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“It is not the critic who counts; not the man who points out how the strong man stumbles, 
or where the doer of deeds could have done better. The credit belongs to the man who is 

actually in the arena, whose face is marred by dust and sweat and blood; who strives 
valiantly; who errs, and comes short again and again, because there is no effort without 

error and shortcoming; but who does actually strive to do the deeds; who knows the 
great enthusiasms, the great devotions; who spends himself in a worthy cause; who at the 
best knows in the end the triumph of high achievement, and who at the worst, if he fails, 
at least fails while daring greatly, so that his place shall never be with those cold and 

timid souls who know neither victory nor defeat.” 
 

– Theodore Roosevelt 
 
 

“If you’re a scientist and you think that after the disintegration of this body you are no 
longer there—you become nothing, you pass from being to nonbeing—then you are not a 

very good scientist, because your view goes against the evidence.”  
  

– Thich Nhat Hahn 
 
 

“Our greatest glory is not in never failing, but in rising every time we fall.” 
  

– Confucius 
 
 

“Our deepest fear is not that we are inadequate. Our deepest fear is that we are powerful 
beyond measure. It is our light, not our darkness that most frightens us.” 

 
-Marianne Williamson 

 
 

“Dare to ask ‘why?’ Dare to ask ‘what if?’ Leave room for the doubt. Because when 
there is no doubt there is no life. For life is the matter in which we handle doubt.” 

 
 

“On the other side of fear is freedom. Go there.” 
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CHAPTER ONE: Introduction 

Alzheimer’s Disease 

Alzheimer’s Disease Background and Clinical Presentation 

 
Alzheimer’s disease (AD) is an age-related neurodegenerative disease and the most 

common form of dementia worldwide that was first publicly described in 1906 and then 

published in 1907 by Dr. Alois Alzheimer [1, 2]. Dr. Alzheimer had first seen his patient, 

Auguste D. aged 51 years, back in 1901 when her husband admitted her to a psychiatric 

institute in Frankfurt, Germany where Dr. Alzheimer worked (Reviewed in [3]). Memory 

impairments, personality changes, and development of fearful responses to people she 

knew well led to Auguste D.’s admittance. Over the course of the next 2 years, Dr. 

Alzheimer systematically questioned and documented Auguste D.’s behavior and 

responses. Although Auguste D. was able to speak clearly and articulated well, she often 

found herself stopping mid-sentence like she didn’t recognize where the sentence was 

going next. Interestingly, when asked to read, she oftentimes spelled out the words or 

mispronounced them completely, even though she was able to speak the words properly 

when conversing. When displayed common objects, Auguste D. was able to correctly 

identify and name what the objects were but oftentimes could not remember how to use 

them or what they were used for. Sadly, as Auguste D. got older, her symptoms only 

became worse and worse eventually leading to a complete lack of ability to talk and 

spending her entire day in bed before her death in 1906. When Dr. Alzheimer received 

Auguste D.’s brain, he first noted drastic atrophy in the outer surfaces and inner enclosures 
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control of their bladder and/or bowels, have significant weight loss and little interest in 

eating, lose awareness of their surroundings, and difficulties with swallowing [4]. 

Unfortunately, there is no known cure for AD and treatment options remain limited. Care 

for AD can be incredibly expensive and lead to hospice care in some cases. In the next 

section, AD statistics will be explored.  

Alzheimer’s Disease Statistics and Risk Factors 

As mentioned above, AD is the most common form of dementia. Estimates suggest 

that anywhere from 50-80% of dementia cases are due to AD diagnoses [2, 5-7]. This leads 

to about 35 million people worldwide being affected by this devasting disease [8, 9]. AD 

is the 7th leading cause of death across all ages in the United States of America as of 2022 

[4]. In Americans age 65 or older, AD is 5th leading cause of death. Sadly, from 2000 to 

2019, deaths caused by AD increased by more than 145%, while deaths related to stroke, 

heart disease, and HIV all decreased [7]. It is estimated in the United States of America 

alone, that 6.7 million people are living with AD in 2023 [7]. Interestingly, there is an 

almost two-fold increased risk of developing AD in females, as compared to males, as the 

lifetime risk of AD at age 45 is 1:5 in females but 1:10 in males [7]. Furthermore, just 

under two-thirds of Americans that are living with an AD diagnosis are women [10]. It is 

notable, that women, on average, have longer lifespans than men and can be contributing 

to the sex difference found in AD [11-13]. In fact, the majority of studies that investigated 

sex differences in AD incidence rates in the US have shown there to be no meaningful 

difference between men and women on the proportion of those who develop AD [13-17]. 

Significantly, age is the most significant risk factor for AD as the percentage of the 
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population that has AD increases with age [10]. From ages 64-74, about 5% of the US 

population has AD. This increases to about 13% in Americans aged 75-83 and further 

increases to almost one-third of Americans aged 85 and older [10]. Furthermore, 73% 

percent of Americans that have AD are 75 or older [10]. Other significant non-modifiable 

risk factors for AD are genetics and a family history of AD. The most well-described 

genetic risk factor for late-onset AD is the apolipoprotein E gene (APOE) that encodes for 

the APOE protein that is used for cholesterol and other lipid transport within the body [18-

21]. Inheritance of a single copy of the APOE-e4 allele is associated with a three times 

higher risk of AD compared to those with two copies of the APOE-e3 allele [19]. If two 

copies of the APOE-e4 allele are inherited, the risk of developing AD is 4-12 times as high 

as someone with two copies of the APOE-e3 allele [19, 22-25]. Conversely, the APOE-e2 

allele has protective effects against development of AD [19, 23]. Genome-wide association 

studies (GWAS) have been instrumental in identification of other genomic loci that 

increase risk for AD development. A recent study concluded that there are 101 single 

nucleotide polymorphisms across 81 genome-wide significant loci that are significantly 

associated with AD risk [26]. Family history of a parent or sibling having AD significantly 

increases risk of developing AD and having more than one first-degree relative increases 

this risk even more [27, 28].  

Although the overwhelmingly majority of AD cases are known as sporadic AD, 

meaning that AD is thought to be caused by a complex interaction of genes, environment, 

and lifestyle (described above), there are about 5% of AD cases that are due to genetic 

mutation and transmitted through families, known as familial Alzheimer’s disease (FAD) 
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(Reviewed in [29]). FAD is caused by mutation in three genes: amyloid precursor protein 

(APP), presenilin 1 (PSEN1), and presenilin 2 (PSEN2). Those that inherit a mutation 

associated with FAD are almost guaranteed to develop AD and oftentimes develop 

symptoms at much earlier ages (Reviewed in [29]). These familial mutations have been 

crucial for studying AD using animal models and will be further described in a section 

below.  

Although genetics and family history play a critical role in the development of AD, 

they are nonmodifiable risk factors. Modifiable risk factors, on the other hand, are risk 

factors that humans can modulate unlike genetics and family history. These include 

exercise, body mass index (BMI), smoking, sociability, blood pressure, education, and diet, 

to name a few. As mentioned above, nearly 95% of AD cases are sporadic and due to a 

complex interaction of genetics, environment, and lifestyle, and because of this, gives some 

control over risk of development of AD. Indeed, one recent study has suggested that 

modifiable risk factors might prevent or delay up to 40% of dementia cases [30], while 

another US-based study suggested that 37% of AD and other dementia cases were 

associated with modifiable risk factors [31]. Smoking, a sedentary lifestyle, social 

isolation, diabetes, hypertension, hypotension, unhealthy diet—including those low in 

choline, low education rate, and obesity all increase the risk for developing AD and/or 

dementia [31-39]. Conversely, a physically active lifestyle, being sociable, and eating a 

heart healthy diet like the Mediterranean diet are associated with decreased risk for 

developing AD or dementia [40-46]. Modifiable risk factors enable people to at least take 
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some control over AD development risk even though there is no known cure for AD and 

few treatment options that improve the course of the disease for patients.  

Alzheimer’s Disease Treatment 

Although the population of those living with AD is increasing, treatment options 

for AD have remained relatively stagnant since the early 2000’s until 2021 ([47, 48] 

Reviewed in [49]). Up until approval of a brand-new class of drug that came recently, drug 

treatment options for AD fell under two categories: acetylcholinesterase inhibitors and N-

methyl D-aspartate (NMDA) receptor antagonists (Reviewed in [50-53]). 

Acetylcholinesterase inhibitors target the enzyme acetylcholinesterase whose function is 

to breakdown the neurotransmitter acetylcholine into acetic acid and choline. 

Acetylcholinesterase works in the synaptic cleft and when released acetylcholine is left 

there, converts acetylcholine to these compounds to be recycled and reused. In AD, the 

cholinergic neurons of the nucleus basalis of Meynert (NBM) within the basal forebrain 

that innervate the hippocampus, cortex, and amygdala and are crucial for learning and 

memory are some of the most susceptible to neurodegeneration [54-57]. Because these 

cholinergic neurons are some of the first to degenerate in AD, cholinergic tone is 

significantly impaired in AD and thought to contribute to the problems found in learning 

and memory ([54, 55, 58]).  The theory behind acetylcholinesterase inhibitors is that by 

inhibiting acetylcholinesterase, the acetylcholine that is released into the synaptic cleft will 

have a longer time to bind its receptors and activate the post-synaptic neurons or being 

reuptaken by the presynaptic neuron before being degraded (Reviewed in [50-53]). The 

first acetylcholinesterase inhibitor that was approved by the FDA for treatment of AD was 
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tacrine (tatrahydroaminoacridine) in 1994 but was then later removed in 2013 from the 

market for liver toxicity and insufficient benefits to the patient (Reviewed in [50]). Then 

came the FDA approval of acetylcholinesterase inhibitors donepezil (Aricept) in 1996, 

rivastigmine (Exelon) in 2000, and galantamine (Razadyne) in 2001 that currently remain 

on the market [59-61]. Although these acetylcholinesterase inhibitors can improve 

behavioral symptoms, daily life activities, and some measures of cognitive performance, 

they fail to change the progression of the disease and are often accompanied by unpleasant 

side effects such as cardiovascular and gastrointestinal complications, as well as activation 

of the nervous system leading to sleep disturbances, muscle cramps, and weakness [61].  

The other traditional class of approved drugs used for the treatment of AD are 

NMDA receptor antagonists. NMDA receptors are receptors to the major excitatory 

neurotransmitter in the brain, glutamate, and play a critical role in synaptic plasticity and 

survival of neurons. Lack of synaptic NMDA receptor signaling can lead to neuronal death 

and conversely, excessive NMDA receptor signaling can lead to excitotoxicity and 

neuronal death, as well (Reviewed in [62]). Prolonged activation of NMDA receptors lead 

to an excessive amount of Ca++ influx that will gradually degrade synaptic function and 

ultimately lead to neuronal death and is the premise of NMDA receptor antagonists in the 

treatment of AD [63, 64]. Memantine was the first and only NMDA receptor antagonist 

that has been approved by the FDA for treatment of moderate to severe AD [65]. 

Memantine was approved back in 2003 and is currently used in treatment alone or in 

combination with the acetylcholinesterase inhibitor donepezil. Similarly to 

acetylcholinesterase inhibitors, although memantine can provide some benefits to the 
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Choline 

History of Choline and Choline Metabolism 

Choline is an essential nutrient that is necessary for cellular function and 

homeostasis. Choline has three main functions: it can be used as a precursor in the synthesis 

of the neurotransmitter acetylcholine, it can be used as a methyl group donor through the 

conversion to betaine to form S-adenosylmethionine that can methylate DNA and histones, 

and it can be used in the synthesis of the phospholipid phosphatidylcholine. Back in 1850, 

Theodore Gobley isolated a molecule from brain tissue and carp fish eggs that he named 

“lecithine” which would later be discovered was the phospholipid phosphatidylcholine 

[173, 174]. About a decade later, Adolph Strecker found that when he boiled lecithine it 

was converted to another molecule he termed “choline” [175]. Interestingly, within a few 

years, another researcher, Oscar Liebreich, discovered a chemical in the human brain he 

called “neurine” that would later be discovered was the same molecule as choline [176]. 

Although the identification of choline and phosphatidylcholine occurred in the mid-19th 

century, it was not until about 100 years later that the metabolic pathways for conversion 

of choline to phosphatidylcholine were elucidated. In 1954, the cytidine 5-

diphosphorylcholine (CDP)-choline pathway was first described in that free choline can be 

incorporated to form phosphatidylcholine in the presence of ATP [177] (Figure 1.3).  In 

the CDP pathway, choline is first converted to phosphocholine by the addition of a single 

phosphate group from ATP. Phosphocholine is then converted to CDP-choline by CTP: 

phosphocholine cytidyltransferase (CCT). Lastly, CDP-choline and diacylglycerol are 

combined to form phosphatidylcholine by choline/ethanolamine phosphotransferase 
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(C/EPT) (Figure 1.3). Another pathway that described the use of choline in the formation 

of phosphatidylcholine was through the phosphatidylethanolamine-N-methyltransferase 

(PEMT) pathway [178] (Figure 1.4). In this pathway, choline is first converted to betaine. 

Betaine can then act as a methyl group donor to homocysteine to form methionine. 

Methionine is then converted to S-adenosylmethionine by the enzyme methionine 

adenosyltransferase (MAT) using ATP. PEMT will then use 3 molecules of S-

adenosylmethionine to transfer 3 subsequent methyl groups to phosphatidylethanolamine 

to produce phosphatidylcholine. In addition to acting as a methyl group donor and as a 

precursor for phosphatidylcholine synthesis through the CDP-choline pathway, choline is 

also a precursor in the synthesis of the neurotransmitter acetylcholine (ACh) and dietary 

choline supply can modulate the rate of synthesis of ACh [179-181]. ACh is generated 

from the conversion of choline and acetyl coenzyme A (acetyl-CoA) by the enzyme choline 

acetyltransferase (ChAT) (Figure 1.5). Just after the time acetylcholine was being 

discovered as the neurotransmitter that allowed the vagal nerve and other nerves to 

communicate through chemical transmission [182, 183], the role of choline as an essential 

nutrient—meaning that choline must be obtained through diet to achieve sufficient 

supply—was first being unveiled in studies of pancreatectomized dogs [184-186]. These 

seminal studies found that when the pancreas of dogs were removed, they developed fatty 

degeneration of the liver that could be abolished by feeding these dogs with raw pancreas 

or egg yolk lecithin. Further investigation of the egg yolk lecithin used in Hershey and 

Soskin’s study found that the active molecule within egg yolk lecithin that was responsible 

for alleviating the fatty liver in pancreatectomized dogs and fatty liver in rats, was choline 
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[187-189]. These findings lead to further studies on the effect of dietary choline in a variety 

of animals and led to the discoveries that dietary choline could prevent a bone disease 

called “perosis” in chickens and that dietary choline deficiency leads to cardiovascular 

deficits, hemorrhagic kidneys, intraocular hemorrhages, and liver cancer in rats [190-194].  

 

Figure 1.3. CDP-Choline Pathway.  
Choline is first converted to phosphocholine through the addition of a phosphate group from ATP 
by the enzyme choline kinase (CK). Cytidine triphosphate (CTP) and phosphocholine are then 
converted to inorganic phosphate and cytidine diphosphate-choline (CDP-choline) through CTP: 
phosphocholine cytidyltransferase (CCT). Diacylglycerol (DAG) and CDP-choline are then 
converted into phosphatidylcholine and cytidine monophosphate (CMP) by choline 
phosphotransferase (CPT). R groups in phosphatidylcholine are fatty acids. Enzymes are in grey 
text and molecules in black text.  
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Figure 1.4. Phosphatidylcholine Generation Through the PEMT Pathway. 
Choline is converted to betaine, which is used as a methyl group donor to homocysteine to form 
methionine via betaine homocysteine methyltransferase (BHMT). Methionine is converted to S-
adenosylmethionine by the enzyme methionine adenosyltransferase (MAT). Three molecules of S-
adenosylmethionine are used in three subsequent methyl donating reactions to 
phosphatidylethanolamine by phosphatidylethanolamine-N-methyltransferase (PEMT) to produce 
phosphatidylcholine. Enzymes are in grey text and molecules are in black text.  
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Figure 1.5. Synthesis of Acetylcholine. 
Choline and acetyl-CoA are converted to acetylcholine and CoA by the enzyme choline 
acetyltransferase. 
 

Dietary Choline 

As mentioned in the above section, choline’s functions include serving as a 

precursor for phospholipids (namely phosphatidylcholine) and the neurotransmitter 

acetylcholine, and, via conversion to betaine, can be used as the methyl group donor S-

adenosylmethionine. It is now appreciated that choline is necessary for normal function of 

all cells and, as of 1998, is recognized as an essential nutrient by Food and Nutrition Board 

of the Institute of Medicine of the National Academy of Sciences [195]. Although choline 

can be synthesized de novo within the liver by converting phosphatidylethanolamine to 

phosphatidylcholine in the PEMT pathway, de novo synthesis is unable to provide 

sufficient levels of choline in humans and therefore must be obtained through diet [195]. 

Dietary choline can be obtained from a variety of food sources or supplements and is 

absorbed by the intestine and uptake is achieved through choline transporters (Reviewed 

in [196]). The majority of choline is used in the conversion to phosphatidylcholine which 
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is the most abundant phospholipid in mammalian membranes [197]. Otherwise, choline is 

phosphorylated to form phosphocholine or oxidized to form betaine upon cell entry 

(Reviewed in [196]. It is important to note that the dietary requirement for choline not be 

considered by itself, as there is a crucial relationship choline plays with other methyl group 

donors, such as methionine and folate. Homocysteine is the critical molecule in which 

choline, methionine, and folate converge (Figure 1.6). Changes to any of these three 

molecules can greatly alter metabolism of this pathway. Folate deficiency in rats causes 

hepatic choline deficiency [198]. Humans that receive adequate levels of methionine and 

folate in the absence of choline develop liver damage and fatty liver and can be reversed 

by the addition of choline [199-202].  
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Figure 1.6. Interplay between choline, methionine, and folate.  
Choline can be oxidized to betaine which can then donate a methyl group to homocysteine to form 
methionine. The active form of folate, methyl-tetrahydrofolate (methyl-THF), can also convert 
homocysteine into methionine with the help of Vitamin B12 and methionine synthase. The various 
concentrations of choline, folate, and methionine play an intricate role in methionine metabolism, 
including in the generation of S-adenosylmethionine.  
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The recommended adequate intake (AI) levels for choline that were established in 

1998 depend on age, sex, and pregnancy/lactation status. Increasing amount of choline are 

recommended with age from birth to 13 years old, regardless of sex (Table 1.2). Additional 

choline intake is recommended for those aged 14 and older. The AI for males aged 19 and 

older is 550mg per day, while the AI for females aged 19 and over is 425mg per day. There 

is an increased demand for choline during pregnancy and lactation and this is mirrored in 

the AI levels for choline for pregnant and lactating women (Table 1.2). The recommended 

AI levels of choline for pregnant women is 450mg per day, while lactating women AI 

levels of choline is 550mg per day (Table 1.2). This is because there is an increased demand 

for choline in the fetus and newborn as levels of choline are six to seven times higher in 

the fetus or newborn than in nonpregnant women [203]. Furthermore, choline is transported 

from the mother to the fetus during fetal development and again from the mother to the 

newborn through the mother’s breast milk, depleting choline levels within the mother, 

increasing demand for choline [204-208]. Fascinatingly, human mothers who were in the 

lowest quartile for dietary choline intake were at a four times greater risk of having a child 

with a neural tube defect and higher levels of maternal choline intake reduced neural tube 

defects in the offspring [209, 210].  
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Choline in Cognitive Function and Disease 

Previous work has elucidated that dietary intake of choline contributes and 

correlates with choline levels in the serum of neonatal rats and that choline from the serum 

can be transported across the blood-brain barrier into the brain [203, 218]. Increased 

exogenous levels of choline enhances cholinergic transmission in a multitude of species 

[219-221]. Cholinergic neurons are critical in the processes of learning and memory and 

normal cognition (Reviewed in [222]). Furthermore, maternal choline supplementation has 

been shown to increase the size of cholinergic neurons, increase the synthesis of 

acetylcholine, and increase the release of acetylcholine in rodents [223-226]. Prenatal 

choline supplementation also increases the activation of MAPK and CREB, two proteins 

that are critical in synaptic plasticity [227]. Rats that were prenatally supplemented with 

choline had an increase in the number of newly proliferated cells in the dentate gyrus at 

both 8 and 25 months of age [228, 229]. On the other side, maternal choline deficiency 

inhibits hippocampal precursor proliferation and activates hippocampal apoptosis [230].  

Maternal choline supplementation in rodents significantly improves cognitive 

functioning, long-term potentiation, and synaptic plasticity of the offspring and can even 

prevent age-related cognitive decline [227, 231-237]. Additionally, higher levels of dietary 

choline throughout life have been shown to improve cognitive performance in adults in 

both animal and human studies [238-240]. A study done on Norwegians aged 70-74 found 

that those who had low serum choline levels had significantly worse sensorimotor speed, 

perceptual speed, executive function, and global cognition than those that had high levels 

of serum choline [241]. Another human study done on the subjects of the Framingham 
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did mention that the patients in the study were considerably demented and that future 

studies investigating the effects of choline in earlier stages of dementia and AD are needed. 

Indeed, in more recent times choline supplementation has been suggested as a potential 

prevention mechanism for AD [252, 253, 257]. There is currently one clinical trial in the 

U.S. that is recruiting subjects who have at least one copy of the AD-associated risk factor 

APOE4 allele to investigate the effects of choline supplementation on the development of 

AD in this population [258]. There is another clinical study currently ongoing that is 

investigating the effects of a choline metabolite, citicoline (CDP-choline), supplementation 

on cognition and sleep within AD patients [259].  

In conclusion, increased levels of choline, either through maternal or lifelong 

delivery, lead to enhanced neurogenesis, improved cognitive function, and may serve as a 

viable prevention method for dementia and AD.  
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Dyets Inc., Bethleham, PA), differing only by containing 5.0 g/kg of choline chloride, 

creating control diet and choline-supplemented groups. Homozygous AppNL-G-F and 

C57BL/6J females were crossed correspondingly with homozygous AppNL-G-F and 

C57BL/6J males. The pregnant dams continued to consume their specific prenatal diets 

through the birth of the litter and lactation until weaning of the pups on postnatal day 21 

(Figure 2.S1). Subsequently, all offspring consumed the control diet and water ad libitum 

and were randomly divided into four experimental age groups: 3-, 6-, 9-, and 12-months of 

age. Animals were group housed by sex with a maximum of 5 mice per cage with controlled 

ambient temperature and humidity between 20-22ºC and 50-70%, respectively. Mice were 

housed on a reverse 12-hour light-dark cycle (11 pm-11 am lights on). Mice were 

euthanized after completion of behavioral testing at 3-, 6-, 9-, or 12-months of age (Figure 

2.S1). 

Behavioral Testing 

All mice were acclimated to the testing room at least 30 minutes prior to testing. 

Before and after individual tests, surfaces and testing apparatuses were sanitized with 70% 

ethanol. Mice were weighed before the Open Field Test and after Contextual Fear 

Conditioning to test for any significant weight gain or reduction during the behavioral 

testing period. During testing, all mice from one cage were placed in individual holding 

cages where they remained until the end of the testing sessions. Holding cages were used 

during the experiment to prevent the emotional reactivity of a mouse that just completed 

the task from influencing the behavior of an untested mouse, among other potential 

artifacts. All mice were behaviorally tested in the following order: Open Field Test, 
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Elevated Plus Maze, Barnes Maze, and Contextual Fear Conditioning. Number of animals 

per group are shown in Table 2.S1. 

Open Field Test 

The Open Field Test (OFT) was conducted using a 45 x 60 x 45 cm arena made of 

plexiglass [277].  Each mouse was placed in the corner and released to explore the 

apparatus for 15 minutes. Light illumination was set to 140 lux and white noise was set to 

55 dB. Ethovision XT 14 recording software (version 14.0.132.6, Noldus Information 

Technology, Leesburg, VA, USA) was used to track and quantify the animal’s total 

distance traveled, velocity, and time spent in central (25 x 40 cm) and peripheral zones 

(within 10 cm around the perimeter).   

Elevated Plus Maze 

Animals were tested for anxiety-like behaviors in the Elevated Plus Maze (EPM) 

[278]. The EPM consisted of two open arms (30 × 10 cm) and two closed arms (30 × 10 × 

20 cm) extending from a central area (10 × 10 cm) and elevated 46 cm above the testing 

table. Testing was completed using 290 lux light illumination and 55 dB of white noise. 

Testing commenced by placing and releasing the animal in the center of the apparatus. The 

animal was allowed to explore the maze for 5 minutes. Times spent in the open arms, 

center, and closed arms and the number of entries into the open arms and closed arms were 

recorded. An entry into the open or closed arm was called when all four paws of the mouse 

were within a given region. Test parameters were scored by Ethovision XT 14 recording 
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software (version 14.0.132.6, Noldus Information Technology, Leesburg, VA, USA) and 

by two blinded viewers (MC and AG).  

Barnes maze 

To examine spatial learning and memory function, the mice were tested using the 

Barnes Maze (BM) [279]. A 92 cm diameter gray platform elevated 46 cm above the testing 

table with 20 holes (5 cm diameter) equally spaced 2.5 cm from the perimeter was used. 

Testing was conducted in a well-lit (270 lux) room with salient extra maze cues and a white 

noise machine producing noise at 68 dB. A dark escape pod (10 x 10 x 8 cm) was attached 

underneath one of the holes and held at a constant position throughout the entirety of 

testing. The animals were tested in in three phases: habituation (Day 1), training (Days 2-

4), and probe/memory recall (Day 5). The habituation phase occurred on the first day in 

which each animal had one trial of two minutes to explore the maze. If the animal entered 

the escape pod, the trial was stopped and the animal returned to their home cage. However, 

if the animal did not enter the escape hole by the end of the 2-minute period, the animal 

was gently guided into the escape pod and let sit in the escape pod for 30 seconds before 

being returned to its home cage. Twenty-four hours after the habituation phase, the animals 

began the training phase in which the animals completed three trials per day for three 

consecutive days. During the training phase, each trial was a maximum of 90 seconds. Like 

the habituation phase, during the training phase, if the animal entered the escape pod before 

90 seconds elapsed, the trial was stopped and the animal returned to its cage. If the animal 

did not enter the escape pod before the end of the 90 seconds, the animal was gently guided 

into the escape pod before being returned to its cage. During the habituation and training 
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phases, latency to reach the target hole, latency to escape, and number of errors were 

recorded. Primary latency was defined as the time to identify the target hole the first time 

by placing the head within the threshold of the target hole, as mice did not always enter the 

target hole upon first identifying it. Errors were defined as the number of incorrect head 

pokes that broke the threshold of a non-target hole before reaching the target hole. The 

probe/memory recall phase occurred 24 hours after the last training day and consisted of 

only one trial that lasted 30 seconds where the escape hole was closed with an opaque plug 

to test how well the animal remembered where the escape pod was placed in the previous 

days’ trials. At the end of the 30 seconds, the animal was returned to its home cage. 

Measures of latency to reach target hole, time spent per quadrant, mean distance from target 

hole, and number of errors were recorded for the probe/memory recall phase. For each trial, 

test parameters were scored by Ethovision XT 14 recording software (version 14.0.132.6, 

Noldus Information Technology, Leesburg, VA, USA) and by two blinded reviewers (MC 

and AG). Averaged scores from Ethovision and the blinded reviewers were used for 

statistical analysis.  

Contextual Fear Conditioning 

Contextual fear conditioning (CFC) was used to evaluate amygdala and 

hippocampal-dependent fearful learning and memory [280]. CFC was conducted in three 

sessions separated by 24 hours: a training session (Day 1) and two re-exposure sessions 

(Day 2 and Day 3). On Day 1, animals were placed in the conditioning chamber (17 x 17 

x 25 cm) with white wall plates and a wire floor (Context 1) and allowed to habituate for 

2 minutes before the onset of the first trial tone (20 seconds, 2000 Hz). A mild electric 
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Results 

Open Field Test 

We first explored whether AppNL-G-F mice displayed any locomotor or anxiety-

related differences compared to the wildtype mice using the Open Field Test. When broken 

down into 5-minute intervals, we found that all groups (wildtype, AppNL-G-F, male, female, 

control diet, choline supplemented diet, and all combinations of these) steadily decreased 

total distance traveled and increased the amount of time spent in the center of the arena 

over time during the 15-minute trial at 3-, 6-, 9, and 12-months of age as expected (p<0.05, 

repeated measures ANOVA). At 3 and 6 months of age, there were no differences in overall 

distance traveled or total time spent in center of the arena between the wildtype and AppNL-

G-F mice regardless of perinatal diet (p<0.05, ANOVA, Figure 2.1A & 2.1B). When 

combining both control diet and choline supplemented diet animals together, 9-month-old 

AppNL-G-F mice spent significantly less time in the center of the Open field than their 9-

month-old wildtype counterparts (p=0.022, ANOVA, Figure 2.1B).  Interestingly, when 

separating out the 9-month-old mice by perinatal diet, this genotype effect was only found 

in mice that received the control diet but not those that received the choline supplemented 

diet (p=0.017 & 0.298, respectively, ANOVA, Figure 2.1B). When combining both control 

diet and choline supplemented diet animals, 12-month-old AppNL-G-F mice also spent 

significantly less time in the center of the Open Field Test than 12-month-old wildtype 

mice (p=0.022, ANOVA, Figure 2.1B). However, this genotype effect was not seen within 

either individual control diet or choline supplemented diet groups (Figure 2.1B). There 

were no overall differences between animals that received the control diet and those that 
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received the choline supplemented diet in total time spent in the center at any of the time 

points (Figure 2.1B). There were also no effects of genotype or perinatal diet on total 

distance traveled during the Open Field Test at any of the ages tested (Figure 1A). These 

results indicate that there is a very subtle effect of the AppNL-G-F genotype on exploration in 

a novel environment only at 9- and 12-months of age and that there is no locomotor 

dysfunction in AppNL-G-F mice.  
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Figure 2.1. AppNL-G-F mice display subtle anxiety-related differences in the Open Field Test 
at 9- and 12-months of age.  
(A) Total distance traveled throughout the entire Open Field Test revealed no differences in 
locomotor activity between wildtype and AppNL-G-F mice at any age. There were also no differences 
in distance traveled due to perinatal choline supplementation. (B) AppNL-G-F spent significantly more 
time in the center of the Open Field Test than wildtype mice at 9- and 12-months of age (p=0.022 
& 0.022, respectively, ANOVA). Nine-month-old wildtype mice that received the control diet spent 
significantly more time in the center than 9-month-old AppNL-G-F mice that also received the control 
diet (p=0.017, ANOVA). No differences were found between wildtype and AppNL-G-F mice at 3- or 
6-months of age.  
 



 

 

51 

Elevated Plus Maze 

We further investigated behavioral and anxiety-related behaviors using the 

Elevated Plus Maze. We found that there was no significant difference between wildtype 

and AppNL-G-F mice in both time spent in the open arms or in the middle and percentage of 

open arm entries at 3-months of age in the individual diet groups or when combining both 

diet groups (Figure 2.2A and 2.2B). Interestingly, we found that 3-month-old mice that 

received the choline supplemented diet, regardless of genotype, spent significantly more 

time in the open arms or the middle and had a higher percentage of open arm entries than 

3-month-old mice that received the control diet (p=0.037 & 0.022, respectively, ANOVA, 

Figure 2.2A and 2.2B). At 6- and 9-months of age, there were no differences between 

wildtype and AppNL-G-F mice in both time spent in the open arms or the middle of the 

Elevated Plus Maze or in percentage of open arm entries in diet separated groups or in diet 

combined groups (Figure 2.2A and 2.2B). There was also no difference between mice that 

received the control diet versus those that received the choline supplemented diet in time 

spent in the open arms or middle or in percentage of open arm entries in 6- or 9-month-old 

animals (Figure 2.2A and 2.2B). When combining both control diet and choline 

supplemented groups, 12-month-old AppNL-G-F mice spent significantly more time in the 

open arms or in the middle of the Elevated Plus Maze than 12-month-old wildtype mice 

(p=0.011, ANOVA Figure 2.2A). There was also a significant effect of perinatal choline 

supplementation as 12-month-old mice that received the choline supplemented diet, 

regardless of genotype, spent significantly more time in the open arms or middle of the 

Elevated Plus Maze than 12-month-old mice that received the control diet (p=0.036, Figure 
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2.2A). There were no genotype or perinatal diet differences on percentage of open arm 

entries in 12-month-old mice (Figure 2.2B). These results suggest that there are minimal 

effects of both the AppNL-G-F genotype and perinatal choline supplementation on anxiety-

related behavior in the Elevated Plus Maze.  
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Figure 2.2. AppNL-G-F mice display altered anxiety-related behaviors in the Elevated Plus 
Maze.  
(A) AppNL-G-F mice did not differ from wildtype mice in time spent in the open arms or middle of 
the Elevated Plus Maze at 3-, 6-, or 9-months of age (p=0.627, 0.089, 0.446, respectively, 
ANOVA). Regardless of diet, AppNL-G-F mice spent significantly more time in the open arms or 
middle than wildtype mice at 12-months of age (p=0.011, ANOVA, black bars). Mice that received 
the choline supplemented diet spent significantly more time in the open arms or middle at 3-months 
of age but less time at 12-months of age than those that received the control diet perinatally 
(p=0.037 & 0.036, respectively, ANOVA, blue bars). (B) No differences between wildtype and 
AppNL-G-F mice were found in percentage of open arm entries when combining diet groups and when 
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looking within both control and choline supplemented groups. Mice that received the choline 
supplemented diet, regardless of genotype, made a significantly higher percentage of open arm 
entries than mice the received the control diet at 3-months of age (p=0.037, ANOVA, blue bars). 
No other diet differences were detected in combined genotype groups or in individual genotype 
groups.  
 

Barnes maze 

To assess hippocampal-dependent spatial learning and memory, we performed the 

Barnes Maze that included a habituation day followed by three trial days with three tests 

per day and concluded with a probe test 24-hours after the last test of the last trial day. In 

3-month-old mice, both wildtype and AppNL-G-F mice decreased their latency to the target 

hole across the trial days indicating that the animals were learning the location of the hole 

(p<0.0001, repeated measures ANOVA, Figure 2.3A). When combining both mice that 

received the control diet and those that received the choline supplemented diet perinatally, 

3-month-old AppNL-G-F mice took significantly longer to reach the target hole than wildtype 

mice during the trial days of the Barnes Maze (p=0.002, repeated measures ANOVA). This 

genotype difference was only apparent in mice that received the control diet but not those 

that received the choline supplemented diet indicating that choline supplementation 

prevented the spatial learning deficits in 3-month-old AppNL-G-F mice [p=0.011 (WT vs 

AppNL-G-F in Control Diet mice) & 0.125 (WT vs AppNL-G-F in Supplemented Diet mice), 

repeated measures ANOVA, Figure 2.3A]. This learning deficit during the trial days of the 

Barnes Maze in 3-month-old AppNL-G-F mice did not translate to a large enough effect in 

recall during the 1-day probe test as, although AppNL-G-F mice took longer to reach the target 

hole than wildtype mice, it did not reach statistical significance when combining the diet 

groups or within both control and choline supplemented diets alone (p>0.05 for all, 
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ANOVA, Figure 2.3B). There was no significant overall effect of sex or perinatal diet on 

latency to the target hole in the 1-day probe test of 3-month-old mice (Fig 1 and S5B Fig).  

Similarly, 6-month-old mice learned the target hole location during the trial day 

phase (p<0.001, repeated measures ANOVA, Figure 2.3A). When combining control and 

choline supplemented diet animals together, 6-month-old AppNL-G-F mice took a 

significantly longer time to find the target hole during the trial days than wildtype mice 

(p=0.019, repeated measures ANOVA, Figure 2.3A). Just like in 3-month-old mice, the 

deficit in latency to the target hole during the trial days in 6-month-old AppNL-G-F mice was 

only found in mice that received the control diet but not in those that received the choline 

supplemented diet indicating that perinatal choline supplementation prevented spatial 

learning deficits associated with the AppNL-G-F genotype at early ages [p=0.003 (WT vs 

AppNL-G-F in Control Diet mice) & 0.688 (WT vs AppNL-G-F in Supplemented Diet mice), 

repeated measures ANOVA, Figure 2.3A]. Further matching the 3-month-old results, 

although there was a trend for 6-month-old AppNL-G-F mice to take a longer time to reach 

the target hole than wildtype mice in the 1-day probe test, it did not reach significance 

when combining the diet groups together or individually (p>0.05 for all, ANOVA, Figure 

2.3B). There was also no effect of perinatal choline supplementation on latency to the target 

hole during the 1-day probe test in 6-month-old mice (Figure 2.3B). There was a significant 

sex difference in latency to the target hole in the 1-day probe test as 6-month-old female 

mice found the target hole faster than 6-month-old male mice (p=0.003, repeated measures 

ANOVA, Figure 2.S3B).  
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Supplemented Diet mice), repeated measures ANOVA, Figure 2.3A]. Unlike mice that 

were 3, 6, or 9 months of age, 12-month-old AppNL-G-F mice showed a significant 

impairment in spatial memory recall as they took significantly longer to reach the target 

hole during the 1-day probe test than wildtype mice when combining both control and 

supplemented diet animals and in supplemented diet animals alone (p=0.008 (WT vs 

AppNL-G-F) & 0.035 (WT vs AppNL-G-F in Supplemented Diet), ANOVA, Figure 2.3B).  

There was also a sex difference in 12-month-old mice in the 1-day probe test as female 

mice reached the target hole faster than male mice (p=0.011, ANOVA, Figure 2.S3B). 

These results show that AppNL-G-F mice are significantly impaired at hippocampal-

dependent spatial learning compared to wildtype mice and that choline supplementation 

can prevent these deficits at early ages (3 and 6 months) but not at a later age (12 months). 

We then used a linear regression model adjusting for trial day, sex, genotype, and 

perinatal diet to evaluate the effects of age on latency to reach the target hole during the 

trial days and found that age significantly affected this measure during the trial days of the 

Barnes Maze (p<0.0001, MANOVA). Post-hoc analysis revealed that, when adjusting for 

trial day, sex, diet, and genotype, 3-month-old mice were significantly faster at reaching 

the target hole during the trial days than both 9- and 12-month-old mice (p=0.0008 & 

p<0.0001, respectively, Tukey HSD, Figure 2.3C). Six-month-old mice were also 

significantly faster than 9- and 12-month-old mice (p<0.0001 for both, Tukey HSD, Figure 

2.3C) but no different than 3-month-old mice (p=0.9304, Tukey HSD, Figure 2.3C). Nine- 

and 12-month-old mice performed about equally as poorly as each other during the trial 

days (p=0.5478, Tukey HSD, Figure 2.3C).  
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Additional post-hoc analyses using this linear regression model to investigate 

genotype by age effects revealed that AppNL-G-F mice more closely resemble older wildtype 

mice than their age-matched counterparts. For example, 12-month-old wildtype mice 

perform about equally as well as 3-month-old AppNL-G-F mice during the trial days of the 

Barnes Maze (p=0.99, Tukey HSD, Figure 2.3D).  Furthermore, 12-month-old AppNL-G-F 

mice performed significantly worse than all other age by genotype groups (p<0.03 for all, 

Tukey HSD, Figure 2.3D). Nine- and 12-month-old wildtype mice found the target hole at 

about the same time as 3-, 6-, and 9-month-old AppNL-G-F mice (p>0.4464 for all, Tukey 

HSD, Figure 2.3D). And 3- and 6-month-old wildtype mice found the target hole during 

the trial days significantly faster than all other age by genotype groups (p<0.05 for all, 

Tukey HSD, Figure 2.3D).  

We then used a linear regression model adjusting for sex, genotype, and perinatal 

diet to investigate the effects of age on latency to reach the target hole during the 1-day 

probe test and found that age also greatly affects this measure (p=0.0005, ANOVA). When 

adjusting for sex, perinatal diet, and genotype, both 3- and 6-month-old mice were 

significantly faster at reaching the target hole during the 1-day probe test than 12-month-

old mice (p=0.007 & 0.019, respectively, Tukey HSD, Figure 2.3E). Although, the latency 

steadily increased with age from 3 to 9 months, there was no statistical difference between 

3-, 6-, and 9-month-old mice in the 1-day probe test (Figure 2.3E). Much like the trial day 

results, the 1-day probe test also revealed that younger AppNL-G-F mice perform more 

similarly to older wildtype mice than their age-matched counterparts (Figure 2.3E). For 

example, 12-month-old wildtype mice performed about as equally well as 3-month-old 
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AppNL-G-F mice in the 1-day probe test as there was only about a quarter of a second 

difference in finding the target hole between the two (p=0.999, Tukey HSD, Figure 2.3E). 

Together, these results support the notion that AppNL-G-F mice have significant 

hippocampal-dependent spatial learning and memory deficits and, even at a young age, are 

more closely performing at the level of much older wildtype mice.   
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Figure 2.3. AppNL-G-F mice are impaired in spatial learning and perinatal choline 
supplementation can prevent these deficits at early ages.  
(A) AppNL-G-F mice at 3-, 6-, and 12-months of age take a longer time to reach the target hole than 
wildtype mice (p=0.0024, 0.0192, & 0.0003, respectively, repeated measures ANOVA). Perinatal 
choline supplementation prevented these learning deficits in AppNL-G-F mice at 3- and 6-months of 
age but not at 12-months. (B) No significant spatial memory recall deficits were found in 3-, 6-, or 
9-month-old AppNL-G-F mice but there was a spatial memory recall deficit in AppNL-G-F mice, 
regardless of diet, at 12-months-old revealed during the 1-day probe test (p=0.00834, ANOVA). 
12-month-old AppNL-G-F mice that received the supplemented diet were significantly slower at 
reaching the target hole during the 1-day probe test than 12-month-old wildtype mice that received 
the supplemented diet (p=0.039, ANOVA). (C) Linear regression models adjusting for sex, 
perinatal diet, and genotype of latency to target hole measures during the trial days of the Barnes 
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Maze revealed that 3- and 6-month-old mice are significantly faster at reaching the target hole than 
both 9- and 12-month-old mice (p<0.001 for all, Tukey HSD). Wildtype and AppNL-G-F were 
combined for these analyses. (D) Linear regression models adjusting for trial day, sex and perinatal 
diet of latency to target hole during the trial days of the Barnes Maze show that young (3- and 6-
month) AppNL-G-F mice perform more like older (9- and 12-month) wildtype mice than their age-
matched counterparts. Significance bars shown indicate differences between 12-month-old AppNL-

G-F mice and all other groups (p<0.03 for all, Tukey HSD), as well as the differences between 3- 
and 6-month-old wildtype mice and all other groups (p<0.05 for all, Tukey HSD). (E) In the 1-day 
probe test, 3- and 6-month-old mice perform significantly better than 12-month-old mice (p=0.0070 
& 0.0190, respectively Tukey HSD).  
 

Contextual fear conditioning 

Contextual fear conditioning is a commonly used Pavlovian conditioning paradigm. 

Here, we used a three-day design that involved a training session on the first day where the 

mice were exposed to a loud tone followed by a foot shock that was repeated five times. 

On the second day, the tone test was completed in which the mice were placed into the 

conditioning chamber with a different floor and colored walls than the first day and the 

tone was played five times. On the third and final day, the context test was completed where 

the mice were placed into the conditioning chamber with the exact same floor and walls as 

the first day of the paradigm. Freezing—a total lack of movement for 3 seconds—was 

measured each day as a proxy to evaluate fearful learning and memory of both the tone and 

context of the fearful event. All mice associated the tone and the context with the shock as 

demonstrated by freezing behavior during a significant proportion of the time in the 

apparatus (Figure 2.4A and 2.4B).  In 3-month-old mice there was no difference between 

wildtype and AppNL-G-F mice on percent of time spent freezing during the tone test when 

combining both diet groups and within each control and choline supplemented group 

separately (p>0.05 for all, ANOVA, Figure 2.4A) and there was no effect of perinatal diet 
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on percent of time spent freezing during the tone test at this age. There was also no effect 

of genotype or perinatal choline supplementation on percent of time spent freezing during 

the context test in 3-month-old mice (p>0.05 for all, ANOVA, Figure 2.4B). When 

combining both genotypes, three-month-old male mice spent a significantly larger 

percentage of time during the tone test freezing than 3-month-old female mice leading to a 

significant effect of sex on percent of time spent freezing during the tone test (p=0.031, 

ANOVA, Figure 2.S4A).  

Six-month-old AppNL-G-F mice, regardless of perinatal diet, performed equally well 

as wildtype mice in both the tone test and the context test of contextual fear conditioning 

indicating that there is not an impairment of fearful learning and memory in AppNL-G-F mice 

at early ages [p=0.923 (Tone Test) & 0.884 (Context Test), ANOVA, Figure 2.4A and 

2.4B]. There was also no effect of perinatal choline supplementation in 6-month-old mice 

on both percent of time freezing during the tone test and during the context test [p=0.107 

(Tone Test) & 0.287 (Context Test), ANOVA, Figure 2.4A and 2.4B].  

When combining both control diet and choline supplemented diet animals, there 

was a significant effect of genotype on percent of time freezing during the tone test in 9-

month-old mice as AppNL-G-F mice spent significantly less time freezing than wildtype mice 

suggesting a deficit in fearful learning and memory at this age (p=0.042, ANOVA, Figure 

2.4A). The deficit in 9-month-old AppNL-G-F mice in the tone test was only apparent in mice 

that received the control diet but not in those that received the choline supplemented diet 

suggesting that choline supplementation ameliorates the fearful learning and memory 

deficits found in AppNL-G-F mice on a control diet [p=0.032 (WT vs AppNL-G-F in Control 
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Diet mice) & 0.831 (WT vs AppNL-G-F in Supplemented Diet mice), ANOVA, Figure 2.4A]. 

These results were matched in the context test as 9-month-old AppNL-G-F mice that received 

the control diet froze significantly less than wildtype mice who also received the control 

diet (p=0.032, ANOVA, Figure 2.4B). However, this AppNL-G-F genotype deficit was not 

apparent in 9-month-old mice that received the choline supplemented diet as 9-month-old 

AppNL-G-F mice did not significantly differ from wildtype mice when they received the 

choline supplemented diet perinatally [p=0.622 (WT vs AppNL-G-F in Supplemented Diet 

mice), ANOVA, Figure 2.4B]. 

At 12 months of age, when combining both control and choline supplemented diet 

groups, AppNL-G-F mice spent a smaller percent of their time freezing during the tone test of 

contextual fear conditioning than wildtype mice suggesting that the AppNL-G-F mice did not 

remember the tone as well as wildtype mice (p=0.0009, ANOVA, Figure 2.4A). Unlike at 

9 months of age, the fearful learning and memory deficit found in the tone test of contextual 

fear conditioning in AppNL-G-F mice at 12 months of age was not overcome by perinatal 

choline supplementation [p=0.013 (WT vs AppNL-G-F in Control Diet mice), p=0.032 (WT 

vs AppNL-G-F in Supplemented Diet mice), ANOVA, Figure 2.4A]. In the context test, when 

control and choline supplemented animals were combined for the analyses, 12-month-old 

AppNL-G-F mice spent a significantly lower percent of their time freezing than wildtype mice 

again suggesting that the AppNL-G-F mice are impaired in fearful learning and memory 

(p=0.003, ANOVA, Figure 2.4B). This genotype deficit was apparent in control diet mice 

and restored by choline supplementation as 12-month-old AppNL-G-F mice that received the 

choline supplemented diet did not freeze significantly less than wildtype mice during the 
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context test [p=0.006 (WT vs AppNL-G-F in Control Diet mice), p=0.099 (WT vs AppNL-G-F 

in Supplemented Diet mice), ANOVA, Figure 2.4B]. There was also a significant overall 

effect of sex in 12-month-old mice as when combining both wildtype and AppNL-G-F mice, 

male mice spent significantly more time freezing than female mice during the context test 

(p=0.009, ANOVA, Figure 2.S4B). Together, these results demonstrate that AppNL-G-F have 

impaired fearful learning and memory starting by 9-months of age and that perinatal 

choline supplementation mitigates some of these deficits.  
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Figure 2.4. AppNL-G-F mice display impaired fearful learning and memory at 9- and 12-
months-old that can be somewhat prevented by perinatal choline supplementation.  
(A) Percent of time freezing during the tone test of contextual fear conditioning revealed that when 
combining both control and choline supplemented diet groups, AppNL-G-F mice froze significantly 
less than wildtype mice at 9- and 12-months of age (p= 0.0416 & 0.0009, respectively, ANOVA). 
This deficit could be prevented by perinatal choline supplementation at 9- but not 12-months of 
age. (B) Percent of time freezing during the context test of contextual fear conditioning revealed 
that control diet AppNL-G-F mice froze significantly less than control diet wildtype mice at 9- and 12-
months of age and that perinatal choline supplementation could prevent these deficits at both ages 
(p=0.032 & 0.003, respectively, ANOVA). When combining both diet groups, 12-month-old 
AppNL-G-F mice spend significantly less time freezing during the context test than wildtype mice 
(p=0.003, ANOVA).  

















 

 

73 

to display aversion to an open, brightly lit, unknown environment. It is thought that mice 

have evolved to fear these spaces as they are often exposed to predators in these 

environments and with it, an increased risk for survival (Reviewed in [282]). For these 

reasons, one of the important measurements of the Open Field Test is the amount of time 

the animal spends in the center of the Open Field, which mimics this open, brightly lit 

unknown space. In our study, we found that AppNL-G-F mice spent significantly less time in 

the center of the Open Field than wildtype mice at 9 and 12 months of age suggesting that 

these older AppNL-G-F mice displayed a higher level of anxiety than wildtype mice. These 

results are consistent with what has been previously reported at these ages in AppNL-G-F 

mice [273-275]. Further matching what has previously been reported, we found no 

differences in total distance traveled throughout the Open Field at 3, 6, 9, and 12 months 

of age [165, 273-275]. Studies of AD patients have reported that anxiety-related symptoms 

are a common concern, occurring in upwards of 70% of patients [283, 284]. Interestingly, 

one study has postulated that anxiety can be a helpful measure for predicting the 

progression of mild cognitive impairment to AD [285]. Other studies have further 

supported that anxiety is associated with early stages of AD and in some cases can be useful 

in predictive models for AD [286-292]. 

Another behavioral test that is commonly used to measure anxiety-related 

behaviors in mice is the Elevated Plus Maze. This test relies again on the animal’s 

inclination for an enclosed, dark area and its aversion to bright, open areas which are 

represented in the open arms of the elevated plus maze [293-295]. We found that when 

combining both diet groups together, wildtype mice spent significantly less time in the 
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open arms or middle of the Elevated Plus Maze than AppNL-G-F mice at 12-month of age 

suggesting possibly decreased levels of anxiety in AppNL-G-F mice (Figure 2.2). We found 

no genotype differences in time spent in the open arms or middle of the Elevated Plus Maze 

at any other ages and no genotype differences in percent of open arm entries at any age 

(Figure 2.2). These results are consistent with previous studies [164, 273, 276]. Although 

there have been no other studies specifically comparing 6-month-old wildtype mice to 6-

month-old AppNL-G-F mice, Sakakibara and colleagues reported that there were no 

significant differences between 6–9-month-old wildtype and AppNL-G-F mice (2018). Both 

Pervolaraki et al. and Niikura et al. found that 8-month-old and 24-month-old AppNL-G-F 

mice, respectively, spent more time in the open arms than wildtype mice the same age 

(2019 & 2022). Interestingly, the EPM results at 12-month of age seem to be at odds with 

the OF results. This may be because of our study design in that each mouse was tested first 

in the OF and then a few days later tested in the EPM. Although the EPM was a novel test 

for the mice as they had not previously been tested in the EPM, the environment was not 

completely novel as testing occurred in the same location as the OF. Furthermore, the 

seemingly contrarian OF and EPM results in our study is not uncommon in AppNL-G-F mice 

as Pervolaraki and colleagues reported the same finding of having less time spent in the 

center of the OF but more time in the open arms of the EPM for AppNL-G-F mice compared 

to wildtype mice (2019). As Pervolaraki elegantly described, these behavioral changes may 

be explained by differing aspects of decision making, namely disinhibition. They found 

changes in gamma oscillations, glutamatergic gene expression, and brain microstructure 

using diffusor tensor imaging in the prefrontal cortex but not the amygdala which may 
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suggest a deficit in the underlying neuromechanisms of disinhibition in AppNL-G-F mice. 

Furthermore, another study found that AppNL-G-F mice demonstrated marked changes in 

both impulsivity and compulsivity compared to wildtype mice and this too may also 

contribute to these results in the OF and EPM [162]. Together, our and previous studies 

suggest that there are subtle anxiety-related changes in AppNL-G-F mice and that the 

underlying mechanisms that lead to these changes need to be further investigated and 

characterized. Overall, these subtle differences in the OF and EPM are unlikely to influence 

measures of learning and memory utilized in this study. 

 

Most commonly, the first symptoms AD patients report are issues with learning and 

memory (Reviewed in [296]). In early stages of the disease, working memory as well as 

longer-term declarative memory are impacted and drastically affect a patient’s quality of 

life and day-to-day activities. Furthermore, spatial learning and memory rapidly decline in 

AD patients much faster than in normal aging (Reviewed in [297]). Spatial learning and 

memory are largely dependent on the hippocampus-entorhinal cortex circuit which is 

greatly affected by the pathology of AD. We assessed hippocampal-dependent spatial 

learning and memory using the Barnes Maze [279] and found a significant deficit of spatial 

learning in AppNL-G-F mice as compared to wildtype mice during the trial phase of the maze 

at 3-, 6-, and 12-months of age (Figure 2.3A). These deficits were abolished by perinatal 

choline supplementation at early ages (3 and 6 months) but not at the later age (12 months) 

suggesting that choline supplementation is able to prevent early spatial learning deficits 

that are found in AppNL-G-F mice (Figure 2.3A). Interestingly, previous results of AppNL-G-F 
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mice in the Barnes Maze have varied [164, 165, 272]. One study that used male and female 

6–9-month-old mice, also found a significant increase in latency to reach the target hole in 

AppNL-G-F mice compared to wildtype mice [165]. Another study that used 6-month-old 

mice with 9 training days for their trial phase found no difference in latency to reach the 

target hole between wildtype and AppNL-G-F mice [272] and another study found only 

deficits in AppNL-G-F mice as compared to wildtype mice, in the trial phase of the Barnes 

Maze at 8 months of age but not at 4 or 6 months of age [164]. In these studies, only male 

mice were used while in our study both male and female mice were used. Interestingly, we 

do see deficits in AppNL-G-F males, as compared to wildtype males, at 3-, 6-, and 12-months 

of age. Additionally, Sakakibara and colleagues were testing the animals in the Barnes 

Maze longitudinally at 4-, 6-, and 8-months-old while our study utilized a cross-sectional 

design where the animals were only tested at one age enabling us to not have any 

interference from memories of previous testing. Furthermore, our sample size for each 

timepoint was greater than previous studies as previous studies ranged from having 6-10 

animals [164] and 23-25 [272] per genotype per age while in our study each genotype 

ranged from 32-39 animals per genotype at each age (diet groups combined). Having more 

animals per group, we have better statistical power to detect a change in behavior. Our 

study animals were also housed in a reverse light cycle and tested during their more active 

light-off period, while some other studies conducted their testing during the light-on period. 

This difference in timing of testing conditions could alter how the mice perform and be 

leading to some of the discrepancies with previous studies. In our study, we also used 

purified diets for both the control and choline supplemented mice while others have used 
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normal mouse chow. Our control diet contains about 53% less choline than the diet used 

in Hongo et al.’s study and may also contribute to the slight differences we see in Barnes 

Maze performance. Interestingly, when using the Morris Water Maze, Mehla and 

colleagues found that AppNL-G-F mice had impaired hippocampal-dependent spatial learning 

as early as 6-months of age and continued up until their last time point of 12-months of age 

(2019). Together, our results further support the notion that AppNL-G-F mice have impaired 

spatial learning. We report that this phenotype is modifiable as perinatal choline 

supplementation prevents these hippocampal-dependent learning deficits at early ages in 

AppNL-G-F mice. The reduced penetrance of the AppNL-G-F mutations on these behavioral 

phenotypes by high perinatal choline intake may also explain some of the above-described 

discrepancies in the literature as the nutritional status of the mice used in these studies was 

not controlled.  

AD patients also suffer from non-declarative associative learning and memory 

deficits (Reviewed in [298]). To study this in our AppNL-G-F AD model mice, we utilized a 

contextual fear conditioning paradigm. We found that 3- and 6-month-old AppNL-G-F mice 

had no impairments in this test as compared to wildtype mice (Figure 2.4). However, we 

found impairments in associating the tone with the footshock in both 9- and 12-month-old 

AppNL-G-F mice (Figure 2.4A). Remarkably, perinatal choline supplementation prevented 

this fearful learning and memory deficit in 9-month-old but not 12-month-old AppNL-G-F 

mice. Additionally, both 9- and 12-month-old AppNL-G-F mice showed significant 

impairment in remembering the context in which the fear-inducing footshocks occurred 

compared to wildtype mice (Figure 2.4B). Perinatal choline supplementation prevented 
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these deficits in AppNL-G-F mice at both 9- and 12-months of age. Our findings are consistent 

with the results of Kundu and colleagues who reported a significant impairment in AppNL-

G-F mice during the tone test of 6-month-old mice (2021). One other study using only male 

6-9-month-old mice, also found no difference in freezing behavior during the context test 

[164]. This same study also found no significant difference in freezing during the context 

test between AppNL-G-F and wildtype mice that were 15-18-months-old, whereas we 

observed that 9- and 12-month-old AppNL-G-F mice had significant fearful memory 

impairments. However, our contextual fear conditioning paradigm significantly differed 

from the one of Sakakibara and colleagues as no tone was associated with the footshocks 

in their study. They were interested in the animal’s behavior to associate the footshock with 

the environment/context it occurred in while our study was designed to evaluate the 

association of both a tone and the context in which the fear-inducing footshocks occurred. 

This can partially explain why these results differ. While no previous studies have 

investigated the effects of choline supplementation in AD mouse models on contextual fear 

conditioning, previous studies investigating choline supplementation on developmental 

alcohol and nicotine exposure have found that choline supplementation can prevent fearful 

learning and memory deficits involved with these conditions [299-301]. Our results further 

support the notion that choline supplementation is able to prevent fearful learning and 

memory deficits.   

Our data confirm previous reports that amyloid-beta deposition occurs in an age-

dependent manner in AppNL-G-F mice and support the findings of Mehla et al. that amyloid 

deposition peaks around 9-months of age in these mice (2019). We now report that perinatal 
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230, 325, 326]. Indeed, we have previously shown that maternal choline supply in rats 

increases the expression of genes whose protein products participate in the processes of 

learning and memory, including calcium/calmodulin-dependent protein kinase I (Camk1) 

and Igf2 in the cortex and of the transcription factor Zif268/Egr1 in the cortex and 

hippocampus [252].  Future studies are needed to investigate the effects of perinatal choline 

supplementation in wildtype and AppNL-G-F mice on DNA methylation and mRNA 

expression and to assess if they correlate with the improved performance of the AppNL-G-F 

mice in learning and memory tasks.  

In conclusion, our study shows that the amyloidosis and AD-related cognitive 

deficits that characterize the AppNL-G-F mice are markedly slowed or prevented, 

respectively, by a nutritional strategy with high maternal choline intake during pregnancy 

and lactation.  There are implications of these observations to human health, namely that 

adequate choline intake by pregnant and nursing women may similarly protect their 

children from age-related dementias and AD.  The current estimates of the consumption of 

choline indicate that only approximately 8% of pregnant women in the United States meet 

the recommended AI values [327]. Similar results have been reported for pregnant women 

in Australia [328].  Our current data, as well as previous studies cited above, support the 

notion that formulation and implementation of public health policies designed to ensure 

that choline intake be consistent with the AI values would be a valuable tool for the 

prevention of many cases of dementia and AD. 
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Figure 2.S3. Female mice performed significantly better than male mice in the Barnes 
Maze.  
(A) During the trial day period, when combining both wildtype and AppNL-G-F mice, female mice 
found the target hole significantly faster than male mice at 3-, 6-, 9-, and 12-months of age 
(p=0.0164, 0.0286, 0.0003, & 0.0070, respectively, ANOVA). (B) When combining both wildtype 
and AppNL-G-F mice, female mice found the target hole significantly faster than male mice during 
the 1-day probe test at 6-, 9-, and 12-months of age (p=0.0064, 0.0002, 0.0111, respectively, 
ANOVA).  
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Figure 2.S4. Subtle sex differences in Contextual Fear Conditioning performance. 
(A) Female mice froze significantly less during the tone test than male mice at 3-months of age 
(p=0.0309, ANOVA). No sex differences were found at 6-, 9-, or 12-months of age in the tone test. 
(B) When combining both wildtype and AppNL-G-F mice, male mice froze significantly more than 
female mice during the context test at 12-months of age (p=0.0096, ANOVA). No other sex 
differences were found at any other age in the context test. 
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is a crucial phospholipid that makes up around 50% of mammalian cell membranes and 

ensures proper membrane stability ([177] Reviewed in [329]). Secondly, choline is a 

precursor for the neurotransmitter acetylcholine which is critical for learning and memory 

and dietary intake of choline leads to differential synthesis of acetylcholine [179, 180]. 

Choline can also serve as a methyl group donor for the generation of S-adenosylmethionine 

which then can be used to methylate both DNA and histones (Reviewed in [260]). Previous 

animal studies have elucidated that maternal choline supplementation has lifelong effects 

on brain development, can improve spatial learning and memory, prevent age-related 

cognitive decline, enhance hippocampal long-term potentiation (LTP) and activation of 

pathways underlying LTP, and increase the size and enhance the synthesis and release of 

acetylcholine [224, 226, 227, 245, 261, 263-268]. Furthermore, choline supplementation—

either perinatally or lifelong—in the APP.PS1 AD mouse model significantly reduced 

brain amyloid deposition [252, 254, 269]. Although there is a plethora of animal study 

evidence supporting the benefits of choline supplementation on brain development, 

cognitive function, and AD-like pathology progression, it was only within the previous 25 

years that choline was classified as an essential nutrient and dietary reference intake values 

were issued by the Food and Nutrition Board of the Institute of Medicine of the National 

Academy of Science [195]. Even with dietary reference intake values established for 

choline, there is an alarmingly low proportion of the population that reaches these values. 

Studies have found anywhere from about 25% down to less than 10% of the population 

reach their daily reference intake value for choline [211-216]. These data suggest that 

supplementing peoples’ diet with choline is a viable method to enable a greater proportion 
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Methods 

Ethics Statement 

All procedures were conducted in accordance with the Animal Welfare Act 

(Animal Welfare Assurance Number A-3316-01) and to the principles of the National 

Institute of Health Guide for the Care and Use of Laboratory Animals (“The Guide”). All 

studies were approved by the Institutional Animal Care and Use Committee of Boston 

University (Protocol #AN-14994). 

Animals and Animal Care 

C57BL/6J (WT) mice were purchased from Charles River Laboratories (Worcester, 

MA, USA) and then bred in-house. Knock-in App KM670/671NL (Swedish), E693G 

(Artic), I716F (Iberian) (AppNL-G-F) mice were obtained from RIKEN BioResource Center 

under a Material Transfer Agreement and then bred in-house. One week prior to mating, 

mice were placed on either a control AIN76A diet (#110098 Dyets Inc., Bethleham, PA) 

consisting of carbohydrates (66.00%), protein (20.30%), and fat (5.00%), [as sucrose 

(500g/kg), casein (200g/kg), cornstarch (150g/kg), cellulose (50g/kg), corn oil (50g/kg), 

mineral mix #200000 (35g/kg), vitamin mix #300050 (10g/kg), DL-methionine (3g/kg), 

and choline chloride (1.1g/kg)], or on a choline-supplemented AIN76A diet (#110184 

Dyets Inc., Bethleham, PA), differing only by containing 5.0 g/kg of choline chloride, 

creating control diet and choline-supplemented groups. Homozygous AppNL-G-F and 

C57BL/6J females were crossed correspondingly with homozygous AppNL-G-F and 

C57BL/6J males. The pregnant dams continued to consume their specific prenatal diets 
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RNA Extraction and RNA-Sequencing 

Frozen tissue from the hippocampus and cortex was used to extract total RNA and 

genomic DNA using the Zymo Quick RNA/DNA MiniPrep Plus Kit (Zymo D7003) under 

manufacture’s conditions in batches of 32 samples that evenly represented all groups (age, 

sex, diet, genotype). More than 1000ng of total RNA was sent to MedGenome Inc. (Foster 

City, CA, USA) for library preparation and sequencing. Library preparation was done using 

the Takara SMARTer® Stranded Total RNA-Seq Kit v2 - Pico Input (Takara # 634413). 

All samples passed quality control and were sequenced using 100-nucleotide paired-end 

reads on an Illumina NovaSeq 6000 instrument with Illumina reagents to reach a minimum 

of 20 million paired-end reads. All cortical samples were run in one lane and all 

hippocampal sampled run in a separate lane to minimize batch effects.  

 

Bioinformatic Analysis 

Raw FASTQ files were used to trim adapter sequences and low-quality bases 

(determined using a sliding window of 4 bases with an average below 20) using 

Trimmomatic (http://www.usadellab.org/cms/?page=trimmomatic). Quality and adapter 

trimmed FASTQ files were then aligned to the GRCm39 mouse transcriptome 

(https://ftp.ensembl.org/pub/release-110/fasta/mus_musculus/cdna/) using SALMON 

(https://combine-lab.github.io/salmon/about/). Quality control of the raw FASTQ files, 

trimmed FASTQ files, and aligned files was done using FASTQC. Differential gene 

expression analysis was completed using DESeq2 [330]. When doing differential gene 
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Iba1 Staining 

Iba1 staining of the dorsolateral prefrontal cortex was conducted as previously 

described [338]. Inverse normal transformation was used for Iba1 density measurements 

when correlating with gene expression. 
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Results 

Comparison of Genotype 

To understand the effects the AppNL-G-F genotype has on gene expression across 

different ages, we did bulk RNA-sequencing on the cortex and hippocampus of wildtype 

and AppNL-G-F mice ranging from 3- to 12-months-old at 3-month intervals. We used 3 

animals per group across each age, sex, genotype, and perinatal diet group, totaling 96 

animals and 192 samples (Table 3.1). We then compared wildtype mice to AppNL-G-F mice 

using three genotype comparisons. First, we compared wildtype mice that received the 

control perinatal diet to AppNL-G-F mice that also received the control diet perinatally. We 

then compared wildtype mice that received the choline supplemented diet perinatally to 

AppNL-G-F mice that also received the choline supplemented diet perinatally. Lastly, we 

combined control and supplemented diet mice and compared wildtype and AppNL-G-F mice, 

while controlling for diet in the model used to identify differentially expressed genes 

(DEGs). DEGs were determined as having a false discovery rate (FDR) of less than 0.1. 

We did this at each age, as well as in a combined model with all age groups that used age 

as a covariate in the model. We then compared which genes were represented within both 

control genotype and supplemented genotype comparisons and which genes were 

represented within both individual diet genotype comparisons and the combined diet 

genotype comparison (Tables 3.2 and 3.3). 
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Table 3.1. Breakdown of samples used for RNA-sequencing.  
Three animals were used per group across age, sex, perinatal diet, and genotype totaling 96 total 
animals. Both cortex and hippocampus were used totaling 192 samples.  
 

Wildtype vs AppNL-G-F in the Cortex 

Breakdown of age by genotype comparison is reported in detail in Table 3.2. In the 

cortex, we found an increased number of DEGs between wildtype and AppNL-G-F mice with 

age (Table 3.2). Interestingly, there were more genotype DEGs in the choline supplemented 

animals at 3-, 6-, and 12-months of age than in the animals that received the control diet 

(Table 3.2). Combining all age groups and controlling for age in the model led to a larger 

number of DEGs in all genotype comparisons than looking at individual age groups alone. 

There were 3380 DEGs between wildtype and AppNL-G-F mice that were present in all three 

genotype comparisons (outlined above) (Table 3.2). We then wanted to investigate what 

the biological function and pathways that were impacted by these DEGs between wildtype 

and AppNL-G-F mice were. To do so, we conducted Metascape analysis of the top 3000 

genotype DEGs [339]. Pathway enrichment analysis from Metascape of the top 3000 

genotype DEGs in the cortex revealed overwhelming enrichment in pathways related to 

inflammation and the immune response in AppNL-G-F mice (Figure 3.1A). Pathways 

Perinatal Diet Genotype Sex 3m 6m 9m 12m
Male 3 3 3 3

Female 3 3 3 3
Male 3 3 3 3

Female 3 3 3 3
Male 3 3 3 3

Female 3 3 3 3
Male 3 3 3 3

Female 3 3 3 3

Control

Control

Supplemented

Supplemented

App NL-G-F 

Wildtype

Wildtype

App NL-G-F 

RNA-Sequencing Samples
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involved in protein and lipid metabolism, as well as synaptic signaling and neuronal 

function, were also highly enriched in AppNL-G-F mice (Figure 3.S1).  We then assessed 

whether a hierarchical clustering algorithm would be able to differentiate wildtype animals 

from AppNL-G-F animals based on gene expression. Using the top 50 genotype DEGs in the 

cortex, hierarchical clustering revealed that AppNL-G-F mice cluster with other AppNL-G-F 

mice and wildtype animals cluster with other wildtype mice (Figure 3.1B). Importantly, 

there was a perfect clustering of AppNL-G-F mice 6-months of age and older with each other 

that was distinct from all wildtype animals and 3-month-old AppNL-G-F mice (Figure 3.1B). 

Of note, the genes used in this clustering show increased expression with age in AppNL-G-F 

mice and are significantly enriched in inflammatory pathways, supporting that 

inflammation increases with age in AppNL-G-F mice (Figure 3.S2). To assess inflammation 

in the cortex of 12-month-old mice on the protein level, we conducted immunoblotting 

using antibodies against the astrocytic marker GFAP and the microglial marker Iba1 

(Figure 3.2A-C). Indeed, cortical GFAP protein levels, regardless of diet, were nearly four 

and a half times higher in AppNL-G-F mice compared to wildtype mice (p<0.0001, Figure 

3.2A and 3.2B). Cortical Iba1 protein levels nearly doubled in AppNL-G-F mice compared to 

wildtype mice, as well (p<0.0001, Figure 3.2A and 3.2C). These data support that the 

cortex of AppNL-G-F mice is highly inflamed compared to wildtype mice at both the protein 

and mRNA level. We then wanted to see if this was also the case in the hippocampus.  
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Table 3.2. AppNL-G-F mice have an increasingly altered transcriptome with age compared to 
wildtype mice in the cortex.  
Number of differentially expressed genes from within control diet (Control WT vs Control AppNL-

G-F), within supplemented diet (Supplemented WT vs Supplemented AppNL-G-F), and regardless of 
diet (WT vs AppNL-G-F (Combining Control and Supplemented Diets)) comparisons are shown here. 
Overlapping differentially expressed gene numbers between diet comparisons (ie in both Control 
WT vs Control AppNL-G-F and Supplemented WT vs Supplemented AppNL-G-F) are also shown and 
indicate that there are a distinct set of genes that are being differentially expressed between wildtype 
and AppNL-G-F mice regardless of diet. Differentially expressed genes were determined using 
DESeq2’s FDR <0.1. 
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Figure 3.1- AppNL-G-F mice display an overwhelming age-dependent neuroinflammatory 
transcriptome.  
(A) Metascape pathway enrichment analysis of the top 3000 differentially expressed genes between 
wildtype and AppNL-G-F mice in the cortex indicated that pathways involving the immune system, 
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namely microglia activation, are the most enriched in this gene set. (B) Hierarchal clustering using 
the top 50 differentially expressed genes between wildtype and AppNL-G-F mice regardless of diet in 
the cortex revealed that AppNL-G-F mice display a distinct transcriptional signature than wildtype 
mice. (C) Metascape pathway enrichment analysis of the 825 differentially expressed genes 
between wildtype and AppNL-G-F mice (in all three genotype comparisons from Table 2-bottom 
column) revealed that pathways regulating the inflammatory response, including cytokine 
production and microglial activation, are the most enriched pathways withing this gene set. (D) 
Hierarchal clustering using the top 50 differentially expressed genes between wildtype and AppNL-

G-F mice regardless of diet in the hippocampus revealed that AppNL-G-F mice have a distinct 
transcriptional signature than wildtype mice starting at 6-months-old.  
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clustered with AppNL-G-F mice and wildtype mice clustered with wildtype mice and 3-

month-old AppNL-G-F mice (Figure 3.1D). Much like there was a distinct cluster of AppNL-

G-F mice that started at 6-months of age in the cortex, the hippocampus had a unique cluster 

solely made up of AppNL-G-F mice but this started at 9-months of age (Figure 3.1D). The 

hierarchical clustering algorithm also identified a cluster that was comprised solely of 6-

month-old AppNL-G-F mice that showed expression of the top 50 differentially expressed 

genes at higher levels than the wildtype and 3-month-old AppNL-G-F cluster, but not as 

highly expressed as the oldest AppNL-G-F cluster (Figure 3.1D). Pathway enrichment of these 

top 50 DEGs in the hippocampus showcased that these genes are heavily involved in 

inflammation—especially microglial genes—and much like the cortex, are being 

upregulated with age in AppNL-G-F mice (Figure 3.1D and Figure 3.S4). Since the 

hippocampal RNA-sequencing data pointed to drastic neuroinflammation in AppNL-G-F 

mice on the gene level, we then assessed neuroinflammation on the protein level using 

immunoblots against GFAP and Iba1 in 12-month-old mice (Figure 3.2D-E). Similarly to 

the cortex, we found that AppNL-G-F mice had significantly higher levels of GFAP protein 

than wildtype mice in the hippocampus (p<0.0001, Figure 3.2D and 3.2E). Iba1 protein 

levels were roughly doubled in the hippocampus of AppNL-G-F mice compared to wildtype 

mice (p<0.0001, Figure 3.2D and 3.2F). These data support the notion that AppNL-G-F mice 

show significant neuroinflammation in both the hippocampus and cortex and that 

neuroinflammation progresses with age in these mice. We then investigated the effects of 

our perinatal choline supplementation within AppNL-G-F mice to assess whether choline 

supplementation could alleviate or dampen any of the deficits found in AppNL-G-F mice.  
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Table 3.3. Breakdown of differentially expressed genes between wildtype and AppNL-G-F mice 
at 3-, 6-, 9-, and 12-months of age and when combining all ages in the hippocampus.  
Number of differentially expressed genes from within control diet (Control WT vs Control AppNL-

G-F), within supplemented diet (Supplemented WT vs Supplemented AppNL-G-F), and regardless of 
diet (WT vs AppNL-G-F (Combining Control and Supplemented Diets)) comparisons are shown here 
broken down by age and in all ages combined. Overlapping differentially expressed gene numbers 
between diet comparisons (ie in both Control WT vs Control AppNL-G-F and Supplemented WT vs 
Supplemented AppNL-G-F) are shown and indicate that there are a distinct set of genes that are being 
differentially expressed between wildtype and AppNL-G-F mice regardless of diet. Differentially 
expressed genes were determined using DESeq2’s FDR <0.1. 
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Control Diet AppNL-G-F vs Supplemented Diet AppNL-G-F in the Cortex 

We investigated the effects of perinatal choline supplementation on gene 

expression within the cortex of AppNL-G-F mice at all 4 ages and in an all-ages combined 

model. When using an FDR cutoff of 0.1, there were very few cortical DEGs between 

AppNL-G-F mice that received the control diet and AppNL-G-F mice that received the 

supplemented diet (Table 3.S1). However, when we used a less stringent cutoff of p<0.05, 

there were many more DEGs due to choline supplementation in the cortex of AppNL-G-F 

mice at all ages and the all-ages combined model (Table 3.4). To better understand the 

biological impact of the genes that were being differentially expressed due to choline 

supplementation in AppNL-G-F mice, we conducted pathway enrichment analysis. Broadly, 

differentially expressed genes between control diet AppNL-G-F mice and supplemented diet 

AppNL-G-F mice from the all-ages combined model, were namely enriched in inflammatory 

pathways (Figure 3.3A). Differentially expressed genes that were downregulated due to 

choline supplementation in AppNL-G-F mice in the all-ages combined model were 

significantly enriched in pathways involved in immune system activation and response, 

including interferon signaling and response to interferons suggesting that choline 

supplementation can reduce inflammation (Figure 3.S5). Upregulated DEGs due to 

perinatal choline supplementation were highly enriched in pathways involved in 

postsynaptic function, ion transport, regulation of apoptosis, and cell division (Figure 

3.S6). To assess if AppNL-G-F mice that received the choline supplemented diet perinatally 

were transcriptionally distinct from AppNL-G-F mice that received the control diet 

perinatally, we again utilized a hierarchical clustering algorithm with z-scored gene 
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expression data from the top 50 DEGs due to choline supplementation in AppNL-G-F mice. 

Impressively, choline supplemented AppNL-G-F mice formed an almost perfectly distinct 

cluster from control diet AppNL-G-F mice (Figure 3.3B). This suggests that AppNL-G-F mice 

that receive high levels of choline during their perinatal period of development can be 

differentiated from AppNL-G-F mice that received control levels of choline based on cortical 

gene expression. 

 

 

Table 3.4. Diet DEGs in the cortex of AppNL-G-F mice. 
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Figure 3.3. Perinatal choline supplementation alters the transcriptome of AppNL-G-F mice.  
(A) Pathway enrichment analysis of the 569 cortical DEGs (p<0.05) between control diet AppNL-G-

F and supplemented diet AppNL-G-F mice in the all-ages combined model revealed drastic changes in 
inflammatory pathways. (B) Hierarchical clustering of the top 50 differentially expressed genes in 
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the cortex between control diet AppNL-G-F mice and supplemented diet AppNL-G-F mice revealed that 
AppNL-G-F mice that received the control diet were transcriptionally distinct from AppNL-G-F mice that 
received the choline supplemented diet. Gene expression was z-scored within each age group and 
shown here. (C) Pathway enrichment of the 521 hippocampal DEGs (FDR <0.1) due to choline 
supplementation in 12-month-old AppNL-G-F mice showed that choline supplementation modulated 
neuronal and synaptic function, neuronal differentiation, and oxidative phosphorylation pathways. 
(D) Hierarchal clustering using the top 50 differentially expressed genes in the hippocampus 
between 12-month-old control diet AppNL-G-F and 12-month-old supplemented diet AppNL-G-F mice. 
Perinatal choline supplementation in 12-month-old AppNL-G-F mice lead to a distinct gene expression 
pattern of the top 50 differentially expressed genes compared to 12-month-old control diet AppNL-

G-F mice. Gene expression is shown as a z-score for each gene. 
 

Control Diet AppNL-G-F vs Supplemented Diet AppNL-G-F in the Hippocampus 

We then conducted differential gene expression analysis between control diet 

AppNL-G-F mice and choline supplemented AppNL-G-F mice in the hippocampus at all 4 ages 

and in an all-ages combined model. Again, there were minimal DEGs due to choline 

supplementation in AppNL-G-F mice at most ages when using an FDR cutoff of 0.1 (Table 

3.S2). Interestingly, there were however more than 500 DEGs due to perinatal choline 

supplementation that reached the FDR cutoff in 12-month-old AppNL-G-F mice (Table 3.S2). 

Evaluation of the most affected pathways by perinatal choline supplementation in 12-

month-old AppNL-G-F mice showed that perinatal choline supplementation changed synaptic 

and neuronal function, neuronal differentiation, and oxidative phosphorylation pathways 

in the hippocampus of 12-month-old AppNL-G-F mice (Figure 3.3C). We conducted 

hierarchical clustering using the z-scored gene expression of the top 50 DEGs due to 

perinatal choline supplementation in 12-month-old AppNL-G-F mice and found that AppNL-

G-F mice that received the choline supplemented diet perinatally formed a distinct cluster 

from AppNL-G-F mice that received the control diet perinatally (Figure 3.3D). Using a less 

stringent differentially expressed gene cutoff (p<0.05), we compared highly enriched 
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pathways at each age and in the all-ages combined model (Figure 3.S9). Four of the top 20 

pathways were significantly enriched across all ages and in the all-ages combined model: 

transport of small molecules (R-HSA-382551), cellular homeostasis (GO:0019725), cell-

cell adhesion (GO:0098609), and circulatory system process (GO:0003013). Choline 

supplementation in AppNL-G-F mice led to DEGs that were highly enriched in four other 

pathways of the top 20 in all ages but 9-months of age. These pathways were broadly 

involved in synaptic and neuronal function (Figure 3.S9). Three of the top 20 most highly 

enriched pathways due to choline supplementation in AppNL-G-F mice were present in all 

ages but 3-month-old mice and were pathways that control behavior and neuronal 

projection (Figure 3.S9). The remaining nine of the 20 most highly enriched pathways due 

to perinatal choline supplementation in AppNL-G-F mice were enriched in all but 3- and 9-

month-old AppNL-G-F mice and were involved in metabolism and energetics, synaptic 

function, and neuronal development (Figure 3.S9). Extending the pathway enrichment 

analysis past the top 20 most enriched pathways due to perinatal choline supplementation, 

further supported enrichment in pathways involved in neuronal and synaptic function, 

development, and metabolism and energetics (Figure 3.S10). Additionally, pathways 

regulating the response to stress and inflammation were highly enriched (Figure 3.S10). 

Together, these data point to perinatal choline supplementation modulating synaptic and 

neuronal function, metabolism, and neuroinflammation in AppNL-G-F mice. To further 

evaluate this, we then investigated some of these highly enriched pathways specifically in 

regards to the interaction between changes due to the AppNL-G-F genotype and how perinatal 

choline supplementation could modulate the genotypic changes.  
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Table 3.5. Diet DEGs in hippocampus of AppNL-G-F mice. 
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WGCNA in the Cortex 

To identify gene sets that are co-expressed and relate gene sets to the various traits 

(age, genotype, diet, diet by genotype) within our mouse model, we conducted weighted 

gene co-expression network analysis (WGCNA) on the cortical RNA-sequencing data set 

in these mice. Using the hierarchical clustering algorithm within WGCNA, 28 unique gene 

modules were identified. Eight of the 28 modules were significantly correlated with age 

(Figure 3.4A). The darkorange, brown, and tan modules were positively associated with 

age, while the darkgrey, grey60, darkred, white, and orange modules were negatively 

associated with age (Figure 3.4A). These gene modules that are negatively correlated with 

age are highly enriched in pathways involved in neuronal and synaptic function, cell 

morphogenesis, and in MAP kinase signaling (Figure 3.4B). The 3 positively correlated 

gene modules with age are namely enriched in inflammatory-related pathways (Figure 

3.4C). Fifteen modules were significantly associated with genotype (Figure 3.4A). The 

salmon, darkgrey, turquoise, darkturquoise, black, lightyellow, pink, darkred, and 

lightcyan modules were significantly negatively correlated with genotype and the brown, 

grey, cyan, tan, greenyellow, and darkgreen modules were significantly positively 

associated with genotype (Figure 3.4A). The 9 modules that were negatively correlated 

with genotype were most highly enriched in pathways involved in neuronal and synaptic 

function (Figure 3.4D) while the 6 modules that were positively correlated with genotype 

were highly enriched in immune pathways (Figure 3.4E). Interestingly, there were no 

significant correlations of any of the 28 modules with perinatal diet alone (Figure 3.4A). 

However, this correlation solely looks at control diet versus supplemented diet, regardless 
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created our own gene set we called Inflammation that encompassed the hierarchical 

branches of immune gene ontology pathways: immune response (GO:0006955), regulation 

of cytokine production (GO:0001817), activation of immune response (GO:0002253), and 

defense response (GO:0006952). These hierarchical immune branches encompassed more 

specific gene ontology pathways that were highly enriched due to choline supplementation 

in AppNL-G-F mice such as: innate immune response (GO:0002250), positive and negative 

regulation of cytokine production (GO:0001819 and GO:0001818, respectively), 

complement activation (GO:0006956), and inflammatory response (GO:0006954). 

Identification of upregulated and downregulated DEGs between control diet wildtype and 

control diet AppNL-G-F mice within our Inflammation gene set was completed. We then 

identified which genes within our Inflammation gene set were significantly affected by the 

AppNL-G-F genotype in control diet mice (p<0.05) and then reversed, or counteracted, by 

choline supplementation within AppNL-G-F mice (p<0.05). Seventy-five genes that were 

significantly upregulated between control diet wildtype and control diet AppNL-G-F mice, 

were also significantly downregulated due to choline supplementation in AppNL-G-F mice 

(Table 3.S3). These genes included Aif1, Irf1, Tlr1, Tlr2, Ly86, Cd226, and Gbp5. Using 

the methods described in Lee et al. (2008), an Inflammation activity score was calculated 

using these 75 genes that were modulated by both the AppNL-G-F genotype and perinatal 

choline supplementation. When combining all age groups, control diet AppNL-G-F mice 

showed a significant upregulation in the Inflammation activity score to both control diet 

wildtype and supplemented diet wildtype mice (p<0.0001 for both). Impressively, perinatal 

choline supplementation was able to significantly reduce the Inflammation activity score 
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in AppNL-G-F mice (p=0.0050, Figure 3.6B). However, perinatal choline supplementation 

was unable to bring the Inflammation activity score back down to wildtype levels, 

indicating significant inflammation within these mice due to the effects of the AppNL-G-F 

genotype (Figure 3.6B). When investigating each age group individually, perinatal choline 

supplementation led to a lower Inflammation activity score across each age and was able 

to significantly reduce the Inflammation activity score in AppNL-G-F mice at 3-, 6-, and 12-

months (Figure 3.6C).  
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Figure 3.6. Perinatal choline supplementation significantly reduces inflammatory pathway 
activity in AppNL-G-F mice.  
(A) Pictorial representation of genes used for generation of the Inflammation activity score 
highlight involvement of genes involved in toll-like receptor signaling, chemokine signaling, and 
production of pro-inflammatory cytokines. Some of the genes used in the Inflammation activity 
score are in black, bold text. (B) Inflammation activity score metrics in the all-ages combined model 
indicated that control diet AppNL-G-F mice are significantly inflamed compared to both control diet 
wildtype and supplemented diet wildtype mice (p<0.0001 for both, Tukey test). Perinatal choline 
supplementation was able to significantly downregulate inflammation activity score within AppNL-

G-F mice (p=0.0050, Tukey test). However, there was still a significant genotype effect in choline 
supplemented AppNL-G-F mice compared to both control diet wildtype and supplemented diet 
wildtype mice (p<0.0001 for both, Tukey test). (C) Perinatal choline supplementation led to 
consistently lower inflammation activity scores across ages in AppNL-G-F mice. 3-, 6-, and 12-month-
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old AppNL-G-F mice that received the choline supplemented diet had significantly lower 
inflammation activity score than their age-matched control diet AppNL-G-F mice (p=0.0066, 0.0435, 
0.0452, Tukey test). Asterisks indicate significant effect due to choline supplementation within 
AppNL-G-F mice, where appropriate.  
 

 

Within the Inflammation gene set, we also identified 17 genes that were 

significantly downregulated between control diet wildtype and control diet AppNL-G-F mice 

that were also significantly upregulated in choline supplemented AppNL-G-F mice compared 

to control diet AppNL-G-F mice. These genes included genes that are known to be 

transcriptional repressors and regulators of immune system activation and cytokine 

production, such as Bcl6, Irf2, and Nfkbib. A Regulation of Immune Response activity score 

was then generated using these 17 genes (Table 3.S4). In the all-ages combined model, the 

AppNL-G-F genotype, when fed a control diet, led to a significant downregulation in the 

regulation of immune response activity score in comparison to both control diet wildtype 

and supplemented diet wildtype mice (p<0.0001 and p=0.0027, respectively, Figure 3.7B). 

Perinatal choline supplementation was able to alleviate this genotype deficit in AppNL-G-F 

mice and return the regulation of immune response activity score back up to wildtype levels 

(Figure 3.7B). Although perinatal choline supplemented AppNL-G-F mice maintained a 

higher regulation of immune response activity score than control diet AppNL-G-F mice at 

each individual age, the difference was not enough to reach statistical significance at any 

age individually (p>0.05, Figure 3.7C). Together, this data shows that some of the 

inflammatory deficits found in AppNL-G-F mice can be alleviated or outright prevented by 

perinatal choline supplementation.  
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Figure 3.7. Regulation of the immune response is significantly impaired in the cortex of 
AppNL-G-F mice but can be restored by perinatal choline supplementation.  
(A) Pictorial representation of pathways affected by genes that make up the Regulation of Immune 
Response activity score. Gene members are shown in black, bold text. (B) Regulation of Immune 
Response activity score metrics in the all-ages combined model. Control diet AppNL-G-F mice had a 
significantly lower average Regulation of Immune Response activity score than both control diet 
and supplemented diet wildtype mice (p<0.0001 and p=0.0027, respectively, Tukey test). Perinatal 
choline supplementation within AppNL-G-F mice led to an alleviation of the average Regulation of 
Immune Response activity score back to wildtype levels and significantly less than control diet 
AppNL-G-F mice (p=0.0165, Tukey test). (C) Supplemented AppNL-G-F mice had a consistently higher 
Regulation of Immune Response activity score than control diet AppNL-G-F mice at all ages. However, 
this difference was not large enough to reach statistical significance at any age individually (p<0.05, 
Tukey test).  



 

 

131 

Perinatal Choline Supplementation Restores Transcriptional Synaptic Deficits Found in 

the Cortex of AppNL-G-F Mice 

To evaluate perinatal choline supplementation’s ability to modulate genes involved 

in synaptic and neuronal function that are impaired by the AppNL-G-F genotype, we used a 

similar method to what was described above for inflammation. We extracted synaptic-

related pathways that were highly enriched due to perinatal choline supplementation within 

AppNL-G-F mice. We then created our own gene set we termed Synaptic Function that 

incorporated the hierarchal gene ontology branches of trans-synaptic signaling 

(GO:0099537), synapse organization (GO:0050808) and regulation of trans-synaptic 

signaling (GO:0099177), as well as Reactome pathways long-term potentiation (R-HSA-

9620244) and neurotransmitter receptors and postsynaptic signal transmission (R-HSA-

112314) based on highly enriched pathways from the DEGs between control diet AppNL-G-

F and supplemented diet AppNL-G-F mice. These hierarchical gene ontology branches include 

more specific synaptic and neuronal functioning pathways of modulation of chemical 

synaptic transmission (GO:0050804), regulation of synaptic plasticity (GO:0048167), 

regulation of long-term synaptic potentiation, and postsynapse organization 

(GO:0099173), to name a few. We then identified genes within this Synaptic Function gene 

set that were differentially expressed between control diet wildtype and control diet AppNL-

G-F mice in the all-ages combined model. We next compared these DEGs due to the AppNL-

G-F genotype in control diet mice to the DEGs due to perinatal choline supplementation 

within AppNL-G-F mice and found that there were 17 genes that were downregulated due to 

the AppNL-G-F genotype and then increased due to perinatal choline supplementation within 
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AppNL-G-F mice (Table 3.S5). These genes included voltage-gated calcium channel genes 

Cacng2 and Cacng7, as well as calmodulin-related genes Nrgn and Calm3. A Synaptic 

Function activity score was then generated using these 17 genes. In the all-ages combined 

model, control diet AppNL-G-F mice had a significantly lower Synaptic Function activity 

score than both control diet and supplemented diet wildtype mice (p<0.0001 and p=0.0052, 

respectively, Figure 3.8B). AppNL-G-F mice that received the choline supplemented diet 

perinatally had a significantly higher average Synaptic Function activity score than AppNL-

G-F mice that received the control diet perinatally (p=0.0294, Figure 3.8B). Fascinatingly, 

supplemented diet AppNL-G-F mice had an average Synaptic Function activity score that was 

not significantly different than both control diet and supplemented diet wildtype mice 

(p>0.05, Figure 3.8B). Although AppNL-G-F mice that received the choline supplemented 

diet perinatally consistently had a higher average Synaptic Function activity score than 

control diet AppNL-G-F mice across each age, the difference was not enough to reach 

statistical significance at any age individually (p>0.05, Figure 3.8C). These data show that 

perinatal choline supplementation is able to prevent transcriptional synaptic deficits found 

in the cortex of AppNL-G-F mice.  
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Figure 3.8. AppNL-G-F mice display transcriptional synaptic function deficits that can be 
prevented by perinatal choline supplementation.  
(A) Pictorial representation of some of the genes that were used in generation of the Synaptic 
Function activity score. Genes used in the Synaptic Function activity score are represented in black, 
bold text. (B) Control diet AppNL-G-F mice have a significantly lower synaptic function activity score 
than both control and supplemented diet wildtype mice (p<0.0001 and p=0.0052, respectively, 
Tukey test). Supplemented diet AppNL-G-F mice had a significantly higher synaptic function activity 
score than control diet AppNL-G-F mice (p=0.0294, Tukey test) and restored this score to wildtype 
levels. (C) Choline supplemented AppNL-G-F mice consistently had a higher synaptic function 
activity score across all ages compared to control diet AppNL-G-F mice but did not reach statistical 
significance at any age individually.  




















































































































































































































































