
University of Pennsylvania
ScholarlyCommons

Publicly Accessible Penn Dissertations

2017

Of Mouse And Methyl: An Investigation Of
Methyl Donors, Methylation And
Methyltransferases In The Pfc
Sarah Mckee
University of Pennsylvania, sem72590@gmail.com

Follow this and additional works at: https://repository.upenn.edu/edissertations

Part of the Human and Clinical Nutrition Commons, Neuroscience and Neurobiology
Commons, and the Pharmacology Commons

This paper is posted at ScholarlyCommons. https://repository.upenn.edu/edissertations/2464
For more information, please contact repository@pobox.upenn.edu.

Recommended Citation
Mckee, Sarah, "Of Mouse And Methyl: An Investigation Of Methyl Donors, Methylation And Methyltransferases In The Pfc" (2017).
Publicly Accessible Penn Dissertations. 2464.
https://repository.upenn.edu/edissertations/2464

https://repository.upenn.edu?utm_source=repository.upenn.edu%2Fedissertations%2F2464&utm_medium=PDF&utm_campaign=PDFCoverPages
https://repository.upenn.edu/edissertations?utm_source=repository.upenn.edu%2Fedissertations%2F2464&utm_medium=PDF&utm_campaign=PDFCoverPages
https://repository.upenn.edu/edissertations?utm_source=repository.upenn.edu%2Fedissertations%2F2464&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/97?utm_source=repository.upenn.edu%2Fedissertations%2F2464&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/55?utm_source=repository.upenn.edu%2Fedissertations%2F2464&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/55?utm_source=repository.upenn.edu%2Fedissertations%2F2464&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/66?utm_source=repository.upenn.edu%2Fedissertations%2F2464&utm_medium=PDF&utm_campaign=PDFCoverPages
https://repository.upenn.edu/edissertations/2464?utm_source=repository.upenn.edu%2Fedissertations%2F2464&utm_medium=PDF&utm_campaign=PDFCoverPages
https://repository.upenn.edu/edissertations/2464
mailto:repository@pobox.upenn.edu


Of Mouse And Methyl: An Investigation Of Methyl Donors, Methylation
And Methyltransferases In The Pfc

Abstract
Gaining excessive weight during pregnancy occurs in over 50% of pregnancies in the United States. This
excessive weight gain can lead to development of Large for Gestational Age (LGA) babies, or babies born in
the top 10% for weight class at birth. LGA babies have increased risk for neurological disorders, including
autism, schizophrenia and ADHD. Our lab models excessive gestational weight gain and LGA in a mouse
model by feeding dams a 60% high fat (HF) diet throughout gestation and lactation. At weaning all offspring
are fed control diet for the remainder of life. HF offspring have increased preference for palatable foods,
increased learning and motivation deficits, disrupted gene expression in reward system neurocircuitry and
both global- and promoter-specific DNA hypomethylation within the prefrontal cortex (PFC). Dietary
methyl donor nutrient supplementation (MS) during pregnancy has been shown to ameliorate some of these
phenotypes in HF offspring as well as alter DNA methylation patterns. Because the PFC continues developing
postnatally, we were interested in understanding whether MS given during early postnatal life (3-6 weeks)
would also ameliorate behavioral and molecular phenotypes. Also, because HF offspring exhibit DNA
hypomethylation throughout the brain, we were interested in whether DNA methyltransferase (DNMT)
function could mediate these changes. Utilizing operant behavior training, gene and protein expression
analysis and mass spectrometry we were able to answer these questions. We determined that early life MS can
counteract deficits in motivation and learning in female offspring. Also that MS alters the concentrations of
folate and methionine intermediates and gene expression directly after supplementation in the PFC tissue of
male and female offspring. Finally, we determined that perinatal HF diet alters overall DNMT activity within
the PFC without altering DNMT1 or DNMT3a expression in adult male and female offspring. This work
adds to our understanding that long-term behavior and disease risk can be influenced by both maternal and
early life diet. Therefore, it is important to continue study the mechanistic links between excessive gestational
weight gain, perinatal HF diet exposure and MS to make better dietary recommendations that may combat
disease risk.
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Chapter One 

General Introduction 

The choice of what food to fuel the body with is an important one. Due to the advancement of 

technology and the domestication of animals, our current food landscape is vastly different than 

the previous generations. The last 200 years have seen an increase in the variety of dairy 

products, cereal grains, refined sugars, refined oils and alcohols in our diet (Cordain et al., 2005). 

The USDA recommends a balanced diet of whole fruits, vegetables, whole grains, lean protein 

foods and non-fat dairy (ChooseMyPlate.gov). However, less than 20% of Americans meet the 

USDA guidelines for a healthy diet (Krebs-Smith et al., 2010).  

The Western diet that dominates the US and other developed countries is characterized by the 

consumption of high-energy foods that are low in essential nutrients. These calorie (energy) 

dense foods are high in fats and high in added sugars. According to the CDC, current total food 

energy from the 3 major macronutrient categories are 49.5% from carbohydrate (which includes 

sugar), 15.7% from protein and 32.9% from fat (National Center for Health Statistics, 2016). For 

men, 12.7% of total calories come from added sugar, this is slightly increased to 13.2% for  

women (Ervin and Ogden, 2013). Sugar consumption has increased from 55.5 kg per capita in 

1970 to 69.1 kg per capita in 2000 (Cordain et al., 2005). Refined sugars lack any vitamin or 

mineral, therefore as consumption of energy-dense refined sugar has increased, the 

micronutrient density of the diet has decreased (Cordain et al., 2005), creating a population that is 

at the same time being over-fed while being under-nourished with calorie-dense, nutrient deficient 

foods. As the population has become more deficient in micronutrients, there is a growing reliance 

on dietary supplements and food fortification to add micronutrients to the diet (Gahche et al., 

2011). One study showed that if enrichment and fortification were not present, inadequate 
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concentrations of vitamin A, vitamin C, vitamin D, vitamin E, thiamine, folate, calcium, magnesium 

and iron would be found in a large portion of the US population (Weaver et al., 2014).  

Pregnancy is a unique time period when an offspring does not get the choice as to what is fueling 

their development. It has also been recognized that nutrition during pregnancy can have long 

term implications for the offspring, specifically with regard to brain development (Georgieff, 2007; 

Grissom et al., 2014). The objective of this work is to add to the understanding of how specific 

nutrient excesses and deficiencies during pregnancy alter development of the offspring brain, 

building upon earlier work done in the laboratory (Carlin et al., 2013; Grissom et al., 2015; Vucetic 

et al., 2010). A specific focus was made to expand the understanding as to whether postnatal 

nutrient supplementation can be given during early life to alter or ameliorate molecular patterns or 

physical behaviors set-up by excessive maternal fat intake during pregnancy. This first chapter is 

used to create an understanding of excessive gestational weight gain (GWG), how it can be 

modeled in the lab, how it affects the offspring brain development and behavior. It also serves to 

introduce DNA methylation, a mechanism by which the perinatal environment can alter long-term 

offspring health, and to introduce methyl donor nutrients and one carbon metabolism and their 

role in epigenetics and cognition. 

Prevalence of obesity and excessive gestational gain 

Just over 36% of adults and 17% of youths are considered obese, having a Body Mass Index 

(BMI) over 30 (Ogden et al., 2015, 2014). An additional 33% of the adult population is considered 

overweight, having a BMI between 25 and 30 (Flegal et al., 2012). That means 2 in 3 adults in the 

United States is considered either overweight or obese. Rates of overweight and obesity have 

steadily risen over the past 30-40 years, it is expected that these numbers will continue to rise. 

One group estimates that by 2030 86.3% of adults will be overweight or obese, of these 51.1%, 

obese (Wang et al., 2008).  
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The Institute of Medicine recommends that women who are normal weight (BMI 18.5-24.9) gain 

between 25-35 pounds during a pregnancy (Institute of Medicine and National Research Council, 

2009). Over 50% of all women exceed these guidelines, and of women who were considered 

normal weight prior to pregnancy 43.5% overgained during the gestational period (Simas et al., 

2011). Women classified as overweight or obese prior to pregnancy overgained at rates of 68.9 

and 59.8%, respectively. Gestational weight gain (GWG) is known to affect the growth and health 

of the fetus. Excessive GWG is a known risk for Large for Gestational Age (LGA) babies, or 

babies born in the top 10% of weight for their gestational age (Ludwig and Currie, 2010; Sridhar 

et al., 2016). Greater GWG is associated with increased BMI in offspring at all ages (Schack-

Nielsen et al., 2010). In addition to risk for obesity, LGA offspring are at increased risk for 

diabetes, autism, attention deficit/hyperactivity disorder (ADHD), cognitive deficits, depression, 

schizophrenia, anxiety and mortality (Alfaradhi and Ozanne, 2011; Colman et al., 2012; Herva et 

al., 2008; Krakowiak et al., 2012; Lubchenco et al., 1972; Robles et al., 2015; Van Lieshout et al., 

2011). Understanding the link between excessive GWG and short and long-term offspring health 

risks is important to creating recommendations and providing education and interventions to 

decrease adverse health risks for offspring.  

Excessive GWG and LGA can be modeled in the laboratory by feeding mouse dams a high fat 

(HF) diet (60% calories from fat versus 22% calories from fat in controls) during conception, 

gestation and lactation (Vucetic et al., 2010). At birth, HF dams and offspring weigh significantly 

more than the control dams and offspring. At 3 weeks of age, all offspring are weaned onto 

control diet and body weights begin to normalize. It has been reported that adult offspring from 

this model have increased insulin resistance, increased fatty liver and adiposity, increased 

density of neurons producing orexigenic peptides, increased orexigenic signaling, impaired 

spatial learning, worsened memory deficits and heightened anxiety-like behaviors (Ashino et al., 

2012; Chang et al., 2008; Hatanaka et al., 2016; Martin et al., 2014; Muhlhausler et al., 2006; 

Stachowiak et al., 2013; Sullivan et al., 2014; Tozuka et al., 2010). Our lab specifically has 

reported that HF offspring have increased preference for sucrose and fat, altered dopamine and 
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opioid regulation in the brain regions important to reward-seeking behaviors (hypothalamus 

(HYP), nucleus accumbens (NAC), ventral tegmental area (VTA) and prefrontal cortex (PFC)), 

global and promoter-specific DNA hypomethylation in these brain regions and learning and 

motivation deficits in PFC-mediated operant behaviors (Grissom et al., 2015; Vucetic et al., 

2010). 

DNA methylation 

DNA methylation is one proposed epigenetic mechanism by which maternal GWG and nutrition 

can influence offspring development throughout gestation and adulthood. Epigenetics, meaning 

“on” or “above” the genome, is the study of both heritable and reversible molecular modifications 

to the underlying DNA sequence, without altering the base pattern, that in part regulate gene 

expression (Li, 2002). DNA methylation, the addition of a methyl group to the 5-carbon position 

on a cytosine base, is a well-studied epigenetic modification. At the beginning of development, 

the genome of the primordial germ cells is highly methylated (Reik et al., 2001). Upon fertilization, 

a rapid demethylation throughout the genome occurs, completed by embryonic day (E) 13 to 14. 

Remethylation of the genome then takes place, beginning around E16 for male gametes and a bit 

later in female (Reik et al., 2001). Once thought to be a stable epigenetic mark, mounting 

evidence shows that the genome can be modified throughout pre- and post-natal life via external 

stimuli such as chemical exposure, diet and age (Anderson et al., 2012; Xin et al., 2015; Zampieri 

et al., 2015). Additionally, incomplete erasure of DNA methylation from various DNA regions can 

also alter development (Kawasaki et al., 2014; Miyoshi et al., 2016; Trerotola et al., 2015).  

       DNA methylation throughout the genome is generally symmetrical, when DNA is methylated 

on one DNA strand, it should be methylated on the opposing strand. A class of enzymes known 

as DNA methyltransferases (DNMTs) mitigate this symmetry. DNMTs bind to regions of the DNA 

and covalently bind methyl moieties to cytosine bases. DNMT1, 3a and 3b are the main DNMTs 

(Li, 2002). DNMT3a and 3b, the de novo methyltransferases, work to proofread the DNA adding 

methyl groups to appropriate bases where no methyl group was previously, creating hemi-
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methylated DNA. DNMT1, preferential to hemi-methylated DNA and therefore known as the 

maintenance methyltransferase, works to establish DNA methylation on newly transcribed 

strands of DNA, either by matching the methylation pattern from the parent strand or filling in 

hemi-methylated DNA. DNA methylation present within a promoter region of a gene is canonically 

associated with a tightly closed chromatin state and RNA gene silencing (Robertson, 2002; 

Robertson and Wolffe, 2000). While the absence of DNA methylation within the same region is 

associated with RNA gene expression. However, studies continue to reveal the complexity of this 

relationship (Suzuki and Bird, 2008; Weber et al., 2007). Methylation at specific DNA sites varies 

significantly across neuroanatomical regions (Ladd-Acosta et al., 2007) and is dynamically 

regulated across the lifespan (Siegmund et al., 2007). DNMTs are also differentially expressed 

across cell type within the brain (Veldic et al., 2005, 2004). 

       Unlike typical somatic cells, most neurons are non-dividing cells, therefore, neuronal DNA 

generally is not replicated. However, the necessity of both maintenance and de novo 

methyltransferases for survival has been proven through the use of genetically modified whole-

body and brain specific DNMT knock-out (KO) mouse models. Whole body KO of DNMT1 and 

DNMT3b are embryonic lethal, while DNMT3a KO animals develop neural tube defects during 

late gestation and diet prematurely (Li et al., 1992; Okano et al., 1999). Mice lacking functional 

DNMT3a in the CNS are born healthy, but survive with neuromuscular and motor coordination 

deficits, and die prematurely (Nguyen et al., 2007). A forebrain-specific DNMT1 KO mouse model 

showed global DNA hypomethylation, neurodegeneration, changes in RNA gene expression and 

deficits in learning and memory (Hutnick et al., 2009). Deletion of DNMT1 in post-mitotic neurons 

did not change DNA methylation levels, but deletion in mitotic CNS precursor cells, resulted in 

DNA hypomethylation in daughter cells (Fan et al., 2001). Another group developed a conditional 

DNMT1 mutant mouse with ~90% of cortical and hippocampal cells lacking DNMT1 in the dorsal 

forebrain at E13.5 (Hutnick et al., 2009). About 25% of the cortical neurons lacking DNMT1 

survived into adulthood, and the mice had defects in learning and memory. Mice with a double 

KO of DNMT1 and DNMT3a in the forebrain excitatory neurons have deficits in hippocampal CA1 
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plasticity, smaller hippocampal neurons and show deficits in learning and memory (Feng et al., 

2010). Mature neurons showed CpG hypomethylation and altered gene expression. These 

deficits were not seen when only Dnmt1 or Dnmt3a were knocked out independently. These 

results indicate that the DNMTs possibly play overlapping roles in post-mitotic neurons. In vitro, 

neural stem cells derived from embryonic stem cells lacking Dnmt3a were globally 

hypomethylated and had increased proliferation rates, possibly indicating that Dnmt3a could play 

a role the timing of neural cell differentiation (Z. Wu et al., 2012). On the opposite end, when 

DNMT1 is overexpressed in mouse embryonic stem cells, neurons show increased dendritic 

branching and arborization (D’Aiuto et al., 2011). In sum, these studies indicate a complex role for 

DNMTs throughout brain development. 

       In humans, DNA methylation and proper DNMT function is not only integral to normal CNS 

function, but the dysregulation of DNA methylation also underlies multiple neurological diseases 

(Gräff et al., 2011). Disrupted DNA methylation and methyltransferase function has been 

implicated in autism, Parkinson’s disease, schizophrenia and ADHD (Loke et al., 2015; Masliah et 

al., 2013; Schuch et al., 2015; Weng et al., 2013). Mutations in DNMT1 are linked to cognitive 

function decline, hearing loss, sensory neuropathy and result in imbalanced DNMT1 protein 

homeostatsis (Baets et al., 2015). Disrupted localization of DNMT1 has been implicated in 

Alzheimer’s and Parkinson’s disease (Desplats et al., 2011; Mastroeni et al., 2013).  

One carbon metabolism and methyl donor nutrients 

       DNMTs receive methyl groups through the conversion of S-adenosyl-methionine (SAM) to S-

adenosyl-homocysteine (SAH). This reaction is one in a cyclical series of biochemical reactions 

called one carbon metabolism (Figure 1). One carbon metabolism (Figure 1) refers to the 

intersection of folate and methionine metabolism cycles that donate and regenerate one-carbon 

units for various reactions in the cell (Ducker and Rabinowitz, 2016; Fox and Stover, 2008; 

Tibbetts and Appling, 2010). Through these reactions, our cells synthesize purines, pyrimidines, 

thymidylate, creatine, phosphatidylcholine and multiple hormones. One carbon metabolism also 
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provides methyl groups for at least 50 different methylation reactions that occur within the cell, 

including methylation of RNA, DNA, histones, neurotransmitters and other small proteins. One 

carbon metabolism is also involved in the catabolism of choline and histidine and the 

interconversion of serine and glycine. One carbon metabolism is involved in almost every cellular 

process and thus it is important that these reactions occur efficiently.  

       One carbon metabolism is highly dependent on nutritional status. In Figure 1, highlighted in 

gray are essential nutrients for one carbon metabolism known as methyl donors. An essential 

nutrient is a nutrient that cannot be synthesized by the body and therefore must be consumed via 

the diet. Vitamin B12, vitamin B6, vitamin B9 (folate), methionine, betaine, choline and zinc are 

necessary for one carbon metabolism. These methyl donor nutrients are critical intermediates or 

cofactors for enzymes involved in one carbon metabolism. Imbalances in methyl donors can 

negatively impact enzyme function, SAM regeneration and DNA methylation (Anderson et al., 

2012; Fernàndez-Roig et al., 2012; Ly et al., 2012; Niculescu et al., 2006; Niculescu and Zeisel, 

2002; Sable et al., 2014). Additionally, deficiencies and excesses of these nutrients also can alter 

cognition, behavior and risk for disease (Araújo et al., 2015; Boeke et al., 2013; Bottiglieri, 2005; 

Breimer and Nilsson, 2012; Grayson and Guidotti, 2012; Tomizawa et al., 2015; Zhang et al., 

2016).  

       Folate metabolism serves to create and transfer one carbon units for the biosynthetic 

processes listed above. Natural folates in the body and diet are typically in reduced form, mainly 

5-methyl-tetrahydrofolate (THF) in humans (Suh et al., 2001). The THF backbone, the active form 

of folate, is used to carry and transfer one carbon units. One carbon units, also known as methyl 

groups, are covalently bound to the 5- and 10-position on the pterdine ring of THF. THF can be 

maintained in three oxidative states, each which play specific biosynthesis roles. These roles 

were reviewed thoroughly by Ducker and Rabinowitz (Ducker and Rabinowitz, 2016). Briefly, 

5,10-methylene-THF produces thymidine and serine, 5-methyl-THF produces methionine and 10-

formyl-THF produce purines, formate and CO2.   
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       The most abundant form of folate, 5-methyl-THF, can be converted to methionine via a 

vitamin B12 dependent methyltransferase in which the methyl group from 5-methyl-THF is 

transferred to homocysteine. Resulting in the formation of methionine and unsubstituted THF. 

THF can then begin the folate cycle again, and methionine can continue through its unique 

metabolism. Methionine is the precursor of SAM, the universal methyl donor. Donation of a 

methyl group from SAM creates SAH, which is reversibly metabolized into homocysteine. 

Homocysteine can be remethylated to reform methionine via betaine-homocysteine 

methyltranserase (BHMT, not found in the brain) or methionine synthase (MTR), a vitamin B12 

dependent methyltransferase, to re-cycle through methionine metabolism. Alternatively, 

homocysteine can enter the transsulfuration pathway, which is required to support glutathione 

synthesis and remove reactive oxygen species from the brain (Vitvitsky et al., 2006).  

     Methyl donor nutrients are necessary for normal CNS growth and development. Both 

deficiency and imbalanced methyl donor concentration has been linked with abnormal CNS 

development as well as neurological diseases. For example, choline deficiency during gestation 

alters global and gene-specific DNA methylation in the developing mouse hippocampus, a region 

important to learning and memory (Niculescu et al., 2006). Increased homocysteine is a potential 

risk factor for cognitive impairment and other neurological diseases (Jiang et al., 2017; Setién-

Suero et al., 2016). Additionally, low vitamin B12 status has also been associated with poorer 

memory performance and reduced microstructural integrity of the hippocampus (Köbe et al., 

2016).  Higher folate intake has been associated with lower risk for dementia (Lefèvre-Arbogast 

et al., 2016). It has been suggested that using B vitamins to help remethylate homocysteine to 

methionine could be one mechanism to improve cognition or slow cognitive decline. 

       The liver is thought to mediate about 80% of the one carbon reactions in the body (Stead et 

al., 2006), thus all of the pathway information has been generalized to liver one carbon 

metabolism. There is evidence that shows altered one carbon cycles in various cell types and 

diseases (Ducker and Rabinowitz, 2016). Unfortunately for the present review, there have been 
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no studies elucidating the specific one carbon cycle present in the CNS. Citing the associations of 

one carbon metabolism reactions and efficiency in neural tube closure (Blom, 2009; Zeisel, 

2009), neurological diseases (Kennedy, 2016; McGarel et al., 2015), cognition (Morris, 2012) and 

the current studies of this dissertation (McKee et al., 2017), more studies are needed to form a 

more complete picture of CNS specific, even cell type specific, one carbon metabolism. 

Understanding whether neurons, astrocytes, oligodendrocytes and microglia have the same 

patterns of one carbon metabolism under various metabolic conditions could be important to 

understanding how specific neurological diseases develop. All together one carbon metabolism is 

a series of biochemical reactions necessary for the viability of the cell. The efficiency is highly 

dependent on nutritional status and its dysregulation is correlated to many disease states. Further 

elucidation of the connection between nutritional status, one carbon metabolism dysregulation 

and disease states will help us understand whether nutritional interventions can be used for 

therapeutic benefit. 

Methyl donors and neurodevelopment and cognition 

       Beginning at conception methyl donors are important for the development of the CNS, 

specifically closure of the neural tube. Emerging evidence suggests that maternal folate status 

throughout pregnancy affects offspring neurodevelopment and postnatal behavior and cognition 

(McGarel et al., 2015). During pregnancy concentrations of folate decrease by about 50% 

(Milman et al., 2006). There is also an increased energy and nutrient demand required for 

continuous fetal development. Fortification of grain products with folic acid, a stable oxidized form 

of folate, was introduced in the United States in the 1990’s to help increase the folate 

concentration consumed by women of childbearing age to prevent the risk of neural tube closer 

defects and other midline defects. Since the introduction of folic acid fortification, incidence of 

neural tube closer defects has decreased by about 25% (Blom, 2009). The use of folic acid 

supplementation as well as other methyl donors (mainly vitamin B12, choline and methionine) as 

therapeutic interventions to enhance CNS development, prevent neurological disease and slow 
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down cognitive decline has burgeoned in the last 20 years. This section will review a few of the 

studies and highlight the questions that remain.  

Maternal (perinatal) supplementation 

       Maternal choline availability influences offspring brain development and function (reviewed 

by Zeisel and Niculescu) (Zeisel and Niculescu, 2006). In animal models the positive relationship 

between maternal choline supplementation and neurodevelopment and cognition is well 

developed. Maternal choline supplementation enhances cognition (fewer working memory errors, 

responses to reach criterion, reference memory errors, faster behavior acquisition and shorter 

escape latency in the Morris water maze) prevents age-related memory decline, enhances 

hippocampal function (McCann and Ames, 2007; Zhu et al., 2016), reduces the effects of fetal 

alcohol exposure in the offspring (Thomas et al., 2010, 2009), can increase nerve growth factor 

levels in the hippocampus and frontal cortex (Sandstrom et al., 2002) and normalize choline-

deficiency induced DNA hypermethylation (Davison et al., 2009). Choline supplementation can 

also reverse the effect of folate deficiency on neurogenesis and apoptosis at E17 in the fetal 

forebrain (Craciunescu et al., 2010) as well as iron deficiency-induced reprogramming within the 

hippocampus (Tran et al., 2016). In a mouse model of Down syndrome, maternal 

supplementation of choline attenuated degeneration of the basal forebrain cholinergic neuron 

system (Kelley et al., 2014). In a mouse model of autism, high maternal choline consumption 

improves anxiety-like behaviors and increases social interaction (Langley et al., 2015). (For 

further review see Jiang et al. 2014 (Jiang et al., 2014)) Because of the beneficial findings in 

rodent models, effects in humans are being investigated. The current results are mixed. Early 

second trimester maternal plasma choline levels are positively correlated with early cognitive 

development (B. T. F. Wu et al., 2012) and at 7 years (Boeke et al., 2013). Neither supplementing 

with phosphatidylcholine (Cheatham et al., 2012) or maternal cord blood choline concentrations 

(Signore et al., 2008) correlated with enhanced infant cognition. 
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       Opposite to choline, the positive link between maternal folic acid supplementation and 

neurodevelopment and cognition is stronger in humans than it is in animal models. In humans, 

maternal folic acid supplementation is associated with improved verbal, motor, verbal-executive 

scores in 4 year olds (Julvez et al., 2009). Maternal use of folic acid supplements is associated 

with reduced risk of severe language delay at 3 years of age (Roth et al., 2012). Higher plasma 

folate during the 30th week of pregnancy is associated with increased learning, long-term storage 

and memory retrieval and decreased inattention at 10 years old (Veena et al., 2010). Folic acid 

intake during the first trimester is associated with reduced language delay, increased 

communication and verbal skills, and increased cognitive performance (Chatzi et al., 2012; Roth 

et al., 2012; Villamor et al., 2012). Supplementation with folic acid during the second and third 

trimester decreased the levels of homocysteine in maternal and cord blood, but offspring 

outcomes were not studied (McNulty et al., 2013). In animal models, offspring from rodents 

deficient in methyl donors during pregnancy, but supplemented with folic acid during late 

gestation, had reduced the risk for structural and functional defects in the CNS during the 

prenatal period (Geoffroy et al., 2016). Late gestational folic acid supplementation restored 

expression of specific microRNAs in the brain when compared to control and methyl donor 

deficient animals (Geoffroy et al., 2016). Additionally, reduced folate intake in pregnant mice 

impaired short-term memory in offspring as well as increased apoptosis in the hippocampus 

(Jadavji et al., 2015). Expression of a variety of gene are altered in offspring brain after folic acid 

supplementation (Barua et al., 2014).  

       In natural food sources, a combination of multiple methyl donor nutrients are often found. 

Additionally, methyl donor nutrients work in concert with each other within one carbon 

metabolism. As a result, supplementing with a variety of methyl donor nutrient mixtures can alter 

cognitive and neurobiological outcomes. Children of mothers given a mixed micronutrient 

supplementation which included multiple methyl donors had increased procedural memory and 

higher general intellectual ability at 10 years of age (Prado et al., 2017). A study of maternal 

methyl donor consumption found positive associations between folic acid intake and cognition at 
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3 years, but no associations were found for choline, betaine or methionine (Villamor et al., 2012). 

In rodents, methyl donor supplementation during pregnancy and lactation normalized preference 

for palatable rewards and altered global DNA methylation and RNA gene expression in brain 

regions involved in reward function (Carlin et al., 2013; Cooney et al., 2002; O’Neill et al., 2014). 

Additionally, maternal micronutrient imbalance alters DNA methylation and expression of 

neurotropic factors in the offspring cortex (Sable et al., 2015, 2014).  

Early postnatal supplementation 

       Early life nutritional supplementation with methyl donors and cognition is a relatively 

unstudied field when compared to maternal or adult supplementation time periods. Evidence 

shows that infants supplemented with choline had fewer attention problems and less social 

withdrawal at 40 months (Ross et al., 2016), but that 6 weeks of choline supplementation in 

school-aged children did not improve cognition (T. T. Nguyen et al., 2016). Betaine, but not 

choline status, in 5 year olds is positively associated with total language scores (Strain et al., 

2013). 3 months of a mixed B vitamin supplementation in kindergarten children improved folate 

and homocysteine status, but did not affect cognitive performance (Rauh-Pfeiffer et al., 2014). In 

rodent models, early life postnatal methyl donor supplementation in female mice increased 

motivation and learning in an operant chamber task (McKee et al., 2017). Postnatal 

supplementation of multiple methyl donors between P2-9 restored methionine levels and early life 

stress induced adult cognitive impairments (Naninck et al., 2016). 3 weeks of folic acid prevented 

anxiogenic and memory impairment in an open field test, possibly by partial recovery of the 

Na+,K+-ATPase in the frontal cortex (Carletti et al., 2012). 18 weeks of dietary methyl donor 

supplementation normalized depression-like behaviors induced by maternal separation during 

lactation (Paternain et al., 2016). 3 weeks of methyl donor supplementation increased DNA 

methylation in the amygdala and reduced depression-like behaviors in forced swim test, and that 

3 weeks of 90% methyl donor depletion increased depression-like behaviors (McCoy et al., 
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2017). Rat pups deficient in folate from birth to 3 weeks of age exhibited long-term memory, 

spatial learning and set-shifting deficits (Berrocal-Zaragoza et al., 2014).    

Adult supplementation 

       Memory loss, increased neurological disease risk and increased oxidative stress in the brain 

is characteristic of aging adults. In rodents, 8 weeks of folic acid supplementation in aged rats 

showed improved memory and decreased lipid peroxidation, a marker of aging, in multiple brain 

regions (Singh et al., 2011). 7 days of folic acid treatment in rats showed decreased locomotor 

activity and decreased lipid peroxidation in the hippocampus (Brocardo et al., 2010). One week of 

methyl donor supplementation increased motivation in mice when either exposed to a maternal 

high fat diet or previously exposed to methyl donors early in life (McKee et al., 2017). 

       In animal models, the benefits of methyl donor supplementation in the aged population have 

not been well-examined. However, the use of methyl donors in clinical trials is extensive, and the 

results are mixed. A meta-analysis reviewed whether 6 months of folic acid supplementation in 

healthy individuals, with or without other B vitamins, altered cognitive function (i.e. memory 

speed, language and executive function), and found no changes to cognition (Wald et al., 2010). 

But 3 years of folic acid supplementation in healthy individuals reported higher memory, 

information processing speed and sensorimotor speed scores (Durga et al., 2007). Trials 

supplementing with folic acid and B12 for years, measured cognitive status at both 12 and 24 

months found that only at 2 years did supplementation promote improved cognitive function 

including immediate and delay memory performance (Walker et al., 2012). But, two years of B12 

and folic acid supplementation in older adults did not reduce depressive symptoms (de Koning et 

al., 2016). A recent meta-analysis revealed that 77 human trials have been performed attempting 

to improve cognition in elderly patients with Alzheimer disease or dementia by providing B vitamin 

supplements to reduce homocysteine levels. A study published earlier in 2017, Using the Mini-

mental state examination score as a measure of cognition, found that B vitamins do reduce 

homocysteine levels, but that there were no overall changes in cognition in these patients (Zhang 
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et al., 2017). Following this population further will elucidate whether these B vitamins could 

perhaps slow progression of cognitive decline. Additionally, a study showed that lower B6 and 

riboflavin (B2) status were associated with an accelerated rate of cognitive decline when using 

the Repeatable Battery for the Assessment of Neuropsychological Status (RBANS), but B2 did 

not have the same association when using the MMSE to measure cognition (Porter et al., 2017). 

Indicating that current measures for cognition are not uniform, so it is difficult to compare across 

studies that use different methods of detection.   

Adverse effects of supplementation 

       Too much of a good thing is no longer healthy. Because of supplementation and dietary 

recommendations, 5% of the US adult population and between 30-66% of children 1-13 have 

plasma concentrations higher than the recommended daily dose of methyl vitamins (Regan L 

Bailey et al., 2010; Regan L. Bailey et al., 2010). As this subset of the population emerged, 

studies began showing the detrimental effects of too much methyl donor supplementation. The 

current recommendations for daily folic acid intake are 400 µg/day for adult males and non-

pregnant females. The recommendation increases to 600 µg/day for pregnant and 500 µg/day for 

lactating females. Offspring from women who consumed higher than recommended folic acid 

concentrations during pregnancy (5000 µg/day, almost 10 times the recommended daily 

allowance) had lower psychomotor scores at 1 year of age (Valera-Gran et al., 2014). In mice, 

offspring from dams fed high levels of folic acid (10 times the control, 20mg/kg of diet) during 

gestation displayed altered development of the cortical layers at E17.5 and short-term memory 

impairment and decreased hippocampal size at 3 weeks (Bahous et al., 2017). High vitamin diets 

during pregnancy have been shown to increase metabolic syndrome risk in offspring by altering 

the neural pathways involved in energy homeostasis and feeding (Clara E Cho et al., 2013; 

Pannia et al., 2014), but this could be prevented by providing a post-weaning high multivitamin or 

high folate diet (C E Cho et al., 2013). Excess folate (4 times the control, 8.0mg/kg of diet) during 

adolescence has been correlated with deficits in motivation and spatial memory tasks (Sittig et 
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al., 2012). Another factor in methyl donor supplementation are genetic variations in the enzymes 

that metabolize the nutrients. It is well known that for individuals with certain mutations in 

MTHFR, supplementing with folic acid is detrimental as they cannot break down the folic acid into 

active folate (Mattson and Shea, 2003).  In dams with a MTHFR deficiency, methyl donor 

supplementation was associated with embryonic delay and growth retardation at E10.5 in their 

offspring, but longer-term outcomes were not studied (Pickell et al., 2011). It now is evident that 

there is a genetic and environmental interaction in which concentrations of methyl donor nutrients 

are no longer healthful, but harmful, and studying these interactions are very important (further 

reviewed Shorter et al. 2015 (Shorter et al., 2015)). 

Conclusions about supplementation 

       We now understand that both too much and too little methyl donor is detrimental to offspring 

and adult neurodevelopment and cognition. Understanding which nutrients to supplement with, 

concentrations of each nutrient, how long should a supplement be taken and what populations 

should be taking supplementation still need to be answered and standardized when deciding 

whether methyl donor supplementation can alter CNS development and long-term cognition. 

Many of the basic research studies point to methyl donors as a way to modulate cognition, but the 

current clinical literature is inconclusive (Veena et al., 2016). Earlier diagnosis of homocysteine 

levels, understanding critical periods for supplementation and which populations would most 

benefit from supplementation could all help to increase efficacy. For studies that show detrimental 

outcomes, elucidating whether it is the effect of taking a bolus amount of one nutrient (instead of 

a mixed cocktail) or the actual increased concentration that is detrimental would help to make 

consumption recommendations. Going forward, controlled experimental designs, consistent 

methods and definitions when performing studies (i.e. What is cognition?, How do we measure 

cognition?, What are “high” or “low” concentrations?, Do we use natural folates or folic acid? 

(Colapinto et al., 2016)) and mechanistic studies will help reveal these answers. 

The prefrontal cortex 



16 
 

       The prefrontal cortex (PFC) is a highly developed region of the forebrain known to mediate 

higher cognitive function. The PFC lies within the frontal lobes. The size of the PFC is the main 

anatomical difference between humans and other primates. The increased size and highly 

developed nature of the PFC led scientists to believe that this region is critical for the higher brain 

functioning specific to Homo sapiens, including working memory and planning of behavior. 

Studies involving humans with lesions to the PFC provided insight as to the PFC’s role (Cato et 

al., 2004; Harlow, 1868; Tranel et al., 2007). Phineas Gage is the most famous case. In 1848, 

while Gage was working on the railroad an iron bar flew straight through the left side of his face 

through the frontal lobe of his brain. There was no indication that Gage lost consciousness and 

could function well within an hour. Characteristic of patients with damage to the PFC, Gage did 

not exhibit any changes in IQ, long-term memory function or motor and language skills. In the 

years following his accident, Gage was described as “no longer Gage”, his personality and 

behavior had changed, but his intelligence level had not. Once thought to be a well-balanced 

businessman, hard-working and responsible, Gage became impatient, fitful and irreverent 

(Harlow, 1868).   

       Since the days of Gage, the PFC has been shown to be an important driver of higher-level 

cognition (executive function, working memory and goal orientation) (Funahashi and Andreau, 

2013). This includes supporting the ability to determine between good and bad, organize behavior 

in time and in context, regulates impulse control and learn and execute complex behaviors (Kolb 

et al., 2012). Disorders of the prefrontal cortex include Attention-Deficit/Hyperactivity Disorder, 

Antisocial Personality Disorder, Parkinson’s disease, Schizophrenia, Obsessive-Compulsive 

Disorder and Autism. 

       Development of the PFC is altered by a variety of pre- and post-natal factors (reviewed by 

Kolb et al. 2012) (Kolb et al., 2012). Nervous system development begins during the early 

embryonic period. Neural stem cells arise during gastrulation, and then migrate to the appropriate 

brain structure, mature and form synapses. In humans peak synaptic density throughout the brain 
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is reached between 1 and 5 years old, studies show that within the PFC this peak could be even 

later (Gogtay et al., 2004). After this peak, the real work begins as the glia begin to prune 

synapses that are unused. Pruning of the PFC occurs at the slowest rate within the brain (Kolb et 

al., 2012). This long period of pruning indicates why environmental exposures and experiences 

could have greater influence on the synaptic density and functioning of the PFC than other brain 

regions. Early-life social interactions, chemical exposure and nutrition can all alter PFC 

development and function (Kolb et al., 2012). 

       In humans, scientists utilize a battery of behavior assessments to study cognitive processes 

driven by the prefrontal cortex.  Similarly, by utilizing operant behavior chambers and various 

other behavior paradigms, we can use animal models to shed light on mechanisms by which the 

PFC, or other brain regions, drive higher cognitive processes. In this dissertation, a 9-hole 

operant chamber is used to understand learning, attention and motivational behaviors in mice, all 

mediated by the PFC. These chambers have 9-recessed holes at the back of the chamber, 5 of 

which have LED lights that can be turned on and off. At the front of the chamber there is a 

magazine which dispenses palatable reinforcer. Animals learn the association between nose-

poking a lit recessed hole at the back of the chamber and the following dispensation of palatable 

reinforcer to the front of the chamber. We can use various schedules of the work followed by 

reward association to measure learning, motivation, inattention and impulsivity. 

Conclusion 

Due to the high prevalence of excessive GWG in the United States, it is important for the 

continued investigation of how this affects the offspring, specifically in regards to brain 

development and risk for neurological disorders and cognition. By continuing to investigate the 

differences in brain development, we can identify risks and possible therapeutic targets to 

ameliorate adult disease. Specifically in this thesis, investigating how excessive GWG alters 

DNMT function within the PFC. Additionally, examining whether dietary methyl donor 

supplementation in early life, while the brain is still developing, can alter long-term brain 
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development and cognition. This will provide insights as to sensitive time periods of brain 

development that can be targeted by nutritional interventions.  
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Figure Legends 

Figure 1. Simplified schematic of the intermediates, enzymes and nutrients involved in one 

carbon metabolism. DHF, dihydrofolate; THF, tetrahyrdafolate; SAM, S-adenosylmethionine; 

SAH, S-adenosyhomocysteine; DHFR, dihydrofolate reductase; MTHFD, methyltetrahydrofolate 

dehydrogenase; MTHFR, methyltetrahydrofolate reductase; MTRR, 5-methyltetrahydrofolate-

homocysteine methyltransferase reductase; MTR, 5-methyltetrahydrofolate-homocysteine 

methyltransferase; BHMT, betaine homocysteine S-methyltransferase; MAT1, methionine 

adenosyltransferase; SAHH, S-adenosylhomocysteine hydrolase; CBS, cystathionine-β-

synthase; TYMS, thymidylate synthetase; DNMT, DNA methyltransferase; PEMT, 

phosphatidylethanolamine N-methyltransferase; GNMT, glycine N-methyltransferase 
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Chapter Two 

Methyl donor supplementation alters cognitive performance and motivation 

in female offspring from high fat diet fed dams 
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Published in FASEB J (2017) 

Introduction  

       Over the past three decades overweight and obesity rates have more than doubled (Ogden 

et al., 2014, 2012). Pregnancy is a particularly vulnerable time when women are susceptible to 

excessive weight gain, as over 75 percent of pregnant women will gain excessive weight during 

pregnancy (Schack-Nielsen et al., 2010). This maternal obesity can lead to an increased risk for 

neurological disorders in offspring, such as attention deficit/hyperactivity disorder (ADHD), autism 

and schizophrenia (Krakowiak et al., 2012; Rivera et al., 2015; Robles et al., 2015; Van Lieshout 

et al., 2011). Excessive gestational weight gain can be modeled in mice by feeding dams a 60% 

high fat diet (HFD) from the onset of breeding through pregnancy and lactation (Grissom et al., 

2014; Vucetic et al., 2010). And previously, we have shown that offspring from dams fed a HFD 

have cognitive and executive function deficits (e.g., impulsivity) in an operant 5-choice serial 

reaction timed task (5-CSRTT) (Grissom et al., 2015).  

       DNA methylation, the addition of a methyl group to a cytosine base within the DNA 

sequence, is an epigenetic mark, that in part, regulates gene expression (Jones, 2012). DNA 

methylation is hypothesized to link gestational environment with adult disease (Waterland and 

Jirtle, 2003) through persistent changes in gene expression.  In autism, schizophrenia and ADHD, 

aberrant DNA methylation and methyltransferase function have been implicated in development 

of these diseases and cognitive dysfunction (Loke et al., 2015; Schuch et al., 2015; Weng et al., 

2013). In our mouse model, we have shown that offspring exposed to maternal HFD have whole-
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genome DNA hypomethylation in multiple brain regions, including the PFC, along with promoter-

specific hypomethylation and dysregulated gene expression (Vucetic et al., 2010). Additionally, 

expression of two methyltransferase enzymes, DNA methyltransferase 1 (DNMT1) and catechol-

o-methyltransferase, in the PFC correlate with overall poor performance in operant behavioral 

tasks (Grissom et al., 2015), suggesting that maternal HFD exposure disrupts methyltransferase 

function which could lead to altered gene expression and behavioral deficits.  

       Methylation reactions, including DNA methylation, require dietary consumption of a group of 

nutrients known as methyl donors (folate, vitamin B12, methionine, zinc, betaine and choline) 

(Anderson et al., 2012; Fox and Stover, 2008). Pregnant obese women have lower plasma 

concentrations of methyl donors and this is correlated with levels found in the fetus (Sen et al., 

2014). The explanation for these lower levels is unclear, but may include differences in 

bioavailability or metabolism of the methyl donors in the context of higher adiposity (da Silva et 

al., 2013) or decreased intake of the recommended multivitamins (Masho et al., 2016). Lowered 

concentrations could be one mechanism by which aberrant DNA methylation is induced, resulting 

in increased disease risk for the offspring. Conversely, methyl donor supplementation can alter 

DNA methylation, RNA gene expression and behavior in mice (Cooney et al., 2002; O’Neill et al., 

2014; Waterland and Jirtle, 2003), and supplementation of maternal HFD with methyl donors 

during pregnancy has been shown to ameliorate palatable food preference, increase locomotor 

activity and gene expression (Carlin et al., 2013), alter promotor-specific methylation and gene 

expression (Paul Cordero et al., 2013a) and prevent metabolic disease (Goodspeed et al., 2015; 

Seferovic et al., 2015). Beyond the early life window, methyl donor supplementation in adults has 

been shown to affect cognitive endpoints. Adult methyl donor supplementation can improve 

memory function (Yu et al., 2016), has been used to target synaptic dysfunction in Alzheimer’s 

disease (Van Wijk et al., 2014) and slow memory decline and improve processing speed in some 

populations (Morris, 2012).  

       Given that methyl donor supplementation during pregnancy or in adulthood alters gene 

expression as well as cognitive and behavioral endpoints, we wanted to determine whether early 
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life supplementation (e.g., in adolescence, when the prefrontal cortex is still developing) could 

alter performance in a cognitive task. The human brain continues to develop extensively after 

birth (Jiang and Nardelli, 2015), and the PFC is the last brain region to mature (Gogtay et al., 

2004; Sowell et al., 2001), not reaching functional capacity until late adolescence (Spear, 2000). 

Behavioral tasks, such as the 5-CSRTT, can be used to assess PFC-mediated executive 

function. Deficits in PFC-mediated executive function are central to ADHD, autism and 

schizophrenia (Bari and Robbins, 2013; Duncan, 2013; Floresco and Jentsch, 2011). Therefore, 

in the present studies, we utilized the 5-CSRTT behavioral task to determine whether early life 

methyl donor supplementation could block or attenuate PFC-mediated behavioral deficits 

associated with maternal HFD exposure. Additionally, targeted gene expression analysis of the 

PFC was used to identify potential molecular mechanisms underlying behavioral changes, with a 

focus on genes related to neurotransmission, neuroinflammation and epigenetics.  

 

Methods and Procedures 

Animals and experimental model: All animals were cared for according to the guidelines of the 

University of Pennsylvania Institutional Animal Care and Use Committee. An experimental 

timeline is seen in Figure 1A. C57BL/6J virgin females were bred with DBA/2J males. The 

B6D2F1/J hybrid mice are used in our work as the hybrid background is more similar to 

heterogeneity observed in humans, as opposed to a pure inbred strain. All animals were fed 

control diet prior to breeding (Table 1). From the onset of breeding, through pregnancy and 

lactation, dams (n=10/group) were fed one of two purified diets (Test Diet, Richmond, IN); (1) 

standard control (SC) and (2) 60% high fat (HF) (Grissom and Reyes, 2013; Vucetic et al., 2010). 

Specific diet formulations are shown in Table 1. Litters were culled to 8-9 pups as necessary, to 

equalize access to nutrition throughout lactation. At weaning, 1-2 offspring of each sex from each 

litter were randomly assigned to one of two diets (to control for litter or maternal effects); (1) 

control or (2) control diet plus methyl donor supplementation (MS) (Test Diet, Richmond, IN), and 

were group housed with 5 animals per cage. At 6 weeks, all offspring were returned to control diet 
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for the remainder of the experiment. (Specific litter information: Litter numbers; SC: n=8, HF: 

n=10; pups reared; SC: n=67, HF: n=86; initial experimental group size; Male: SC: n=15, HF: 

n=15, SC+MS: n=15, HF+MS: n=15; Female: SC: n=15, HF: n=13, SC+MS: n=15, HF+MS: n=18) 

Behavior: Operant behavior testing occurred as previously described (Grissom et al., 2015). 

Briefly, male and female animals were group housed (5 mice/cage) in a reverse light cycle 

12h:12h (0900 lights off) room so testing could be done during the active period (lights off). 

Animals were food restricted to 90% of free feeding weight. Prior to training, animals were pre-

exposed to the palatable reinforcer (Yoohoo, Mott’s, Plano, TX, USA) for 24 hours to decrease 

neophobic responses and ensure that all animals consumed the reinforcer.  

Operant behavior training: Simultaneously, male and female animals were trained in a 9-hole 

operant chamber (Lafayette Instruments, Lafayette, IN). The back of the chamber contains 9 

holes with recessed lights visible to the animal. The chambers detect nosepokes to any of the 9 

holes by infrared beam breaks. A magazine, where reinforcer is deposited, is located at the front 

of the chamber. Infrared beam breaks upon magazine entry were also recorded. Magazine 

training (Pavlovian Conditioned Approach, PCA) was given for the first 14 days. In magazine 

training, the back center light is turned on for 8 seconds and then terminated. Upon termination a 

droplet of reinforcer is delivered to the magazine at the front of the chamber (30 trials/30 minute 

training session).  

       Following magazine training, Fixed Ratio 1 (FR1) training began. The back center hole (hole 

5) remained lit until one nosepoke was made to this hole. The light was then terminated and 

reinforcer was dispensed into the magazine. When the animal completed a magazine entry, the 

cycle repeated. Responses to the other 8 holes did not initiate reinforcer. Each animal completed 

one 30 minute session each day and responses were recorded each day. Criterion for task 

acquisition was 50 nosepoke responses within the 30 minute session. Animals which failed to 

acquire the nosepoke response were eliminated from FR1 and progressive ratio (PR) analyses 

(number of animals that failed to learn: male: 1 HF, 3 HF+MS; female: 1 HF, 1 SC+MS).  
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       Progressive ratio testing occurred after 2.5 weeks of FR1 training. The number of nosepokes 

to dispense reinforcer now increased arithmetically every third trial (i.e. 1, 1, 1, 2, 2, 2, 4, 4, 4, 7, 

7, 7...). Sessions continued for 60 minutes or until the animal made no nosepoke response for 5 

minutes. Breakpoint was measured at the trial in which the animal would no longer nosepoke for 

the reinforcer.   

       Animals that met FR1 criterion continued onto 5 choice serial reaction (5-CSRTT) schedule A 

training, previously described (Grissom et al., 2015; Young et al., 2009). Briefly, animals initiated 

the training by completion of a magazine entry. This triggered an inter-trial interval (ITI) through 

which the animal waited for the illumination of one of the five odd-numbered holes at the back of 

the chamber. The animal then was required to nosepoke the illuminated hole for completion of a 

correct trial. A premature trial was recorded if an animal made a response during the ITI. If an 

animal responded to an un-illuminated nokepoke hole then an incorrect trial was recorded. If no 

response was made an omitted trial was recorded. Only a response at the correct hole during the 

8-second stimulus or a 2-second limited hold after stimulus termination was reinforced. 

Performance measures are reported for first day where criterion (>20 responses, with 50% 

correct) was met.  

        Once criterion was met for schedule A training, animals were transitioned to 5-CSRTT 

titration schedule, a more challenging version of the task, as described in Martin et al., 2015 

(Martin et al., 2015). Briefly, in contrast to schedule A training in which the stimulus duration and 

ITI remained constant throughout the session, within a single session of the titration schedule, 

stimulus duration is titrated based on an animals’ individual performance. Specifically, after a 

successful magazine entry to initiate training for the session, the first light stimulus is 10 seconds 

(stimulus duration). Upon each correct nosepoke, reinforcer is received, and the stimulus duration 

for the subsequent trial is shortened one step down in the series (10, 8, 6, 4, 2, 1, 0.8, 0.7, 0.6, 

0.5, 0.4, 0.3, 0.2, 0.1 seconds respectively). Incorrect and omitted responses elicit a lengthened 

stimulus duration one step up the series for the subsequent trial. While premature responses 

maintain the same stimulus duration. The ITI remained constant for this training. Median stimulus 
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duration (median of stimulus lengths for all trials) and shortest cue duration (shortest stimulus 

duration reached within a single training session) were calculated for each animal. Performance 

measures are reported for day 1 of titration training. 

 

Adult methyl donor supplementation: Upon completion of 5-CSRTT titration training, PR was 

run to evaluate baseline motivation prior to acute methyl donor supplementation. All animals were 

then fed the methyl supplemented diet for 7 days (each week day running 5-CSRTT training to 

maintain operant responding) and then tested in PR after acute supplementation. Each animals’ 

breakpoint was compared before and after supplementation to assess differences in motivation 

due to acute methyl supplementation. Only animals that successfully performed schedule A 

training were included in the analysis (animals not included: HF: 2, SC+MS=1, HF+MS=1; 1 

additional SC+MS animal not included because chamber malfunctioned).    

 

Gene expression in Prefrontal Cortex: After completion of operant training, female animals 

were sacrificed. Brains were placed in RNAlater and stored at -20C. The medial prefrontal cortex 

was dissected from a 2mm coronal slice from bregma +2.3 to 0.3 and DNA and RNA were 

extracted using AllPrep DNA/RNA Mini Kit (Qiagen). 220ug/10ul cDNA was synthesized using 

High Capacity Reverse Transcriptase kit (Applied Biosystems). Concentrated cDNA was used in 

a specific target preamplification following the manufacturer’s recommendations (Fluidigm Corp. 

South San Francisco, CA). Briefly, Taqman assays for 32 genes were pooled to a final 

concentration of 0.2X. 2ul of the pooled assay mix was combined with 2ul cDNA and 4ul 2X 

Taqman Preamp Master Mix (Life technologies). The preamplification reaction was cycled 

following the manufactures protocol in a 750 fast qPCR machine. Samples were then diluted 1:50 

using 1X TE. Samples were then run on a 96.96 Dynamic Array IFC on the Biomark HD machine 

(Fluidigm Corp). We were interested in the expression of genes involved in DNA methylation, 

inflammation, reward and learning behaviors, as these genes are known to be altered after HFD 

exposure (Table 2). Gene expression values were correlated with median stimulus duration in the 
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5-CSRTT titration schedule, an endpoint increased by maternal HFD and normalized by MS. 

Expression of targets was normalized to the mean of the housekeeping gene ACTB (expression 

was not changed across conditions), expressed as RQ values, and analyzed by two-way ANOVA. 

Nonparametric Spearman correlations were calculated between each animal’s performance for all 

behaviors and the expression of each gene as 2-ΔCt.    

 

Data analysis: Two-way ANOVA (maternal diet x supplementation) was used to evaluate results 

using GraphPad Prism 7.0 (GraphPad Software, Inc., La Jolla, CA). Repeated measures by time 

were conducted for Fixed Ratio 1 training. Bonferroni post hoc planned comparisons were 

conducted when appropriate. The comparisons of interest were; (1) control versus high fat 

offspring (to determine the effect of maternal HF diet) and (2) unsupplemented versus 

supplemented (to determine the effect of supplementation). Interactions and main effects are 

described in the results and significant post hoc comparisons are indicated in the figures, with 

p≤0.05 considered significant.    

 

Results 

              To determine whether early life methyl donor supplementation can alter operant behavior 

in offspring from dams fed a 60% HFD throughout pregnancy, we supplemented offspring with 

dietary methyl donors from 3-6 weeks of age and tested them in a series of operant behavior 

tasks (Fig. 1A).  Male mice from all dietary conditions reached criterion around day 5 of FR1 

training (Fig. 1B), while all females met the criterion around day 3 (Fig. 1C) with no significant 

difference between diet groups in either sex. After all animals had learned the FR1 task, a 

progressive ratio task was used to assess motivation. In male offspring, motivation was 

unchanged by maternal (F(1,51)=2.396, p=0.128) or postnatal (F(1,51)=1.319, p=0.256) diet (Fig 

1D). However, female HF offspring showed decreased motivation (lower breakpoint) compared to 

offspring from SC dams (main effect of maternal diet, F(1,54)=5.91, p=0.019) (Fig 1E). 

Interestingly, we found that female offspring provided with MS during early life had increased 
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motivation to work for reinforcer as compared to the unsupplemented females (main effect of MS, 

F(1,54)=9.32, p=0.004) (Fig. 1E).  

       To evaluate executive function, animals were tested in the 5-choice serial reaction time test 

(5-CSRTT) task. Due to an insufficient number of control males acquiring the 5-CSRTT schedule 

A task, we were unable to move forward with the male analysis, so from this point forward all 

studies were completed only in female offspring. In female offspring, we found that between days 

9-13 fewer of the high fat offspring had learned the task, but over the entire course of the learning 

period, this difference only resulted in a trend toward a differential learning rate between the 

groups (Mantel-Cox Log-rank test: 2(3)=6.209, p=0.1) (Fig. 2A). Notably, MS female offspring 

reached criterion in fewer training sessions than unsupplemented females (main effect of MS, 

F(1,51)=7.16, p=0.01) (Fig. 2B). All female offspring performed approximately 75% correct 

responses (Fig. 2C) and there were no differences in error type (data not shown). MS significantly 

increased the total number of trials performed during the session (main effect of MS, 

F(1,51)=10.64, p=0.002; Bonferroni post hoc SC vs SC+MS t51=2.77, p<0.05) (Fig2D) and 

decreased the time required to complete a correct response (main effect of MS, F(1,51)=4.52, 

p=0.038) (Fig2E). MS also decreased the amount of time to perform a premature trial error when 

this error type was performed (main effect of MS, F(1,50)=9.75, p=0.003; Bonferroni post hoc HF 

vs. HF+MS, p=0.006) (Fig 2F), while the time to perform an incorrect responses was not affected.  

       After 3 consecutive days of criterion performance on 5-CSRTT schedule A, females were 

moved onto the more difficult 5-CSRTT titration schedule. On this schedule, the response 

performed by the animal directly affected the stimulus length for the subsequent trial (Fig 3A), 

which is in contrast to Schedule A in which the stimulus length remained constant throughout the 

30 minute training session. This titration schedule identifies each animal’s individual performance 

limit (shortest stimulus duration) by titrating between a stimulus length at which a correct 

response was possible and a stimulus length below the performance limit(Martin et al., 2015). 

Interestingly, we found that HF females were unable to reach the shortest stimulus length 

reached by the SC females (Fig 3B), and this was ameliorated by MS (interaction of maternal diet 
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and MS, F(1,46)= 4.793, p=0.034; Bonferroni post hoc SC vs HF, t46=3.16,  p=0.014; HF vs 

HF+MS, t46=3.26, p=0.011). We also found that MS decreased the median stimulus needed to 

perform a correct response (main effect of MS, F(1,46)=6.58, p=0.014; Bonferroni post hoc HF vs 

HF+MS, t46=2.52, p=0.031) (Fig 3C). Additionally, similar to the observation in Schedule A, MS 

females completed more total trials than unsupplemented females (main effect of MS, 

F(1,46)=6.61, p=0.013) (Fig 3D), and the time to complete successful trials for the MS females 

was decreased compared to the unsupplemented females (main effect of MS, F(1,46)=6.62, 

p=0.017) (Fig 3E). Unlike in schedule A, the titration schedule increased the percentage of 

premature errors performed by the MS females (main effect of MS, F(1,46)=4.36, p=0.042), but 

did not significantly change the incorrect or omission errors (Fig 3F). The titration task is designed 

to detect the performance limit of each animal (e.g. an equal number of success and failures), 

therefore, as expected, all animals performed about 50% successful trials within this titration 

schedule (Fig 3G).  

       Following completion of operant training, we wanted to determine if acute adult exposure to 

MS would alter motivation apart from cognitive performance (e.g. memory or learning). After 5-

CSRTT was completed, females were tested in PR while fed the control diet to establish a 

baseline. This baseline PR performance did not differ from the initial PR conducted prior to the 5-

CSRTT testing (data not shown). All animals were then fed the MS diet for 7 days, during which 

time animals continued daily 5-CSRTT testing to maintain operant responding, before testing PR 

for a second time (Fig. 1A). We found that 7 days of acute MS increased the number of trials 

performed across all the groups except for the controls when compared to their own baseline 

(SC, t13=1.137, p=0.27; HF, t13=3.636, p=0.009; SC+MS, t12=5.025, p<0.001; HF+MS, t15=2.132, 

p<0.05) (Fig. 4). 

       After completion of all operant training we screened for genes (Table 2) with expression 

changes altered by either maternal or postnatal diet and correlated with median stimulus duration. 

We identified two chemokines, CXCL10 (Fig 5A) and CCL2 (also known as MCP-1 (Fig 5B)), 

whose expression levels correlated with median stimulus duration on the 5-CSRTT titration 
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schedule. The expression of both chemokines was positively correlated with stimulus length 

(CXCL10: r=0.477, p<0.001; CCL2: r=0.291, p=0.047).  We also found that overall expression 

levels of CCL2 was increased in HFD offspring and this increase was attenuated by methyl donor 

supplementation (Fig 5C) (interaction of maternal diet and MS, F(1,48)=11.15, p=0.002; 

Bonferroni post hoc SC vs HF, t48=2.75, p<0.05, HF vs HF+MS, t48=3.44, p=0.007). There were 

no group differences in CXCL10 expression (data not shown). No other genes correlated with 

stimulus duration, and only one other gene was affected by HFD or MS, with TNF-  levels 

increased by MS (F(1,48)=4.093, p=0.049, data not shown). 

 

Discussion 

       Methyl donor supplementation has been implicated in altering behavior, gene expression and 

DNA methylation when given either during pregnancy or in late adulthood. We hypothesized that 

because the prefrontal cortex continues to develop after birth, exposure to methyl donors in the 

postnatal period would alter PFC-dependent cognitive performance. We found that in mice, 

methyl donor supplementation during 3-6 weeks of age can both reverse certain HFD-induced 

deficits, as well as improve other cognitive endpoints which were not affected by HFD. By 

utilizing, for the first time in mice, a 5-CSRTT titration schedule we were able to determine 

individual limits of performance for each animal. Incorporation of this more difficult version of the 

5-CSRTT proved to be valuable in identifying parameters affected by both maternal HFD, as well 

as MS.  

       Consumption of a HFD during pregnancy has been shown to affect offspring cognition, for 

example it can impair spatial learning (Lu et al., 2011; Tozuka et al., 2010) and worsen memory 

deficits (Martin et al., 2014) . Here, using a more difficult version of the 5-CSRTT, the titration 

protocol, we demonstrate that maternal HFD impairs cognitive performance in female offspring 

such that the stimulus length required for a correct response was significantly longer in the HFD 

offspring. Importantly, MS was able to reverse this deficit. In HFD offspring, the shortest stimulus 

length obtained matched the time required to perform a correct response, potentially indicating 
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that an illuminated cue was necessary to complete a correct response. In all other groups, the 

shortest stimulus reached was shorter than the time required to perform a correct response, 

signifying that a correct response could be performed after the light cue was terminated. These 

data indicate that HFD offspring could have either a deficit in working memory or a slower 

reaction time to the task. Neurons in the PFC have been implicated in working memory, 

specifically in the encoding and retention of temporal information (Sakurai et al., 2004). This type 

of working memory is critical to the 5-CSRTT titration schedule. As the stimulus duration 

shortens, animals must remember where the light cue was previously seen. Synaptic plasticity 

also contributes to working memory (Mayford et al., 2012), and synapse number and signaling 

across synapses are two ways to measure synaptic function. Maternal HFD has been shown to 

adversely affect both synaptic stability (Hatanaka et al., 2016), as well as dendritic complexity in 

new neurons (Tozuka et al., 2010). Conversely, it is known that increased plasma concentration 

of specific methyl donor nutrients, which are precursors for synapses, can promote synthesis of 

new brain synapses (Cansev et al., 2008; Wurtman et al., 2010), stimulate neurite outgrowth 

(Fujii et al., 1996) and neurogenesis (Craciunescu et al., 2003). Because the methyl donor 

supplementation contains multiple precursors for brain synapse development, one possible 

mechanism through which MS improved the HFD phenotype is through an increase in synapse 

number and signaling, however further studies will be required to support this hypothesis.  

       Interestingly, we found that gene expression of two chemokines, CCL2 and CXCL10, was 

positively correlated with median stimulus length in the 5-CSRTT titration task, with higher 

chemokine levels associated with poorer performance. Additionally, overall expression of CCL2 

was increased in HFD offspring, and this increase was normalized with early life exposure to MS. 

We hypothesize that increased expression of chemokines, particularly CCL2, negatively affect 

cognition, an idea with additional support in the literature. CCL2 overexpression in a mouse 

model of Alzheimer’s disease was found to accelerated deficits in spatial and working memory 

(Kiyota et al., 2009). Additionally, in humans, increased expression of these chemokines has 

been associated with neurocognitive deficits in Alzheimer’s disease (Westin et al., 2012) and 
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Chapter Five 

General Discussion 

       Obesity rates have continued to rise over the last 30-40 years, a trend that is expected to 

continue (Wang et al., 2008). Currently, two-thirds of the adult population is considered 

overweight or obese (Flegal et al., 2012; Ogden et al., 2015, 2014). The rise in obesity has 

coincided with advancement in food technologies increasing the variety of processed foods high 

in refined grains, fats, sugars and oils in our diet (Cordain et al., 2005). During pregnancy women 

are told to gain between 25-35 pounds to promote healthy fetal development. However, in over 

50% of pregnancies weight gained exceeds the recommended weight gain (Institute of Medicine 

and National Research Council, 2009). The Developmental Origins of Health and Disease 

(DOHaD) hypothesis, created by David Barker about 25 years ago, led to the understanding that 

the gestational environment (i.e. gestational nutrition, weight gain, chemical exposure etc.) can 

shape offspring development and adult health (Barker et al., 1989; Dover, 2009). Excessive 

weight gain during pregnancy is correlated with increased birth weight of the offspring (Ludwig 

and Currie, 2010), also known as Large for Gestational Age (LGA). LGA offspring are at 

increased risk for developing many neurological disorders including autism, attention 

deficit/hyperactivity (ADHD), cognitive deficits, depression, schizophrenia and anxiety (Alfaradhi 

and Ozanne, 2011; Colman et al., 2012; Herva et al., 2008; Krakowiak et al., 2012; Robles et al., 

2015; Van Lieshout et al., 2011). Elucidating the mechanistic link between excessive gestational 

weight gain (GWG) and offspring risk for neurological disorders is an important research 

question. However, investigation of possible interventions or therapies to reduce risk is also 

important.  

       Because of the increased consumption of processed energy-dense foods high in fats and 

sugars while being low in nutrients, the current population, including pregnant women, is both 

over-fed while being under-nourished (Cordain et al., 2005). Therefore, nutrient fortification of 

food has become necessary (Weaver et al., 2014). Currently, many dietary recommendations and 
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nutritional interventions are recommended to modify the gestational environment to prevent 

excessive GWG and offspring risk for disease. However, when women become pregnant, studies 

show that they will reduce smoking and alcohol consumption, but that they will not change their 

fruit and vegetable intake (Crozier et al., 2009a). Additionally, younger age at pregnancy and 

lower education levels are also predictors of non-compliance with health recommendations 

(Crozier et al., 2009b). Therefore, evidence shows that the addition of healthful behaviors during 

pregnancy is challenging.  

       Herein lies the motivation for this current research. We were interested in determining 

whether we could utilize a short-term postnatal nutritional intervention in LGA offspring to 

ameliorate adult disease risk. We wanted to take advantage of the fact that the brain, specifically 

the prefrontal cortex (PFC), continues to develop extensively after birth (Gogtay et al., 2004; Kolb 

et al., 2012). Utilizing a mouse model of excessive GWG, we discovered that methyl donor 

supplementation given between 3 and 6 weeks of age can alter learning and motivation into 

adulthood (Chapter 2). Specifically, methyl donor supplementation increased motivation and 

decrease response time in female control and HF offspring. For the first time, we characterized 

the concentrations of one carbon intermediates and expression of DNA methylation machinery 

genes within the PFC immediately after early life methyl donor supplementation (Chapter 3). We 

determined that methyl donor supplementation increases the concentration of folate 

intermediates, while perinatal HF increases the concentration of SAM, SAH and transsulfuration 

pathway intermediates. Gene expression of enzymes within the pathway were also changed in a 

sex dependent manner. Finally, it was determined that perinatal high fat (HF) diet can alter DNA 

methyltransferase (DNMT) activity, decreases in males and increases in females, without altering 

the gene expression or protein concentration present in the offspring PFC (Chapter 4). These 

changes in DNMT activity were also not due to changes in binding or association with kinases, 

CK and AKT, or binding protein, MECP2.   
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Diet composition 

       Because we were interested in manipulating the maternal and postnatal diet, it was important 

for us to used matched purified research diets. It is hypothesized that in about 75% of diet studies 

the composition differences between diets have been overlooked (Warden and Fisler, 2008). 

Matching dietary composition between experimental groups is important to consider when 

planning and executing diet studies. Throughout the majority of these studies we used purified 

diets that matched the levels of both macro- and micro- nutrients as much as possible between 

diets. Only in Chapter 4 did we use a standard vivarium chow diet, but that was only after 

weaning and all animals were fed the chow diet. A short correspondence piece, written by 

Warden and Fisler (Warden and Fisler, 2008), outlined a few of the ways purified diets are the 

gold standard for research diets. Unpurified standard vivarium chow is palatable to animals and 

inexpensive to produce. There are no regulations on chow manufacturers to report if there is a 

change in dietary source or composition. Additionally, phytoestrogen, a dietary compound derived 

from plants with similar structure to the primary female sex hormone, 17-β-oestradiol, content is 

known to be variable in chow diets (Warden and Fisler, 2008). It is important for phytoestrogen 

content to remain constant because it is known to influence cardiovascular disease risk, obesity, 

brain function and cancer risk (Rietjens et al., 2016). On the other hand, each manufactured lot of 

purified diet is tested for dietary composition. This allows for consistency throughout 

manufacturing and experimentation, reducing the number of unknown confounding variables 

introduced by diet. In addition, in order to increase the fat content of the experimental HF diet, 

there was a marked reduction in carbohydrate concentration. Therefore, the different 

experimental groups are exposed to different fat/carbohydrate and carbohydrate/protein ratios. 

Studies show that altering these ratios can alter cognition and differentially activate reward 

neurocircuitry (Fischer et al., 2002; Herrick et al., 2003; Hoch et al., 2015).  

       Recognition of the type of fat consumed is also important because it can influence cognition. 

The 60% HF diet is composed primarily of lard fat. The HF diet is higher in cholesterol (5x), 
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saturated (4x) and monounsaturated fatty acids (4x) than the control diet. Many studies indicate 

the specific type of fat to alter outcomes. It has been shown that higher intakes of saturated fat 

and trans-unsaturated fats, but not total fats consumed are associated with greater cognitive 

decline in older individuals (Morris et al., 2004). Higher intake of n-3 polyunsaturated fatty acids 

and docosahexaenoic acid is associated with reduced risk of Alzheimer disease, while intake of 

eicosapentaenoic acid is not (Morris et al., 2003). Trans-fatty acids are known to promote pro-

inflammatory signaling (Hirata et al., 2017). Higher intake of saturated fatty acids are associated 

with cognitive impairment (i.e. impaired prospective memory, memory speed and flexibility and 

increased age related deficits) (Beilharz et al., 2015). While, increased intake of polyunsaturated 

fatty acids and high ratios of polyunsaturated to saturated fatty acids are associated with better 

memory function (Beilharz et al., 2015). A recent study identified a specific dietary cholesterol, 

27-hydroxycholesterol, to mitigate the negative effects of cholesterol on memory impairment in 

mice (Heverin et al., 2015). Specifics of these studies aside, they show that understanding the 

specific fat composition of a studied diet could lead to very different behavioral and molecular 

results. Going forward it will be increasingly important to understand the nutrient composition of 

research diets to be able to identify the biochemical mechanisms that underlie the effects.   

 

Single versus mixed nutrient supplementation 

       Chapters 2 and 3 investigated the long and short-term effects of early life methyl donor 

supplementation on the prefrontal cortex. Generally, we found that early life methyl donor 

supplementation could alter long-term cognition and motivation, long- and short-term gene 

expression, concentrations of one carbon metabolism intermediates and activity of DNA 

methyltransferases. The methyl donor supplementation cocktail, which included folic acid, 

methionine, vitamin B12, zinc, choline and betaine, was chosen because it has been used 

repeatedly throughout the literature and has been shown to induce physical appearance, 

behavior, molecular and epigenetic changes (Carlin et al., 2013; Paul Cordero et al., 2013a, 
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2013b; McKee et al., 2017; Waterland et al., 2008; Waterland and Jirtle, 2003). This supplement 

provides the nutrients at physiologically relevant concentrations, provides a cocktail of nutrients 

that work in concert with each other and is more consistent with what would be found in a natural 

food source.  

       In reviewing the current supplements used to enhance brain health, we found that many 

studies promote single nutrient supplementation while other tout a mixed cocktail approach. We 

believe that the mixed cocktail is the best approach because it is more relevant to what is found in 

naturally occurring sources. Additionally, there is the unique relationship between folate and 

vitamin B12 deficiencies, where one surplus may mask the other’s deficiency (i.e. excess 

folate/folic acid may mask a vitamin B12 deficiency). Generally, cellular folate is present in low 

concentrations, therefore, regenerating THF from 5-methyl-THF is extremely important for one 

carbon metabolism and regulating cellular homocysteine levels. This regeneration can occur in 

two ways. One is dependent on the availability of vitamin B12 to act as a co-enzyme for 

methionine synthase. When vitamin B12 is not present, the cell has increased concentrations of 

both 5-methyl-THF, which has been shown to impair DNA and RNA synthesis (Herbert and 

Zalusky, 1962), and homocysteine, which has been observed in many neurological disorders 

(Bottiglieri, 2005; Ducker and Rabinowitz, 2016; Kennedy, 2016; Mattson and Shea, 2003). Folic 

acid supplementation has been shown to decrease levels of homocysteine, the biomarker 

routinely tested for proper cellular levels of vitamin B12 and folic acid. However, when low 

homocysteine levels are paired with low vitamin B12 levels, individuals present with pernicious 

anemia, macrocytosis and cognitive impairment (Morris et al., 2010, 2007; Selhub and Paul, 

2011). Therefore, a cocktail approach to methyl donor supplementation may in part mitigate these 

masking effects.  

       Adverse effects of supplementation also need to be considered. We did find that methyl 

donor supplementation increased premature responses in our behavior training. Revealing that 

supplementation can have its downsides as well. 5% of adults and 30-66% of children have 
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specific difference in these co-activators expression (Auger et al., 2000). These epigenetic 

differences could in part explain the differences in expression and DNMT activity we observed. A 

limitation to this research is that we did not measure the level of sex hormone present in our 

animals throughout these studies. Nor did we measure the estrus cycle in the females. Both 

measures could have played a role in the sex differences seen throughout our studies. All 

animals were the same age throughout each study and measurement and tissue collection 

occurred at the same time each day to minimize the effect of circadian variation. In the future, it 

would be important to monitor both estrogen and testosterone levels throughout the study, 

specifically when taking specific measurements or collecting tissue. Also monitoring female estrus 

cycle would decrease variances and confounds that can occur throughout the cycle. This would 

allow us to collect samples at the same point in estrus for each animal. It would also inform us to 

whether the observed sex differences remain throughout the entire estrus cycle, or are stronger 

at one point versus another. 

       The relationship between sex and neurological disease predisposition and development is 

very complex. Overall, we observed interesting sex differences in DNMT activity, one carbon 

metabolism intermediate and enzyme expression levels and effects on motivation. These sex 

differences could in part mediate the sex differences seen in neurological disease prevalence. 

Further studies are needed to understand both the downstream consequences of these changes, 

but also the mechanisms that underlie their development.  

 

Future Directions 

       The current studies made a crucial first step into identifying a postnatal time-period in which a 

nutritional intervention can alter brain development. Overall, it is most important to verify that the 

one carbon metabolism pathway functions similarly in the brain as it does in the liver, where it is 

currently characterized. Understanding the differences between how somatic dividing cells and 

non-dividing cells utilize nutrients in metabolic processes will provide insights as to why diet 

composition plays a role in brain development and health. This could be completed using isotope 
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tracing and mass spectrometry. Using labeled nutrients and tracing them throughout the body, 

and specifically the brain, will help us link mechanistically nutrition, one carbon metabolism 

efficiency and biological processes such as DNA methylation to disease outcomes. This would 

also allow us to begin to parse apart how the one carbon metabolism pathways in the different 

cell types within the brain work in response to changes in nutritional status. Determining which 

nutrients are important for each cell type would not only further our understanding of proper 

dietary recommendations for methyl donor vitamins, but it will help us determine the best balance 

for all nutrients for total brain health and possibly provide new insights for disease prevention. 

Once characterized different nutritional or disease challenges could be performed to then observe 

how the metabolism system responds. 

       The current studies measured the concentrations of metabolized intermediates within one 

carbon metabolism, but not nutrient concentration consumed or delivered to the fetus. Because 

mice self-regulate calorie consumption, increasing the fat content of the diet decreases the total 

volume of diet consumed by the mice. Therefore, it is hypothesized that the concentration of the 

methyl donors consumed is decreased in the HF dams. That in turn would mean less 

concentration available to the developing fetus. Decreased methyl donor availability in the fetus is 

one possible mechanism by which DNA hypomethylation in the brain could occur. It would be 

important to verify that the methyl donor nutrient concentrations (i.e. folate, vitamin B12, choline 

and betaine levels) are decreased in both dam and offspring tissue, the blood (dam) and brain 

(offspring) specifically. This could be accomplished using HPLC or mass spectrometry and would 

help to connect mechanistically to the decrease in nutrients and molecular endpoints.  

       Genetic interactions between diet and outcome is increasingly of interest. Although we did 

not study gene differences specifically in these studies, it is easy to understand how they could 

play a role in the outcome. Single polymorphisms (SNP) within different genes can alter the 

function. The most studied within one carbon metabolism are SNP in the MTHFR gene. MTHFR 

is the enzyme that catalyzes the reaction of 5,10-methylene-THF to 5-methyl-THF (the circulating 

and most stable form of folate). SNPs within MTHFR alter catalytic domain of the enzyme and 
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change the enzymatic activity. This leads to slower rates of folate conversion. Individuals with 

polymorphisms that reduce enzymatic activities must be cognizant of the sources of folate and 

folic acid consumed and avoid medications that adversely affect homocysteine levels. MTHFR is 

not the only gene within one carbon metabolism where genetic changes can alter protein 

abundance or enzymatic activity. Further research can be completed to determine how perinatal 

high fat diet impacts individuals with these genetic differences. Additionally, determining whether 

supplementation is helpful or harmful when different polymorphisms are present would lead to 

more individualized nutritional recommendations which is important for preventing and treating 

disease. 

       Further investigation into different critical periods is also important. In the current studies, 3-6 

weeks was chosen because the PFC is largely still developing during this time. However, studies 

continue to report maturation of the brain well into the mid-20’s in humans (Gogtay et al., 2004). 

Therefore, it would be interesting to determine if waiting longer to intervene would yield the same 

result. We began to answer this in Chapter 2 by the addition of a 7-day supplementation period 

later in life and we found the outcomes dependent on the diet exposure in early life. Simple 

manipulation of the supplementation period to 6-10 weeks or 16-20 weeks of age would reveal 

whether nutritional interventions can be used throughout life to improve brain health. 

       Finally, the next important steps would be to investigate specific questions that remain in the 

current studies. In chapter 2, we were unable to examine how early life methyl donor 

supplementation alters more difficult PFC-mediated behaviors in male offspring due to an 

insufficient number of males learning the behavior paradigms in the allotted time frame. 

Repeating the experiment to further understand how supplementation alters male offspring 

learning and motivation is critical. In chapter 3, determining how the enzymatic activities are 

altered for the enzymes within one carbon metabolism and methylation machinery because of 

perinatal high fat diet or methyl donor supplementation still need to be completed. In chapter 4, 

we were unable to determine specific mechanisms by which perinatal high fat diet alters DNMT 

activity. Further investigation of other post-translational modifications could elucidate these 
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mechanisms. Additionally, in chapter 4, determining whether all changes in DNMT activity are 

driven by one specific DNMT remains. Filling in these holes will help reveal more complete 

mechanism for each of these projects.  

 

Conclusions 

 

          The mechanistic link between excessive gestational weight gain and offspring disease risk 

remains unclear. Whether it is the additional weight gain during gestation, a change in maternal 

metabolism, differences in fat consumption, possible nutrient deficiencies or a completely novel 

mechanism that induces the disease predisposition in LGA offspring. We have moved the field 

forward firstly, by adding to the knowledge that perinatal exposure to high fat diet can modify 

adult behavior, DNA methylation machinery and protein concentration of one carbon metabolism 

intermediates and methylation in both male and female offspring. Secondly, by characterizing a 

developmental window in which postnatal methyl donor supplementation may attenuate these 

changes. Continued experiments investigating this mechanistic link will reveal new therapeutic 

opportunities and increased understanding of how the brain functions. 
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