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SIGNIFICANCE

The prevalence of anxiety has risen substantially and steadily in the US since the 1980’s.

Data from four surveys completed by almost 7 million people in the US concluded that

Americans reported higher rates of anxiety in the 2000s-2010s compared to the

1980s-1990s1. It is highly likely that self-reported levels of anxiety may even be

under-reported in the US. Currently, with more people seeking treatment for anxiety and

similar mental health disorders, there is a significant lack of understanding in both the

underlying mechanisms of such behavioral disorders and the treatment options available.

Many treatments lead to dependency, tolerance, and uncomfortable side effects, such as

weight gain, reduction in libido, and fatigue2. The need for non-pharmaceutical, safe,

effective, reliable, and cost-effective treatment options for anxiety is more urgent than ever

before.

It is impossible to fully quantify the quality of life and productivity lost to anxiety globally and

in the US, but the rise is anxiety globally and in the US is certain and while the impact on

one’s life can vary, it remains indisputable that chronic prolonged anxiety is on the rise.

Anxiety can impact everything from a person’s mental wellbeing, family life, work

productivity, and academic success to their physical health. The global market for treatment

of anxiety disorders and depression is expected to reach $18.6 billion by 2015 with an

estimated 275 million people suffering from a form of anxiety1.



Research still has a long way to go in understanding completely the mechanisms underlying

anxiety disorders. In addition, symptoms of anxiety can range greatly among individuals.

Introducing a pharmacological intervention to aid with symptom relief may or may not work,

and even if it does work, it tells us nothing about the underlying root cause of and

mechanisms of the disease. A review from Pharmacy and Therapeutics addressing current

treatment options and diagnostic approaches for anxiety disorders reveals that despite

efforts to find common biological factors to understand to correlate anxiety disorders,

researchers have failed to implicate a specific genes or cluster of genes to implicate in

anxiety3. Without a mechanistic or etiological understanding, science and medicine

remains extremely limited on both how to prevent and how to treat anxiety. It is our goal to

aid in getting closer to identifying mechanisms underlying anxiety and to investigate the

potential therapeutic potential of ketogenic dietary intervention.

It is important to recognize roadblocks in anxiety research. Firstly, with all preventative

approaches, it is impossible to prove a negative. For example, if “x” is done now, “y” will not

occur later. It is only possible to show probability of occurrence without the intervention of

“x”. Secondly, as mentioned, anxiety can present itself in many different ways, making it

difficult to conserve mouse models of anxiety research to human models. In addition,

humans have the very complex added variability that comes with advanced cognitive

abilities, modern society, social networks, and daily life. While researchers can do their best

to find conserved mechanisms to target anxiety treatment, individuals have extreme

biological and social variances and one successful treatment approach may not carry over

to large diverse samples of humans.

Preliminary research shows that adhering to a ketogenic diet enhances brain function in

disease states, such as traumatic brain injuries and Autism Spectrum Disorder4,5,6. A 2019



review analyzed the beneficial effects of exogenous ketone supplementation on psychiatric

diseases like bipolar disorder, schizophrenia, depression, attention-deficit/hyperactivity

disorder and anxiety7. While the study that the review was referencing observed anxiolytic

effects with addition of exogenous dietary ketones, no research has actually studied the

ketogenic diet itself as a therapeutic intervention for anxiety disorders8. The goal of our lab

is to fill these gaps in anxiety research. Our aim is to identify potential mechanisms for

anxiety-like behavior in a mouse model and investigate the therapeutic potential of

ketogenic dietary intervention in anxiety treatment.

Dietary intervention is both accessible and affordable for many populations. Without the

need for a pharmaceutical company to produce, test and market a drug, the implications for

dietary intervention are profoundly rapid and vast as compared to drug intervention.

Providing humans with a proven technique to alter their daily food consumption to protect

their brains from anxiety and possible reduce anxiety levels at baseline would have a

massive impact globally. Even though nutrition has been shown to have an incredible

impact on mental health, using dietary intervention as therapeutic treatment is considered a

novel approach due in part to the difficulty of operationalizing variables and controlling for

confounds9. Our intention is to change this paradigm and reintroduce the potentially

powerful therapeutic applications for dietary intervention in mental health.

The research in this lab will meet all NIH guidelines for all animal procedures and will not

commence until approved by the Animal Care and Use Committee of the National Institute

on Aging Intramural Research Program. The work done will contribute greatly to the NIH’s

mission to improve human health through science and will hopefully empower people by

providing them with a tool that they already have (their bodies and their daily food intake) to

positively improve their own lives.



INNOVATION

Our study is unique in many ways. First, most clinical research on anxiety focuses on the

application of a pharmacological agent to cure a disease. Our study proposes a dietary

change, using food as medicine. This study represents a big shift in conventional medicine,

and specifically psychiatry to use diet as a means of treatment. In the late 1940s,

researchers began analyzing the benefits of a low-fat diet on American’s cardiovascular

health10. It is now widely recognized that there is no correlation between a low fat diet and

improved cardiovascular health or weight loss. It wasn’t until recently that research began to

recognize that a diet high in fats is in fact healthy and beneficial to the body and brain. Our

study aims to join a growing body of research that shows the benefits of high fat on

cognitive function and amelioration of anxiety symptoms.11,12

In addition to a novel dietary approach, this study will also utilize a novel approach in

inducing stress in the rodents during MRI imaging. We will use an awake mouse imaging

methodology by utilizing the restraints in the MRI as a stress-inducer.13 MRI and DTI are

generally done under anesthesia or surgical interventions to ensure that the animal’s head

does not move during the imaging. These techniques however, come with an array of

problematic variables. For instance, anesthesia is a vasodilator and can thus have a

significant impact on MRI blood-oxygen-level-dependent (BOLD) signaling. Surgical

approaches are terminal, so the animal could not be used in future trials. With restraints, not

only is it the animal safely immobilized, but restraining is also an innate stressor that will

induce activation along the brain circuitry, optimizing the imaging for circuitry and activation

in the MRI. This is a relatively new approach to rodent imaging; therefore a picture has been

included from a prior study. In this study, the MRI will actually be the stressor to limit

confounding variables. We will follow methodology directly from Madularu et. al.



APPROACH

Aim 1: To use an elevated plus arm maze behavioral test to demonstrate anxiety levels in

mice on a ketogenic diet and on a standard American Diet compared to baselines before a

three-month dietary intervention. We expect to see lower levels of anxiety in mice that are

on a ketogenic diet for three months.

In this study, we hope to analyze the effect of diet on mental health, specifically anxiety. Diet

has an enormous impact on psychological health, as demonstrated in prior research.14 The

ketogenic has been found to have widespread positive benefits on health, yet no study has

been done to demonstrate the impact of a ketogenic diet on anxiety.15,16 In the first

experiment, we will demonstrate that a ketogenic diet will have anxiolytic effects on the mice

by spending more time on the exposed arm of an elevated plus arm maze than mice on a

Standard American Diet. This experiment will be the first step in an effort to offer a

non-invasive, non-pharmacological therapeutic option for people with anxiety.

Our method of measuring level of anxiety behaviorally will be with an elevated plus maze.

This task involves a four-arm, elevated maze with two enclosed arms and two open arms.

An elevated plus maze takes advantage of the approach-avoidance conflict, as opposed to

other stressful stimuli like electric shocks, loud noises, or predator odors.17 Mice have a

natural affinity for dark, confined spaces (approach) and a natural aversion to light, open

areas (avoidance). Mice with lower anxiety will feel more comfortable venturing into the

open arms, whereas anxiety-driven mice tend to stay in the enclosed arms. This maze is

inexpensive, effective, time efficient, and simple with few confounding variables to skew the

results.



This study will use young adult male mice that are 2-3 months old. The strain will be

C57BL/6J based on a study that had success with these mice adapting to a ketogenic diet.5

There will be 9 mice per diet group. The mice will initially be group housed to acclimate the

mice to their surroundings for 1 week and then transferred into single housing during the

experiment with ad libitum access to food and water. The housing room will be maintained

with a standard 12-hour light/dark cycle at 22 ± 1°C. This protocol is based on methodology

from Huang et. al.5

The mice will first undergo baseline testing on the elevated plus arm maze. The mice will

then be fed either a standard American Diet or a ketogenic diet for three months. It is

important to allow for three months to ensure that the mice in the ketogenic diet reach

nutritional ketosis and allow for the body to adjust to the diet. Nutritional ketosis occurs

when the brain switches from the default mode of utilizing glucose in the brain as fuel to

break down fats for fuel.18 As a result, the body releases ketones, which can be tested in

the blood to ensure that the appropriate level of nutritional ketosis has been reached.

Ketones will be measured three hours post-prandial using a precision Xtra glucose and

ketone monitoring system according to the manufacturer’s instructions to measure

circulating levels of β-hydroxybutyrate and glucose in the blood.16 The nutritional content of

the ketogenic diet will consist of 10% protein and 90% fat. The nutritional content of the

Standard American Diet will breakdown into 10% protein, 80% carbohydrates, and 10% fat.

Food intake and body weight will be taken every other day at the same time.

The elevated plus maze will be performed under 200 Lux illumination at the same time of

day each trial. Mice will be gently placed in the central area with its nose facing one of the

two closed arms. Movement will be tracked for five minutes via an overhead camera. Time

spent on the open arms, the number of times the mouse places a limb in the exposed arm



area, and the total distance travelled on the exposed arms will be quantified.5 This elevated

plus maze set-up will be the same for both baseline testing and three months later with the

same mice.

Statistical analysis for these results will involve a t-test with a significance of p = 0.05, given

the smaller population size. A t-test will show the statistical significance between the two

diets and the level of anxiety shown in the behavioral test.

Stress, in any study, is limited by its very nature of being a psychological disorder. There is

so much variance in how stress is exhibited in different species. We aim to stay as simple

as possible in the elevated plus maze to reduce confounding variables. Behavioral tests are

incredibly susceptible to environmental influences, so consistency will be a top priority in

terms of handling the animals and time of testing, among others. One caveat is that the

elevated plus maze is generally thought to have a one-trial tolerance (OTT), characterized

by a reduction in anxiolytic-effects due to exposure to the stimuli more than once. However,

this is ameliorated with the three-month long interval between trials. A prior study

demonstrated that OTT subsides in as little as 28 days.19

Aim 2: will attempt to visualize differences in fMRI scans in rodents that performed on the

behavioral test in aim one. fMRI will be taken for both groups (ketogenic and non-ketogenic)

immediately after behavioral test is completed.

The rationale of our study in similar as stated above, to see the effects of diet on mental

health, and analyze this through three different methods. In addition to measuring the effect

of the ketogenic diet on anxiety in a behavioral paradigm, we also want measure differential

activation of brain regions implicated in anxiety. Our brain regions of interest implicated in



anxiety include the amygdala, hippocampus and prefrontal cortex.20 In the ketogenic diet

group, we expected to see decreased activation of the amygdala and hippocampus and

increased activity in the prefrontal cortex, indicative of decreased anxiety.20,21

For this experiment, we will put the mice from Aim 1 in an fMRI to measure activation in the

amygdala, hippocampus and prefrontal cortex. The fMRI data will be collected on the

immediately following elevated plus maze testing. The mice will be restrained in the fMRI to

induce a stress response in the mice. They will not be habituated in order to maintain the

stress response. Mice will be lightly anesthetized for under one minute using isoflurane in

order to aid in the setup procedure. The mice will then undergo 10 minute episodes of

functional scanning. This induction of anxiety in the scanner will allow us to measure

anxious responsiveness in the brain while minimizing confounding variables. We will follow

methodology from Madularu et. al. to perform the awake imaging technique in rodents using

an MRI.13

We expect that mice fed a ketogenic diet versus a typical American diet will have decreased

anxiety. We identified certain brain regions that we hypothesize will have increased or

decreased activation after being on a ketogenic diet based on a review analyzing the

neurobiology of anxiety disorders.22 We hypothesize that areas of the brain that are

implicated in anxiety disorders will be less active, such as the amygdala. In addition, we

expect to see increased activation in the prefrontal cortex, an area of the brain implicated in

extinguishing fearful, anxiety-provoking memories and regulating mood. We also expect to

observe increased activation in the hippocampus, given the inhibitory GABAergic

projections onto the amygdala involved in the hypothalamic stress-response system.



Statistical analysis on MRI data will be analyzed with three t-tests to see the relationship of

diet and level of activation in the brain. The level of activation will be operationalized as

representative of anxiety. A p value will be set at 0.05 and is appropriate for our smaller

sample size. For the parametric modeling involved in fMRI research to fit voxel size, a

statistician will develop this model to establish the best model activation for our paradigm.

Specific Aim 3: will utilize diffuse tensor imaging (DTI) to discern white matter tract

differences between the mice on each diet. Immediately following the behavioral

experiment, DTI will be performed. We expect that mice that are in nutritional ketosis will

show decreased fractional anisotropy in DTI tests as compared to mice who are not in

ketosis, showing a potential mechanism for changes in anxiety on a ketogenic diet.

Whereas MRI is effective at analyzing the activation in certain brain regions, DTI is an

incredible approach to look at brain circuitry. In this experiment, we will examine the effects

of diet on white matter tracts in the brain by analyzing levels of anisotropy between the

amygdala, hippocampus, and prefrontal cortex. We predict there will be decreased

fractional anisotropy between these brain regions in mice that have been fed a ketogenic

diet. This hypothesis is based on evidence that circuitry dynamics are mediated by anxiety

and fear, in which magnetic resonance diffusion tensor imaging can detect.20 In a prior

study using DTI, mice have been shown to have microstructural alterations induced by

stress in the hippocampus.21Understanding the underlying mechanism behind anxiety and

the impact that diet can have on those mechanisms is crucial to developing a potential

therapeutic intervention.

Prior studies have shown that anxiety can cause impairments to the prefrontal cortex,

amygdala, and hippocampus using DTI in humans.22 Non-invasive brain imaging is



essential to understanding how treatments influence pathology. Despite evidence that

demonstrates that a ketogenic diet is beneficial to one’s mental health, there is no definitive

research to understand the underlying neurological impact it is potentially having on stress

pathways in the brain.

Immediately following the elevated plus arm maze, we will perform MRI and DTI in awake

mouse imaging by using restraints to induce a stress response13. In order to visualize this

circuitry in mice, we will use the same mice from Aim 1. All animals will be imaged prior to

diet intervention for baseline testing and then will be imaged following three months of

dietary intervention of either Ketogenic Diet or Standard American Diet. This ensures

consistency throughout the experiment. Mice will be lightly anesthetized for less than one

minute using isoflurane in order to aid in the setup procedure. The mice will then undergo

10 minute episodes of functional scanning. Protocol for this experiment will be used from

Madularu et. al.13

Refer to Aim 1 for detailed information about mouse model and experimental controls.

Statistical analysis will be used to determine regional comparisons in tissue properties so

that pathways can be visualized and compared for statistical significance. Each scan will be

segmented into the ROI’s (regions of interest) for the present study, the hippocampus,

amygdala and prefrontal cortex, and the pathways between them. DTI datasets will be able

to create visualizations of average pathway activation and compare statistically to determine

significant differences or not. As discussed, we expect to see reduced activation of stress

behavior pathways in mice adapted to a ketogenic diet. If it is true that DTI appears

statistically significantly different between ketogenic diet mice and control mice, with

confounding variables minimized, then the present study will suggest potential pathway

associated mechanisms for adaptation to ketogenic dietary intervention.



The primary caveat to this approach is that differences in DTI may suggest

pathway-associated mechanisms for adaptation to ketogenic dietary intervention, but

differences will not be able to identify where or what in the pathway is specifically being

affected. DTI cannot differentiate between types of neurons or synapses so further studies

will need to be done investigating these stress pathways in more detail23.

A t-test will be performed to see differences between the ketogenic diet and control

(American Diet) group on fractional anisotropy. The p value will be set at 0.05. At the end of

our experiment, all the values will be correlated together to see if decreased anxiety in each

paradigm matches between aims.

​
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