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ABSTRACT

Alzheimer’s disease (AD) is a progressive neurodegenerative disorder affecting over five million
people in the US alone. Causes for the most common sporadic form of the disease are still obscure
and no therapeutic approach is available to halt the progression of AD. Subjects whose mothers
were affected by sporadic AD are three times more susceptible to develop the disease later in life
compared to subject from sporadic AD fathers. However, the mechanisms of maternal
transmissibility for sporadic AD are unknown. Lifestyle and nutrition are important risk factors
for sporadic AD. Direct exposure to saturated fats and cholesterol is positively correlated to AD
development later in life. We hypothesized that maternal exposure to high-fat diet throughout
gestation would affect AD susceptibility in the offspring later in life.
To tackle this biological question, triple transgenic (3xTg) dams carrying human APP
(KM670/671NL), PSEN1 (M146V) and MAPT (P301L) mutations together with wild type dams
were administered high-fat diet or regular chow diet throughout 3 weeks gestation. Offspring were
fed regular chow diet throughout their lives and tested for memory, amyloidosis, tau pathology
and synaptic dysfunction.
Compared to 3xTg controls, twelve months old offspring born from mothers exposed to high fat
diet had better cognitive performance, lower amyloid burden, reduced tau pathology, improved
synaptic function and increased hippocampal neurogenesis. Mechanistic studies correlated
gestational high fat diet with increased expression of FOXP2 transcriptional repressor for AD key
genes (β-secretase, CDK5 and Tau) together with reduced levels of miR-33-5p and increase levels
of its target CDK6, adult neurogenesis associated kinase, compared to controls. Moreover,
gestational high fat diet ameliorated cognitive dysfunction and brain pathology in 18 months
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(aged) wild type mice through a different mechanism involving lower pathogenic tau cleavage by
caspase 3 and increased post-synaptic density protein 95 (PSD-95).
In summary, high-fat diet exposure during gestation promotes better cognition and reduces
neuropathology in the offspring of both an AD and aging mouse models via different molecular
mechanisms involving reduced expression of AD key genes and lower pathogenic tau cleavage
respectively. This study highlights the potentially beneficial effect of gestational high fat diet for
offspring’s brain health later in life. This observation could help promote novel preventive
strategies for AD and brain aging.
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Each effort and struggle aimed at completing this dissertation is dedicated to every patient and
his/her family members struggling with Alzheimer’s disease or any form of dementia.
In the coming years Alzheimer’s disease is projected to become a major health issue in the
United States and the world. Indeed, 14 million Americans seem to be destined to surrender their
minds and souls, intended as perception of self, to this disease by 2050. The American and
international medical/scientific communities should refuse categorically such fate and believe in
the possibility for a cure, despite this seems a remote possibility today.
With this work, I recommit myself as a young scientist to the bravest fight against Alzheimer’s
disease. The scientific experience and knowledge acquired throughout my doctoral work will
become my first weapon.

Sincerely,

Antonio Di Meco
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CHAPTER 1
IN-UTERO NUTRITION AND MATERNAL TRANSMISSION OF ALZHEIMER’S
DISEASE

Alzheimer’s disease: Overview
Alzheimer’s disease (AD) is a progressive neurodegenerative disorder characterized by memory
loss and cognitive impairment due to neuronal death secondary to accumulation of toxic misfolded
proteins in the brain parenchyma. [Barker et al. 2002; Wilson et al. 2012;]. Today, 5.7 million
Americans and 50 million people worldwide live with AD. The economic burden on society is
extremely heavy, accounting for an estimate of 277 billion dollars for 2018 in the United States
alone [Alzheimer’s Association 2018]. Numbers for the economic burden and prevalence of AD
are projected to increase dramatically in the next few years in the United States and the world.
AD is the leading cause of dementia, followed by vascular dementia due to brain stroke, dementia
with Lewy bodies, frontotemporal-lobar degeneration, Parkinson’s disease associated dementia,
Creutzfeldt Jakob disease (prion disease) and normal pressure hydrocephalus [Alzheimer’s
Association 2018].
AD symptoms include memory loss, confusion and behavioral changes at the beginning and
intermediate stage. At the later stages of the clinical course AD patients become unable to move,
swallow or speak. AD is finally fatal when the pathology reaches the brain respiratory centers
[Alzheimer’s Association 2018].
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Diagnosis for AD is extremely challenging since the symptoms overlap with several other causes
of dementia. Usually analysis of family history for dementia and AD, cognitive and psychological
testing and positron emission tomography PET for amyloid beta (Aβ) levels are routinely used to
diagnose AD [Alzheimer’s Association 2018].
Unfortunately, no treatment is currently available to block or slow down AD progression. Six
drugs have been approved over the years by the Food and Drugs Administration (FDA) to treat
AD: rivastigmine, galantamine, donepezil, memantine, memantine-donepezil combined treatment
and tacrine. Their mechanism of action is either to block glutamate NMDA receptors or to inhibit
acetylcholinesterase or a combination of both. However, these compounds can only temporarily
mitigate symptoms without successfully stopping progression of the pathology. [Alzheimer’s
Association 2018].
AD can be classified as two main forms: familial or early-onset and sporadic or late-onset
[Querfurth et al. 2010]. The familial or early-onset form develops consequently to specific
autosomal dominant mutations in the APP, PSEN1 and PSEN2 genes. This form of the disease
affects only 5 % of the AD population and is extremely aggressive and debilitating. Symptoms for
familial early-onset AD start at 30 to 40 years of age [Goldman et al. 2011]. The sporadic or lateonset form affects 95% of the AD patients and typically manifests after 65 years of age. Today
there is a consensus that this variant of the disease is due to both predisposing risk alleles and
environmental risk factors [Alzheimer’s Association 2018].
Age is the strongest risk factor for sporadic AD [Hebert et al. 2010; Herbert et al. 2013]. Indeed,
prevalence of AD drastically increases with age. In particular, 3 % of people between 65 and 74
years old are affected by AD, 17 % of people between 75 and 84 years old are affected by AD and
finally 30 % of elders older than 85 are AD patients [ Hebert et al. 2013]. Family history for the
2

disease is the second strongest risk factor for sporadic AD [Lautenschlager et al. 1996; Mayeux et
al. 1991]. Indeed, having a mother, father or brother affected increases the risk for sporadic AD
[Alzheimer’s Association 2018]. Maternal history is extremely predisposing, accounting for 20 %
increased odds ratio to develop the disease compared to no family history and 3 times higher
chance to develop the disease compared to paternal history [Mosconi et al. 2010]. Carrying the e4
allele of the APOE gene is also predisposing to AD later in life. [Farrer et al. 1997; Saunders et al.
1993] APOE is a gene that encodes for a cholesterol transporter protein that comes in 3 variants.
The e4 variant has been associated with increased risk to develop sporadic AD while the e2 variant
with lower risk for it. Several modifiable risk factors play a crucial role in predisposing for the
onset of the disease. In particular, cardiovascular disease risk factors have a strong predisposing
effect on AD later in life [ Alzheimer’s Association 2018]. Indeed, smoking, midlife obesity,
hypertension, type-2 diabetes and hypercholesterolemia are predisposing factors for sporadic AD
[Anstey et al. 2007; Anstey et al. 2011; Gudala et al. 2013; Ninomiya et al. 2011; Solomon et al.
2009]. Level of education and previous history of brain trauma are also important at determining
sporadic AD susceptibility later in life. In particular, low education status and a previous history
of traumatic brain injury increase the chances to develop sporadic AD [Gardner et al. 2014; Sando
et al. 2008].

Alzheimer’s disease pathophysiology
AD is characterized by accumulation of toxic misfolded proteins such as amyloid beta (Aβ)
plaques and tau neurofibrillary tangles in the brain parenchyma. Aβ plaques accumulate outside
the cell and interfere with normal neurotransmitter signaling and neurotrophins receptors. Tau
tangles accumulate inside the neurons leading to cytoskeletal destabilization and impairment of
3

axonal transport. These protein aggregates are extremely toxic and lead to neuronal death. In an
attempt to clear these damaging aggregates, the brain inflammatory response becomes chronically
activated exacerbating the neuronal pathology. Neuronal death leads to permanent loss of
fundamental neural circuits in areas of the brain involved in memory, language and cognition such
as the hippocampus and brain frontal/parietal cortex [Querfurth et al. 2010].
Aβ is produced by the cleavage of Aβ Precursor Protein (APP) by specific enzymes. In particular,
APP can be cleaved by either an amyloidogenic or non-amyloidogenic pathway. In a healthy brain,
amyloidogenic and non-amyloidogenic cleavage are in equilibrium. In AD brains however, the
amyloidogenic pathway becomes prevalent because of increased activity of specific proteolytic
enzymes such as β-secretase (BACE-1) and γ-secretase that cleave APP into Aβ. In the nonamyloidogenic pathway, APP is cleaved by α-secretase and γ-secretase in sequence precluding Aβ
formation. Aβ peptides produced by the amyloidogenic pathway consist of 36 to 43 amino acids
monomers. The most abundant are Aβ-40 and Aβ-42 monomers, the latter being more aggregation
prone and toxic [Selkoe et al. 2001; Tanzi et al. 2005]. Monomers of Aβ aggregate into oligomers
that assemble in fibrils and then β-pleated sheets to finally form amyloid plaques. Aβ oligomers
are the more cytotoxic species [Kayed et al. 2003; Walsh et al. 2007]. Aβ is cleared by specific
enzymes such neprilysin (CD10), insulin-degrading enzyme (IDE) and apoliporotein E (APOE)
[Kanemitsu et al. 2003; Qiu et al. 1998]. In AD, the balance between clearance and production of
Aβ is heavily dysregulated leading to progressive Aβ accumulation in the brain parenchyma
[Querfurth et al. 2010].
Tau is a microtubule binding protein abundant in the axonal compartment that controls stability of
the microtubules based on its phosphorylation status [Iqbal et al. 2005]. Several kinases are known
to phosphorylate tau such as cyclin dependent kinase 5 (CDK5), glycogen synthase kinase-3 β
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(GSK3-β), p38 mitogen-activated protein kinases (p38), stress-activated protein kinases/Jun
amino-terminal kinase (SAPK/JNK) and extracellular signal–regulated kinase 1/2 (ERK1/2)
[Martin et al. 2013a]. The principal phosphatase involved in tau clearance is protein phosphatase
2A (PP2A) [Martin et al. 2013b]. In AD, the balance between tau kinases and phosphatases is
extremely skewed toward tau phosphorylation. Once hyperphosphorylated tau loses affinity for
the microtubules, it precipitates forming tau oligomers that subsequently aggregate in paired
helical filament and finally tau neurofibrillary tangles [Iqbal et al. 2005]. As for Aβ, tau oligomers
are more toxic than tau tangles [Khlistunova et al. 2006]. Indeed, tau tangles form to sequester the
more toxic oligomeric species [Lee et al. 2005]. Microtubule instability and tau oligomers
accumulation lead to significant impairments of axonal transport which results in neuronal death
[Khlistunova et al. 2006].
As consequence of Aβ and tau accumulation, brain synapses are lost in AD brains. Indeed, levels
of pre- and post- synaptic proteins synaptophysin (SYP) and post synaptic protein 95 (PSD95) are
significantly reduced in AD brain [Masliah et al. 2001]. Also, synaptic transmission and long-term
potentiation, a measure of synaptic plasticity and memory formation, are impaired in AD brains
[Larson et al. 1999; Scheff et al. 2007]. In AD, protective neurotrophins such as brain-derived
neurothophic factor (BDNF) and neurotransmitters involved in memory formation such as
glutamate and acetylcholine are depleted [Connor et al. 1997; Kandimalla et al. 2017]. Moreover,
inflammatory cells like microglia and astrocytes become over-activated in response to the toxic
environment generated by Aβ and tau oligomers [Wyss-Coray et al. 2002]. Microglia activation
seems to be beneficial at the early stages of the disease since it promotes Aβ clearance. However,
chronic microglia activation causes release of damaging pro-inflammatory cytokines and
activation of inflammatory pathways like Tumor Necrosis Factor-α (TNF-α) that ultimately
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exacerbate neural damage. Finally, several other molecular mechanisms become dysregulated such
as mitochondrial energetics, insulin pathway and oxidative stress [de la Monte et al. 2006; Good
et al. 1996; Hauptmann et al. 2006].
Because of these events, neurons in the hippocampus and parietal/frontal cortex undergo apoptosis
leading to loss of fundamental neural pathways and permanent cognitive impairment. Also, adult
neurogenesis in the dentate gyrus of the hippocampus becomes impaired leaving no hope for
regeneration of the lost synapses and neural pathways [Hollands et al. 2017].

Maternal transmission of sporadic Alzheimer’s disease
AD is a multifactorial disease caused by a combination of genetic and environmental risk factors
[Alzheimer’s Association 2018]. Its early onset or familial form is due to specific autosomal
dominant mutations. However, its most common late onset or sporadic form depends from both
genetic risk alleles and lifestyle [Alzheimer’s Association 2018]. Epidemiological studies have
demonstrated that susceptibility to sporadic AD is also influenced by family history for the disease.
After age, family history has been identified as the second strongest risk factor for sporadic AD.
[Farrer et al. 1997; Silverman et al. 1994].
To better dissect the relationship between family history and sporadic AD, several longitudinal
studies have examined the susceptibility to sporadic AD later in life amongst people having one
or both parents, one or more siblings or an indirect family member (aunt or grandparent) affected
by sporadic AD compared to people with no family history for the disease. In particular, children
from sporadic AD affected parents showed 4 to 10 folds increase in the odds ratio to develop the
disease later in life compared to individuals with no family history [Cupples et al. 2004; Green et
6

al. 2002; Silverman et al. 2005]. Moreover, having two parents affected by sporadic AD
exacerbated the risk to develop the disease compared to subject bearing only one parent [Bird et
al. 1993; Jayadev et al. 2008].
The age of onset was also strikingly influenced by familial history for the disease. In fact, sporadic
AD patients with one parent affected by the disease showed earlier disease onset compared to
patients with no family history [Duara et al. 1993]. Moreover, patients bearing two sporadic AD
parents showed an even earlier age of onset compared to patients bearing a single parent [Jayadev
et al. 2008].
Although both maternal and paternal history for sporadic AD can increase susceptibility to develop
the disease later in life, recent work has shown that a maternal history for the disease has a much
stronger influence [Mosconi et al. 2010]. Several studies have examined the relative contribution
of maternal versus paternal history for sporadic AD. The first report was published by Heyman et
al. in 1983, demonstrating that children from sporadic AD mothers have significantly higher
chance to develop the disease compared to children from sporadic AD fathers [Heyman et al.
1983]. Several literature reports suggest that having a maternal history for sporadic AD gives 3
times higher chance to develop sporadic AD later in life compared to paternal history [Duara et al.
1993; Farrer et al. 1997; Gomez-Tortosa et al. 2007; Heyman et al. 1983]. Also, the same studies
have shown that 20 percent of sporadic AD patients had mothers affected by the disease as well.
Based on these findings, over 1 million Americans with sporadic AD would bear maternal history
for the disease and about 10 million people in the world would be affected by “maternally
influenced sporadic AD”. Indeed, it is very crucial to better understand the mechanisms associated
with maternal transmissibility of sporadic AD.
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More recent studies have highlighted that maternal history for sporadic AD promotes brain health
deterioration at early age in young cognitively normal individuals. In fact, cognitively normal
subjects born from mothers with sporadic AD showed decreased gray matter volume, increased
amyloid burden and lower brain glucose metabolism in brain areas vulnerable to AD, as assessed
by positron emission tomography (PET), compared to normal individuals with paternal history or
no family history for sporadic AD [Berti et al. 2011; Mosconi et al. 2007; Mosconi et al. 2010b].
Also, middle aged adults with maternal history for sporadic AD showed significant impairment in
cerebral blood flow in the precuneus, posterior cingulate, lateral parietal cortex, and the
hippocampus compared to subjects with no family history [Okonkwo et al. 2014]. A clinical study
has reported an increase in cerebrospinal fluid biomarkers for Aβ burden in AD and mild cognitive
impairment (MCI) patients bearing maternal history of dementia compared to controls [Honea et
al. 2012]. Another study has highlighted that elderly normal individuals with maternal history for
sporadic AD showed decreased Aβ-42/40 ratio, specific biomarker for brain amyloidosis,
compared to subjects with paternal history or no history for sporadic AD [Liu et al. 2013]. Despite
the strong evidence in support for a maternal influence toward AD susceptibility, no mechanisms
have been identified so far. Recently, multiple hypotheses have been postulated on the nature of
maternal transmission of sporadic AD. Several investigators believe that an unidentified genetic
mutation could explain the maternal transmissibility for AD [Mosconi et a. 2010]. Others believe
that maternally inherited mitochondrial DNA could explain this phenomenon [Mosconi et al.
2011]. Finally, since environmental factors are important contributors to sporadic AD
pathogenesis, in utero lifestyle could be implicated in the maternal transmissibility of sporadic AD
as well [Di Meco et al. 2016].
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Lifestyle and Alzheimer’s disease
In recent years, due to the absence of a disease modifying therapy and the lack of a deep
understanding of the causative mechanisms responsible for sporadic AD, the effect of lifestyle on
AD susceptibility has been studied extensively. Indeed, lifestyle modulates sporadic AD
pathophysiology and lifestyle modifications have been shown to effectively improve memory
decline in AD patients [Arab et al. 2010; Creegan et al. 2015].
Several environmental factors can contribute to sporadic AD pathogenesis. In particular, sporadic
AD shares several modifiable risk factors with cardiovascular diseases such as midlife
hypercholesterolemia, hyperglycemia, hypertension, hyperhomocysteinemia, smoking and lack of
exercise. At the same time, other modifiable risk factors such as education level are more specific
to sporadic AD only [Alzheimer’s Association 2018].
Clinical and epidemiological studies have described a strong association between midlife
hypercholesterolemia and AD incidence [Jarvik et al. 1995; Notkola et al. 1998]. Indeed, blood
cholesterol levels are directly proportional to AD odds ratio [Solomon et al. 2009]. Moreover,
several studies showed that statins administration lowered the risk to develop dementia later in life
[Jick et al. 2000].
Type 2 diabetes has a predisposing role for AD as well. In particular, longitudinal studies have
shown that type 2 diabetes patients are at higher risk for developing AD later in life [Leibson et al.
1997]. Moreover, AD patients display a specific brain phenotype characterized by reduced glucose
metabolism compared to age matched controls [Swerdlow et al. 1994]. Also, intranasal insulin
therapy showed memory protective effects in AD patients [Morris et al. 2012]. Finally, type 2
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diabetes drug metformin administration promoted cognitive improvement in AD patients [Koenig
et al. 2017].
Midlife hypertension is another risk factor for the development of AD and other forms of dementia
later in life. Clinical studies have reported an inverse association between systolic blood pressure
and incidence of all types of dementia including AD in patients older than 60 [Gabin et al. 2017].
Moreover, a recent study demonstrated that ACE inhibitor administration was protective against
AD development in the absence of APOE4 allele. However, this association was not true in
presence of APOE4 allele [Qui et al. 2013]. Also, use of anti-hypertensive medication thiazide, a
potassium sparing diuretic, was associated with reduced odds ratio for AD in elderly patients
[Chuang et al. 2014].
Hyperhomocysteinemia, elevated blood levels of homocysteine caused by either genetic mutations
or a diet poor in folate and vitamin B12, is associated with increased AD incidence. In particular,
high blood homocysteine concentration and low blood folic acid and vitamin B12 levels have been
associated with increased risk of developing AD later in life [Shen et al. 2015].
Obesity plays also an important role in determining susceptibility to AD later in life. In particular,
midlife obesity has been associated with a 3 folds increased risk to develop AD [Whitmer et al.
2007]. However, late life adiposity seemed to protect against dementia in other studies. Indeed,
high body mass index (BMI) after 65 years of age was protective against dementia while low BMI
score was predisposing [Huges et al. 2009]. Moreover, a healthy diet and exercise regimen was
proven to protect against AD incidence in several clinical studies. In particular, a Mediterranean
diet rich in fibers, antioxidants and vegetable fats but poor in saturated fats and cholesterol lowered
AD incidence in clinical studies [Mosconi et al. 2018; Scarmeas et al. 2016]. Also, physical activity
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protected early stage AD patients against cognitive decline and hippocampal atrophy in a
randomized pilot trial [Morris et al. 2017].
Smoking habit correlates with higher risk to develop dementia and AD. Indeed, several studies
have shown that smoking subjects have higher incidence to AD and other forms of dementia later
in life compared to non-smoking counterparts [Durazzo et al. 2014].
Finally, education levels can contribute to AD susceptibility later in life. Several studies have
correlated low education levels with increased incidence for AD. However, other studies haven’t
confirmed this association. It seems, that the association between education and AD susceptibility
is extremely dependent on the population examined in the study. In fact, more developed countries
showed a strongest correlation between high education levels and low AD incidence compared to
developing countries [Sharp et al. 2011].
Despite the contribution that lifestyle plays in the development of AD pathogenesis, its relevance
compared to genetic predisposition has always been unclear. However, epidemiological studies
have risen the possibility that lifestyle itself plays a more relevant role than genetic predisposition
in the contest of sporadic AD [Graves et al. 1996; Hendrie et al. 1995]. In particular, elderly people
from different ethnicities such as African Americans and Japanese, showed higher AD prevalence
when living in the US compared to African Americans and Japanese living in their native countries.
Epigenetic modifications are well characterized mechanisms by which lifestyle affects
susceptibility to disease in general. In particular, epigenetic modifications are heritable alterations
in gene expression that do not affect the DNA sequence. The most common epigenetic
modifications are DNA methylation and histone modifications such as acetylation and
methylation. [Moosavi et al. 2016]. In AD, DNA methylation, microRNAs expression and levels
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of some specific transcription factors become dysregulated [Mastroeni et al. 2011]. These
observations could give mechanistic insights on how lifestyle could contribute to AD
pathophysiology.
DNA methylation is the mechanism by which methyl groups are added to the DNA at specific
sites called CpG islands. Methylation at 5’ regulatory regions including promoters and enhancers
usually represses gene transcription [Smith et al. 2013]. Several studies have assessed methylation
levels in AD brains. Indeed, hippocampal methylation levels are reduced in AD brains [Chouliaras
et al. 2013]. Moreover, several studies have demonstrated that AD brains display lower
methylation levels of AD specific genes such as BACE-1, tau and others [Wang et al. 2013]. Also,
clinical studies have reported a specific genetic polymorphism in DNA methyltransferase 3B
(DNMT3B) locus in a Brazilian AD population [Pezzi et al. 2014]. Interestingly, gestational
nutrition can influence susceptibility to brain disease later in life in the offspring through
methylation. In particular, offspring born during the Dutch winter famine showed increased risk
for type 2 diabetes and schizophrenia later in life because of dysregulated methylation levels of
IGF2 gene [Heijmans et al. 2008; Susser et al. 1996].
MicroRNAs are short non-coding RNAs that bind to the 3’UTR of mRNAs inhibiting their
translation thus blocking gene expression at the post-transcriptional level [Kosik et al. 2006].
Several studies have shown how lifestyle and dietary habits can influence gene expression by
modulating expression of microRNAs [Sanli et al. 2013; Tarallo et al. 2014]. In recent years,
microRNAs have gained popularity as both potential therapeutic targets and biomarkers for AD
[Wu et al. 2016]. Dysregulation of specific microRNAs targeting AD key genes such as APP,
BACE-1, tau and several others has been observed in specific areas of post mortem AD brains [Di
Meco et al 2016b]. In particular, miR-29 targets BACE-1 specifically and is downregulated in AD
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brains [Hébert et al. 2008]. MiR-29 downregulation could potentially explain BACE-1
upregulation observed in some AD cases. Also, miR-29 could be a viable candidate as AD
biomarker given the correlation between its cerebrospinal fluid levels and AD incidence [Müller
et al. 2016].
Transcription factors expression is heavily influenced by the environment and nutrition [Cases et
al. 2003; Jump et al. 2013]. Several studies have reported dysregulation of specific transcription
factors in AD brains and linked it to aberrant expression of AD key genes [Chen et al. 2013; Theuns
et al. 2000]. Among several transcription factors, downregulation of repressor element 1 silencing
transcription factor (REST) was reported in AD brains. REST downregulation in AD brains
correlated with overexpression of AD key genes such as PEN2 and CDK5R1 and 2 (P35 and P39),
cell death and mitochondrial genes such as p38 MAP kinase (MAPK11) and cytochrome C. In
healthy aging however, REST becomes upregulated preventing overexpression of the same genes
[Lu et al. 2014]. Other transcription factors such as fork head box P2 (FOXP2) and cAMP
responsive element modulator (CREM) are dysregulated in AD and tauopathy brains but the exact
contribution to AD pathophysiology is unknown [Bernstein et al. 2013; López-González et al.
2016].
In conclusion, lifestyle plays a crucial role in determining susceptibility to sporadic AD. Epigenetic
modifications such as DNA methylation, microRNAs and transcription factors could link lifestyle
to AD pathophysiology.
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Cholesterol, saturated fats and Alzheimer’s disease
Midlife hypercholesterolemia is one of the strongest modifiable risk factors for several diseases
including cardiovascular disease and dementia. The first report linking cardiovascular risk
factors with AD demonstrated that patients with advanced coronary artery disease displayed
amyloid brain plaques similarly to AD patients [Spark et al. 1990]. The same group
demonstrated in vivo that feeding a cholesterol rich diet to rabbits was sufficient to promote
brain amyloidosis [Spark et al. 1994]. Since then, several studies have examined the connection
between cholesterol and AD. In particular, high serum cholesterol levels were identified as a risk
factor for AD later in life [Solomon et al. 2009]. Also, AD patients showed an altered blood
lipids profile in clinical studies. Indeed, low density lipoprotein cholesterol (LDL cholesterol)
was increased while high density lipoprotein cholesterol (HDL cholesterol) was decreased in the
blood of AD patients compared to healthy controls [Kuo et al. 1998]. In vivo studies have shown
that a cholesterol rich diet has deleterious effects on memory in aging mice [Kessler et al. 1986;
Thirumangalakudi et al. 2008]. In vitro studies demonstrated that increased membrane
cholesterol at lipid rafts promotes cleavage of APP by BACE-1 and γ-secretase thus increasing
Aβ production [Beel et al. 2010]. Also, treating cells with cholesterol promotes BACE-1 and γsecretase activation [Grimm et al. 2008]. Moreover, high cholesterol diet increases BBB leakage
in animal models [Jiang et al. 2012]. However, since cholesterol from the periphery does not
cross the blood brain barrier (BBB) the brain relies on cholesterol synthetized by astrocytes and
oligodendrocytes in situ [Xue-Shan et al. 2016]. For this reason, the link between dietary
cholesterol and brain pathology is still unclear. At the same time, cholesterol oxidation
metabolites such as 24S-hydroxycholesterol (24S-OHC) and 27-hydroxycholesterol (27-OHC)
can cross the BBB. In particular, most of the brain 27-OHC comes from the periphery and most
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of the circulatory 24S-OHC comes from the brain [Xue-Shan et al. 2016]. In vitro studies have
shown that treating SH-SY5Y cells with 24S-OHC decreased Aβ production by reducing BACE1 activity and enhancing α-secretase activity [Prasanthi et al. 2009] while treating the same cells
with 27-OHC promoted opposite effects by increasing BACE-1 activity and enhancing Aβ
production. In fact, AD brains show increased 27-OHC / 24S-OHC ratio compared to healthy
controls [Heverin et al. 2004]. It is possible that high dietary cholesterol promotes BBB leakage
increasing 27-OHC to the brain thus promoting increased BACE-1 activity and triggering brain
amyloidosis thus predisposing for AD.
Fat intake is extremely important for brain health and clinical studies have examined the effect of
different dietary fats on AD and dementia susceptibility in older age. Low levels of unsaturated
dietary fats showed a protective effect in terms of AD susceptibility in old age. In the same study
however, saturated fats consumption was associated with increased odds ratio to develop AD
[Laitinen et al. 2006]. A diet rich in saturated fats and cholesterol is extremely deleterious to
cognitive function and brain health in mice. Numerous studies have linked high fat diet with
memory decline, increased brain amyloidosis, enhanced oxidative stress and apoptotic pathways
overactivation in the brain of both wild type [Busquets et al. 2017] and AD [Lin et al. 2016; Sah
et al. 2017; Thériault et al. 2016] mouse models.
Recently, few studies have started to investigate the effect of maternal high fat diet on cognitive
function and brain pathology in the offspring. Indeed, a diet rich in fats and cholesterol during
gestation and lactation causes memory impairments, increases brain amyloidosis and promotes tau
pathology in the offspring of both wild type and AD animal models [Li et al. 2017; Martin et al.
2014; Nizari et al. 2016]. However, no study addressed the effect of high fat diet during gestation
only on AD susceptibility in the offspring later in life.
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In conclusion, a diet rich in cholesterol and saturated fats is predisposing to AD. Also, maternal
exposure to high fat diet seems to predispose the offspring to AD later in life. These findings would
support the hypothesis that in utero dietary lifestyle could contribute to maternal transmissibility
of sporadic AD. However, all the studies examining this effect have implemented a gestational
and lactational dietary paradigm in AD mouse models invalidating the pure in-utero exposure
model. It is possible that lactational exposure to high fat diet could directly affect brain health in
the offspring promoting a faster AD like pathology later in life. To definitively test the hypothesis
on whether in utero exposure to high fat diet can contribute to maternal transmissibility of AD to
the offspring, the dietary regimen should be restricted to the gestational period only.
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CHAPTER 2
EXPERIMENTAL HYPOTHESIS AND STUDY AIMS
Sporadic AD is due to both genetic and environmental risk factors [Querfurth et al. 2010]. After
age, maternal history is the strongest risk factor for sporadic AD. Indeed, having a mother affected
by the disease gives 3 times higher chance for the offspring to be affected compared of having a
father affected by the disease [Duara et al. 1993; Farrer et al. 1997; Gomez-Tortosa et al. 2007;
Heyman et al. 1983]. However, the mechanisms governing maternal transmissibility of sporadic
AD are unknown. Among the most credited hypothesis, a potential unidentified genetic mutation
in either genomic or mitochondrial DNA could explain the phenomenon [Mosconi et al. 2010;
Mosconi et al. 2011]. However, no evidence has been produced to support this hypothesis. Given
the crucial contribution of lifestyle to AD pathogenesis, it is possible that in utero exposure to
maternal lifestyle could determine the susceptibility of the offspring to sporadic AD [Di Meco et
al. 2016]. Nutrition plays a crucial role in predisposing to sporadic AD susceptibility later in life
through epigenetic modifications [Arab et al. 2010; Creegan et al. 2015; Mastroeni et al. 2011]. In
particular, midlife hypercholesterolemia is a strong risk factor for AD and dementia in general
[Solomon et al. 2009]. Several studies have demonstrated that feeding and high fat diet to AD
mouse models exacerbates their pathology [Lin et al. 2016; Sah et al. 2017; Thériault et al. 2016].
Also, recent reports have shown that feeding a high fat diet during the gestational and lactational
period predisposes the offspring of AD mouse models to a more severe brain pathology [Li et al.
2017; Martin et al. 2014; Nizari et al. 2016]. However, no study has ever tested whether a high fat
diet given only during gestation could affect susceptibility of the offspring to AD later in life.
We hypothesize that a high fat diet during gestation would modulate the phenotype in the offspring
of an AD mouse model later in life. We believe that addressing this question could shed light on
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some of the mechanisms governing maternal transmission of sporadic AD. To test this hypothesis,
we fed a high fat (HF) diet to triple transgenic (3xTg) dams, widely used AD mouse model, and
their wild type (WT) counterparts only throughout gestation. Offspring were kept on regular diet
throughout their lives and tested for memory function, brain pathology and potential epigenetic
mechanisms at different timepoints (Figure 1). To address our hypothesis, we proposed 3 specific
aims (figure 1):
Aim 1: To elucidate the effect of gestational HF diet on metabolic and cognitive function in
the offspring of 3xTg and wild type mice.
Sub-aim 1a: To test the effect of gestational HF diet on basic metabolic parameters. 3xTg and WT
offspring will be assessed for body weight, fasting blood glucose levels, glucose tolerance test and
blood lipids panel;
Sub-aim 1b: To test the effect of gestational HF diet on cognitive performance in behavioral tests.
3xTg and WT animals will be assessed for memory function in the Y-maze, fear conditioning and
Morris Water Maze tests.
Aim 2: To elucidate the effect of gestational HF diet on AD pathophysiology in the brain of
3xTg offspring.
Sub-aim 2a: To test the effect of gestational HF diet on brain amyloidosis. 3xTg offspring will be
assessed for Aβ-40 and -42 brain levels and deposition, together with protein levels of enzymes
involved in production and clearance of Aβ;
Sub-aim 2b: To test the effect of gestational HF diet on tau brain pathology. 3xTg offspring will
be assessed for brain levels of tau soluble and insoluble fraction together with levels of
phosphorylated tau isoforms and tau specific kinases and phosphatases.
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Sub-aim 2c: To test the effect of gestational HF diet on synaptic integrity and neuroinflammation.
3xTg offspring will be assessed for long term potentiation response in hippocampal slices as
measure of synaptic function. 3xTg offspring will be assessed for brain levels of synaptic integrity
and neuroinflammatory markers.
Aim 3: To determine whether gestational HF diet promotes epigenetic modifications in the
brain of 3xTg offspring.
Sub-aim 3a: To test the effect of gestational HF diet on brain global and promoter specific DNA
methylation. 3xTg offspring will be assessed for global DNA methylation at LINE-1 repeats and
promoter specific DNA methylation of genes of interest by bisulfite sequencing.
Sub-aim 3b: To test whether gestational HF diet modulates brain microRNAs levels. 3xTg
offspring will be assessed for brain levels of a microarray of 84 microRNAs associated to brain
disease and development.
Sub-aim 3c: To test whether gestational HF diet modulates levels of transcription factors
associated to AD pathophysiology. 3xTg offspring will be assessed for nuclear, cytoplasmic and
whole lysate protein levels of AD relevant transcription factors in the brain.
Rationale for mouse model of choice:
In recent years, great advances have been achieved in the field of AD animal models. However,
no animal model is available to perfectly reproduce sporadic/late-onset AD since its causes and
molecular mechanisms are still unknown. On the other hand, several mouse models that mimic
brain amyloidosis or tau pathology are available.
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Amyloidosis models rely on specific human genetic mutation typical of familial/early-onset AD
such as Aβ Precursor Protein (APP) and Presenilin-1 (PSEN1). Some examples of amyloidosis
models are the Tg2576 model harboring APP (Swedish: KM670/671NL) mutation under hamster
Prp promoter [Hsiao et al. 1996] and the 5XFAD model harboring both APP (Swedish:
K670N/M671L; Florida: I716V; London: V717I) and PSEN1 (M146L; L286V) mutations under
mouse Thy1 promoter [Oakley et al. 2006]. A more recent amyloidosis model is the APP NL-F
knock in mouse model that uses knock in approach for humanized APP (Swedish: K670N/M671L;
Florida: I716V) mutations under mouse APP promoter [Saito et al. 2014]. All these models
recapitulate brain amyloidosis, cognitive dysfunction, synaptic pathology and neuroinflammation
but do not display any tau brain pathology.
Tau pathology models rely on genetic mutations typical of other tauopathies such as
frontotemporal dementia. Some examples are the Tau P301S mouse overexpressing MAPT
(P301S) mutation under the mouse Prnp promoter [Yoshiyama et al. 2007] and the htau MAPT
knock in / mapt knock out mouse model [Andorfer et al. 2003]. Both models display tau
hyperphosphorylation, tau neurofibrillary tangles accumulation in the brain, cognitive dysfunction,
synaptic pathology and neuroinflammation but brain amyloidosis is completely absent.
The only model that better reproduces both amyloid and tau pathology together with behavioral
impairment typical of AD is the 3xTg mouse model. This model harbors APP (Swedish:
K670N/M671L), MAPT (P301L) and PSEN1(M146V) human mutations. The first two mutations
are expressed as a concatemer under mouse Thy 1.2 promoter while PSEN1(M146V) mutation is
expressed under mouse PSEN1 promoter. These mice display both amyloid plaques and tau
neurofibrillary tangles in the brain, cognitive impairment, synaptic pathology and
neuroinflammation starting around 8 months of age [Oddo et al. 2003]. The only limitation of the
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3xTg model is that it relies on 2 specific human genetic mutation typical of familial/early-onset
AD to promote Aβ accumulation, APP Swedish and PSEN1(M146V), and on a specific human tau
genetic mutation typical of frontotemporal dementia, MAPT(P301L), to accumulate tau tangles.
Despite such limitations, the 3xTg is the best model available today to reproduce the cognitive
decline and brain pathology typical of sporadic AD.

Figure 1: Experimental approach and specific aims tested in the current study.
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CHAPTER 3
EXPERIMENTAL METHODS AND MATERIALS UTILIZED IN THE STUDY

Animals
All animal procedures were approved by the Animal Care and Usage Committee and were in
accordance with the National Institutes of Health guidelines. Triple transgenic (3xTg) mice
harboring APP (KM670/671NL) mutation, human PSEN1 (M146V) mutation and human MAPT
(P301L) transgene were used in this study together with their wild type (WT) counterpart [Oddo
et al., 2003]. Mice were kept in a pathogen-free environment on a 12-hour light/dark cycle and had
access to food and water ad libitum. Ten wild type dams and ten 3xTg dams were bred with one
male per dam in single cage. After pregnancy was assessed by examining vaginal plug, dams were
randomized to receive regular chow (PicoLab 5053: 13% calories from fat, 0.05 calories from
cholesterol) (5 dams per strain) or high fat (HF) diet (ENVIGO/Harlan diet TD88137: 42% calories
from fat, 0.2% calories from cholesterol) (5 dams per strain) throughout the 3 weeks of gestation.
After, delivery, all dams were put back on regular chow thus only regular chow was administered
during lactation to all dams (Figure 1). No difference in litter size was observed between strains
or diet regimens. No difference in diet compliance was observed between regular chow and high
fat diet. An average of 4 to 8 pups per pregnancy was delivered. A total of 8 to 12 offspring (4 to
6 males and 4 to 6 females) was delivered for each experimental condition (wild type control WT
CTR; wild type high fat diet WT HF; 3xTg control 3TG CTR and 3xTg high fat diet 3TG HF).
Offspring were kept on regular chow from birth until euthanasia (Figure 1).
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Body weight measurement
Offspring from all experimental conditions were assessed for body weight at 2, 6 and 12 months
of age.

Glucose tolerance test
Offspring from all experimental condition underwent Glucose tolerance test (GTT) at 2, 6 and 12
months of age after the battery of behavioral tests was completed. The evening before the test,
offspring were housed in a fresh cage with paper bedding. Food was removed from 5 pm of the
evening until 9 am of the test day. Mice had access to fresh water at libitum. The test day, animals
were placed in a restrainer and the tail vein was punctured with a 23-27-gauge needle. Blood drops
were collected onto a glucose testing strip (One Touch Ultra Blue strips) and tested for basal
glucose concentration at fasting using a glucose meter (One Touch Ultra 2). Subsequently, animals
were injected 2mg/g body weight glucose in the intraperitoneal cavity. At 30 minutes and 2 hours
after the injection, glucose concentration was tested again. After the procedure, animals were
returned to fresh cages with regular bedding, fresh chow and water.

Plasma lipid measurements
Blood was harvested after euthanasia by left intraventricular puncture after perfusing the heart
with PBS buffer enriched with protease inhibitor and phosphatase inhibitor cocktail. Blood was
mixed with 77mM EDTA and centrifuged at 3.0 g and 4 ͦ C. Plasma lipids levels were measured
at the Vanderbilt Metabolic regulation Core, Vanderbilt University, Nashville, TN.
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Cognitive behavioral tests
Offspring from all experimental condition underwent behavioral testing at 6 and 12 months of age.
The following behavioral tests were implemented as previously described [Di Meco et al. 2014a
and Di Meco et al. 2014b]
Y-maze
Each mouse was placed in the center of a Y shaped plastic maze and allowed to explore freely
during a 5-min session for the assessment of spontaneous alternating behavior. An alternation was
defined as three subsequent entries in three different arms (i.e. 1, 2, 3 or 2, 3, 1, etc.). The
percentage alternation score was calculated as: (Total alternation number/total number of entries2)*100.
Fear conditioning
The fear conditioning test was conducted in a chamber equipped with black methacrylate walls, a
transparent front door, a speaker, and grid floor. For the training phase, each mouse was placed in
the chamber and underwent 3 cycles of 30 seconds sound/10 seconds electric shock, within a 6minute time span. The next day, the mouse spent 5 minutes in the chamber without getting shocked
or hearing the sound (contextual recall). At least two hours later, the animal was kept for 6 minutes
in the same chamber but with different flooring, walls, smell, and lighting and heard the cued
sound for 30 seconds (cued recall). During each phase, the freezing activity of the mouse was
recorded.
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Morris Water Maze
The Morris Water Maze (MWM) test was conducted in a white circular plastic tank filled with
opaque water. Mice were trained to find a submerged Plexiglas platform starting from the 4
cardinal points, every day for a total of 4 days. The fifth day, mice were tested in the probe trial
upon reaching the training criterion of 20 seconds (escape latency). The probe consists in a free 60
seconds swim in the pool without platform, to assess the number of entries in the usual zone of the
platform and other parameters of interest.

Euthanasia and brain dissection
After behavioral tests, 12 months old 3xTg offspring and 18 months old wild type offspring were
euthanized and organs harvested after intraventricular perfusion with PBS buffer,
Ethylenediaminetetraacetic acid (EDTA), protease and phosphatase inhibitor cocktail. Brain was
harvested and half brain dissected in brain cortex, hippocampus, cerebellum and midbrain. Each
brain section was weighed by a treatment blind operator. Tissues were stored at -80 ͦ C. The other
brain half was submerged in 4% paraformaldehyde overnight for immunohistochemistry.

Protein samples preparation
For whole protein lysate preparation, 20 to 40 mg of frozen brain cortex tissue was cut and
sonicated for 20 seconds in 200 to 400 ul of Radioimmunoprecipitation assay buffer (RIPA buffer).
Lysates were centrifuged in Beckman Coulter Optima MAX Ultracentrifuge at 100,000 g for 45
minutes at 4 ͦ C. Supernatant was used for western blot or ELISA analysis of RIPA soluble protein
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fraction. Pellets were resuspended in 30 to 60 ul of 70 % formic acid and neutralized in 6N NaOH
to analyze RIPA insoluble (formic acid soluble) protein fraction by western blot and ELISA. For
subcellular fractionation (cytoplasmic and nuclear lysate), 20 to 40 mg of frozen brain cortex tissue
was cut and processed with NE-PER™ Nuclear and Cytoplasmic Extraction Kit (Thermo Fisher
Scientific, Philadelphia PA) according to manufacturer instructions. Protein lysates were assessed
for protein concentration with BCA Protein Assay Kit (Pierce, Rockford, IL, USA).

RNA and microRNA samples preparation
20 mg of frozen brain cortex tissue was cut and sonicated for 20 seconds in 700 ul of Qiazol reagen
(Qiagen, Germany). RNA and microRNA were isolated utilizing miRNeasy isolation kit (Qiagen,
Germany) according to manufacturer protocol. RNA concentration was assessed utilizing
Nanodrop system.

DNA samples preparation
20 mg of frozen brain cortex tissue was cut and incubated overnight with lysis buffer PureLink
Genomic DNA Mini Kit (Thermo Fisher Scientific, Philadelphia PA). The following day, genomic
DNA was isolated utilizing PureLink Genomic DNA Mini Kit (Thermo Fisher Scientific,
Philadelphia PA) according to manufacturer protocol. DNA concentration was assessed utilizing
Nanodrop system.
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Amyloid beta 40 and 42 ELISA
For 12 months old 3xTg animals, RIPA soluble and formic acid soluble protein lysates were
utilized to assess soluble and insoluble human Amyloid beta 40 and 42 levels. For 2 months old
3xTg animals, 20 – 40 mg of brain cortex samples were cut, sonicated in DEA buffer (0.2 %
diethylamine in 50mM NaCl) with protease inhibitor cocktail, spun down at 100,000 g for 60
minutes and assayed for human Amyloid beta 40 levels. Human β Amyloid (1-40) and Human β
Amyloid (1-42) ELISA Kit (Wako, Japan) were used according to manufacturer protocol. Briefly,
RIPA soluble and formic acid soluble protein lysates were diluted appropriately and resuspended
in standard diluent and incubated overnight at 4 ͦ C in Human β Amyloid (1-40) and Human β
Amyloid (1-42) antibody-coated microtiter plate. The next morning, wells were washed with
washing buffer 4 times and HRP-conjugated antibody solution added for 2 hours. Wells were
washed again 4 times and TBM solution added for 30 minutes at room temperature in dark. Finally,
stop solution was added and plate red at 450 nm in microplate reader.

Western blot
Western blot was executed as previously described [Di Meco et al. 2014a and Di Meco et al.
2014b]. Briefly, RIPA soluble and formic acid soluble protein lysates were separated on sodium
dodecyl sulfate (SDS)-PAGE by using a 10% Bis-Tris gel and then transferred onto nitro-cellulose
membranes (Bio-Rad, Richmond, CA, USA). Membranes were blocked with Odyssey blocking
buffer for 1 hour at room temperature and incubated with primary antibodies overnight at 4 °C.
After 3 washing cycles in T-TBS, membranes were incubated with IRDye 800CW labeled
secondary antibody (LI-COR Bioscience, Lincoln, NE, USA) for 1 hour at room temperature and
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developed with Odyssey Infrared Imaging System (LI-COR Bioscience). Primary antibodies used
are summarized in Table 1.

Immunohistochemistry
Mouse brains were prepared for immunohistochemistry as previously described [Di Meco et al.
2014a and Di Meco et al. 2014b]. Briefly, serial brain sections were cut throughout each brain and
mounted on 3-aminopropyl-triethoxysaline-coated slides. Sections were deparaffinized, hydrated,
rinsed with PBS, and pretreated with citric acid for 5 minutes for antigen retrieval, then with 3%
H2O2 in methanol for 30 minutes to eliminate endogenous peroxidase activity in the tissue and
with blocking solution (5% normal serum in Tris buffer, pH 7.6). Subsequently, sections were
incubated overnight at 4 °C with primary antibody. The next morning, sections were incubated
with secondary antibody and developed using the avidin-biotin complex method (Vector
Laboratories, Burlingame, CA, USA) with 3,3diaminobenzidine as chromogen. Primary
antibodies used are summarized in Table 1.

Long-term potentiation electrophysiology on hippocampal slices
Long-term potentiation (LTP) electrophysiology studies were executed as previously described
[Giannopoulos et al.2013]. In particular, three to four 12 months old WT CTR, 3TG CTR and 3TG
HF offspring were sacrificed by rapid decapitation and brains were put into ice-cold artificial
cerebral spinal fluid (ACSF) in which sucrose (248 mmol/L) was substituted for NaCl. Six to ten
transverse hippocampal slices (400 μm thick) per animal were cut using a Vibratome 3000 plus
(Vibratome, Bannockburn, Illinois) and placed in ACSF (124 mM NaCl, 2.5 mmol/L KCl, 2
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mmol/L NaH2PO4, mmol/L CaCl2, 2 mmol/L MgSO4, 10 mmol/L dextrose, and 26 mmol/L
NaHCO3) at room temperature to recover for 1 hour bubbled with 95% O2/5% CO2. Slices were
transferred to a recording chamber (Warner Instruments, Hamden, Connecticut) and constantly
perfused with ACSF at 1.5 to 2.0 mL/min flow, bubbled with 95% O2/5% CO2, and maintained
by an inline solution heater (TC-324; Warner Instruments) at 32° to 34°C. Field excitatory
postsynaptic potentials (fEPSPs) were recorded from the CA1 stratum radiatum by using an
extracellular glass pipette (3–5 MΩ) filled with ACSF. Schaffer collateral/commissural fibers in
the stratum radiatum were stimulated with a bipolar tungsten electrode placed 200 to 300 μm from
the recording pipette. Stimulation intensities were chosen to produce a fEPSP that was one-third
of the maximum amplitude, based on an input–output curve using stimulations of 0 to 300 μA, in
increments of 20 µA. Paired-pulse facilitation experiments were performed using a pair of stimuli
of the same intensity delivered 20, 50, 100, 200, and 1000 milliseconds apart. Baseline was
recorded for 20 minutes before tetanization with pulses every 30 seconds. Long-term potentiation
(LTP) at CA3 to CA1 synapses was induced by four trains of 100-Hz stimulation delivered in 20second intervals. Recordings were made every 30 seconds for 2 hours following tetanization. The
fEPSP rise/slope (mV/msec) between 30% and 90% was measured offline using Clampfit 10.3
(Molecular Devices, Sunnyvale, California) and normalized to the mean rise/slope of the baseline.

DNA Methylation analysis
500 ng of genomic DNA were converted to bisulfite DNA utilizing EZ DNA Methylation-Gold
kit (Zymo Research, Irvine, CA) as manufacturer specifications. Bisulfite DNA was then utilized
for global and promoter specific DNA methylation assay. In particular, global DNA methylation
was assessed by measuring methylation at DNA repetitive long interspersed nuclear elements,
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using LINE-1 assay as a surrogate marker [Maegawa et al. 2010]. Promoter specific DNA
methylation of candidate genes was screened by bisulfite methylation assay [Maegawa et al. 2010].
LINE-1 assay
DNA repetitive long interspersed nuclear elements (LINE-1 elements) were amplified by PCR.
After PCR amplification, PCR product was run on agarose gel to verify correct size.
Subsequently, PCR products underwent pyrosequencing and DNA methylation at LINE-1
element measured as percent of T to C conversion. The following primers were used for 1st PCR
amplification:
TGGGATTTTAAGATTTTTGGTGAG (forward primer);
CTTCCCTATTTACCACAATCTCAA (reverse primer);
The following primers were used for pyrosequencing: TTTTTGGTGAGTGGAATATA. UNIVreverse primer and Biotin-UNIV primer were used for 2nd PCR. The following conditions were
used for both PCRs: 95°C for 3 minutes denaturation step followed by 30 cycles of 95°C/15
seconds, 60°C/30 seconds and 68°C/30 seconds.
Promoter specific bisulfite methylation assay
Primers for candidate genes (BACE1 and CDK5) were custom made to amplify promoter rich
CpG sites sequence. Several primer pairs were tested for optimal results. The following primers
were used:

TGGGAGTTGGATTATGGTGGTTT (forward

primer

1st

step BACE1),

ACTACAAAATCTACAAACCCCTC

(reverse

primer

1st

step

BACE1),

TGGGAGTTGGATTATGGTGGTTT

(forward

primer

2nd

step

BACE1),

ACTACAAAATCTACAAACCCCTC

(reverse

primer

2nd

step

BACE1),
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GGAGTTGGGATTGTAAGTAGGG

(forward

primer

CDK5)

and

ACTATAAATACCACCTCCTCTACAA (reverse primer CDK5). BACE-1 assay was performed
as semi-nested approach with two step PCR. CDK5 assay was performed as single PCR step.
Following PCR conditions were used for both assays and PCR steps: 94°C for 3 minutes
denaturation step followed by 40 cycles of 94°C/15 seconds, 60°C/30 seconds and 68°C/30
seconds. PCR products were run in agarose gel to assess correct size. PCR products were ligated
in cloning vector utilizing TOPO TA cloning kit (Invitrogen) as manufacturer specifications and
transformed in bacteria by using competent cells. 20 colonies for each transformation were
harvested and run on agarose gel to assess right size of insert. Finally, products were sequenced at
TACGEN (San Pablo, CA) and methylation was measured as CG to TG conversion at CpG sites.

mRNA expression analysis
Extracted RNA samples were converted to cDNA utilizing RT2 First Strand Kit (Qiagen,
Germany) according to manufacturer instructions. Genes expression was measured by SYBRgreen qPCR technology using RT2 qPCR primer assay (Qiagen, Germany) according to
manufacturer specification with Applied Biosystems Step One Plus rt-PCR system. The following
commercially available primers were used: BACE1 mouse cat # PPM26538A, MAPT human cat
# PPH05972F, CDK5 mouse cat # PPM05037C, CDK6 mouse cat # PPM02912F, APP human cat
# PPH05947A, GSK3alpha mouse cat # PPM05437A, GSK3beta mouse cat # PPM03380C and
PP2A mouse cat # PPM05011C (Qiagen, Germany).
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MicroRNA expression analysis
RNA samples extracted with miRNeasy mini-kit (Qiagen, Germany) were converted to cDNA
utilizing miScript II RT kit (Qiagen, Germany) according to manufacturer instructions. cDNA
samples were tested for Mouse Neurological Development & Disease miRNA PCR Array:
MIMM-107Z (Qiagen, Germany). Online software and analysis template provided by
manufacturer was used for statistical analysis. Results from micro-RNA array were validated with
TaqMan rt-PCR. In particular, RNA samples were converted to cDNA using Taqman MicroRNA
RT kit (Applied Biosystems, CA) and then assayed for rt-PCR utilizing TaqMan Universal Master
Mix II, no UNG (Applied Biosystems, CA), TaqMan MicroRNA Assay # 2112 and 2135 for miR29a-3p and miR33-5p respectively.

In silico analysis of microRNA targets
MicroRNA

targets

were

predicted

utilizing

mouse

targetscan

website

http://www.targetscan.org/mmu_71/ . Targets genes were double checked on the same website and
on

DIANA

tools

-

Tarbase

v8

http://carolina.imis.athena-

innovation.gr/diana_tools/web/index.php?r=tarbasev8%2Findex for the respective microRNA of
interest.
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In vitro experiments
MicroRNAs overexpression
Neuro-2 A neuroblastoma cells stably expressing human APPswe mutation (N2a-swe) were
cultured in DMEM medium, 10% fetal bovine serum, 100 U/mL streptomycin (Cellgro, Herdon,
VA) and 0.002 % Geneticin (Life Technologies, CA) at 37ºC in the presence of 5% CO2. Cells
were plated in 6 well plate and treated with vehicle, 180 uM miR-29a-3p mimic (Thermo Fisher
Scientific, MA) or 360 uM miR-33-5p mimic (Thermo Fisher Scientific, MA) and scramble Cy3
labelled miRNA Negative Control Ambion (Thermo Fisher Scientific, MA) at same concentration
as respective miRNA mimic. Lipofectamine RNAiMAX Transfection Reagent (Thermo Fisher
Scientific, MA) was used as transfection agent. Cells were harvested 24 and 48 hours later, For
miR-29a-3p and miR 33-5p respectively, and protein lysate assayed for Western blot analysis to
measure levels of predicted miRNA targets and levels of other genes of interest. Supernatant was
collected for Aβ measurement.
Neuro-2 A neuroblastoma cells stably expressing human tau (N2A-tau) were cultured in
Dulbecco’s modified Eagle medium supplemented with 10% fetal bovine serum, 100 U/mL
streptomycin (Cellgro, VA) and 100 mg/mL Hygromycin B (Invitrogen, CA) at 37ºC in the
presence of 5% CO2. Cells were plated in 6 well plate and treated with vehicle, 500 uM miR-29a3p mimic (Thermo Fisher Scientific, MA) and 500 uM scramble Cy3 labelled miRNA Negative
Control Ambion (Thermo Fisher Scientific, MA). Lipofectamine RNAiMAX Transfection
Reagent (Thermo Fisher Scientific, MA) was used as transfection agent. Cells were harvested 24
hours later and protein lysate assayed for Western blot analysis to measure levels of predicted
miRNA targets and levels of other genes of interest. Supernatant was collected for Aβ
measurement.
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FOXP2 overexpression
Neuro-2 A neuroblastoma cells stably expressing human sweAPP mutation (N2a-swe) were
cultured in DMEM medium, 50% fetal bovine serum, 100 U/mL streptomycin (Cellgro, Herdon,
VA) and 0.002 % Geneticin (Life Technologies, CA) at 37ºC in the presence of 5% CO2. Cells
were plated in 6 well plate and treated with vehicle or 1 ug / well human-FOXP2-GFP plasmid
(Origene, Rockville MD). Lipofectamine 2000 Transfection Reagent (Thermo Fisher Scientific,
MA) was used as transfection agent. Cells were harvested 24 hours later and processed for protein
and RNA extraction. Supernatant was collected for Aβ measurement.

Bromodeoxyuridine proliferation assay
Four 12 months old 3TG CTR and 4 3TG HF mice were injected intraperitoneally with 50 mg/kg
Bromodeoxyuridine (BrdU) for four days consecutively. On day six, mice were euthanized and
brain collected as described in above section. Serial brain sections were cut throughout each brain
and mounted on 3-aminopropyl-triethoxysaline-coated slides. Sections were deparaffinized,
hydrated, rinsed with PBS, and pretreated with 3% H2O2 in methanol for 30 minutes to eliminate
endogenous peroxidase activity in the tissue, 10nM Sodium Citrate buffer for 75 minutes at 95ºC
for antigen retrieval, then with and with blocking solution (5% normal serum in Tris buffer, pH
7.6). Subsequently, sections were incubated overnight at 4 °C with anti-BrdU antibody (1:100 cat
# ab6326 Abcam, Cambridge, UK). The next morning, sections were incubated with secondary
antibody (1:500 Goat anti-Rat IgG (H+L) FITC cat # 31628, ThermoFisher, Philadelphia, PA) for
1 hour at room temperature. After three washes in PBS buffer, sections were incubated with 1:1000
4′,6-diamidino-2-phenylindole DAPI (Invitrogen, Carlsbad, CA) for 5 minutes at room
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temperature in dark. After three washes, slides were mounted and observed under fluorescent
microscope. In particular, four slides per mouse were selected serially to cover the length of dentate
gyrus. Double positive DAPI – BrdU cells of the dentate gyrus were counted manually using NISElements AR 4.1 software by a treatment blind operator and quantified as percent of CTR.

Statistical analysis
All data are expressed as mean ± SD. The two-tailed Student t test was used to compare up to two
groups. One-way ANOVA was used to compare more than two groups when only one independent
variable was present. Two-way ANOVA was used to compare more than two groups when two
independent variables were present. Bonferroni correction test was used after ANOVA. Fisher's
exact test with contingency 2x2 table was utilized to analyze bisulfite sequencing data. In vitro
studies were repeated 2 to 4 times in duplicate. Statistical significance was set at p value < .05.
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Table 1: Antibody summary
ANTIBODY

CAT #

COMPANY

Anti-Aβ (4G8)

SIG-39220

Covance

1:400

IHC

Anti-APP A4

MAB348

Millipore

1:200

WB

Anti-APH-1

AB9214

Millipore

1:400

WB

Anti-Pen2

36-7100

Invitrogen

1:200

WB

Anti-PS1

3622S

Cell Signaling Technology

1:100

WB

Anti-Nicastrin

3632

Cell Signaling Technology

1:500

WB

Anti-ADAM10

AB19026

Millipore

1:200

WB

Anti-BACE1

MAB5308

Millipore

1:200

WB

Anti-sAPPα

11088

IBM

1:100

WB

Anti-sAPPβ

10321

IBM

1:100

WB

Anti-CD10

sc-46656

Santa Cruz Biotechnology

1;200

WB

Anti-IDE

sc-393887

Santa Cruz Biotechnology

1:200

WB

Ant-APOE

sc-390925

Santa Cruz Biotechnology

1:200

WB

Anti-HT7

MN1000

Thermo Fisher Scientific

1:400

WB, IHC

Anti-AT180

P10636

Thermo Fisher Scientific

1:200

WB, IHC

Anti-AT8

MN1020

Thermo Fisher Scientific

1:200

WB, IHC

Anti-PHF13

9632

Cell Signaling Technology

1:200

WB, IHC

Anti-PHF1

sc-515013

Santa Cruz Biotechnology

1:200

WB, IHC

Anti-MC1

/

Gifted: Dr. Davies (NYU)

1:200

WB, IHC

Anti-CDK5

sc-6247

Santa Cruz Biotechnology

1:400

WB
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Table 1 continued
Anti-P35/25

sc-518009

Santa Cruz Biotechnology

1:200

WB

Anti-GSK3α/β

sc-7291

Santa Cruz Biotechnology

1:200

WB

Anti-pGSK3α/β

9331

Cell Signaling Technology

1:200

WB

Anti-PP2A

PA5-17510

Thermo Fisher Scientific

1:500

WB

Anti-SYP

sc-17750

Santa Cruz Biotechnology

1:500

WB, IHC

Anti-PSD95

MA1-045

Thermo Fisher Scientific

1:200

WB, IHC

Anti-GFAP

sc-33673

Santa Cruz Biotechnology

1:200

WB, IHC

Anti-IBA1

MABN92

Millipore

1:200

WB

Anti-DNMT1

sc-271729

Santa Cruz Biotechnology

1:100

WB

Anti-DNMT3a

sc-365769

Santa Cruz Biotechnology

1:100

WB

Anti-DNMT3b

sc-376043

Santa Cruz Biotechnology

1:100

WB

Anti-REST

07-579

Millipore

1:200

WB

Anti-FOXP2

5337

Cell Signaling Technology

1:200

WB

Anti-CREM

sc-390426

Santa Cruz Biotechnology

1:200

WB

Anti-TAU C3

AHB0061

Thermo Fisher Scientific

1:200

WB

Anti-caspase-3

sc-7272

Santa Cruz Biotechnology

1:200

WB

Anti-caspase-7

sc-56063

Santa Cruz Biotechnology

1:200

WB

Anti-ATG5

ABC14

Millipore

1:200

WB

Anti-ATG7

2631

Cell Signaling Technology

1:200

WB

Anti-LC3B

2775

Cell Signaling Technology

1:200

WB

Anti-actin-beta

sc-47778

Santa Cruz Biotechnology

1:1000

WB

WB = Western blot; IHC = immunohistochemistry.
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CHAPTER 4
EXPERIMENTAL FINDINGS

Gestational high fat diet does not affect metabolic parameters in the offspring later in life
Offspring from WT and 3xTg mothers fed either regular chow or HF diet throughout gestation
(wild type regular chow offspring WT CTR, wild type high fat diet offspring WT HF, 3xTg regular
chow offspring 3TG CTR and 3xTg high fat diet offspring 3TG HF) were assessed for body weight
at 2, 6 and 12 months of age. No difference in body weight was observed among the four groups
thus gestational HF diet had no effect on offspring body weight (Figure 2 a-c).
To assess blood glucose levels and insulin sensitivity, offspring from the four groups were tested
in the glucose tolerance test (GTT) at 2, 6 and 12 months of age. No difference in the baseline
blood glucose levels at fasting was detected among the four groups at any of the 3 ages (Figure 2
d-f). Similarly, no difference in blood glucose levels were observed 120 minutes after glucose
administration among the four groups at any of the 3 ages (Figure 2 d-f). However, 3TG CTR and
3TG HF offspring showed higher blood glucose peak 30 minutes after glucose administration at
2, 6 and 12 months of age compared to their WT counterparts, as expected [Vandal et al. 2015]
(Figure 2 d-f). Finally, 3TG HF offspring showed higher blood glucose peak 30 minutes after
glucose injection at 6 months of age compared to 3TG CTR offspring (Figure 2 e). However, no
diet dependent effect was observed in either the WT or 3xTg offspring at 12 months of age (Figure
2 f).
To assess blood lipids panel total cholesterol, HDL cholesterol, VLDL cholesterol and
triglycerides were measured in serum samples of 12 months old WT CTR, WT HF, 3TG CTR and
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3TH HF offspring. No difference was detected in any of these parameters among the four groups
(Figure 2 g-j).
Figure 2: Effect of
gestational high fat
diet on metabolic
parameters. Body
weight of WT CTR,
WT HF, 3TG CTR
and
3TG
HF
offspring at 2 (A), 6
(B) and 12 (C)
months old. Glucose
tolerance test (GTT)
in WT CTR, WT HF,
3TG CTR and 3TG
HF offspring at 2
(D), 6 (E) and 12 (F)
months old. Total
blood
cholesterol
(G), HDL cholesterol
(H),
VLDL
cholesterol (I) and
triglycerides (J) in 12
months old 3TG
CTR and 3TG HF
offspring. Results are
mean ± sem. * = p <
0.05. (n = 4 m and 4 f
/ group).
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Gestational high fat diet improved cognitive function of 12 months old 3xTg offspring
To assess cognitive function, offspring from all groups were tested in several behavioral paradigms
at 6 and 12 months of age. In particular, offspring were challenged in the y-maze test, fear
conditioning and Morris Water maze (MWM) test.
Figure 3: Effect of gestational
high fat diet on cognitive
function at 6 months old.
Number of entries (A) and
percent alternation (B) of the
Y-maze test in 6 months old
WT CTR, WT HF, 3TG CTR
and 3TG HF offspring.
Contextual recall task (C) and
cued recall task (D) of the fear
conditioning test in 6 months
old WT CTR, WT HF, 3TG
CTR and 3TG HF offspring.
Cued phase (E), training phase
(F) and probe phase (G-J) of the
Morris Water Maze test
(MWM) in 6 months old WT
CTR, WT HF, 3TG CTR and
3TG HF offspring. Results are
mean ± sem. * = p < 0.05. (n =
4 m and 4 f / group).
At 6 months of age, no
difference was detected in the
number of entries and percent
alternation of the y-maze test
among the 4 groups (Figure 3 a,
b). No significant difference
was detected among the same
groups in the freezing behavior
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of either the contextual and cued recall phase of the fear conditioning test at 6 months of age
(Figure 3 c, d). When tested in the MWM test, no differences were detected in the cued phase
(Figure 3 e) and average swimming speed (Figure 3 g) of the MWM test among the 4 groups at 6
months of age. An increase in the training time was detected in the training phase of the MWM in
both 3TG CTR and 3TG HF
compared to WT CTR and WT
HF respectively at 6 months of
age (Figure 3 f). Moreover, no
differences were detected in the
probe phase of the same test
among the 4 groups at 6 months
of age (Figure 3 h-j).
Figure
4:
Effect
of
gestational high fat diet on
cognitive function at 12
months old. Number of entries
(A) and percent alternation (B)
of the Y-maze test in 12
months old WT CTR, WT HF,
3TG CTR and 3TG HF
offspring. Contextual recall
task (C) and cued recall task
(D) of the fear conditioning
test in 12 months old WT CTR,
WT HF, 3TG CTR and 3TG
HF offspring. Cued phase (E),
training phase (F) and probe
phase (G-J) of the Morris
Water Maze test (MWM) in 12
months old WT CTR, WT HF,
3TG CTR and 3TG HF
offspring. Results are mean ±
sem. * = p < 0.05. (n = 4 m and
4 f / group).
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At 12 months of age, we observed an increase in the training time during the training phase of the
MWM in both 3TG CTR and 3TG HF compared to WT CTR and WT HF respectively (Figure 4
f). However, when compared with WT controls, 12 month-old 3TG CTR offspring showed
reduced spatial learning and memory as indicated by lower number of entries in the platform zone,
lower time spent in the NE quadrant and increased time spent in the SW quadrant (Figure 4 h-j).
By contrast, at this age 3TG HF offspring showed restoration of cognitive function to WT levels
in the same parameters (Figure 4 h-j). No significant differences were detected in the cued phase
and average swimming speed of the MWM at 12 months of age among the four groups (Figure 4
e, g). At the same timepoint, no difference was detected in the number of entries and percent
alternation of the y-maze test among the 4 groups (Figure 4 a, b). Moreover, no significant
difference was detected among the same groups in the freezing behavior of either the contextual
and cued recall phase of the fear conditioning test at 12 months of age (Figure 4 c, d).

Gestational high fat diet reduced amyloid pathology in the brain of 12 months old 3xTg
offspring
To assess brain amyloidosis, 12 months old 3TG CTR and 3TG HF offspring brain cortex was
assessed for amyloid beta (Aβ) 40 and 42 levels in both RIPA soluble fraction and formic acid
soluble fraction. 3TG HF offspring showed significantly lower Aβ-40 and 42 levels in both RIPA
soluble and formic acid soluble fractions compared to 3TG CTR (Figure 5 a). To confirm these
findings, paraffin embedded brain sections from 12 months old 3TG CTR and 3TG HF offspring
were assayed for Aβ (4G8) immunoreactivity as a measure of brain amyloid burden. Indeed,
significantly lower plaques burden was detected in brain cortex and hippocampus of 12 months
old 3TG HF offspring compared to 3TG CTR offspring (Figure 5 e, f).
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To dissect the molecular mechanism by which gestational HF diet reduced amyloid burden in 3xTg
offspring, protein levels of the enzymes involved in production and clearance of Aβ were assayed
by western blot analysis in the brain cortex of 12 months old 3TG CTR and 3TG HF offspring. No
differences were observed between the two groups of mice when the steady state levels of APP,
ADAM-10 and the four components of the γ-secretase complex were assayed (Figure 5 b, c). By
contrast, β-secretase (BACE-1) protein levels were significantly decreased in the brain of 3TG HF
compared to control offspring (Figure 5 b, c). BACE-1 cleavage product sAPPβ was also reduced
in the same group, confirming an effect of the diet on BACE-1 pathway (Figure 5 b, c). BACE-1
mRNA levels were significantly reduced in brain cortex of 3TG HF offspring compared to
Figure 5: Effect of gestational
high fat diet on brain
amyloidosis. Aβ-40 and Aβ-42
levels in both RIPA soluble and
formic acid soluble fractions in
brain cortex of 12 months old
3TG HF and 3TG CTR offspring
(A). Representative western blots
of
enzymes
involved
in
production and clearance of Aβ
in brain cortex of 12 months old
3TG HF and 3TG CTR offspring
(B). Densitometry of previous
panel (C). BACE-1 mRNA levels
measured by rt-PCR in brain
cortex of 12 months old 3TG HF
and 3TG CTR offspring (D). Aβ
plaques burden measured as Aβ
(4G8) immunoreactivity in
representative brain sections of
12 months old 3TG HF and 3TG
CTR
offspring
(E).
Quantification
of
immunoreactivity shown in
previous panel (F). Results are
mean ± sem. * = p < 0.05. (n = 4
m and 4 f / group).
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controls, suggesting a transcriptional regulation of BACE-1 gene expression by gestational HF
diet (Figure 5 d). Finally, no changes in the steady state levels of CD-10 and IDE, two major Aβ
degrading enzymes, or in apoE levels, an Aβ chaperone, were noted between the two groups of
mice (Figure 5 b, c).

Gestational high fat diet reduces tau pathology in the brain of 12 months old 3xTg offspring
To assess tau brain pathology, 12 months old 3TG CTR and 3TG HF offspring brain cortex was
assessed for total human tau (HT7 antibody) and phosphorylated tau at Ser202/Thr205, Thr231,
Ser396/Ser404 and Ser396 (AT8, AT180, PHF1 and PHF13 antibodies respectively) by western
blot analysis of the RIPA soluble protein fraction. Moreover, tau levels in the formic acid soluble
fraction (HT7 antibody) were measured in brain cortex of the same animals. Indeed, 12 months
old 3TG HF offspring displayed lower level of total RIPA soluble tau (soluble tau) and lower
phosphorylated tau at all selected phospho-epitopes compared to 3TG CTR offspring (Figure 6 a
and b). These findings were confirmed by immunohistochemistry of paraffin embedded brain
sections where 3TG HF offspring displayed lower immunoreactivity to soluble tau (HT7) and
phosphorylated tau (AT8, AT180, PHF1 and PHF13) compared to 3TG CTR offspring at 12
months of age (Figure 6 g and h). Also, protein levels of formic acid soluble tau (insoluble tau)
were reduced upon gestational high fat diet in brain cortex of 3xTg offspring at 12 months of age
(Figure 6 c and d). This finding was confirmed by immunohistochemistry of paraffin embedded
brain section where immunoreactivity to tau aggregation prone confirmation, as recognized by
MC1 antibody [Jicha et al. 1997], was lower in 3TG HF offspring compared to 3TG CTR offspring
at 12 months of age (Figure 6 g and h). Moreover, human tau (MAPT) mRNA levels were found
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downregulated upon gestational high fat diet in 3xTg offspring brain cortex at 12 months of age
(Figure 6 i), suggesting a transcriptional regulation of tau gene expression by gestational HF diet.
Figure 6: Effect of gestational
high fat diet on tau brain
pathology.
Representative
western blots of RIPA soluble
human tau and phosphorylated
tau in brain cortex of 12 months
old 3TG HF and 3TG CTR
offspring (A). Densitometry of
previous
panel
(B).
Representative western blots of
formic acid soluble human tau
in brain cortex of 12 months old
3TG HF and 3TG CTR
offspring (C). Densitometry of
previous
panel
(D).
Representative western blots of
tau specific kinases and
phosphatases in brain cortex of
12 months old 3TG HF and
3TG CTR offspring (E).
Densitometry of previous panel
(F).
Immunoreactivity to
human tau, phosphorylated tau
and aggregation prone tau
measured in representative
brain sections of 12 months old
3TG HF and 3TG CTR
offspring (G). Quantification of
immunoreactivity shown in
previous panel (H). Human tau
(MAPT), CDK5, GSK3α/β and
PP2A mRNA levels measured
by rt-PCR in brain cortex of 12
months old 3TG HF and 3TG
CTR offspring (I). Results are
mean ± sem. * = p < 0.05. (n =
4 m and 4 f / group).

To better understand the effect
of gestational high fat diet on
45

tau phosphorylation, levels of tau kinases and phosphatases were measured in brain cortex of 12
months old 3TG CTR and 3TG HF offspring by western blot. Indeed, levels tau kinase CDK5
along with its active forms p35 and p25 were reduced upon gestational high fat diet in 3xTg
offspring brains at 12 months of age (Figure 6 e and f). Also, levels of GSK3α and β were
significantly reduced upon gestational high fat diet in 3xTg offspring brains at 12 months of age
but no change was detected in their phosphorylated forms pGSK3α and β (Figure 6 e and f).
Finally, tau phosphatase PP2A levels were reduced in brain cortex of 3TG HF offspring compared
to 3TG CTR at 12 months of age (Figure 6 e and f). Interestingly, mRNA levels for CDK5 were
significantly reduced upon gestational high fat diet in 3xTg offspring brain cortex at 12 months of
age (Figure 6 i), suggesting a transcriptional regulation of CDK5 gene expression by gestational
HF diet. No changes were detected in levels of GSK3α, GSK3β and PP2A mRNA in the brain
cortex of the same animals (Figure 6 i).

Gestational high fat diet rescues synaptic activity in the brain of 12 months old 3xTg
offspring
Since gestational high fat diet restored cognitive function in 12 months old 3xTg offspring, we
then assessed synaptic function by electrophysiology of hippocampal slices in WT CTR, 3TG CTR
and 3TG HF offspring at 12 months of age. Since the diet had no effect on WT offspring cognitive
function, WT HF group was not investigated. Basal synaptic transmission was assessed by
generating input/output (I/O) curves and measuring field excitatory postsynaptic potentials
(fEPSPs) elicited in CA1 by stimulation of the Schaffer collaterals at increasing strength of
stimulus intensities. As shown in Figure 7 a, no significant differences were detected in I/O curves
between the 3 groups. Next, short-term plasticity was measured by examining paired pulse
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facilitation, displaying an activity-dependent presynaptic
modulation of transmitter release [Zucker et al. 2002]. No
significant differences were detected among the 3 groups in the
paired pulse facilitation in accordance with the I/O curves
(Figure 7 b). Finally, long-term potentiation (LTP) in the CA1
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Figure
7:
Effect
of
gestational high fat diet on
synaptic
health
and
neuroinflammation.
Input/Output (I/O) curves
and representative field
excitatory
postsynaptic
potentials
(fEPSPs)
at
increasing stimulus strengths
(0–300 A) in 12 months old
WT CTR, 3TG CTR and 3TG
HF offspring (A). Mean
fEPSP slopes as a function of
interpulse interval between
the first and second fEPSPs
evoked
at
CA3-CA1
synapses in 12 months old
WT CTR, 3TG CTR and 3TG
HF offspring at 20, 50, 100,
200 and 1000 milliseconds
(B). 2 hours fEPSP slopes
recordings expressed as
percent pretetanus baseline in
12 months old WT CTR, 3TG
CTR and 3TG HF offspring
(C). Long-term potentiation
(LTP) magnitudes expressed
as percent of baseline for 0 to
10 minutes post-tetanus (D)
and long-term potentiation
(LTP) magnitudes expressed
as percent of baseline for 110
to 120 minutes post-tetanus
(E) in 12 months old WT
CTR, 3TG CTR and 3TG HF
offspring.
Representative
western blots of synaptic
integrity
and
neuroinflammatory markers
in brain cortex of in 12
months old 3TG CTR and
3TG HF offspring (F).
Densitometry of previous
panel (G). Results are mean ±
sem. * = p < 0.05. (n = 3 m
and 3 f / group).

region of the hippocampus was examined as a measure of neuronal plasticity and in vitro
representation of memory function [Bliss et al. 1993]. 3TG CTR offspring displayed significantly
reduced fEPSP slope compared to WT CTR as expected [Oddo et al. 2003]. However, 3TG HF
offspring showed a partial restoration of the fEPSP slope almost to WT CTR levels (Figure 7 c-e).
Synaptic integrity was also assessed by measuring brain cortex levels of pre and post-synaptic
integrity markers synaptophysin (SYP) and post-synaptic density protein 95 (PSD-95) in 12
months old 3TG CTR and 3TG HF offspring by western blot. No significant differences were
detected in any of the synaptic integrity markers (Figure 7 f, g).
Since neuroinflammation has a crucial influence on synaptic health in the contest of AD [Querfurth
et al. 2010], markers for astrocytes and microglia activation glial fibrillary acidic protein (GFAP)
and ionized calcium-binding adapter molecule 1 (IBA1) were measured in brain cortex of 12
months old 3TG CTR and 3TG HF offspring by western blot. No significant differences were
detected in any of the neuroinflammatory markers (Figure 7 f, g).

Gestational high fat diet increases adult hippocampal neurogenesis in 12 months old 3xTg
offspring
After euthanasia, weight of different brain portions such as cortex, hippocampus and cerebellum
together with total brain weight were assessed in 12 months old WT CTR, WT HF, 3TG CTR and
3TG HF offspring. Hippocampal weight was significantly reduced in 3TG CTR offspring
compared to WT CTR and WT HF offspring (Figure 8 c). However, 3TG HF offspring displayed
a restoration of the hippocampal weight to WT levels when compared to 3TG CTR (Figure 8 c).

48

No change was detected for total brain, brain cortex and cerebellum weigh among the four groups
(Figure 8 a, b, d).
To investigate the potential mechanism by which HF diet prevented hippocampal shrinkage in
3xTg offspring, we assessed hippocampal neurogenesis in 3TG CTR and 3TG HF offspring at 12
Figure 8: Effect of gestational
high
fat
diet
on
adult
hippocampal
neurogenesis.
Whole brain (A), brain cortex (B),
hippocampus (C) and cerebellum
(D) weight of 12 months old WT
CTR, WT HF, 3TG CTR and 3TG
HF offspring.
Representative
western blots of adult neurogenesis
associate kinase (CDK6) in brain
cortex of 12 months old 3TG CTR
and 3TG HF offspring (E).
Densitometry of previous panel (F).
CDK6 mRNA levels measured by
rt-PCR in brain cortex of 12 months
old 3TG CTR and 3TG HF
offspring (G). Immunoreactivity to
BrdU (green) and DAPI (blue) in
representative
dentate
gyrus
sections of 12 months old 3TG
CTR and 3TG HF offspring
measured by immunofluorescence
on paraffin brain sections (H).
Quantification of BrdU and DAPI
double positive cells per section in
dentate gyrus (I). Area surface of
dentate gyrus considered (J).
Results are mean ± sem. * = p <
0.05. (n = 4 m and 4 f / group).
months of age. Mice were injected
with 50 mg/kg Bromodeoxyuridine
(BrdU) for four days consecutively
before euthanasia to label cells
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actively progressing through the cell cycle in the dentate gyrus area of their hippocampus [Fontana
et al. 2006]. 3TG HF offspring showed a significantly higher number of BrdU labelled cells in the
dentate gyrus compared to 3TG CTR offspring when normalized to the same surface area (Figure
8 h-j). Moreover, we measured protein and mRNA levels of CDK6, adult hippocampal
neurogenesis regulatory kinase [Beukelaers et al. 2011], in the brain cortex of the same animals
by rt-PCR and western blot respectively. In fact, CDK6 protein levels were upregulated in the
brain of 3TG HF offspring compared to 3TG CTR offspring (Figure 8 e, f), as expected from the
BrdU staining data. No change was observed in the CDK6 mRNA levels in the same animals
(Figure 8 g), suggesting a post-transcriptional regulation of CDK6 by gestational HF diet. CDK6
kinase activity was not assayed.

Gestational high fat diet does not affect DNA methylation in the brain of 12 months old 3xTg
offspring
To understand the mechanism by which gestational HF diet could have affected expression of AD
specific genes thus modulating cognitive function and brain pathology later in life in 3xTg
offspring we examined epigenetic modifications such as DNA methylation. In particular, we
assessed the effect of gestational HF diet on both global DNA methylation and promoter specific
DNA methylation of the genes that were downregulated upon gestational HF diet: BACE-1 and
CDK5.
First, we measured levels of the main DNA methyltransferases in the brain (DNMT1, DNMT3a
and DNMT3b) by western blot analysis in 12 months old 3TG CTR and 3TG HF offspring. We
found that gestational HF diet significantly upregulated DNMT3b protein levels in the brain of 12
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months old 3xTg offspring but had no effect on DNMT1 and DNMT3a in the same animals (Figure
9 a, b) . No change was observed in DNMT3b mRNA levels, suggesting that gestational HF diet
Figure 9: Effect of gestational high
fat diet on global and promoter
specific
DNA
methylation.
Representative western blots of DNA
methyltransferases in brain cortex of
12 months old 3TG CTR and 3TG
HF offspring (A). Densitometry of
previous panel (B). DNMT3b
mRNA levels measured by rt-PCR in
brain cortex of 12 months old 3TG
CTR and 3TG HF offspring (C).
Methylation levels at LINE-1 repeats
at all CPG sites measured (D), 1st
CPG site only (E) and 2nd CPG site
only (F) assessed by LINE-1 assay in
brain cortex of 12 months old 3TG
CTR and 3TG HF offspring. BACE1 promoter (G) and CDK5 promoter
(H) methylation levels assessed by
bisulfite sequencing in brain cortex
of 12 months old 3TG CTR and 3TG
HF offspring. Results are mean ±
sem. * = p < 0.05. (n = 4 m and 4 f /
group).
regulated DNMT3B expression at the
post-transcriptional level (Figure 9 c).

To understand whether DNMT3b
upregulation

could

affect

brain

methylation we measured methylation
levels of LINE-1 repeats as a surrogate
for global DNA methylation [Maegawa
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et al. 2010; Yang et al. 2014] in 12 months old 3TG CTR and 3TG HF offspring. No significant
changes were reported in methylation of either LINE-1 CpG site examined in the two groups
(Figure 9 d-f), suggesting no effect of gestational high fat diet on global DNA methylation.
To understand whether an increase in DNMT3b could translate in higher methylation of our
candidate genes thus explaining their downregulation upon gestational HF diet, we measured
methylation of BACE-1 promoter and CDK5 promoter by bisulfite sequencing in 12 months old
3TG CTR and 3TG HF offspring. To our surprise, no effect was observed on methylation of either
BACE-1 and CDK5 promoter in the two groups (Figure 9 g, h). These findings suggest that, despite
increasing DNMT3b, gestational HF diet had no effect on global DNA methylation or on the
methylation of our candidate genes in 3xTg offspring at 12 months of age.

Gestational high fat diet downregulates a microRNA associated with adult neurogenesis,
miR-33-5p, in the brain of 12 months old 3xTg offspring
Next, we examined microRNA dysregulation as another potential epigenetic mechanism by which
gestational HF diet could have affected expression of AD specific genes thus modulating cognition
and brain pathology in 3xTg offspring later in life. In particular, we assayed an array of 84
microRNAs involved in CNS disease and development. Three microRNA were significantly
downregulated: miR-29a-3p, miR-33-5p and miR-377-3p (Figure 10 a). Only miR-29a-3p and
miR-33-5p downregulation could be validated by Taqman rt-PCR (Figure 10 b, c). Subsequently,
we examined in silico the potential targets for the two microRNAs by consulting targetscan 7.0
and DIANA tools - Tarbase v8. Indeed, DNMT3b and CDK6 came up as potential targets for miR-

52

29a-3p and miR-33-5p respectively. Moreover, DNMT3b and CDK6 are in vitro validated target
for

miR-29a-3p

and

miR-33-5p respectively
[Cirera-Salinas et al.
2012; Morita et al.
2013].
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2016].
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Figure 10: Effect of gestational high fat diet on miR-29a-3p and miR-33-5p brain levels.
Levels of miR-29a-3p, miR33-5p and 337-3p measured by SYBR green rt-PCR microarray in
brain cortex of 12 months old 3TG CTR and 3TG HF offspring (A). Levels of miR-29a-3p (B)
and miR33-5p (C) measured by TaqMan rt-PCR in brain cortex of 12 months old 3TG CTR
and 3TG HF offspring. Representative western blots of genes of interest in N2A-swe cells
treated with miR-29a-3p mimic, scramble microRNA and vehicle for 24 hours (D).
Densitometry of previous panel (E). Aβ-40 and -42 levels in the supernatant of cells measured
in panel D (F). Representative western blots of genes of interest in N2A-tau cells treated with
miR-29a-3p mimic, scramble microRNA and vehicle for 24 hours (G). Densitometry of
previous panel (H). Representative western blots of genes of interest in N2A-swe cells treated
with miR-33-5p mimic, scramble microRNA and vehicle for 48 hours (I). Densitometry of
previous panel (J). Results are mean ± sem. * = p < 0.05. (n = 4 m and 4 f / group).
specific genes such as BACE-1, CDK5 and tau we tested this hypothesis in vitro. In particular,
N2A cells expressing APPswe mutation were treated with either miR-29a-3p mimic, scramble
miRNA (NTmiR) or vehicle and levels of DNMT3b, BACE-1, CDK5, mouse tau (mTAU), APP,
CDK6, DNMT1, DNMT3a and DNMT3b measured by western blot 24 hours later. Despite a
significant decrease in DNMT3a and DNMT3b protein levels upon miR-29a-3p, no changes in
any of the candidate genes were observed (Figure 10 d, e). Moreover, no effect on amyloid beta
production in the cell supernatant was observed in the same samples (Figure 10 f). Also, we
repeated the same experimental approach in N2A cells expressing human tau. Despite a significant
decrease in DNMT3B levels upon miR-29a-3p delivery, no change was observed in human tau
levels in the same cells, as recognized by HT7 antibody (Figure 10 g, h). These findings suggested
that, despite DNMT3b regulation by miR-29-3p, DNMT3b modulation did not alter the expression
of our candidate genes BACE-1, CDK5 and tau.
To assess whether miR-33-5p downregulation could explain CDK6 upregulation observed in 3TG
HF offspring compared to 3TG CTR offspring, we tested whether miR-33-5p delivery in vitro
could specifically affect levels of CDK6 only. N2A cells expressing APPswe mutation were
treated with either miR-33-5p mimic, scramble miRNA (NTmiR) or vehicle and levels of
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DNMT3b, BACE-1, CDK5, mTAU, APP, CDK6, DNMT1, DNMT3a and DNMT3b measured by
western blot 48 hours later. CDK6 levels were significantly decreased upon miR-33-5p delivery
(Figure 10 i, j). However, no changes were observed in any other protein assayed (Figure 10 i, j).
These findings confirm that miR-33-5p specifically regulates CDK6 levels.

Gestational high fat diet upregulates BACE-1/tau/CDK5 repressor FOXP2 in the brain of 12
months old 3xTg offspring
To dissect the mechanism by which gestational HF diet repressed expression of BACE-1, tau and
CDK5

we

assayed
levels

of

selected
transcription
factors
predicted

to

bind to all candidate genes at either promoter or enhancer sites thus potentially capable of
regulating their expression simultaneously. We selected three transcription factors reported to be
dysregulated in AD and other tauopathies: repressor element 1 silencing transcription factor
(REST), fork head box P2 (FOXP2) and cAMP responsive element modulator (CREM) [Table
2]. In particular, we measured their protein levels in total cell lysate, cytoplasm and nuclear
fractions from brain cortices of 12 months old 3TG CTR and 3TG HF offspring. No differences
between the 2 groups of mice were observed when the whole lysate was probed for any of these
factors (Figure 11 a, b). In the cytoplasm fraction we observed that compared with controls 3TG
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HF mice had a significant increase only for CREM (Figure 11 a, b). On the other hand, compared
Figure 11: Gestational high fat
diet reduces BACE-1, tau and
CDK5
expression
by
upregulating
transcriptional
repressor FOXP2 in 3xTg
offspring. Representative western
blots of REST, FOXP2 and CREM
in whole lysate, cytoplasm and
nuclear fraction from brain cortex
of 12 months old 3TG CTR and
3TG
HF
offspring
(A).
Densitometry of previous panel
(B). Representative western blots
of REST, FOXP2 and CREM in
whole lysate, cytoplasm and
nuclear fraction from brain cortex
of 2 months old 3TG CTR and
3TG
HF
offspring
(C).
Densitometry of previous panel
(D). Representative western blots
of APP, BACE-1, sAPPβ, human
tau (HT7) and CDK5 in brain
cortex of 2 months old 3TG CTR
and 3TG HF offspring (E).
Densitometry of previous panel
(F). Aβ-40 levels measured by
ELISA in diethylamine (DEA)
lysates from brain cortex of 2
months old 3TG CTR and 3TG HF
offspring (G). Representative
western blots of FOXP2, APP,
BACE-1, mouse tau (mTAU) and
CDK5 in N2A cells treated with
FOXP2-GFP plasmid or vehicle
for 24 hours (H). Densitometry of
previous panel (I). Aβ-40 and -42
levels in the supernatant of N2A
cells from panel H (J). FOXP2,
APP, BACE-1, mouse tau (mapt)
and CDK5
mRNA
levels
measured by rt-PCR in N2A cells
from panel H (K). Results are
mean ± sem. * = p < 0.05. (n = 4 m
and 4 f / group).
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with controls, we found that the nuclear fraction from the 3TG HF mice had a significant increase
in the levels of FOXP2 and a trend towards increase in the levels of CREM (Figure 11 a, b). By
contrast, no significant changes were found in REST levels between the two groups in the nuclear
fraction (Figure 11 a, b). To assess whether the observed dysregulation of these transcription
factors was an early event, their levels were also assessed in 2 month old mice. At this age,
compared with controls 3TG HF offspring had significantly higher FOXP2 nuclear levels, but no
changes were observed for CREM levels (Figure 11 c, d). Given the early upregulation of FOXP2
under our experimental condition, we measured protein levels of our candidate genes at this age
in the two groups of mice. As shown in figure 11, we found a significant reduction of steady state
levels of BACE-1, its cleavage product sAPP-β, and CDK5 in 2 months old 3TG HF offspring
compared to controls (Figure 11 e, f). While no changes were observed for total APP and tau
protein levels in the same animals, 3TG HF offspring had a significant decrease in the total Aβ-40
levels (Figure 11 e-g). To investigate whether FOXP2 upregulation could be the mechanism by
which gestational HF diet repressed specific AD key genes, we treated neuroblastoma N2A cells
expressing APPswe mutation with FOXP2-GFP plasmid and assessed FOXP2, BACE-1, tau and
CDK5 protein / mRNA levels 24 hours after treatment. Moreover, Aβ-40 and -42 levels were
measured in the supernatant by ELISA as well. As expected, we observed a robust upregulation of
FOXP2 protein and mRNA levels 24 hours after transfection (Figure 11 h, i and k). Interestingly,
FOXP2 upregulation promoted downregulation of BACE-1, tau and CDK5 at both mRNA and
protein levels (Figure 11 h, i and k). However, FOXP2 upregulation did not affect APP protein
and mRNA levels demonstrating a specific effect of FOXP2 on BACE-1, tau and CDK5. (Figure
11 h, i and k). Finally, FOXP2 upregulation in vitro promoted a significant reduction for Aβ-42
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and a trend toward reduction for Aβ-40 production in the cell supernatant in line with its effect on
the BACE-1 pathway (Figure 11 j).

Gestational high fat diet restores cognition in aged wild type offspring
Next, we wanted to examine whether the beneficial effect of gestational HF diet on cognitive

Figure 12: Effect of gestational
high fat diet on aged wild type
cognitive function. Number of
entries
(A)
and
percent
alternation (B) of the Y-maze test
in 18 months old WT CTR and
WT HF offspring. Contextual
recall task (C) and cued recall
task (D) of the fear conditioning
test in 18 months old WT CTR
and WT HF offspring. Cued
phase (E), training phase (F) and
probe phase (G-J) of the Morris
Water Maze test (MWM) in 18
months old WT CTR and WT HF
offspring. Results are mean ±
sem. * = p < 0.05. (n = 4 m and 4
f / group).
function was only specific to 3xTg
offspring or if it could also protect
wild type animals against age
associated

cognitive

decline.

Indeed, we assessed cognitive
function of 18 months old WT
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CTR and WT HF offspring with the same behavioral paradigms used for the transgenic animals.
No significative change was observed in the Y-maze test in either number of entries or alternating
behavior, as shown by percent alternation, among the two groups (Figure 12 a, b).
Despite no change was observed in the contextual recall task among the two groups, a significant
increase in the freezing behavior was reported in the cued recall task of the fear conditioning for
the WT HF offspring compared to WT CTR offspring, suggesting better memory function upon
gestational HF diet (Figure 12 c, d).
When tested in the Morris Water Maze test, WT HF offspring showed a significant increase in the
number of entries to the platform zone, a significant decrease in the time spent in the opposite SW
quadrant and a trend to increase in the time spent in the NE platform quadrant when compared to
WT CTR offspring, suggesting an effect of the diet in improving cognitive function (Figure 12 hj). No changes were observed in the cued phase or in the average swimming speed among the two
groups in the same test (Figure 12 e, g). However, a trend to shorter escape latency was reported
for WT HF offspring compared to WT CTR offspring in the training phase of the same test,
suggesting better learning abilities upon gestational HF diet (Figure 12 f).

Gestational high fat diet reduces tau pathology and improves synaptic integrity in aged wild
type offspring
Given the beneficial effect of gestational HF diet on aged WT cognition, we wanted to investigate
whether the diet acted with the same molecular mechanism as it did in the transgenic animals.
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First, we measured the hippocampal weight in both 18 months old WT CTR and WT HF offspring.
No changes were reported among the two groups (Figure 13 a). Next, we assessed levels of miR29a-3p and miR-33-5p in the brain cortex of the same animals. No significative change was
observed among the two groups (Figure 13 b, c). Finally, we measure protein and mRNA levels
of candidate genes found dysregulated upon gestational high fat diet in 3xTg offspring, in brain
cortex of 18 months old WT HF and WT CTR offspring. We found no significant changes in the
mRNA and protein levels of BACE-1, CDK5, DNMT3b and CDK6 in the brain of the same
animals (Figure 13 d-f). Interestingly, a significant decrease in the protein levels of mouse tau
(mTAU) was observed in the brain of 18 months WT HF offspring compared to WT CTR offspring
(Figure 13 g, h). However, mouse tau mRNA levels (mapt) did not change in the same animals
(Figure 13 i).
To better understand the effect of the diet on tau brain metabolism, we measured several
phosphorylated epitopes of tau, aggregation prone tau as recognized by MC1 antibody and
pathogenic tau cleaved at Asp421 in the brain cortex of the two groups of animals. Despite no
changes in tau phosphorylation were observed among the two groups, 18 months old WT HF
offspring showed significantly lower aggregation prone tau and tau cleaved at Asp421 in the brain
cortex compared to WT CTR offspring (Figure 13 g, h). Since caspase-3 cleaves tau at Asp421
priming it for aggregation in neurofibrillary tangles [Rissman et al. 2004], we assessed levels of
capsase-3, in the brain cortex of the two groups of animals. Indeed, 18 months old WT HF
offspring showed lower activation of capsase-3 in the brain compared to WT CTR offspring
(Figure 13 l, m). However, no changes were observed in the activation of another tau cleaving
caspase, caspase-7, in the brain of the same animals (Figure 13 l, m). These finding suggested that
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gestational HF diet lowers tau aggregation through modulation of its cleavage by caspase-3 in WT
offspring.
Since we observed changes in aggregation prone tau without an effect on its phosphorylation, we
examined the effect of gestational HF diet on tau clearance. In particular, we measured levels of
several autophagy markers such as ATG5, ATG7, ATG5-12 and LC3B in the brain cortex of 18
months old WT HF and WT CTR offspring. No changes were observed in any autophagy marker
among the two groups of animals (Figure 13 j, k).
Next, we measured levels of pre and post-synaptic integrity markers synaptophysin (SYP) and
post-synaptic density protein 95 (PSD-95) in the brain cortex of 18 months old WT HF and WT
CTR offspring. Despite no change was reported for SYP, a marked increase in PSD-95 levels were
observed upon gestational HF diet in aged wild type offspring, indicating an improvement in
synaptic integrity. (Figure 13 n, o).
Finally, neuroinflammatory markers glial fibrillary acidic protein (GFAP) and ionized calciumbinding adapter molecule 1 (IBA1) were measured in the brain cortex of 18 months old WT HF
and WT CTR offspring. No changes were observed in any neuroinflammatory markers among the
two groups (Figure 13 n, o).
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Figure 13: Effect of gestational high fat diet on aged wild type brain pathology.
Hippocampus weight in 18 months old WT CTR and WT HF offspring (A). Levels of miR29a-3p (B) and miR33-5p (C) measured by TaqMan rt-PCR in brain cortex of 18 months old
WT CTR and WT HF offspring. Representative western blots of genes of interest in brain cortex
of 18 months old WT HF and WT CTR offspring (D). Densitometry of previous panel (E).
mRNA levels of genes of interest measured by rt-PCR in brain cortex of 18 months old WT
CTR and WT HF offspring (F). Representative western blots of RIPA soluble total tau,
phosphorylated tau, Asp421 cleaved tau and aggregation prone tau (MC1) in brain cortex of 18
months old WT CTR and WT HF offspring (G). Densitometry of previous panel (H). Mouse
tau (mapt) mRNA levels measured by rt-PCR in brain cortex of 18 months old WT CTR and
WT HF offspring (I). Representative western blots of autophagy mediators in brain cortex of
18 months old WT CTR and WT HF offspring (J). Densitometry of previous panel (K).
Representative western blots of tau specific caspases in brain cortex of 18 months old WT CTR
and WT HF offspring (L). Densitometry of previous panel (M). Representative western blots
of synaptic integrity and neuroinflammatory markers in brain cortex of in 18 months old WT
CTR and WT HF offspring (N). Densitometry of previous panel (O). Results are mean ± sem.
* = p < 0.05. (n = 4 m and 4 f / group).
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CHAPTER 5
GENERAL DISCUSSION

In this study we demonstrate that HF diet administered to dams only during their gestation period
protects the offspring of an AD mouse model from spatial learning and memory impairments,
synaptic dysfunction, brain amyloidosis, and tau neuropathology later in life. Additionally, we
provide experimental evidence showing that these diet-dependent effects are mediated by
transcriptional regulation of three major AD relevant genes, BACE-1, tau, and CDK5, via the
transcription repressor FOXP2. Our work is the first to report that in utero exposure to a specific
dietary regimen can modulate AD pathophysiology in the offspring later in life. This new
knowledge could help elucidate the mechanisms underlying the maternal influence on the risk of
AD onset and development as well as provide insights on novel preventative strategies against the
disease. Moreover, we demonstrated that the same gestational dietary regimen benefits cognitive
function, reduces tau accumulation and improves synaptic integrity via caspase 3 inactivation in
aging WT mice. This is the first report of a beneficial effect of in utero diet on brain health and
cognition later in life in WT animals. This observation extends the relevance of our findings
beyond AD pathophysiology.
While familial/early onset AD is due to specific autosomal dominant mutation inherited from
parents [Querfurth et al. 2010], sporadic/late onset AD is a multifactorial disease associated with
both genetic risk alleles and environmental risk factors [Alzheimer’s Association 2018].
Epidemiological studies have demonstrated that sporadic AD also follows a maternal inheritance
pattern. In particular, maternal history for sporadic AD gives the offspring 3 times higher chances
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to develop the disease compared to a paternal history [Mosconi et al. 2010]. However, the
mechanisms involved in this effect remain elusive. Some investigators believe that a potentially
unidentified mutation in either the genomic or maternally inherited mitochondrial DNA could
potentially explain the phenomenon [Mosconi et al. 2010; Mosconi et al. 2011]. However, no
evidence has been produced so far to support this hypothesis. Lifestyle and nutrition play a crucial
role in sporadic AD pathophysiology. Also, gestational nutrition modulates susceptibility to brain
disease later in life [Heijmans et al. 2008; Susser et al. 1996]. Midlife hypercholesterolemia and
dyslipidemia are predisposing to AD later in life [Solomon et al. 2009]. Indeed, HF diet was
reported to exacerbate AD pathology by promoting memory decline, BBB leakage, brain
amyloidosis, tau pathology and neuroinflammation in both AD and wild type mice [Busquets et
al. 2017; Kessler et al. 1986; Lin et al. 2016; Sah et al. 2017; Thѐriault et al. 2016;
Thirumangalakudi et al. 2008]. Moreover, HF diet during lactation and gestation exacerbated
memory decline, brain amyloidosis and tau pathology in the offspring of both AD and wild type
mice [Li et al. 2017; Martin et al. 2014; Nizari et al. 2016]. However, the effect of high fat diet
during gestation alone on AD pathophysiology in the offspring was never tested.
In this study, we decided to address whether gestational nutrition, high fat diet in particular, could
influence AD pathophysiology in the offspring of a mouse model of AD. Moreover, we assessed
whether the same dietary paradigm affected brain health in aged WT offspring.
To tackle this scientific question, we selected the 3xTg mouse model of AD that recapitulates the
main hallmarks of AD such as memory decline, brain amyloidosis, tau pathology and synaptic
dysfunction [Oddo et al. 2003] together with their WT counterpart and fed them HF diet during
gestation only. Offspring from both strains were kept on regular diet throughout their lives. 3xTg
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offspring were tested for cognitive function, brain pathology and synaptic function at 12 months
of age. Moreover, aged WT offspring were assessed for the same parameters at 18 months of age.
First, we tested the offspring metabolic profile in both strains by assessing body weight and insulin
sensitivity by GTT test at 2, 6 and 12 months of age. Moreover, plasma lipid panel was measured
in the same animals at 12 months of age. Overall, HF diet did not have any effect of body weight,
fasting blood glucose, insulin sensitivity and plasma lipid panel in either the WT or 3xTg offspring
at any of these ages.
To measure cognitive function, we implemented three behavioral paradigms: y-maze, fear
conditioning and Morris water maze. Despite no change was observed at 6 months of age in any
of these tests among the 4 groups, gestational high fat diet restored cognitive function of the 3xTg
offspring back to WT levels in the Morris Water maze test demonstrating a protective effect on
age-dependent cognitive decline. Previous studies had reported that administering HF diet during
both gestation and lactation has a deleterious effect of 3xTg offspring’s cognition in the Morris
Water maze test [Martin et al. 2014]. This discrepancy demonstrates that timing for maternal HF
diet is crucial in terms of offspring’s cognitive performance later in life. Moreover, previous
studies implemented a more aggressive HF diet with 60 % calories from fats vs our milder 42 %
calories from fats. It is likely that a higher fat intake could promote a deleterious effect compared
to a moderate/chronic exposure. At the same timepoint, we observed no significant difference in
the y-maze or fear conditioning test in either wild type or 3xTg offspring. These findings would
suggest a specific effect of gestational HF diet on spatial memory, as tested by the Morris Water
maze [Vorhees et al. 2006], compared to spontaneous alternating behavior or fear associated
memory, as tested by y-maze and fear conditioning respectively [Webster et al. 2014, Phillips et
al. 1992]. This discrepancy could also be explained by the differential contribution of discrete
66

brain regions in the three behavioral paradigms. Indeed, performance in the Morris Water maze
test is dependent mostly on the hippocampus, entorhinal cortex and prefrontal cortex [Vorhees et
al. 2006]. The fear conditioning test however, relays mainly on the amygdala and hippocampus
[Phillips et al. 1992]. The y-maze test is dependent on hippocampal and cortical functions,
similarly to the Morris water maze, but generally is considered less sensitive in detecting cognitive
changes in AD mouse models compared to the Morris water maze [Stewart et al. 2011].
Next, we assessed brain pathology to correlate our behavioral data with various aspects of AD
pathophysiology. Compared with controls, 12 months old 3xTg offspring displayed significantly
lower brain amyloid burden when fed with HF diet in utero. The same animals displayed lower
expression of BACE-1 enzyme in the brain. Previous studies showed that when maternal HF diet
was administered to AD mice starting at 4 weeks before mating up to lactation, the effect on brain
amyloidosis was instead detrimental highlighting again the crucial importance of timing for
maternal HF diet in terms of offspring’s susceptibility to AD pathophysiology [Nizari et al. 2016].
Twelve months old 3xTg offspring displayed also lower tau pathology as assessed by decreased
tau phosphorylation together with lower aggregation prone tau levels, as assessed with MC1
staining, and reduced insoluble tau fraction. The same animals showed lower expression of both
tau protein and tau specific kinase CDK5 [Martin et al. 2013a]. Previous studies showed that high
fat diet during both gestation and lactation increased tau pathology in the offspring’s brain,
highlighting again the importance of diet timing [Martin et al. 2014]. Another important aspect of
the AD phenotype is an alteration of synaptic function, which is not only considered as one of the
earliest changes occurring in the pathophysiology of the disease, but also the biologic substrate for
the memory and cognitive impairments in the patients affected by it [Bliss et al. 1993]. To test
this function, we implemented an electrophysiological approach by measuring long-term
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potentiation in hippocampal slices. As expected from the behavioral data, we observed that
compared with control WT offspring 3TG had a significant impairment of their LTP responses at
both 10 and 120 minutes. However, the deficit in the synaptic response was rescued in the 3TG
HF offspring, which at 120 minutes of recording reached a level that was almost indistinguishable
from the WT mice controls.
One of the most common mechanisms associating in utero exposure with a later in life effect are
epigenetic modifications which are typically mediated by changes in methylation levels [Heijmans
et al., 2008, Waterland et al., 2003]. At the same time, other epigenetic mechanisms such as
microRNAs and transcription factors have been linked to the effect of lifestyle on AD pathogenesis
[Chouliaras et al. 2013; Pezzi et al. 2014; Wang et al. 2013]. For these reasons, we investigated
DNA methylation, microRNAs and AD relevant transcription factors as potential mechanisms
involved in the effect of gestational HF diet on AD pathology in the offspring. In particular, we
found that gestational high fat diet upregulated brain levels of DNMT3B, crucial enzyme in denovo DNA methylation, while reducing levels of miR-29a-3p, validated modulator of DNMT3B
[Morita et al. 2013]. Based on these observations, we hypothesized that downregulation of miR29a-3p could lead to lower DNMT3B level thus influencing methylation of our target genes
BACE-1, tau and CDK5. However, when assessing both global and promoter specific methylation
of those, we did not find any significant changes. Moreover, upregulating miR-29a-3p in N2Aswe
cells promoted downregulation of DNMT3B, as expected, but did not modulate expression of
BACE-1, tau and CDK5. These findings demonstrated that gestational HF diet did not influence
expression of our target genes through either DNA methylation or miR-29a-3p. To further
investigate the mechanism behind BACE-1, tau and CDK5 downregulation we assessed levels of
three transcriptional modulators predicted to modulate their expression. We found that FOXP2,
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transcriptional repressor predicted to modulate expression of the three candidate genes, was
upregulated in brain nuclear fraction upon gestational high fat diet in 12 months old 3xTg
offspring. Moreover, FOXP2 upregulation together with lower expression levels of our target
genes and reduced brain amyloidosis were early events that arose at 2 months of age in 3xTg
offspring, when cognitive function is still indistinguishable from WT controls [Oddo et al. 2003].
In vitro experiments showed that FOXP2 could specifically modulate expression levels of BACE1, tau and CDK5, resulting in lower Aβ production. These findings demonstrated that gestational
HF diet reduced expression of AD key genes BACE-1, tau and CDK5 through FOXP2
upregulation. Modulation of the target genes resulted in lower amyloid and tau pathology in vivo
that potentially translated in better synaptic function and protected against memory decline later
in life. Compared with controls, gestational HF diet downregulated levels of another interesting
microRNA, miR-33-5p, in 12 months old 3xTg offspring. Also, miR-33-5p validated target CDK6
[Cicera-salinas et al. 2012], kinase relevant to adult hippocampal neurogenesis [Beukelaets et al.
2011], was found upregulated in the brain of the same offspring. To test whether miR-33-5p/CDK6
pathway dysregulation could have affected adult neurogenesis we assessed number of cells in
active cell cycle in the dentate gyrus at 12 months old. To our surprise, gestational HF diet
increased hippocampal neurogenesis in 12 months old 3xTg offspring. In line with the
neurogenesis data, we observed an increase in hippocampal raw weight in the same animals back
to WT levels. Finally, in vitro studies confirmed that miR-33-5p targets CDK6 specifically in
neuronal cells. Since 3xTg animals develop dysfunctional adult neurogenesis with age [Rodriguez
et al. 2008], it is possible that gestational HF diet could have protected 3xTg offspring from the
age-dependent decline in hippocampal neurogenesis by modulating the miR-33a-5p / CDK6
pathway.
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Next, we wanted to assess whether the beneficial effect of gestational HF diet could be translated
to a mouse model of brain aging. Therefore, we aged our WT offspring fed control or HF diet
during gestation to 18 months of age and measured the same parameters assessed in 3xTg animals.
First, we measured cognitive function in the y-maze, fear conditioning and Morris Water maze
tests. To our surprise, gestational HF diet promoted a robust improvement in both the cued phase
of the fear conditioning test and the Morris Water maze. These findings demonstrated that
gestational HF diet possesses an intrinsic beneficial potential for offspring’s brain health in the
contest of both aging and AD. Moreover, the rescuing effect on aged WT cognitive function
extended to both spatial and fear related memory thus to the function of brain cortex, hippocampus
and amygdala. When measuring brain pathology, we found that gestational HF diet mitigated tau
pathology in the same offspring. In particular, we observed a marked decrease in tau cleaved by
Asp 421 together with lower levels of aggregation prone tau, as recognized by MC1 antibody. No
effect on tau phosphorylation was reported. Since, caspase 3 cleaves tau at Asp421 priming it for
aggregation in neurofibrillary tangles [Rissman et al. 2004] we measured caspase 3 levels in the
brain of the same offspring. As expected, gestational HF diet reduced caspase 3 activation in the
brain of WT offspring. However, the same diet did not affect activation of another tau-cleaving
caspase, caspase 7, in the same animals. These findings suggest that gestational HF diet mitigates
age-dependent tau aggregation in WT offspring by reducing caspase 3 activation. Moreover, we
observed an increase in post-synaptic integrity marker PSD-95 in WT offspring upon gestational
high fat diet. Tau aggregation has a deleterious effect on the post-synaptic terminal [Querfurth et
al. 2010] thus it’s likely that the effect of gestational HF diet on tau pathology protected postsynaptic integrity in the same animals. No changes were observed in levels of the other target
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genes BACE-1 and CDK5 upon gestational HF diet in WT offspring. Moreover, no change in
levels of miR-33-5p and hippocampal volume were observed in the same animals.

Figure 14: Conclusion. Gestational high fat diet protects AD mice against memory decline
and brain pathology by decreasing expression of AD genes through FOXP2 upregulation and
by increasing hippocampal neurogenesis through CDK6/miR-33-5p pathway. Gestational high
fat diet alleviates brain aging in wild type mice by reducing caspase-3-mediated tau
accumulation and protecting synaptic integrity.
In conclusion, we demonstrated for the first time that administering HF diet only during the
gestational period mitigates AD pathology and protects brain health in both AD and aged WT
animals. In particular, gestational HF diet mitigated expression of AD pathology key genes through
FOXP2 upregulation and increased hippocampal neurogenesis through miR-33-5p / CDK6
pathway protecting 3xTg offspring from age related cognitive decline. The same dietary paradigm
rescued memory decline and improved synaptic integrity in WT offspring later in life by reducing
caspase 3-dependent tau cleavage. Taken together our findings, besides shedding light into novel
mechanisms underlying the influence of maternal HF diet on the risk of AD onset and
development, provide insights on a possible in utero dietary intervention as a novel preventative
strategy against both AD and aging-related dementia.
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Limitations of the study and conflicts with current literature
Despite very interesting, the findings described in this study are in conflict with some current
literature and the research approach presents some limitations.
It is well established that a diet rich in fats and cholesterol is predisposing to AD in patients
[Laitinen et al. 2006; Solomon et al. 2009]. Moreover, a diet rich in fats and cholesterol exacerbate
both amyloid and tau pathology in mouse models of AD [Lin et al 2016; Sah et al. 2017; Thériault
et al. 2016] and impairs cognitive function in wild type animals [Busquets et al. 2017]. Few studies
have addressed the effect of high fat / cholesterol diet during both lactation and gestation in both
AD and wild type animals [Li et al. 2017; Martin et al. 2014; Nizari et al. 2016]. These studies
describe a detrimental effect of the diet on cognition and brain pathology. However, no study has
addressed whether feeding a high fat / cholesterol diet only during the gestational period affects
cognition and brain pathology in the offspring. According to our data, restricting the high fat /
cholesterol diet to gestation only produces a beneficial effect on cognitive function and brain
pathology in both an AD mouse model and aged wild type animals. We think that this discrepancy
is due to the crucial role that cholesterol and fats have during the gestational period on fundamental
processes of brain development such as myelination, neurogenesis and synaptogenesis [Mauch et
al. 2001; Sacchetti et al. 2009; Saher et al. 2005]. We believe that by limiting cholesterol and fats
exposure to the gestational period only, we highlighted the beneficial effect of fats and cholesterol
for brain development while reducing the toxic effects of direct exposure to dietary fats and
cholesterol to cerebrovascular function, neuroinflammation and brain amyloid accumulation. The
beneficial effect of our gestational diet on offspring’s neurodevelopment might have made neurons
more resilient to the insult of the AD like pathology that 3xTg mouse mice develops with age and
to brain aging mechanisms of wild type animals, delaying cognitive decline in both models.
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To support this hypothesis, better epidemiological studies evaluating the effect of gestational high
fat / cholesterol diet on AD susceptibility in the offspring later in life are needed. Indeed, current
epidemiological studies address the correlation between maternal obesity and disease later in life
without pinpointing the effect of gestational diet alone [Contu et al. 2017]. Moreover, the potential
correlation between dysfunctional cholesterol metabolism in the mothers with dementia and AD
in the offspring should be evaluated. Alternative approaches pinpointing what specific
micronutrient is responsible for our effect are needed. Indeed, it would be interesting to administer
high cholesterol or high saturated fats alternatively. Also, it would be necessary to use reverse
dietary strategies such as low cholesterol diet or high polyunsaturated fats diet during gestation
alone. Also, pharmacological treatments with cholesterol lowering drugs during gestation would
help untangle our hypothesis.
Finally, our study should be confirmed in other AD mouse models. Main limitation of the 3xtg
mouse model is that it borrows genetic mutation of familial AD and frontotemporal dementia to
reproduce sporadic AD phenotype. Today, more advanced mouse models utilizing knock in
strategies for human APP or human MAPT are available to model some aspects of sporadic AD
pathology [Andorfer et al. 2003, Saito et al. 2014]. However, the 3xTg mouse model is still the
only model reproducing both amyloid and tau pathology together [Oddo et al. 2003].
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