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1. Introduction

The early-life period is characterized by rapid brain growth, which goes hand in hand with
a high demand for energy and nutrients during this time. During this critical period of
development, the brain is very sensitive to perturbations by environmental factors such
as stress and nutritional intake'2. Numerous human and animal studies have shown a
strong link between both early-life adversity (ELA) and early nutrition and later-life brain
cognitive impairments and mental health disorders*°. Importantly, cognitive dysfunction
is both a risk factor for and a common trait of several mental health disorders, greatly
compromising quality of life'®'. Even though several neurobiological mechanisms
have been investigated in the context of brain programming by ELA and diet, still, many
questions remain as to how exactly these environmental factors can affect later-life brain
function. Understanding this is crucial in order to develop effective (nutritional) strategies
for the prevention of later-life disease.

The main aims of this thesis were; i) to address biological mechanisms that could
mediate brain programming by ELA and by early exposure to an important class of
nutrients, i.e. polyunsaturated fatty acids (PUFAs), ii) to study these not only basally but
also to understand if and how ELA alters response to a second inflammatory challenge
and finally iii) to understand to what extent exposure to ELA in either rodents or humans
during critical developmental periods (prenatally or early postnatally) contributes to
the vulnerability to mental and metabolic disorders, to their comorbidity and their sex-
dependent prevalence and presentation.

To enable studying such biological mechanisms we used a mouse model of chronic early-
life stress (ELS), induced by limited amounts of nesting and bedding material during the
first week of life’*'%, A core feature of this model is cognitive impairments later in life.
We used an early-life dietary intervention based on altering the ratio between omega
(w)6 and w3 PUFAs; high w6/w3 ratio = 15 and a low w6/w3 ratio = 1.1, with the low ratio
leading to more w3 fatty acid availability in the brain™. In addition, in several studies we
used a secondary inflammatory challenge in adulthood in the form of intraperitoneal (i.p.)
lipopolysaccharide (LPS) injection in order to unmask possible latent effects.

In this general discussion, | will start by introducing the rising field of ‘nutritional
psychiatry’ with a focus on early-life nutrition for risk groups previously exposed to
ELA. Then | will discuss properties of dietary PUFAs and their potential for nutritional
interventions. Thereafter, | will elaborate on several biological mechanisms involved in
brain programming by ELA and dietary PUFAs, in particular the ones that were addressed
in this thesis and relate them to each other. Since most of the biological mechanisms
are interrelated, some are discussed in several sections, however each from a different
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angle. Lastly, | will discuss the importance of assessing patients early-life history, sex, and
comorbid diseases when designing (nutritional) interventions in order to prevent mental
and/or metabolic disorders.

2. Early nutritional interventions to counteract ELA induced
risk for disease

2.1 Nutritional psychiatry

Nutritional psychiatry is a rapidly growing field of research that studies how nutrients
might be part of underlying mechanisms driving mental disorders and how we can use
them for intervention strategies'’-". It has thus the exciting potential to contribute to the
development of non-invasive, non-pharmacological interventions, aimed to prevent and
manage mental disorders. In the press and on social media, word goes round that specific
diets can prevent the development of ADHD, autism, epilepsy, depression, Alzheimer’s
disease and more. In reality however, for many of these claims there is insufficient scientific
evidence as several specific factors may affect the outcomes of such studies. While there
is indeed evidence that; i) impaired nutrition can disrupt brain structure, functions
and mental health, and ii) nutritional interventions can have therapeutic benefits, this
obviously does not hold for every situation, nor for every individual. Thus, even though
nutrition is a potentially very attractive target to counter ELS-induced deficits, there is
yet much unknown as to how, for whom and which specific nutritional interventions will
work best. This calls for properly powered studies with clear reporting of patient-specifics
and a deep understanding of biological mechanisms involved.

While nutritional psychiatry mostly studies later-life diet and its therapeutic efficacy for
adult patients with mental health disorders', we have specifically focused in this thesis
on the early-life diet in relation to a specific ELA-exposed risk group. As mentioned
earlier, during early development, the brain displays an extraordinary growth. In general,
the higher the rate of an organ’s growth, the greater its risk to be affected by insufficient
supply of nutrients. Numerous human and animal studies have shown that poor maternal
nutritional status and early-life malnutrition alters behaviour and increases the risk for
cognitive impairments and mental disorders throughout later life*2°-22,

The fact that nutritional deficiencies drive altered brain development and later-life
brain functions, led to the idea that supplying the developing baby or infant with extra
nutrients could benefit brain development and ultimately may also have a positive impact
on brain functions and behaviour in adulthood?. While not all nutritional interventions
studies are efficient, it has been hypothesized that in the broader context of impaired
functioning, stress or disease, there is an increased need for optimal nutritional, leading
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to increased chances for effective nutritional interventions in these circumstances. During
brain development, the brain is extra sensitive to nutritional deficiencies but also to
other environmental perturbations like stress. Exposure to ELA indeed leads to an altered
brain development and in addition, also affects the nutritional status of both mother
and offspring, leading to a sensitive state of the brain of the infant in need for optimal
nutrition242,

2.2 Opportunities for PUFAs

While all nutrients are essential for brain growth, some specifically support
neurodevelopment, including the macronutrients long-chain polyunsaturated fatty acids
(PUFAs) and the micronutrients iron, choline, folate, iodine, vitamins A, D, B6 and B12%%,
Indeed, we and others have previously shown protective effects of both early dietary
PUFAs and micronutrients (Chapter 4;'>*% against ELA-induced cognitive deficits. For
this thesis, we have specifically focused on early dietary PUFAs and their implications for
ELA exposed offspring, due to their critical role in brain development and inflammatory
signaling, which are both affected by ELA'62,

PUFAs are essential fatty acids that the body cannot synthesize and for which we thus
rely on from dietary sources. PUFAs are main components of the phospholipid bilayer
of membranes of all neural cells. PUFA-containing phospholipids are mostly localized
around membrane proteins, meaning that variation in the PUFA composition of synaptic
membranes can have large impact on membrane-bound proteins such as receptors
and ion channels, thereby affecting neuronal and glial functions as well as neuron-glia
communication?. PUFAs are divided in w3 and w6 PUFAs, both are key for inflammatory
signaling, with w3 PUFAs and their derivatives having mostly anti-inflammatory properties
while w6 PUFAs and their derivatives are mostly pro-inflammatory compounds**-32. Over
the years, there has been a shift in the general consumption in western style diets of
PUFAs towards a higher intake of especially w6 PUFAs and less of the w3 PUFASs, resulting
in a high w6/w3 ratio®, which is thought to contribute to the increased risk for mental
health disorders and chronic disease?***%’. It has been shown that the duration of PUFA-
based nutritional interventions that are required to alter brain phospholipid composition,
depends on the developmental stage of the animal, with impact on brain phospholipids
being most efficient during developmental stages when w6 and w3 PUFAs accumulate in
the brain?®, In adulthood, once PUFAs are incorporated in membranes, the composition of
phospholipids remains fairly consistent. Accordingly, some studies have not detected any
changes in brain DHA following a 7 month w3 deficient diet** while others have shown
changes but only very slowly*#'. This is consistent with the low rate of fatty acid turnover
in adulthood, which decreases further under conditions of low w3 PUFA availability*2 In
this thesis, we have assessed an early dietary intervention with either a high (15) or low
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(1.1) w6/w3 ratio, thereby modulating developmental w6 and w3 PUFA availability in the
periphery and brain ('*; chapter 4, 5 and 6).

In the next section we will discuss the existing scientific proof for several underlying
biological mechanisms involved in the impact of ELA and early dietary PUFA's on later-life
brain function related to cognitive function and mental health. It is important to note, as
discussed in chapter 6 and 7 that ELA also increases risk for the development of metabolic
health disorders such as obesity, diabetes and inflammatory bowel disease**-*5. Some of
the underlying mechanisms discussed in this thesis might therefore be of importance for
understanding the early-life origin of both mental and metabolic health.

3. Biological mechanisms underlying ELA and PUFA effects
on the adult brain, and the interrelations between these
mechanisms

3.1. Microglia mediate the effects of ELA and early dietary PUFAs on
hippocampal function

Microglia are the resident macrophages of the brain and, depending on the brain region,
make up approximately 10 - 15% of all brain cells*“%, As discussed in chapter 2, they enter
the brain during the onset of neurogenesis and play crucial roles in several developmental
processes such as neuro-/glio-/angiogenesis, axonal outgrowth, synaptogenesis and
synaptic pruning. Considering their key role in refining neuronal networks during
development, their relatively low turnover, their involvement in glucocorticoid signaling
(chapter 1, %), and large variety of expressed receptors, we and others have proposed
microglia to be central cells in contributing to the long-lasting effects of ELA and dietary
fatty acids on brain functioning>°-%3,

3.1.1 Early-life adversity and microglia

Indeed there is evidence for ELA induced alterations in microglia morphology and gene
expression'>'633-35_|n particular, we have shown that immediately following ELA exposure
at P9, hippocampal microglia display altered morphology, i.e. reduced Ibal coverage in the
dentate gyrus and reduced complexity of Iba1 positive cells in the hilus of the hippocampus?.
This was remarkably not accompanied by gene expression changes of microglia extracted
from the whole hippocampus at P9 (chapter 3), suggesting that there might be subregion-
specific effects on microglia morphology and functions or that the effects at the gene
expression level might be latent. Importantly, ELA has persistent effects on both morphology
(i.e. increased immune reactive morphology subtypes) and gene expression (i.e. altered
expression of inflammatory genes) of hippocampal microglia in adulthood, which was
accompanied by an altered transcriptional response to a systemic lipopolysaccharide (LPS)
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challenge (chapter 3). In addition we have previously reported long-lasting effects of ELA
on microglia morphology in response to chronic amyloid pathology in an APP/PST mouse
model'®. Our data is in line with other studies showing ELA-induced microglial changes
throughout life*->%, and suggest long-term ‘programming’ of microglia properties and their
environment by ELA in such a way that they respond differently to (inflammatory) challenges
in adulthood. Such programming of microglia and its differential and often exaggerated
response to later life challenges could potentially contribute to the ELA-induced increased
risk to develop psychopathologies and neurodegenerative disorders later in life, which have
a strong (neuro)immune component>®-*°,

While in this thesis we have specifically addressed the role of microglia in programming of
the brain by ELA and early diet, other glial cells such as astrocytes and oligodendrocytes
are evidently crucial during brain development too, making them potential substrates for
brain programming by early environmental factors (chapter 1 and 2). Several types of
ELA including stress, inflammation and malnutrition have been shown to have direct and
long lasting effects on astrocytes®® and developmental oligodendrogenesis was impaired
in mice exposed to ELA which was regulated by neuronal activity®'. As discussed earlier,
w3 PUFAs have immense effects on microglia functionality but there is evidence for their
impact on astrocytes and oligodendrocytes too. Recently w3 PUFAs were demonstrated
to promote astrocyte differentiation partly by modulating expression of BDNF and glial-
derived neurotrophic factor (GDNF)®? and w3 PUFA deficiency alters oligodendrocyte
maturation and myelin integrity during brain development®'. Thus, all neural cell types,
neurons and glial cells, are vital during brain development and therefore could play their
part in brain programming by ELA and dietary PUFAs.

3.1.2 PUFAs, their derivatives and microglia

Next to being affected by environmental stress, there is ample data showing that
dietary PUFAs modulate microglia morphology and function both in vitro as in vivo®%. For
example, docosahexaenoic acid (DHA) can block microglia-induced activation of the NFkb
pathway in microglial cell cultures and maternal w3 PUFA deficiency alters microglial
phenotype, reduces their motility and increases microglial-mediated phagocytosis of
synaptic elements in vivo>>%*. Effects of PUFAs on microglial phagocytic capacity seem to
depend on their local environment and on the substrate, since supplementation of DHA
and eicosapentaenoic acid (EPA) increased microglial phagocytosis of amyloid-f in an
Alzheimer’s disease mouse model®%, Moreover, we have previously demonstrated that
ELA-induced cognitive impairments were accompanied by a reduction in the survival of
adult born neurons in the hippocampus together with an increased expression of microglial
CD68, a marker for phagocytosis, suggesting possible involvement of microglia in the
integration or survival in neural networks. The early low w6/w3 PUFA diet not only reversed
the effect on neurogenesis, it also reduced the ELA increase in microglial CD68 expression'®,
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supporting the idea that increased w3 PUFA availability early-in life can program microglia
and/or their local environment, leading to long lasting effects on microglial phagocytotic
capacity. Additionally, in chapter 4 we detected long term effects of the early PUFA diet on
microRNAs (miRNAs) and target genes associated with the hippocampal molecular pathway
“phagosome formation”. While in chapter 4 we analyzed whole hippocampal RNA and not
specific to microglia, nonetheless this too points to long-term effects of early dietary PUFAs
on later-life molecular processes related to phagocytosis.

PUFAs esterified in neural cell membranes also modulate intracellular processes after
enzymatic cleavage into a variety of bioactive derivatives, also referred to as oxylipins
because they are generated through the oxidation of PUFAs®’. Some researchers refer to
them as specialized pro-resolving mediators (SPMs) due to theirimportance in the resolution
of inflammation®. Oxylipins derived from w3 PUFAs DHA and EPA and their precursor
a-linolenic acid (ALA) represent mostly anti-inflammatory and pro-resolving metabolites
while oxylipins derived from arachidonic acid (AA) and its precursor linoleic acid (LA) are
mostly pro-inflammatory compounds3°%°7°. Microglia can both respond to and produce
oxylipins themselves?”'. Three main enzymes are involved in the conversion of PUFAs into
oxylipins: cyclooxygenase (COX), lipoxygenases (LOX) and cytochrome P450 (CYP), which are
all three used for both the synthesis of w6 and w3 oxylipins. As mentioned earlier, Madore
and colleagues (2020) beautifully showed that long term dietary w3-PUFA deprivation
induced increased microglial phagocytosis of synaptic elements. Notably, this was mediated
by 12-hydroxyeicosatetraenoic acid (HETE) converted from AA by 12/15 LOX%. In another
study, two w3 derived oxylipins, i.e. resolving E1 and resolving D1, were shown to inhibit
LPS-induced microglial activation in vitro, via regulation of the NFkb signaling pathway and
specific microRNA (miRNA) expression’>74, In the context of Alzheimer’s disease, w3 derived
oxylipins Maresin 1 and Resolvin D1 reduced -amyloid (Ap)42-induced inflammation in
human microglial cultures and stimulate microglial phagocytosis of AB42%7!,

While not specific for microglia, there is additional evidence that PUFAs modulate brain
oxylipins: a 2-month dietary w3 PUFA supplementation (as compared to mice that were
deprived of w3 dietary PUFAs), increased w3 derived oxylipins and decreased w6 derived
oxylipins, which were measured directly following the dietary intervention. This was true
both under basal conditions as in response to an inflammatory LPS challenge”, suggesting
that dietary PUFAs can promote the resolution of inflammation through modulation of
oxylipins. We demonstrated in chapter 5 that both ELA and early dietary w6/w3 ratio led
to changes in the adult hypothalamic PUFAs and related oxylipins. Notably, the impact
of ELA was highly dependent on the early diet. For example, ELA decreased the w3
eicosapentaenoic acid (EPA), which was reversed by the low w6/w3 diet. This is in line
with our previous study showing that the low w6/w3 diet increased hippocampal levels
of EPA both directly after the dietary intervention and into adulthood'. In addition we
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showed that an acute peripheral LPS challenge in adulthood increased hypothalamic
prostaglandin E2 (PGE,) (chapter 5), an w6 AA derivative previously reported under
inflammatory conditions’. Next to the common increase in PGE, the LPS induced
alterations depended on both ELA and diet. For example, specifically in mice fed a low
w6/w3 ratio PUFA diet, in response to LPS we detected a reduction w6 AA and its derived
oxylipins (5-HETE, 8-HETE, 5-KETE, 12-KETE, 15-KETE, TxB2, PGF, ). This data supports the
importance of dietary PUFAs early in life, as well as their protective capacities and long-
lasting impact on inflammatory signaling, which likely plays part in their beneficial effect
on brain and behaviour.

LOX - HODE, oxoODE
LA < CYP - EOME, diHOME

w6 PUFA ¢
COX - HETE, PG, TX, DiHETE
AA < LOX - HETE, HpETE, LT, LX, oxoETE
CYP - HETE, EET, DIHETE

ALA < LOX - HOtrE
CYP - EpODE
COX - LT, HEPE

w3 PUFA EPA <

¢ COX — HDoHE, RV
DHA é LOX - HDoHE, RV, PT, MaR1, MaR2
CYP - HDoHE, EpDPE

LOX - HEPE, RV, PG, TX

Figure 1. Oxylipin synthesis pathways.

AA: arachidonic acid, ALA: alpha linolenic acid, COX: cyclooxygenase, CYP: cytochrome 450, DHA:
docosahexaenoic acid, DIHETE: dihydroxy-eicosatetraenoic acid, DIHOME: dihydroxy-octadecaenoic acid, EET:
epoxy-eicosatrienoic acid, EPA: eicosapentaenoic acid, EpDPE: epoxy- docosapentaenoic acid, EpODE: epoxy-
octadecadienoic acid, EOME: epoxy-octadecenoic acid, HDoHE: hydroxy-docosahexaenoic acid, HETE: hydro-
xyeicosatetraenoic acid, HEPE: hydroxy-eicosapentaenoic acid; HODE: hydroxy-octadecadienoic acid, HOTrE:
hydroxy-octadecatrienoic acid, HpETE: hydroperoxy- eicosatetraenoic acid, LA: linoleic acid, LOX: lipoxygenase,
LT: leukotriene, LX: lipoxin, MaR1: Maresin 1, MaR2: Maresin 2, oxoODE: keto-octadecadienoic acid, oxoETE:
keto-eicosatetraenoic, PG: prostaglandin; PT: protectin, PUFA: polyunsaturated fatty acids, Rv: resolvin, TX:
thromboxane. Adapted from Rey and colleagues 20197,

Next to oxylipins, another class of bioactive lipids derived from PUFAs that can modulate
microglial functions are endocannabinoids (eCBs)%7”. The most abundantly expressed
eCBs in the brain are the AA metabolites ethanolamides anandamide (AEA) and
2-arachidonoylglycerol (2-AG). eCBs bind to cannabinoid receptors CB1 and CB27%, with
CB2 being most abundantly expressed in microglia’. Endocannabinoids seem to regulate
microglia activity under inflammatory conditions®®'. For example, microglia from
CB2 knockout mice have reduced phagocytic capacity and an CB2 antagonist reduced
microglia motility in vitro®.
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Additionally, endocannabinoids play important roles in microglia-neuron interactions. For
example, by secretion of extracellular membrane vesicles containing AEA on their surface,
microglial AEA can activate neuronal CB1 thereby inhibiting presynaptic neurotransmitter
release®. Additionally, epoxide derivatives of w3 eCBs (Epoxyeicosatetraenoic acid-
ethanolamide (EEQ-EA) and epoxydocosapentaenoic acid-ethanolamide (EDP-EA) are
potent anti-inflammatory regulators of BV2 microglial cells too®. While we did not measure
eCBs directly, we did detect an ELA mediated increase in DAG in the adult hypothalamus,
which could possibly impact 2-AG signaling since DAG is the main precursor for 2-AG.
Others have shown effects of ELA on developmental endocannabinoid signaling in the
hippocampus?®, which could possibly impact neuronal and synaptic plasticity.

Thus, there is abundant evidence for ELA and (early) dietary PUFAs, partly via their
bioactive derivatives, can impact microglia functionality into adulthood. While not cell-
type specific, in chapter 4 we additionally demonstrated using a microarray approach on
whole hippocampal tissue, that both ELA and early dietary w6/w3 ratio affect the miRNA
and gene expression response to an inflammatory LPS challenge later in life. Several
pathways associated with the immune response were differentially regulated depending
on ELA and early diet, to which glial cells such as astrocytes and microglia most likely
contribute.

In summary, the large variety of receptors expressed by microglia make them
responsive to many molecules, ranging from cytokines, chemokines, stress hormones
and neurotransmitters to bioactive lipids, that regulate their homeostasis and activity
(chapter 1; chapter 2; chapter 3). Due to the critical activities of microglia during brain
development, changes in their physiology can have major impact on brain functions
including the regulation of neuronal plasticity and neuroinflammation. Indeed, we and
others have provided evidence for ELA and early dietary PUFAs to impact microglial
transcriptional profile and functionality into adulthood, which is associated with neuronal
plasticity and inflammatory signaling. Several of the properties of PUFAs and their effects
on microglia, e.g. modulation of inflammatory signaling via the production of oxylipins
and phagocytic capacity, might contribute to their beneficial effects on hippocampal
functions in particular for risk groups exposed to ELA in which these processes seem to be
altered to begin with. In the next section, we discuss the role of hippocampal plasticity in
the impact of ELA and dietary PUFA on cognitive functions.

3.2 ELA and dietary PUFAs impact cognitive functions via alterations in
hippocampal plasticity

The term “neuronal or brain plasticity” refers to the ability of neural networks in the
brain to change, adapt and reorganize its structure, connections and functions, e.g.
through growth and in response to hormones or experiences®. These processes are key
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for cognition, learning and memory?’. During brain development the brain is extremely
“plastic’, but also in adulthood there is still a certain degree of brain plasticity, which is
essential for learning, memory and recovery from stress or damage. A brain region often
focused on is the hippocampus, a very plastic brain region also in adulthood that is a key
for learning and memory. Therefore the term “hippocampal plasticity” is frequently used
as wel |88,

Examples of hippocampal plasticity-related processes are; adult neurogenesis,
synaptogenesis, network reorganization and neuronal activity changes. Together with
impaired cognition (chapter 4; ®), we and others have shown ELA to affect measures of
neuronal and synaptic plasticity, as shown by a reduced hippocampal volume, reduced
adult neurogenesis and altered neuronal excitability’'>*°. While in this thesis we have
not specifically focused on ELA-induced changes in hippocampal plasticity, we did
demonstrate in chapter 4 that ELA induced alterations in the hippocampal expression
of miRNAs and target genes. These were associated with learning and memory such
as ephrin and PKA signaling, possibly underlying the ELA-induced effects on aspects
of hippocampal plasticity. In addition, by taking an unsupervised approach of looking
at hippocampal gene expression via weighted gene co-expression network analysis
(WGCNA), we detected a gene co-expression module that correlated with ELA. This
network was associated with processes related to structural and functional components
of the synapse, also pointing towards ELA mediated effects on hippocampal and synaptic
plasticity (chapter 4).

Also dietary PUFAs have been associated with changes in neuronal plasticity®'2 For
example, long-term w3 PUFA supplementation can increase gene and protein expression
related to dendritic arborization and spine formation, and lead to increased adult
neurogenesis and synaptic plasticity®"****. Previously we have demonstrated that the
ELA induced reducedsurvival of adult born hippocampal neurons could be prevented by
an the early low w6/w3 ratio diet, suggesting long term programming of hippocampal
plasticity by early dietary PUFA’s. Furthermore, as discussed in chapter 4, we detected
a diet specific gene co-expression network module that was associated with nervous
system development and neuronal plasticity (chapter 4), and demonstrated that the
low w6/w3 PUFA diet lead to long term changes in miRNAs and genes associated with
hippocampal plasticity such as cAMP and CREB signaling, which was most prominent in
mice previously exposed to ELA. This data highlights possible molecular substrates of
the beneficial effect of the diet. Moreover, in response to an inflammatory LPS challenge
in adulthood, specifically in mice fed a high w6/w3 diet miRNAs and target genes were
mostly associated with an activation of inflammatory signaling while in mice fed the low
w6/w3 diet rather an inhibition was detected of pathways associated with hippocampal
plasticity. Both the respective activation and inhibition of inflammatory and neuronal
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plasticity pathways were further modulated by previous ELA exposure. The low w6/w3
diet specific inhibition of these hippocampal plasticity pathways, further supports the
notion that these processes were activated by the diet under basal conditions (chapter
4). Importantly, the effect of the diet on hippocampal plasticity pathways was strongest
in mice previously exposed to ELA, supporting the hypothesis that dietary interventions
may have the largest impact in risk groups’@,

It remains intriguing to understand what the specific mechanisms are that lead to the
specific long-term alterations observed after ELA or dietary PUFAs at the various levels.
A very likely and highly investigated candidate mechanism translating environmental
factors into changes in gene/protein expression and thereby alters brain physiology,
function, behaviour and risk for disease, is epigenetics. While there are multiple aspects of
epigenetic mechanisms, these include microRNAs, which has been our focus in this thesis
and will be discussed in the next section in the context of ELA and dietary PUFAs.

3.3. Epigenetic mechanisms translating environmental factors into
changes in gene expression and brain function
Asdiscussedthroughoutthisthesis, ELAand early dietare predisposing events contributing
to the risk to develop mental and metabolic disorders later in life. Epigenetic mechanisms
are key in many of the adaptive and maladaptive biological processes changed during
early life. They regulate gene expression without changing the genome, via for example
DNA methylation, post-translational histone modifications, post transcriptional RNA
editing and non-coding RNAs®. Notably, all these epigenetic mechanisms have been
associated with ELA%-*° and early diet'%-1%4,

Non-coding RNAs include both long non-coding RNAs (IncRNAs) and microRNAs (miRNAs)
and play important roles in regulation of gene expression'®. miRNAs are comprised of
20-30 nucleotides and downregulate gene expression post-transcriptionally by binding
to the 3'- untranslated region (UTR) of their mRNA targets. Expression of approximately
30% of all protein-encoding genes are fine-tuned by miRNAs', In this thesis we have
assessed miRNAs and their ability to regulate gene expression. Indeed, in chapter 4 we
demonstrated a role for miRNAs in regulating ELA and early dietary PUFA-induced changes
in hippocampal target gene expression associated with molecular pathways related to
inflammation and hippocampal plasticity, as discussed in the previous paragraph 3.2. Both
under basal conditions and in response to LPS, the of ELA on miRNA and target genes
strongly dependent on the early diet. This data shows that miRNAs might be guiding
factors in the ELA and diet induced gene expression changes detected in adulthood, also
in response to an adult inflammatory challenge. Moreover, the observed diet mediated
changes in miRNAs might be key for its protective effects on hippocampal plasticity and
learning and memory, specifically in risk groups exposed to ELA (chapter 4).
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3.3.1 Epigenetics and microglia

Since epigenetics are involved in the regulation and reprogramming of cell phenotypes,
they are critical for regulating cellular plasticity, also for microglia. During brain and
microglia development, epigenetic factors regulate which genes are expressed and which
are repressed'”. In addition, epigenetic processes play a crucial role in the concept of
“immune memory’, which poses that immune cells are affected by early experiences,
thereby influencing future responses, also related to the “second-hit hypothesis” and
“match-mismatch” hypothesis of early stress exposure'®'®. Microglia have a relatively
long half-life, which makes them great candidates for epigenetic modifications to
regulate their responsiveness to later-life challenges. Indeed, preconditioning/priming
of microglia by LPS causes several changes in their epigenetic landscape (i.e. repressive
histone modifications), leading to blunted pro-inflammatory response to a later-life LPS
challenge™®'"", In the context of ELA and microglia, both microglial histone modifications
and DNA methylations patterns have been reported to be affected by ELA>"2 As
discussed in chapter 3 and paragraph 3.1 of this general discussion, we did not detect
any transcriptional changes directly following ELA exposure at P9, whereas these became
apparent in adulthood, both under basal conditions as in response to LPS. Possibly, at
P9 epigenetic modifications in microglia are at play that do not translate to altered gene
expression at basal state, but that eventually, together with following stimuli from the
microenvironment across life, lead to an altered trajectory of microglia gene expression
across development into adulthood and ultimately to the detected changes in adulthood.

Of all the potential epigenetic regulators of microglia, miRNAs are probably the most
studied ones'®. miRNAs have been proven to be key for the differentiation of progenitor
cells into microglia during development and in activation processes into adulthood™“. In
fact the variety of phenotypes and activation states of microglia can be characterized by
distinct miRNA signatures'’. Differentially expressed miRNAs were also detected upon
LPS stimulation of primary microglia, demonstrating acute miRNA responses thereby
possibly affecting gene expression'?. If and how miRNA contribute to the changes that
we observed in microglia gene expression remains to be determined.

3.3.2 Epigenetics and dietary PUFAs

Nutri-epigenomics, is the field that studies interactions between nutrition and the
epigenome. Firstly, epigenetic factors can control gene expression involved in nutrient
metabolism, which may thereby contribute to differences between individuals in their
nutrient requirements and susceptibility to disease. Secondly, dietary intake of nutrients
may alter epigenetic mechanisms. This bidirectional interaction between the diet and
the epigenome implies that nutritional interventions may reprogram epigenetic marks
that are associated with increased risk for disease'®. For example, DNA methylation
is regulated by micronutrients, also called methyl-donors due to their involvement
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in 1-carbon metabolism. We have previously reported that an early diet enriched in
micronutrients can rescue part of the ELA induced cognitive deficits. In this study neither
ELA nor the diet were associated with changes in hippocampal global or GR specific
(Nr3c1) DNA methylation?®, thus further investigations will have to address which are the
specific epigenetic mechanisms, next to the observed miRNA (chapter 4) that are also
taking place in response to ELA and mediating the beneficial effect of the diet.

There is also evidence from both animals and human studies that dietary fatty acids can
affect epigenetic processes as well as epigenetic factors regulating fatty acid metabolism,
however, this was so far mostly studied in peripheral tissues''. For example, animal studies
have shown that changes in maternal intake of PUFAs during pregnancy and lactation can
persistently change DNA methylation and histone modifications of genes in peripheral
tissues related to metabolism'3'617 " Concerning the brain, Maekawa and colleagues
demonstrated that dietary PUFA deficiency during development (both arachidonic acid
(AA) and docosahexaenoic acid (DHA)) induced phenotypical changes in the offspring in
adulthood, that were associated with schizophrenia symptoms and which was associated
with hyper-methylation of nuclear receptor promotors involved in oligodendrocyte
integrity and the gamma-aminobutyric acid (GABA)-ergic system'®. In humans, next to
several studies reporting epigenetic modifications upon altered dietary PUFA intake in
peripheral tissues, Haghini and colleagues (2015) showed that plasma PUFA composition
was linked to DNA methylation patterns for genes involved in PUFA synthesis in major
depressive disorder patients®. It is currently unclear how exactly dietary fatty acids
modify the epigenome. Regarding histone modifications, there is evidence that SCFA can
inhibit histone deacetylase activity resulting in histone deacetylation'®.

Nutri-mironomics specifically studies the interactions between nutrition and miRNAs as
epigenetic modulators. Also here, most evidence comes from studies examining fatty acid
intake and epigenetic marks in peripheral tissues or cells. For example, using a macrophage
cell line, it was shown that w3 EPA and DHA could modulate the expression of several
miRNAs both under basal conditions as in response to an inflammatory stimulus™'.
Recently, several studies have described alterations in plasma and/or brain miRNAs in
Alzheimer’s disease patients associated with inflammatory signaling and miRNAs
were proposed as potential mechanisms via which dietary DHA can have beneficial
effects on AD symptoms'?2. We have added a piece to the puzzle in chapter 4, in which
we demonstrated long-term effects of dietary w6/w3 PUFA diet on hippocampal miRNA
expression both basally as well as in response to an inflammatory LPS challenge, which
was accompanied by changes in target gene expression. As mentioned earlier, these diet
modulated miRNAs and target genes were mosty associated with hippocampal plasticity
pathways, which were activated under basal conditions and inhibited in response to LPS
(chapter 4). Importantly these effects were most prominent in mice previously exposed
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to ELA, suggesting that modulating early dietary PUFAs could be an effective strategy
to support molecular pathways associated with hippocampal plasticity and learning and
memory, key processes that are affected by ELA and in ELA-induced disease states such
as depression?,

Thus, there are indications that PUFAs can modulate epigenetic regulation including
miRNAs, however additional research is necessary with a focus on the brain and molecular
pathways via which dietary PUFAs exert their actions on epigenetic mechanisms.

3.3.3 Epigenetics and the gut microbiota

As discussed in chapter 7, the gut microbiota can be modulated by a variety of
environmental stimuli thereby influencing health of the host. All types of epigenetic factors
have been implicated in translating these environmental stimuli into changes in biological
processes, by interacting with the gut microbiota and leading to gene expression changes.
In addition, it has been suggested that microbiota itself is an epigenetic player'?, since
they are in fact an “outside source” that can effect gene expression of the host without
modifying the DNA.

While it is not clear how exactly bacteria in the gut affect epigenetic mechanisms, there
is evidence for microbiota generated SCFA, vitamins and neurotransmitters altering
the host epigenome including alterations in DNA methylation, acetylation and histone
modifications'*. Subsequent gene expression changes can lead to altered intestinal
permeability and gut homeostasis'®*'?¢. Concerning miRNAs, a bidirectional interaction
has been reported between the gut microbiota and host miRNA expression: specific gut
microbes can alter expression of miRNAs, and miRNAs can promote or inhibit growth of
gut microbes'.

There is also evidence that altered gut microbiota can affect brain miRNA. Conventional
raised mice exposed to antibiotics and mice that lack all microorganisms from birth
(i.e. germ free (GF) mice) were shown to exhibit aberrant expression of miRNA in the
amygdala and PFC, two brain regions important for stress and fear behaviours'?’. Pathway
analysis on the target genes of the differentially expressed miRNAs suggested roles in
neurodevelopment and plasticity. Re-colonization of GF mice by environmental microbes
partly restored miRNA levels to some extent while some miRNAs remained altered
following post-weaning exposure to microbes dependent on the brain region, suggesting
the presence of a critical neurodevelopmental window during which the gut microbiota
can modulate brain development'?. These results indicate a gut microbiota-dependent
regulation of brain miRNAs, which additionally relies on the neurodevelopmental stage
and brain region involved. Exactly which gut-microbiota-brain communication pathways
are responsible for these observations remains to be established.
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Epigenetic mechanisms seem thus essential for translating environmental factors into
changes in gene and protein expression, thereby leading to alterations in biological
functions. Exactly how environmental cues such as ELA and diet alter epigenetic signaling
is often not clear. Regarding miRNA expression, several mechanisms have been proposed,
including; i) DNA methylation, ii) altered miRNA processing, ii) interaction with endogenous
(hormones, cytokines, peptides) and exogenous (xenobiotics) compounds'?®, Next to
DNA, RNA/genes and proteins, lipids are also main compounds of eukaryotic cells with
essential functions in (inter)cellular structure, homeostasis and cellular communication,
which will be discussed in the next section.

3.4 Brain lipids in ELA and PUFA mediated risk for brain disorders

There is emerging evidence for a role of brain lipid dysregulation in later-life mental
disorders including cognitive impairments'*-'%, for which ELA and PUFA deficiencies are
major risk factors. Lipids may function as energy storage molecules but can also be bio-
active and determine fundamental properties and functions of neurons and glial cells
via modulation of the integrity of cell membranes and cell-cell signaling among others.
Five main lipid categories exist: fatty acids, phospholipids, sterol lipids and sphingolipids,
that perform specific biological functions depending on the brain region, cell-type and
even organelle'*'3° Brain lipid composition can be influenced by environmental factors,
making them a promising target for research into how ELA and nutritional interventions
affect brain functions and increase risk for later-life disease':.

As discussed extensively in chapter 5, we have demonstrated ELA and early w6/w3
diet-mediated long-lasting changes in the hypothalamic lipidomic profile, both basally
as well as in response to an inflammatory LPS challenge. For example, ELA increased
hypothalamic diacylglycerol DAG and a low dietary w6/w3 ratio in early life decreased
several lipids in adulthood including TAGs, FFAs, DAGs and CER. LPS decreased ceramides
and lysophosphotidylcholine while it increased hexosylceramides. Notably, the ELA-
mediated changes in the lipid profile were highly dependent on the early diet. In
particular it appears that the low w6/w3 ratio diet leads to a more anti-inflammatory and
neuroplasticity promoting lipid profile. These data suggest that brain lipid changes might
(at least in part) contribute to the mechanisms via which the low w6/w3 diet protects
ELA exposed mice against long lasting effects on neuroinflammatory and hippocampal
plasticity processes as well as learning and memory''6.

To our knowledge we were the first to study the effects of early-life environmental factors
on the adult brain lipidomic profile. So far, we do not know how exactly ELA and early
dietary PUFAs can exert these long-lasting effects. In this paragraph we will elaborate on
several properties and functions of brain lipids that could be involved in the effects of ELA
and early dietary PUFAs on the brain.
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3.4.1 Brain lipid metabolism

The importance of lipids to biological systems is highlighted by the fact that in humans
5% of genes are involved in lipid synthesis of thousands of different lipid species, for
which substantial energy resources are used. The brain contains all major lipid classes
of which most (except from essential PUFAs that need to be taken up via the diet) can
be synthesized both in de brain (de novo synthesis) as in the periphery after which they
may be trafficked over the blood-brain-barrier (BBB), either via passive diffusion or
transport-protein mediated pathways (e.g. lipoproteins for TAGs and fatty acid binding
proteins (FABPs) for fatty acids (FA)). Furthermore, intercellular exchange of lipids play a
large role in brain lipid homeostasis, for example through micro-vesicles, lipoproteins and
non-esterified FAs™'*!. Without going into detail, the structure of individual lipid classes
affects their intracellular localization and synthesis. For example, the main site for lipid
synthesis is the endoplasmic reticulum (ER) while some (e.g. the certain phospholipids)
are synthesized in the mitochondrial membrane'**'*2, Both dysfunctions of the ER and
mitochondria have been associated with brain disorders for which ELA and malnutrition
arerisk factors'3'*. Moreover, mitochondria, the energy producing organelles within cells,
also produce reactive oxygen species (ROS), which can be modulated by ELA'-"0 and
dietary PUFAs'#151152 Whether the in chapter 5 described ELA and diet-induced changes
hypothalamic lipids are accompanied by changes in physical and chemical properties of
mitochondria remains to be investigated.

3.4.3 Lipids and neuronal plasticity

Lipids, for example phospholipids and sphingolipids, shape the physical properties of all
cell membranes, which makes them key modulators of neuronal and synaptic plasticity.
Several studies have shown that neuronal membranes are not static but remain fairly
dynamicin their lipids composition and thus also in their physical and chemical properties,
which is most prominent during development. The physical properties of the membrane
may impact how neurotransmitters interact with membrane-bound signaling proteins.
Given the importance for lipids in neural cell function and plasticity, it is not surprising
that altered lipid composition may contribute to changes in neuronal plasticity and to the
etiology of mental disorders, including cognitive impairments.

As discussed throughout this thesis and general discussion (paragraph 3.2), the
composition of phospholipids and PUFAs can greatly alter neuronal plasticity processes.
Other lipids too have been implicated in neuronal plasticity such as sphingolipids,
including sphingomyelin and ceramides. Sphingolipids have been proven important for
synaptic plasticity (long-term potentiation (LTP)) and learning and memory, which seems
to be at least partly mediated by N-methyl-D-aspartate (NMDA) receptors'>*'>4 This is
likely due to the fact that the majority of NMDA receptors are localized in sphingolipid-
enriched lipid rafts in the membrane of mostly excitatory synapses and from there,
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respond to the neurotransmitter glutamate. Ceramides are composed of sphingosine and
a fatty acid and play key roles in a variety of fundamental cellular processes including cell
proliferation, growth, differentiation, survival and apoptosis'. An increase in ceramide
concentration may induce neuronal apoptosis via diverse mechanisms, including direct
generation of reactive oxygen species, mitochondrial dysregulation and caspase 3
activation, see excellent reviews'>>'*¢, In addition, the impact of ceramides on the fluidity
of lipid rafts in synaptic membranes might contribute to reshaping synaptic structures and
learning memory'™’. Indeed reduced C16 ceramide levels in the hippocampus have been
associated with learning and memory. More specifically, extinction learning coincided
with a decrease in the activity sphingomyelinase (ASM), which catalyzes turnover of
sphingomyelin to ceramide. The stronger the decline in ASM activity, the better was the
extinction learning'™®. Interestingly, as discussed in chapter 5, the early dietary low w6/w3
diet reduced hypothalamic C16 ceramide levels. Even though these results were obtained
in the hypothalamus, it is tempting to speculate that these changes might also occur in
the hippocampus and contribute to the beneficial effects of the diet on neuronal plasticity
and cognitive behaviour™.

Another lipid class associated with neuronal plasticity is diacylglycerol (DAG). DAGs can
either directly activate effector molecules (e.g. protein kinase C (PKC))™, or they can be
converted, by DAG lipases, into the endocannabinoid 2-AG. 2-AG is known to play crucial
roles in synaptic signaling, axonal growth and adult neurogenesis, processes known
to be affected by ELA3?. Precious studies have shown ELA to affect developmental
endocannabinoid signaling®. In chapter 5 we demonstrated that exposure to ELA led
to an increase in hypothalamic DAG in adulthood. Interestingly, also adult chronic stress
increases DAG levels in several brain regions'®'®". Currently we do not know if the effects
of stress on DAG also affects DAG lipases and/or 2-AG levels in the brain, and whether this
may thereby possibly affect neuronal plasticity.

3.4.4 Lipids and microglia

Microglia are the (immune) guards of the brain, extensively discussed in chapter 1, 2 and
3 and paragraph 3.2 of this general discussion. These innate immune cells appear to
be key in all situations, ranging from physiology to pathology®. In addition of expressing
receptors for cytokines, stress molecules and neurotransmitters, they also express
numerous receptors to sense alterations in lipid composition'®*'¢3, Once disturbances
are detected, the microglial lipidome and transcriptome can be altered leading to
functional changes associated with neuronal plasticity, cell migration, phagocytosis and
inflammatory signaling'®. Different aspects of lipid metabolism, such as lipid sensing,
synthesis and oxidation control essential aspects of microglial biology. Due to the critical
roles microglia play both in health and disease, it is not surprising that disturbances in
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these processes have been ascribed to the development and phenotypical aspects of
several brain disorders, including for example depression®'%>16¢ and Alzheimer’s disease'®’.

Apart from PUFAs, oxylipins and endocannabinoids (paragraph 3.2 of this general
discussion), other lipids too have been demonstrated to interact with microglia and to play
a role in neuroinflammation and microglial functions. For instance, saturated fatty acids
(SFA) and ceramides (CER) have been implicated in (neuro-)inflammatory diseases. Notably
microglia dysfunction has been reported in such diseases, e.g. microglia are affected by
obesity but also contribute to obesity induced cognitive impairments'®'%°, Both in vitro
and in vivo studies have demonstrated that SFA, especially long-chain, can modulate
microglia and support an important role for microglia to sense rising levels of SFA in the
hypothalamus and subsequent inflammatory signaling®. For example, early-life maternal
obesity impacts microglia in the offspring, i.e. increased hippocampal microglial activation
markers at birth and microglial cell density in adulthood, which was accompanied by an
altered response to an inflammatory challenge during development or in adulthood'7*'7",
In addition, neonatal overfeeding sensitizes microglia in the hypothalamus, contributing
to a basal pro-inflammatory profile and altered response to an inflammatory challenge
throughout life. Moreover, the most abundant SFA palmitate can induce de novo CER
synthesis in primary microglia cultures via modulation of its synthesizing enzyme serine
palmitoyl transferase. Subsequently increased ceramide levels may stimulate the NOD-
like receptor pyrin domain containing 3 (NLRP3) inflammasome assembly in microglia,
which could lead to the production of the pro-inflammatory cytokine IL1b by microglia'”2.
Thus, apart from the role of ceramides in neuronal plasticity processes, they seem to be
essential for microglial mediated neuroinflammation as well.

Due to the various functions lipids have in the cell, they likely represent an excellent
substrate to mediate effects of ELA and dietary PUFAs on brain functions. Indeed we have
shown ELA and diet dependent effects on brain lipids in adulthood, with the low w6/w3
diet specifically promoting lipids previously reported as to be anti-inflammatory and pro-
neuronal plasticity. Future studies are warranted to investigate as to how exactly ELA and
the early diet lead to these changes but also what the functional changes are of these lipid
alterations.

So far | have mainly addressed central mechanisms that take part in programming by
ELA and dietary PUFAs. The last biological system that | will elaborate on in this general
discussion is the gut microbiota, and specifically the microbiota-gut-brain axis, and
address how it can take part in ELA and dietary PUFA programming mediated effects on
brain and metabolic programming.
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3.4The microbiota-gut-brain axis as a peripheral system translating early
environmental factors into changes in brain function

The early life gut microbiota composition is influenced by various factors, including the
host genome, stress hormones, mode of delivery, antibiotic usage and diet'3. Moreover,
alterations in the gut microbiota have been implicated in mental (depression) and
metabolic diseases (inflammatory bowel disease) for which exposure to ELA or early-life
malnutrition are risk factors. Animal research under specific conditions, has now provided
evidence foralink between gut dysbiosis and several brain processes such as neurogenesis,
neurotransmitter signaling, myelination and even alterations in brain microglia'*. How
exactly the gut microbiota are involved in ELA and dietary PUFAs induced risk for disease,
remains unknown.

As discussed in chapter 6, we and others have shown that exposure to early postnatal
stress and dietary PUFAs can modulate gut membrane permeability and the gut
microbiota composition throughout life’”*'”7, which has been associated with altered
behavioural outcomes as well'7617817° We specifically demonstrated that ELA and early
dietary w6/w3 PUFA ratio, mostly in interaction with each other, modulated -diversity
((dis-)similarities in microbiota composition between samples) and the relative abundance
of bacterial groups at several taxonomic levels on the short and long-term. Several of the
detected diet mediated changes were in line with literature (e.g. modulation of butyrate
producing species (see paragraph 3.4.2) showing beneficial effects of dietary w3 PUFA
supplementation on brain and metabolism. We therefore hypothesized that the early
diet could contribute to a stable and diverse microbiota thereby affecting developmental
processes during early sensitive windows that could have long-term impact on later-life
health (chapter 6).

Several communication pathways and mechanisms have been proposed to play key roles
in the crosstalk between the gut microbiota and the brain, such as the vagus nerve and
the circulation, via which immune cells and molecules, stress hormones and metabolites
could reach the brain. These will be briefly discussed in the next sections, in the context
of ELA and dietary PUFAs.

3.4.1 Communication routes from the gut to the brain and back: the vagus nerve and the
circulatory system

Two main communication pathways seem to be responsible for transferring signaling from
the gut microbiota to the brain and vice versa: the vagus nerve and the circulatory system,
which are in close connection to each other. The vagal efferents send signals “down” from
the brain to the gut (approximately 15% of all fibers) and the vagal afferents send signals
“up” from the intestinal wall to the brain (approximately 85% of all fibers). Vagal afferents
also interact with the circulation and thus the peripheral immune system such as pro- and
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anti-inflammatory cytokines. For excellent reviews on these communication pathways,
also in relation to diet and stress see'’*'%°,

As discussed in chapter 4 and 5, we and others have shown that exposure to ELA can
have long-lasting effects on the expression of plasma cytokines (i.e. IL6, CXCL1 and
CCL2), both under basal conditions and in response to an inflammatory challenge later
in life's'8"182 Whether these specific changes in plasma cytokines are mediated by and/
or affect the gut microbiota is currently unknown. Nevertheless there is evidence for gut
microbiota to regulate aspects of peripheral circulation and inflammation, via for example
modulating intestinal barrier functions leading to altered entry of immune-stimulating
and neuroactive substances into the circulation'3'®* and by direct interaction with nearby
immune cells', Additional studies are needed to examine relationship between ELA,
the microbiota and peripheral inflammation and if and how this is translated to altered
neuroinflammation possibly via i) peripheral immune cells crossing the BBB via the
circulation or via affecting vagus nerve activity.

While there are, to the best of our knowledge, no studies testing specifically whether
stress exposure during early life can affect vagus nerve signaling, there is evidence for
a close relationship between the vagus nerve and HPA axis signaling. For example, the
vagal afferent fibers can regulate HPA axis activity and adrenal gland corticosterone
secretion, by which it can impact both peripheral and central inflammatory signaling'®.
In addition, there is evidence for ELA to modulate the enteric nervous system (ENS), the
semi-autonomous part of the autonomous nervous system (ANS) comprised of a web of
sensory-, motor- and interneurons embedded in the wall of the gastrointestinal system,
also in close contact with the vagus nerve. ELA was shown to affect cholinergic neural
activity, which was independent of the gut microbiota'?®.

Future studies are warranted to fully appreciate the contribution of the microbiota in
mediating communication between the HPA-axis, the immune system and the brain.

3.4.2 Gut microbiota and the HPA axis

As discussed in chapter 1, stressful stimuli induce a cascade of events in the hypothalamic
— pituitary — adrenal (HPA) axis, leading to the secretion of glucocorticoids from the adrenal
glands. The HPA axis is a self-regulatory network, using its released products to provide
negative feedback at all levels of the HPA axis'®’.

The response of the HPA-axis to stressful stimuli is known to affect several physiological
systems, including the immune system and the gut microbiota'’*'®. The gut microbiota
themselves have also emerged as a major regulator of the HPA-axis activity, especially
during conditions of stress'®, Indeed, studies performed on germ-free (GF) rodents
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demonstrated a bidirectional communication between corticosterone and the gut
microbiota: stress and corticosterone are able to modify growth of gut microbiota, and
vice versa, gut microbiota can alter the stress response'®, For example, GF mice exhibited
an exacerbated HPA-axis response to an acute stressor resulting in elevated plasma levels
of corticosterone, which could be reverted by colonization with commensal bacteria'.
Moreover, exposure to pre- and pro-biotics could also alter the HPA-axis response to
stress'%1°". While we did not test for HPA-axis activity or corticosterone levels in chapter
6, we and others have shown ELA induced differences in HPA-axis signaling?'9>'%,
Notably, we demonstrated that the ELA induced rise in corticosterone and adrenal gland
hypertrophy could be prevented by an early diet enriched in micronutrients, supporting
the importance of early-life nutrition?. Micronutrients have been shown to impact the
gut microbiota'®, however whether the observed ELA and diet induced changes in HPA-
axis signaling were modulated by or led to changes in the gut microbiota needs further
investigation.

3.4.2 Gut microbiota and their metabolites

Gut microbiota produce hundreds of metabolites that can affect our physiology ultimately
leading to changes in the brain too. They can impact on the intestinal epithelium, the
enteric nervous system (vagus nerve) or enter the circulation. Several of these microbe-
derived neuroactive metabolites have been described as being capable of contributing
to the gut-brain crosstalk, including short-chain fatty acids (SCFA; butyrate, proprionate,
acetate) but also neurotransmitters including acetylcholine, GABA, serotonin'>-"%.

As discussed in chapter 6, we showed that while ELA seems to reduce species involved
in the production of butyrate (e.g. Lachnospiraceae) (Chapter 6; 133-135), increasing
dietary w3 PUFA availability, either in the early diet, or throughout life, can promote
several species associated with butyrate production (e.g. Clostridiales)®'%2, Although
there is also some evidence for diet induced changes in bacterial derived butyrate'73203204,
it is currently unclear if ELA and early dietary w6/w3 ratio indeed affect butyrate levels in
the gut, whether it gets to the brain and which functions it exerts there.

SCFA, such as butyrate, proprionate and acetate are products of anaerobic bacterial
fermentation of fibers and carbohydrates in the gut. They are lipophilic in nature allowing
them to reach the brain by crossing the blood-brain barrier, where they could possibly
affect the expression of neurotrophic factors and interact with neurons and glial cells?%5-2%7,
At the same time, SCFA are involved in keeping intestinal permeability in check, affecting
the passage of molecules into the circulation®®. Lower levels of SCFA may contribute to
increased intestinal permeability and increased peripheral and central inflammation,
which are known risk factors for several mental disorders. In fact, there is evidence for a link
between peripheral levels of these metabolites and mental disorders. For example, fecal
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levels of acetate and propionate correlated inversely with core symptoms of depression®®.
Moreover, several animal studies have shown antidepressant effects of SCFA™3210,
Nevertheless, much is still unknown about how and in which situation bacterial produced
SCFA reach the brain and the exact mechanisms by which they influence brain functions.
Nevertheless, it is tempting to speculate that the observed ELA and diet mediated changes
in species involved in butyrate production might contribute to the respective detrimental
and beneficial effects of ELA and the low w6/w3 ratio diet on hippocampal functions.

3.3.3 Gut microbiota and brain microglia

As mentioned above, there is evidence for the gut microbiota influencing peripheral
inflammation thereby possibly also affecting central neuroinflammation. In fact,
microglia, have been suggested to be key for the communication between the gut and
the brain'42"'212 For example, differences in microglia gene expression, morphology
and function have been reported between specific pathogen-free (SPF) and germ free
(GF) mice, which was dependent on sex and age?'2. Microglia from adult GF mice exhibit
an immature gene expression profile and altered response to an adult inflammatory
challenge (LPS). The differences between microglia of SPF and GF mice were, at least in
part, requlated by bacterial derived SCFA2'", But also proper vagal nerve signaling has been
shown to be essential for modulation of microglia and neuroinflammation. For example,
electrical stimulation of the vagus nerve, in combination with peripheral or central
LPS challenge, has been reported to decrease microglial release of pro-inflammatory
cytokines in the brain, which was no longer observed following vagotomy?'3. In addition,
in the context of aging, it has recently been shown that the gut microbiota, via increased
intestinal permeability and accumulation of N6-caboxymethyllysin accumulation in
microglia, impacts oxidative stress pathways and mitochondrial functions in microglia®'*.

Thus, the gut microbiota i) is required for microglial maturation (both at the level of gene
expression and morphology), ii) controls microglial functions under basal conditions
and in response to an inflammatory challenge throughout life and iii) does this in a
sex and age dependent manner. In addition, as mentioned earlier, microglial effects on
neuroinflammation can be translated to the gut via efferent fibers of the vagus nerve. The
in chapter 3 and 6 discussed alterations in microglia and the gut microbiota mediated by
ELA and early dietary w6/w3 ratio are therefore possibly interrelated.

In this section | reviewed several ways via which the gut microbiota could be involved in
mediating the effects of ELA and dietary PUFAs on brain programming. Importantly, the
gut microbiota are also a key player in chronic metabolic diseases. In the next section the
comorbidity and sex-dependency of ELA induced metabolic and brain disorders will be
discussed.
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4. Factors mediating the effects of ELA on later-life phenotypes

4.1 Comorbidity and sex-dependency of ELA induced metabolic and
brain disorders

ELA increases risk for the development of both metabolic and mental disorders later in
life*>215-217_ Notably, in the general population these diseases are often comorbid with sex-
differences in their prevalence and presentation. In chapter 7 we extensively reviewed the
human and rodent literature assessing effects of ELA (pre- and postnatal stress) on either
metabolic and behavioural readouts in both sexes. We found that ELA impacts mental and
metabolic health in a sex-specific manner, which additionally depends on type and timing
of ELA exposure. This data calls for detailed assessment of individuals early-life history,
sex and comorbidities for diagnosis and designing (personalized) intervention trials and
treatments. Importantly, rodent and human studies largely overlapped in their findings,
supporting high translational value of rodent research and the validity of rodent models
to study biological mechanisms underlying ELA induced (brain) programming and risk for
disease.

4.2 Resilience versus susceptible population

Due to the ELA increased risk for disease, ELA exposure is often assumed to solely have
detrimental effects on later-life outcomes, however the opposite can be true is specific
cases?'®, Not all individuals exposed to ELS display the same neurobiological, cognitive
and metabolic phenotypes in adulthood. According to the predictive-adaptive or match-
mismatch hypothesis, the early-life event influences the development of the individual
to adapt to a specific environment (i.e. the predicted environment). Depending on a
match or mismatch between the early and later-life environment there will be a beneficial
or detrimental response respectively, for example in terms the response to later-life
stressor or inflammatory stimulus'®?'-22' (chapter 7). Accordingly, some alterations
during development therefore result in adaptations that lead to resilience to specific
circumstances in adulthood. Several factors may play a role in ELA induced vulnerability
for disease, including genetic vulnerability, epigenetic alterations and sex of the exposed
individual but also type and timing of stress exposure (chapter 7). Understanding more
of the factors leading to either vulnerability or resilience to ELA will aid the search for
biomarkers and ultimately personalized interventions and treatments.
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Figure 2. Mechanisms underlying brain programming by ELA and early dietary PUFAs.
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4, Concluding remarks

ELA alters brain development and increases risk for mental and metabolic disease, for
which several underlying biological mechanisms have been addressed in this thesis: HPA
axis signaling, inflammation and microglia, neuronal/hippocampal plasticity, epigenetics
(focused on miRNAs) and transcriptomics, brain lipids and PUFA derived oxylipins and
the gut microbiota (figure 2). In this general discussion | attempted to demonstrate that
these mechanisms are strongly interrelated, they affect and depend on one another.
We demonstrated that an early-life dietary intervention based on lowering the w6/
w3 PUFA ratio has far reaching effects on these neurobiological mechanisms and can
be very effective in modulating/supporting them in particular for risk groups exposed
to ELA. In some cases, an optimal early diet might reverse ELA induced effects where in
other instances the diet may provide additional “support” to the system to better adapt
to the alterations induced by ELA exposure. In order to develop effective personalized
(nutritional) interventions to prevent or treat ELA and/or nutrition mediated mental and
metabolic disorders, deep understanding of these mechanisms and their interrelations is
essential.



General discussion | 347

References

10.

11.

12.
13.

14.

15.

16.

17.

18.

19.

20.

21.

Korosi, A. & Baram, T. Z. The pathways from mother s love to baby ’s future. Front. Behav. Neurosci. 3, 1-8
(2009).

Cusick, S. E. & Georgieff, M. K. The Role of Nutrition in Brain Development: The Golden Opportunity of the
‘First 1000 Days. J. Pediatr. 175, 16-21 (2016).

Short, A. K. & Baram, T. Z. Early-life adversity and neurological disease: age-old questions and novel answers.
Nature Reviews Neurology 15, 657-669 (2019).

De Rooij, S. R, Wouters, H., Yonker, J. E, Painter, R. C. & Roseboom, T. J. Prenatal undernutrition
and cognitive function in late adulthood. Proc. Natl. Acad. Sci. U. S. A. 107, 16881-16886 (2010).
Green, J. G. et al. Childhood adversities and adult psychiatric disorders in the national comorbidity survey
replication I: Associations with first onset of DSM-IV disorders. Arch. Gen. Psychiatry 67, 113-123 (2010).
Radford, K. et al. Childhood Stress and Adversity is Associated with Late-Life Dementia in Aboriginal
Australians. Am. J. Geriatr. Psychiatry 25, 1097-1106 (2017).

Dearden, L. & Ozanne, S. E. Early life origins of metabolic disease: Developmental programming of
hypothalamic pathways controlling energy homeostasis. Front. Neuroendocrinol. 39, 3-16 (2015).
Andersen, S. L. et al. Preliminary evidence for sensitive periods in the effect of childhood sexual abuse on
regional brain development. TL - 20. J. Neuropsychiatry Clin. Neurosci. 20 VN-r, 292-301 (2008).

Levin, B. E. Metabolic imprinting: critical impact of the perinatal environment on the regulation of energy
homeostasis. Philos. Trans. R. Soc. B Biol. Sci. 361, 1107 (2006).

Millan, M. J. et al. Cognitive dysfunction in psychiatric disorders: characteristics, causes and the quest for
improved therapy. Nat. Rev. Drug Discov. 2012 112 11, 141-168 (2012).

Fusar-Poli, P. et al. What is good mental health? A scoping review. Eur. Neuropsychopharmacol. 31, 33-46
(2020).

Haywood, H. C. & Raffard, S. Cognition and Psychopathology: Overview. J. Cogn. Educ. Psychol. 16, (2017).
Perini, G. et al. Cognitive impairment in depression: recent advances and novel treatments. Neuropsychiatr.
Dis. Treat. 15, 1249 (2019).

Naninck, E. F. G. et al. Chronic early life stress alters developmental and adult neurogenesis and impairs
cognitive function in mice. Hippocampus 25, 309-328 (2015).

Yam, K.-Y. et al. Increasing availability of w-3 fatty acid in the early-life diet prevents the early-life stress-
induced cognitive impairments without affecting metabolic alterations. FASEB J. 33, 5729-5740 (2019).
Hoeijmakers, L. et al. Early-life stress lastingly alters the neuroinflammatory response to amyloid
pathology in an Alzheimer's disease mouse model. Brain. Behav. Immun. 63, 160-175 (2017).
Logan, A. C. & Jacka, F. N. Nutritional psychiatry research: an emerging discipline and its intersection with
global urbanization, environmental challenges and the evolutionary mismatch. J. Physiol. Anthropol. 33, 22
(2014).

Adan, R. A. H. et al. Nutritional psychiatry: Towards improving mental health by what you eat. Eur.
Neuropsychopharmacol. (2019). doi:10.1016/J.EURONEUR0O.2019.10.011

Marx, W. et al. Diet and depression: exploring the biological mechanisms of action. Mol. Psychiatry 2020 261
26, 134-150 (2020).

McNamara, R. K. & Carlson, S. E. Role of omega-3 fatty acids in brain development and function: Potential
implications for the pathogenesis and prevention of psychopathology. Prostaglandins Leukot. Essent. Fat.
Acids 75, 329-349 (2006).

Roseboom, T., de Rooij, S. & Painter, R. The Dutch famine and its long-term consequences for adult health.
Early Hum. Dev. 82, 485-491 (2006).



348 | Chapter8

22.

23.

24.
25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.
38.

39.

40.

41.

42.

Georgieff, M. K., Ramel, S. E. & Cusick, S. E. Nutritional Influences on Brain Development. Acta Paediatr. 107,
1310 (2018).

Keunen, K., Van Elburg, R. M., Van Bel, F. & Benders, M. J. N. L. Impact of nutrition on brain development and
its neuroprotective implications following preterm birth. Pediatr. Res. 2015 771 77, 148-155 (2014).

Mattei, D. & Pietrobelli, A. Micronutrients and Brain Development. Curr. Nutr. Rep. 8, 99-107 (2019).
Schwartz, J., Dube, K., Alexy, U., Kalhoff, H. & Kersting, M. PUFA and LC-PUFA intake during the first year of
life: can dietary practice achieve a guideline diet? Eur. J. Clin. Nutr. 2010 642 64, 124-130 (2009).

Naninck, E. F. G. et al. Early micronutrient supplementation protects against early stress-induced cognitive
impairments. FASEB J. 31, 505-518 (2017).

Provensi, G. et al. Preventing adolescent stress-induced cognitive and microbiome changes by diet. PNAS
116, 9644-9651 (2019).

Lucassen, P. J. et al. Perinatal programming of adult hippocampal structure and function; Emerging roles of
stress, nutrition and epigenetics. Trends Neurosci. 36, 621-631 (2013).

Salem, N. J. et al. Alterations in brain function after loss of docosahexaenoate due to dietary restriction of
n-3 fatty acids. J. Mol. Neurosci. 16, 221-299 (2001).

Bazan, N. G. Cellular and molecular events mediated by docosahexaenoic acid-derived neuroprotectin D1
signaling in photoreceptor cell survival and brain protection. Prostaglandins, Leukot. Essent. Fat. Acids 81,
205-211 (2009).

Serhan, C. N.The resolution of inflammation: the devil in the flask and in the details. FASEB J. 25, 1441-1448
(2011).

Layé, S., Nadjar, A., Joffre, C. & Bazinet, R. P. Anti-Inflammatory Effects of Omega-3 Fatty Acids in the Brain:
Physiological Mechanisms and Relevance to Pharmacology. Pharmacol. Rev. Pharmacol Rev 70, 12-38
(2018).

Blasbalg, T. L., Hibbeln, J. R., Ramsden, C. E.,, Majchrzak, S. F. & Rawlings, R. R. Changes in consumption of
omega-3 and omega-6 fatty acids in the United States during the 20th century 1-3. Am. J. Clin. Nutr. 93,
950-962 (2011).

Jumpsen, J, Lien, E. L, Goh, Y. K. & Clandinin, M. T. Small Changes of Dietary (n-6) and (n-3)/
Fatty Acid Content Ratio Alter Phosphatidylethanolamine and Phosphatidylcholine Fatty Acid
Composition During Development of Neuronal and Glial Cells in Rats. Nutr. Metab. 724-731 (1997).
Sakayori, N. et al. Maternal Nutritional Imbalance between Linoleic Acid and Alpha-Linolenic Acid Increases
Offspring’s Anxious Behavior with a Sex-Dependent Manner in Mice. Tohoku J. Exp. Med. 240, 31-37 (2016).
Simopoulos, A. The importance of the ratio of omega-6 / omega-3 essential fatty acids. Biomed.
Pharmacother. 56, 365-379 (2002).

Yehuda, S. Omega-6/omega-3 ratio and brain-related functions. World Rev. Nutr. Diet. 92, 37-56 (2003).
Green, P. & Yavin, E. Mechanisms of Docosahexaenoic acid accretion in the fetal brain. J. Neurosci. Res. 52,
129-136 (1998).

Bourre, J. M. E, Dumont, O. S, Piciotti, M. J,, Pascal, G. A. & Durand, G. A. Dietary a-linolenic acid
deficiency in adult rats for 7 months does not alter brain docosahexaenoic acid content, in
contrast to liver, heart and testes. Biochim. Biophys. Acta - Lipids Lipid Metab. 1124, 119-122 (1992).
McNamara, R. K. et al. Deficits in docosahexaenoic acid and associated elevations in the metabolism of
arachidonic acid and saturated fatty acids in the postmortem orbitofrontal cortex of patients with bipolar
disorder. Psychiatry Res. 160, 285-299 (2008).

Levant, B., Ozias, M. K. & Carlson, S. E. Diet (n-3) Polyunsaturated Fatty Acid Content and Parity Interact to
Alter Maternal Rat Brain Phospholipid Fatty Acid Composition. J. Nutr. 136, 2236-2242 (2006).

DeMar, J. C,, Ma, K., Bell, J. M. & Rapoport, S. I. Half-lives of docosahexaenoic acid in rat brain phospholipids
are prolonged by 15  weeks of nutritional deprivation of n-3 polyunsaturated fatty acids. J. Neurochem. 91,
1125-1137 (2004).



43.

44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

General discussion | 349

Bradford, K. et al. Association between early adverse life events and irritable bowel syndrome. Clin.
Gastroenterol. Hepatol. 10, 385-90.e1-3 (2012).

Barreau, F, Ferrier, L., Fioramonti, J. & Bueno, L. New Insights in the Etiology and Pathophysiology of Irritable
Bowel Syndrome: Contribution of Neonatal Stress Models. Pediatr. Res. 2007 623 62, 240-245 (2007).
Danese, A. & Tan, M. Childhood maltreatment and obesity: systematic review and meta-analysis. Mol.
Psychiatry 19, 544-554 (2014).

Bellis, M. A. et al. Measuring mortality and the burden of adult disease associated with adverse childhood
experiences in England: a national survey. J. Public Health (Bangkok). 37, 445-454 (2015).

Lawson, L. J., Perry, V. H., Dri, P. & Gordon, S. Heterogeneity in the distribution and morphology of microglia
in the normal adult mouse brain. Neuroscience 39, 151-170 (1990).

Mittelbronn, M., Dietz, K., Schluesener, H. J. & Meyermann, R. Local distribution of microglia in the normal
adult human central nervous system differs by up to one order of magnitude. Acta Neuropathol. 2000 1013
101, 249-255 (2001).

Sanguino-Gémez, J. et al. An emerging role for microglia in stress-effects on memory. Eur. J. Neurosci. (2021).
doi:10.1111/EJN.15188

Reemst, K., Noctor, S. C,, Lucassen, P. J. & Hol, E. M. The indispensable roles of microglia and astrocytes
during brain development. Front. Hum. Neurosci. 10, (2016).

Tay, T. L. et al. A new fate mapping system reveals context-dependent random or clonal expansion of
microglia. Nat. Neurosci. 20, 793-803 (2017).

Madore, C. et al. Nutritional n-3 PUFAs deficiency during perinatal periods alters brain innate immune
system and neuronal plasticity-associated genes. Brain. Behav. Immun. 41, 22-31 (2014).

Catale, C,, Gironda, S., lacono, L. Lo & Carola, V. Microglial Function in the Effects of Early-Life Stress on Brain
and Behavioral Development. J. Clin. Med. 9, (2020).

Delpech, J.-C. et al. Early life stress perturbs the maturation of microglia in the developing hippocampus.
Brain. Behav. Immun. (2016). doi:10.1016/j.bbi.2016.06.006

Roque, A. Ochoa-Zarzosa, A. & Torner, L. Maternal separation activates microglial cells and induces
an inflammatory response in the hippocampus of male rat pups, independently of hypothalamic and
peripheral cytokine levels. Brain. Behav. Inmun. 55, 39-48 (2016).

Uddin, M. & Diwadkar, V. A. Inflammation and psychopathology: what we now know, and what we need to
know. Soc. Psychiatry Psychiatr. Epidemiol. 2014 4910 49, 1537-1539 (2014).

Miller, A. H., Haroon, E. & Felger, J. C. The Immunology of Behavior—Exploring the Role of the
Immune System in Brain Health and lliness. Neuropsychopharmacol. 2017 421 42, 1-4 (2016).
Brites, D. & Fernandes, A. Neuroinflammation and Depression: Microglia Activation, Extracellular
Microvesicles and microRNA Dysregulation. Front. Cell. Neurosci. 9, 1-20 (2015).

Wendeln, A.-C. et al. Innate immune memory in the brain shapes neurological disease hallmarks. Nature
556, 332-338(2018).

Abbink, M., van Deijk, A., Heine, V., Verheijen, M. & Korosi, A. The involvement of astrocytes in early-life
adversity induced programming of the brain. Glia 67, 1637-1653 (2019).

Teissier, A. et al. Early-life stress impairs postnatal oligodendrogenesis and adult emotional
behaviour through activity-dependent mechanisms. Mol. Psychiatry 25, 1159-1174 (2020).
Yu, J. Z,, Wang, J,, Sheridan, S. D., Perlis, R. H. & Rasenick, M. M. N-3 polyunsaturated fatty acids promote
astrocyte differentiation and neurotrophin production independent of cAMP in patient-derived neural
stem cells. Mol. Psychiatry 2020 269 26, 4605-4615 (2020).

Nadjar, A., Leyrolle, Q, Joffre, C. & Laye, S. Bioactive lipids as new class of microglial modulators: When
nutrition meets neuroimunology. Prog. Neuro-Psychopharmacology Biol. Psychiatry (2016). doi:10.1016/j.
pnpbp.2016.07.004



350 | Chapter8

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.
82.

83.

84.

85.

86.

Madore, C. et al. Essential omega-3 fatty acids tune microglial phagocytosis of synaptic elements in the
mouse developing brain. Nat. Commun. 2020 111 11, 1-19 (2020).

Hjorth, E. et al. Omega-3 Fatty Acids Enhance Phagocytosis of Alzheimer’s Disease-Related Amyloid-f 42 by
Human Microglia and Decrease Inflammatory Markers. J. Alzheimer’s Dis. 35, 697-713 (2013).

Zhu, M. et al. Pro-resolving lipid mediators improve neuronal survival and increase AB42 phagocytosis. Mol.
Neurobiol. 53,2733 (2016).

Melissa Gabbs, Leng, S., Devassy, J. G., Monirujjaman, M. & Aukema, H. M. Advances in Our Understanding
of Oxylipins Derived from Dietary PUFAs. Adv. Nutr. 6,513 (2015).

Serhan, C. N. Novel Pro-resolving Lipid Mediators in Inflammation are leads for Resolution Physiology. 510,
92-101 (2014).

Serhan, C. N., Chiang, N., Dalli, J. & Levy, B. D. Lipid Mediators in the Resolution of Inflammation. Cold Spring
Harb. Perspect. Biol. 1-21 (2014). doi:10.1101/cshperspect.a016311

Calder, P. C. n—3 Polyunsaturated fatty acids, inflammation, and inflammatory diseases. Am. J. Clin. Nutr. 83,
15055-1519S (2006).

Zhu, M., Wang, X., Schultzberg, M. & Hjorth, E. Differential Regulation of Resolution in Inflammation induced
by Amyloid-B 42 and Lipopolysaccharides in Human Microglia. J. Alzheimer’s Dis. 43, 1237-1250 (2015).
Rey, C. et al. Resolvin D1 and E1 promote resolution of inflammation in microglial cells in vitro. Brain. Behav.
Immun. 55, 249-259 (2016).

Xu, Z. Z,, Berta, T. & Ji, R. R. Resolvin E1 inhibits neuropathic pain and spinal cord microglial activation
following peripheral nerve injury. J. Neuroimmune Pharmacol. 8, 37-41 (2013).

Xu, M. X. et al. Resolvin D1, an Endogenous Lipid Mediator for Inactivation of Inflammation-Related
Signaling Pathways in Microglial Cells, Prevents Lipopolysaccharide-Induced Inflammatory Responses. CNS
Neurosci. Ther. 19, 235-243 (2013).

Rey, C. et al. Dietary n-3 long chain PUFA supplementation promotes a pro-resolving oxylipin profile in the
brain. Brain. Behav. Immun. 76, 17-27 (2019).

Kawabhara, K., Hohjoh, H., Inazumi, T., Tsuchiya, S. & Sugimoto, Y. Prostaglandin E2-induced inflammation:
Relevance of prostaglandin E receptors. Biochim. Biophys. Acta 1851, 414-421 (2015).

Bazinet, R. P. & Layé, S. Polyunsaturated fatty acids and their metabolites in brain function and disease. Nat.
Rev. Neurosci. 2014 151215, 771-785 (2014).

Piomelli, D. & Sasso, O. Peripheral gating of pain signals by endogenous analgesic lipids. Nat. Neurosci. 17,
164 (2014).

Nunez, E. et al. Cannabinoid CB2 receptors are expressed by perivascular microglial cells in the human
brain: An Immunohistochemical Study. Synapse 53, 208-213 (2004).

Mecha, M. et al. Endocannabinoids drive the acquisition of an alternative phenotype in microglia. Brain.
Behav. Immun. 49, 233-245 (2015).

Stella, N. Endocannabinoid signaling in microglial cells. Neuropharmacology 56 Suppl 1, 244-253 (2009).
Walter, L. et al. Nonpsychotropic Cannabinoid Receptors Regulate Microglial Cell Migration. J. Neurosci. 23,
1398-1405 (2003).

Gabrielli, M. et al. Active endocannabinoids are secreted on extracellular membrane vesicles. EMBO Rep. 16,
213-220(2015).

McDougle, D. R. et al. Anti-inflammatory w-3 endocannabinoid epoxides. Proc. Natl. Acad. Sci. U. S. A. 114,
E6034-E6043 (2017).

Hill, M. N, Eiland, L., Lee, T.T.Y., Hillard, C. J. & McEwen, B.S. Early life stress alters the developmental trajectory
of corticolimbic endocannabinoid signaling in male rats. Neuropharmacology 146, 154-162 (2019).
Mateos-Aparicio, P. & Rodriguez-Moreno, A. The Impact of Studying Brain Plasticity. Front. Cell. Neurosci. 13,
(2019).



87.

88.
89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

100.

General discussion | 351

Greenwood, P. M. & Parasuraman, R. Neuronal and cognitive plasticity: a neurocognitive framework for
ameliorating cognitive aging. Front. Aging Neurosci. 2, (2010).

Akhondzadeh, S. Hippocampal synaptic plasticity and cognition. J. Clin. Pharm. Ther. 24, 241-248 (1999).
Neves, G., Cooke, S. F. & Bliss, T. V. P. Synaptic plasticity, memory and the hippocampus: a neural network
approach to causality. Nat. Rev. Neurosci. 9, 65-75 (2008).

Lesuis, S. L., Lucassen, P. J. & Krugers, H. J. Early life stress impairs fear memory and synaptic plasticity; a
potential role for GIuN2B. Neuropharmacology 149, 195-203 (2019).

Crupi, R., Marino, A. & Cuzzocrea, S. n-3 Fatty Acids: Role in Neurogenesis and Neuroplasticity. Curr. Med.
Chem. 20, 2953-2963 (2013).

Pérez, M. A., Pefialoza-Sancho, V., Ahumada, J., Fuenzalida, M. & Dagnino-Subiabre, A. n-3 Polyunsaturated
fatty acid supplementation restored impaired memory and GABAergic synaptic efficacy in the hippocampus
of stressed rats. https.//doi.org/10.1080/1028415X.2017.1323609 21, 556-569 (2017).

Di Miceli, M., Bosch-Bouju, C. & Layé, S. PUFA and their derivatives in neurotransmission and synapses: a
new hallmark of synaptopathies. Proc. Nutr. Soc. 79, 388-403 (2020).

Delpech, J.-C. et al. Dietary n-3 PUFAs Deficiency Increases Vulnerability to Inflammation-Induced Spatial
Memory Impairment. Neuropsychopharmacology 40, 2774-87 (2015).

Allis, C. D. & Jenuwein, T. The molecular hallmarks of epigenetic control. Nature Reviews Genetics 17, 487-
500 (2016).

Burns, S. B, Szyszkowicz, J. K., Luheshi, G. N., Lutz, P. E. & Turecki, G. Plasticity of the epigenome during early-
life stress. Semin. Cell Dev. Biol. 77, 115-132 (2018).

Allen, L. & Dwivedi, Y. MicroRNA mediators of early life stress vulnerability to depression and suicidal
behavior. Mol. Psychiatry 25, 308-320 (2020).

Fitzgerald, E. et al. Altered hypothalamic DNA methylation and stress-induced hyperactivity following early
life stress. Epigenetics and Chromatin 14, 1-14 (2021).

Szyf, M. DNA methylation, the early-life social environment and behavioral disorders. doi:10.1007/511689-
011-9079-2

Quintanilha, B. J., Reis, B. Z,, Silva Duarte, G. B., Cozzolino, S. M. F. & Rogero, M. M. Nutrimiromics: Role of
microRNAs and Nutrition in Modulating Inflammation and Chronic Diseases. Nutrients 9, (2017).

Roessler, C., Kuhimann, K., Hellwing, C., Leimert, A. & Schumann, J. Impact of Polyunsaturated Fatty Acids on
miRNA Profiles of Monocytes/Macrophages and Endothelial Cells—A Pilot Study. Int. J. Mol. Sci. 18, (2017).
Zheng, Z. et al. PUFA diets alter the microRNA expression profiles in an inflammation rat model. Mol. Med.
Rep. 11,4149-4157 (2015).

Burdge, G. C. & Lillycrop, K. A. Fatty acids and epigenetics. Curr. Opin. Clin. Nutr. Metab. Care 17, 156-161
(2014).

Vickers, M. H. Early Life Nutrition, Epigenetics and Programming of Later Life Disease. Nutrients 6, 2165
(2014).

Patil, V. S., Zhou, R. & Rana, T. M. Gene regulation by noncoding RNAs. Crit. Rev. Biochem. Mol. Biol. 49, 16
(2014).

Li, M. et al. MicroRNAs: Control and Loss of Control in Human Physiology and Disease. World J. Surg. 33, 667
(2009).

Matcovitch-Natan, O. et al. Microglia development follows a stepwise program to regulate brain
homeostasis. Sci. Press 353, (2016).

Nederhof, E. & Schmidt, M. V. Mismatch or cumulative stress: Toward an integrated hypothesis of
programming effects. Physiol. Behav. 106, 691-700 (2012).

Schaafsma, W. et al. Maternal inflammation induces immune activation of fetal microglia and leads to
disrupted microglia immune responses, behavior, and learning performance in adulthood. Neurobiol. Dis.
106, 291-300 (2017).



352 | Chapter8

110.

112.

113.
114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.
130.

131.

Schaafsma, W. et al. Long-lasting pro-inflammatory suppression of microglia by LPS-preconditioning is
mediated by RelB-dependent epigenetic silencing. Brain. Behav. Immun. 48, 205-221 (2015).

. Raj, D.D. A. et al. Priming of microglia in a DNA-repair deficient model of accelerated aging. Neurobiol. Aging

35,2147-2160 (2014).

Reshetnikov, V. V., Kisaretova, P. E., Ershov, N. I, Merkulova, T. I. & Bondar, N. P. Social defeat stress in adult
mice causes alterations in gene expression, alternative splicing, and the epigenetic landscape of H3K4me3
in the prefrontal cortex: An impact of early-life stress. Prog. Neuropsychopharmacol. Biol. Psychiatry 106,
(2021).

Cheray, M. & Joseph, B. Epigenetics Control Microglia Plasticity. Front. Cell. Neurosci. 12, 243 (2018).
Guedes, J., Cardoso, A. L. C. & Pedroso De Lima, M. C. Involvement of MicroRNA in microglia-mediated
immune response. Clin. Dev. Inmunol. 2013, (2013).

Butovsky, O. et al. Identification of a unique TGF-b dependent molecular and functional signature in
microglia. 17, 131-143 (2014).

Gonzalez-Becerra, K. et al. Fatty acids, epigenetic mechanisms and chronic diseases: a systematic review.
Lipids Health Dis. 18, (2019).

Niculescu, M. D, Lupu, D. S. & Craciunescu, C. N. Maternal a-linolenic acid availability during gestation and
lactation alters the postnatal hippocampal development in the mouse offspring. Int. J. Dev. Neurosci. 29,
795-802 (2011).

Maekawa, M. et al. Polyunsaturated fatty acid deficiency during neurodevelopment in mice models the
prodromal state of schizophrenia through epigenetic changes in nuclear receptor genes. Transl. Psychiatry
2017797,e1229-e1229 (2017).

Haghighi, F. et al. DNA methylation perturbations in genes involved in polyunsaturated fatty acid
biosynthesis associated with depression and suicide risk. Front. Neurol. 6, 92 (2015).

Lee, C. et al. Sodium butyrate inhibits the NF-kappa B signaling pathway and histone deacetylation, and
attenuates experimental colitis in an IL-10 independent manner. Int. Inmunopharmacol. 51, 47-56 (2017).
Angelucci, F. et al. MicroRNAs in Alzheimer’s disease: Diagnostic markers or therapeutic agents? Front.
Pharmacol. 10, 665 (2019).

Chiang, V. S. Docosahexaenoic Acid Benefits in Alzheimer ’s Disease. Glob. J. Med. Res. K Interdiscip. 21,
(2021).

Lozupone, M. et al. The relationship between epigenetics and microbiota in neuropsychiatric diseases.
Epigenomics 12, 1559-1568 (2020).

Alam, R, Abdolmaleky, H. M. & Zhou, J. R. Microbiome, inflammation, epigenetic alterations,
and mental diseases. Am. J. Med. Genet. Part B Neuropsychiatr. Genet. 174, 651-660 (2017).
Li, M., Chen, W. D. & Wang, Y. D. The roles of the gut microbiota-miRNA interaction in the host
pathophysiology. Mol. Med. 26, 101 (2020).

Nakata, K. et al. Commensal microbiota-induced microRNA modulates intestinal epithelial permeability
through the small GTPase ARF4. J. Biol. Chem. 292, 15426 (2017).

Hoban, A. E. et al. Microbial regulation of microRNA expression in the amygdala and prefrontal cortex.
Microbiome 5, 102 (2017).

Gulyaeva, L. F. & Kushlinskiy, N. E. Regulatory mechanisms of microRNA expression. J Transl Med 14, 143
(2016).

Walther, A. et al. Lipidomics in Major Depressive Disorder. Front. psychiatry 9, (2018).

Zhang, X., Liu, W., Zan, J., Wu, C. & Tan, W. Untargeted lipidomics reveals progression of early Alzheimer’s
disease in APP/PS1 transgenic mice. Sci. Reports 2020 101 10, 1-10 (2020).

Zhuo, C., Hou, W,, Tian, H., Wang, L. & Li, R. Lipidomics of the brain, retina, and biofluids: from the biological
landscape to potential clinical application in schizophrenia. Transl. Psychiatry 2020 101 10, 1-9 (2020).



132.

133.

134.

135.

136.

137.

138.

139.

140.
141.

142.
143.

144,

145.

146.

147.

148.

149.

150.

151.

152.

153.

154,

155.

General discussion | 353

EEM, K. et al. The lipidome in major depressive disorder: Shared genetic influence for ether-
phosphatidylcholines, a plasma-based phenotype related to inflammation, and disease risk. Eur. Psychiatry
43, 44-50 (2017).

Schneider, M. et al. Lipids in psychiatric disorders and preventive medicine. Neurosci. Biobehav. Rev. 76,
336-362 (2017).

Fahy, E., Cotter, D., Sud, M. & Subramaniam, S. Lipid classification, structures and tools. Biochim. Biophys. Acta
1811, 637 (2011).

Fahy, E. et al. Update of the LIPID MAPS comprehensive classification system for lipids. J. Lipid Res. 50, S9-
S14 (2009).

Kimura, T., Jennings, W. & Epand, R. M. Roles of specific lipid species in the cell and their molecular
mechanism. Prog. Lipid Res. 62, 75-92 (2016).

Wenk, M. R. The emerging field of lipidomics. Nat. Rev. Drug Discov. 4, 594-610 (2005).

Fitzner, D. et al. Cell-Type- and Brain-Region-Resolved Mouse Brain Lipidome. Cell Rep. 32, 108132 (2020).
Van Meer, G,, Voelker, D. R. & Feigenson, G. W. Membrane lipids: where they are and how they behave. Nat.
Rev. Mol. Cell Biol. 2008 92 9, 112-124 (2008).

Loving, B. A. & Bruce, K. D. Lipid and Lipoprotein Metabolism in Microglia. Front. Physiol. 11, (2020).

Tracey, T. J,, Steyn, F. J., Wolvetang, E. J. & Ngo, S. T. Neuronal Lipid Metabolism : Multiple Pathways Driving
Functional Outcomes in Health and Disease. 11, 1-25 (2018).

Mayr, J. A. Lipid metabolism in mitochondrial membranes. J. Inherit. Metab. Dis. 38, 137-144 (2015).

Mao, J., Hu, Y., Ruan, L., Ji, Y. & Lou, Z. Role of endoplasmic reticulum stress in depression (Review). Mol. Med.
Rep. 20, 4774-4780 (2019).

Sprenkle, N. T, Sims, S. G., Sanchez, C. L. & Meares, G. P. Endoplasmic reticulum stress and inflammation in
the central nervous system. Mol. Neurodegener. 12, 1-18 (2017).

Zitkovsky, E. K., Daniels, T. E. & Tyrka, A. R. Mitochondria and early-life adversity. Mitochondrion 57, 213-221
(2021).

Hoffmann, A. & Spengler, D.The Mitochondrion as Potential Interface in Early-Life Stress Brain Programming.
Front. Behav. Neurosci. 12, (2018).

Zugno, A. |. et al. Maternal deprivation disrupts mitochondrial energy homeostasis in the brain
of rats subjected to ketamine-induced schizophrenia. Metab. Brain Dis. 30, 1043-1053 (2015).
Amini-Khoei, H. et al. Oxytocin mitigated the depressive-like behaviors of maternal separation stress
through modulating mitochondrial function and neuroinflammation. Prog. Neuropsychopharmacol. Biol.
Psychiatry 76, 169-178 (2017).

Réus, G. Z. et al. w-3 and folic acid act against depressive-like behavior and oxidative damage in the brain of
rats subjected to early- or late-life stress. Nutrition 53, 120-133 (2018).

Ruigrok, S. R. et al. Effects of early-life stress on peripheral and central mitochondria in male mice across
ages. Psychoneuroendocrinology 132, 105346 (2021).

Sullivan, E. M. et al. Mechanisms by Which Dietary Fatty Acids Regulate Mitochondrial Structure-Function in
Health and Disease. Adv. Nutr. 9, 247-262 (2018).

Ferreira, C.F. et al. Mitochondrial and Oxidative Stress Aspects in Hippocampus of Rats Submitted to Dietary
n-3 Polyunsaturated Fatty Acid Deficiency After Exposure to Early Stress. Neurochem. Res. 40, 1870-1881
(2015).

Fujii, S. et al. Effects of the mono- and tetrasialogangliosides GM1 and GQ1b on ATP-induced long-term
potentiation in hippocampal CA1 neurons. Glycobiology 12, 339-344 (2002).

Sha, S. et al. Deficits in cognitive function and hippocampal plasticity in GM2/GD2 synthase knockout mice.
Hippocampus 24, 369-382 (2014).

Pettus, B. J., Chalfant, C. E. & Hannun, Y. A. Ceramide in apoptosis: an overview and current perspectives.
Biochim. Biophys. Acta 1585, 114-125 (2002).



354 | Chapter8

156.

157.

158.
159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

1609.

170.

171.

172.

173.
174.

175.

176.

177.

178.

179.

Mencarelli, C. & Martinez-Martinez, P. Ceramide function in the brain: when a slight tilt is enough. Cell. Mol.
Life Sci. 70, 181 (2013).

Sonnino, S. & Prinetti, A. The role of sphingolipids in neuronal plasticity of the brain. J. Neurochem. 137,
485-488 (2016).

Huston, J. P. et al. A sphingolipid mechanism for behavioral extinction. J. Neurochem. 137, 589-603 (2016).
Brose, N., Betz, A. & Wegmeyer, H. Divergent and convergent signaling by the diacylglycerol second
messenger pathway in mammals. Curr. Opin. Neurobiol. 14, 328-340 (2004).

Patel, S., Kingsley, P. J., MacKie, K, Marnett, L. J. & Winder, D. G. Repeated Homotypic Stress Elevates
2-Arachidonoylglycerol Levels and Enhances Short-Term Endocannabinoid Signaling at Inhibitory
Synapses in Basolateral Amygdala. Neuropsychopharmacol. 2009 3413 34, 2699-2709 (2009).
Oliveira, T. G. et al. The impact of chronic stress on the rat brain lipidome. Mol. Psychiatry 21, 80 (2016).
Hickman, S. E. et al. The microglial sensome revealed by direct RNA sequencing. Nat. Neurosci. 16, 1896—
1905 (2013).

Doens, D. & Fernandez, P. L. Microglia receptors and their implications in the response to amyloid B for
Alzheimer’s disease pathogenesis. J. Neuroinflammation 11, 1-14 (2014).

Chausse, B., Kakimoto, P. A. & Kann, O. Microglia and lipids: how metabolism controls brain innate immunity.
Semin. Cell Dev. Biol. 112, 137-144 (2021).

Serafini, G., Rihmer, Z. & Amore, M. The role of glutamate excitotoxicity and neuroinflammation in depression
and suicidal behavior: focus on microglia cells. Neuroimmunol. Neuroinflammation 2, 127-130 (2015).

Jia, X., Gao, Z. & Hu, H. Microglia in depression: current perspectives. Sci. China Life Sci. 2020 646 64,911-925
(2020).

Tejera, D. & T. Heneka, M. Microglia in Alzheimer’s Disease: The Good, the Bad and the Ugly. Curr. Alzheimer
Res. 13, 370-380 (2016).

Cope, E. C. et al. Microglia Play an Active Role in Obesity-Associated Cognitive Decline. J. Neurosci. 38, 8889
(2018).

Alexaki, V. I. The Impact of Obesity on Microglial Function: Immune, Metabolic and Endocrine Perspectives.
Cells 10, (2021).

Ziko, |. et al. Neonatal overfeeding alters hypothalamic microglial profiles and central responses to immune
challenge long-term. Brain. Behav. Immun. 41, 32-43 (2014).

Bilbo, S. D. & Tsang, V. Enduring consequences of maternal obesity for brain inflammation and behavior of
offspring. FASEB J. 24,2104-2115 (2010).

Scheiblich, H. et al. Activation of the NLRP3 inflammasome in microglia: the role of ceramide. J. Neurochem.
143, 534-550 (2017).

Cryan, J. F. et al. The Microbiota-Gut-Brain Axis. Physiol. Rev. 99, 1877-2013 (2019).

Abdel-Hagq, R., Schlachetzki, J. C. M., Glass, C. K. & Mazmanian, S. K. Microbiome-microglia connections via
the gut-brain axis. J. Exp. Med. 216, 41-59 (2019).

Rincel, M. & Darnaudéry, M. Maternal separation in rodents: a journey from gut to brain and nutritional
perspectives. Proc. Nutr. Soc. 79, 113-132 (2020).

Robertson, R. C. et al. Omega-3 polyunsaturated fatty acids critically regulate behaviour and gut
microbiota development in adolescence and adulthood. Brain. Behav. Immun. 59, 21-37 (2017).
Costantini, L., Molinari, R., Farinon, B. & Merendino, N. Impact of Omega-3 Fatty Acids on the Gut Microbiota.
Int. J. Mol. Sci. (2017). doi:10.3390/ijms 18122645

De Palma, G. et al. Microbiota and host determinants of behavioural phenotype in maternally separated
mice. Nat. Commun. 6, 7735 (2015).

Oriach, C. S., Robertson, R. C,, Stanton, C,, Cryan, J. F. & Dinan, T. G. Food for thought: The role of nutrition in
the microbiota-gut-brain axis. Clin. Nutr. Exp. 6, 25-38 (2016).



180.

181.

182.

183.

184.

185.

186.
187.

188.
189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

General discussion | 355

Foster, J. A, Rinaman, L. & Cryan, J. F. Stress & the gut-brain axis: Regulation by the microbiome. Neurobiol.
Stress 7, 124-136 (2017).

Hohmann, C. F, Odebode, G., Naidu, L. & Koban, M. Early Life Stress Alters Adult Inflammatory Responses in
a Mouse Model for Depression. Ann. psychiatry Ment. Heal. 5, (2017).

Baumeister, D., Akhtar, R., Ciufolini, S., Pariante, C. M. & Mondelli, V. Childhood trauma and adulthood
inflammation: A meta-analysis of peripheral C-reactive protein, interleukin-6 and tumour necrosis factor-a.
Mol. Psychiatry 21, 642-649 (2016).

Kelly, J. R. et al. Breaking down the barriers: the gut microbiome, intestinal permeability and stress-related
psychiatric disorders. Front. Cell. Neurosci. 9, 392 (2015).

Rochfort, K. D, Collins, L. E, Murphy, R. P & Cummins, P. M. Downregulation of Blood-Brain
Barrier Phenotype by Proinflammatory Cytokines Involves NADPH Oxidase-Dependent ROS
Generation: Consequences for Interendothelial Adherens and Tight Junctions. PLoS One 9, (2014).
Vighi, G., Marcucci, F, Sensi, L., Di Cara, G. & Frati, F. Allergy and the gastrointestinal system. Clin. Exp.
Immunol. 153, 3-6 (2008).

Howland, R. H. Vagus Nerve Stimulation. Curr. Behav. Neurosci. reports 1, 64-73 (2014).

Herman, J. P. et al. Regulation of the hypothalamic-pituitary-adrenocortical stress response. Compr. Physiol.
6,603 (2016).

Webster Marketon, J. |. & Glaser, R. Stress hormones and immune function. Cell. Immunol. 252, 16-26 (2008).
Sudo, N. et al. Postnatal microbial colonization programs the hypothalamic-pituitary-adrenal system for
stress response in mice. J. Physiol. 558, 263-275 (2004).

Burokas, A. et al. Targeting the Microbiota-Gut-Brain Axis: Prebiotics Have Anxiolytic and Antidepressant-
like Effects and Reverse the Impact of Chronic Stress in Mice. Biol. Psychiatry 82, 472-487 (2017).
Ait-Belgnaoui, A. et al. Prevention of gut leakiness by a probiotic treatment leads to attenuated HPA
response to an acute psychological stress in rats. Psychoneuroendocrinology 37, 1885-1895 (2012).

van Bodegom, M., Homberg, J. R. & A G Henckens, M. J. Modulation of the Hypothalamic-Pituitary-Adrenal
Axis by Early Life Stress Exposure. Front. Cell. Neurosci. | www.frontiersin.org 11, 87 (2017).

Bonapersona, V. et al. Sex-Dependent Modulation of Acute Stress Reactivity After Early Life Stress in Mice:
Relevance of Mineralocorticoid Receptor Expression. Front. Behav. Neurosci. 13,181 (2019).

Barra, N. G. et al. Micronutrients impact the gut microbiota and blood glucose. J. Endocrinol. 250, R1-R21
(2021).

Komatsuzaki, N., Shima, J., Kawamoto, S., Momose, H. & Kimura, T. Production of y-aminobutyric acid (GABA)
by Lactobacillus paracasei isolated from traditional fermented foods. Food Microbiol. 22, 497-504 (2005).
Yano, J. M. et al. Indigenous Bacteria from the Gut Microbiota Regulate Host Serotonin Biosynthesis. Cell
161, 264-276 (2015).

Pokusaeva, K. et al. GABA-producing Bifidobacterium dentium modulates visceral sensitivity in the intestine.
Neurogastroenterol. Motil. 29, €12904 (2017).

Moussaoui, N. et al. Chronic early-life stress in rat pups alters basal corticosterone, intestinal permeability,
and fecal microbiota at weaning: Influence of sex. J. Neurogastroenterol. Motil. 23, 135-143 (2017).

Louis, P. & Flint, H. J. Diversity, metabolism and microbial ecology of butyrate-producing bacteria from the
human large intestine. FEMS Microbiol. Lett. 294, 1-8 (2009).

Zhang, J. et al. Beneficial effect of butyrate-producing Lachnospiraceae on stress-induced visceral
hypersensitivity in rats. J. Gastroenterol. Hepatol. 34, 1368-1376 (2019).

Chai, L-J. et al. Zooming in on Butyrate-Producing Clostridial Consortia in the Fermented
Grains of Baijiu via Gene Sequence-Guided Microbial Isolation. Front. Microbiol. 10, 1397 (2019).
Pichler, M. J. et al Butyrate producing colonic Clostridiales metabolise human milk
oligosaccharides and cross feed on mucin via conserved pathways. Nat. Commun. 11, 1-15 (2020).



356 | Chapter8

203.

204.

205.

206.

207.

208.

209.

210.

212.

213.

214.

215.

216.

217.

218.

219.

220.

221.

Louis, P. & Flint, H. J. Formation of propionate and butyrate by the human colonic microbiota. Environ.
Microbiol. 19, 29-41 (2017).

Watson, H. et al. A randomised trial of the effect of omega-3 polyunsaturated fatty acid supplements on the
human intestinal microbiota. Gut gutjnl-2017-314968 (2017). doi:10.1136/gutjnl-2017-314968

Barichello, T. et al. Sodium Butyrate Prevents Memory Impairment by Re-establishing BDNF and
GDNF Expression in Experimental Pneumococcal Meningitis. Mol. Neurobiol. 52, 734-740 (2015).
Bercik, P. et al. The intestinal microbiota affect central levels of brain-derived neurotropic factor and
behavior in mice. Gastroenterology 141, 599-609 (2011).

Jiang, H. et al. Altered fecal microbiota composition in patients with major depressive disorder. Brain. Behav.
Immun. 48, 186-194 (2015).

Averina, O. V. et al. Bacterial Metabolites of Human Gut Microbiota Correlating with Depression. Int. J. Mol.
Sci. 21, 1-40 (2020).

Skonieczna-zydecka, K. et al. Faecal Short Chain Fatty Acids Profile is Changed in Polish Depressive Women.
Nutr. 2018, Vol. 10, Page 1939 10, 1939 (2018).

Moretti, M. et al. Behavioral and neurochemical effects of sodium butyrate in an animal model of mania.
Behav. Pharmacol. 22, 766-772 (2011).

. Erny, D. et al. Host microbiota constantly control maturation and function of microglia in the CNS. Nat.

Neurosci. 18, (2015).

Thion, M. S. et al. Microbiome Influences Prenatal and Adult Microglia in a Sex-Specific Manner. Cell 172,
500-516.16 (2018).

Meneses, G. et al. Electric stimulation of the vagus nerve reduced mouse neuroinflammation induced by
lipopolysaccharide. J. Inflamm. (United Kingdom) 13, 1-11 (2016).

Mossad, O. et al. Gut microbiota drives age-related oxidative stress and mitochondrial damage in microglia
via the metabolite N6-carboxymethyllysine. Nat. Neurosci. 2022 1-11 (2022). doi:10.1038/541593-022-
01027-3

Chugani, H.T.etal. Local brain functional activity following early deprivation: A study of postinstitutionalized
Romanian orphans. Neuroimage 14, 1290-1301 (2001).

Saleh, A. et al. Effects of early life stress on depression, cognitive performance and brain morphology.
Psychol. Med. 47, 171-181 (2017).

Gilbert, R. et al. Burden and consequences of child maltreatment in high-income countries. Lancet (London,
England) 373, 68-81 (2009).

Smith, K. E. & Pollak, S. D. Early life stress and development: potential mechanisms for adverse outcomes. J.
Neurodev. Disord. 2020 121 12, 1-15 (2020).

Santarelli, S. et al. Evidence supporting the match/mismatch hypothesis of psychiatric disorders. Eur.
Neuropsychopharmacol. 24, 907-918 (2014).

Daskalakis, N. P. et al. The three-hit concept of vulnerability and resilience: towards understanding
adaptation to early-life adversity outcome. Psychoneuroendocrinology 38, 1858-1873 (2013).
Pena, C. J., Nestler, E. J. & Bagot, R. C. Environmental Programming of Susceptibility and Resilience to Stress

in Adulthood in Male Mice. Front. Behav. Neurosci. 13,40 (2019).



