
that influence various neurodevelopmental processes. Different bacteria are required
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to metabolize sialylated and fucosylated HMOs, which may result in a very specific
microbiotal composition with unique effects, depending on the exact combination of
HMOs in the diet.

Our hypothesis is that the combination of different HMOs works synergistically,
and that a specific ratio of HMOs, provided during critical developmental periods,
produces a unique profile of long-lasting beneficial effects on neurodevelopment
and emotional outcomes in mammals.

To test this hypothesis, we conducted a longitudinal behavioural study with rats
that were administered a single, double, or triple combination of fucosylated and
sialylated HMOs from PND8 to PND49. Behavioural tests were conducted from
infancy to adulthood. The HMO groups in the study were 2'-FL, 3'-SL, 6'-SL, and their
various combinations, as previous studies indicated that these HMOs have broad
effects on cognition and development. Physical parameters such as eye opening
and weight gain were measured, as well as emotional regulation and anxiety
behaviour using the Elevated Plus Maze (EPM) and Open Field Test (OFT).

Chapter 2 reviews the impact of HMO supplementation on cognitive functions in
preclinical mammalian studies. It emphasizes that sialylated and fucosylated HMOs
improve memory, learning speed, and long-term potentiation (LTP), both in infancy
during development and in adulthood. These effects are most noticeable during
infancy, especially when tasks are cognitively demanding. As the animals age,
HMOs also have positive effects on the performance of simpler tasks, suggesting
that HMOs have long-lasting positive effects on cognitive functions. The variability
in study results indicated the need for a unified, long-term study where task
difficulty could be managed, which led to the design of our present longitudinal
study with eight HMO treatment groups.

Chapter 3 focuses on the short-term effects of fucosylated and sialylated HMOs
during early development from pup to adolescence. Different HMOs caused
different behavioural outcomes, with some treatments accelerating eye opening
and reducing anxiety, while others increased exploratory behaviour. Sex differences
were also observed in locomotor activity, particularly with the 2'-FL + 3'-SL + 6'-SL
HMO mix (ratio 6:1:2), which affected males and females differently. This suggests
that HMOs may influence developmental profiles in a sex-dependent manner,
requiring further investigation.
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Finally, Chapter 4 describes the long-term effects of HMO supplementation during
childhood on working memory in adulthood. Male rats treated with a triple HMO
mix (2'-FL + 3'-SL + 6'-SL) showed significant improvements in object recognition
memory, but there were no clear effects of HMOs on distinguishing different
locations. Additionally, HMO treatment altered Bdnf gene expression in the medial
prefrontal cortex, while the hippocampal gene expression was also correlated
with better overall memory performance. Furthermore, differences in the rate of
hippocampal neurogenesis were also observed in the triple mix groups.

Overall, the study demonstrated that HMOs offer significant benefits for both
physical and cognitive development, both in the short and long term, with the
combination of fucosylated and sialylated HMOs being particularly effective. These
findings suggest that HMOs influence brain development in a sex- and region-
specific manner, opening up new research possibilities in neurodevelopment.
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Dutch summary | Nederlandse samenvatting

Moedermelk wordt beschouwd als de gouden standaard voor babyvoeding
gedurende de eerste levensjaren. Wat borstvoeding zo uniek maakt is zijn unieke
compositie, variérende van nutriénten zoals eiwitten, vetten en vitamines, tot ook
bioactive componenten welke de groei, darmflora en het immuun functioneren van
het kind bevorderen. Zelfs na het beéindigen van de borstvoeding zijn er nog steeds
aanwijzingen voor de langdurige bescherming tegen ziekten dankzij de boost
welke borstvoeding geeft aan het immuunsysteem. Borstvoeding is echter niet
altijd een optie, bijvoorbeeld omwille van praktische overwegingen of medische
redenen. In deze gevallen bestaat kunstvoeding als volwaardig alternatief om er
voor te zorgen dat zuigelingen nog steeds alle broodnodige voedingsmiddelen
binnen krijgen om te groeien en zichzelf te kunnen ontwikkelen.

Hoewel flessenvoeding qua nutritie een volwaardig alternatief is op borstvoeding,
zijn er nog steeds verschillen in de compositie van flessenvoeding, wat ook
kan bijdragen aan verschillen in het immuun functioneren en de cognitieve
ontwikkeling tussen kinderen grootgebracht op moedermelk en kinderen
grootgebracht op flessenvoeding. Een van deze kritieke verschillen bevindt
zich in de aanwezigheid van Humane Melk Oligosacchariden (HMOs). HMOs zijn
complexe melksuikers welke een cruciale rol spelen in de ontwikkeling van het
immuunsysteem, de samenstelling van het microbioom in de darmen en ook de
fysieke en mentale ontwikkeling. Hoewel HMOs opgebouwd zijn uit maximaal vijf
componenten (glucose, galactose, glucosamine, sialic acid en fucose) genereert
dit een breed spectrum van meer dan 150 verschillende HMOs in moedermelk,
en de hoeveelheid en onderlinge verhouding van deze HMOs verschilt ook
naargelang het stadium van lactatie en andere factoren zoals dieet en bloedgroep
van de moeder. Dit geeft ook aan dat er geen één universele samenstelling is van
moedermelk welke voor alle zuigelingen even effectief is, maar dat moedermelk
dynamisch aangepast is op de specifieke behoeften van het individuele kind. Dit
is een belangrijke nuance welke momenteel nog ontbreekt in de synthese van
kunstvoeding aangezien deze tot op heden slechts een beperkt aantal HMOs bevat,
en tot op heden is het ook onduidelijk of HMOs ook onderlinge interacties hebben
welke leiden tot synergetische effecten, hoewel studies naar het darm microbioom
hier wel aanwijzingen voor bevatten.

De afgelopen decennia zijn HMOs ook onderzocht in de context van hersenontwikkeling
en cognitie, waarbij domeinen zoals emotionele en sociale ontwikkeling, geheugen
en leervermogen werden geéxploreerd. Verscheidene (dieren)studies tonen aan
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dat HMOs rijk in fucose en sialic acid op meerdere kritieke hersengebieden, zoals de
mediale prefrontale cortex en de hippocampus, en processen ingrijpen gerelateerd
aan deze cognitieve domeinen. Deze processen omvatten onder meer de regulatie
van genen gerelateerd aan neurale plasticiteit, myelinatie en geheugen, en ook de
aanleg van neurale circuits binnen deze voorgenoemde gebieden. Aangezien HMOs
door verschillende bacterién in de darmen worden verwerkt, geven ze aanleiding
tot een cascade van metabolieten die verschillende neuro-ontwikkelingsprocessen
beinvlioeden. Doordat verschillende bacterién nodig zijn om de sialylerende en
fucosylerende HMOs te metaboliseren, kan dit een zeer specifieke microbiotische
samenstelling opleveren, met unieke effecten, afhankelijk van de exacte combinatie
van HMOs in het dieet.

Onze hypothese is dat de combinatie van verschillende HMOs synergetisch
samenwerkt, en dat een specifieke verhouding van HMOs, verstrekt tijdens kritieke
ontwikkelingsperioden, een uniek profiel van langdurige gunstige effecten op
neuro-ontwikkeling en emotionele uitkomsten bij zoogdieren produceert.

Om deze hypothese te testen, hebben we een longitudinale gedragsstudie
uitgevoerd met ratten die van PND8 tot PND49 een enkele, dubbele of driedubbele
combinatie van gefucosyleerde en gesialyleerde HMOs kregen. Gedragsproeven
werden uitgevoerd van de kindertijd tot volwassenheid. De groepen HMOs in de
studie waren 2'-FL, 3'-SL, 6'-SL, en hun verschillende combinaties, omdat eerdere
studies aangaven dat deze HMOs breed effect hebben op cognitie en ontwikkeling.
Er werden fysieke parameters zoals oogopening en gewichtstoename gemeten,
alsmede emotionele regulatie en angstgedrag met behulp van de Elevated Plus
Maze (EPM) en Open Field Test (OFT).

In hoofdstuk 2 wordt de impact van HMO-suppletie op cognitieve functies in
preklinische zoogdierstudies beoordeeld als onderdeel van een review. Er wordt
benadrukt dat sialylated en fucosylated HMOs het geheugen, de leersnelheid
en de langetermijnpotentiatie (LTP) verbeteren, zowel in de kindertijd tijdens de
ontwikkeling als op volwassen leeftijd. Deze effecten zijn het meest merkbaar
tijdens de zuigelingenfase, en vooral wanneer de taken cognitief veeleisender zijn.
Naarmate de dieren ouder worden, hebben HMOs ook al positieve effecten bij de
uitvoer van eenvoudigere taken, wat suggereert dat HMOs langdurige positieve
effecten hebben op cognitieve functies. De variabiliteit in de resultaten van de
studies duidde wel op de behoefte aan één uniforme, longitudinale studie waarbij
de taak in moeilijkheidsgraad kan worden aangepast, wat leidde tot onze huidige
longitudinale studie met acht HMO-behandelingsgroepen.
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Hoofdstuk 3 richtte zich op de kortetermijneffecten van gefucosyleerde en
gesialyleerde HMOs tijdens de vroege ontwikkelingsfase van jonge pup tot
adolescentie. Verschillende HMOs veroorzaakten verschillende gedragsresultaten,
waarbij sommige behandelingen de oogopening versnellen en angst verminderden,
terwijl andere HMO (combinaties) exploratief gedrag bevorderden. Eveneens
werden er ook sekseverschillen waargenomen in locomotor gedrag, met name bij
de 2'-FL+3'-SL +6'-SL HMO-mix (ratio 6:1:2), die mannen en vrouwen verschillend
beinvloedde in gedrag. Dit wijst erop dat HMOs mogelijk de ontwikkelingsprofielen
op een sekse-afhankelijke manier beinvlioeden, wat verder onderzoek vereist.

Tot slot beschrijft hoofdstuk 4 de langetermijneffecten van HMO-suppletie tijdens
de kindertijd op het werkgeheugen in de volwassenheid. De mannelijke ratten
die behandeld werden met een triple HMO-mix (2'-FL + 3'-SL + 6'-SL) vertoonden
significante verbeteringen in met het herkennen van bekende objecten, maar er
waren geen duidelijke effecten van HMOs op het onderscheid van verschillende
locaties. Daarnaast veranderde HMO-behandeling de Bdnf genexpressie in de
mediale prefrontale cortex bij de 2'-FL + 3'-SL + 6'-SL mix groepen, terwijl de
hippcampale genexpressie gecorreleerd was aan een beter geheugenprestatie in het
algemeen. Bovendien werden verschillen in de mate van hippocampale neurogenese
ook geobserveerd tussen de drie triple mix groepen.

Over het geheel genomen laat de studie zien dat HMOs significante voordelen
bieden voor fysieke en cognitieve ontwikkeling op zowel korte als op lange termijn,
waarbij de combinatie van fucosylated en sialylated HMOs bijzonder effectief is.
Deze bevindingen suggereren dat HMOs de hersenontwikkeling op een sekse- en
regio-specifieke manier beinvloeden, wat nieuwe onderzoeksmogelijkheden in
hersenontwikkeling opent.
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