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Abstract

Glycogen, a stored form of glucose, is involved in the brain's metabolism, especially in
pathological conditions such as Alzheimer's Disease (AD). AD is an age-associated
neurodegenerative disorder linked with cognitive deficits and increases in astrocyte reactivity
(neuroinflammation). AD is preceded by the accumulation of hyperphosphorylated tau in the
locus coeruleus (LC) nucleus of the brainstem as identified in Braak's pretangle stages. The
current study examined relative changes in activity of glycogen phosphorylase (GP), the enzyme
that breaks down glycogen for metabolic use by neurons in the hippocampus of a rat model of
Braak’s LC-originated pretangle stage. An htauE14 transgene was infused in the LC of TH-Cre
older rats (~20-month p.i) using a viral vector. Chimeric procedures for GP activity were
performed with matched experimental and control brain tissue. Relative optical density (ROD)
measurements of GP and astrocyte glial fibrillary acidic protein (GFAP) profile of rats in the
experimental group (LC-htauE14 infused) were compared with control rats (rats without htauE14
infusion). Repeated measures analyses revealed that LC-htauE14 infusion did not alter the GP
levels (aGP, tGP, and ratio) and the astrocyte GFAP expression in the hippocampus of these rats
at the pretangle stage of AD. There were no sex-dependent alterations detected. However,
various subregions within the hippocampal DG, CA3 and CA1 showed different levels of GP
activity and GFAP profiles regardless of sex and condition. These findings indicate that GP and
GFAP ROD are not altered at the pretangle stage of AD, suggesting the potential existence of

compensatory mechanisms in addressing energy demands at the early phases of AD.
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General Summary

Alzheimer’s disease (AD) is a condition marked by memory loss and distinct changes in brain
cells. Prior to the onset of AD, there is an abnormal protein called phosphorylated tau, which
first develops in locus coeruleus (LC) within the brainstem. AD is a type of dementia demanding
increased energy and substantially impacts the hippocampus, a key memory-associated brain
region. Glycogen, serving as a reserve energy source, becomes utilized during intensified
energy-demanding activities in the brain. This study examined glycogen activity within the
hippocampus using a rat model (htauE14) mimicking this early AD stage. I examined the
activity of the enzyme glycogen phosphorylase (GP), which is involved in breaking down
glycogen to supply neurons with energy. No evident effect of this abnormal protein (htauE14) on
GP activity in the hippocampal regions was found. Additionally, no observable changes occurred
in astrocytes, where GP is primarily located, in the rats. These findings imply that the brain
might employ alternative mechanisms to manage energy requirements distinct from glycogen

utilization during the initial stages of AD.
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1. The Relative Optical Density of Glycogen Phosphorylase and Astrocytic GFAP
Profile in the Hippocampus in a Rat Model of Alzheimer’s Disease at Pretangle

Stage.

The brain is one of the body's organs with the highest energy metabolism. Although it
accounts for only 2% of body weight, it utilizes approximately 25% of total body glucose in the
resting awake state (Sokoloff, 1999). Evidence indicates a significant rise in the brain’s energy
demands during pathological conditions such as Alzheimer’s Disease (AD) (Brown et
al., 2004; Swanson et al., 1992). Glycogen, a crucial energy source during low brain glucose
levels, is regularly utilized to support normal brain function and high neuronal activities
(Magistretti & Pellerin, 1996; Swanson et al., 1992). However, the alterations in glycogen
metabolism during pathophysiological conditions (e.g. AD) are not yet well understood. This
research outlined in this thesis examined relative changes in glycogen phosphorylase (GP)
activity and glial fibrillary acidic protein (GFAP) expression in the hippocampus during a

pretangle stage of AD.

1.1 The Scope of AD

Millions of people worldwide are impacted by a neurodegenerative condition called AD.
AD is the most common form of dementia, accounting for approximately 60—80% of all
dementia cases (Alzheimer Society, 2023; Hendrie et al., 1995). It is estimated that 50 million
individuals have dementia globally, and this is expected to triple by the year 2050 (World Health
Organization, 2021). After age 65, the prevalence of AD tends to double every five years,
affecting about 50% of people over 85 (Evans et al., 1989). According to the Alzheimer Society

of Canada (2023), in 2020, a total of 124,000 individuals in Canada were diagnosed with
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dementia. Women comprised 61.8% of people living with dementia in this cohort in that year.
Growing healthcare costs due to the ageing population have placed additional strains on society
and individuals. Moreover, dementia places a heavy financial and medical burden on Canada,
costing the country's economy and healthcare system more than $10.4 billion annually
(Alzheimer Society of Canada, 2023).

AD is a degenerative neurological disease, characterized by generalized atrophy of the
brain (Perry, 1999) and a decline in cognitive capacity, memory loss, and behavioral
disturbances (Reisberg et al., 1982). It eventually results in severe cognitive impairment and
death (Igbal et al., 1987). Alois Alzheimer originally identified the first case of AD in 1906 (as
reported in Glenner & Wong, 1984). Alzheimer's pathological analysis found atrophy and
particular lesions that he defined as “paucity of cells in the cerebral cortex and buildup of
filaments between nerve cells” (as translated in Alzheimer et al., 1995). His findings included the
deposition of abnormal proteins called amyloid plaques and intracellular accumulation of
abnormal and misfolded protein, known as neurofibrillary tangles (NFTs) in the brain of a 55-

year patient with advanced dementia (Glenner & Wong, 1984; Zilka & Novak, 2006).

1.1.2 Tau Protein

Accumulated and misfolded tau protein is considered one of the hallmarks of AD.
According to Drechsel et al. (1992), tau works intracellularly to facilitate microtubule
organization, stabilization and assembly, which is crucial for the development of axons and
dendrites in neurons. The discovery of hyperphosphorylated tau as the main constituent of NFTs
in the AD brain led to the established relationship between tau and neurodegenerative disorders

in 1986 (Glenner & Wong, 1984; Igbal et al., 1987). In AD, the tau changes, dissociating from
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the microtubule and creates tangles which damage the axonal microtubules in neurons and hinder
axonal transport (Igbal et al., 2009). This may eventually result in cell death (Busser et al., 1998).
Although the precise initial underlying cause of AD is still unknown, several risk factors
exist. The incidence of AD increases with age, making aging the most significant risk factor
(Hendrie et al., 1995). Genetics, sex, family history, brain injuries, and long-term medical

conditions such as diabetes, and hypertension are additional risk factors (Hendrie et al., 1995).

1.2 Braak’s Staging of Tau Pathology in AD

Braak et al. (2011) proposed five pretangle stages to explain the changes that occur
before the appearance of tangles in AD. According to the authors, during the pretangle stage, the
abnormally phosphorylated tau remains soluble, and symptoms of the disease have not appeared.
Pretangle material is initially localized to the locus coeruleus (LC) processes in the first stage
(stage a) as described previously (Braak & Braak, 1991; Del Tredici et al., 2002). The LC is the
primary noradrenergic nucleus (containing norepinephrine; NE) located in the brainstem, which,
has been linked to the pathophysiology of AD (Bondareff et al., 1987; Mathews et al., 2002). In
the second stage (stage b), pretangle material spreads to the soma and dendrites. And by stage c,
other brainstem nuclei become affected. Hyperphosphorylated tau is present at the end of LC
axons in the transentorhinal cortex at stage 1a. In stage 1b, pretangle material covers the
transentorhinal cortex's soma and pyramidal cell processes.

Braak's staging of tangle (NFT) pathology advances through six stages, beginning in the
entorhinal cortex and progressing throughout the neocortex. Braak and Braak (1991) state that
tangles appear in the entorhinal cortex during the first stage, which later spreads to the
hippocampus and amygdala in the second stage. The neocortex starts to show signs of tangles in

the third stage. By the fourth and fifth stages, abnormal tau has spread across the neocortex,
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causing neuronal death and synaptic loss. The last stage is marked by significant cognitive
decline and dementia and involves the total loss of neocortical function (Braak & Braak, 1991).
Moreover, Braak et al. (2011) investigated more than 2000 post-mortem brains from
individuals aged 1 to 100 and reported that abnormal tau pathology occurs first in the LC within
the brainstem before spreading systematically throughout the cortex. It was determined that the
severity of cognitive impairments varied with age and disease stage, with older people reporting
severe deficits at later phases of the disease. Creating an animal model resembling Braak's

pretangle stages can help in AD early diagnosis, intervention techniques, and treatment.

1.2.1 Animal Studies of Braak’s Pretangle Stage Model

Animal research has contributed to our understanding of the pretangle stages of tau
abnormality, which were first identified by Braak et al. (2011). Ghosh et al. (2019) and
Omoluabi et al. (2021) successfully replicated these stages in rat models, making a substantial
addition to the AD research field and laying the foundation for further studies in this area.

Ghosh et al. (2019) investigated the mechanism by which persistently phosphorylated tau
expression in the LC triggers initial deficits in associative olfactory learning and memory. This
model involved the introduction of a human pseudophosphorylated tau (htauE14) gene into the
LC via an adenoassociated viral vector (AAV), inducing the early expression of the human
soluble hyperphosphorylated pretangle stages in 2—3-month-old TH-Cre* rats. Their study
involved various assessments, including simple and complex odor discriminations and the spread
of htau throughout the LC axons, LC neurons and fiber densities in the primary olfactory cortex
in these rats. They further linked behavioural deficits to LC pathology in rats at different stages.

The results demonstrated that htauE14 rapidly co-expressed in LC neurons.

Subsequently, htauE14 was localized to LC cell bodies and dendrites, mimicking the pathology
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seen in pretangle AD (Ghosh et al. 2019). After 6 weeks, htauE14 began to spread along LC
axons in the direction of forebrain targets. By 12 weeks, it had reached the olfactory bulb and
many cortical areas, including the hippocampus and piriform cortex. Subsequent analysis
conducted 3-6 months post-infusion on adult rats (5-6 months old) revealed no deficiencies in
odor discrimination. Though there was no observable loss of LC cells at 7-8 months post-
infusion, htauE14 rats exhibited difficulties in complex, similar odor discrimination learning.
Compared to controls, there was a substantial loss of norepinephrine transporter (NET) labelled
fiber within the piriform cortex of the htauE14 rats (Ghosh et al., 2019).

Comparing the effects of early-onset versus late-onset tau pathology in the LC, rats
infused at older ages showed more severe behavioural impairments (6 months post-infusion) in
relation to younger infused rats (Ghosh et al., 2019). The older infused rats displayed impaired
learning in the initial simple, dissimilar odor discrimination, accompanied by significant LC cell
loss and decreased NET and the norepinephrine synthesizing enzyme dopamine-[3-hydroxylase
(DBH) labelled fiber density in the piriform cortex. The astrocyte marker GFAP did not show
any co-localization with GFP cells, and no evidence of tangles via Thioflavin-S staining was
observed. However, these older animals exhibited transneuronal spread and neuron-to-microglia
spread (Ghosh et al., 2019).

Later, in an optogenetic study, Omoluabi et al. (2021) employed gene-insertion methods
to activate specific genes in LC neurons. To seed pretangle tau in the LC and activate LC
noradrenergic neurons, the researchers utilized TH-CRE rats and injected dual CRE-dependent
AAV-htauE14, while the other contained light-sensitive channel rhodopsin 2 (ChR2).

Subsequently, rats were implanted with optical cannula 5-months after AAV infusion and
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received daily light stimulations for 6 weeks. These stimulations encompassed phasic and tonic
LC activation patterns (Omoluabi et al., 2021).

Omoluabi et al. (2021) also conducted behavioral assessments approximately 9 to 10
months post AAV infusion evaluating stress/anxiety levels using open field, marble burying, and
elevated plus maze tests. Tonic-stimulated htauE14 rats displayed heightened anxiety and
increased stress levels. Conversely, phasic-stimulated htauE14 rats showed comparable
performance to control rats, indicating a potential anxiolytic effect of phasic LC activation.

Subsequent histological and immunohistochemical analyses (12 months post-AAV
infusion) revealed no loss of LC cells but increased apoptosis marker, active caspase 3 (AC-3) in
tonic-stimulated htauE14 rats. DBH and NET as noradrenergic fiber markers showed decreased
fiber density in brain regions crucial for spatial and olfactory pattern separation (piriform cortex
and hippocampal dentate gyrus) due to pretangle tau seeding. However, phasic LC stimulation
stopped the LC fiber degeneration (Omoluabi et al., 2021).

Furthermore, the study explored the influence of LC activation patterns on pretangle tau
spread by using HT7 as a marker (Omoluabi et al., 2021). It was observed that pretangle tau had
spread to various subcortical regions such as the raphe nuclei, pontine tegmental nuclei and the
substantia nigra. However, the pretangle tau pattern and GFP cell densities did not significantly
differ among groups. AT8 measurement of tau phosphorylation patterns were not observed
outside the brainstem and Thioflavin-S staining did not reveal the presence of tau tangles in any
brain areas (Omoluabi et al., 2021).

These animal studies underscore the critical role of LC in pretangle tau pathology and its
implications for cognitive deficits in AD, offering insights into potential therapeutic

interventions targeting LC neuron activity.
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1.3 Brain Energy Metabolism and AD

In humans, glucose metabolism occurs predominantly in the brain. The activity of
neurons heavily depends on glucose as its primary energy source. Evidence consistently suggests
that disrupted glucose metabolism is associated with AD. There is a reported 17-24% reduced
cerebral glucose metabolism revealed by positron emission tomographic (PET) technique in
senile dementia of the Alzheimer type (SDAT) patients compared to older controls (de Leon et
al., 1983). These declines are more pronounced in regions particularly affected by AD, such as
the posterior cingulate, frontal, parietal, and temporal cortices (Braak & Braak, 1991; Delacourte

et al., 1999; de Leon, 1983).

1.4 Cerebral Metabolic Pathways

The metabolism of glucose in the brain is a complex process involving multiple cell types
and competitive metabolic pathways, essential for meeting the energy requirements associated
with neuronal activation. Glucose transport across the blood-brain barrier is mediated by the
glucose transporter GLUT-1, primarily expressed in astrocytes and the capillary endothelium
(Morgello et al., 1995). Astrocytes serve as intermediaries between glucose uptake from the
blood and delivery to neurons. Glucose is then phosphorylated by hexokinase (HK) inside the
astrocyte, forming glucose-6-phosphate (G-6-P) (see Figure 1). The pentose phosphate pathway
(PPP) is responsible for G-6-P metabolism and NADPH generation, while glycolysis produces
pyruvate, NADH, and ATP (Dienel & Cruz, 2003).

Astrocytes can convert G-6-P into glycogen, a glucose polymer that serves as an energy
reserve in the brain (Nelson et al., 1984). Evidence suggests that glycogen mobilization in

astrocytes is associated with functional memory through glutamate synthesis and lactate shuttling
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between astrocytes and neurons (Swanson et al., 1992). During increased neuronal activity,
glycogen is broken down by glycogen phosphorylase (GP) into lactate (glycogenolysis) to fuel
neuronal metabolism. Astrocytes take glucose from blood vessels via GLUT1 and convert it to
lactate through aerobic glycolysis (Dienel & Rothman, 2019, see Figure 1).

Lactate serves as an energy substrate within the brain via its conversion into pyruvate
(Morgello et al., 1995; Pellerin & Magistretti, 1994) and then enters the tricarboxylic acid cycle
(TCA cycle) for oxidative metabolism to produce ATP and support the energy demands of
neurons (Pellerin & Magistretti, 1994; Magistretti & Pellerin, 1996). Newman et al. (2011) and
Suzuki et al. (2011) highlighted that the primary role of lactate may be metabolic, thereby

supporting energy-demanding activities of learning and memory.

1.4.1 Astrocyte-Neuron Lactate Shuttle (ANLS)

The astrocyte-neuron lactate shuttle (ANLS), a hypothesis proposed by Pellerin and
Magistretti (1994), postulates that coordinated roles in the creation of long-term memories are
played by astrocyte glycolysis and neuronal oxidation via the transport of lactate. The ANLS
model contends that astrocytes take up glucose from blood arteries and metabolize it through
glycolysis, yielding lactate as a byproduct. This lactate is then released extracellularly and taken
up by neurons, where it undergoes conversion to pyruvate (see Figure 1) with the help of the
lactate dehydrogenase (LDH) enzyme (Morgello et al., 1995; Pellerin & Magistretti, 1994).
Pyruvate enters the neuronal TCA cycle, producing ATP by oxidative phosphorylation to support
energy demands (Dienel & Cruz 2003).

Glycogen synthesis uses 1 ATP equivalent (UTP) for each integration of a glucosyl unit
into glycogen, requiring 2 ATP molecules. In contrast, glycogenolysis, the process of glycogen

breakdown, generates a net of 3 ATP molecules, producing 1 ATP for every turn of a single
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glucosyl unit (Figure 1). The benefit of storing glucose as glycogen is that it enables synthesis to
occur when there is low energy demand, while breakdown can quickly fulfil rising ATP demands
(Dienel & Cruz, 2003; Magistretti & Pellerin, 1996). The brain's distribution of energy and
metabolic equilibrium depends on this glial-neuronal energy shuttle. It allows astrocytes, which
have a high glycolytic capacity, to supply lactate to neurons, which have a higher oxidative
metabolism (Magistretti & Pellerin, 1996). This cooperative process optimizes energy use and
distribution across many cell types within the brain. However, further research is needed to
understand the variations in neuronal activation, aerobic glycolysis, and lactate shuttling during

aging and in conditions such as AD.
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Figure 1: A schematic representation showing the many metabolic mechanisms and
routes involved in the brain's use of glucose and glycogen (Image taken from Dienel &
Rothman, 2019). It assumes that the glycolytic process breaks down glucose into
pyruvate and ATP. The malate-aspartate shuttle (MAS) and the oxidative route
contribute to producing extra ATP. The initial stage of glycolysis, the hexokinase (HK)
reaction, is feedback inhibited by glucose-6-phosphate. The oxygen-glucose index
(OGl) is used to quantify the stoichiometry of oxygen-to-glucose utilization. Some
glucose-6-phosphate can enter the pentose phosphate shunt pathway, while most
carbon re-enters the glycolytic pathway. Glycogen, predominantly found in astrocytes,
can be synthesized and degraded to meet energy demands efficiently. Glycogen
synthesis requires 1 ATP equivalent as UTP, while glycogenolysis has a net yield of 3
ATP, resulting in an overall gain of 1 ATP per turnover of 1 glucosyl unit. It also
describes the role of pyruvate dehydrogenase and pyruvate carboxylase in astrocyte
metabolism. The lactate shuttle is proposed to transfer lactate from astrocytes to
neurons for oxidation. According to an alternative model by DiNuzzo et al. (2010),
during brain engagement, glycogenolysis lessens the need for astrocytes to absorb
glucose, potentially saving glucose for neuronal use.
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1.5 Astrocytes and Glycogen

The most prevalent form of glial cell in the brain is astrocyte, which regulates brain
homeostasis and neuronal activity (Brown et al., 2004; Chesler & Himwich, 1944; Magistretti et
al., 1993). Neurological diseases arise due to disruptions in the delicate balance between neural
cell damage, neuroprotection, and regeneration. Astrocytes, as homeostatic cells in the CNS, are
consistently implicated in various neuropathologies (Giaume et al., 2007; Seifert et al., 2006).
These cells are crucial in inflammation, responding to neuronal damage and cell death, which
could be pertinent to AD (Sokoloff, 1999; Wilhelmson et al., 2006).

Glycogen, a branched glucose polymer, is stored by astrocytes (Magistretti et al., 1993)
and used as an energy source in the brain (Brown et al., 2004). Initially, studies examining dogs
experiencing insulin-induced hypoglycemia were done to better understand the role of brain
glycogen under low blood glucose delivery conditions (Chesler & Himwich, 1944). For the first
time, these experiments established a relationship between glycogen content and brain function,
which showed that the glycogen levels noticeably dropped in brain areas with the highest
metabolic activity. Later, Gibbs et al. (2006) also demonstrated the involvement of glycogen
metabolism in higher brain functions. This study reported that pharmacological inhibition of
glycogenolysis (the breakdown of glycogen) caused a decrease in memory consolidation in
chickens.

Glycogen and astrocytes are closely related in the brain, with astrocytes responsible for
glycogen storage and utilization to support neuronal energy supply and general brain function.
Early research by Swanson et al. (1992) showed considerable glycogen stores in astrocytes,
which serve as a crucial energy reserve during increased brain activity. Magistretti and Pellerin

(1996) emphasized the significance of glycogen as an alternative source when glucose becomes
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inadequate, with glycogen breakdown in astrocytes generating lactate to satisfy neuronal energy
requirements. While Dienel and Cruz (2003) demonstrated the importance of astrocytic glycogen
in preserving brain energy homeostasis, studies by Newman et al. (2011) and Suzuki et al. (2011)
highlighted the importance of glycogen-derived lactate in astrocytes for memory processing and
consolidation. These findings collectively emphasize the importance of glycogen metabolism in

astrocytes, which affects neuronal energy supply and memory functions.

1.5.1 Glycogen Phosphorylase (GP)

The enzyme GP plays a role in converting glycogen into glucose-1-phosphate, which can
then be used to produce energy. GP is expressed in astrocytes and neurons, with astrocytes
expressing most of it (Swanson et al., 1992). GP occurs in two forms: phosphorylated form
known as active GP (aGP) and dephosphorylated form known as inactive GP (bGP) (Cori &
Cori, 1945; Fischer & Krebs, 1955). The total GP (tGP) is comprised of both aGP and bGP.

The link between advanced brain activity and glycogen metabolism was initially
demonstrated by Gibbs et al. (2006). They demonstrated that memory consolidation during bead
discrimination learning in young chicks was disturbed by blocking glycogenolysis in astrocytes
with the use of 1,4-dideoxy-1,4-imino-D-arabinitol (DAB), a powerful inhibitor of glycogen
phosphorylase (Gibbs et al., 2006).

One of the brain areas to be impacted early by AD is the hippocampus, which is essential
for learning, memory, and cognitive function (Garcia-Alloza et al., 2006; Price & Morris, 1999).
Research has revealed a connection between neurological conditions and astrocytic glycogen
metabolism in the hippocampus. Walling et al. (2007) examined the alterations in GP in the
pathological condition of severe seizures (epilepsy). Pilocarpine, a drug used to cause seizures in

experimental settings, was administered to male rats as part of the study. The study examined
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how an unremitting seizure episode may affect glycolytic energy demand in rats. The rats were
examined at different intervals (one hour, one week, and one month) following a period of
‘status epilepticus’- a serious seizure unremitting for periods of one hour or more (Walling et a.,
2007). Results were contrasted with those of control animals who had saline injections. Relative
optical density (ROD) measurements revealed that the condition caused a reduction in aGP
primarily in the entorhinal cortex and hippocampus after one hour, while overall GP remained
unchanged. However, it was discovered that both the aGP and tGP levels had increased in
contrast to the control group after one week and one month (Walling et al., 2007). It is, therefore,
imperative to investigate the GP changes that may occur under energy-demanding situations such

as pretangle AD condition and how this may affect males and females differently.

1.6 The LC-NE System

Cells within the brainstem LC synthesize and release norepinephrine (NE) to forebrain
structures. Research studies by Swanson et al. (1992), Gibbs et al. (2006) and Suzuki et al.
(2011) revealed that the LC-NE signaling system regulates GP activity in astrocytes to produce
lactate as an energy source for neurons. Additionally, NE is a neurotransmitter which can
modulate the activity of GP in neurons and helps to control the brain's energy consumption
(Gibbs et al., 20006).

Heneka et al. (2010) reported that the LC-NE system is crucial to the pathophysiology of
AD. Early in the disease, LC neurons deteriorate, and NE levels are decreased in AD patients'
brains (Heneka et al., 2010; Mathews et al., 2002). This lack of LC-NE signaling can contribute
to decreased GP activity (Gibbs et al. (2006) consistent with altered glycogen metabolism in AD.
Understanding the molecular mechanisms behind these regulatory processes can provide insights

into the pathophysiology of AD and help develop novel therapeutic strategies.
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1.7 Relationship among Astrocytes, Brain Metabolism and AD.

Astrocytes are glial cells that play various roles in the brain, including energy
metabolism, controlling extracellular ion concentrations, absorbing and releasing
neurotransmitters, and maintaining the blood-brain barrier (Matsui et al., 2012). Astrocytes play
a crucial role in regulating energy metabolism in the brain through the preservation and usage of
glycogen. The glycogen metabolism by astrocytes in the hippocampus serves as a source of
energy for neurons during periods of high activity (Matsui et al., 2012).

In AD, the hippocampus is one area of the brain more prone to harm, and astrocyte
dysfunction can contribute to this vulnerability.

In addition to glycogen metabolism, astrocytes control glycolysis and glucose uptake in the
brain. According to Mosconi et al. (2009), there is evidence of poor energy production and
decreased glucose metabolism in the brain of AD patients, which may contribute to cognitive
deterioration. Due to the role that astrocytes play in the control of glucose uptake and utilization,
they could contribute to this metabolic deficit.

Olabarria et al. (2010) have reported general astrocyte atrophy in the hippocampal area
(CA1 and DQG) of triple transgenic mice of AD (3xTg-AD). At an early age (6 months old), the
study found decreased surface and volume of GFAP profiles in the DG, but this reduction
appeared later (18 months) in the CA1. However, neither AD nor age altered the numerical
astrocytic density in these mice.

The pathogenesis of AD is influenced by astrocyte morphological alterations and
astrocytic malfunction through various processes such as glycogen metabolism and LC
dysfunction. More investigation into the function of astrocytes in AD can shed new light on the

creation of effective treatment options for this neurodegenerative disease.
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1.8 Sex Differences in AD

Although there have been reports on differential rates of brain atrophy in various male
and female brain regions of healthy aging, mild cognitive impairment (MCI), and AD subjects
(Hua et al., 2010; Skup et al., 2011), biomarker studies have not been able to provide noticeable
sex differences in the amyloid or NFT burden (Barnes et al., 2005; Shinohara et al., 2016), and
levels of tau (Mattsson et al., 2017) in AD patients. Moreover, studies employing PET
techniques also reported no substantial sex difference between male and female MCI subjects on
tau aggregation (Johnson et al., 2016).

Among AD patients, the rate of cognitive deterioration in women is twice as fast as in
men, as reported in the Alzheimer's Disease Neuroimaging Initiative study (Lin et al., 2015). In
several studies (Filon et al., 2016; Gale et al., 2016; Malpetti et al., 2017; Tensil et al., 2018),
female AD patients exhibit more profound cognitive decline than male patients, with more
significant reductions seen in all cognitive domains and verbal and visuospatial performance.
Additionally, there are observed sex differences in behavioral symptoms in AD patients. Women
with AD are more likely to experience depressive symptoms and delusions than men with AD.
On the other hand, men affected with AD are more likely to exhibit agitation and socially
inappropriate behaviors than women (Karttunen et al., 2011; Kitamura et al., 2012; Mega et al.,
1996).

Finally, while various AD transgenic mouse models have provided evidence of sex-
specific effects in amyloid burden and cognitive impairments (Dubal et al., 2012), the influence
of sex on tau hyperphosphorylation is still unclear (Yue et al., 2011). Despite several studies
highlighting differences in male and female AD patients, very few studies have focused on sex-

specific differences in energy metabolism. My literature search showed that few studies have
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investigated sex differences in GP activity and astrocyte expression in AD. Given the sex
differences in diagnosis rate and in symptomology, sex-specific therapies may need to be
developed and may be more effective should the underlying mechanisms be found to differ
between the sexes. As such, a better understanding of the molecular processes behind these sex

differences is needed.

1.9 Focus of the Present Study

Alzheimer's disease was traditionally diagnosed based on clinical observations, such as
age-related memory loss, cognitive deficits, and neuropathological findings, including post-
mortem senile plaques and NFTs in neurons. Preclinical AD is an essential research focus as it is
seen as the most promising model for developing therapies to modify the disease (Hampel &
Broich, 2009).

A preclinical rat model of AD was used in the current study to examine how pretangle tau
in the LC affects astrocytic glycogen metabolism in the hippocampus. Researchers at Memorial
University of Newfoundland created this rat model to replicate Braak's pretangle staging of AD.
The approach required inserting the human pseudophosphorylated tau (htau) gene into the LC.
According to Ghosh et al. (2019), pseudophosphorylation was utilized to simulate the effects of
persistently phosphorylated tau. The LCs of rats received bilateral injections of adeno-associated
viral (AAV) vectors containing the transgene for pseudophosphorylated human tau (htauE14)
protein. This pseudophosphorylated htau model was shown by Ghosh et al. (2019) to properly
depict the progression of abnormal tau found in Braak's pretangle stages. The infusion of htauE14
in the LC initiated the development of soluble hyperphosphorylated pretangle stages in tyrosine

hydroxylase (TH)-Cre rats (Ghosh et al. 2019).
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The current study aimed to examine metabolic changes in glycogen, specifically by
assessing the activity of GP. This enzyme breaks down glycogen for neuronal metabolism in
different stages of AD in the hippocampus. Additionally, the study investigated the astrocytic
GFAP profile in both male and female rats' dentate gyrus, CA1, and CA3 regions. Animals in the
htauE14 group, who received bilateral infusions of a virus containing the gene for
pseudophosphorylated htau in the LC, were compared to animals in the control group, which either
got infusions of the same virus without the gene, vehicle infusions or were left unoperated. It was
hypothesized that LC-htauE14 infused animals would have higher hippocampal GP activity and
astrocyte reactivity compared to control animals. It was also hypothesized that htauE14 female
rats would exhibit increased levels of GP and corresponding altered GFAP pattern compared to

male rats.

2. Materials and Methods

2.1 Subjects

The study protocol and the treatment of animals in the research adhered to the guidelines
specified by the Canadian Council of Animal Care and approved by the Institutional Animal Care

Committee of Memorial University (Animal Utilization Protocol 18-02-SW).

The experiment involved both male (n = 10) and female (» = 10) transgenic TH-Cre™"
Sprague-Dawley rats as they enabled specific expression of htauE14 in the LC neurons. The
housing for the animals involved one rat per cage, and in addition, the animals were provided with
a 12-hour cycle of light and darkness (lights on 1900 h). The cages were placed in a colony room

where the temperature was regulated at 20°C. The rats were individually kept and put on a
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restricted food intake after the infusion process. They received 75% of their average daily food

amount to retain a healthy weight but had access to unlimited water.

2.2 Experimental Design and AAV LC Infusion

At the age of 3 months, rats in the experimental group (n = 10) were administered two
infusions of AAV2/9-rEF1a-DIO-EGFP-htauE14-WPRE, 2.05E+13vg/mL (Virovek), referred to
as "LC-htauE14". These infusions were administered directly into each hemisphere. In contrast,
the control animals (n = 10) either received injections of a similar virus that did not contain the
htauE14 transgene (AAV2/9-EF1a-FLEX- EGFP; 1.8E+13vg/mL; Laval Neurophotonics, QC), a
sham operation but no infusion, or were left unoperated. The infused control animals received

two 0.5 pl of the viral vector in each hemisphere.

Isoflurane anesthesia (2-5%) was used for all surgical procedures. Subsequently, the
animals were positioned in a stereotaxic device in a flat skull position, and body temperature was
regulated at 37°C. They were then administered an analgesic (Meloxicam SR, at 4mg/kg,
10mg/mL, s.c.) A scalp incision was made, and on each side of the sagittal suture, a single hole
was drilled using bregma as a reference point. The coordinates for these drill sites were
approximately 12.2 mm posterior to bregma along the anterior-posterior axis and +1.3mm lateral
from the mid-line along the medial-lateral axis. Cannulas were inserted into these drill sites at a
20° angle posterior to the vertical axis, reaching a depth of about 6.4mm below the brain’s
surface. The infusions into the LC were carried out using autoanalyzer tubing (Fisher) and a 5 pl

microsyringe (Hamilton) at a rate of approximately 1.0 pl/min.
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The post-op monitoring process was initiated and continued until suture removal. This
monitoring included daily assessments and documentation of the animals' weight and incision
sites to ensure the animals' continued good health and prevent major complications. In the 14—
23-month period following LC infusion, animals were euthanized for histology and
immunohistochemistry. The experiment consisted of AAV-htauE14-GFP (n = 10) and controls
(n=10); sham (n = 3), vehicle (n = 3), and AAV-GFP (n = 4). A total of 20 rats were used in the

study, with an equal number of male and female rats.

2.3 Preparation of Brain Tissue

All animals were euthanized during the dark phase (red light) of the light cycle. Tissue
extraction occurred at ~20 months post-infusion. Rats were anesthetized via inhalation of
isoflurane induced at 1% concentration, increasing to 3.5% for females and 4% for males over
one minute for rapid induction. This level was maintained for an additional 5-6 minutes until a
negative toe-pinch test confirmed the appropriate anesthetic depth. Subsequently, the rats were
taken out of the induction chamber and euthanized by guillotine decapitation.

Tissue extraction was also performed in a dark environment under red light (to avoid
disruptions in the animals' circadian rhythm) at the average age of 19.8 months (SD = 4.40) for
male rats and 19.9 months (SD = 3.08) for female rats post-infusion (p.i). All the brains were
frozen in methyl-butane cooled to -70°C and stored at -80°C. Attempts were made to keep the
average time from decapitation and brain extraction to flash frozen constant across conditions.
The average time from decapitation to freezing for male rats was 2 minutes and 49 seconds (SD=
0.212) and 2 minutes 43 seconds (SD = 0.0314) for females. Sections from one hemisphere of
htauE14 rats were matched with sections from control rats. These sections were then frozen

simultaneously for the same amount of time and subjected to concurrent treatment.
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2.4 Glycogen Phosphorylase Histochemistry

The current study used previously published GP histochemical procedures (Walling et al.,
2006; Walling et al., 2007; and Meijer, 1968). In summary, I performed a chimeric mounting of
rats’ brains by which brains were sectioned in the horizontal plane, and hemispheres were
matched between the LC-htauE14 (experimental) and LC-control animals. This allowed for
concurrent tissue processing in the histochemical and immunohistochemical conditions. A
Cryostat was used to slice fresh frozen tissue into 30 pm sections, creating four types of slides

(Nissl, aGP, tGP, and ‘Extra’) and preserved in a -80 °C freezer until further processing.

To measure aGP, sections were incubated for 30 minutes at 37 °C in a-D-glucose-1-
phosphate (1.6g), EDTA (0.4g), NaF (0.32g), and dextran (8.0g; 30,000-40,000 MW) dissolved
in 40 mL of sodium acetate buffer (pH 5.6) and to 200 mL with distilled water (pH 6.0) (Walling
et al., 2007). The incubation medium for assessing tGP activity involved the steps outlined above
for aGP and also included adenosine 5'- mono-phosphate (0.16g) (Walling et al., 2007). Sections
were allowed to air-dry (20—25 minutes), fixed in 40% ethanol for 4 minutes, air-dried again for
15-20 minutes, and finally dipped in Lugol's iodine solution (consisting of 11% sucrose) for
approximately 3 minutes. After air-drying overnight, the sections were covered with Permount

(Fisher Scientific, Waltham, MA) and kept in a dark space until further processing.

2.5 Imaging and Relative Optical Density (ROD) Measurements of aGP and tGP

A Brightfield light microscope (Olympus BX52) and a DP90 camera were used to capture
brightfield images at 4x magnification. Colored images were converted to grayscale using

Irfanview (version 4.60) and densitometrically analyzed using MCID analysis software (Interfocus
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Ltd; Linton, UK, version 7.1). The DG, CA3 and CA1 (15 subsections) of the hippocampus were
the areas included in the relative optical density analyses (see Figure 2). Ventral and dorsal sections
(2 each) were selected from each pair of animals for analyses. The gray levels of DG, CA3 and
CA1 were derived by calculating the average of 10 measurements from individual sections for
each animal. Sections measured for optical density in each of the hippocampal regions were

subjected to graphical and statistical analysis.
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Label of the subregions of the hippocampus (DG, CA3 and CA1) and the hippocampal

synaptic circuit

C Schaffer collateral
pathway .
T /

Figure 2. A and B: Brightfield images of active glycogen phosphorylase (aGP) and total (tGP)
histochemistry in the hippocampus of a rat at 4x magnification. The label shows 3 major regions
of the hippocampus that were investigated: cornu ammonis 1 (CA1), cornu ammonis 3 (CA3)
and dentate gyrus (DG) (Lethbridge et al., 2014). The four subregions of the CA1 include: CA1
lacunosum moleculae (CA1 lacmol), CA1 oriens, CA1 pyramidal cells (CA1 pyr), and CA1
radiatum (CA1 rad). For the CA3, the five subregions include CA3 lacunosum moleculare (CA3
lacmol), CA3 lucidum (CA3 lucid), CA3 oriens, CA3 pyramidal (CA3 pyr), and CA3 radiatum
(CA3 rad). Dentate gyrus had six subregions: Dentate gyrus-granular cell layer (DG-GCL), hilus,
inner molecular layer (IML), middle molecular layer (MML), outer molecular layer, and
subgranular zone (SGZ).

C: The synaptic circuitry within the hippocampus is crucial in declarative memory (Image
adapted from Kandel et al., 2014). Information flows into the hippocampus from the entorhinal
cortex via perforant pathways, providing direct and indirect input to CA1 pyramidal neurons,
which are essential hippocampal output cells. Entorhinal cortex layer Il neurons project through
the perforant path to stimulate granule cells in the DG in the indirect pathway. Granule cells
activate pyramidal cells in CA3 via the mossy fiber pathway, which then excites CA1 pyramidal
cells through the Schaffer collateral pathway. Layer Ill neurons from the entorhinal cortex
project directly through the perforant path to activate the distal dendrites of CA1 pyramidal
neurons, with no intermediary synapses in the direct pathway.
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2.6 Immunohistochemistry and GFAP Astrocyte Analysis

Immunohistochemical processing on fresh frozen tissue was performed by first washing
the sections in Tris buffer for 3x5 min. Sections were then treated in 1% hydrogen peroxide (1ml
0f 30% hydrogen peroxide to 29ml of Tris buffer) for 30 min. Sections were washed in Tris buffer,
Tris A and Tris B for 5 and 10 min, respectively. This was followed by incubating slides in 10%
normal horse serum (Vector Labs) made in Tris B for an hour (to ensure the binding of nonspecific
antigens). Slides were washed in Tris A and B for 10 min each. Sections were then incubated in
appropriate dilution and volume of primary mouse antibody (mouse, Millipore) made in Tris B
except for the no-antibody control (NAB) overnight on a rotator. The NAB was incubated in Tris

B for the same duration.

Sections were washed in Tris A and B for 10 minutes the next day and incubated in
biotinylated horse anti-mouse IgG (Vector Labs) at 1:400 (5ml + 2ml Tris B) concentration for 1
hour at room temperature on a rotator. Slides were washed in Tris A and D for 10 min each and

incubated in ABC Elite 1:1000 (5pl + 5ul) to Sml Tris D for 90 min. Slides were washed in Tris

buffer for 3x5 min.

The sections were incubated in DAB (diaminobenzidine tetrahydrochloride; Metal
Enhanced DAB substrate kit; ThermoFisher) solution (consisting of 10% DAB and 90% DAB
buffer) from Polysciences for 15-30 min. Sections were removed from DAB solution when
staining is deemed to be optimal and washed in Tris buffer for 3 x 5 min. Sections were then air-
dried overnight. Sections were dehydrated with ethanol and xylene and coverslipped with

Permount for further processing. The protocol for dehydration involved washing slides in 70%
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ethanol (2-3 min), 95% ethanol (2-3 min), 100% ethanol (2-3 min, 2 changes) and xylene (2-3

min, 2 changes).

For astrocyte analysis, brightfield images were captured using a microscope and camera
(described in the previous section for GP). Brightfield Images were analyzed using Fiji Imagel
software (version 1.53y; Maryland, USA). After converting images to grayscale, a Kodak Step
Tablet (No. 705ST801) was used to calibrate images to a densitometric standard and manually
drawn region of interest (oval w = 0.75 [74], h = 0.75 [74]). Astrocyte profile density of the various
subregions of CA1l, CA3 and DG were determined by averaging five measurements of four

sections from each animal and subtracting its corresponding NAB values.

2.7 Statistical Analyses and Graphical Presentation.

Jamovi version 2.4.8.0 (Sydney, Australia) was used to conduct all statistical analyses. The
statistical analyses were performed on matched samples (htau versus control). I conducted a
repeated measures ANOVA (as used in a similar study by Walling et al., 2007) comparing sex,
condition and subregion for aGP, tGP, ratio and GFAP astrocytes. For the post-hoc analysis of the
ANOVA data, Tukey’s HSD post hoc test was utilized to evaluate comparisons between pairs, and

a significance level of p <.05 was used to determine the statistical significance between the pairs.

Prism version 9.4.0 (Boston, USA) was used to plot graphs of GP and astrocyte activities
in the various regions of the hippocampus. This was to aid in visual interpretation of the effects of

sex and condition in the DG, CA3 and CA1 areas.

24



Astrocytic Glycogen Metabolism in the Hippocampus at Pretangle Stage of AD

3. Results

3.1 Introduction

The present study investigated astrocytic glycogen by averaging the GP and astrocyte
ROD measurements within the hippocampal structures (DG, CA3, and CA1) at ~20 months p.1.
ROD measurements of GP and astrocytic GFAP profile of rats in the experimental group (LC-
htauE14 infused) were compared with control animals. Also, sex-specific differences were
considered. The results of aGP, tGP, ratio data and astrocyte GFAP pattern in the DG, CA3 and

CAL are presented below.

3.2 Phase 1: Glycogen Phosphorylase Activity in Rat Hippocampus ~20 months post LC-

htauE14 infusion

3.2.1 The Dentate Gyrus

The DG of the hippocampus is made up of highly packed granule cells and a layer of
long-projecting neurons in the hilus (Acsady et al., 1998). Granule cells obtain input from the
entorhinal cortex and transmit excitatory signals to the CA3 subfield through mossy fibres
(Acsady et al., 1998) (see Figure 2C). This highlights the DG's significance in memory encoding,

particularly for episodic and spatial memories (Barbosa et al., 2012).

aGP activity in the DG ~20 months p.i

The "active" form of GP (aGP) refers to the functional and catalytically prepared state of

the enzyme (Cori & Cori, 1945). In its active state, GP can efficiently cleave glucose units from
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glycogen, initiating the conversion of glycogen into glucose-1-phosphate for energy production

(Cori & Cori, 1945; Fischer & Krebs, 1955).

A 3-way repeated measures analysis (sex x subregion x condition) revealed no significant
effect of LC-htauE14 infusion on aGP relative level in the DG. Moreover, the ROD
measurement of aGP activity in the DG revealed no condition-dependent (condition x subregion)
interaction. However, a significant subregion x sex interaction (Fs, so = 3.346, p = .009) was
found within the DG. Tukey’s HSD post-hoc analyses of GP ROD measurements did not reveal
any sex-dependent differences between male and female rats in the various subregions of the DG
(see Figure 3A). Analysis of the ROD measures revealed a significant main effect (Fsso= 122, p
<.001) in the various subregions of DG. Tukey HSD post-hoc test found that the MML (0.526)
had the highest level of aGP activity, followed by the SGZ (0.481) and OML (0.420). The DG-
GCL had the lowest level of aGP activity (0.257), followed by the IML (0.368) and Hilus

(0.375).

The overall results revealed that at ~20 months p.i, LC-htauE14 infusion did not alter aGP
relative level in the hippocampal DG. No significant sex differences were found. However, the
MML, SGZ and OML were the DG subregions with the highest aGP activity, while the DG-GCL

and IML recorded the lowest level of aGP (see Figure 3A).

tGP activity in the DG ~20 months p.i

The term "total" in GP (tGP) denotes the entire quantity of the enzyme, which includes
both active and inactive forms, providing a full picture of the enzymatic capability for glycogen
breakdown. Similar to the aGP results, no 3-way (sex x subregion x condition) and condition-

dependent (condition x subregion) interactions were observed for tGP activity in the DG. A
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significant sex x subregion (Fs, g0 = 3.063, p = 0.014) interaction was observed. However, Tukey
HSD post-hoc revealed no sex-dependent differences between male and female rats. A significant
main effect (Fs;s0= 148, p <.001) was observed in the subregions of the DG (see Figure 3B). The
Tukey post-hoc analysis showed that the highest GP ROD measurements were found in the MML
(0.858), SGZ (0.824) and the OML (0.717). The lowest tGP levels were recorded in the DG-GCL

(0.384), IML (0.633) and Hilus (0.712).

Ratio GP (aGP:tGP) in the DG

The ratio GP signifies the percentage of active enzyme relative to the total enzyme
present. It shows the readiness for glycogen breakdown to produce energy when required. Higher
ratios imply increased enzymatic activity, which may indicate an increase in glucose synthesis

and glycogenolysis.

Similar to results reported in the aGP and tGP activity in DG, there was no significant 3-
way (sex x subregion x condition) and 2-way interaction (condition x subregion) in the ratio
analyses. Interestingly, no significant sex-dependent effect (sex x subregion) was also detected.
However, a significant main effect (Fsso=19.8, p <.001) of ratio GP activity was observed in
the DG subregions (see Figure 3C). Contrary to the findings from aGP and tGP levels, the Tukey
post-hoc analysis revealed that the DG-GCL had the highest ratio (0.676) of GP ROD
measurement, followed by the MML (0.621) and the IML (0.602). The hilus had the lowest ratio

of GP activity (0.531), followed by the SGZ (0.589) and the OML (0.592).
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Figure 3: Graph A-C shows the relative optical density (ROD) of aGP, tGP and ratio
activity for htauE14 animals and controls as well as sexes (males and females) at ~20
months p.i in the DG. Graph A depicts data for aGP activity, graph B shows tGP activity
in the various subregions of the DG, and C depicts the ratio GP activity in the DG. All
data are represented by means (+ SEM), n = 20
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3.2.2 The Hippocampal CA3

CA3 is a crucial region within the hippocampus. It is heavily populated with pyramidal
neurons and is important for consolidating and retrieving memories (Nakashiba et al., 2009),

especially those related to spatial and episodic memory (Barbosa et al., 2012).

aGP activity in the CA3 subfield of the Hippocampus ~20 months p.i

The aGP repeated measures analyses revealed no significant 3-way interaction in the
CA3. The 2-way analysis (subregion x condition) revealed no significant interaction in aGP
ROD measurements between the treatment condition (htauE14) and control in the CA3
subregions. However, I found a significant interaction (subregion x sex) in the CA3 (F 4,64 =
4.291, p = .004), with no specific sex-dependent effect from the Tukey post-hoc. A significant
main effect was observed among the CA3 subregions (F 4,64 = 102.8, p <.001). The Tukey
follow-up comparisons indicated that the CA3 lacmol (0.423) had the highest aGP activity,
followed by oriens (0.395) and the CA3 rad (0.363). The CA3 pyr (0.229) and the CA3 lucid

(0.289) had the lowest level of GP ROD measurements in the hippocampal CA3 (see Figure 4A).

tGP activity in the CA3 subfield of the Hippocampus ~20 months p.i

The GP ROD measurement of tGP activity in the CA3 is similar to what was reported
above for the aGP in the 3-way and 2-way (subregion x condition) and (subregion x sex)
interactions. Similar to aGP, a main effect was revealed among the subregions of the CA3 (F 4, 64
=104.657, p <.001). The post-hoc showed the same trend (as reported for aGP above) regarding

regions with the highest and lowest tGP ROD levels in the CA3 subregions (see Figure 4B).

Ratio activity in the CA3 subfield of the Hippocampus ~20 months p.i
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Ratio GP analysis of GP ROD measurement showed no significant 3-way interaction
effect and no 2-way (sex and condition) interaction in the CA3. However, there was a significant
main effect within the subregions (F 4,64 = 8.489, p < .001). Means ranked from the post hoc
analysis revealed the pyr (0.562) as having the highest GP ratio activity, followed by the lacmol
(0.554) and the lucid (0.526). On the other hand, the lowest level of ratio activity within the CA3

was found in the oriens (0.501) and rad (0.518), as shown in Figure 4C.
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Figure 4: Graph A-C highlights the ROD measurements of aGP, tGP and ratio activity
for htauE14 animals and control as well as sexes (males and females) at ~20 months
p.i) in the CA3. Graph A depicts data for aGP activity, graph B shows tGP activity in the
various subregions of the CA3, and C depicts the ratio of GP activity in the CA3. All data
are represented by means (+ SEM), n = 20
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3.2.3 The Hippocampal CA1

CA1 is a significant area of the hippocampus predominantly made of pyramidal neurons.
The CA1 integrates and processes the information received from the CA3 subfield (Schlichting
et al., 2014) (see Figure 2B). It combines input from both the Schaffer collaterals (axons
originating from CA3 neurons) and the perforant path (entorhinal cortex fibres). This integration
process aids in memory consolidation and encoding of contextual and spatial memories
(Schlichting et al., 2014). CA1 is the main output area of the hippocampus (Delatour & Witter,
2002). It plays a significant role in transferring processed information to other regions in the

brain (Delatour & Witter, 2002).

aGP activity in the CA1l

The result from the 3-way repeated measures analysis (subregion x Sex x Condition) on
GP ROD Measurements showed no significance. Also, the 2-way analysis (subregion x
condition) revealed no significant interaction in aGP ROD measurements between the treatment
condition (htauE14) and control in the CA1 subregions. However, despite finding a significant
sex-dependent interaction in CA1 (subregion x sex) F3 4s=3.887, p = .014, the Tukey post-hoc
analysis revealed no differences between females and males. I observed a significant main effect
(subregions) within the CA1 (p <.001). The CA1 lacmol (0.374) had the highest level of aGP
activity, followed by the oriens (0.336) and the CA1 rad. The CA1 pyr (0.199) recorded the

lowest level of aGP activity within the CA1 subregions (see Figure 5A).

tGP activity in the CAl

Similar to the findings reported above, there were no significant 3-way interactions or

condition-dependent interactions. A significant 2-way interaction (subregion x sex) was found
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within the CA1 (F3,48 = 2.936, p = .043), with no sex-dependent differences from the post-hoc
analysis. The main effect found within the subregions is identical to what was reported for the

aGP ranked from highest to lowest (CA1 Lacmol, oriens, CA1 rad and CA1 pyr) (see figure 5B).

Ratio activity in the CA1

I further investigated whether the amount of total GP expressed in the active form
(breakdown of glycogen) changes in relation to conditions of LC-htauE14 infusion or sex in ~20
months p.irats. This ratio helps to normalize the data and account for any differences in the

amount of tGP in the hippocampus, which could influence the measurement of GP activity.

There were no significant 3-way, condition, or sex-dependent interactions in GP ratio
within the CA1 region. However, a significant main effect was found within the CA1 subregions
of the hippocampus (F 3,48 = 10.839, p <.001). Contrary to what was found in the aGP and tGP
measurements, the Tukey post-hoc analysis revealed the CA1 pyr (0.560) as the subregion with
the highest ratio activity, followed by the CA1 rad (0.554). The oriens (0.497) and lacmol

(0.515) had the lowest ratio activity within the CA1 (see Figure 5C).
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Figure 5: Graph A-C shows the ROD of aGP, tGP and ratio activity in the CA1. Graph
A depicts data for aGP activity, graph B shows tGP activity in the various subregions of
the CA1, and C depicts the ratio GP activity of the various subregions within the CA1.
All data are represented by means (+ SEM), n = 20
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3.3 Phase 2: Astrocytic (GFAP) Profile in the Hippocampus of Rats ~20 Months Post-LC-

htauE14 Infusion.

Astrocytes, identified by the protein marker GFAP, are abundantly present in the
hippocampus and its subregions (DG, CA3 and CAl). Astrocytes are known to contain GP,
which is responsible for the breakdown of glycogen into metabolic substrates to be used by
neurons and astrocytes (Swanson et al., 1992). I examined astrocyte expression in a pretangle
model of AD (see Figure 6) to see if any changes in GFAP expression would translate to changes

in GP activity in older rats (~20 month p.1).

Similar to findings from the GP analyses, the 3-way analysis revealed no significant
interaction within the hippocampus's DG, CA3 and CA1 regions. I then conducted 2-way
analyses to determine whether any differential astrocytic profile exists among the groups. No
significant 2-way interaction (condition-dependent) in all the regions and no significant sex-
dependent interaction (sex x subregion) were found in the CA3 and CA1 subregions. However,
in the DG, subregion x sex analysis was significant (Fs, so = 2.467, p = .03) with no sex-specific

differences from the Tukey HSD post-hoc analysis (see Figure 7).

I then investigated potential differences within the various subfields of the hippocampus.
A significant main effect (F 5,30 = 73.8, p <.001) in the DG, CA3 (F 4,64 = 72.48, p <.001) and
CA1l (F3,48=121.073, p <.001) subregions were found (see Figure 6A-6C). In the Tukey HSD
post-hoc analyses, the subregions of each hippocampal subfield were ranked to determine
subregions with high or low astrocytic density. In the DG, the MML (0.039) had the highest
level of astrocyte GFAP, followed by the IML (0.03) and the Hilus (0.029). The OML, on the

other hand, had the lowest level of astrocytic expression (0.019), followed by DG-GCL (0.02)
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and then SGZ (0.026). Within the CA3 region, subregions with high GFAP astrocytic profiles
were CA3 oriens (0.035) and CA3 lucid (0.021. In contrast, the CA3 pyr (0.013), CA3 lacmol
(0.015) and CA3 rad (0.016) had lower astrocytic GFAP activity. Lastly, the CA1 oriens (0.039)
and CA1 lacmol had high levels of GFAP density, while the CA1 rad (0.015) and CA1 pyr

(0.022) recorded lower levels of GFAP pattern (see Figure 7).

The overall results from the GFAP analyses highlight no significant effect of LC-htauE14
infusion on the astrocytic profile of older rats (~20 months p.1). No noticeable difference
between male and female rats’ astrocyte profiles was observed. Areas such as MML and Hilus of
the DG, oriens and lucid of the CA3 region, and oriens and lacmol of the CA 1subfield showed
high levels of astrocyte ROD measurements. Within the DG, the OML, DG-GCL and SGZ are
areas with reduced astrocytes. In the CA3 and CAl, the pyr, rad and lacmol are areas with low

levels of astrocytes.

Brightfield images of the astrocyte marker GFAP in rat hippocampus

| B htauE14 (M47, 15mo p.i) | | Control (M37, 21mo p.i)

YAl

Figure 6: Brightfield images of GFAP profile in the hippocampal DG, CA3 and CA1 of a
rat at 4x magnification for (I) htauE14 (15mo, pi) and (ll) control (21mo, pi) animals.
Inserted image: Tissue slice that did not undergo primary antibody treatment. NAB = No
antibody.
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Figure 7: Graph A-C represents the ROD) of astrocytic GFAP profile for htauE14
animals and control as well as sexes (males and females) at ~20 months p.i) in the DG,
CA3 and CA1 of the hippocampus. Graph A depicts data for the GFAP pattern in the
DG, B shows astrocyte ROD measurement in the various subregions of the CA3, and C
depicts the astrocyte GFAP expression in the CA1. All data are represented by means
(+ SEM), n=20
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4. Discussion

4.1 Summary of Major Findings

The present study explored whether the insertion of htauE14 into the LC of heterozygous
TH:Cre male and female rats affects the GP relative levels and astrocyte expression within the
hippocampal structures (DG, CA3, and CA1) at ~20 months p.i.. ROD measurements of GP and
astrocytic GFAP profile of rats in the experimental group (LC-htauE14 infused) were compared
with control animals. Additionally, sex-specific variations were considered. The experiments
were carried out in two phases. In phase 1, I investigated the various GP relative levels (aGP,
tGP and ratio) in the subfields (DG, CA3 and CA1) of the hippocampus by averaging the ROD
measurements of their various subregions. LC-htauE 14 infusion did not alter the GP levels (aGP,
tGP, and ratio) in the DG, CA3 and CA1 in these older rats (~20 months p.i), and no sex-
dependent alterations were detected. Distinct regional variations in GP activity were observed
within the hippocampal subfields. Higher levels of aGP and tGP were found in specific areas of
DG, CA3 and CA1. Additionally, the GP ratio varied across different brain regions.

In phase 2, I probed into the expression of GFAP in the DG, CA3 and CA1 subfields of
the hippocampus to ascertain whether the astrocytic ROD levels are commensurate with the GP
ROD levels found in these older rats at the pretangle stage of AD. Similar to findings from the
GP analyses, LC-htauE14 infusion did not alter the GFAP profile in the hippocampus of older
rats (~20 months p.i) at the pretangle stage of AD. Some regions of the DG, CA3 and CAl
exhibited elevated levels of astrocyte ROD, while lower levels were observed in areas like OML
DG-GCL. Together, these results suggest that LC-htauE14 infusion did not affect the relative

levels of GP and astrocytic GFAP expression within the hippocampus of older rats (~20 months
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p.i) at the early stages of AD pathology. The findings also suggest that various subregions within
the hippocampal DG, CA3 and CA1 showed different levels of GP and GFAP profiles regardless

of sex and condition.

4.2 No Effect of LC-htauE14 on ROD of GP (aGP, tGP or ratio)

4.2.1 LC-htauE14 did not alter the ROD of aGP, tGP or ratio measures in older rats at the

pretangle stage of AD

One of the major hypotheses of the current study was that LC-htauE14 would affect the
ROD of aGP, tGP and ratio measures in the hippocampal DG, CA3 and CA1 at the pretangle
stage. However, this hypothesis was not supported; LC-htauE14 did not alter the ROD of GP.
This result was not predicted as previous studies on AD have reported a relationship between
changes in glycogen metabolism and AD (Mann et al., 1987; Plaschke & Hoyer, 1993).

In a study on humans, Mann et al. (1987) reported an accumulation of glycogen in the
cerebral cortex of AD patients. Mann et al. (1987) asserted that the accumulation of glycogen in
the cerebral cortex during AD may be linked to disturbed axonal transport resulting from senile
plaques. Moreover, in animal studies, Plaschke and Hoyer (1993) administered an
intracerebroventricular (icv) injection of streptozotocin (STZ), a drug that inhibits insulin, into
rats and examined its effects on energy metabolism within the hippocampus and cerebral cortex.
This method induced conditions resembling aspects of AD in these rats through the inhibition of
insulin release and decrease in insulin receptor signaling with the resultant occurrence of
diabetes mellitus. The study reported a significantly higher glycogen content within the
hippocampus of STZ-treated rats relative to controls (7% in 3 weeks and 15% in 6 weeks). They

found decreased aGP enzymatic activity within the hippocampus. Particularly, there was a 30%
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reduction in aGP activity at 3 weeks and 15% decrease in 6 weeks post STZ injection (Plaschke
& Hoyer, 1993).

As these studies found changes in glycogen content and aGP activity in AD, it was
predicted that these changes would be translated into the relative activity of GP at the pretangle
stage of AD. A possible explanation of the findings from the present study is that changes in GP
activity may be subtle in the pretangle stage of AD until the appearance of AD-related
symptoms, or there may be compensatory mechanisms such as the upregulation of beta-1
adrenoceptors that may account for energy deficits at the pretangle stage (Ghosh et al., 2019;
Szot et al., 2006; Szot et al., 2007). Additionally, I hypothesize that duration following htau
infusion could also be a potential factor that might contribute to compensatory processes. Do GP
levels and astrocyte reactivity remain the same in older infused rats at varying durations post-
infusion, and does this period provide an avenue for compensatory activities to occur? Perhaps
GP differences would be found in other brain regions, closer to the infusion sites? These
questions warrant further investigation in subsequent studies.

Comparison to the ANLS Model

Contrary to the ANLS hypothesis, the present study found no effect of LC-htauE14 on
GP ROD in older rats (20 months post infusion). The ANLS model suggests that glucose is
primarily utilized by astrocytes, converted to lactate, and subsequently used by neurons for
energy production (Pellerin & Magistretti, 1994). Previous studies supporting the ANLS showed
inhibition of glycogen breakdown and lactate release from astrocytes impacting memory
consolidation (Gibbs et al., 2006) and Long-Term Potentiation (LTP) (Suzuki et al., 2011).
However, all these studies used younger animals (Gibbs et al., 2006; Suzuki, 2011). In contrast

to the ANLS theory, Drulis-Fajdasz et al. (2018) discovered that unlike results from younger
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animals which supported the ANLS theory, their investigation on older mice showed increased
levels of glycolytic enzymes such as GP in neurons. Hippocampal neurons of older mice did not
depend on lactate generated from astrocytes questioning the existence of the ANLS in older
animals. This result is consistent with the findings from my current investigation and may help to
explain why the effects of LC-htauE14 on GP ROD were absent in older rats. Nonetheless,
further research, including analysis of GP ROD in younger animals at the pretangle stage of AD
(currently ongoing in our lab), is needed for a more conclusive understanding of changes in GP

ROD throughout the lifespan and under AD condition.

4.2.2 LC-NE System and AD Pathology

The present study revealed that LC-htaE14 did not alter the GP ROD within the
hippocampal DG, CA3 and CA1 at the pretangle stage in older rats. Numerous studies on both
humans and animals have long noted the changes in the noradrenergic system associated with
AD (Ghosh et al., 2019; Mann et al., 1980; Matthews et al., 2002; Omoluabi et al., 2021). This
phenomenon has been well described in animals, yet not enough research has been done to
determine how it affects AD pathogenesis. Ghosh et al. (2019) highlighted significant LC cell
loss and decreased NET fiber density within the piriform cortex and hippocampus of older
htauE14-infused rats (14-16 months old) at the pretangle stage of AD. In a related study,
Omoluabi et al. (2021) reported no LC cell loss but a reduction in LC fiber density in the
piriform cortex and hippocampal DG of htauE14-infused older rats (12 months post-infusions).
Surprisingly, at this AD pretangle stage (LC-htauE14 model), GP ROD measurements remained
unchanged in htauE14-infused older rats despite LC-NE cell and fibre loss being reported by

studies using identical model (Ghosh et al., 2019; Omoluabi et al., 2021).
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These observations might imply the presence of compensatory mechanisms in an attempt
to maintain homeostasis by counteracting disruption in the LC-NE system as AD progresses.
Firstly, increased sprouting of surviving LC neurons in the hippocampus and prefrontal cortex,
among other brain regions, is correlated with degeneration of NA system in AD (Szot et al.,
2006; Szot et al., 2007). Secondly, Ghosh et al. (2019) observed an upregulation of beta-1
adrenoreceptors concurrent with LC-fiber loss. This concurrent upregulation suggests a
compensatory mechanism that potentially contributes to the absence of differences in GP activity
found in the current study. Furthermore, AD is associated with increased levels of DBH and
tyrosine hydroxylase, the enzyme involved in NE synthesis (Iversen et al., 1983; Miyata et al.,
1984; Szot et al., 2006; Szot et al., 2007), which may result in greater production of NE. It has
been noted that AD patients have decreased levels of NET (Gulyas et al., 2010). A reduction in
NET levels will allow more NE to stay in the synapse because NET mediates NE re-uptake. All
these factors (increased NE production, beta-1 adrenoreceptors upregulation, decreased NE
absorption and greater neuronal sprouting) may act as compensatory mechanisms in the LC at
the early stages of AD. This could account for the absence of GP alterations in the hippocampus
at the pretangle stage. Nevertheless, these compensatory mechanisms may not be enough to

offset neuronal loss and energy shortages as AD worsens and LC degeneration increases.

4.3 LC-htauE14 Does not Affect GFAP Expression in the Hippocampus of Older Rats

The current study further explored the GFAP profile within the hippocampal subfields to
determine whether the relative ROD of GP has a matching astrocytic profile. The main
hypothesis that LC-htauE14 infusion would alter the GFAP expression in the hippocampus at the

pretangle stage of AD was not supported. The result from the study revealed no effect of LC-
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htauE14 infusion and sex on astrocyte expression in the hippocampus of older rats (~20 months

p.i.). This implies that ROD measurement of astrocyte GFAP of older animals is not affected by

AD condition or sex at the initial stages of AD.

Astrocytes, as essential homeostatic cells in the CNS, are implicated in various
neuropathologies (Kulijewicz-Nawrot et al., 2012; Olabarria et al., 2010; Yeh et al., 2011). Their
distinctive morphology and spatial arrangement allow them to supply energy substrates from
capillaries to neurons (Haber et al., 2006; Kacem et al., 1998). In AD, astrocytes undergo
multiple changes at morphological, molecular, and functional levels (Liddelow et al., 2017; Orre
et al., 2014). This includes astrocyte atrophy and astrodegeneration, marked by reduced astrocyte
volume and surface area in areas such as prefrontal cortex, entorhinal cortex, and hippocampus,
as observed in mouse models of AD (Kulijewicz-Nawrot et al., 2012; Olabarria et al., 2010; Yeh

etal., 2011).

The results from the present study are consistent with findings reported by Olabarria et al.
(2010). They examined GFAP expression in the hippocampus (DG and CA1) of a 3xTg model of
AD. Similar to the present study, they reported no effect of AD condition and age on the GFAP
density at 6 and 18 months. In addition, Olabarria et al. (2010) observed widespread astrocytic
atrophy and reduced surface and volume of GFAP profiles in the hippocampal DG and CA1 at 6
months and 18 months, respectively. The current findings, together with the report from
Olabarria et al. (2010), suggest that GFAP ROD remains unaltered at the early stages of AD

despite major reductions in its surface area and volume.

The use of older rats in the present study could account for the lack of changes in GFAP

ROD in the hippocampus. There is an age-associated reported relocation of GP from astrocytes

43



Astrocytic Glycogen Metabolism in the Hippocampus at Pretangle Stage of AD

to neurons. Drulis-Fajdasz et al. (2018) suggested that the distribution of GP within cells
undergoes alterations as animals age. In young animals, it was mainly found in astrocytes,
whereas its localization expanded to include both astrocytes and neurons in middle-aged mice
(Drulis-Fajdasz et al., 2018). The interaction of age and AD condition on GP and astrocyte
profile is lacking. Future studies should therefore investigate these age-associated alterations in
energy metabolism among astrocytes and neurons under AD condition. It would be necessary to
also measure glycogen content longitudinally in the hippocampus in addition to the volume and
surface area of GFAP-stained cells, especially at the pretangle stage. This will enhance our

understanding of the overall metabolic alterations occurring throughout AD progression.

4.4 Limitations of the Present Study

While the current findings contribute significantly to filling a void in the existing
literature, it is imperative to acknowledge certain limitations when interpreting the results and
formulating future studies. Firstly, immunohistochemistry was performed on fresh frozen tissue
which may have potential issues with tissue preservation. Although tissues were handled
carefully, the risk of possible antigen degradation or loss during freezing and thawing processes
as well as decreased antibody penetration caused by the freezing procedure, cannot be
overemphasized. Although immunohistochemistry is conventionally performed on fixed tissue
for GFAP expression, the current study deemed it crucial to employ matching frozen tissue in
tandem with GP analysis, to which immunohistochemical detection is not possible. This allows
for examining corresponding sections from the same pair of animals in both GP and astrocytes,
mitigating potential issues arising from inter-subject differences that could impact the analysis.

Furthermore, I conducted an initial pilot study on GFAP, involving staining and analysis of fresh
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frozen and fixed tissues to determine if there are any differences. The ROD measurements from
both approaches were found to be identical, justifying the selection of fresh frozen tissue for the

study.

Another potential limitation of the present study is that some of the Brightfield images
were captured under varying exposure times. Images taken with different exposure times may
exhibit variations in illumination levels, which can affect the overall quality and comparability of
the captured data. It cannot be determined if this impacted the overall results of the study with
certainty. As a result, reimaging and analyses are ongoing to verify the results of the study. A
second study analyzing GP and GFAP in a young cohort of LC-tauE14 infused rats 1-3months
post infusion is also ongoing, and data will be contrasted with images collected under the same
microscope settings. Finally, the results and interpretation of the present study may be limited by
the sample size (n = 5 rats/group). However, previous work (Walling et al., 2007) examining
prolonged seizure activity in the entorhinal cortex and found similar sample sizes (n = 5-6/group)

was sufficient to identify differences.

Conclusion

In conclusion, this research, conducted at the pretangle stage, has determined that LC-
htauE14 infusion does not significantly impact GP ROD levels in older rats' hippocampal DG,
CAl, and CA3 regions (~20 months p.i). This suggests that the pretangle stage may be too early
for observable alterations in energy metabolism or that energy requirements and metabolism may
shift with age (Drulis-Fajdasz et al., 2018). The observation of altered GP relative levels in
distinct subregions, including the MML, OML, SGZ, CA1 rad, and CA3 pyr, is noteworthy.

Assessing glycogen content in these subregions during pretangle occurrence could provide
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further insights. While the present study focused on ROD measures of GFAP activity in the
hippocampus, future investigations should include other brain regions (beyond the hippocampus)
and encompass broader assessments, including astrocyte atrophy, surface area, and volume, to

comprehensively understand astrocytic changes during AD and aging.

Lastly, this study did not incorporate an assessment of changes in other enzymatic
activities that may occur at the pretangle stage. Understanding potential correlations between
glycogen levels, other enzymatic activities, and cognition in AD will be crucial. I propose that
AD's glycogen levels may be reduced concurrent with diminished glycogen synthesis and
elevated glycogenolysis. Specifically, the upregulation of glycogen synthase kinase 3 (GSK-3p)
activity in AD, which inhibits glycogen synthase, could decrease glycogen synthesis (Brown,
2004). However, it is important to note that this was not captured in the current study and
warrants dedicated investigation in future studies. This collective approach will enhance our
understanding of the intricate interplay between glycogen metabolism, astrocytic changes, and

AD progression.
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