
 

 

BRAIN GLYCOGEN METABOLISM DURING HYPOGLYCEMIA: ROLE IN 

HYPOGLYCEMIA ASSOCIATED AUTONOMIC FAILURE, MEMORY, AND 

NEURONAL CELL DEATH 

 

A THESIS 

SUBMITTED TO THE GRADUATE SCHOOL 

IN PARTIAL FULFILLMENT OF THE REQUIREMENTS  

FOR THE DEGREE 

MASTER OF BIOLOGY 

 

BY  

STACI ANNE WEAVER 

DR. BARTHOLOMEW PEDERSON 

BALL STATE UNIVERSITY 

MUNCIE, INDIANA 

JULY 2011 



1 

TABLE OF CONTENTS 

 

Acknowledgements 2 

List of Figures and Tables 3 

Introduction 6 

Significance 18 

Materials and Methods 19 

Results 38 

Discussion 76 

Conclusion 100 

Future Directions 103 

Appendix 107 

References 111 

  



2 

ACKNOWLEDGEMENTS 

 I would foremost like to thank Dr. Bartholomew Pederson for the opportunity to 

work in his lab throughout my graduate career and providing me with a research 

assistantship.  The assistantship was extremely helpful in allowing me to put forth my full 

attention and effort into my research.  I will forever be appreciative of this.  I would also 

like to thank my committee members, Dr. Carolyn Vann and Dr. Derron Bishop, for all 

the invaluable direction and guidance they have given me.  I am very thankful for 

meeting and working with such wonderful mentors here at Ball State.  I would also like 

to thank Sharm Knecht, Joshua Fortriede, Mark Nau, Lori Armstrong, and Jeff Brentin 

for all of their technical support in the lab.  I would also like to thank the Department of 

Biology and all the professors who have given me knowledge and support to complete 

this thesis to my full ability.  Lastly, I would like to extend my thanks to my significant 

other, family, and friends for all their patience and support.     

 

 

 

 

 

 

 



3 

LIST OF FIGURES AND TABLES 

Figure 1 Glucose metabolism in the neuron and astrocyte 

Figure 2 Glutamate synthesis and metabolism in the neuron and astrocyte 

Figure 3 Plain and contextually modified fear conditioning chambers used to test 

memory formation and recall 

 

 Figure 4 Injection of 70/30 Humulin insulin decreases blood glucose levels to 

approximately 35 mg/dl when given at 2U/kg body weight in wild type 

mice.   

 Figure 5 Brain glucose decreases immediately following 90 minute episode of 

hypoglycemia then increases to values similar to saline treated controls by 

6 hours following the hypoglycemic episode.   

 

 

 

Figure 6 Brain glycogen is decreased immediately following the 90 minute episode 

of hypoglycemia, increases above basal levels at 6 hours, and then is 

similar to saline treated controls by 27 hours. 

Figure 7 Injection of 70/30 Humulin insulin decreases blood glucose levels to 

approximately 35 mg/dl when given at 2U/kg body weight in wild type 

mice on all three episodes. 

 Figure 8 Brain glucose decreases immediately following 90 minute episode of 

hypoglycemia then increases to values similar to saline treated controls by 

6 hours following the hypoglycemic episode.   

Figure 9 Brain glycogen is decreased immediately following the 90 minute episode 

of hypoglycemia, increases above basal levels at 6 hours, and then is 

similar to saline treated controls by 27 hours.   

Figure 10 MGSKO/GSL30 mice show increased blood glucose levels prior to rotarod 

exercise and post rotarod exercise compared to wild type mice in trial 1.   

 Figure 11 Injection of 70/30 Humulin insulin decreases blood glucose levels to 

approximately 60 mg/dl within 60 minutes post injection in 

MGSKO/GSL30 and wild type mice in trials 2 and 3.   

 



4 

Figure 12 Saline treated MGSKO/GSL30 blood glucose levels increased following 

rotarod exercise following trial 4, but not wild type.   

Figure 13 Insulin treated MGSKO/GSL30 blood glucose levels increased following 

rotarod exercise following trial 4, but not wild type.   

 Figure 14 Insulin treated MGSKO/GSL30 mice show decreased latency to fall 

compared to insulin and saline treated wild type and saline treated 

MGSKO/GSL30 mice in trial 4 on accelerating rotarod.   

 Figure 15 Insulin treated MGSKO/GSL30 mice show decreased latency to fall 

compared to insulin and saline treated wild type and saline treated 

MGSKO/GSL30 mice in trial 4 on 28 RPM rotarod.   

Figure 16 HO mice displayed increased baseline freezing compared to 

MGSKO/GSL30 and wild type.   

 Figure 17 Wild type, MGSKO/GSL30, and HO mice were successfully fear 

conditioned evidenced by an increase in % freezing between pre-cue 

freezing and post-cue freezing between all genotypes. 

 Figure 18 HO mice froze similarly in context A and context B while MGSKO/GSL30 

and wild type mice had increased freezing behavior in context A compared 

to context B. 

 Figure 19 Freezing behavior following cue presentation was not different between 

wild type, MGSKO/GSL30, and HO mice. 

 Figure 20 There were no differences in freezing behavior across all time points within 

each genotype.   

 

 

Table 1 Ability of mice to differentiate between contexts A and B over a 12 week 

time period where X indicates the ability to differentiate.   

Figure 21 MGSKO/GSL30 and HO mice display increased freezing behavior at 5 

weeks following initial fear conditioning compared to wild type mice, 

whereas freezing behavior was similar between genotypes all other time 

points. 

 Figure 22 Freezing behavior in context A and context B remained unchanged across 

time for each genotype.   



5 

Figure 23 There were no differences in freezing behavior in response to cues across 

all time points within each genotype.   

 Figure 24 Wild type and MGSKO/GSL30 mice were not different in fasted baseline 

freezing behavior.   

 Figure 25 Injection of 70/30 Humulin insulin decreases blood glucose levels to 

approximately 60-70 mg/dl within 60 minutes post injection in 

MGSKO/GSL30 and wild type mice.   

Figure 26 Insulin treated MGSKO/GSL30 mice show increased freezing behavior 

prior to cue presentation while insulin treated wild type mice show 

increased freezing behavior prior to and following cues. 

Figure 27 Insulin treated MGSKO/GSL30 mice displayed similar freezing behavior 

in context A compared to context B while insulin treated wild type mice 

froze more in context A than context B. 

 Figure 28 Freezing behavior in response to cues was similar between saline and 

insulin treated MGSKO/GSL30 compared to saline and insulin treated wild 

type mice.   

 Figure 29 Injection of 70/30 Humulin insulin decreases blood glucose levels to 

approximately 26 mg/dl in wild type, 41 mg/dl in MGSKO/GSL30, and to 

38 mg/dl in HO mice 60 minutes after injection when given at 4U/kg body 

weight in conjunction with 30 mg/kg hexamethonium chloride.   

 Figure 30 Saline treated HO mice displayed increased blood glucose at 195 minutes 

compared to time 0 while saline treated wild type and MGSKO/GSL30 

blood glucose was not different between time 0 and 195 minutes.   

 Figure 31 Fluoro Jade-C positive neurons were present in all groups with increased 

Fluoro-jade C positive neurons in mice treated with insulin and kainate 

compared with mice treated with saline.   

 Figure 32 Insulin treated MGSKO/GSL30 mice have increased Fluoro-Jade C 

positive neurons compared to insulin treated wild type and HO mice 

following a 90 minutes episode of severe hypoglycemia.   

 

 



6 

INTRODUCTION 

 The goal of this research was to evaluate the role of glycogen metabolism in the 

brain during hypoglycemia in regards to hypoglycemia associated autonomic failure 

(HAAF), learning and memory consolidation, and hypoglycemia induced neuronal cell 

death.  The first goal of this project was to determine if brain glycogen 

supercompensation is a possible mechanism behind HAAF.  The second goal was to 

determine if the presence or absence of brain glycogen affects motor coordination, 

learning, and memory consolidation during and after hypoglycemia.  The last goal of this 

project was to determine whether the presence of brain glycogen affects neuronal cell 

death following severe and prolonged hypoglycemia.    

Glycogen 

 Glycogen is an efficient energy reserve for the body that provides energy through 

glycolysis (1). After eating a meal, blood glucose begins to rise.  Glucose in the blood 

can enter the cell through a variety of glucose transporters that are either insulin sensitive 

or insulin insensitive (2). GLUT 4 is an insulin sensitive glucose transporter found 

primarily in muscle and fat while other GLUT transporters such as GLUT 1 and GLUT 3 

are insulin insensitive and are most important in the brain.  Once glucose is in the cells, it 

can be immediately used for energy through glycolysis, or if glucose is in excess, it can 

be stored in many cells as glycogen for use at a later time.  When glucose levels fall, 

glycogen can be broken down and used as energy (2).    



7 

Glycogen is the storage form of glucose and is found mainly in the liver and 

skeletal muscle (1, 3).  Glycogen  also is found in the brain, but at a much lower 

concentration than in liver and skeletal muscle (4).  Glycogen content constitutes 6-8% of 

liver weight, 1-2% of skeletal muscle weight, and 0.1% of brain weight (3).  Glycogen is 

a spherical polysaccharide of D-glucose located in the cytoplasm and lysosomes of cells 

(1-3).  The glycogen molecule can reach 10-30 nm in diameter and weigh up to 10
8
 

Daltons (3).  It is a highly branched molecule composed of approximately 53,000 

glucosyl units (5).  In the liver, glycogen is responsible for maintaining glucose 

homeostasis for the entire body, muscle glycogen only supplies energy to skeletal muscle, 

whereas brain glycogen is hypothesized to maintain energy substrates for only the brain 

(1, 3).   

Glycogen Synthesis and Degradation  

 Glycogen is synthesized using a multistep reaction within the cells when glucose 

is in excess (3).  When glucose enters the cell, it is immediately phosphorylated by 

hexokinase to form glucose-6-phosphate (G-6-P) which traps the glucose inside the cell.  

G-6-P is then converted to glucose-1-phosphate (G-1-P) by phosphoglucomutase.  G-1-P 

then reacts with uridine triphosphate catalyzed by glucose pyrophosphorylase to yield 

uridine diphosphate glucose (UDP-glucose).  UDP-glucose is the building block of 

glycogen.  UDP-glucose is then added to the enzyme, glycogenin, via the hydroxyl group 

and UDP is given off as a byproduct.  Glycogenin is a protein initiator of glycogen 

synthesis which exists in two isoforms: glycogenin 1 and glycogenin 2 (2).   Glycogenin 

1 is abundant in the muscle tissue while glycogenin 2 is restricted only to the liver, heart, 
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and pancreas.  Once glucose is attached to glycogenin, the process repeats and multiple 

UDP-glucose molecules are attached to the previously connected glucose by glycogen 

synthase (3).  Glycogen synthase catalyzes the formation of α-1,4-glycosidic bonds 

between carbon 1 of the previously added glucose and carbon 4 of the newly added 

glucose and exists in two isoforms: muscle and liver.  The glycogen molecule continues 

to grow linearly until amylo(α-1,4-α-1,6)-transglycosylase introduces branch points (3, 

5).  At approximately every eight glucose units, amylo(α-1,4-α-1,6)-transglycosylase will 

take 4-6 of the glucose residues from the main growing glycogen chain and move them to 

the main glycogen molecule to create additional non-reducing ends (3).   

 Glycogen is degraded in the cytoplasm by glycogen phosphorylase and a de-

branching enzyme when glucose is in need (2, 5).  Glycogen phosphorylase exists in 

three forms: liver, muscle, and brain (1).  All three forms of glycogen phosphorylase 

must be phosphorylated to activate and dephosphorylated to deactivate (3).  Once 

activated, glycogen phosphorylase cleaves the α-(1,4) glycosidic bonds while a 

debranching enzyme cleaves the α-(1,6) glycosidic bonds within glycogen to release G-1-

P (3).  G-1-P is then converted to G-6-P by phosphoglucomutase (3).   

Brain Glycogen  

 In addition to being found in the liver and skeletal muscle, glycogen is also 

present in the brain, although at a much lower concentration than in liver and skeletal 

muscle (3).  Glycogen, the stored form of glucose, is found only in neuron supporting 

cells such as astrocytes, not in the neurons themselves.  Both neurons and astrocytes 

contain the ability to uptake glucose and synthesize glycogen; however, only astrocytes 



9 

synthesize and store glycogen under normal conditions (3, 6).  Neurons are able to uptake 

glucose using the glucose transporter GLUT 3 while astrocytes uptake glucose using two 

glucose transporters GLUT 1 and GLUT4 (3, 4). When considering glucose uptake, 

neurons have an advantage over the astrocytes due to the presence of GLUT 3.  GLUT 3, 

although expressed in equal amounts compared to GLUT 1, has a higher affinity and 

greater transport capacity than GLUT 1 (4).  Glucose preferentially binds to GLUT 3 and 

enters the neuron.  Once in the neuron, glucose is metabolized through glycolysis and the 

TCA cycle to provide ATP to the neuron (4) (Figure 1).  The synthesis of glycogen in 

neurons was shown to initiate apoptosis in vitro.  Thus neuronal glycogen synthase is 

kept in a phosphorylated/inactive state and quickly targeted for degradation (6).   It is still 

unknown why glycogen synthase is expressed in the neuron unless additional roles 

independent of glycogen synthesis exist.   

The alternative pathway for glucose to take is to enter the astrocytes through 

GLUT1 transporter.  Once inside the astrocyte, glucose has two alternate fates: it can be 

metabolized immediately or be stored as glycogen (Figure 1).  If  energy is needed, 

glucose will be metabolized immediately in the astrocyte through glycolysis, TCA cycle, 

and oxidative phosphorylation (3).  If energy is not readily needed, glucose will be stored 

as glycogen, through the same pathways as in the liver and muscle.  When energy 

demands increase, glycogen can be broken down to provide energy.  Glycogen is first 

broken down to glucose -1-phosphate by glycogen phosphorylase and then converted to 

glucose -6- phosphate by phosphoglucomutase enzyme.  Glucose -6- phosphate is then 

able to be metabolized through glycolysis, Kreb’s cycle and oxidative phosphorylation.  
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When glucose becomes limited, as in hypoglycemia, the neuron and astrocyte can shuttle 

lactate between one another and use it as an energy substrate (7).  The shuttling of lactate 

between the astrocyte and neuron is known as the astrocyte neuron lactate shuttle 

hypothesis (ANLSH).  Glucose can enter the astrocyte and be anaerobically metabolized 

to pyruvate (Figure 1).  Pyruvate is converted to lactate using lactate dehydrogenase 5. 

  

Figure 1.  Glucose metabolism in the neuron and astrocyte Glucose enters neurons 

through GLUT 3 and astrocytes through GLUT 1.  In the neuron, glucose is metabolized 

immediately through glycolysis, TCA cycle, and oxidative phosphorylation to generate 

ATP.  In the astrocyte, glucose can be used immediately just as in the neuron, or be 

stored as glycogen depending on the energy demands of the cell.  If the energy demand is 

high, glucose is metabolized immediately, whereas if the energy demand is low, glucose 

is stored as glycogen.  Astrocytes can also anaerobically metabolize glucose and 

glycogen stores to lactate in order to provide an extra energy substrate to the neuron in 

times of hypoglycemia.  Lactate is shuttled from the astrocyte to the neuron using 

monocarboxylate transporters.  Lactate is then metabolized to pyruvate and enters the 

TCA cycle and oxidative phosphorylation. The shuttling of this energy substrate, lactate, 

between the astrocyte and neuron is known as the astrocyte neuron lactate shuttle 

hypothesis and is hypothesized to be active in pathological states such as hypoglycemia.  

Image modified from (7).   

Glycogen 

G-1-P 
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The lactate can then be transported out of the astrocyte using monocarboxylate 

transporter 1 (MCT1).   Lactate is then shuttled across the extracellular space to an 

adjacent neuron where it is taken up using monocarboxylate transporter 2 (MCT2) (3, 4).  

The neuron is able to use lactate as an additional fuel source by converting it back into 

pyruvate with LDH1 and using pyruvate in the TCA cycle.  ANLSH is proposed to be 

initiated in pathological circumstances, whereas neuronal uptake of glucose is initiated in 

normal circumstances (4).    

 An alternative hypothesis to ANLSH is proposed by DiNuzzo et al. using 

metabolic modeling data.  Neuronal activity increases extracellular K
+
 which causes 

glycogen to be mobilized in the astrocyte (8).  When glycogen is broken down, astrocytes 

have an increased G-6-P concentration which inhibits hexokinase by product inhibition.  

When hexokinase becomes inhibited, glucose uptake is reduced in astrocytes, leaving 

more free glucose for the neurons to use.  When neuronal glucose consumption increases 

due to hexokinase inhibition in the astrocyte, a concentration gradient is created between 

the astrocyte, extracellular space, and the neuron.  This concentration gradient promotes 

the flow of glucose from the astrocyte to the neuron without any glucose-6-phosphatase 

involvement.   

Hypoglycemia Associated Autonomic Failure  

Blood glucose levels are normally kept within physiological range through 

counter-regulatory mechanisms consisting of hormonal interactions between the 

pancreas, liver, muscle and brain (9).  In patients with diabetes, blood glucose levels do 

not stay within physiological range due to a number of reasons such as inadequate insulin 
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production, inadequate sensitivity to insulin, or inadequate release of insulin (10).  To 

control blood glucose levels, many diabetics are prescribed insulin.  Traditionally only 

type 1 diabetics (insulin dependent) were prescribed insulin, however, more recently type 

2 diabetics are also being prescribed insulin to maintain optimal control of blood glucose 

levels (11).  The major side effect of insulin therapy is overdosing, sending the body into 

hypoglycemia.  Diabetics, on insulin therapy, are very susceptible to insulin induced 

hypoglycemia because of defective counter regulatory mechanisms, such as the release of 

glucagon, to raise blood glucose (9).  Diabetics on insulin therapy have on average two 

episodes of hypoglycemia a week and one severe episode per year (12).  

An additional effect of recurrent episodes of hypoglycemia is hypoglycemia 

associated autonomic failure (HAAF).  HAAF is known to occur in type 1 diabetics and 

in advanced type 2 diabetics that have decreased insulin production (13).  HAAF is the 

result of failed or delayed glucose counter regulatory mechanisms from recurrent 

episodes of hypoglycemia.  The glucagon response is defective in most all diabetics on 

insulin and the neurological counter regulatory responses are significantly delayed.  

These defective and delayed responses handicap the patient’s ability to sense low blood 

glucose and seek treatment.   

To date, there is no accepted mechanism as to why HAAF occurs.  One proposed 

mechanism involves the over accumulation of brain glycogen following an episode of 

hypoglycemia (1).  When blood glucose falls, brain glucose also falls.  When brain 

glucose falls near the Km of hexokinase (~50 uM/near zero), glucose transport into the 

cell becomes rate limiting and glycogen begins to break down to supply lactate as fuel 
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through ANLSH.  When blood glucose returns to normal levels, studies show brain 

glycogen significantly increases over basal levels following the hypoglycemic episode 

(14).  During hyperglycemic episodes, glucose transport into the brain exceeds the rate at 

which glucose is metabolized thus increasing the synthesis of glycogen (12).  The 

increase in glycogen immediately following hypoglycemia and the increase in glycogen 

during hyperglycemic episodes could provide a mechanism for HAAF.  

Glycogen Metabolism in Learning and Memory  

Metabolism of glucose, glycogen, and glutamate are necessary for learning and 

memory consolidation (15).  Glutamate is an excitatory neurotransmitter that is released 

by neurons upon neural stimulation.  Glutamine is transferred from astrocytes to neurons 

through the glutamine/glutamate cycle.  In the glutamine/glutamate cycle neurons are 

stimulated and release glutamate in the synaptic cleft.  Astrocytes take in glutamate, 

ending the stimulation of the post synaptic neuron.  One third of the glutamate taken in 

by the astrocytes goes through oxidative phosphorylation while the other two-thirds is 

converted to glutamine by glutamine synthetase.  This glutamine is then secreted into the 

extracellular space where it is taken up by the neuron and hydrolyzed to glutamate using 

glutaminase.  This glutamate can now be re-used by the neuron.   

In order to replenish the one third of glutamate which is metabolized by oxidative 

phosphorylation in astrocytes, a net synthesis of glutamate must occur (16).  Astrocytes 

carry out a net synthesis of glutamate from glucose, whereas neurons cannot.  Neurons 

can only receive glutamate itself and immediate precursors of glutamate such as alpha 

ketoglutarate from astrocytes.  In the astrocyte, glutamate can be made from glucose or 
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from the breakdown of glycogen.  When glycogen is broken down, one of the end 

products is glucose-6-phosphate which is also the product of glucose being 

phosphorylated by hexokinase after it was taken into the cell (17).  Glucose-6-phosphate 

can enter glycolysis and generate pyruvate.  Synthesis of pyruvate is the pivotal point in 

the production of glutamate in the astrocyte.   Pyruvate, as  previously stated, can be 

converted to lactate but also can also be converted to oxaloacetate by pyruvate 

decarboxylase in the astrocyte (15).  This creates a new molecule of oxaloacetate which 

can fuse with acetyl CoA to form a new molecule of citrate which is then converted to 

alpha ketoglutarate in the TCA cycle.  Alpha ketoglutarate can then be converted to 

glutamate.  Glutamate can then be shuttled across the extracellular space to the neuron.  

Neurons do not express pyruvate decarboxylase and, therefore, cannot make a new 

molecule of oxaloacetate from pyruvate to generate alpha ketoglutarate (16).  In neurons, 

pyruvate enters the TCA cycle as acetyl CoA where no net synthesis of any TCA cycle 

intermediate occurs (Figure 2).      
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Figure 2.  Glutamate synthesis and metabolism in the neuron and astrocyte In the 

neuron and astrocyte, glucose is metabolized through glycolysis to pyruvate.  In the 

astrocyte, glycogen can also be metabolized to pyruvate.  Pyruvate can then be 

metabolized anaerobically to generate lactate or aerobically to generate acetyl CoA using 

pyruvate dehydrogenase.  Acetyl CoA then enters the TCA cycle condensing with 

oxaloacetate to make citrate.  Citrate then goes through a variety of intermediates to 

generate ATP and regenerate oxaloacetate to ensure another turn of the TCA cycle.  In 

the astrocyte, however, pyruvate can also be metabolized aerobically to generate a new 

molecule of oxaloacetate using pyruvate carboxylase.  If pyruvate enters the TCA cycle 

as a new molecule of oxaloacetate, it can condense with acetyl CoA to make a new 

molecule of citrate.  The new molecule of citrate can then generate α-ketoglutarate which 

can leave the TCA cycle to undergo transamination to form glutamate.  Glutamate is then 

converted to glutamine using glutamine synthetase. The glutamine synthesized in the 

astrocyte is shuttled across the extracellular space to the neuron where it is converted to 

glutamate using phosphate activated glutaminase.  Glutamate can then be released from 

the neuron as an excitatory neurotransmitter, metabolized to GABA, an inhibitory 

neurotransmitter, or undergo a transamination reaction to generate α-ketoglutarate which 

can be metabolized for energy in the TCA cycle.  If glutamate is released from the 

neuron, it is taken back up by the astrocyte and converted to glutamine by glutamine 

synthetase or can undergo a transamination reaction to form α-ketoglutarate which can 

then be metabolized for energy in the TCA cycle.  If the glutamate is turned into 

glutamine, the glutamine can once again be shuttled to the neuron.  The shuttling of 

glutamate and glutamine is known as the glutamate/glutamine cycle.    Figure from (18) 

 



16 

Glycogen is proposed to be the major precursor to glutamate synthesis and, hence, 

is expected to be important for learning and memory consolidation.  The importance of 

glycogen was shown using bead discrimination tests in day-old chicks treated with 

various inhibitors of glycogenolysis and glutamate uptake.  Brain glycogen turnover 

increases during neuronal activation.  However, when the breakdown of glycogen is 

inhibited, memory consolidation was dramatically reduced in the chick (18).  When 

glycogen phosphorylase was inhibited, memory formation decreased in a dose dependent 

manner.  When glutamate uptake was inhibited, memory loss was immediate (15).  These 

findings suggest that glycogen may be the preferred precursor to glutamate in regards to 

learning and memory consolidation.   

Glycogen in Hypoglycemia Induced Neuronal Cell Death   

Severe and prolonged hypoglycemia is known to cause irreversible brain damage 

including oxidative damage and neuronal cell death (12).  Hypoglycemia favors oxidation 

over reduction in the brain resulting in increased amounts of lactate, NAD, and NADP 

(19).  These molecules as well as NADPH oxidase, which become activated upon the 

administration of glucose, all contribute to oxidative damage in the brain during 

hypoglycemia (12).  Increased oxidative stress and other biological mechanisms such as 

large calcium fluxes increase neuronal cell death via apoptosis and necrosis in response 

to hypoglycemia (19).   

Low density lesions were seen in the hippocampus, cerebral cortex, bilateral basal 

ganglia, and the substantia nigra beginning 8 days and lasting 1 year in vegetative 

patients following one severe hypoglycemic coma (20).  The low density lesions seen in 
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these patients were associated with decomposing tissue, neuronal cell death, and lipid 

buildup.  The hippocampus and cerebral cortex structures contain the third and fourth 

highest glycogen content while the substantia nigra, along with many other grey matter 

structures, contains the fifth highest glycogen content in the brain (3).  Brain glycogen is 

found in areas of high synaptic density in the brain and it is these areas that are the most 

susceptible to hypoglycemia induced damage.   

Brain glycogen has been proposed to have a neuroprotective effect as it prolongs 

neuronal activity and protects neurons during hypoglycemic episodes (21).  Areas of high 

glycogen content are found in the pons/medulla, cerebellum, hippocampus, 

hypothalamus, and the thalamus.  Thus, inhibiting glycogen accumulation and/or 

metabolism in these areas should increase neuronal cell death and oxidative damage (1).  

In studies by Suh et.al brain glycogen was increased 88+ 3% in non-fasted rats using the 

glucose-dependent glycogen phosphorylase inhibitor CP316,819 (21).  The rats dosed 

with CP316,819 were made hypoglycemic for two hours and then re-perfused with 

glucose.  Neuronal activity was measured during hypoglycemia with EEG.  Rats were 

sacrificed 7 days later and brains were sectioned and stained for cell damage with 

hematoxylin and eosin.  During the hypoglycemic episode, animals dosed with 

CP316,819 sustained neuronal activity 90 minutes  longer than the control group and 

exhibited decreased neuronal cell death as compared to the control group, which further 

suggests that brain glycogen may be neuroprotective during hypoglycemia.     
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SIGNIFICANCE OF THE PROJECT 

Diabetes has quickly become one of the most prevalent diseases increasing to 

epidemic proportions worldwide in the past decade (22).  As the severity of diabetes has 

progressed, more patients are prescribed insulin as a way to control blood glucose levels 

(10).  Many patients who administer insulin accidently over-medicate and induce 

hypoglycemia.  During hypoglycemia, neurons in the brain are starved of glucose and 

begin to lose function giving an array of neurological symptoms (19).  Hypoglycemia is 

characterized by dangerously low blood glucose, HAAF, memory loss, motor 

coordination impairment, speech impairment, and drowsiness (23).  It is estimated that 

patients who use insulin have an average of two hypoglycemic episodes per week, with 

thousands of episodes during their lifetime (24).  We hypothesize that brain glycogen, a 

stored form of glucose, may provide fuel for the brain producing both negative and 

positive effects throughout the brain.  Brain glycogen supercompensation is hypothesized 

to exacerbate HAAF, promote memory and learning, and reduce neuron cell death during 

severe episodes of hypoglycemia.  If so, a drug or other treatment that increases brain 

glycogen may be beneficial for insulin dependent diabetic patients in regards to cognitive 

function.  However, this treatment may also increase incidence of HAAF.   
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MATERIALS AND METHODS 

Generation of MGSKO/GSL30 mice  

  MGSKO/GSL30 mice are null for endogenous glycogen synthase but express a 

mutant transgene, rabbit glycogen synthase, under control of the muscle creatine kinase 

promoter.  Generation of mice homozygous null for glycogen synthase (GYS 
- /-

), also 

known as HO mice, was pursued to study energy metabolism in the brain in the absence 

of glycogen.  However, 90% of HO mice die shortly after birth (25).  To alleviate the 

issue of lethality, HO mice were crossed with GSL30 mice developed by Manchester et. 

al in 1996 (26).  GSL30 mice over-express a mutant form of rabbit muscle glycogen 

synthase under control of muscle creatine kinase promoter.  This mutant form of rabbit 

muscle glycogen synthase is altered at two phosphorylation sites that inhibit the 

inactivation of the enzyme.  GSL30 mice have more than a tenfold increase in muscle 

glycogen synthase expression.  The HO mice were mated with GSL30 mice to generate 

GYS 
+/-

 mice with transgene expression (25).  These GYS 
+/-

 mice with transgene 

expression were mated with GYS
+/-

 and GYS 
-/-

 to generate mice who were null for 

endogenous glycogen synthase (GYS 
-/-

)  but which expressed the rabbit glycogen 

synthase transgene.  The end result was the MGSKO/GSL30 line of mouse that did not 

express glycogen synthase in the organ of study, the brain, but also was not lethal.   

Animal husbandry 

 Three month old male wild type, MGSKO/GSL30 mice, and HO 

(68.75%C57B16/J-18.75%129SvJ-12.5%CBA) were used in the described experiments.  



20 

All mice were housed in a pathogen free, temperature and humidity controlled 

environment with a 12 hour light and dark cycle.  Mice were provided food and water ad 

libitum unless otherwise noted for fasting procedures.  All procedures were approved by 

the Ball State University Animal Care and Use Committee.   

Genotyping mice using PCR 

 Two separate PCR reactions were used to genotype the progeny of wild type, HO 

and MGSKO/GSL30 mice.  One multiplex PCR reaction was used to test for endogenous 

and disrupted glycogen synthase gene and one uniplex PCR reaction was used to test for 

the presence of rabbit glycogen synthase transgene.   

 Toe clippings were taken from each mouse and digested into a 100 µl of digest 

buffer consisting of 1X PCR buffer, 0.005% SDS (Sigma L5750, St. Louis, MO), 20 mM 

DTT (Sigma D0632), 0.2 mg/ml proteinase K (Roche 1158280, Indianapolis, IN), and 

sterile water to final volume.  The 1X PCR buffer contained: 16.6 mM ammonium 

sulfate, 67 mM Tris base, 5 mM beta-mercaptoethanol, 6.7 µM EDTA, and 6.7 mM 

MgCl2 (Sigma A5132, T1503, M7522, E5134, M8266, respectively).  Toe clips were 

incubated in the above digest buffer for 12 – 18 hours at 58ºC with shaking in a dry bath 

(EchoTherm).  After complete digestion of the toe clips, proteinase K was heat 

inactivated by heating the toe clips to 95ºC for 10 minutes.  Toe clips were stored at 4ºC.    

 To detect endogenous and disrupted glycogen synthase gene in MGSKO/GSL30 

pups, a multiplex PCR reaction was completed on the toe clips using three primers 

purchased from Integrated DNA Technologies: BTKR12 (5’-ATAAGTTGCTGGCCA 
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GCTTACCTCCCGGT-3’), MGS12 (5’-GGCTCATAGTAGGAGGGGAAGA-3’), and 

GYS1F (5’-GGGAAAGGGTTCTTGGATATCATGCTTCTC-3’).  MGS12 and GYS1F 

primers detect endogenous glycogen synthase while, BTKR12 and GYS1F detect the 

disrupted glycogen synthase gene.  The PCR reaction mix (18 µl) to detect endogenous 

and disrupted glycogen synthase consisted of: 1X PCR buffer, 10% DMSO (Amresco 

N182, Solon, OH), 1 mM dNTP (New England Biolabs N0447L, Ipswich, MA), 0.125 

mg/ml BSA (Sigma A9647), 0.125 uM BTKR12, 0.250 uM MGS12 and 0.175 uM 

GYS1F, sterile water to volume, and 0.063 U/µl Paq 5000 polymerase (Agilent 600684-

51, Santa Clara CA).  Two microliters of digested toe clips was added to the PCR mix.  

Positive controls consisted of known wild type, heterozygous and homozygous knockout 

toe clip digests.  A no template negative control was also included.  Endogenous 

glycogen synthase expected band size was 293 base pairs while the disrupted glycogen 

synthase expected band size was 750 base pairs.   

 To detect rabbit glycogen synthase transgene in MGSKO/GSL30 pups, a uniplex 

PCR reaction was completed on the toe clips using two primers purchased from 

Integrated DNA Technologies: MCKGS1 (5’-CCAGACCGTTCAGCTGGATATT 

ACGGT- 3’) and MCKGS2 (5’-CGCCCCGCCCTGCCACTCATCGCAG- 3’).  The 

PCR reaction mix (18 µl) to detect rabbit glycogen synthase transgene consisted of : 1X 

PCR buffer, 10% DMSO, 1 mM dNTP, 0.125 mg/ml BSA, 0.125 uM MCKGS1, 0.125 

uM MCKGS2, sterile water to volume, and 0.063 U/µl Paq 5000 polymerase.  Two 

microliters of digested toe clips was added to the PCR mix.  Positive controls consisted of 

mice positive for rabbit glycogen synthase transgene and a negative control consisted of 
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mice negative for rabbit glycogen synthase transgene.   A no template negative control 

was also included.  Rabbit glycogen synthase transgene had an expected band size of 407 

base pairs.   

 Both PCR reactions testing for endogenous / disrupted glycogen synthase gene 

and rabbit glycogen synthase transgene were heated to 93ºC for 1 minute 30 seconds to 

denature the DNA template and then 40 cycles of 93ºC for 30 seconds, 57ºC for 30 

seconds and 65ºC for 3 minutes in an Applied Biosystems thermocycler model # 2720.  

After the 40 cycles, the PCR reactions were heated to 65ºC for 10 minutes and then 

chilled at 4ºC.     

 PCR products were separated by 1.5% agarose gel comprised of agarose 

(Amresco E776), 0.5 ug/ml ethidium bromide (Bio-Rad Laboratories161-0433, Hercules, 

CA), and 0.5X TBE buffer.  The 0.5X TBE buffer contained: 0.045 M Tris base (Sigma 

T1503), 0.044 M boric acid (Amresco 588), and 1.0 mM EDTA (Sigma E5134).  A 1X 

DNA loading buffer consisting of 0.044% bromophenol blue, 0.044% xylene cyanol, and 

5.33% glycerol (Sigma 114391, X4126, G5516 respectively) was added to each PCR 

reaction and 10 µl of the reaction was loaded onto the gel.  A 100 base pair DNA ladder 

(New England Biolabs N0467S) was also loaded for size comparison of PCR products.  

The gel was run at 90 volts for 35 minutes, rinsed with distilled water, and then imaged 

under UV light using a Kodak Digital Science Image Station 440. 
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SUPERCOMPENSATION 

Study Design 

 To determine whether glycogen supercompensation occurs following 

hypoglycemia, two studies were implemented.  The first study was to evaluate whether 

glycogen supercompensation occurs following one episode of hypoglycemia, while the 

second study evaluated whether glycogen supercompensation occurs following recurrent 

episodes of hypoglycemia.     

Acute hypoglycemia induction 

 Three month old male wild type mice were fasted overnight for 17 hours.  The 

food bin was emptied and bedding was replaced in the cage to ensure all food particles 

were removed.  The following morning, the mice were weighed on a Mettler balance and 

marked on the tail with a permanent marker for easy identification.   Mice were 

administered 70/30 Humulin insulin (Eli Lilly) at 2 U/kg body weight or 0.9% saline 

(Sigma S7653) at 5 µl/g body weight by intraperitoneal injection.   Blood glucose was 

measured in all mice prior to injection, 30, 60, 90, 120, and 150 minutes following the 

injection (see blood glucose protocol below).  At 30 and or 60 minutes following 

injection, all mice treated with insulin with a blood glucose reading greater than 40 mg/dl 

were given an additional insulin injection at 0.5 U/kg body weight.  Saline treated mice 

were only injected one time with saline.  The mice were re-fed and put back into their 

home cage following the 150 minute blood glucose reading.  Immediately, 6, or 27 hours 

following the re-introduction of food, the mice were sacrificed by decapitation and 
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dropping the heads directly into liquid nitrogen.  The brains were removed from the 

heads on a liquid nitrogen cooled metal plate and transferred to scintillation tubes in 

liquid nitrogen.  Brain tissue was then powdered using a tissue pulverizer.  Powdered 

brain tissue was stored at -80°C in scintillation tubes until use in brain glucose and brain 

glycogen biochemical assays.     

Recurrent hypoglycemia induction 

 Three month old male wild type mice were fasted and injected with insulin or 

saline in the same manner as performed in the acute hypoglycemia model.  However, for 

the recurrent model hypoglycemia was induced in the mice on days 1, 5, and 9.  Days 1, 

5, and 9 were chosen to allow appropriate recovery time for the mice between each 

episode of hypoglycemia.  All mice were fasted for 17 hours overnight prior to treatment 

with insulin or saline and were re-fed following the final blood glucose reading at 150 

minutes on days 1 and 5.  On day 9, the mice were either sacrificed immediately or the 

mice were re-fed and put back into their home cage following the 150 minute blood 

glucose reading.  Six or 27 hours following the reintroduction of food, the mice were 

sacrificed and brains were removed and processed in the same manner as the acute 

hypoglycemia model.  Powdered brain tissue was stored at -80°C in scintillation tubes 

until use in brain glucose and brain glycogen biochemical assays.     

Blood glucose measurements  

 Blood glucose was monitored in all genotypes of mice using a HemoCue Glucose 

201 glucometer and HemoCue Glucose 201 microcuvettes.  A small section of the mouse 
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tail was removed with dissection scissors.  Approximately 5 µl of blood was collected 

from the tail vein and loaded into a HemoCue Glucose microcuvette.  The microcuvette 

was then wiped with a chemwipe to remove excess blood and/or fingerprints, and then 

loaded onto the HemoCue Glucose 201 glucometer.  

Brain Glycogen Determination 

 Brain glycogen content was determined using a method described by Bergmeyer 

et al. (27) and more recently utilized by Suzuki et al. (28).  Brain glycogen was 

precipitated from brain tissue and digested with amyloglucosidase to release glucose.  

The released glucose was quantified by spectrophotometry and compared to a glucose 

standard curve.   

 Brain tissue was preserved under liquid nitrogen temperatures until dissolution in 

30% w/v potassium hydroxide.  Forty to fifty milligrams of brain tissue were massed and 

aliquoted into liquid nitrogen cooled microfuge tubes.  Brain tissue was ground with a 

pestle at liquid nitrogen temperatures and dissolved in 200 µl of pre-warmed, to 100ºC, 

30% w/v potassium hydroxide (Fisher Scientific, P250. Pittsburg, PA).  Rabbit liver 

glycogen (25 ug/ml) (Sigma G8876) was used as a control and treated the same as brain 

tissue samples. Samples were heated at 100ºC for 30 minutes with mixing by inversion 

every 10 minutes.  The samples were cooled on ice while 65 µl of 2% Na2SO4 (Sigma, 

S6547) and 540 µl of cold 100% ethanol (Pharmco-Aaper, 111000200, Brookfield, CT) 

were added.  Samples were incubated at -20ºC for at least 20 minutes.  Following the 

incubation, the samples were heated to 100ºC for 2 minutes and then centrifuged (Sorvall 

Legend RT Centrifuge, Rotor #3332) at 17,500 X g for 20 minutes at 4°C.  The 
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supernatant was discarded and the pellet was resuspended in 100 µl of ultrapure water 

(Millipore).  One milliliter of 4:1 v/v methanol:chloroform (Fisher Scientific, A433S-20; 

Sigma, 319988) was added and samples incubated at 80°C for 5 minutes in a circulating 

water bath.  Samples were cooled to room temperature and then centrifuged at 17,500 X 

g for 15 minutes at 4°C.  The supernatant was discarded and the pellet resuspended in 

100 µl of ultrapure water.  Two hundred microliters of 100% ethanol was added to the 

samples and incubated at -20°C for at least 20 minutes.  Samples were heated for 2 

minutes at 100°C, then centrifuged at 17,500Xg for 20 minutes at 4°C.  The supernatant 

was discarded and pellet was dried in a Speed Vac (Savant, SC110) on low heat for 30 

minutes.  The dried pellet was resuspended in 100 µl of 0.3 mg/ml amyloglucosidase 

(Sigma A7420) diluted in 0.2 M sodium acetate buffer, pH 4.8 (Sigma, S2889).  

Glycogen was digested overnight at 40°C in circulating water bath.  Samples were stored 

at 4°C.   

 Glucose released from the digestion was quantified using a spectrophotometer, 

ELX800UV Universal Microplate Reader, (Bio-Tek Instruments) and absorbance was 

compared to a glucose standard curve.  The assay solution used contained 166 µl of 0.3 

M Triethanolamine/ 3 mM MgSO4 pH 7.5 (Sigma, T1502, M7506), 13.4 µl of 150 mM 

ATP/12 mM NADP pH 7.5 (Sigma, A3377; Roche, 128058) and 0.04 µl of 5 mg/ml 

glucose-6-phosphate dehydrogenase (Roche 127655).   The glucose standard curve 

contained 0, 3.3, 6.25, 12.5, 25, 37.5 and 50 ug/ml glucose (Sigma, G8270).  Assay 

solution (180 µl) was added to each well on a 96 well plate with 20 µl of either glucose 

standard , rabbit liver glycogen standard, or brain tissue sample per well.  Sodium acetate 
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at 0.2 M pH 4.8 was used as the blank.  Brain tissue samples were centrifuged at 17,500X 

g for 5 minutes at 4°C prior to being added to the plate.  The standard curve, rabbit liver 

glycogen standard, and brain tissue samples were run in triplicate.  Absorbance was read 

at 340 nm using ELX800UV Universal Microplate Reader and accompanying software.  

Five microliters of 1500 U/ml Hexokinase (Roche 1426362) diluted 1:25 with 

Triethanolamine/ 3 mM MgSO4 pH 7.5 was added to each well.  The plate was mixed on 

a Microplate Genie (Scientific Industries SI-0400) and incubated for 20 minutes.  

Absorbance was read a second time at 340 nm.  Brain glycogen concentration was 

calculated based on the glucose standard curve and normalized using brain tissue mass.   

Brain Glucose Determination 

 Brain glucose content was determined using a standard biochemical assay 

described by Passonneau and Lowry (29).  Brain glucose was quantified by 

spectrophotometry and compared to a glucose standard curve.  Brain tissue was preserved 

under liquid nitrogen temperatures until homogenized into perchloric acid.  Seventy-five 

to eighty-five milligrams of brain tissue were massed, aliquoted into liquid nitrogen-

cooled microfuge tubes, and ground with a pestle.   Brain tissue samples remained on ice 

and were homogenized separately.  Samples were cooled on ice for 1 minute and then 

homogenized into 250 µl of ice cold 0.6 M perchloric acid (Sigma, 258148) using a 

Tissue Tearor (Biospec Products, 985370-04).  After all samples were completed 

homogenized, they were incubated on ice for an additional 15 minutes.  Following the 

incubation, 5 µl of 50 mM EDTA (Sigma E5134) was added and the samples were 

centrifuged at 5,000 X g for 5 minutes at 4°C.  Two hundred microliters of supernatant 
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were transferred to fresh, ice-chilled microfuge tubes and neutralized with 26 µl of 2 M 

potassium carbonate (Sigma, 209619).  Samples were centrifuged at 5,000 X g for 5 

minutes at 4°C and the supernatants were transferred to a fresh tube.  Supernatants were 

stored at -80°C until used in the assay.   

 Glucose was quantified using a spectrophotometer, ELX800UV Universal 

Microplate Reader and absorbance was compared to a glucose standard curve.  The assay 

solution used contained 166 µl of 0.3 M Triethanolamine/ 3 mM MgSO4 pH 7.5, 13.4 µl 

of 150 mM ATP/12 mM NADP pH7.5 and 0.04 µl of 5 mg/ml glucose 6 phosphate 

dehydrogenase.  The glucose standard curve contained 0, 1, 2, 4, 6, 10 and 20 ug/ml 

glucose.  Assay solution (180 µl) was added to each well on a 96 well plate with 20 µl of 

either glucose standard or brain tissue samples per well.  Ultrapure water was used as the 

blank.  Brain tissue samples were centrifuged at 5,000 X g for 5 minutes at 4°C prior to 

being added to the plate.  The standard curve was run in triplicate while brain tissue 

samples were run in duplicate.  Absorbance was read at 340 nm using ELX800UV 

Universal Microplate Reader and accompanying software.  Five microliters of 1500 U/ml 

Hexokinase diluted 1:25 with Triethanolamine/ 3 mM MgSO4 pH 7.5 was added to each 

well.  The plate was mixed on a Microplate Genie and incubated for 20 minutes.  

Absorbance was read a second time at 340 nm.  Brain glucose concentration was 

calculated based on the glucose standard curve and normalized using brain tissue mass.   
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MOTOR LEARNING AND MEMORY TEST USING ROTAROD 

Study Design 

 To evaluate the role of brain glycogen in motor coordination and learning, wild 

type and MGSKO/GSL30 mice were subjected to a single rotation rotarod treadmill (Med 

Associates Inc ENV-567M) while hypoglycemic or euglycemic in 4 trials over a course 

of 8 days and measured for latency to fall from the treadmill. The duration the mouse was 

able to stay on the rotarod treadmill (termed latency) over the course of four trials was 

considered a measurement of motor coordination and learning.  If learning is occurring, 

we expect the latency to increase over the course of four trials.   

 During each trial, the mice were tested with two different rota-rod settings levels: 

one accelerating speed (3.0-30 RPM over 5 minutes) and one constant speed (28 RPM).  

All mice were given one attempt at the accelerating rotarod and three attempts at the 

constant speed rotarod with a 30 second break in between each attempt.  The maximum 

duration allowed on the accelerating rotarod was 300 seconds and maximum duration 

allowed on the constant speed rotarod was 90 seconds.  Individual attempts were ended 

on one of three circumstances:  1) the mouse reaches the maximum duration time allowed 

2) the mouse clasps onto the rod and rotates with the rod, spinning upside down or 3) the 

mouse falls off of the rotating rod.  In between individual mice, the rotarod was washed 

with 66% ethanol to eliminate any odor cues from previously tested animals.   

 During trial 1 (day 1), the mice were trained on the activity of walking around a 

rotating rod.  Blood glucose was measured (as described above) prior to placing the 
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mouse on the rotarod treadmill.  Each mouse was given one attempt on the accelerating 

rotarod and three attempts on the constant speed rotarod with a 30 second break in 

between each attempt.  After the third rotarod attempt at constant speed, blood glucose 

was tested.  The mice were then placed back into their home cage.  The mice were fasted 

at 5 PM the night before trials 2 and 3 to help induce hypoglycemia. To fast the mice, the 

food bin was completely emptied and the bedding was replaced to ensure all food 

particles were removed.   

 During trials 2 and 3 (days 2 and 6), mice were given either 70/30 Humulin 

insulin or 0.9% saline.  Wild type mice were given 0.8 U/kg insulin and MGSKO/GSL30 

mice were given 1.25 U/kg insulin by intraperitoneal injection to obtain blood glucose 

levels between 60-70 mg/dl sixty minutes post injection.  Blood glucose was tested prior 

to injection, as well as 30 and 60 minutes following insulin or saline injection.  Mice 

were given one attempt on the accelerating rotarod and three attempts on the constant 

speed rotarod with a 30 second break in between each attempt.  After the third rotarod 

attempt at constant speed, the mice were placed back into their home cage.   

 During trial 4 (day 8), the mice were tested for the amount of learning that 

occurred in trials 1, 2, and 3 under euglycemic conditions.  Blood glucose was measured, 

as described above, prior to placing the mouse on the rota-rod treadmill.  Mice were 

given one attempt on the accelerating rotarod and three attempts on the constant speed 

rotarod with a 30 second break in between each attempt.  After the third rotarod attempt 

at constant speed, blood glucose was tested again and the mice were sacrificed by 
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decapitation into liquid nitrogen and processed the same as in the supercompensation 

studies.   

 

ASSOCIATIVE LEARNING USING CUED AND CONTEXTUAL FEAR 

CONDITIONING  

Study Design 

 To evaluate the role of brain glycogen in associative memory, wild type, 

MGSKO/GSL30 and HO mice were subjected to a cued and contextual fear conditioning 

protocol using a foot shock as the unconditioned stimulus.  The cued fear conditioning 

tests for memory associated with the amygdala and hippocampus, while the contextual 

fear conditioning tests for memory specifically located in the hippocampus (30, 31).  The 

mice were subjected to four separate sessions, as defined below, under hypoglycemic or 

euglycemic conditions over a course of 2 days.  An automated chamber and software 

package by Clever Sys Inc. was used to video record and measure freezing behavior in all 

four sessions.   Freezing behavior is the response mice have to fear and is described as the 

absolute absence of movement excluding movement from respiration (32).  Freezing 

behavior in response to fear is dependent on the intensity of the fearful stimulus, number 

of times the fearful stimulus was presented to the animal, and the amount of learning the 

animal accomplished.  Freezing behavior is used as the measurement of learning and 

memory formation in this study.   
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 Two studies were implemented:  one to test memory formation in the absence of 

brain glycogen under euglycemic conditions, and one to test memory formation in the 

absence of brain glycogen under hypoglycemic conditions.   The first study, at 

euglycemic conditions, was conducted on wild type, MGSKO/GSL30, and HO mice.  

The mice were subjected to the four sessions outlined below without any insulin or saline 

injections in session 2 over the course of two days.  Mice were re-tested in sessions 3 and 

4 at 1, 3, 5 and 12 weeks following initial fear conditioning to determine how long the 

mice are able to maintain the memory formed and if it changes over the 12 week time 

period.  The second study was conducted on wild type and MGSKO/GSL30 mice only.  

Mice were subjected to the four sessions outlined below.  No time course was completed 

in the second study where mice were hypoglycemic.          

Session 1:  On day 1, the mouse was placed in the contextually modified chamber 

(context B) for 6 minutes without any cues or shocks.  Session 1 occurs prior to any 

insulin or saline injections.   

Session 2:  Four hours following session 1, mice were given an intraperitoneal injection 

of 70/30 Humulin insulin or 0.9% saline for the hypoglycemic study or not given any 

injection if used for the euglycemic study.  Wild type mice were given insulin at a dose of 

0.8 U/kg body weight while MGSKO/GSL30 mice were given insulin at 1.25 U/kg body 

weight to lower blood sugar to 60-70 mg/dl, which is identical to previous rotarod studies 

where hypoglycemic motor learning was assessed.   Mice were placed in the chamber 

(context A) for a total of 6 minutes.  After 3 minutes in the chamber a cue light and sound 

(85 db, 1000Hz) were introduced for 20 seconds.  During the last 2 seconds the cues 
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(light and sound) were on, a 0.25 mA shock was administered through the floor.  The 

light, sound, and 0.25 mA shock sequence was repeated twice more with a 40 second 

break in between each sequence.   

Session 3:  On day 2, the mice were placed in the chamber (context A) for a total of 6 

minutes without any cues or shocks.  Session 3 was used to measure contextual memory.  

If the mouse freezes, it suggests the mouse is associating the foot shock with the context 

of the environment, a key function of the hippocampus (31).   

Session 4:  Four hours following session 3, the mouse was placed in the contextually 

modified chamber (context B) for 6 minutes and subjected to session 2 parameters but 

without the shock.  Session 4 is used to measure cued memory.   If the mouse freezes, it 

suggests the mouse is associating the foot shock with the light and sound cues, a key 

function of the hippocampus and amygdala (30). 

                                  

Figure 3.  Plain and contextually modified fear conditioning chambers used to test 

memory formation and recall.  Panel A details the plain fear conditioning chamber used 

in sessions 2 and 3.  Panel B details the contextually modified fear conditioning chamber 

used in sessions 1 and 4.  In panel A, the mouse is exposed to the wire floor.  In panel B, 

the mouse is placed on an alternate plastic floor.   

A B 
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NEURON CELL DEATH 

Study design 

 To evaluate the neuroprotective effects of brain glycogen, wild type, 

MGSKO/GSL30, and HO mice were subjected to a severe hypoglycemic episode for 

ninety minutes and then sacrificed by transcardial perfusion.  At sacrifice, the brain was 

removed and sectioned for detection of dead neurons using Fluoro-Jade C.  Dead neurons 

were visualized in the hippocampus under confocal microscopy and manually counted.  

We hypothesize that lower levels of neuronal cell death will occur after hypoglycemia in 

wild type mice as compared to the MGSKO/GSL30, and HO mice which have no brain 

glycogen, if glycogen is neuroprotective.   

Induction of hypoglycemia 

 Wild type, MGSKO/GSL30, and HO mice were fasted overnight beginning at 

5PM the night preceding hypoglycemia induction.  The food bin was emptied and 

bedding replaced in the cage to ensure all food particles were removed. To help induce 

severe and prolonged hypoglycemia, mice were given an intraperitoneal injection of 30 

mg/kg hexamethonium chloride (Sigma H2138) fifteen minutes prior to insulin injection 

to reduce hepatic glucose release.  Humulin insulin (70/30) was administered at 4U/kg by 

intraperitoneal injection to induce hypoglycemia while control mice were given 0.9% 

saline.  The target blood glucose level was <20 mg/dl for 90 minutes.  Blood glucose was 

monitored as described above at the following times:  prior to hexamethonium chloride 

injection, 30, 60, 90, 120, 150, 165, 180, and 195 minutes following insulin injection.  At 
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150 minutes post insulin injection, 50% glucose (Sigma G8270) at 5 µl/g body weight 

was given by intraperitoneal injection only to the insulin treated mice.  Saline treated 

mice did not receive glucose injections to avoid brain damage that may be caused by 

extremely high blood glucose.  Each subsequent fifteen minutes, an additional dose of 

50% glucose at 5 µl/g body weight was given to insulin treated mice if the mouse’s blood 

glucose was below 150 mg/dl.   

 Mice were transcardially perfused the following day.  Prior to transcardial 

perfusion, the mice were anesthetized with a lethal intraperitoneal injection of 0.4 ml 

ketamine/xylazine (Henry Schein, Melville, NY).  Each mouse was placed on its back 

and taped to a dissection tray and then tested for pain response by a toe pinch.  When the 

mouse no longer responded to the toe pinch, a large incision was made beginning below 

the diaphragm and ending at the neck.  The rib cage was quickly removed and the right 

atria cut.  Approximately 35 ml of heparinized saline solution (0.33 mg/ml) (Sigma 

H4784) was perfused into the left ventricle exsanguinating the mouse.  Next, 

approximately 70 ml of 4% paraformaldehyde (Electron Microscopy Sciences 15710, 

Hatfield, PA) diluted in 1X phosphate buffered saline (PBS) was perfused through the 

same site in the left ventricle.  The brain was removed by peeling back the skin on the 

head and gently breaking through the skull with teethed forceps.  The skull was gently 

chipped away until the brain could be lifted out.  Once freed, the brain was immediately 

immersed in 4% paraformaldehyde and incubated overnight at 4°C.     

 Following the overnight incubation, the brain was sectioned using a Lancer 

vibratome.  The brain was first rinsed in 1 X PBS for up to 30 seconds to remove excess 
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4% paraformaldehyde and then glued in place on the vibratome disk for sectioning. The 

brain was kept moist with 1 X PBS while loading into the vibratome and immersed in 

chilled 1 X PBS during sectioning.  The brain was sectioned anterior to posterior in 100 

um thick sections.  The first twenty 100 um whole sections were discarded and the 

following 12 sections were kept. These 12 sections contain the hippocampus region of the 

brain.   Brain sections were stored in 1 X PBS in a 24 well culture plate and stored at 

4°C.   

Fluoro-Jade C staining for dead neurons 

  Brain sections were incubated in 1 ml of ultrapure water for 1 minute twice to 

remove excess 1X PBS.  Sections were mounted on SuperFrost Plus slides (Thermo 

Scientific 4951 PLUS-001, Portsmouth, NH) and dried at 50°C on a slide dryer for at 

least 30 minutes.  Next, the sections were dehydrated by incubating the slides in 100% 

ethanol for 5 minutes, then 70% ethanol for 2 minutes, ultrapure water for 2 minutes, and 

finally in 0.06% potassium permanganate (Electron Microscopy Sciences 20200) for 10 

minutes.  Slides were washed briefly with ultrapure water for 2 minutes and then 

incubated with 0.0001% Fluoro-Jade C stain (Chemicon International AG372, Hatfield, 

PA) in 0.1% acetic acid (Fisher Scientific A35) for 10 minutes in the dark while shaking.  

All steps following Flour-Jade C staining were done in the dark.  The slides were then 

washed with ultrapure water for 1 minute three times to remove excess stain and then 

dried at 50°C for at least 5 minutes.  Next, the slides were dipped in histological grade 

xylene (Sigma 534056) for at least 1 minute and then dried again at 50°C for at least 5 

minutes.  Following the final drying step, the sections were mounted with DPX resin 
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(Fluka 44581, St. Louis, MO) and coverslip applied.  To ensure a good seal between the 

coverslip and slide, clear fingernail polish was applied around the outside of the 

coverslip.  Slides were stored in the dark at -20°C.   

Confocal microscopy 

 An upright confocal microscope was used to image dead neurons stained with 

Fluoro-Jade C.  The confocal microscope was set to fluoroscein settings (excitation = 385 

nm, emission = 425 nm) to visualize dead neurons.  Images were taken at one focal plane.  

Fluoro Jade positive neurons were manually counted using a fluorescent microscope at 

20X magnification.   
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RESULTS 

SUPERCOMPENSATION 

 For the supercompensation studies described below, Sarah Schenk performed the 

majority of the measurements on mice sacrificed 150 minutes after injection and 27 hours 

following refeeding as described in her thesis (33).  My contribution is the measurements 

taken on mice sacrificed 6 hours after refeeding.  All supercompensation data was 

recently published in the Journal of Neuroscience Research (34).  All the data are shown 

here to better demonstrate the significance of the study. 

Acute Hypoglycemia 

 Blood glucose:  Blood glucose was monitored in mice prior to, and 30, 60, 

90,120, 150 minutes following injection with either saline or insulin.  Blood glucose was 

also tested in mice prior to sacrifice at 6 and 27 hours following refeeding.  Sixty minutes 

post insulin injection, blood glucose dropped to approximately 35 mg/dl and remained at 

or below this value for 90 minutes (Figure 4) (33).  At 150 minutes post injections, mice 

were either sacrificed or re-introduced to food.  Six and twenty-seven hours following the 

re-introduction of food, blood glucose between insulin treated and saline treated groups 

were not different.  At 6 hours, insulin treated mice mean blood glucose was 216 mg/dl 

(SD19 n=8) compared to saline treated mice was 204 mg/dl (SD15 n=7).  At 27 hours, 

insulin treated mice mean blood glucose was 208 mg/dl (SD42 n=5) compared to saline 

treated mice was 181 mg/dl (SD21 n=8) (33).  Blood glucose in fed mice was not 
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different from either insulin treated or saline treated groups with a mean blood glucose of 

209mg/dl (SD 24 n=6) (33).   

 

Figure 4. Injection of 70/30 Humulin insulin decreases blood glucose levels to 

approximately 35 mg/dl when given at 2U/kg body weight in wild type mice.  Blood 

glucose levels were monitored in wild type mice injected with insulin (; n=17) or saline 

(; n=18) for 150 minutes.  Area under the curve (AUC) calculations are 1108 (SD 116), 

saline treated and 362 (SD 54), insulin treated, n=18-20, p<0.0001. Data are presented as 

the mean and SD.  Statistical significance was determined using Student’s t-test.    

 

 

Brain Glucose:  Brain glucose was measured in mice 2.5 hours following 

injection, 6, and 27 hours following re-feeding.  Brain glucose dropped to near zero 2.5 

hours after injection in the insulin treated group (p< 0.001) (Figure 5) (33).  At 6 and 27 

hours following re-feeding, there was no difference in brain glucose levels between 

insulin or saline treated mice (Figure 5). Brain glucose levels in fed mice were also not 

different than insulin or saline treated groups (Figure 5) (33).     
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Figure 5. Brain glucose decreases immediately following 90 minute episode of 

hypoglycemia then increases to values similar to saline treated controls by 6 hours 

following the hypoglycemic episode.  Brain glucose was measured in mice following 

insulin (I) or saline (S) injection at 2.5 hours (S-0, I-0), 6 hours (S-6, I-6), and 27 hours 

(S-27, I-27).  Brain glucose was also measured in fed mice (Fed).   
 a
p<0.001 compared to 

S-0, S-6, S-27, I-6, I-27, and fed, 
b
p<0.05 compared to S-0.  Data are presented as the 

mean and SD. Statistical significance was determined using one-way ANOVA followed 

by a Newman-Keuls multiple comparison post-test. 

 

Brain Glycogen:  Brain glycogen was measured in mice 2.5 hours following 

injection, 6, and 27 hours following re-feeding.  Brain glycogen was reduced in 

hypoglycemic mice at 2.5 hours following injection compared to saline treated controls 

(p< 0.001) (Figure 6) (33).  At 6 hours following re-feeding, brain glycogen in formerly 

hypoglycemic mice was elevated compared to saline treated controls at 2.5 hours post 

injection as well as 6 hours re-feeding (p< 0.001) (Figure 6).   At 27 hours, there was no 

difference in brain glycogen levels between insulin or saline treated mice (Figure 6) (33).  

Brain glycogen levels in fed mice were also not different than insulin or saline treated 

groups (Figure 6) (33).   
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Figure 6.  Brain glycogen is decreased immediately following the 90 minute episode 

of hypoglycemia, increases above basal levels at 6 hours, and then is similar to saline 

treated controls by 27 hours.  Brain glycogen was measured in mice following insulin 

(I) or saline (S) injection at 2.5 hours (S-0, I-0), 6 hours (S-6, I-6), and 27 hours (S-27, I-

27).  Brain glycogen was also measured in fed mice (Fed).  
c
p<0.001 compared to S-0, S-

6, S-27, I-6, I-27, and fed, 
d
p<0.001 compared to S-6, S-27, I-27, and fed and p<0.01 

compared to S-0.  Data are presented as the mean and SD.  Statistical significance was 

determined using one-way ANOVA followed by a Newman-Keuls multiple comparison 

post-test.  

 

 

Recurrent Hypoglycemia 

 Blood glucose:  Blood glucose was monitored in mice prior to, and 30, 60, 

90,120, 150 minutes following injection with either saline or insulin on days 1, 5, and 9.  

Blood glucose was also tested in mice at prior to sacrifice at 6 and 27 hours following re-

feeding on day 9.  Sixty minutes post insulin injection, blood glucose dropped to 

approximately 35 mg/dl and remained at or below this value for 90 minutes for all three 

days (Figure 7) (33).  There were no differences comparing the area under the curve 
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(AUC) for the three episodes in saline treated mice except for an 8% lower AUC for 

blood glucose in episode 1 compared to 2 and 3 (Figure 7).  At 150 minutes post 

injections, food was re-introduced each day.  Six and twenty-seven hours following the 

re-introduction of food on day 9, blood glucose between insulin treated and saline treated 

groups were not different.  At 6 hours, insulin treated mice mean blood glucose was 209 

mg/dl (SD32, n=10) compared to saline treated mice was 200 mg/dl (SD19, n=9).  Mean 

blood glucose in fed mice was 209 (SD 24, n=6).  At 27 hours, insulin treated mice mean 

blood glucose was 180 mg/dl (SD20, n=7) compared to saline treated mice was 185 

mg/dl (SD10, n=6) (33).   

 

Figure 7. Injection of 70/30 Humulin insulin decreases blood glucose levels to 

approximately 35 mg/dl when given at 2U/kg body weight in wild type mice on all 

three episodes.  Blood glucose levels were monitored in wild type mice injected with 

saline (open symbols; n=19-21) or insulin (closed symbols; n=24) for 150 minutes on 

three separate occasions: episode 1 (, ), episode 2 (, ), and episode 3 (, ). 

AUC calculations for saline-treated animals are 1119 (SD 79), episode 1; 1210 (SD 149), 

episode 2; 1198 (SD 138), episode 3; and for insulin-treated mice 365 (SD 53), episode 1; 

352 (SD 50), episode 2; 342 (SD 46), episode 3; n=19-24.  Episode 1 had a lower AUC 

than episodes 2 and 3 in saline treated mice (p<0.01).  All three episodes of insulin 

treated mice were not different.  AUCs of saline treated episodes were higher than insulin 

treated episodes (p<0.001).   
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Brain Glucose:  Brain glucose was measured in mice 2.5 hours following 

injection, 6, and 27 hours following injection on day 9.  Brain glucose decreased 2.5 

hours after injection in the insulin treated group at the end of episode 3 (p< 0.001) 

(Figure 8) (33).  At 6 and 27 hours following re-feeding on day 9, there was no difference 

in brain glucose levels between insulin or saline treated mice (Figure 8).  Brain glucose 

levels in fed mice were also not different than insulin or saline treated groups (Figure 8) 

(33).     

 

Figure 8.  Brain glucose decreases immediately following 90 minute episode of 

hypoglycemia then increases to values similar to saline treated controls by 6 hours 

following the hypoglycemic episode.  Brain glucose was measured in mice following 

insulin (I) or saline (S) injection at 2.5 hours (S-0, I-0), 6 hours (S-6, I-6), and 27 hours 

(S-27, I-27) following three episodes of hypoglycemia.  Brain glucose was also measured 

in fed mice (Fed). n=6-10 per group.  
 
Data are presented as means and standard 

deviation.  
a
p<0.001 compared to S-0, S-6, S-27, I-6, I-27, and fed, 

b
p<0.05 compared to 

S-0, 
c
p<0.05 compared to I-6.  Statistical significance was determined using one-way 

ANOVA followed by a Newman-Keuls multiple comparison post-test.  
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Brain Glycogen:  Brain glycogen was measured in mice 2.5 hours following 

injection, 6, and 27 hours following injection on day 9.  Brain glycogen was reduced in 

hypoglycemic mice at 2.5 hours following injection compared to saline treated controls at 

the end of episode 3 (p< 0.001) (Figure 9) (33).  At 6 hours following re-feeding, brain 

glycogen in formerly hypoglycemic mice was elevated compared to saline treated 

controls (p< 0.01) (Figure 9).  At 27 hours, there was no difference in brain glycogen 

levels between insulin or saline treated mice (Figure 9) (33).  Brain glycogen levels in fed 

mice were also not different than insulin or saline treated groups (Figure 9) (33).     

 

Figure 9.  Brain glycogen is decreased immediately following the 90 minute episode 

of hypoglycemia, increases above basal levels at 6 hours, and then is similar to saline 

treated controls by 27 hours.  Brain glycogen was measured in mice following insulin 

(I) or saline (S) injection at 2.5 hours (S-0, I-0), 6 hours (S-6, I-6), and 27 hours (S-27, I-

27) following the third episode of hypoglycemia.  Brain glycogen was also measured in 

fed mice (Fed).  Data are presented as means and standard deviation.  
d
p<0.001 compared 

to S-0, S-6, S-27, I-6, I-27, and fed, 
e
p<0.01 compared to S-6, I-27, S-27, and fed and 

p<0.05 compared to S-0.  Statistical significance was determined using one-way ANOVA 

followed by a Newman-Keuls multiple comparison post-test.  
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MOTOR LEARNING 

 To evaluate the role of brain glycogen in motor coordination and learning, wild 

type and MGSKO/GSL30 mice were subjected to a single rotation rota-rod treadmill 

while euglycemic on trial 1, hypoglycemic on trials 2 and 3 and euglycemic on trial 4.  

Blood glucose was measured prior to and immediately following rotarod exercise in all 

trials as well as prior to, 30, and 60 minutes following insulin or saline injections in trials 

2 and 3.  Mice were measured for learning using latency to fall from the rotarod treadmill 

over the 4 trials.  

 Trial 1 Blood Glucose:  Blood glucose was monitored in wild type and 

MGSKO/GSL30 mice prior to rotarod exercise and immediately following rotarod 

exercise on trial 1.  Pre rotarod blood glucose values were higher in MGSKO/GSL30 

mice compared to wild type (p<0.01) (Figure 10). Mean blood glucose in 

MGSKO/GSL30 mice was 10% higher than wild type mice prior to rotarod exercise.  

Post rotarod blood glucose values were also higher in MGSKO/GSL30 mice compared to 

wild type (p<0.01) (Figure 10).  Mean blood glucose in MGSKO/GSL30 mice was 9% 

higher post rotarod exercise compared to wild type mice.  Wild type and MGSKO/GSL30 

blood glucose values were higher following rotarod exercise than prior to rotarod 

exercise for each genotype (p<0.001) (Figure 10).  
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Figure 10. MGSKO/GSL30 mice show increased blood glucose levels prior to 

rotarod exercise and post rotarod exercise compared to wild type mice in trial 1.  
Blood glucose levels were monitored in wild type mice (; n=20) and MGSKO/GSL30 

mice (; n=17) before and after rota-rod exercise on trial 1. Data are presented as mean 

+ standard error of the mean with 
*
p<0.01, 

**
p<0.001.  Statistical significance was 

determined using one-way ANOVA followed by a Newman-Keuls multiple comparison 

post-test. 

 

 Trial 2 and 3 Blood Glucose:  Blood glucose was monitored in wild type and 

MGSKO/GSL30 mice prior to insulin or saline injection, 30, 60 minutes, and 

immediately following rotarod exercise during trials 2 and 3.  During trials 2 and 3, 

MGSKO/GSL30 saline treated mice had increased area under the curve compared to 

saline treated wild type mice (p<0.01) (Figure 11).  Consistent throughout trials 2 and 3, 

blood glucose of insulin treated wild type mice were not different than insulin treated 

MGSKO/GSL30 mice (p>0.05) (Figure 11).  Wild type and MGSKO/GSL30 mice had 

mean blood glucose values of 60 mg/dl and 61 mg/dl respectively at 60 minutes post 

insulin injection prior to rotarod exercise in trials 2 and 3.   Insulin treated mice of both 

genotypes showed decreased blood glucose compared to saline treated mice of both 

* * 

** 
** 
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genotypes in trials 2 and 3 (p<0.001).    Blood glucose values were not different between 

trials 2 and 3 when comparing saline treated MGSKO/GSL30, insulin treated 

MGSKO/GSL30, saline treated wild type, or insulin treated wild type mice.     

  

Figure 11. Injection of 70/30 Humulin insulin decreases blood glucose levels to 

approximately 60 mg/dl within 60 minutes post injection in MGSKO/GSL30 and 

wild type mice in trials 2 and 3.  Blood glucose levels were monitored in 

MGSKO/GSL30 (red) and wild type mice (black) injected with saline (closed symbols; 

n=8-9) or insulin (open symbols; n=9-11) for 60 minutes prior to rotarod exercise and 

immediately following rotarod exercise at approximately 75 minutes on two separate 

trials: Trial 2 (,) and trial 3 (, ). Saline treated MGSKO/GSL30 mice had 

increased AUC compared to saline treated wild type mice in trials 2 and 3 (*p<0.01). 

Statistical significance was determined using one-way ANOVA followed by a Newman-

Keuls multiple comparison post-test using area under the curve calculations. 

 

           Trial 4 Saline Treated Blood Glucose:  Blood glucose was monitored in wild type 

and MGSKO/GSL30 mice prior to rotarod exercise and immediately following rotarod 

exercise on trial 4.  Pre rotarod blood glucose values were not different between saline 

treated MGSKO/GSL30 mice and saline treated wild type (p>0.05) (Figure 12).  Post 

rotarod blood glucose values were higher in saline treated MGSKO/GSL30 mice 

* * 

* 
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compared to saline treated wild type (p<0.01) (Figure 12).  Mean blood glucose in saline 

treated MGSKO/GSL30 mice was 16 % higher than saline treated wild type mice post 

rotarod exercise.  Saline treated MGSKO/GSL30 blood glucose values were higher 

following rotarod exercise than prior to rotarod exercise in trial 4 (p<0.01), but not in 

wild type (p>0.05) (Figure 12).   

 

 

 

Figure 12. Saline treated MGSKO/GSL30 blood glucose levels increased following 

rotarod exercise following trial 4, but not wild type.  Blood glucose levels were 

monitored in saline treated wild type mice (; n=9) and saline treated MGSKO/GSL30 

mice (; n=8) before and after rotarod exercise on trial 4. Data are presented as mean + 

standard error of the mean with 
*
p<0.01. Statistical significance was determined using 

one-way ANOVA followed by a Newman-Keuls multiple comparison post-test.  

 

 Trial 4 Insulin Treated Blood Glucose:  Pre rotarod blood glucose values were not 

different between insulin treated MGSKO/GSL30 mice and insulin treated wild type 

mice (p>0.05) (Figure 13).  Post rotarod blood glucose values were higher in insulin 

treated MGSKO/GSL30 mice compared to insulin treated wild type (p<0.01) (Figure 13).  

* 

* 
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Mean blood glucose in insulin treated MGSKO/GSL30 mice was 14 % higher than 

insulin treated wild type mice post rotarod exercise. Insulin treated MGSKO/GSL30 

blood glucose values were higher following rotarod exercise than prior to rotarod 

exercise in trial 4 (p<0.05), but not in wild type (p>0.05) (Figure 13).  

 

 

Figure 13. Insulin treated MGSKO/GSL30 blood glucose levels increased following 

rotarod exercise following trial 4, but not wild type.  Blood glucose levels were 

monitored in insulin treated wild type mice (; n=11) and insulin treated 

MGSKO/GSL30 mice (; n=9) before and after rotarod exercise on trial 4. Data are 

presented as mean + standard error of the mean with 
*
p<0.05 and 

**
p<0.01 Statistical 

significance was determined using one-way ANOVA followed by a Newman-Keuls 

multiple comparison post-test.  

 

 Latency to Fall from 3-30 RPM accelerating rotarod:  Latency to fall was 

measured in wild type and MGSKO/GSL30 mice on an accelerating rotarod (3-30RPM) 

over a course of 4 trials.  Mice were euglycemic on trials 1 and 4 and hypoglycemic on 

trials 2 and 3.  Latency to fall was not different between wild type and MGSKO/GSL30 

mice on trial 1.  During trial 2, insulin treated wild type mice displayed a lower latency to 

fall compared to saline treated wild type mice (p<0.05) (Figure 14).  Insulin treated 

** 

* 
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MGSKO/GSL30 mice displayed a lower latency to fall during trial 2 compared to saline 

treated MGSKO/GSL30 mice (p<0.01) (Figure 14).  There were no differences between 

saline treated wild type and saline treated MGSKO/GSL30 mice during trial 2 or insulin 

treated wild type and insulin treated MGSKO/GSL30 during trial 2.  During trial 3, 

insulin treated wild type mice displayed a lower latency to fall compared to saline treated 

wild type mice (p<0.001) (Figure 14).  Insulin treated MGSKO/GSL30 mice also 

displayed a lower latency to fall during trial 3 compared with saline treated 

MGSKO/GSL30 mice (p<0.001) (Figure 14).  There were no differences between saline 

treated wild type and saline treated MGSKO/GSL30 mice during trial 3 or insulin treated 

wild type and insulin treated MGSKO/GSL30 during trial 3.  During trial 4, there was no 

difference in latency to fall between insulin and saline treated wild type mice. Insulin 

treated MGSKO/GSL30 mice, however, showed decreased latency to fall compared to 

saline treated MGSKO/GSL30 mice (p<0.01) (Figure 14).   Insulin treated 

MGSKO/GSL30 mice also showed decreased latency to fall compared to insulin treated 

wild type mice (p<0.05) (Figure 14).       
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Figure 14. Insulin treated MGSKO/GSL30 mice show decreased latency to fall 

compared to insulin and saline treated wild type and saline treated MGSKO/GSL30 

mice in trial 4 on accelerating rotarod.  Latency to fall was measured in saline (,) 

and insulin (, ,) treated wild type mice (closed symbols; n=9 saline, n=11 insulin) and 

MGSKO/GSL30 mice (open symbols; n=8 saline, n=9 insulin) in trials 1, 2, 3, and 4 on 

an accelerating rota-rod (3-30 RPM). All mice were given one attempt for each trial. 

Mice were euglycemic on trials 1 and 4 and hypoglycemic on trials 2 and 3 with blood 

glucose values of approximately 60mg/dl at the time of rota-rod exercise.  Data are 

presented as means + standard error of the mean. 
*
p<0.05 between wild type insulin 

treated mice and wild type saline treated mice and p<0.01 between MGSKO/GSL30 

insulin treated mice and MGSKO/GSL30 saline treated mice in trial 2.
**

p<0.001 between 

wild type insulin treated mice and wild type saline treated mice and p<0.001 between 

MGSKO/GSL30 insulin treated mice and MGSKO/GSL30 saline treated mice in trial 

3.
***

p<0.05 between MGSKO/GSL30 insulin treated mice and wild type insulin treated 

mice and p<0.01 between MGSKO/GSL30 insulin treated mice and wild type and 

MGSKO/GSL30 saline treated mice Statistical significance was determined using one-

way ANOVA followed by a Newman-Keuls multiple comparison post-test for each trial.  

 

  

 

* 

*** ** 
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 Latency to Fall from 28 RPM rotarod:  Latency to fall was measured in wild type 

and MGSKO/GSL30 mice on a 28 RPM rotarod over a course of 4 trials.  Mice were 

euglycemic on trials 1 and 4 and hypoglycemic on trials 2 and 3.  Latency to fall was not 

different between wild type and MGSKO/GSL30 mice on trial 1.  During trial 2, insulin 

treated wild type mice displayed a lower latency to fall compared to saline treated wild 

type mice (p<0.01) (Figure 15).  Saline and insulin treated MGSKO/GSL30 mice latency 

to fall were not different.  There were also no differences between saline treated wild type 

and saline treated MGSKO/GSL30 mice during trial 2 or insulin treated wild type and 

insulin treated MGSKO/GSL30 during trial 2.  During trial 3, insulin treated wild type 

mice displayed a lower latency to fall compared to saline treated wild type mice 

(p<0.001) (Figure 15).  Insulin treated MGSKO/GSL30 mice also displayed a lower 

latency to fall during trial 3 compared with saline treated MGSKO/GSL30 mice 

(p<0.001) (Figure 15).  There were no differences between saline treated wild type and 

saline treated MGSKO/GSL30 mice during trial 3 or insulin treated wild type and insulin 

treated MGSKO/GSL30 during trial 3.  During trial 4, there was no difference in latency 

to fall between saline and insulin treated wild type mice. Insulin treated MGSKO/GSL30 

mice, however, showed decreased latency to fall compared to saline treated 

MGSKO/GSL30 mice (p<0.05) (Figure 15).   Insulin treated MGSKO/GSL30 mice also 

showed decreased latency to fall compared to insulin treated wild type mice (p<0.05) 

(Figure 15).       
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Figure 15. Insulin treated MGSKO/GSL30 mice show decreased latency to fall 

compared to insulin and saline treated wild type and saline treated MGSKO/GSL30 

mice in trial 4 on 28 RPM rotarod.  Latency to fall was measured in saline (, ) and 

insulin (, ) treated wild type mice closed symbols; (n=9 saline, n=11 insulin) and 

MGSKO/GSL30 mice (open symbols; n=8 saline, n=9 insulin) in trials 1, 2, 3, and 4 on a 

28 RPM rota-rod. All mice were given three attempts at 28 RPM for each trial.  Attempts 

were averaged. Mice were euglycemic on trials 1 and 4 and hypoglycemic on trials 2 and 

3 with blood glucose values of approximately 60mg/dl at the time of rota-rod exercise.  

Data are presented as means + standard error of the mean. 
*
p<0.01 between wild type 

insulin treated mice and wild type saline treated mice in trial 2.
**

p<0.001 between wild 

type insulin treated mice and wild type saline treated mice and p<0.001 between 

MGSKO/GSL30 insulin treated mice and MGSKO/GSL30 saline treated mice in trial 

3.
***

p<0.05 between MGSKO/GSL30 insulin treated mice and wild type insulin treated 

mice and p<0.01 between MGSKO/GSL30 insulin treated mice and wild type and 

MGSKO/GSL30 saline treated mice Statistical significance was determined using one-

way ANOVA followed by a Newman-Keuls multiple comparison post-test for each trial.  

 

 

 

 

 

* 

*** ** 
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CUED AND CONTEXTUAL FEAR CONDITIONING 

 To evaluate the role of brain glycogen in associative memory, wild type, 

MGSKO/GSL30 and HO mice were subjected to a cued and contextual fear conditioning 

protocol using a foot shock as the unconditioned stimulus.  The cued fear conditioning 

tests for memory associated with the amygdala and hippocampus, while the contextual 

fear conditioning tests for memory specifically in the hippocampus (30, 31).  Two studies 

were implemented:  one to test memory formation in the absence of brain glycogen under 

euglycemic conditions, and one to test memory formation in the absence of brain 

glycogen under hypoglycemic conditions.   An automated chamber and software package 

by Clever Sys Inc. was used to video record and measure freezing behavior in all four 

sessions.   The percent of time that the mouse exhibits freezing behavior is used as the 

measurement of learning and memory formation in this study.    

Euglycemic Study 

 Session 1:  Wild type, MGSKO/GSL30, and HO mice were measured for baseline 

freezing behavior in session 1 using the contextually modified chamber (context B).  HO 

mice displayed increased baseline freezing behavior compared to MGSKO/GSL30 and 

wild type mice (p<0.001) (Figure 16).   There were no differences in freezing behavior 

between wild type and MGSKO/GSL30 mice (Figure 16).   
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Figure 16.  HO mice displayed increased baseline freezing compared to 

MGSKO/GSL30 and wild type.  Mice were placed in a contextually modified chamber 

to measure baseline freezing behavior in session 1.  Freezing behavior was measured in 

wild type (, n=25), MGSKO/GSL30 (, n=28), and HO (≡, n=9) mice using Freeze 

Scan software. Data are presented as means + standard error of the mean.  
**

p<0.001 

compared to MGSKO/GSL30 and wild type.  Statistical significance was determined 

using one-way ANOVA followed by a Newman-Keuls multiple comparison post-test.    

 

 Session 2:  Four hours following session 1, mice were fear conditioned in session 

2 using context A.  Mice were fear conditioned using a foot shock as the unconditioned 

stimulus 3 minutes after being placed into the chamber.  Pre-cue freezing includes the 

first 3 minutes, where no cues or shock took place, whereas the post-cue freezing 

includes the remaining 3 minutes including cues and foot shocks. Wild type, 

MGSKO/GSL30, and HO mice all showed increased percent freezing between pre-cue 

freezing behavior and post-cue freezing behavior (p<0.0001 for wild type, 

MGSKO/GSL30, and HO) (Figure 17).   HO mice continued to exhibit increased pre-cue 

freezing compared to wild type and MGSKO/GSL30 mice (p<0.001) (Figure 17).  Post-

cue percent freezing were not different between genotypes (Figure 17). 

* 
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Figure 17. Wild type, MGSKO/GSL30, and HO mice were successfully fear 

conditioned evidenced by an increase in % freezing between pre-cue freezing and 

post-cue freezing between all genotypes. Mice were fear conditioned using a foot shock 

as the unconditioned stimulus 3 minutes after being placed into the chamber.  Pre-cue 

freezing includes the first 3 minutes, where no cues or shock took place, whereas the 

post-cue freezing includes the remaining 3 minutes of session 2 including cues and foot 

shocks. Freezing behavior was measured in wild type (, n=25), MGSKO/GSL30 (, 

n=28), and HO (≡, n=9) mice using Freeze Scan software. Data are presented as means + 

standard error of the mean. 
*
p<0.0001 between wild type pre-cue and post-cue, 

MGSKO/GSL30 pre-cue and post cue and HO pre-cue and post cue. 
#
p<0.001 compared 

to wild type and MGSKO/GSL30 pre-cue freezing values. Statistical significance was 

determined using one-way ANOVA followed by a Bonferroni planned comparison post-

test (p-value was not adjusted for multiple comparisons) when comparing pre and post 

values within each genotype and Newman-Keuls multiple comparison post-test when 

comparing pre-cue and post-cue freezing values across genotypes.  

 

 

 Sessions 3 and 4:  One day following cued and contextual fear conditioning, mice 

were placed in the same contextual environment (context A) as they were in when the 

shock was delivered and measured for freezing behavior to test for contextual associative 

memory.  Four hours following session 3, mice were placed in the contextual 

* # 

* * 
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environment as they were in session 1 where no shock or cues were delivered (context 

B).  In session 4, however, light and sound cues were delivered as they were when the 

shock was delivered in session 2 to test for cued associative memory.   

 To evaluate contextual associative memory, freezing behavior in session 3, using 

context A (Figure 3A), was compared to the first 3 minutes of session 4, using context B, 

(Figure 3B) where no cues were presented.  This comparison was made to determine if 

the freezing in session 3 was actually due to contextual associations and not generalized 

fear, regardless of context.  Wild type and MGSKO/GSL30 mice had increased freezing 

behavior in context A compared to context B (p=0.0099 and p=0.0078) (Figure 18).  HO 

mice, however, froze similarly in both contexts A and B (p=0.1469) (Figure 18).   

 

Figure 18.  HO mice froze similarly in context A and context B while 

MGSKO/GSL30 and wild type mice had increased freezing behavior in context A 

compared to context B. Mice were placed in context A, the same contextual 

environment where the foot shock occurred and measured for freezing behavior. Four 

hours following context A, mice were placed in context B and measured for freezing 

behavior during the first 3 minutes when cues were absent.  Freezing behavior was 

measured in wild type (, n=25), MGSKO/GSL30 (, n=28), and HO (≡, n=9) mice 

using Freeze Scan software. Data are presented as means + standard error of the mean. 

*p=0.0099 and **p=0.0078 Statistical significance was determined using a paired 

Student’s t test between context A and B for each genotype.   

* 

** 
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To evaluate cued associative memory, freezing behavior was measured in the last 

3 minutes of session 4, where the light and sound cues were presented.   Freezing values 

following cue presentation were not different between genotypes and were all increased 

compared to baseline freezing behaviors seen in session 1 (Figure 19 and Figure 16).     

 

Figure 19. Freezing behavior following cue presentation was not different between 

wild type, MGSKO/GSL30, and HO mice. Mice were placed in the contextual 

environment as they were in session 1 where no shock or cues were delivered, however, 

light and sound cues were delivered as they were when the shock was delivered in 

session 2.  Mice were measured for freezing behavior in the last 3 minutes of session 4, 

where the cues were presented, in wild type (, n=25), MGSKO/GSL30 (, n=28), and 

HO (≡, n=9) mice using Freeze Scan software. Data are presented as means + standard 

error of the mean. Statistical significance was determined using one-way ANOVA 

followed by a Newman-Keuls multiple comparison post-test. 

 

Contextual Memory Time Course:  One, three, five, and twelve weeks following 

the initial cued and contextual fear conditioning, mice were subjected to sessions 3 and 4 

to evaluate changes in the contextual and cued memory over time.  To evaluate 

contextual associative memory, freezing behavior in session 3, using context A, was 

compared to the first 3 minutes of session 4, using context B, where no cues were 

presented. Wild type mice unexpectedly froze more in context B compared to context A 



59 

at 1 week following initial fear conditioning (p=0.0461), however, at 3 weeks, 5 weeks, 

and 12 weeks, wild type mice froze equally in both contexts (p=0.1243, p=0.1421, 

p=0.5004 respectively) (Figure 20 A-D and Table 1).  MGSKO/GSL30 mice froze 

equally in both contexts at 1 and 3 weeks following initial fear conditioning (p=0.8343 

and p=0.4014), however began to freeze more in context A compared to context B at 5 

and 12 weeks following the initial fear conditioning (p=0.0206 and p=0.0389 

respectively) (Figure 20 A-D and Table 1).  HO mice froze more in context A compared 

to context B at 1 week following initial fear conditioning (p=0.0256), however, at 3 

weeks, 5 weeks, and 12 weeks, HO mice froze equally in both contexts (p=0.6046, 

p=0.8769, p=0.5748 respectively) (Figure 20 A-D and Table 1).   
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Figure 20. There were no differences in freezing behavior across all time points 

within each genotype.  Mice were placed in context A, the same contextual environment 

where the foot shock occurred and measured for freezing behavior. Four hours following 

context A, mice were placed in context B and measured for freezing behavior during the 

first 3 minutes when cues were absent.  Freezing behavior was measured at 1 week 

following initial fear conditioning in Panel A, wild type (, n=14), MGSKO/GSL30 (, 

n=18) and HO (≡, n=9); 3 weeks in Panel B, wild type (, n=12), MGSKO/GSL30 (, 

n=9) and HO (≡, n=7);  5 weeks in Panel C, wild type (, n=12), MGSKO/GSL30 (, 

n=12) and HO(≡, n=7);  and 12 weeks in Panel D wild type (, n=8), MGSKO/GSL30 

(, n=12) and HO(≡, n=5) using Freeze Scan software. Data are presented as means + 

standard error of the mean. Panel A, *p=0.0461 and **p=0.0256.  Panel C, *p=0.0206. 

Panel D, *p=0.0389.  Statistical significance was determined using a paired Student’s t 

test between context A and B for each genotype.   

 

Table 1.  Ability of mice to differentiate between contexts A and B over a 12 week time 

period where X indicates the ability to differentiate.   

 Initial 1wk 3wks 5wks 12wks 

WT X     

MGSKO/GSL30 X   X X 

HO  X    

A B 

C D 

* 

** 

* * 



61 

 Cued Memory Time Course:  To evaluate cued associative memory at one, three, 

five, and twelve weeks following initial fear conditioning, freezing behavior was 

measured in the last 3 minutes of session 4, where the light and sound cues were 

presented to measure the response each genotype had to the cues.   Freezing values 

following cue presentation were not different between genotypes at one, three, and twelve 

weeks (p>0.05) (Figure 21 A, B, D).  At 5 weeks, MGSKO/GSL30 and HO mice showed 

increased freezing behavior compared to wild type mice (p<0.01) (Figure 21 C).  At 

every time point, freezing behavior for each genotype was increased compared to 

baseline freezing behavior in each genotype seen in Figure 16 indicating that a response 

to the cues was still occurring.   
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Figure 21. MGSKO/GSL30 and HO mice display increased freezing behavior at 5 

weeks following initial fear conditioning compared to wild type mice, whereas 

freezing behavior was similar between genotypes all other time points. Mice were 

placed in the contextual environment as they were in session 1 where no shock or cues 

were delivered, however, light and sound cues were delivered as they were when the 

shock was delivered in session 2.  Freezing behavior was measured in the last 3 minutes 

of session 4, where the cues were presented, in at 1 week following initial fear 

conditioning in Panel A, wild type (, n=14), MGSKO/GSL30 (, n=18) and HO (≡, 

n=9); 3 weeks in Panel B, wild type (, n=12), MGSKO/GSL30 (, n=9) and HO (≡, 

n=7);  5 weeks in Panel C, wild type (, n=12), MGSKO/GSL30 (, n=12) and HO(≡, 

n=7);  and 12 weeks in Panel D wild type (, n=8), MGSKO/GSL30 (, n=12) and 

HO(≡, n=5) using Freeze Scan software. Data are presented as means + standard error of 

the mean. *p<0.01 Statistical significance was determined using one-way ANOVA 

followed by a Newman-Keuls multiple comparison post-test at each time point. 
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 Stability of Contextual Memory:  Wild type mice showed consistent freezing 

behavior in context A as well as context B across the twelve week time course.  The same 

was observed for MGSKO/GSL30 and HO mice all having consistent freezing behavior 

for each context across 12 weeks (Figure 22 A-C).   

               

             

Figure 22.  Freezing behavior in context A and context B remained unchanged 

across time for each genotype.  Mice were placed in context A, the same contextual 

environment where the foot shock occurred and measured for freezing behavior. Four 

hours following context A, mice were placed in context B and measured for freezing 

behavior during the first 3 minutes when cues were absent.  Freezing behavior was 

measured using Freeze Scan software.  Panel A, wild type (, Initial n= 25, 1wk n=14, 

3wk n=12, 5wk n=12, 12wk n=8), in Panel B, MGSKO/GSL30 (, Initial n= 28, 1wk 

n=18, 3wk n=9, 5wk n=12, 12wk n=12),in Panel C, HO (≡, Initial n= 9, 1wk n=9, 3wk 

n=7, 5wk n=7, 12wk n=5). Data are presented as means + standard error of the mean. 

Statistical significance was determined using one-way ANOVA followed by a Newman-

Keuls multiple comparison post-test to compare context A across each time point as well 

as context B across each time point.  

 

 

A 

B C 
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 Stability of Cued Memory:  Freezing behavior was not different in response to the 

cues at any time point within the 12 week time period in wild type mice.  The same was 

observed for MGSKO/GSL30 and HO mice all having consistent freezing behavior in 

response to the cues across 12 weeks (Figure 23 A-C).            

                                       

                      

Figure 23.  There were no differences in freezing behavior in response to cues across 

all time points within each genotype.  Mice were placed in the contextual environment 

as they were in session 1 where no shock or cues were delivered, however, light and 

sound cues were delivered as they were when the shock was delivered in session 2.  

Freezing behavior was measured using Freeze Scan software in the last 3 minutes of 

session 4, where the cues were presented.  Panel A, wild type (, Initial n= 25, 1wk 

n=14, 3wk n=12, 5wk n=12, 12wk n=8), in Panel B, MGSKO/GSL30 (, Initial n= 28, 

1wk n=18, 3wk n=9, 5wk n=12, 12wk n=12),in Panel C, HO (≡, Initial n= 9, 1wk n=9, 

3wk n=7, 5wk n=7, 12wk n=5).  Data are presented as means + standard error of the 

mean. Statistical significance was determined using one-way ANOVA followed by a 

Newman-Keuls multiple comparison post-test to freezing behavior at each time point 

within genotypes.   

 

 

 

A 

B C 
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Hypoglycemic Study 

Cued and contextual fear conditioning was completed under hypoglycemic 

conditions to test memory formation in the absence of brain glycogen while blood 

glucose was limiting.  Only wild type and MGSKO/GSL30 mice were utilized for these 

studies.  HO mice were not included due to low availability because of the high lethality 

rate. Wild type and MGSKO/GSL30 mice were either injected with insulin (1.25U/kg for 

MGSKO/GSL30 or 0.8U/kg for wild type) or 0.9% saline for vehicle control prior to 

session 2 where the memory of being shocked is formed.   

 Session 1:  Fasted wild type and MGSKO/GSL30 mice were measured for 

baseline freezing behavior in session 1 using context B.  There were no differences in 

baseline freezing behavior between the wild type and MGSKO/GSL30 mice while fasted 

overnight (p=0.7311) (Figure 24).    

 

Figure 24.  Wild type and MGSKO/GSL30 mice were not different in fasted baseline 

freezing behavior.  Mice were fasted overnight and then placed in a contextually 

modified chamber to measure baseline freezing behavior during session 1. Freezing 

behavior was measured in wild type (, n=18), and MGSKO/GSL30 (, n=17) mice 

using Freeze Scan software. Data are presented as means + standard error of the mean. 

Statistical significance was determined using Student’s t- test.     
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 Session 2:  Three hours following session 1, mice were injected with either insulin 

(1.25U/kg for MGSKO/GSL30 mice and 0.8U/kg for wild type mice) or 0.9% saline and 

fear conditioned 60 minutes following injection in session 2 using context A.  The goal 

was to lower blood glucose to 60-70 mg/dl, consistent with the motor learning studies.  

Area under the curve (AUC) was calculated for each animal and mean group AUCs were 

compared.  Saline treated mice of both genotypes had increased AUC compared to 

insulin treated mice of the same genotype (p<0.001) (Figure 25).  Saline treated 

MGSKO/GSL30 mice had an increased AUC compared to saline treated wild type mice 

(p <0.001) (Figure 25).  Insulin treated MGSKO/GSL30 animals also had an increased 

AUC compared to insulin treated wild type mice (p<0.01) (Figure 25).  Blood glucose 

however was comparable at 60 minutes post insulin injection in MGSKO/GSL30 and 

wild type mice with mean blood glucose values of 65 + 4 mg/dl and 60 + 4 mg/dl 

respectively.  
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Figure 25.  Injection of 70/30 Humulin insulin decreases blood glucose levels to 

approximately 60-70 mg/dl within 60 minutes post injection in MGSKO/GSL30 and 

wild type mice.  Blood glucose levels were monitored in MGSKO/GSL30 (red) and wild 

type mice (black) injected with saline (,n=9  , n=8) or insulin (,n=9 , n=9) for 60 

minutes prior to fear conditioning and immediately following fear conditioning at 

approximately 70 minutes. Saline treated MGSKO/GSL30 mice had increased AUC 

compared to saline treated wild type mice (*p<0.001). Insulin treated MGSKO/GSL30 

mice had increased AUC compared to insulin treated wild type mice (*p<0.01).  Saline 

treated animals had increased AUC compared to insulin treated animals of the same 

genotype (p<0.001).  Statistical significance was determined using one-way ANOVA 

followed by a Newman-Keuls multiple comparison post-test using area under the curve 

calculations. 

 

 At 60 minutes post insulin or saline injection, mice were placed into the fear 

conditioning chamber and subjected to session 2 using context A.  Freezing behavior was 

divided into pre-cue (Figure 26 A) and post-cue (Figure 26 B) presentation.  Pre-cue 

freezing includes the first 3 minutes, where no cues or shock were presented, whereas the 

post-cue freezing includes the remaining 3 minutes including cue and shock presentation.  

Insulin treated wild type and insulin treated MGSKO/GSL30 mice showed increased pre-

cue freezing behavior compared to saline treated controls (p<0.01) (Figure 26 A).  Insulin 

* * 

* 

* 

* * 
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treated wild type mice, but not MGSKO/GSL30 mice, showed increased post-cue 

freezing behavior compared to saline treated control (p<0.05) (Figure 26 B).  

 

      

Figure 26. Insulin treated MGSKO/GSL30 mice show increased freezing behavior 

prior to cue presentation while insulin treated wild type mice show increased 

freezing behavior prior to and following cues. Mice were fear conditioned using a foot 

shock as the unconditioned stimulus 3 minutes after being placed into the chamber.  

Panel A shows the pre-cue freezing which includes the first 3 minutes, prior to cue and 

shock presentation.  Panel B shows the post-cue freezing, which includes the remaining 3 

minutes, including cues and shocks. Freezing behavior was measured in wild type (, 

saline treated n=9, insulin treated n=9) and MGSKO/GSL30 (, saline treated n=8, 

insulin treated n=9) mice using Freeze Scan software. Data are presented as means + 

standard error of the mean. 
**

p<0.01 and 
*
p<0.05 Statistical significance was determined 

separately on pre-cue freezing data and post-cue freezing data using one-way ANOVA 

followed by a Newman-Keuls multiple comparison post-test.    

 

 Sessions 3 and 4:  To evaluate contextual associative memory, freezing behavior 

in session 3, using context A, was compared to the first 3 minutes of session 4, using 

context B, where no cues were presented.  This comparison was made to determine if the 

freezing in session 3 was actually due to contextual associations and not generalized fear, 

regardless of context.  Saline and insulin treated wild type and saline treated 

MGSKO/GSL30 mice had increased freezing behavior in context A compared to context 

A B 

** 

** 

* 
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B (p=0.0280, p=0.0439, and p=0.0150 respectively) (Figure 27 A, B).  Insulin treated 

MGSKO/GSL30 mice froze similarly in both contexts (p=0.3235) (Figure 27 B).   

      

Figure 27. Insulin treated MGSKO/GSL30 mice displayed similar freezing behavior 

in context A compared to context B while insulin treated wild type mice froze more 

in context A than context B. Mice were placed in context A, the same contextual 

environment where the foot shock occurred and measured for freezing behavior. Four 

hours following context A, mice were placed in context B and measured for freezing 

behavior during the first 3 minutes when cues were absent.  Panel A displays mice 

treated with saline, while Panel B displays mice treated with insulin. Freezing behavior 

was measured in wild type (, saline treated n=9, insulin treated n=9) and 

MGSKO/GSL30 (, saline treated n=8, insulin treated n=9) mice using Freeze Scan 

software. Data are presented as means + standard error of the mean. **p=0.0280 

***p=0.0150 and *p=0.0439 Statistical significance was determined using a paired 

Student’s t test between context A and B for each genotype.   

 

To evaluate cued associative memory, freezing behavior was measured in the last 

3 minutes of session 4, where the light and sound cues were presented.   Freezing 

behavior following cue presentation was not different between saline treated wild type 

and saline treated MGSKO/GSL30 mice (p=0.7667) (Figure 28 A).  Freezing behavior 

was also not different between insulin treated wild type and insulin treated 

MGSKO/GSL30 mice (p=0.9946) (Figure 28 B).   Freezing values were also not different 

between saline and insulin treated wild type or saline and insulin treated MGSKO/GSL30 

mice (p=0.2995 and p=0.1183 respectively).  Freezing values following cue presentation 

** *** 
* 

A B 
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were all increased compared to baseline freezing values displayed in Figure 24 indicating 

a response to the cues was occurring.   

                        

Figure 28. Freezing behavior in response to cues was similar between saline and 

insulin treated MGSKO/GSL30 compared to saline and insulin treated wild type 

mice.  Mice were placed in the contextual environment as they were in session 1 where 

no shock or cues were delivered, however, light and sound cues were delivered as they 

were when the shock was delivered in session 2.  Panel A displays mice treated with 

saline, while Panel B displays mice treated with insulin.  Mice were measured for 

freezing behavior in the last 3 minutes of session 4, where the cues were presented, in 

wild type (, saline treated n=9, insulin treated n=9) and MGSKO/GSL30 (, saline 

treated n=8, insulin treated n=9) mice using Freeze Scan software. Data are presented as 

means + standard error of the mean. Statistical significance was determined separately for 

saline and insulin treated animals using Student’s t test.   

 

 

NEURONAL CELL DEATH 

To evaluate the neuroprotective effects of brain glycogen, wild type, 

MGSKO/GSL30, and HO mice were subjected to a severe hypoglycemic episode for 90 

minutes and then sacrificed by transcardial perfusion.  Brains were sectioned and stained 

for dead neurons with Fluoro-Jade C.  Dead neurons were manually counted in one 

hemisphere per section with two hemispheres counted per mouse.  The two hemisphere 

counts were averaged to obtain estimates of dead neurons in one hemisphere at one focal 

plane in the hippocampus.   

B A 
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Blood glucose: Mice were injected with insulin to induce a severe hypoglycemic 

episode for 90 minutes.  Blood glucose dropped to an average of 26 + 5 mg/dl in wild 

type, 41 + 3 mg/dl in MGSKO/GSL30 and to 38 + 7 mg/dl in HO mice 60 minutes after 

injection and remained at or below this average for an additional 90 minutes.  

MGSKO/GSL30 and HO mice had increased area under the curve compared to wild type 

mice (p<0.01 and p<0.05 respectively) (Figure 29).   Mice were injected with 50% 

glucose solution (5 µl/g body weight) at 150 minutes to end the hypoglycemic episode 

and restore blood glucose to normal fed values ~200-250 mg/dl.  At 195 minutes post 

insulin injection wild type blood glucose rose to an average of 245 + 91 mg/dl, 

MGSKO/GSL30 blood glucose rose to 214 + 66 mg/dl, while HO mice blood sugar rose 

to 231 + 129 mg/dl (Figure 29).   Blood glucose was not different prior to saline injection 

compared to blood glucose 195 minutes following saline injection in wild type and 

MGSKO/GSL30 mice.  HO mice displayed increased in blood glucose at 195 minutes 

compared to blood glucose at time 0, most likely due to the stress of handling and low 

sample size (p<0.0198) (Figure 30).   
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Figure 29. Injection of 70/30 Humulin insulin decreases blood glucose levels to 

approximately 26 mg/dl in wild type, 41 mg/dl in MGSKO/GSL30, and to 38 mg/dl 

in HO mice 60 minutes after injection when given at 4U/kg body weight in 

conjunction with 30 mg/kg hexamethonium chloride.  Blood glucose levels were 

monitored in wild type (, n=4), MGSKO/GSL30 (, n=4), and HO (, n=3) mice for 

195 minutes.  AUC calculations for wild type animals are 12482 (SD 1607), 

MGSKO/GSL30 animals are 15964 (SD 880.1), and HO animals are 16343 (SD 1840).  

Wild type mice had a lower AUC compared to MGSKO/GSL30 mice (p<0.01) and also 

compared to HO mice (p<0.05). Statistical significance was determined using one-way 

ANOVA followed by a Newman-Keuls multiple comparison post-test using AUC values.   

 

Figure 30.  Saline treated HO mice displayed increased blood glucose at 195 minutes 

compared to time 0 while saline treated wild type and MGSKO/GSL30 blood 

glucose was not different between time 0 and 195 minutes.  Blood glucose levels were 

monitored in saline treated wild type mice (; n=5), saline treated MGSKO/GSL30 mice 

(; n=3), and saline treated HO mice (≡, n=3) before saline injection, time 0, and 195 

minutes post saline injection.  Data are presented as mean + standard error of the mean. 

*p=0.0198 Statistical significance was determined using paired Student’s t- test for each 

genotype.   

* 
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Fluoro Jade-C positive neurons:  Following the severe hypoglycemic episode for 

90 minutes, mice were sacrificed by transcardial perfusion and brains were sectioned.  

Sections were stained with Fluoro-Jade C to identify dead neurons and then imaged using 

a confocal microscope.  By qualitatively comparing the images gathered by the confocal 

microscope, dead neurons were abundant in MGSKO/GSL30 mice treated with insulin, 

while less abundant in HO and wild type mice treated with insulin.  There was a dramatic 

increase in Fluoro-Jade C positive neurons in the insulin treated mice compared to saline 

treated controls of all genotypes (Figure 31 A-C).   Mice treated with kainate, as a 

positive control, also showed abundant Fluoro-Jade C positive neurons in the images 

collected, where the negative control, saline, showed few Fluoro-Jade C positive neurons 

(Figure 31 D).      

Dead neurons were manually counted in one hemisphere per section with two 

hemispheres counted per mouse.  The two hemisphere counts were averaged to obtain 

estimates of dead neurons in one hemisphere at one focal plane in the hippocampus.  

There were no differences in Fluoro Jade C positive neurons in saline treated wild type, 

MGSKO/GSL30, and HO mice (p>0.05) (Figure 32 A).  MGSKO/GSL30 mice treated 

with insulin had increased neuronal cell death compared to wild type and HO mice 

(p<0.05) (Figure 32 B).  Neuronal cell death in insulin treated HO mice was not different 

compared to insulin treated wild type mice (p>0.05) (Figure 32 B) 
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Figure 32.  Insulin treated MGSKO/GSL30 mice have increased Fluoro-Jade C 

positive neurons compared to insulin treated wild type and HO mice following a 90 

minutes episode of severe hypoglycemia.  Fasted, insulin and saline treated, wild type 

(; n=4-5), MGSKO/GSL30 (; n=3-4), and HO mice (≡, n=3) were injected with 

30mg/kg hexamethonium chloride + 4U/kg 70/30 Humulin insulin or 0.9% saline 

solution as a negative control to induce a severe, 90 minute, episode of hypoglycemia.  

Kainate (25mg/kg) was used in wild type mice (n=3) as a positive control. All mice were 

transcardially perfused with heparinized saline solution (0.33mg/ml) and 70 mls of 4% 

paraformaldehyde 24 hours following the severe hypoglycemic episode.  Brains were 

removed and sectioned at 100μm using a vibratome and stained with Fluoro-Jade C for 

dead neurons.  Fluoro-Jade C positive neurons in one hemisphere from each section were 

manually counted, with two hemispheres counted per animal.  The counts were then 

averaged.  Statistical significance was determined using one-way ANOVA followed by a 

Newman-Keuls multiple comparison post-test independently for saline and insulin treated 

animals.  Kainate treated animals were not included in statistical analysis.  
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DISCUSSION 

We hypothesize that brain glycogen, a stored form of glucose, may provide fuel 

for the brain producing both negative and positive effects throughout the brain.  Brain 

glycogen supercompensation is hypothesized to exacerbate HAAF, promote memory and 

learning, and reduce neuron cell death during severe episodes of hypoglycemia. There is 

no doubt that brain glycogen plays a significant role in all of the above processes; 

however, those roles vary in different regions of the brain as discussed below.  

Hypoglycemia Associated Autonomic Failure 

To date, there is no accepted mechanism as to why HAAF occurs.  One proposed 

mechanism involves the over accumulation of brain glycogen following hypoglycemia 

(1).  The increase in glycogen immediately following hypoglycemia could provide a 

mechanism for HAAF. Our studies were designed to answer two questions.  Is glycogen 

supercompensation occurring after one episode of hypoglycemia, or does it occur 

following multiple or recurrent episodes of hypoglycemia?  Brain glycogen, brain 

glucose and blood glucose were measured in mice subjected to one episode of 

hypoglycemia and also in mice subjected to three episodes of hypoglycemia.   

To ensure mice were hypoglycemic, blood glucose was measured prior to, 30, 60, 

90, 120, and 150 minutes following insulin or saline injections as well at 6 and 27 hours 

prior to sacrifice.  At 60 minutes post insulin injection, blood glucose reached 

approximately 35 mg/dl and remained at or below this value for 90 minutes in both the 

acute and recurrent studies (Figures 4, 7).  Blood glucose of 35 mg/dl for 90 minutes is 
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comparable, if not conservative, to other studies to assessing brain metabolites during 

hypoglycemia.  In brain glycogen supercompensation studies conducted by Choi et. al, 

rats were subjected to a single episode of hypoglycemia with a blood glucose less than 36 

mg/dl for 2 hours (14).  In another brain glycogen supercompensation study conducted by 

Herzog et al. rats were subjected to single and recurrent episodes of hypoglycemia 

consisting of blood glucose values between 30-40 mg/dl for 3 hours (35).  The extended 

duration of hypoglycemia in the above mentioned studies as compared to our studies may 

be attributed to differences in the laboratory animal used.     

Brain glycogen was measured 2.5 hours following injection of insulin or saline as 

well as 6 and 27 hours following the re-introduction of food in the acute study and 

following the third hypoglycemic episode in the recurrent study.  Brian glycogen 

decreased 56% two and a half hours following injection in the acute study and 42% in the 

recurrent study (Figures 6, 9).  This decrease suggests that brain glycogen is being 

utilized when brain glucose is near 0 μmol/g, but is not utilized completely.  A 50% 

reduction in brain glycogen was seen in the cortex, hypothalamus, and cerebellum in 

studies completed by Herzog et. al after rats were subjected to hypoglycemia (30-40 

mg/dl) for three hours (35).  In NMR studies by Choi et al., brain glycogen signal 

remained detectable for the entire duration of hypoglycemia (14), which is consistent 

with our results in that brain glycogen was not completely depleted during hypoglycemia.   

Brain glycogen levels however increased at 6 hours following the hypoglycemic 

episode compared to saline treated controls in the acute and recurrent studies indicating 

supercompensation was occurring in our mouse model (Figures 6, 9).  Our data is 
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consistent with Choi et al., who reported brain glycogen is supercompensated three times 

over of basal levels seven hours following a single hypoglycemic episode to (14).  The 

amount of brain glycogen supercompensation seen in our studies was only approximately 

25%, which is not in agreement with Choi et al.  Six hours following a single and 

recurrent episodes of hypoglycemia, Herzog et al., found brain glycogen to rebound only 

back to basal levels, not to be supercompensated over basal levels (35).   Differences in 

the amount of supercompensation could be due to the rate at which glucose was restored 

to the animals, the duration of hypoglycemia, or the method used to quantify brain 

glycogen.  Our studies utilized a biochemical assay to quantify brain glycogen, while 

Choi et al. utilized in vivo NMR techniques that quantified brain glycogen labeling, not 

actual brain glycogen content and Herzog et al. utilized a microwave technique to fix 

brain tissue.   

At 27 hours following the acute or recurrent episodes of hypoglycemia, brain 

glycogen levels were not different between insulin treated mice and saline treated 

controls indicating that brain glycogen supercompensation is occurring; however, it is 

short lived (Figures 6, 9).  Our results are consistent with Herzog et al. in that brain 

glycogen was not being supercompensated at 24 hours in either the acute or recurrent 

model (35).  In human studies, however, the rate of brain glycogen synthesis was higher 

following moderate hypoglycemia (~45 mg/dl for 2 hours) at 4, 8, 12, 22, 29, and 35 

hours compared to a the subject’s own euglycemic clamp control during 34 hour 

continuous 
13

C glucose administration (36), suggesting that brain glycogen 

supercompensation may continue over longer time periods in human compared to mouse. 
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Lastly, brain glucose was measured in mice 2.5 hours following injection of 

insulin or saline as well as 6 and 27 hours following the re-introduction of food in the 

acute study and following the third hypoglycemic episode in the recurrent study.  In the 

acute study, brain glucose decreased to near zero immediately following the 

hypoglycemic episode while in the recurrent study, brain glucose decreased, but not as 

dramatically as in the acute model (Figures 5, 8).  The same trend was observed in 

Herzog et al. in that brain glucose immediately following one episode of hypoglycemia 

was 0.37 + 0.06 μmol/g while immediately following the third hypoglycemic episode was 

0.55 + 0.12 μmol/g (35).  Herzog et al. however, did observe a higher brain glucose 

concentration in the recurrent animals compared to acute animals at 6 hours following the 

hypoglycemic episode.  This trend at time zero, or Herzog et al.’s data at 6 hours may 

suggest some type of acclimation occurring in the brain due to recurrent glycemic insults.  

One possible explanation could be increased glucose transport to the brain following 

recurring hypoglycemic episodes.  In human studies, brain glucose concentrations were 

17 + 6% higher in adults with aggressively treated Type 1 diabetes compared to healthy 

controls when at similar, yet elevated glycemic states (37).   This suggests that with 

recurring glycemic insults which occur with aggressively treated diabetes, some degree of 

transport or metabolic adaptations are being made in the brain.      

At 6 and 27 hours following the hypoglycemic episode, there was no difference in 

brain glucose levels between insulin treated mice and saline treated controls (Figures 5, 

8) indicating that brain glucose can rebound fairly quickly from the hypoglycemic 

episode where it was almost completely depleted.  Herzog et al. found no difference in 
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brain glucose values between animals subjected to one episode of hypoglycemia and 

animals subjected to recurrent episodes of hypoglycemia at 24 hours (35).  The increase 

in brain glucose seen at 6 hours may indicate a recovery mechanism where the brain 

increases transport only to rebound back to basal levels after recurring insults of 

hypoglycemia.  The increased transport may be shut off once basal levels are achieved 

allowing subjects that have experienced recurring insults to recover at a faster rate than 

those not exposed to recurring insults.         

Motor Memory Formation and Recall  

 The importance of brain glycogen in memory formation and recall has not fully 

been understood.  To better understand brain glycogen’s importance in memory, the 

above research examined motor skill learning and memory as well as associative learning 

in the mouse.  In the motor skills studies, wild type and MGSKO/GSL30 mice were 

taught the skill of walking on a rotarod treadmill while hypoglycemic or euglycemic.  

Prior to beginning any rotarod exercise, and immediately following the exercise, blood 

glucose was significantly higher by 10% in the MGSKO/GSL30 mouse than wild type 

(Figure 10).  This phenomenon continued throughout the experiment with saline treated 

MGSKO/GSL30 blood glucose being higher than saline treated wild type mice during 

trials 2 and 3 as well as immediately following rotarod exercise (Figure 11).  Blood 

glucose statistically equilibrated between the genotypes by trial 4 prior to rotarod exercise 

in that blood glucose was not different between saline treated MGSKO/GSL30 and wild 

type mice.  However, MGSKO/GSL30 mice had increased blood glucose immediately 

following rotarod exercise (Figure 12).  No experimental procedures were conducted on 
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these animals prior to blood glucose testing in trial 1.  Therefore the increased blood 

glucose was most likely due to the genetic modifications of the mouse line.  The two 

lines of mice used to create the MGSKO/GSL30 mouse were MGSKO and GSL30 

mouse lines.  Although the MGSKO mouse line blood glucose and GLUT 4 expression in 

skeletal muscle is not different compared to wild type mice (38), the GSL30 mouse line is 

different.   GLUT 4 levels were significantly lower in the extensor digitorum longus, 

plantaris, gastrocnemius, and anterior tibialis muscles compared to the same muscles in 

wild type mice (26).  The MGSKO/GSL30 mouse could have inherited this trait of 

decreased GLUT 4 expression in select skeletal muscles.  This would decrease glucose 

transport into skeletal muscle and allow it to accumulate in the blood, possibly 

accounting for the increased blood glucose seen in our studies.  G-6-P was also higher in 

the gastrocnemius and anterior tibialis in GSL30 animals compared with controls.  It is a 

possibility that G-6-P could also be increased in MGSKO/GSL30 mice which would 

inhibit hexokinase activity.  If hexokinase is inhibited, glucose being transported into the 

cell could possibly be transported back out again due to it not being phosphorylated upon 

entrance.  This would allow glucose to accumulate in the blood.  A decrease in GLUT 4 

levels or an increase in G-6-P levels could equally play a role in the consistently higher 

blood glucose of MGSKO/GSL30 mice throughout our studies.   

 When insulin was injected in both wild type and MGSKO/GSL30 mice, blood 

sugar consistently dropped to approximately 60mg/dl in both trials 2 and 3 (Figure 11).  

This suggested that the insulin doses chosen, 0.8 U/kg for wild type and 1.25 U/kg for 

MGSKO/GSL30 mice were effective in lowering blood glucose to 60mg/dl for each 
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genotype at 60 minutes post injection.  In trial 4, insulin treated wild type mice blood 

glucose was not statistically different than insulin treated MGSKO/GSL30 mice prior to 

the start of rotarod exercise (Figure 13).  The same effect was seen in saline treated wild 

type and MGSKO/GSL30 mice prior to rotarod exercise at trial 4 (Figure 12).  Although 

the blood glucose was not different prior to rotarod exercise in trial 4 between the two 

genotypes, MGSKO/GSL30 blood glucose still exhibited a trend of being higher than that 

in wild type mice, although it did not reach statistical significance.     

 During the above rotarod studies, it also was observed that MGSKO/GSL30 blood 

glucose increased immediately following rotarod exercise compared to blood glucose 

prior to trials 1 and 4 (Figures 10, 12,13).  The same effect was seen in wild type mice in 

trial 1 (Figure 10).  This increase can be attributed to stress caused to the animal from the 

experimental procedures.  Blood glucose can increase 30% from baseline level just from 

moving the cage and 44% from collecting blood from the tail (39).  In our studies, the 

cage was moved to a separate room where the rotarod was stored and blood glucose was 

collected from the tail prior to rotarod exercise.  It was assumed that stress was also 

induced to the animal when walking about the rotarod, as this was a new task they were 

learning.  These circumstances could account for the increase in blood glucose between 

prior to rotarod exercise and immediately following rotarod exercise within both 

genotypes.   

 During trial one of the accelerating and constant speed rotarod tests there were no 

differences in latency to fall between genotypes (Figures 14, 15).  Wild type and 

MGSKO/GSL30 mice performed equally well on each speed of rotarod exercise 
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suggesting that motor performance is not different between the genotypes when the 

animal is introduced to a new motor skill.  During trials 2 and 3, wild type mice and 

MGSKO/GSL30 mice were injected with either insulin or saline to determine the 

importance of brain glycogen in motor learning while hypoglycemic and euglycemic.  

During trials 2 and 3, on both speeds of rotarod exercise, saline treated wild type and 

saline treated MGSKO/GSL30 mice performed equally as well during trials 2 and 3 

suggesting that the rate of learning was comparable with or without brain glycogen. 

Insulin treated mice of both genotypes performed worse than saline treated mice of the 

same genotype, suggesting that motor coordination was impaired while they were 

hypoglycemic.  Many clinical studies have shown motor and cognitive impairment in 

humans during hypoglycemic episodes (23, 40).   Human studies also have confirmed 

that memory used in learning, delayed, and working memory, were impaired in human 

during hypoglycemic episodes (23).   

 In trial 4 on both speeds of rotarod exercise, formerly saline treated wild type and 

formerly saline treated MGSKO/GSL30 mice performed equally as well, further 

suggesting that brain glycogen is not needed to learn a motor skill while mice are 

euglycemic.  MGSKO/GSL30 mice have increased blood glucose compared to wild type.  

This increased blood glucose may have compensated for the lack of brain glycogen 

during learning of the motor skill.  Increased blood glucose could have crossed the blood 

brain barrier and taken up by astrocytes and neurons.  Hexokinase would have 

phosphorylated the glucose to G-6-P.  The G-6-P could be used in a variety of pathways 

to either generate ATP, glutamate, or other metabolites to enhance learning abilities.  
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MGSKO/GSL30 mice also overexpress glycogen synthase in skeletal muscle, causing the 

animals to over accumulate muscle glycogen.  During physical exercise, muscle glycogen 

is broken down to release lactate into the blood stream (41).  During exercise, blood 

lactate can cross the blood brain barrier where neurons and astrocytes can use lactate as 

an energy substrate.  Administration of exogenous lactate to chicks and rats has been 

shown to rescue memory that has been inhibited by DAB, an inhibitor of glycogen 

breakdown (42, 43).  The extra muscle glycogen in MGSKO/GSL30 mice could lead to 

an increased amount of blood lactate during rotarod exercise that may help rescue any 

deficits in memory caused by the absence of brain glycogen.   

 MGSKO/GSL30 mice formerly treated with insulin performed worse than wild 

type mice formerly treated with insulin in trial 4 on both speeds of rotarod exercise.  This 

result suggested that brain glycogen enhances motor learning and memory while these 

mice were hypoglycemic.   Learning a motor skill causes long term changes in 

glutamatergic transmission (44).  Brain glycogen and brain glucose are the two major 

precursors to de novo glutamine synthesis (16), which is needed to prolong glutamatergic 

neurotransmission throughout the learning process.  During hypoglycemia, blood glucose 

is decreased which, in turn, decreases the amount of glucose available to the brain (45).  

Wild type mice begin to rely on brain glycogen for energy and for the production of 

glutamate when glucose becomes limiting by breaking down the glycogen.  In the 

MGSKO/GSL30 mice, brain glycogen is non-existent, leading to a deficit in energy 

metabolites when blood glucose becomes limiting.  Due to the absence of brain glycogen 

and limited blood glucose, MGSKO/GSL30 mice may not be able to make as much 
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glutamate to consolidate motor memory effectively.  Lactate from the excess muscle 

glycogen may still be available for the brain to use for energy during hypoglycemia. 

However, lactate is not as efficient in crossing the blood brain barrier as glucose and can, 

therefore, not power neuronal stimulation and activation as well as glucose (41).  The 

increased blood glucose observed in the MGSKO/GSL30 mice may be due to an 

adaptation resulting from developing without brain glycogen.  When blood glucose was 

limited, we began to see the deficits in motor learning in this mouse model.   

 MGSKO/GSL30 mice consistently showed a trend of decreased latency to fall 

compared to wild type mouse, which may suggest the MGSKO/GSL30 mouse have 

decreased motor coordination.  The trend, although not significant, is especially 

prominent when evaluating the effects of insulin.  Insulin treated MGSKO/GSL30 mice 

show a trend of decreased latency to fall compared to insulin treated wild type during 

trials 2 and 3.   It remains a possibility that MGSKO/GSL30 may be more susceptible to 

neurological symptoms of hypoglycemia associated with impairment of motor 

coordination.  Further research is needed to verify this.   

 

Associative Memory Formation and Recall  

 To understand the role of brain glycogen in associative memory, a series of fear 

conditioning experiments were completed.  In these fear conditioning studies, wild type, 

MGSKO/GSL30 and HO mice were subjected to conditioned (cues and context) and 

unconditioned (foot shock) stimuli while hypoglycemic or euglycemic.  Freezing 
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behavior after the mouse was presented with the conditioned stimuli was used as a 

measurement of learning.  In session 1, the HO mice displayed a significantly increased 

baseline freezing behavior compared to wild type and MGSKO/GSL30 mice, whereas the 

wild type and MGSKO/GSL30 mice baseline freezing behaviors were not different 

(Figure 16).  The stimulus presented to the mice at this point was the stimulus of being 

handled and being placed in a different environment than their home cage.  It is possible 

that the HO mouse could be more sensitive to handling and environmental changes. 

Hence, they may have become increasingly frightened immediately following handling 

and being placed into a contextually modified environment.  Locomotor activity may also 

be different between HO mice and wild type as well as MGSKO/GSL30 mice.  To 

determine whether locomotor activity was different, total motion for each mouse was 

calculated from the data collected in session 1 by Freeze Scan software.  Total motion 

was not different between the three genotypes (Appendix Figure 1).  It should also be 

noted that HO mice were more likely to be housed alone due to the lethality of the 

mutation and lack of littermates which may cause antisocial behavior.   

 During session 2, all genotypes were successfully fear conditioned by an increase 

in % freezing following cue and shock presentation compared to pre-cue and shock 

presentation freezing behavior (Figure 17).    Wild type, MGSKO/GSL30, and HO mice 

showed comparable responses to the cue and shock evidenced by similar post-cue 

freezing behavior.  HO mice, however, continued to show increased freezing behavior 

during the pre-cue period compared to wild type and MGSKO/GSL30. Pre-cue freezing 

behavior in session 2 was subtracted from freezing behavior in session 1 to determine if 
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the change of context alone with sequential handling would cause an effect in freezing 

behavior.  The difference in freezing behavior (session 1-session 2 pre-cue % freezing) 

was not different between the genotypes suggesting that simply changing the mouse’s 

contextual environment as well as sequential handling does not cause significant changes 

in freezing behavior within each genotype.   

 One caveat of this study is that light and loud sounds are considered adverse 

stimuli to mice and may cause freezing behavior alone.  To address this issue, freezing 

behavior was calculated during the very first presentation of light and sound (18 seconds) 

and compared to the previous 18 seconds where light and sound cues were absent.   

Freezing behavior in fed mice was not different in the18 seconds leading up to the light 

and sound presentation as compared to the 18 seconds the mice were subjected to the 

light and sound without shock within all genotypes (Appendix Figure 2).  HO mice froze 

more compared to wild type and MGSKO/GSL30 mice in the 18 seconds without cues 

(p<0.05), but not during the cues.  This increased baseline freezing behavior seen in HO 

mice is consistent with data collected in session 1.     

 When evaluating contextual memory, freezing behavior in session 3 using context 

A was compared to freezing behavior in the first 3 minutes in session 4 using context B.  

Wild type mice were able to differentiate between context A and context B by freezing 

more in context A during the initial contextual test (Figure 18).  At one, three, five, and 

twelve weeks, wild type mice were freezing similarly in both contexts A and B, 

suggesting that wild type mice were no longer able to differentiate between the 

environment where they were given the foot shock and the environment where they were 
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not given any shock (Figure 20, Table 1).  Our data in wild type mice was mildly similar 

to studies by Wiltgen and Silva (2007) in which wild type mice were contextually fear 

conditioned using one shock and then tested for contextual fear memory at 1, 14, 28, and 

36 days.  Wild type mice retained the ability to differentiate between the context where 

they were shocked and a novel context at 14 days following fear conditioning. However, 

this discrimination was lost by day 28 following fear conditioning (46).  Wiltgen and 

Silva attributed this loss of differentiation between contexts as a function of 

consolidation.  The memory begins to be permanently stored in the cortex.  With 

consolidation, precise details of the memory are lost and the memory becomes more 

generalized.  It is possible that our wild type mice experienced consolidation at a slightly 

faster rate than Wiltgen and Silva’s mice.   

 MGSKO/GSL30 mice were able to differentiate between context A and context B 

during initial fear conditioning by freezing more in context A compared to context B, but 

lost this ability at one and three weeks following initial fear conditioning (Figures 18, 

20).  Oddly, the ability to differentiate between the two contexts reappeared at five and 

twelve weeks following fear conditioning (Figure 20 and Table 1).  HO mice were unable 

to differentiate between context A and B initially, however, were able to differentiate at 

one week (Figures 18, 20).  This ability disappeared at three, five, and twelve weeks 

following initial fear conditioning (Table 1).   

 In order to learn a contextual fear, the animal must have the ability to form a 

mental representation of the environment they are in and be able to pair that mental 

representation of the environment with the adverse stimulus or foot shock (47).  After 
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approximately 30 seconds of being in a new environment, a mental representation of the 

environment is formed in a rodent (48).  The mental representation process is reliant on 

the hippocampus.  If the hippocampus is damaged, this process can be partially 

compensated by the neocortex (48).   If the hippocampus is intact during the elicited fear, 

then the hippocampus will acquire this fear memory and control the fear response.  If the 

hippocampus is compromised during the elicited fear, the neocortical systems will 

acquire the fear memory and control the fear response (48).  The neocortex, however, is 

not as efficient as the hippocampus in compensating for mental representations of 

contexts.    

 The neocortical systems may be compensating partially or fully in the 

MGSKO/GSL30 and HO mice when acquiring the contextual fear memory.  Initially, the 

MGSKO/GSL30 mice were able to discriminate between context A and B when HO mice 

could not, suggesting that MGSKO/GSL30 hippocampus was at least partially functional 

while the HO hippocampus was nonfunctional during acquisition.  At one and three 

weeks, MGSKO/GSL30 mice lost the ability to discriminate, suggesting that the precise 

details of the memory had disappeared and the memory was being consolidated.    At five 

and twelve weeks however, the ability to discriminate between context A and B 

reappeared in MGSKO/GSL30 mice.  I hypothesize that this reappearance could mean 

either of two things: the memory was transported back to the hippocampus where the 

precise details were recalled, or the precise details of the original memory were 

consolidated and able to be recalled and applied at five and twelve weeks.   The ability to 

discriminate between context A and context B reappeared in the HO mouse at one week, 



90 

and disappeared at all subsequent weeks tested.  This data would suggest that the 

neocortical system acquired the fear memory initially, however, was inefficient at 

mentally representing the environment.  Due to this inefficient representation, the ability 

to discriminate between context A and context B was only expressed for one week and 

not in any subsequent weeks tested.   Genetic differences between MGSKO/GSL30 and 

HO mice could account for the differences seen in context discrimination.  The 

expression of rabbit glycogen synthase transgene in the muscle could have provided a 

partial rescue to hippocampal function seen in MGSKO/GSL30 mice and not seen in HO 

mice during acquisition of the contextual fear memory.  The increased basal blood 

glucose levels seen in MGSKO/GSL30 mice could be a mechanism which partially 

rescues hippocampal function by allowing more glucose to be available for the brain.  

Exogenous glucose has been shown to rescue DAB inhibited memory formation in one 

day old chicks when injected immediately following bead discrimination (15).  Another 

mechanism that could partially rescue the function of the hippocampus in 

MGSKO/GSL30 mice is increased blood and brain lactate levels.   The increased skeletal 

muscle glycogen seen in MGSKO/GSL30 mice could lead to increased blood lactate due 

to breakdown of skeletal muscle glycogen.  When the concentration of blood lactate is 

increased, the efficiency at which it crosses the blood brain barrier increases (1).  If blood 

lactate is increased in the MGSKO/GSL30 mouse, it could move across the blood brain 

barrier more efficiently, providing an extra energy substrate to neurons and astrocytes.  

Lactate, in addition to glucose, was shown to rescue DAB inhibited memory formation in 

chicks using bead discrimination and also in rats using inhibitory avoidance assays (15, 

43).   The increased blood glucose and potentially increased blood and brain lactate in 
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MGSKO/GSL30 mice could provide extra energy substrates for memory formation 

events.  The deficits observed in HO hippocampal function could also account for the 

increased baseline freezing seen in this mouse line.  It has been hypothesized that any 

dysfunction in the competition pathways regulating the hippocampus and neocortical 

systems can cause general fear, as well as anxiety disorders (49).   

 When evaluating cued memory, a function of the amygdala, freezing behavior 

immediately following cue presentation was compared throughout the genotypes over a 

12 week time period.  During the initial fear conditioning, one, and three weeks following 

freezing response to the cues were not different between the genotypes (Figure 19, 21).  

In studies with rodents with amygdala damage, cued and contextual fear condition was 

abolished (49).  The above data indicates that the amygdala was intact and functioning in 

all genotypes and that each genotype was capable of responding with fear to the foot 

shock and to the cues.    At five weeks, wild type mice displayed a decreased response to 

the cues compared to MGSKO/GSL30 and HO mice.  However by twelve weeks, all 

responses to the cues were similar across genotypes (Figure 21).  Freezing behavior 

trended to decline in all genotypes at 12 weeks.  Although significant decreases were not 

observed, this could explain why wild type mice displayed less freezing behavior at 5 

weeks.  Wild type mice may begin to decrease their response to the cues at a slightly 

earlier time than MGSKO/GSL30 or HO mice.   

 Freezing behavior between context A and context B remained fairly constant over 

the 12 week period within each genotype, suggesting that the memory of being shocked, 

not necessarily paired with the context, was entered into long term memory (Figure 22).  
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Freezing behavior in response to cue presentation also remained fairly constant over the 

12 week period within each genotype, suggesting that the memory of being shocked was 

paired with the cues and entered into long term memory (Figure 23).   

 To further understand the role of brain glycogen in associative memory, a series 

of fear conditioning experiments were repeated while the mice were hypoglycemic.  In 

these fear conditioning studies, wild type and MGSKO/GSL30 mice subjected to 

conditioned (cues and context) and unconditioned (foot shock) stimuli while 

hypoglycemic to determine if the memory was able to form under hypoglycemia and be 

recalled the following day while mice were euglycemic.  Freezing behavior after the 

mouse was presented with the conditioned stimuli was used as a measurement of 

learning.  Baseline freezing behavior was not different between fasted wild type and 

fasted MGSKO/GSL30 mice (Figure 24). One hour following insulin injections, blood 

glucose dropped to 65 + 4 mg/dl in MGSKO/GSL30 mice and to 60 + 4 mg/dl in wild 

type mice indicating that the mice were hypoglycemic prior to being fear conditioned 

(Figure 25).  During fear conditioning in session 2, insulin treated wild type and 

MGSKO/GSL30 mice froze more prior to the cue and shock presentation compared to 

saline treated wild type and MGSKO/GSL30 (Figure 26 A).  This was most likely due to 

a decrease in motor activity and not generalized fear.  By lowering the blood glucose to 

60-70 mg/dl, we were hoping to minimize the reduction in motor activity during 

hypoglycemia. However, as the data showed, the hypoglycemia still had a slight effect on 

motor activity.  Freezing behavior following the cues and shock was increased in wild 

type mice treated with insulin compared to wild type mice treated with saline (Figure 26 
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B).  This increase could be due to the insulin having an inhibitory effect on motor 

activity, not due to fear alone.  Saline and insulin treated MGSKO/GSL30 mice froze 

similarly after the cues and shock were presented, suggesting that MGSKO/GSL30 mice 

may be less sensitive to the motor movement inhibition effects of insulin (Figure 26 B).  

The wild type and MGSKO/GSL30 mice were fear conditioned successfully evidenced 

by an increased post-cue freezing compared to pre-cue freezing in saline and insulin 

treated mice of both genotypes (Figure 26 A, B).   

 When evaluating contextual memory, freezing behavior in session 3 using context 

A was compared to freezing behavior in the first 3 minutes in session 4 using context B, 

just as in the euglycemic study.  Saline and insulin treated wild type mice were able to 

differentiate between context A and B one day following fear conditioning (Figure 27).  

Wild type mice were not affected by the insulin treatment in regards to contextual 

learning and memory, or at least not at the level of hypoglycemia used.  Saline treated 

MGSKO/GSL30 mice were also able to differentiate between context A and B.  

However, the insulin treated MGSKO/GSL30 mice were unable to differentiate (Figure 

27 A, B).  MGSKO/GSL30 mice were affected negatively by the insulin treatment in that 

hypoglycemia decreased contextual learning and memory.  In the euglycemic study, one 

day following fear conditioning, MGSKO/GSL30 mice were able to differentiate 

between contexts A and B.  Saline treated MGSKO/GSL30 mice in this study were also 

able to differentiate between the two different contexts.  However, when blood glucose 

was limited, this ability to differentiate between contexts vanished. These data may 
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suggest that the increased blood glucose seen in MGSKO/GSL30 animals may be the 

factor that partially rescues hippocampal function.   

     When evaluating cued memory, a function of the amygdala, freezing behavior 

immediately following cue presentation was compared between saline treated wild type 

and saline treated MGSKO/GSL30 mice as well as between insulin treated wild type and 

insulin treated MGSKO/GSL30 mice.  Freezing behavior in response to the cues was 

similar across all groups, regardless of genotype and blood glucose levels.  Cued memory 

was not affected by the lack of brain glycogen, as also seen in the euglycemic study, and 

also not affected by hypoglycemia.   

Neuronal Cell Death 

 To evaluate the neuroprotective effects of brain glycogen, wild type, 

MGSKO/GSL30, and HO mice were subjected to a severe hypoglycemic episode for 

ninety minutes and then sacrificed by transcardial perfusion 24 hours later.  At sacrifice, 

the brain was removed and sectioned for detection of dead neurons using Fluoro-Jade C.   

 During the 90 minute severe hypoglycemic episode, wild type mice blood glucose 

dropped to 26 + 5 mg/dl, MGSKO/GSL30 blood glucose dropped to 41 + 3 mg/dl, 

whereas HO mice blood glucose dropped to 38 + 7 mg/dl (Figure 29).  The dose of 

insulin was the same for all three genotypes.  Our goal was to lower blood glucose levels 

to similar values between all genotypes.  This, however, did not happen.  

MGSKO/GSL30 and HO mice show increased blood glucose following insulin treatment 

compared to wild type.  From previous results in the motor learning studies, we 



95 

determined that MGSKO/GSL30 mice have increased blood glucose values compared to 

wild type mice in fed and fasted/saline treated states (Figures 10, and 11) which would 

account for the increased blood glucose compared to wild type following the insulin 

treatment.  On the other hand, HO mice do not have increased blood glucose values 

compared to wild type (38).  Thus, blood glucose may be expected to respond to insulin 

treatment similarly to wild type animals.  This was not the case however.  The increased 

blood glucose observed in HO mice compared to wild type following insulin treatment 

may indicate a decreased sensitivity to insulin in HO mice.  We did not increase the 

insulin dose for MGSKO/GSL30 or HO mice in an attempt to lower blood glucose values 

to similar values in WT, MGSKO/GSL30 and HO mice following insulin treatment.  We 

hypothesized that brain glycogen would be neuroprotective; therefore if MGSKO/GSL30 

or HO mice suffered cell death at higher blood glucose values compared to wild type, the 

difference in blood glucose would strengthen our hypothesis.     

 Blood glucose was not different in saline treated controls prior to injection or 195 

minutes following injection in wild type and MGSKO/GSL30 mice (Figure 30).  HO 

mice showed an increase in blood glucose at 195 minutes, most likely due to the stress of 

handling.   

 Minimal cell death was observed in saline treated animals of all genotypes (Figure 

32 A).  The cell death that occurred was most likely due to hypoxia from the perfusion.  

If the animal quit breathing and expired prior to the perfusion of saline solution, the brain 

could suffer mild neuronal cell death due to the lack of oxygen.  Although a great effort 
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was spent to minimize this effect, it was impossible to rule out as a cause of minimal cell 

death in saline treated animals.   

 MGSKO/GSL30 mice suffered the greatest cell death following the severe 

hypoglycemic episode.  HO and wild type mice had similar levels of cell death compared 

to each other (Figure 32 B) which were lower than hypoglycemic MGSKO/GSL30 mice 

but higher than all groups of saline treated mice.  These results were not entirely 

supportive of our initial hypothesis that mice without brain glycogen would suffer 

increased neuronal cell death compared to mice with brain glycogen.   It was assumed 

that MGSKO/GSL30 and HO mice would respond similarly to a severe episode of 

hypoglycemia in regards to neuronal cell death due to a lack of brain glycogen in both 

mouse lines.  Our data indicated that MGSKO/GSL30 mice suffered more cell death than 

HO mice (Figure 32 B).  There are several possible reasons that may contribute to the 

varying responses.  The difference between MGSKO/GSL30 mice and HO mice is rabbit 

muscle glycogen synthase transgene expression in MGSKO/GSL30 animals which 

causes this line to over accumulate skeletal muscle glycogen, an important energy store.  

HO mice are void of glycogen in all tissues except the liver.  The difference in the 

availability of energy in the peripheral tissues can affect how the brain integrates 

peripheral energy balance signals with local energy balance signals to maintain energy 

homeostasis (50).  AMPK in the hypothalamus receives signals regarding energy balance 

concerning the whole organism and is considered to be the master regulator of energy 

balance, maintaining a feedback loop between the brain and periphery (50, 51). Due to 

this connection between the state of energy in the periphery and the energy sensing in the 
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brain to maintain homeostasis, the expression of rabbit glycogen synthase transgene 

could have unintended effects in the brain regarding neuronal protective mechanisms in 

responses to hypoglycemia.   

 AMPK is abundant in most tissues and senses metabolic stress (50).  AMPK 

becomes phosphorylated, or activated, when ATP is low and AMP is high and uses 

multiple signaling pathways in attempts to restore energy balance.   In the skeletal muscle 

of HO mice, phosphorylated AMPK is 9 fold higher than wild type animals (38), 

suggesting that in the periphery these animals are constantly in a state of trying to restore 

energy balance due to the lack of glycogen.  Although phosphorylated AMPK levels have 

not yet been tested in the brain of HO mice, brain levels may be elevated, just as in 

skeletal muscle due to the lack of brain glycogen.  AMPK activation was shown to 

protect hippocampal neurons against glucose deprivation and glutamate excitotoxicity 

(50).  This activated AMPK also stimulates fatty acid oxidation (52), suggesting that HO 

mice have adapted to using free fatty acids and other substrates derived from these free 

fatty acids as energy substrates.  Perhaps, when glucose became limited, the HO mice 

were able to generate ketone bodies from free fatty acids, which could serve as energy 

substrates prolonging ATP production in neurons and glia. These ketone bodies could 

potentially be neuroprotective, just as brain glycogen is hypothesized in wild type mice.  

In studies by Yamada et al., rats fed a ketogenic diet displayed decreased neuronal cell 

death and were less symptomatic during severe hypoglycemia (<20 mg/dl) compared to 

standard diet fed control rats (53).  The authors suggested that this decrease in neuronal 

damage was due to the ketogenic diet fed rats being able to utilize ketones, generated by 
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the ketone diet, as an energy substrate for the brain.   Perhaps a similar effect occurred in 

the HO mice as in the rats fed the ketogenic diet.   

 In MGSKO/GSL30 mice, skeletal muscle glycogen over accumulates due to the 

expression of the rabbit glycogen synthase transgene.  Due to excessive amounts of 

skeletal muscle glycogen, we would expect the periphery activity of AMPK to be very 

low as the literature supports activated AMPK levels being low in tissue with high levels 

of glycogen (54, 55).  It is unclear if this is the case in the brain however.  The brain is 

void of glycogen, whereas the periphery has glycogen in excess.  It is difficult to know 

both the state of hypothalamic AMPK (activated or inactivated) and how the 

hypothalamus would decipher the energy balance signaling in these mice.  One 

hypothesis is that the brain may have been sent mixed signals regarding the energy status 

of the organism due to discrepancies in glycogen reserves in skeletal muscle versus the 

brain.  Improper signaling informing the brain of low energy reserves could have 

attenuated any protective mechanisms in regards to hypoglycemia induced neuronal cell 

death.   

 The increased cell death observed in MGSKO/GSL30 animals, as compared to 

wild type mice, could have occurred not only during the hypoglycemic episode but 

during glucose reperfusion.  Glucose reperfusion causes the formation of reactive oxygen 

species (56).  The severity of reactive oxygen species generated is dependent on the rate 

at which glucose enters the brain and also the concentration of glucose given during the 

reperfusion.  Reactive oxygen species escalate when glucose enters the brain quickly and 

when the glucose used to reperfuse is of high concentration (>30% glucose solution).    
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From previous experiments we know that basal blood glucose and basal brain glucose are 

higher in MGSKO/GSL30 animals, but not in HO animals, compared to wild type.  It is 

hypothesized that GLUT transporters in the brain may be up regulated in 

MGSKO/GSL30 animals to account for the increased brain glucose.  If GLUT 

transporters are up regulated, this would facilitate expedited movement of the 50% 

glucose used in the above experiment into the brain during the reperfusion causing 

excessive reactive oxygen species to form.  This formation of reactive oxygen species 

could have induced the excessive neuronal cell death in MGSKO/GSL30 animals.    

 In previous experiments mention was made of the possibility of lactate released 

from the metabolism of excess muscle glycogen and diffusing across the blood brain 

barrier to be used as an energy substrate for neurons and astrocytes.  If copious amounts 

of lactate were released from muscle glycogen and entered the brain to be used as an 

energy substrate, it should have alleviated cell death.  Lactate would readily be converted 

to pyruvate in the neuron by lactate dehydrogenase 1 and used to turn the TCA cycle, 

prolonging neuronal survival (7).  Due to the excessive neuronal cell death, it does not 

appear that lactate derived from muscle glycogen is an effective rescuing factor during 

severe and prolonged hypoglycemia.     

 The use of genetically modified mouse models lacking brain glycogen or 

glycogen in the whole organism (except liver) is not a perfect system to answer our 

research question of “Is brain glycogen neuroprotective during severe and prolonged 

hypoglycemia?”  Although the sample size is relatively small, the data suggest 

interference due to metabolic adaptations or periphery energy states had an effect on the 
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brain metabolism.  An alternative experimental design to answer this question is detailed 

in the future directions section.   

 

CONCLUSIONS 

 We have shown that brain glycogen supercompensation occurred in the mouse 6 

hours following single and recurrent hypoglycemic episodes.  This glycogen 

supercompensation was not long lived, however, as brain glycogen levels dropped to 

levels similar to saline treated controls by 27 hours following the hypoglycemic episodes 

(33).  The increase in brain glycogen was not due to an increase in glucose supply to the 

brain because blood glucose and brain glucose values were not different between the 

formerly hypoglycemic mice and the saline treated controls at 6 hours following 

hypoglycemia (33).   

 In our studies using rotarod exercise, we demonstrated that brain glycogen was 

not required for motor skill learning while mice were euglycemic, as evidenced by 

formerly saline treated wild type and formerly saline treated MGSKO/GSL30 mice 

performing equally well on the rotarod during trials 1, 2, 3, and 4.  Brain glycogen, 

however, did enhance motor memory while mice were hypoglycemic.  MGSKO/GSL30 

mice formerly treated with insulin performed worse than insulin treated wild type mice in 

trial 4 suggesting that the brain glycogen stores available to the wild type mice enhanced 

motor memory during trials 2 and 3.   It also was determined that motor coordination was 
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impaired during hypoglycemia evidenced by insulin treated mice of both genotypes 

performing worse on the rotarod compared to saline treated mice during trials 2 and 3.   

 Using a cued and contextual fear conditioning protocol on euglycemic wild type, 

MGSKO/GSL30, and HO mice, we determined that mice without brain glycogen have 

some degree of deficit in contextual, but not cued, learning and memory.  This deficit is 

potentially due to dysfunction in the competition pathways connecting the hippocampus 

and neocortical systems in response to the acquisition of fear.  The MGSKO/GSL30 mice 

displayed increased contextual discrimination compared to HO mice, suggesting a partial 

rescue mechanism due to rabbit glycogen synthase transgene expression in the muscle in 

MGSKO/GSL30 mice.  HO mice displayed increased baseline freezing behavior and 

generalized fear which may have been caused by a more severe disruption in competition 

pathways between the hippocampus and neocortex.  Our data suggested that brain 

glycogen was not required, nor had any effect on cued associative memory evidenced by 

similar responses to cue presentation between wild type, MGSKO/GSL30 and HO mice.   

 In the hypoglycemic fear conditioning studies, we were testing whether the 

memory of being shocked and associations with context or cues were able to be formed 

under hypoglycemia and be recalled the following day while euglycemic between wild 

type and MGSKO/GSL30 mice.  When blood glucose became limited, MGSKO/GSL30 

mice were not able to differentiate between context A and context B one day following 

fear conditioning, whereas MGSKO/GSL30 saline treated controls and insulin and saline 

treated wild type mice were able to differentiate.  The increased blood glucose seen in 

MGSKO/GSL30 animals may have been the factor that partially rescued hippocampal 
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function when euglycemic.  Cued memory was not affected by the lack of brain 

glycogen, also seen in the euglycemic study, and also not affected by hypoglycemia, 

evidenced by similar freezing behavior across all groups regardless of genotype or blood 

glucose level.   

 Currently, we have yet to defend or reject our hypothesis as to whether brain 

glycogen is neuroprotective during severe and prolonged hypoglycemia.  HO and wild 

type mice showed similar amounts of cell death compared to each other, while 

MGSKO/GSL30 mice suffered the greatest cell death following the severe hypoglycemic 

episode.  The increased cell death seen in MGSKO/GSL30 mice may have been 

attributed to defects in whole energy balance signaling due to excessive skeletal muscle 

glycogen and no brain glycogen, as well as to an increased rate of glucose reperfusion 

from a suggested increase in GLUT transporters at the blood brain barrier causing 

irreversible oxidative damage.  HO mice may have metabolically adapted to using ketone 

bodies, derived from free fatty acids, as energy substrates to compensate for the lack of 

glycogen stores.  These ketone bodies could have been neuroprotective, just as brain 

glycogen is hypothesized in wild type mice.  The use of genetically modified mouse 

models has the caveat that genetic adaptations resulting from the lack of glycogen may 

influence the interpretation of these studies.   
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FUTURE DIRECTIONS 

 To further understand the relationship between glucose, glycogen, and HAAF 

additional studies need to be conducted.  We determined that brain glycogen 

supercompensation occurs at 6 hours following the reintroduction of food; however, 

disappeared at 27 hours.   The level of brain glycogen supercompensation also might 

have been dependent on the rate at which blood glucose returned to normal and if blood 

glucose became elevated to hyperglycemic levels.  In clinical diabetes, patients 

commonly over-treat hypoglycemia by accidently inducing hyperglycemia.  These 

changes in blood glucose can also occur rather rapidly.   To test whether the rate at which 

blood glucose is returned to normal promotes glycogen supercompensation, the 

supercompensation studies can be repeated as above.  However, instead of reintroducing 

food, a glucose solution could be injected to rapidly raise blood glucose to normal levels.  

To address whether over-treating hypoglycemia by accidently inducing hyperglycemia 

would promote brain glycogen supercompensation, a glucose solution could be injected 

to increase blood glucose levels to hyperglycemic levels.  Brain glycogen would be 

measured at the same time points as in the study above and compared to brain glycogen 

levels obtained from the reintroduction of food.   

 In our studies using rotarod exercise, we demonstrated that brain glycogen was 

needed for motor memory while mice were hypoglycemic.  This was evidenced by 

MGSKO/GSL30 mice formerly treated with insulin performed worse on the rotarod than 

wild type mice formerly treated with insulin in the final trial.  Various studies have 

examined the effect of DAB, a glycogen phosphorylase inhibitor, and its effects on 
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inhibiting memory consolidation.  In bead discrimination studies conducted in day old 

chicks, lactate was shown to rescue memory consolidation when it was inhibited 

previously with DAB (15).  The same effect was shown in rats where lactate, when 

injected with DAB, was able to rescue memory consolidation in inhibitory avoidance 

assays (43).  It is questionable whether or not lactate can rescue motor memory when 

challenged with hypoglycemia and lack of brain glycogen.  DAB inhibits the breakdown 

of glycogen; therefore it may be comparable to the effects seen in the MGSKO/GSL30 

mice which lack brain glycogen.  Hypoglycemic MGSKO/GSL30 mice could be injected 

with L-lactate or a vehicle control prior to trials 2 and 3 where the motor skill is being 

acquired and tested for motor memory in trial 4 without administration of L-lactate.  By 

comparing the latency to fall between hypoglycemic mice treated with L-lactate and 

those treated with the vehicle control we could determine if the lactate is able to rescue 

memory consolidation of a motor skill.   

 To further examine how the absence of brain glycogen causes deficits in 

contextual fear learning and memory, we could try to rescue the ability to discriminate 

between contexts A and B by context pre-exposure.  MGSKO/GSL30, HO, and wild type 

mice would be introduced to the environment where they would later be shocked (context 

A) two or three times prior to the actual fear condition session.   As a control, a group of 

MGSKO/GSL30, HO, and wild type mice would be pre-exposed to a completely 

different environment (context X).  Context pre-exposure would allow the mouse to build 

a stronger mental representation of the context prior to the introduction of fear.  After two 

or three sessions where the mice are allowed to explore either context A or X, they will 



105 

be fear conditioned in context A using the same tone-shock protocol above.  The 

following day, they would be placed back into context A, which they were pre-exposed to 

and measured for freezing behavior.  Four hours following context A, mice would be 

placed in context B and tested for the ability to discriminate between the two.  Mice 

would never be placed back into context X.  If the MGSKO/GSL30 and HO mice are 

able to discriminate between context A and B initially, or at any additional time points 

than in the prior experiment, this would suggest that the hippocampus is only slightly 

impaired due to the lack of brain glycogen, instead of completely non-functional.   

 We have shown that MGSKO/GSL30 mice lose the ability to recall contextual 

fear memories when they are formed under hypoglycemia, whereas wild type mice retain 

this ability.  It is questionable as to whether brain glycogen is needed to recall memories 

while hypoglycemic.   We specifically tested whether the contextual and cued memories 

of being shocked were able to form while mice were hypoglycemic; not whether it could 

be formed while they were euglycemic and recalled while hypoglycemic.  To evaluate 

this, the hypoglycemic fear conditioning protocol would be repeated.  However, instead 

of inducing hypoglycemia prior to session 2 where the memory was formed, 

hypoglycemia would be induced prior to session 3 and session 4, where memory recall 

was evaluated.  Session 2, where the memory is formed, would be conducted while the 

mouse was euglycemic.  Freezing behavior would be measured to assess whether the 

mouse is able to recall the memory of being shocked while hypoglycemic.  Although it is 

known that varying levels of hypoglycemia itself causes impaired memory formation and 

recall, even though we did not see any impairment in wild type mice tested, we would be 
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evaluating whether the presence of brain glycogen has any effect on memory recall while 

hypoglycemic.   

 To strengthen our study regarding the neuroprotective effects of brain glycogen 

during severe and prolonged hypoglycemic episodes, we may want to repeat our studies 

in wild type mice dosed with the glycogen phosphorylase inhibitor, CP-316,819.  CP-

316,819 causes glycogen to over accumulate under normal glycemic conditions, while 

allowing its utilization under hypoglycemic conditions.  Rats dosed with CP-316,819 at 

250 mg/kg in three doses, had an 88 + 3% increase in brain glycogen (21).   The rats were 

then subjected to severe and prolonged hypoglycemia.  Rats dosed with CP-316,819 

maintained brain electrical activity 91 + 14 minutes longer than control rats and suffered 

less neuronal cell death by HE staining.  In the above neuronal cell death study between 

wild type, MGSKO/GSL30 and HO mice we showed that without brain glycogen along 

with increased muscle glycogen, the brain was more vulnerable to hypoglycemic damage.  

Our results were ambiguous in that the HO mouse suffered similar neuronal cell death 

compared to the wild type mouse.  If we were to dose wild type mice with CP-316,819 

and use the solvent as the vehicle control, we could repeat our above experiments to 

compare neuronal cell death between an animal that over accumulates glycogen (+88%) 

in the brain compared to mice with normal amounts of brain glycogen.  In theory, the 

mouse with 88% more brain glycogen would have more “metabolic fuel” in the brain to 

combat the threat of severe hypoglycemia.  CP-316,819 has been obtained from Pfizer 

and will be implemented in the above experiment at a later date.   
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APPENDIX 

 Total Motion in Fed Mice:  Due to differences in baseline freezing behavior 

observed in session 1, total motion was measured to ensure each genotype of mouse was 

able to move about the conditioning chamber at similar levels.  Total motion was not 

different between wild type, MGSKO/GSL30, nor HO mice (p>0.05) (Appendix Figure 

1).   

 

Figure 1.  Total motion was not different between wild type, MGSKO/GSL30, and 

HO mice.  Mice were placed in a contextually modified chamber to measure total motion 

in session 1.  Total motion was measured in wild type (■, n=25), MGSKO/GSL30 (

n=32), and HO (≡, n=12) mice using Freeze Scan software. Data are presented as means 

+ standard error of the mean. Statistical significance was determined using one-way 

ANOVA followed by a Newman-Keuls multiple comparison post-test.    

 

 

 Freezing behavior in response to light and sound cues only:  To determine if mice 

were freezing in response to the light and sound cues only, freezing behavior in the 18 

seconds before cue presentation was compared to 18 seconds of cue presentation in all 

genotypes.  Freezing behavior prior to cue presentation was not different compared to 
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freezing behavior during cue presentation in all genotypes (p=0.7613 for wild type, 

p=0.9379 for MGSKO/GSL30 and p=0.3808 for HO mice) (Appendix Figure 2).  Ho 

mice, however, continued to show increased baseline freezing behavior evidenced by 

higher pre-cue freezing values compared to wild type and MGSKO/GSL30 (p<0.05) 

(Appendix Figure 2).  Freezing behavior during cue presentation was not different 

between genotypes.   

 

Figure 2.  Presentation of light and sound cues alone did not cause an increase in 

freezing behavior in fed wild type, MGSKO/GSL30, or HO mice.  Wild type (n=25), 

MGSKO/GSL30  (n=32), and HO (n=9) mice were measured for freezing behavior 

during the 18 seconds of the first cue presentation (■) and the 18 seconds immediately 

before cue presentation  in session 2 using Freeze Scan software. Data are presented 

as means + standard error of the mean. 
*
p<0.05 compared to wild type and 

MGSKO/GSL30 pre-cue freezing. Statistical significance was determined using paired 

Student’s t test within each genotype and by one-way ANOVA followed by a Newman-

Keuls multiple comparison post-test to compare pre-cue and cue freezing across 

genotypes.     

 

 Total Motion in Fasted Mice:  Total motion was measured in fasted wild type and 

MGSKO/GSL30 mice used in the hypoglycemic fear conditioning study to ensure each 

genotype of mouse was able to move about the conditioning chamber at similar levels 

* 
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while fasted.  Total motion in fasted wild type mice was not different than fasted 

MGSKO/GSL30 mice (p=0.5826) (Appendix Figure 3).  Total motion in fasted wild type 

and MGSKO/GSL30 mice was decreased compared to total motion in fasted wild type 

and MGSKO/GSL30 mice (p=0.0002 for wild type and p<0.0001 for MGSKO/GSL30).   

 

Figure 3.  Total motion was not different between fasted wild type and fasted 

MGSKO/GSL30 mice.  Mice were fasted overnight and placed in a contextually 

modified chamber to measure total motion in session 1 the following morning.  Total 

motion was measured in wild type (■, n=18) and MGSKO/GSL30 ( n=25) mice using 

Freeze Scan software. Data are presented as means + standard error of the mean. 

Statistical significance was determined using Student’s t test.   

 

 Freezing behavior in response to light and sound cues only in fasted euglycemic 

and hypoglycemic mice:  To determine if mice were freezing in response to the light and 

sound cues only while fasted and euglycemic or fasted and hypoglycemic, freezing 

behavior in the 18 seconds before cue presentation was compared to 18 seconds of cue 

presentation.  Freezing behavior prior to cue presentation was not different compared to 

freezing behavior during cue presentation in saline treated wild type, saline treated 
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MGSKO/GSL30 as well as insulin treated wild type mice (p=0.9221 for saline treated 

wild type and p=0.6906 for saline treated MGSKO/GSL30 and p=0.8733 for insulin 

treated wild type) (Appendix Figure 4).  Freezing behavior during cue presentation was 

increased compared to freezing behavior prior to cue presentation in insulin treated 

MGSKO/GSL30 mice (p=0.0081) (Appendix Figure 4).  When blood glucose is limited, 

MGSKO/GSL30 mice may be more sensitive to decreased locomotor activity, especially 

when confronted by naturally adverse stimuli such as the bright light and sound.   

 

 

Figure 4.  Presentation of light and sound cues alone did cause an increase in 

freezing behavior in fasted, insulin treated MGSKO/GSL30 mice, but not in wild 

type, or saline treated mice.  Panel A shows saline treated wild type (n=9), saline 

treated MGSKO/GSL30 (n=9).  Panel B shows insulin treated wild type (n=9), insulin 

treated MGSKO/GSL30 (n=11).  All mice were measured for freezing behavior during 

the 18 seconds of the first cue presentation (■) and the 18 seconds immediately before 

means + standard error of the mean. 
*
p=0.0081. Statistical significance was determined 

using paired Student’s t test for each genotype and treatment separately.   

 

 

 

 

 

A B * 
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