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Abstract

Glucose stored in the brain as the branched polysaccharide glycogen has been reported to play a

role in associative learning. The effect of brain glycogen levels on sensory learning in mus

musculus is rarely studied and, as a model species for human studies, has implications for

learning in people, especially those experiencing low glucose availability to the brain. Wild-type

mice and mice without brain glycogen were allowed to investigate the scent of a fruit juice for 5

minutes after a habituation period. Twenty-four hours later, the mice were allowed to investigate

the scent of the same juice or a novel juice. The amount of time the mouse spent “exploring” the

scent was measured on both days, and the times were compared between genotypes with the

hypothesis that wild type mice would spend less time than knockout mice on a familiar scent 24

hours later. However, analysis of this data shows similar results between the two genotypes,

implying that brain glycogen may not have a significant impact on sensory learning. When

compiled with other behavioral studies with brain glycogen variables, this study improves

understanding of the importance of mammalian brain glycogen levels for behavioral learning.
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Process Analysis Statement

My honors thesis project is a scientific writeup of the data I collected during my yearlong

internship spent working in a biology lab under the direction of Primary Investigator Dr.

Bartholomew Pederson at the Edmund Ball Medical Education Building in Muncie, Indiana. The

research I performed there was public, academic, and tied to Ball State and Indiana Universities.

I worked at this lab from August of 2019 into August of 2020 and was paid with funding from

the Indiana STEM Louis Stokes Alliance for Minority Participation. Although I had several

responsibilities at the lab, the data presented here is specifically from the behavioral study I led

for nine months. The project I lead investigated the effects of glycogen, the stored form of

glucose (a simple sugar) on the brain. Glycogen is primarily stored in the muscles and liver, but

small amounts are present in the brain. Brain glycogen is rarely studied, particularly in the

context of how it affects learning.

My project observed the effects of brain glycogen on sensory learning specifically

through smell, otherwise known as olfactory recognition. In order to control the variable of

whether glycogen was present in the brain or not, this lab raised Mus musculus species mice with

the ability to store glycogen muted in variable areas of the body. I modified an existing

experimental protocol to fit the needs of my experiment. I also worked with my research director

to create a months-long schedule since my experiments were time-constrained in multiple ways:

with the age/availability of the lab specimens I would be using, the 12-hour blocks of time in

which our mice were trained to be awake/asleep, and the 24-hour blocks of time that had to occur

in between the training and recall portions of my experiment.
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This logistical planning occurred during weekly meetings with my research director. We

also spent time increasing my comprehension of background knowledge (such as mammal

metabolism) as well as discussing future goals and well-rounded leadership skills outside of the

lab. Upon reflection, this thesis could not have occurred without the background knowledge of

my many biology and chemistry classes during undergrad as well as extensive training on wet lab

skills, data organization, and analytics as informed by my research director and masters-degree

level coworkers. This taught me how collaborative all STEM research is, even when conducted

by individuals. The thesis was collaborative in that it could not have been done without

background knowledge and training provided by many colleagues but was independent in that I

conducted data collection and the scientific write-up on my own.

The process of this thesis helped me realize my own great capacity for planning,

performing, and analyzing scientific experiments on my own. One of my exit surveys before I

graduated asked me to rate my comfort with the statement “I am a scientist.” The process of this

thesis increased my confidence in lab and presentation settings, and solidified the idea that I am a

scientist in my own mind. When imposter syndrome sets in and I feel that I have not earned a

place in STEM or medical fields, the production of this thesis and a chemistry publication are

two of my strongest pieces of evidence against that thought. I also learned about some of my

strengths and weaknesses in STEM settings; my attention to detail serves me very well but my

perfectionism does not. Ineligible experiments, unpredictable variables, and disqualified data
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collected during this process were frustrating but taught me that failure is an inescapable part of

science.

After I had been in the lab for several months, new students were introduced to our team.

I had the opportunity to train new students on basic mouse husbandry and wet lab skills. This

was an excellent opportunity to solidify my knowledge of the skills I had learned and pass them

on to someone else. I also presented the results of this study for the Ball State University Indiana

Louis Stokes Alliance for Minority Participation virtual conference in 2020 and the 2021 Virtual

Ball State Student Symposium. The development of these presentations and the feedback

returned to me will inform future presentations I give. My initial goals for this internship of

learning broadly-used biology lab skills, modifying and doing a long-term experimental study on

my own, participating in a collaborative STEM environment, giving scientific presentations, and

practicing scientific writing were all achieved in the making of this thesis. I look forward to

applying the many skills I learned during this capstone project as I pursue more knowledge of

science and medicine.
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Introduction

Energy is stored in the body when glucose monosaccharides are converted into glycogen,

a branched polysaccharide. In mammals, the greatest accumulations of glycogen are in the

muscles and liver, though lesser amounts have also been found in mammalian hearts, kidneys,

and brains. Glycogen in the muscle and liver functions primarily in blood glucose maintenance

and exercise. Increased blood glucose levels after consuming carbohydrates prompt the secretion

of insulin by the pancreas and subsequent uptake of excess glucose by muscles and liver banks as

glycogen. In periods of fasting, this glycogen supply in the liver is metabolized to stabilize blood

glucose levels. Exercise results in increased levels of inorganic phosphate and AMP, which

activate glycogen metabolism. The ensuing manufactured ATP fuels muscle contraction

(Pederson 2021).

Glucose uptake and glycogen synthesis (glycogenesis) in all body tissues mentioned

begins with the facilitated diffusion of glucose into tissue cells via SLC2 (GLUT) family

transporters (Mueckler and Thorens 2013).  Once in the cell, one of four isoforms of hexokinase

phosphorylates glucose, resulting in glucose-6-P (G6P). Enzyme phosphoglucomutase (PGM1)

and coenzyme glucose-1,6-biphosphate then catalyze the conversion of G6P to glucose-1-P

(G1P). Catalyzation by UDP-glucose pyrophosphorylase and reaction with UTP produces

UDP-glucose. Multiple UDP-glucose residues donate to the beta-sheet structure of a glycogenin

dimer protein through the catalyzation of the same glycogenin, resulting in the alpha-1,4

glycosidic linkages that identifies glycogen. After the binding of 10 to 20 glucose residues, the
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glycogen synthase enzyme along with the glycogen branching enzyme continues elongating and

branching, respectively, this glycogen macromolecule (Roach and Skurat 1997).

In addition to which GLUT family transporter facilitates the diffusion of glucose as well

as which isoform of hexokinase phosphorylates glucose into G6P, the pathways of glycogen vary

between tissue types in which glycogen synthase gene is expressed. Two isoforms for

mammalian glycogen synthase exist: GSY1 and GYS2. Analysis of these genes in mice and

humans shows majority expression of GYS1 in musculoskeletal and cardiac muscle types. GYS1

mRNA is also prevalent in both neurons and astrocytes of the mouse brain (Pellegri, Rossier et

al. 1996). Majority expression of GYS2 occurs in the liver (Hruz, Laule et al. 2008).

When the body requires the degradation of glycogen into glucose equivalents

(glycogenolysis), the glycogen debranching enzyme in concert with one of three isoforms of the

glycosyltransferase called glycogen phosphorylase cleaves the alpha-1,4 glycosidic linkages of

glycogen to produce G1P. The fate of G1P is tissue dependent, being converted to glucose in

liver or being converted into usable energy for the cell, through glycolysis. In glycolysis, two

high-energy ATP molecules donate a phosphate and G1P is converted to fructose-1,6-

bisphosphate. Then two ADP and two NAD+ molecules are consumed to convert fructose-1,6-

bisphosphate to pyruvate. This produces four ATP and two NADH molecules. ATP is a high

energy molecule than can be utilized to fuel cellular processes by cleaving a phosphate (Pelicano,

Martin et al. 2006). The pyruvate produced can be used to create lactate via anaerobic glycolysis

or enter the citric acid cycle to produce additional ATP.
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Anaerobic glycolysis in the brain is thought to play an active role in memory formation

by providing astrocytes and neurons with fuel. The astrocyte neuron lactate shuttle hypothesis

(ANLSH) theorizes that glycogen in astrocytes could be converted to G6P and then lactate

through the glycolytic pathway, after which lactate is shuttled to neurons. Here, this lactate enters

the TCA cycle, which produces ATP for the neuron. Alternatively, increased G6P concentration

is hypothesized to inhibit hexokinase activity required for glucose uptake in astrocytes, creating

availability of glucose for neurons. Both hypotheses are viable and could occur simultaneously

(Pederson 2021).

Figure 1. Brain glycogen metabolism including the shuttling of lactate across the extracellular space between
astrocytes and neurons. G6P; glucose-6-phosphate; Glc, glucose, Gln, glutamine, GS, glycogen synthase; GP,

glycogen phosphorylase; Glu, glutamate; Lac, lactate; MCT1/2/4 are monocarboxylate transporters; Pyr, pyruvate;
EAAT; glutamate transporters. (Pederson 2021)
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It has been shown that astrocytic glycogen is more highly concentrated in areas of the

brain with high synaptic density (Koizumi and Shiraishi 1970), and is shown to play a role in

learning. Injections impairing glycogen synthesis in day-old chicks was found to cause memory

loss and inhibited brain glycogen synthase has been associated with memory loss in Alzheimer’s

disease (Bak, Walls et al. 2018). Impairment of long-term memory has been observed in mice

lacking brain glycogen synthase in day-to-day brain activity, not just under starvation conditions

(Duran, Saez et al. 2013). The role of brain glycogen in model species Mus musculus during

learning, however, is little studied. This study utilized Mus musculus mice to study the effects of

brain glycogen levels on sensory learning, represented here by olfactory recognition. Whether

cerebral glycogen levels affect sensory learning specifically has not yet been determined.

The purpose of this study was to examine the potential effects of brain glycogen levels on

sensory learning in mus musculus. The amount of time wild type mice and brain glycogen

synthase knockout mice spent learning and recalling a novel smell after 24-hours was compared

between these two genotypes. It was hypothesized that wild type mice would spend less time

exploring a familiar smell than knockout mice. However, analysis of the resulting data shows

little difference between the two mouse genotypes, implying that brain glycogen may not have a

significant impact on sensory learning. This study improves understanding of the effect that

mammalian brain glycogen levels have on learning.
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Methods

Mice overexpressing rabbit muscle glycogen synthase (thirty-fold in comparison to

wild-type) cDNA with phosphorylation sites 2 and 3a mutated to alanine (under control of

muscle creatine kinase promoter) from the GSL30 line were crossed with MGSKO mice, which

lack the ability to store glycogen in skeletal/cardiac muscle, brain or liver. Lines were bred as

described by Pederson, Chen et al. in 2004 in Abnormal Cardiac Development in the Absence of

Heart Glycogen. The resulting progeny were crossed with MGSKO mice again and offspring

were mated with each other. The MGSKO/GSL30 line was maintained via crossing with HE x

HEG (here HEG refers to heterozygous null for muscle glycogen synthase containing mutant

muscle glycogen synthase transgene) mice. MGSKO/GSL30 mice, hereafter referred to as

knockout or “HOG” mice, are unable to express glycogen synthase in the brain.

In this study, equal numbers of wild-type mice and knockout male mice 84-98 days of

age were utilized. These mice were kept in clear cages of two sizes. Cages sized 12”L x 7.5”W x

8”H were filled with two cups of Envigo 7099 TEK-Fresh laboratory animal bedding changed

approximately every 2 weeks and contained 2 to 6 mice. Cages size 11.5”L x 7”W x 5”H were

filled with one cup of bedding changed approximately every 2 weeks and contained 2 to 4 mice.

All cages were kept in a vivarium under 12 hour light/12 hour dark cycle conditions. Mice had

access to 2018SX Teklad global 18% protein rodent diet and osmosis water ad libitum.
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Figure 2. Experimental set-up including scent cups with 1 cm circumference demarcated.
Cages with bedding, and bin with cardboard dividers as seen on the TV monitor utilized
to observe this behavioral study.

Experimental group mice received the same juice to smell on both training and recall day,

whereas control group mice received a novel fruit juice on both training and recall day. Previous

to both training and recall, mice were taken from the vivarium to the room in which the

experiment would take place. They were allowed to habituate for 30 minutes in the experimental

room. Three clear cages sized 12”L x 7.5”W x 8”H with one mouse each were placed in the

bottom of a bin  (93 L x 53.3 W x 49.5 H cm) so that it was dimly lit at 10-15 Lux (Figure 2).

The room was kept as quiet as possible.  Each cage had a standard one cup of Envigo 7099

TEK-Fresh laboratory animal bedding and an empty plastic condiment cup (3.8 cm diameter, 3.2

cm height) taped within the cage. Cardboard dividers prevented the nice from interacting across

the translucent walls of their cages.

After the habituation period, each of the three mice were allowed to smell fruit juice for 5

minutes. This scent was provided through a pre-prepared condiment cup with a 2x2 cm square of
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absorbent paper towel placed in the bottom. Previous to mouse entry to the lab, 200 uL of either

Kroger brand pineapple or lime juice were pipetted into this condiment cup. A plastic lid with

nine 1/16’ holes drilled into the top covered the scent cup. This scent cup was placed as quietly

and slowly as possible by hand into each cage at the end of the habituation period. Mice were

allowed to smell the juice for 5 minutes. They were observed live and video-recorded at this

time. Twenty-four hours later, the mice were allowed to smell the juice again (“recall”) after

another 30 minutes of habituation period under the same conditions as the training period. The

amount of time the mouse spent “exploring” the novelty smell was measured in seconds on both

days, and the times were compared between genotypes. The procedure was designed by Mallory

Minich referencing a procedure by S. A. Jacobs; et al (Jacobs and Tsien 2014). All procedures

were approved by the Ball State University Institutional Animal Care and Use Committee

previous to experimentation. GraphPad Prism 8 was used to graph and perform repeated

measures 2-way ANOVA followed by Sidak’s multiple comparisons test.
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Results and Discussion

Sensory learning, represented by olfactory recognition of a fruit juice, was observed and

compared between wildtype (WT) mice and brain glycogen synthase knockout mice (HOG) with

the hypothesis that HOG mice would spend significantly longer exploring a familiar scent than

WT mice. Evidence of this hypothesis would indicate that WT mice had “stronger” memories

than knockout mice, attributed to their ability to express glycogen synthase in the brain.

However, findings did not support this hypothesis. Control mice received a novel juice on the

first and second days (no memory to recall), whereas experimental group mice received the same

juice on both days (some familiarity expected to form).

As predicted, control data (Figure 2) did show that WT and HOG mice spent comparable

amounts of time exploring novel scent cups on both training and recall day without significant
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difference between days. There was also not a significant difference between genotypes with

control data (Figure 2).

Experimental data showed that mice of both genotypes spent significantly less time

exploring a familiar fruit juice on recall day than they did a novelty juice on training due (Figure

3).Counter to the hypothesis that HOG mice would spend significantly longer exploring a

familiar scent than WT mice, there was no significant difference between HOG and WT’s

decrease in exploration time on training day This finding suggests that the ability to express

glycogen synthase in the brain (and therefore the presence of glycogen as a glucose storage unit

in the brain) is not contributory to sensory learning.
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There are limitations to this suggestion. Olfactory recognition was the only sensory

memory tested in this study, so glycogen may play a more significant role in memory function of

other senses. Experimental conditions as described in the methods section were as controlled as

possible, but variables such as environmental noise level could not always be accounted for and

should be considered as a limiting factor to the data here presented. Mild fluctuations in air

humidity of the vivarium and experimental room as well as the possible introduction of seasonal

air contaminants were not controlled. Also to be taken under consideration is that mice are of

mixed strain background . At times, mice that were kept in 11.5”L x 7”W x 5”H cages during

their time in the vivarium were put into cages sized 12”L x 7.5”W x 8”H for

habitation/experimentation without known impact on their behavior. The olfactory capacity of

mice was not measured previous to their selection for experimentation.

Evidence from existing studies diverges from this study and suggests that the ability to

express glycogen synthase in the brain does play a role in sensory memory. Efficient

glycogenolysis was positively correlated with gustatory recognition in day-old chicks (Gibbs and

Hutchinson 2012). More broadly, lack of neuronal glycogen has been shown to impair memory

formation as represented by paired-pulse stimulation and has been observed to play a key role in

the acquisition of motor and cognitive ability in mice (Duran, Saez et al. 2013). Brain cancer

cells, as with most cancer cells, require increased glycolysis to fuel their metabolism during

malignant transformation, thus it is important to know the effects of glycolytic inhibitors being

used in cancer treatment on learning. Decreased glycogen synthase activity due to type II

diabetes in infant Mus musculus was shown to result in memory impairment comparable to

Alzheimer’s disease (Jolivalt, Lee et al. 2008). This study contributes to this existing pool of
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research studying the effect that brain glycogen levels have on behavioral learning. As this study

is specific to mammalian brain glycogen and utilizes the Mus musculus model organism often

used to study human diseases, it also contributes to research on diseases with brain glycogen

levels as variables.
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