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ABSTRACT

Neurodegeneration precedes the onset of physical and cognitive impairments by
many Yyears. The discovery of the earliest biomarkers in brain activity linked to the risk of
getting the neurodegenerative diseases could improve the way the diseases are addressed.
It is critical to identify traces of brain pathology to intervene as early as possible. This
study aimed to distinguish brain oscillation of 3 different models of neurodegeneration
from that of controls by using electroencephalography (EEG) technique.
Neurodegeneration was induced with treatment of either dexamethasone or kainic acid and
in spontaneous aged rats. The results showed that dexamethasone significantly increased
parietal slow wave activity especially in Theta oscillation from as early as day 11.
Dexamethasone also reduced REM sleep and increased pathological sleep spindle on day
21. Kainic acid also had similar effects in increasing slow Delta wave but specifically
decreased Theta activity. Kainic acid suppressed awake and REM stages and enhanced
SWS sleep. Minimal change was observed in spontaneous aged rats when only reduction
of frontal Delta oscillation was detected. Moreover, matching of these changes in
electrical brain activity with histological data and learning & memory behavior
performances resulted in great correlations. In particular, EEG data and sleep patterns were
found have relatively greater correlations with cognitive decline than histological data.
Ultimately, the EEG study was capable to distinguish electrical brain oscillation induced
by 3 different models where other techniques including histology or behavioral observation
seemed unable. This study indicates the sensitivity of EEG study for neurodegenerative
research. With non-invasive and inexpensive qualities, EEG technique is suitable for

frequent use to detect early signs and allow for early intervention of neurodegeneration.
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BACKGROUND AND RATIONALE

Neurodegenerative diseases characterized by physical and cognitive
impairments are found to have great impact to overall life quality. Progressive memory
degradation and loss of language and motor skills among other things inevitably bring
difficulties and sufferings to patients. The increasing amount of people affected by the
diseases has been expected within the very near future. This would cost extremely high

estimated budget in terms of research or health and care for population mass.

It is known that brain pathology that causes the symptoms precedes the onset of
noticeable physical and cognitive declines with an unbelievable interval.
Neurodegeneration associated with the diseases starts years before the appearance of
dementia. In terms of brain therapy, even if the drugs are effective, the intervention has
to be started well before the diseases begin to show debilitating symptoms. Anyway, it
is controversial with extreme uncertainty when no diagnosis with acceptable accuracy

has been developed.

To fight against neurodegenerative diseases, it is not to restore afflicted people
to normal cognitive function. Instead, great attempt must be for preventing them in
people who are at risk. To do that, high accuracy of the test is essential to help diagnose
the diseases before large brain areas are severely damaged. The early detection would
make early intervention very possible. Thus, short term goal is to search for reliable
biomarkers that predict brain degeneration. Therefore, it would be practical for
screening potential sufferers early enough. Up to date, advanced brain imaging
techniques seem to be promising. Some of previous reports claimed that it is possible to
identify definitive evidence of neurodegenerative pathologies such as amyloid plaque
formation or T-tau protein. However, the translation of this technology into a routine
checkup for people who might be at risk is relatively impractical due to access limit and

expensive fees. The most important point is that it has not been conclusive.



CHAPTER 1

GENERAL INTRODUCTION

AND

REVIEW OF LITERATURE



General introduction

Neurodegeneration is a fundamental component of several central nervous
system disorders that distress human population. The rate of neurodegenerative
disorders is progressively increasing due to a growing proportion of aging population.
Neurodegenerative diseases often affect mental performance or memory processing
lead to memory loss, unusual behavior, personality changes and a decline in thinking
abilities (Ganguly and Guha, 2008; Myhrer, 2003). Neurodegenerative diseases are
irremediable conditions that result in progressive degeneration and/or decrease of nerve
cells. Neurodegeneration causes problems with movement or ataxias and mental
functioning or dementias. The development of disease is due to complicated
interactions between individual activating genetic traits and several factors, such as
aging, sex hormones, cardiovascular disorders and stressful life events (Esch et al.,
2002; Hoenicka, 2006; Winner et al., 2011).

One of many neurodegenerative evaluations in in vivo studies is
electroencephalographic (EEG) recording. It was demonstrated that dementia and other
neurological disorders left characteristic signatures on EEG tracings. Many EEG
studies on neurodegenerative diseases were aimed to find such markers that identify
and predict Alzheimer’s disease (Schmidt et al., 2013), REM sleep behavior disorder
(Rodrigues et al., 2013), Parkinson’s disease (Hansen et al., 2013), dementia with Lewy
bodies (Andersson et al., 2008), Huntington’s disease (van der Hiele et al., 2007) and
Creutzfeldt—Jakob disease (Lv et al., 2013) through the analysis of sleep architecture
and micro-structure or quantitative EEG analyses. Quantitative analysis of EEG signals
in resting subjects is inexpensive and potentially useful neurophysiological access to
the study normal aging and dementia. Several research groups have tried to diagnose
biomarkers of EEG signals in demented patients. The dependable biomarkers that can
be used for early diagnosis and tracking disease advancement are the basement of the
development of treatments for neurodegenerative diseases and the early diagnosis is

highly desirable before neurodegeneration becomes severe and disseminate.



Review of literature

1. Neurodegeneration

Neurodegeneration is the term for the progressive loss of function or structure
of neuronal cell including destruction of neurons as a result of neurodegenerative
processes. Neurodegeneration can be found in many different levels of neuronal
circuitry ranging from molecular to systemic. The failure of neuronal networks and the
death of neurons have been implicated in the pathogenesis of several neurodegenerative
disorders through certain cellular processes such as protein degradation and

mitochondrial biology (Everse and Coates, 2009; Palop et al., 2006).

Neurodegenerative diseases are heterogeneous groups of disorders that cause
progressive loss of motor and cognitive function and characterized by gradually
progressive, selective loss of anatomically or physiologically related neuronal systems.
A number of factors have been proposed to trigger neurodegenerative disease,
including protein over-expression, pathogenic mutations, aging, oxidative stress,
impaired autophagy, inflammation, toxin, and excitotoxicity (Bains and Shaw, 1997;
Fiskum et al., 2003; Heidenreich, 2003).



2. Stress
2.1 General knowledge of stress

Stress is an unavoidable condition of the human experience that includes both
major life events and the problems associated with daily life (McEwen, 2002). The
changing environment demands a continuous adaptation to external and internal
challenges and environmental stimuli, obvious defensive responses, also termed stress
responses, enable the organism to manage with novel conditions via the activation of
complex neuroendocrine, metabolic and behavioral processes (Abraham et al., 2001).
Stressful induce the release of stress hormones, including glucocorticoids and
catecholamines (De Boer et al., 1990; McCarty and Gold, 1981).

Stress-related sensory information is transmitted to corticotropin-releasing
hormone (CRH) secreting neurons in the paraventricular nucleus (PVN) of the
hypothalamus to initiate the neuroendocrine stress cascade. CRH then stimulates the
release of the adrenocorticotropic hormone (ACTH) from the pituitary, which in turn
leads to the secretion of glucocorticoids (GCs; cortisol in human, corticosterone in rats)
from the adrenal cortex as an end point of the activation of the hypothalamic-pituitary-
adrenal (HPA) axis (Abraham et al., 2001) (Fig. 1.1). The action of CRH on ACTH
release is mightily potentiated by vasopressin that is co-produced in augmentation
amounts when the hypothalamic paraventricular neurons are chronically activated.
Inasmuch as vasopressin stimulates ACTH release in humans, oxytocin inhibits it
(Swaab et al., 2005). Major actions of GCs in the brain are multifold, as they facilitate
the ability of the organism to cope with, adapt to, and recover after stressful stimuli.
Primarily, the GC feedback maintains the basal activity of the HPA system and
facilitates the termination of stress-induced HPA activation (Whitnall, 1993).
Importantly, GCs also influence emotional, learning & memory processes, and is
involved in the coordination of circadian events, such as the sleep-wake cycle and food
intake (Bradbury et al., 1998; Dallman et al., 1995; Roozendaal et al., 1999). Stress also
has effects on functions behavior that are interposed by the hippocampus. Exposure to
the stress resulted in deficits in working memory indicative of hippocampal dysfunction
(Diamond et al., 1996).
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Fig. 1.1 Release of endocrine hormones in response to stress. In the hypothalamus, the
paraventricular nucleus releases CRF, which is transported to the anterior pituitary,
where it causes the release of ACTH into the blood stream. ACTH stimulates the
adrenal cortex to synthesize and release the glucocorticoids cortisol (humans) or
corticosterone (rodents). Glucocorticoids feedback at the level of the hippocampus,

hypothalamus and pituitary to dampen excess activation of the HPA axis.



2.2 Glucocorticoids stress hormone

Glucocorticoids (GCs) are released during stress, and support homeostasis by
assembling energy for emergency responses (Munck et al., 1984). GCs influence at two
types of receptors, the high affinity mineralocorticoid receptor (MR or type | receptor)
and low-affinity GC receptor (GR or type Il receptor), both cytoplasmic receptor (De
Kloet et al., 1998). GCs play on many organs and several brain areas through two types
of receptor (Reul and de Kloet, 1985). GRs have been found in many brain regions
relevant to cognition, i.e., the prefrontal cortex, amygdala and hippocampus. The
hippocampus is exceptionally important for spatial memory and the prefrontal cortex is
involved in working memory (Swaab et al., 2005). Moreover, other areas are composed
of high densities of GR, and positive feedback can be exerted at, prefrontal cortex,
amygdala and the brain stem interloping with HPA activity or reactivity and stress
effects on memory (Fuchs et al., 2004; Roozendaal, 2002).

GRs have a low affinity for corticosterone and become engaged during stress
and levels of glucocorticoids are high. In contrast, MRs has a high affinity for
corticosterone and is almost saturated under basal conditions (Reul and de Kloet, 1985).
Overexposure to GCs is of cause obvious neuroanatomical alter in neurons. In case the
GC concentration is of inefficient amplitude or duration to exert direct neurotoxicity,
GCs hazard neurons by enhance the vulnerability of nerve cells to neurotoxic insults
(Sapolsky, 1985). Longterm exposure with high doses of corticosterone exerts
corrosive effects in the brain and induces (ir) reversible damage to neurons. 3 weeks of
repeated restraint stress elicit reversible neuronal atrophy in the CA3 of hippocampus
indicated by the imperminent disappearance of apical dendritic branches of pyramidal
neurons in CA3 (Luine et al., 1994; Watanabe et al., 1992).

Dexamethasone is used as effective anti-inflammatory protective agents
routinely in clinically defined pathological conditions. Dexamethasone exhibit a high
affinity on glucocorticoid receptors (GRs or type IlI) and not mineralocorticoid
receptors (MRs or type 1) (Roozendaal, 2000). Corticosterone binds MRs with an
affinity10-fold higher than that of GRs, while the GRs can be stimulate by the selective
agonist dexamethasone (De Kloet et al., 1998). The physiological effects of
glucocorticoids on the organism which exposed to stress are more complicated than the



mediation of neuronal cell death. Glucocorticoids have several effects on physiological
mechanism in expanding to effects on the brain, but the hormone affect on the
modulation of gene expression, reproduction, bone formation and immunity. All effects
have a protection on the organism during some situations of stress and the effects of

glucocorticoids may be damaging (McEwen et al., 1992).
2.3 Chronic stress response

Chronic stressors stimulate increases in the levels of glucocorticoid (GC) stress
hormones and corrosive effects on the structure and function of CNS, especially the
hippocampus (Hibberd et al., 2000). Chronic GC elevations reach to abnormally
prolonged binding of GRs. The co-incident of binding at GC receptors appears to cause
about the greatest vulnerability especially the brain areas with high concentrations of
MRs and GRs (Coburn-Litvak et al., 2004). Long-term GCs elevation is found in a
various neuropsychiatric disorders (Carroll et al., 1976; Seed et al., 2000; Starkman et
al., 1992; Walder et al., 2000). Chronically exposure to glucocorticoids is also
associated with several effects on brain morphology, especially in the hippocampus
(Reichlin, 1993).

Stress affects on functions of new memory that are mediated by the
hippocampus. Exposure to the stress of different environment resulted in deficiency in
working memory demonstrative of hippocampal dysfunction (Diamond et al., 1996).
Elevation of glucocorticoids perceived with stress was linked with deficits in new
learning and damage to the hippocampus (Luine et al., 1994). Long-term treatment of
glucocorticoids that mimic the chronic stress condition resulted in deficits in learning
and memory behaviors. In addition, the level of deficits new learning and memory
behaviors was correlated with the positive neurons in CA3 of the hippocampus (Arbel
et al., 1994). Stress affect on long-term potentiation (LTP), which is important for new
learning and memory (Diamond et al.,, 1995) and the effects mediated by
glucocorticoids playing through the GR receptor in the hippocampus (Pavlides et al.,
1995).



Main mechanisms of GCs impede neuronal functions involve inhibition of the
nutrients uptake from the general circulation such as glucose (Doyle et al., 1993),
modulation  of excitatory (glutamatergic) and inhibitory (GABAergic)
neurotransmission (Abraham et al., 1996; Moghaddam et al., 1994) and increasing of
intracellular Ca?* signaling (Joels and de Kloet, 1994). Chronic exposure with high GC
concentrations was exhibited to enhance the extracellular glutamate level in the
hippocampus (Stein-Behrens et al., 1994).
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3. Excitotoxicity

3.1 General knowledge of excitotoxicity

Glutamate mediates excitatory synaptic transmission activate the ionotropic
glutamate receptors that are NMDA (N-methyl-D-aspartate), AMPA (a-amino-3-
hydroxy-5-methyl-4-isoxazolepropionic acid), or kainite receptor and it mediates
normal information processing and neuronal plasticity. The interruption with blood
supply to the brain causes lake of oxygen and glucose that are applied to produce
energy. Impairment of the energy enhances presynaptic glutamate release and case of
membrane depolarization through activates the voltage gated Ca** channel. It is results
of the abnormal augmentation of synaptic glutamate. Sustained activation and excess of
the glutamate receptors causes neuronal death, particularly glutamate neurotoxicity or
excitotoxicity (Won et al., 2002).

Glutamate binds to glutamate receptors in the brain and enhancing intracellular
Ca’* signaling along with mobilizing cytosolic free Ca®*. Under physiological
condition, Ca®* gathering via glutamate receptors leads to the increasing of synaptic
transmission in pre- and postsynaptic component and to the constitution of highly
active perforated synaptic communication (Edwards, 1995). Immoderate amounts of
cytosolic free Ca®* may influence mitochondrial dysfunction via increases in the
formation of reactive oxygen species and diverse activation of Ca®*-dependent
proteases and leading potentially to destruction to ultimately all biomolecules (Dugan
and Choi, 1994) (Fig. 1.2).
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Fig. 1.2 The interaction and overlapping between multiple pathways of excitotoxicity

that lead to cell death in the brain. RNS, reactive nitrogen species and ROS, reactive

oxygen species.
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3.2 Kainic acid: glutamate receptor agonist

Kainic acid (KA) is glutamate receptor agonist in kainate subtype. An influence
of this KA on neurons fluctuates from depolarization to severe damage (Lothman and
Collins, 1981). High dose of KA used as a neurotoxin to produce brain damage such as
intracerebral injections of KA cause local destruction of neurons in distant areas (Ben-
Auri, 1985). The cortico-limbic neuronal loss models that studied in rats caused by the
intraperitoneal  (i.p.), subcutaneous (s.c.) or intracerebroventricular (i.c.v.)
administration of kainic acid, KA has long been known to destruct neurons and the
model have been studied for several years (Montgomery et al., 1999). KA stimulates
the Ca?*-kainate receptor or AMPA receptor (A-K receptor) leading to rapid Ca®* entry
and the accumulation of Ca®" activate Ca®*-dependent enzymes and generate of ROS.
The excess of Ca** and ROS lead to collapse of mitochondrial membrane potential
(mAY) and open mitochondrial permeability transition pores (MPT). There is releasing
of mitochondrial factors and apoptotic-inducing factor (AIF) and form to apoptosome
complex. The apoptosome complexes activate pathway lead to nuclear condensation
and DNA fragmentation. Extreme Ca®" overload could directly cause mitochondrial
swelling and damage, decrease in ATP, and increase in ROS, which oxidize bio-

molecules, causing acute neuronal necrosis (Fig. 1.3).
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4. Oxidative stress

Free radicals are chemical species with an unpaired electron and generated via
normal metabolites in aerobic biological systems, such as superoxide anion (O;) and
nitric oxide (NO) are continuously produced in aerobic cells in mitochondrial
membranes and produce ATP for cellular energy needs. Over-production of free radical
leads mitochondria to a dysfunctional state lead to apoptosis and tissue aging (Valdez et
al., 2000). Reactive oxygen species (ROS) are generated via cell metabolism. ROS are
a group of highly reactive molecules that are produced through sequential reductions of
O, and include superoxide anion (O3’), hydrogen peroxide (H20;), and hydroxyl radical
(OH"). Normal levels, ROS play as second messengers in various cellular functions.
Concurrently, several mechanisms protect cells against excess ROS. The low chronic
explosion of free radicals is presumably not harmful to cell physiology. The chronic
and/or sudden increases in ROS levels over a physiological threshold trigger cell death
by interfering with normal cellular operations (Finkel, 2003; Romano et al., 2010).
Oxidative stress is cause irreversible cellular damage because intracellular defense
mechanisms are depleted and consequently cannot protect cells against ROS (Orrenius
et al., 2007).

Oxidative stress is induced by an over accumulation of ROS can damage basic
components for cell function and cell survival. The brain considers for about 20% of
the aerobic metabolism. In normal condition, neuronal cells receive a minimum level of
free radicals from exogenous and endogenous sources. The brain has a minimum
storage capacity for oxygen and a high possibility of lipid peroxidation and brain cells
are especially defenseless to free radical-mediated injury (Won et al., 2002). Two
reasons of oxidative stress, (1) they have decreased levels of antioxidant enzymes/
scavengers in their tissue and serum and (2) they fail sufficiently to
synthesize/upregulate antioxidant enzymes such as glutathione peroxidase and
glutathione (Ikonomidou and Kaindl, 2011).



15

5. Aging

Brain aging is associated with degrade ability of neurons to maintain ions
homeostasis and enhanced ACTH and corticosterone responses to stress, which
eventually lead to the increasing of GC-induced neurodegeneration of nerve cells
(Landfield et al., 1978; Mattson, 1998 Landfield et al., 1978; Mattson, 1998). The
hippocampal dysfunction show down regulates the negative feedback of GC secretion
from adrenal gland and enhances corticosteroid secretion and intensify the
neurodegenerative process (Abraham et al., 2001). The mechanism of GCs in age-
related hippocampal dysfunction demonstrated that adrenal hypertrophy and prolonged
hypersecretion of corticosterone absolutely correlate with enhanced neuronal damage
and augmentation of reactive astroglia in the hippocampus (Landfield et al., 1978). The
observation of age-related impairment of cognitive performance absent a decreasing in
hippocampal neurons promotes the primary mechanism of GC-induced hippocampal
dysfunction during aging (Geinisman et al., 1995, Rasmussen et al., 1996). The patterns
of the age-related cognitive impairment including formerly obtain, the information is
rapidly missing, and newly information of learning is vulnerable compared to the
information of learning in the past (Driscoll et al., 2006). Age-related changes in LTP
are credited to the reduction of perforant pathway synaptic contacts on granule cells and
suggested to consider for variety of synaptic plasticity in aging including age-related
protein synthesis, calcium regulation, axonal transport and hippocampal synaptic
connectivity (Rosenzweig and Barnes, 2003). Age related structural changes that are
probably to be pertinent to cognition depend on hippocampus. The hippocampal
formation is principally vulnerable to the effects of aging, particularly age-related
pathology. Age related structural changes comprise appear of reduce in the number of

neuron, change of normal neuronal function.
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6. Hippocampus
6.1 The Hippocampal Formation

The hippocampus is a part of the cerebral cortex and the limbic system and
reveals a medial temporal lobe structure. The hippocampus is bilateral symmetry and
includes the hippocampus (CAl, CA2, CA3 and CA4) and the dentate gyrus (DG,
fascia dentate). Each hippocampal region contains a concretely packed sheet of cells
including pyramidal and granular that are the principal cell types found in this structure.
More over, each region contains a several interneurons that are intermingled with the
principal cell types. The hippocampus contains CAl, CA2, CA3, and CA4 region and is
primarily contain of pyramidal cells. CA2 and CA4 regions are very small region and
not well investigated. However, CAl and CAS3 regions have been more widely explored
and studied (Amaral and Witter, 1989) (Fig. 1.5).
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Nature Reviews Neuroscience 11, 339-350 (2010)

Fig. 1.4 The neural circuitry in the rodent hippocampus.
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6.2 The Function of the Hippocampus

The hippocampus has complicated functions that are involved in learning and
memory. The hippocampus is necessitating in short-term memory consolidation (Giap
et al., 2000). The hippocampus is the main extra-hypothalamic target of corticosterone
and several separated populations of hippocampal neurons plentifully express GRs and
MRs. Corticosterone has been shown to regulate physiologic, metabolic, and genomic
functions of neurons in rats hippocampus (Kim et al., 2001). The long-term potentiation
(LTP) is a relatively persisting form of synaptic plasticity that is well represented in the
hippocampus. The best candidate for the neural mechanism is underlies information
storage in the mammalian brain. It is supposed that the activity-dependent synaptic
plasticity is induced at suitable synapses during memory formation and is necessary and
adequate for the information storage essential the type of memory mediated by the

brain area of the plasticity that are observed (Martin et al., 2000).



18

7. Sleep
7.1 Sleep definitions

Sleep is instinctively state characterizes by altered awareness and relate with
sensory and activity voluntary muscle inhibition. Sleep stage discriminate from waking
stage by a decrease capability to respond with all stimulation. Sleep help to preserve
energy and decreases metabolism by about 5-10% (Cai, 1991; Franken et al., 2009;
Pace-Schott and Spencer, 2011). The stages of sleep were divided by the different
electroencephalography (EEG) features of sleep including NREM (non rapid eyes
movement) sleep and REM (rapid eyes movement) sleep. NREM sleep exhibit a
variably synchronous cortical electroencephalogram, spindles, K complexes, and slow
waves associated with low muscle tonus and smallest psychological activity and the
REM sleep EEG is desynchronized, muscles are atonic, and dreaming is typical
(Barcaro et al., 1998; Dement and Kleitman, 1957).

7.2 Brain stage

7.1.1 Waking

Wakefulness exhibits EEG features mainly with low voltage (10 — 30uV) and
mixed frequencies. Mostly, awake EEG is dominant with alpha activity and relatively
high tonic EMG. Variety within waking stage is found to be dependent on arousal

levels.

7.1.2 NREM sleep

NREM sleep is separated into 4 stages by the electroencephalogram (EEG)
different features. The EEG pattern in NREM sleep is commonly described as
synchronous and characteristic of sleep spindles, K complexes, and high voltage slow
waves. NREM sleep is normally associated with minimal or fragmentary mental
activity. NREM sleep can be defined as a relatively inactive yet actively regulating

brain in a movable body.
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7.1.3 REM sleep

REM sleep reveals the EEG activation, muscle atonia, and rapid eye
movements. In REM sleep, the mental activity is associated with dreaming and
approximately 80% of arousals state reported in sleep as clear dream recall. REM sleep
can be defined as an activated brain in a paralyzed body (Maquet, 2001; Prinz et al.,
1982; Siegel, 2001)

7.4 Hypnogram

A hypnogram is a diagram that represents the stages of sleep as a function of
time. It was developed for presentation of the brain wave activity from
an electroencephalogram (EEG) and obtained by visually scoring the recordings from
EOGs and EMG during a period of sleep including; wakefulness, rapid eye movement
sleep (REM) and non-rapid eye movement sleep (NREM). Reliable frequencies EEGs,
EOGs and EMGs were displayed and characteristic to determine what stage of sleep or

wake the subject is in.
7.4 Physiology of sleep

Sleep-wake cycle is regulated by sleep-wake promoting in the brain. Sleep
begins with stimulation of the preoptic area in the anterior hypothalamus and sleep
promoting neurons project y-aminobutyric acid (GABA) to inhibit wake-promoting
centers. Then inhibition of wake-promoting neurons works on results in increasing the
sleep process. The laterodorsal (LDT) and pedunculopontine (PPT) tegmental in
brain stem regulate REM sleep, LDT and PPT project to thalamus, basalforebrain and
the cortex, which produce the desynchronized EEG signals. The reticular activating
system (RAS) receives collateral inputs from visceral, motor and sensory systems and
transmit signal to the forebrain and cortex via thalamic and extrathalamic neural

pathways for promoting arousal stage (Halasz et al., 2004; Schwartz and Roth, 2008).



20

8. Electroencephalography (EEG)

8.1 Neural basis of EEG

The EEG signal is a result of the summation of potentials obtained from the
concoction of extracellular currents generated by populations of neurons. The physical
sources of the scalp potentials are the pyramidal neurons in cortical layers Il and V.
Nature of EEG signal is fluctuating wave with different frequencies and amplitudes
when considered against time. EEG signals can be analyzed using computer software
developed for measurement EEG parameters with high accuracy. EEG is a technique
that recorded neuronal cortical activity of the brain and levels of synchronization of
neurons are observed in EEG patterns. Moreover, synchronization levels and EEG
patterns also differ among different brain states. EEG signal is shown in wave patterns
and EEG frequencies ranged from low to high Hz. In classical analysis, total frequency
range is classified into delta wave: 0.5~4 Hz, theta wave: 4~8 Hz, alpha wave: 8~12
Hz, beta wave: 12~30 Hz and gamma wave: >30 Hz. EEG is widely used to evaluate

brain functions and their abnormalities.
8.2 EEG spectral analysis

The electroencephalogram (EEG; brain waves) recorded by electrodes placed on
the scalp. The EEG is an important brain state notice (e.g. waking, sleep, seizure) with
specific state dependent patterns. Critical appearances of the signal are recognized by
visual inspection of the EEG. The additional quantitative analysis is basic to investigate
the EEG in more detail. Spectral analysis is a mathematical access to quantify the EEG.
The decomposition of signals is purposed as the EEG, into its constituting frequency
components. The fast Fourier transform (FFT) is a widely applied method for obtaining
the EEG spectrum. Fast Fourier Transform (FFT) has been generally used in analysis of
various types of wave including EEG. Based on the application of the original FFT
equation, there are FFT programs that have been developed and improved for EEG
analysis. FFT is used to calculated EEG power to reflect amplitude of EEG as a
function of frequency in power (LV2) power density (WV2/Hz) or absolute power (dB).
However, in this study, only power density of frequency is interested (Schatzman,
1996; Yokoyama, 1992).
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8.3 Brain oscillations

Brain oscillations were divided in frequency bands that have been related with
different brain states, functions or pathologies (Algimantas Juozapavicius et al., 2011).

() Delta rhythms (1.25-4.5 Hz): they are characteristic of deep sleep stages.
Furthermore, delta oscillations with certain specific morphologies, localizations and
rhythmicities are correlated with different pathologies.

(1) Theta rhythms (4.75-6.75 Hz): they are enhanced during sleep and they play an
important role in infancy and childhood. In the awake adult, high theta activity is
considered abnormal and it is related with different brain disorders.

(1) Alpha rhythms (7-12.5 Hz): they appear spontaneously in normal adults during
wakefulness, under relaxation and mental inactivity conditions. They are best seen with
eyes closed and most pronounced in occipital locations.

(VI) Beta rhythms (12.75-30 Hz): they are best defined in central and frontal
locations, they have less amplitude than alpha waves and they are enhanced upon
expectancy states or tension.

(V) Gamma rhythms (30.25-45 Hz): previously not of major interest with regard to
the surface EEG, they relate with linking of stimulus features into common perceptual

information.
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9. Astrocyte

Astrocytes are neuroglial cells and the amount is over fivefold more than that of
neurons. Astrocytes exert many essential complex functions in the CNS. One of them is
known as reactive astrogliosis which is pathological marker of CNS structural lesions
(Cornell-Bell et al., 1990; Nedergaard et al., 2003). Astrocyte is neuroglia that has been
divided into two types based on the cellular morphologies and anatomical locations
including protoplasmic astrocyte and fibrous astrocyte. Astrocyte is the most abundant
glial cells and associated with neuronal synapses. Protoplasmic astrocytes are found in
all gray matter and exhibit morphology of various stem branches and fibrous astrocytes
are found in all white matter and exhibit morphology of long fiber-like processes
(Sofroniew and Vinters, 2010). Astrocyte exhibits many functions such as biochemical
support of endothelial cells for blood-brain barrier maintenance, preserving of nutrients
to the nervous tissue, controlling extracellular ion balance, and repairing or scarring
process of the neural tissue injuries. Moreover, astrocytes produce intercellular calcium
ion waves and response to stimulate neurons for release neurotransmitters in a calcium
ion dependent manner (Nedergaard et al., 2003; Voutsinos-Porche et al., 2003). Glial
fibrillary acidic protein (GFAP) is one of a family of intermediate filament proteins,
including vimentin, nestin, and others, that serve largely cyto-architectural functions.
GFAP is prototypical marker for immunohisto-chemical identification of astrocytes.
GFAP expression is considered as a sensitive and dependable marker that labels
reactive astrocytes that are reacting to CNS injuries (Eng et al., 2000; Sofroniew, 2009).
The level of GFAP-ir astrocyte determine by immunohistochemistry technigque in
several neural damage that reveal the change of number in term of up-regulation or
down-regulation depend on pathology, violence, timing and brain area. For example,
GFAPexpression in the hippocampus and striatum of the adult brain under normal
physiological conditions, the postmortem studies of tissue from young patients with
depressive disorder exhibit a reduced number of astrocytes in the prefrontal cortex. An
increase in GFAP expression by astrocytes in the hippocampus in humans after the age
of 65 years is a biomarker of aging (Nichols et al., 2001). The Dexamethasone
treatment, model of stress induced neuronal damage, reduced the expression levels of
GFAP (Pinto et al., 2013).
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Hypotheses

Prolonged dexamethasone treatment and intracerebroventricular (i.c.v.)

injection of kainic acid affect brain function in terms of neurodegeneration.

The neurodegenerative effects of prolonged dexamethasone treatment and i.c.v.
injection of kainic acid in rats can be evaluated by using behavioral test and

brain histological studies.

Specific patterns of electrical brain activity are changed in neurodegenerative

rats.

There are significant correlations among electrical brain activity, behavioral

change and brain histology in neurodegenerative rats
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Objectives

1. To investigate effect of prolonged dexamethasone treatment and
intracerebroventricular (i.c.v.) injection of kainic acid on learning & memory behavior,

brain cells and electrical brain activity in rats.

2. To monitor changes of EEG patterns of prolonged dexamethasone and kainic

acid (i.c.v) injected rats.

3. To evaluate relationship among learning & memory behavior, brain structure
and electrical brain activity in prolonged dexamethasone and kainic acid (i.c.v) injected

rats.

4. To compare among electrical brain activities of chronic dexamethasone treated

rats, kainic acid (i.c.v) injected rats and aging rats.
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1. Animals

Male Wistar rats with body weight ranging from 300-350 g were used for the
whole experiment of this study. They were provided by the Southern Laboratory
Animal Facility of Prince of Songkla University, Songkhla, Thailand. They were
housed in standard environmental conditions with temperature at 23-25 °C, 50-55%
humidity and 12:12 hr. light:dark cycle. Standard commercial food pellets and distilled
water were supplied ad libitum. The experimental protocols for care and use of
experimental animals described in the present study were approved and guided by the
Animals Ethical Committee of the PSU. The project license number is MOE
0521.11/1077.

2. Chemical agents and drugs

2.1. Surgery
1. Acrylic resin (Unifasttrad, Japan)
2. Zoletil 100 (Virbac, Thailand)
3. Thiopental sodium
4. 2% Lidocane sulphate
5. Sodium chloride (Ajax Finechem, Australia)
6. 70% alcohol
7. Povidone-iodine (Mundipharma, Thailand)

2.2. Drug treatment

1. Dexamethasone Sodium Phosphate (General Drug House, Thailand)
2. Kainic acid monohydrate (Sigma-Aldrich, USA)
3. Tween 80 (USB Corporation, Japan)

2.3. Tissue preparation

1. 0.1M Phosphate Buffer Saline (PBS) pH 7.4
2. 0.4% Paraformaldehyde in 0.1M PBS (Sigma-Aldrich, USA)
3. Sucrose (Mitr Phol Sugar, Thailand)
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2.4. Histology

1. Chloroform

2. Ethanol

3. Triton x-100 (J.T. Baker, USA)

4. Cresyl violet (acetate) (Merck, Germany)

5. Gelatin mounting medium

6. Anti-Mouse Glial Fibrillary Acidic Protein (GFAP) monoclonal antibody

(Chemicon, USA)
7. Anti-Mouse Texas Red IgG (H+L) antibody (Vector Laboratories, USA)
8. Normal horse serum (Vector Laboratories, USA)
9. Vectashield Mounting Medium (Vector Laboratories, USA)
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3. Equipment
1. Animal surgical apparatus sets
2. Stereotaxic apparatus (Narishige Scientific Instrument Lab., Japan)
3. Electric micro motor dental handpiece (drill) (Marathon, Korea)
4. Stainless steel screws
5. Wire electrodes (Narishige Scientific Instrument Lab., Japan)
6. 6-channel sockets
7. Bio Amp cable (AD Instrument Pty Ltd, Australia)
8. EEG Bio Amp cable (AD Instrument Pty Ltd, Australia)
9. PC computer

I N S T e T e o e =
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PowerLab (AD Instrument Pty Ltd, Australia)

Recording chamber

Webcam video camera

Y-maze apparatus

Balance, Model CC023D10ADBAAA (Avery Barkel, UK)
pH meter

TESPA-coated slide

Cryostat, Model LEICA CM 1850

DP50 digital camera (Olympus, Japan)

Light microscope (Olympus, Japan)

Fluorescence microscope (Olympus, Japan)
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4. Methods
4.1. Electroencephalography study
4.1.1. Animal surgery for EEG electrodes and cannula implantation

Animals were anesthetized with Zoletil 100 (50 mg/kg i.m.). Anesthetic depth
was monitored using a gentle toe pinch to stimulate withdraw reflex. Individual rat was
monitored as deep anesthetized when the flexion of the limb did not occur and
withdrawal reflex was absent. The surgery for electrodes and cannula implantation was
performed when animal was deeply anesthetized and unconscious. Anesthetic depth
was also intensively monitored during the surgery process. Any reaction of too light
anesthesia from the animal was responded with additional anesthetic top-ups. Fur of
animal’s head was shaved off with electric razor. Then, animal was placed onto the
stereotaxic apparatus and rat's head was clamped with the apparatus. Ear bar of the
apparatus was inserted into each side of ear canal then checked for tightening between
ear bar and ear canal by gentle pressing and shaking animal's head. Proper fixation was
confirmed when rat's head could not wobble. Rat’s incisor was attached to incisor bar
and animal’s tongue was pulled out of the mouth to prevent chocking during surgery.
Otherwise, a nose clamp was held to cover rat’s nose properly. Both incisor bar and
nose clamp were used to secure animal’s head with apparatus and the position of head
on stereotaxic apparatus was fixed in the standard position for the electrode and cannula
implantation on the skull (Fig 2.1). The scalp was cleaned with 70 % ethanol and
followed by iodide before the skin was incised for 2 cm long from the lambda to just in-
between the eyes. After that the head skin was pulled apart using sterile hemostats for
splitting the incision. The connective tissues were cleared out and the skull surface was
exposed for drying.
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The EEG electrodes and cannula were implanted on the skull at the following
positions (Fig. 2.2).

1. Frontal cortex with the co-ordinates: 3 mm lateral to the left, 3 mm anterior to
bregma and

2. Right or left parietal cortex with the co-ordinates: 4 mm lateral to the right or
left, 4 mm posterior to bregma.

3. Midline cerebellum with the co-ordinates: 12 mm posterior to bregma was used
as reference and ground electrode.

4. The cannula was implanted to right lateral ventricle for intracerebroventricular
(i.c.v.) injection with the co-ordinates: 1.3 mm lateral to the right, 0.8 mm anterior to
bregma and 3.3 mm skull to brain.

Two EMG wire electrodes were inserted into the dorsal neck muscles bilaterally.
The screw anchors were implanted symmetrically on the opposite hemisphere to
recording electrodes. All electrodes were secured in place by mounting with dental
acrylic. After surgery, animals were allowed to recover for 14 days (Fig 2.3).

Stainless steel screws were made up as EEG electrodes, coated wire electrode was
used as EMG electrodes and sterile hypodermic needle was used as cannula. All of

these were made up in the department laboratory (Fig 2.4).



Right-Lateral ventricle
Cannula

Fig. 2.2 Coordination for electrodes and cannula implantation. Electrode implantation
for (A) dexamethasone-induced neurodegeneration, aging models and (B) kainic acid-

induced neurodegeneration.
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Fig. 2.3 Electrode and cannula implantation processes.
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Stainless steel cannula
Size: 21 G, 1.8 cm.

Insert cannula

Fig. 2.4 (A) Electrodes for EEG recording and (B) Cannula set up for i.c.v. injection.
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4.1.2. Signal recording and data acquisition

EEG recording system consists of recording chamber, recording cable, Bio-
Amp set, Power Lab, a PC computer and a monitor (Fig 2.5). EEG recording started
with connecting electrodes on rat’s skull with recording cables via 6-channel socket.
After that, animals were individually put into the recording chamber. Then, recording
cables were connected with Bio-Amp sets and from Bio-Amp sets to PowerLab. Signal
from rat’s brain was amplified, filtered and digitized by Bio-Amp sets and PowerLab.
Eventually, signal from rat’s brain were shown on monitor and data were stored in PC
computer for analysis. Lab Chart program was used to record EEG signal from rat’s
brain. For recording operation, input setting of Bio-Amp was assigned with 400/s of
sample rate, 500 uV of range. The low-pass and high-pass filter were provided between

0.1 and 100 Hz. Furthermore, 50 Hz notch and main filter were selected for signal

recording
= . ‘
PC computer
>
Webcam
BioAmp BioAmp cabel
PowerlLab &

Recording chamber

-|‘ W

Fig. 2.5 The set up for EEG recording
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4.1.3. Offline signal analysis

All data collected from EEG recording were filtered from 1.25-45 Hz using
band pass filter. Moreover, raw EMG signals were filtered from 10-100 Hz. For EEG
analysis, the signals were segmented into 1024 point (50% overlap) and Fast Fourier
transform (FFT) algorithm was used to convert data from time domain to frequency
domain and the data were shown in power spectra (LWV2) and power density (WV2/Hz) .
Then, the power spectra of 2.56-sec sweeps in selected time period was calculated and
displayed as percent of baseline of EEG activity. The percent of EEG power from
baseline was calculated by using the following equation.

100
Power density of base line

Power density (Ybaseline) = Power density of post treatment X

Broad frequency range was roughly divided into 2 major categories. First
category is slow wave and the other is fast wave. Slow wave includes 3 frequency

bands:

1. Delta (1.25-4.5 Hz)
2. Theta (4.75-6.75 Hz)
3. Alpha (7-12.5 Hz)

Fast wave was divided into 2 frequency bands:

1. Beta (12.75-30 Hz)
2. Gamma (30.25-45 Hz)

Then power of each band was analyzed independently. Mainly, changes of
amplitude in each frequency bands were analyzed in terms of power. To make it clearer
for presentation, percent change based on baseline activity were calculated to expand
the change of dominant brain activity in particular. The base line values were set as
100%. The percentage changes of either control or treatment groups were the calculated
from the base line values. Thus, the percentage change of EEG power and EEG power
density in control group was compared with treated groups. The data of control group

was normally fluctuated (more or less than 100%).
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4.1.4. Classification brain states

EEG signals were classified to 3 brain stages.

1. Active awake period was identified with fast wave, low amplitude EEG and
high EMG activity.

2. Inactive awake period had similar signal to that of active awake period except
the absence of EMG activity.

3. Slow wave sleeps (SWS) or non-rapid eye movement sleep (non-REM sleep)
was identified with slow wave and high amplitude EEG. REM sleeps were detected
with fast wave, low amplitude EEG and absent EMG activity.

Vigilance states were also confirmed through visual inspection by using
spectrogram (Fig 2.6). Spectral power of continuous signal was represent by coded
color spectrum. With representative colors, levels of power were conveniently
investigated. In each duration, distribution of frequencies with specific levels of power
indicated by coded color to make it clear for the identification of wakefulness, slow
wave sleep and REM sleep. Therefore, duration of each vigilance state of experimental
animals were simply evaluated. This confirmation suggested the acceptable data
quality.
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Fig. 2.6 (A) Raw EEG signals of each brain stage; active awake, inactive awake, slow
wave sleep and REM sleep periods. (B) The spectrograms displaying spectral power

and values are expressed as a coded color of frequency against time.
3.5. Data representation for EEG signal

Powers of frontal and parietal EEG during baseline and post-treatment were
calculated. EEG baseline was set as 100% and values of post-treatment were calculated
as percent change of baseline. All data were averaged and expressed as mean = S.E.M.
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4.2. Behavioral study
4.2.1 Spatial memory evaluation

The maze was made of grey plastic, with each arm 40 cm length, 12 cm height,
3 cm width at the bottom. The 3 arms were connected at an angle of 120° (Fig 2.7).
Rats were individually placed at the end of an arm and allowed to explore arms freely
for 5 min. Spontaneous alternation percentage (SA%) was defined as a ratio of the arm
choices that differed from the previous two choices (“successful choices”) to total
choices during the run (“total entry minus two” because the first two entries could not
be evaluated). For example, if a mouse made 10 entries, such as 1-2-3-2-3-1-2-3-2-1,
there are 5 successful choices in 8 total choices (10 entries minus 2). Therefore, SA% in
this case is 62.5%.

4.2.2 Data analysis and statistic analysis for behavioral test

Spontaneous alternation percentage (SA%) and total of entries were averaged
and expressed as mean + S.E.M. Differences between treatments were considered using
one-way ANOVA, followed by Student-Newman-Keuls method. p <0.05 was

considered statistically significant.

Fig. 2.7 Y-maze apparatus.
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4.3. Histological study
4.3.1 Tissue preparation (Transcardial perfusion fixation)

1. Rats were deeply anesthetized by intraperitoneal injection of 100 mg/kg
Thiopental sodium.

2. The thoracic cavity was opened to expose the heart and the pericardium was
removed.

3. Cannula was inserted into the left ventricle and the right atrium was cut to
remove the blood.

4. The rats were perfused transcardially with 0.1M PBS (pH 7.4) followed by 4%
paraformaldehyde in 0.1M PBS.

5. The brains were removed and post-fixed with 4% paraformaldehyde in 0.1M
PBS 4°C (72 hrs).

6. Subsequently, the brains were cryoprotected by equilibration with 30% sucrose
in 0.1M PBS until they sank and were rapidly frozen.

7. Coronal serial sections (20 um thick for Nissl staining and and 40 pm thick for

GFAP immuno-histochemistry staining, respectively) were obtained using cryostat.
4.3.2 Nissl staining method

1. The frozen sections were mounted on TESPA-coated slide and air dry at room
temperature for 30 minutes.

2. The sections were processed for background fat staining reduction (de-fat) with
1:1 alcohol/chloroform and followed by rehydration process through 100% and 95%
alcohol to distilled water.

3. The sections were soaked in 0.1% cresyl violet solution (warm up in 40 °C).

4. The sections were rinsed with distilled water and coverslipped with gelatin
mounting medium.

5. The morphology of cresyl violet positive neurons was studied with light

microscope.
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4.3.3 GFAP immuno-histochemistry stains (Indirect immunofluorescence method)

1. Free-floating sections were incubated for 1 hr. at room temperature in blocking
serum (0.1M PBS pH7.4 containing 2% normal horse serum and 0.3% Triton X-100)

2. Primary antibodies (anti-mouse Glial Fibrillary Acidic Protein (GFAP)
monoclonal antibody) were diluted in blocking serum (1:200). The sections were
incubated for 24 hrs. at 40° C in the primary antibodies.

3. The sections were rinsed with 0.1M PBS.

4. Secondary antibodies (anti-mouse Texas Red IgG antibody) were diluted in
blocking serum (1:200). The sections were incubated for 1 hr. at room temperature in
the secondary antibodies.

5. The sections were rinsed with 0.1M PBS.

6. The sections were placed on the TESPA-coated slide and coverslipped with
vectashield mounting medium. And sealed with nail paste

7. Control sections, omitting the primary antibody, were routinely processed to
ensure that any observed staining as due to GFAP.

8. The morphology of GFAP-ir astrocytes were studied with BX50 fluorescence

microscope.
4.3.4 Quantification of neurons and GFAP-immunoreactive (ir) cells

Each area of the hippocampus (CA1, CA2, CA3 and dentate gyrus) (Fig 2.8)
was identified using the rat brain atlas (Paxinos and Watson, 2007). The sections were
systemic randomly selected and coded such that all subsequent analyses were carried
out blind. About 8 sections from each rat of each study were collected in this study.
There micrographs from selected sections were captured by a digital camera (DP71,
Olympus, Japan). The number of cresyl violet positive neurons and GFAP-ir in each
micrograph were counted and the area of each section examine was measured using

image analysis software (Olympus, Japan).
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Fig. 2.8 Micrographs areas from selected sections of (A) the hippocampus and (B)

parietal cortex.
4.3.5 Data analysis

Number of neurons in the hippocampus and parietal cortex were shown in
positive neurons/mm? and number of GFAP-ir astrocytes shown in GFAP-ir/mm?. All

data were averaged and expressed as mean = S.E.M.
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3.1 Experimental protocol

The animals were randomly divided into for 2 groups with 8 rats in each group. In
group | or control group, rats were treated with 0.9% saline (i.p.) once a day for 21
consecutive days. In group Il or treated group, rats were treated with dexamethasone
0.5 mg/kg (i.p.) in a similar schedule. After a full recovery period of 14 days, rats were
habituated with recording chamber and EEG recording system simultaneously for 3
days. On the testing day or baseline day, animals were set up similarly to the
habituation days but EEG recording instrument was turned on to record electrical
signal. EEG recording was carried on for 2 hrs. After 1 hr. of recording, rats were given
0.9% saline and dexamethasone for control and treated group, respectively. On the last
testing day (day 21), rat’s spatial memory behavior was examined by using Y-maze

apparatus and their brains were collected for histological study (Fig 3.1).

14 Days 3 Days 21 Days
Recovery I Habituation Testing

I I

v 20 Consecutive days |

2 hrs | 1hr |
EEG Recording I 1’
Dexamethasone (i.p.)
v
2 hrs | 1hr |
EEG Recording I l
Y-maze test
Sacrificed

Fig. 3.1 Schematic diagram of protocol for examination of dexamethasone induced

neurodegeneration.
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3.2 Data analysis

3.2.1 For EEG analysis, powers of frontal and parietal EEG during baseline and post-
treatment were calculated. EEG baseline was set to 100% and values of post-
treatment were calculated as percent change of baseline. All data were averaged
and expressed as mean = S.E.M. Effects of treatment were determined by using t-
test and statistical significance was considered at p <0.05

3.2.2 Y-maze test, Spontaneous alternation percentage or SA% and total of entries were
averaged and expressed as mean + S.E.M. Effects of treatment were determined

by using t-test and statistical significance was considered at p <0.05

3.2.3 Number of neurons in the hippocampus and parietal cortex were shown in
positive neurons/mm? and number of GFAP-ir astrocytes shown in GFAP-
irf/mm?. All data were averaged and expressed as mean + S.E.M. Effects of
treatment were determined by using t-test and statistical significance was

considered at p <0.05

3.2.4 The relationships among EEG patterns, spatial memory behavior and brain
structure were exhibited in regression analysis and data were expressed as R-

square. The significant correlation was considered at p <0.05.
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3.3 Results

3.3.1. Chronic effects of dexamethasone on EEG power.

EEG powers of animals were analyzed with no regard for brain state on day 1, 6,
11, 16 and 21 following the start of dexamethasone treatment. Broad spectrum of EEG
power was divided and expressed in 5 frequency bands: delta, theta, alpha, beta and
gamma. All data were normalized with values obtained before the start of
dexamethasone treatment to express as baseline percentage (% baseline). Data were
shown in comparison to that of control using t-test.

Frontal EEG analysis revealed no significant change induced by the
dexamethasone in any duration and any frequency band (Fig. 3.2 A). However, the
analysis of parietal EEG signal (Fig. 3.2 B) indicated that dexamethasone significantly
increased powers of slow waves including Delta (Dx=165.07+10.18 and
control=96.41+9.95, p<0.001), Theta (Dx=196.86+£19.71 and control=92.19+18.75,
p=0.002) and Alpha (Dx=199.73+9.86 and control=105.03+19.58, p<0.001) bands.
Multiple comparisons indicated that significant changes were observed only on day 21
for delta band. In theta band, significant changes were confirmed as early as day 11 and
until day 21. Alpha powers were also significantly increased from day 16 until day 21.

Therefore, EEG power was separately analyzed with regard for specific brain
vigilance including awake state (AW) and slow wave sleep stage (SWS). Signals were
taken from the first 5 min recording of the first appearance of each state) on day 21
after dexamethasone treatment, EEG power analysis was classified bases on 5
frequency bands. Awake EEG analysis confirmed that dexamethasone significantly
induced increases in power of slow frequency bands including Delta
(Dx=166.44+17.86 and control=94.37+13.08, p=0.06), Theta (Dx=152.08£14.10 and
control=107.16+12.62, p=0.032) and Alpha (Dx=158.82+15.04 and
control=102.04+13.41, p=0.014) activity for parietal EEG and only Alpha activity for
frontal EEG (Dx=156.40+18.33 and control 96.42+13.48, p=0.019). However, the
analysis of EEG signals during slow wave sleep found significant change only within
Beta band of both frontal and parietal EEG (FC: Dx=138.58+11.70 and control
106.48+9.13, p=0.048 and PC: Dx=149.65+11.13 and control 112.26+7.38, p=0.014)
(Fig. 3.3).
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Altogether, significant effects of dexamethasone were particularly observed
within slow wave activities ranging from delta to alpha wave of parietal EEG in awake
stage (Fig 3.4). Activity of this frequency range remained unchanged when signals

during slow wave sleep were analyzed.
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Fig. 3.2 Chronic effects of dexamethasone on EEG power, (A) frontal and (B) parietal
EEG power from dexamethasone induced neurodegenerative group is shown in
comparison to control group. Baseline activities were evaluated from 2 hrs. on first day
recording before drug administration. After the administration, EEG was recorded for 2
hrs. in each day. Data analysis was classified base on 5 frequency bands: delta, theta,
alpha, beta and gamma. Data are expressed as mean + S.E.M. of power density
(%baseline). Effects of treatment were determined by using t-test,* p<0.05, **p<0.01,

***p<0.001 compare with control group.
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Fig. 3.3 Histogram shown mean of %baseline of power density in each band wave
(delta, theta, alpha, beta and gamma) of awake stage and slow wave sleep stage (SWS),
the data were evaluated from frontal and parietal EEG. Data are expressed as mean +
S.E.M. of power density (% baseline). Effects of treatment were determined by using t-

test, *p<0.05, **p<0.01 compare with control group.
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Fig 3.4 Chronic effect of dexamethasone induced neurodegeneration on parietal EEG

activity on day 21% after treated with dexamethasone in induced neurodegenerative

group (Dx) and normal saline in control group. EEG analyses were evaluated on awake

stage. Data are expressed as mean + S.E.M. of power density (% baseline).
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3.3.2. Chronic effect of dexamethasone on sleep patterns.

Effects of chronic dexamethasone on sleep-wake patterns were analyzed from
EEG signals recorded following 21 days of dexamethasone treatment. Hypnograms
provide means to display a visual presentation of basic sleep-wake cycles (Fig. 3.5).
Spectral differentiation of stage-specific EEGs provides more accurate and quantitative
measures. Fast Fourier Transform (FFT) power spectra indicate that the awake periods
(AW) had peaks at theta wave for frontal and parietal EEG. On the other hand, peaks
were specifically found within delta range during slow wave sleep (SWS) for both
frontal and parietal EEG. The most unique characteristic was detected during rapid eyes
movement (REM) sleep when parietal EEG exhibited dominant theta peak whereas
frontal EEG had relatively overall low power. In this study, 2 parameters of sleep were
particularly analyzed which include sleep latency and percentage of each brain stages

during 2-hrs period recording.

The results showed that chronic dexamethasone exposure significantly
decreased percentage of REM sleep (Dx=1.22+2.04 and control=6.42+0.59, p=0.005)
(Fig. 3.6). No significant change in percentage was found for AW or SWS stages. The
analysis of sleep latency also revealed no significant change induced by

dexamethasone.

The distribution of spindles was observed from frontal and parietal raw EEG
signals. Types of EEG spindle were characterized by power spectrum analysis of
frontal EEG signals using Fast Fourier Transform (FFT) (Fig. 3.7 A). Raw EEG signals
were filtered for 6-10 Hz oscillation to extract EEG spindles and inspect their
structures. Two main types of spindles were characterized. Sleep spindles were
recognized from frontal EEG with relatively low powers when filtered for 6-10 Hz
activity. On the other hand, non sleep spindles exhibited high amplitude loop when
filtered for 6-10 Hz activity with peak frequency in the range. Therefore, numbers of
both types of EEG spindles were counted from 2-hrs period of EEG recording on day
21 (Fig. 3.7 B). The results showed that chronic dexamethasone exposure significantly
increased number of non sleep spindle in AW and SWS stage (AW: Dx=3.88+0.72 and
control=1.63%0.50, p=0.022 and SWS: Dx=8.25+1.23 and control=2.88+0.72, p=0.002)

No significant change was observed for sleep spindles.
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Fig. 3.5 Hypnograms and EEG spectra of representative rats. Hypnograms provide a
visual impression of sleep-wake period over 2 hrs. of EEG recording from normal rat
and dexamethasone induced neurodegenerative rat from day 21 after treatment. Brain
stages were classified to 3 stages: awake stage (AW), slow wave sleep stage (SWS) and

rapid eyes movements sleep stage (REM).
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Fig. 3.6 Chronic effects of dexamethasone induced neurodegeneration on sleep period
and sleep latency. Percentage of sleep period and sleep latency from EEG recording 2
hrs. on day 21% after treatment with dexamethasone in induced neurodegenerative
group (Dx) and normal saline in control group. Sleep stages were divided into 3 stages:
awake stage (AW), slow wave sleep stage (SWS) and rapid eye movement sleep stage
(REM). Data are expressed as mean + S.E.M. of sleep period (%) and sleep latency
(minutes). Effects of treatment were determined by using t-test, **p<0.01 compare with

control group.
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Fig. 3.7 Chronic effect of dexamethasone induced neurodegeneration on EEG spindle.
Number of EEG spindle from EEG recording 2 hrs. at day 21% after treated with
dexamethasone in induced neurodegenerative group (Dx) and normal saline in control
group. (A) EEG spindle was divided into 2 types from EEG spectrogram, non sleep
spindle (6-10 Hz) and sleep spindle (10-14 Hz). (B) Non sleep spindle analysis were
separated into 2 stage, awake stage (AW) and slow wave sleep stage (SWS). Data are
expressed as mean + S.E.M. of number of spindle (times/hr.). Effects of treatment were

determined by using t-test, *p<0.05, **p<0.01 compare with control group.
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3.3.3. Chronic effects of dexamethasone on spatial memory behavior.

Y-maze test showed that control level of spontaneous alternation percentage
(SA%) was 81.63+7.84 while that of dexamethasone injected rats was 57.86+6.96. This
clearly indicated that long term exposure of dexamethasone significantly decreased
SA% in Y-maze test (p = 0.04). No statistically significant difference between groups
was detected in total arm entries. It means that both groups had the same levels of

spontaneous locomotor activity (Fig. 3.8).
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Fig. 3.8 Chronic effect of dexamethasone induced neurodegeneration on spatial
memory behavior. Spatial memory behavior were measured on day 21 after treated
with dexamethasone in induced neurodegenerative group (Dx) and normal saline in
control group with Y-maze apparatus. Data analysis in terms of (A) number of entries
and (B) spontaneous alteration percentage or SA%, data are expressed as mean *
S.E.M. Effects of treatment were determined by using t-test, *p<0.05 compare with
control group.
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3.3.4. Chronic effects of dexamethasone on brain histology.

Cresyl violet positive neurons were identified in selected areas of the
hippocampus; CAl, CA2, CA3 and dentate gyrus (DG) (Fig. 3.9) and parietal cortex
(PC). High magnification of micrographs were illustrated to visualize morphology of
cells in CA1 (Fig. 10 A), CA2 (Fig. 10 B), CA3 (Fig. 3.10 C), DG (Fig. 3.10 D) and the
parietal cortex (Fig. 3.11). It was found that number of neurons in CA1, CA3 and DG
of the hippocampus and parietal cortex were significantly reduced by dexamethasone
(565.85+45.16 cell/mm?® 823.43x37.62 cell/mm?® 1,323.93+84.53 cell/mm’ and
918.35+78.46 cell/mm?, respectively) compared to that of control group (963.37+35.09
cell/mm?, 1,074.48+68.98 cell/mm? 1,948.72+27.80 cell/mm? and 1,394.06+120.07
cell/mm?, respectively) (p < 0.05) (Fig. 3.12).

For the study of dexamethasone effects on astrocyte density, specificity of
GFAP-ir cells was confirmed in immuno-histochemical method by omitting the
primary antibody. This is a routine process to ensure that any observed staining was due
to the existence of GFAP antigen. This type of controls did not show any labeling (Fig
3.13). For the standard staining protocol, GFAP-ir astrocytes were identified in all area
of the hippocampus; CAl (Fig. 3.14 A), CA2 (Fig. 3.14 B), CA3 (Fig. 3.14 C), DG
(Fig. 3.14 D) and the parietal cortex (Fig. 3.15). The densities of GFAP-ir astrocytes in
CAl, CA3 and DG of hippocampus and the parietal cortex were significantly reduced
in the dexamethasone groups (481.56+92.81 cell/mm? 317.78+47.93 cell/mm?
331.23+61.06 cell/mm? and 527.73+81.15 cell/mm?, respectively) compared to that of
control group (645.61+66.50 cell/mm?, 575.21+71.51 cell/mm?, 851.26+93.13 cell/mm?
and 845.97+124.55 cell/mm?, respectively) (p < 0.05) (Fig. 3.16).
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Control

Fig. 3.9 Micrographs of a coronal section of the hippocampus showing CA1 (1), CA2
(2), CA3 (3) and dentate gyrus (DG) (4) of control and dexamethasone (Dx), Bar= 40

um.
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Fig. 3.10 Micrographs of (A) CA1, (B) CA2, (C) CA3 and (D) DG in hippocampus
magnified from the framed area in Fig 3.9 showing the cresyl violet positive neurons

(arrows) in different treatment groups, Bar= 400 pum.
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Fig. 3.11 Micrographs of cresyl violet positive neurons (arrows) in parietal cortex in
different treatment groups, Bar= 400 pm.
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Fig. 3.12 Chronic effects of dexamethasone induced neurodegeneration on
hippocampal and cortical neurons. The number of positive neurons in the CAl, CA2,
CAZ3 and dentate gyrus (DG) of hippocampus and parietal cortex (PC) were measured
at day 21 after treated with dexamethasone in induced neurodegenerative group (Dx)
and normal saline in control group with Nissl staining method. Data are expressed as
mean + S.E.M. Effects of treatment were determined by using t-test, *p<0.05 compare

with control group.
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Fig. 3.13 Micrographs of (A) negative control and (B) positive control of GFAP-ir
astrocytes
Bar= 200 pum

Fig. 3.14 Micrographs of GFAP-ir astrocytes (arrows) in (A) CAL, (B) CA2, (C) CA3
and (D) DG in hippocampus in different treatment groups, Bar= 400 pm.
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Control

Fig. 3.15 Micrographs of GFAP-ir astrocytes (arrows) in parietal cortex in different

treatment groups, Bar= 400 pm.
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Fig. 3.16 Chronic effects of dexamethasone induced neurodegeneration on
hippocampal and cortical astrocytes. The GFAP-ir density in the CA1, CA2, CA3 and
dentate gyrus (DG) of hippocampus and parietal cortex (PC) were measured at day 21°
after treated with dexamethasone in induced neurodegenerative group (Dx) and normal
saline in control group with GFAP immunofluorescence staining method. Data are
expressed as mean + S.E.M. Effects of treatment were determined by using t-

test,*p<0.05 compare with control group.
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3.3.5 The Correlations between spatial memory behavior and factors of either

electrical activity or brain histology in dexamethasone induced neurodegenerative

rats.

The correlation between spatial memory behavior and factors of either electrical

brain activity or brain histology in dexamethasone-induced neurodegenerative rats and

control rats were evaluated using linear regression analysis. The data were shown with

R-square score and considered statistically significant at p<0.05. A total of 18

significant changes analyzed from EEG patterns and brain structures were evaluated for

correlation scores against spontaneous alternation percentage or SA%. The lists of

factors are shown as follows.

(1)
)
(3)
(4)
()
(6)
(")
(8)
(9)
(10)
(11)
(12)
(13)
(14)
(15)
(16)
(17)

number of positive neurons in CA1,

number of positive neurons in CA3,

number of positive neurons in dentate gyrus or DG,

number of positive neurons in parietal cortex or PC,

number of GFAP-ir in CA1,

number of GFAP-ir in CA3,

number of GFAP-ir in dentate gyrus and

number of GFAP-ir in parietal cortex

power activity from parietal cortex of delta in awake stage,

power activity from parietal cortex of theta in awake stage,

power activity from frontal cortex of alpha in awake stage,

power activity from parietal cortex of alpha in awake stage,

power activity from frontal cortex of beta in slow wave sleep stage,
power activity from parietal cortex of beta in slow wave sleep stage,
rapid eyes movement sleep period percentage or REM%,

number of non-sleep spindle in awake stage,

number of non-sleep spindle in slow wave sleep stage,

The results showed that SA% had significant correlation with some of these parameters

(Table 1).
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The most interesting and strong correlations between the impairment of spatial
memory behavior and electrical brain activity were demonstrated with high correlation
scores. In particular, Delta and Alpha activity were correlated with SA% with R-square
0.460 and 0.408 respectively (Fig. 3.17). In terms of histological changes, densities of
either cresyl positive cells or GFRP-ir cells were used for the analysis. Significant
correlations were also observed between SA& and number of positive cells in the area
CAl, CA3 and DG with R-square 0.296, 0.307 and 0.270 respectively (Fig.3.18 A).
Similarly, densities of GFRP-ir cells in the area CA1 and DG were found to have clear
rcorrelation with the SA% (Fig.3.18 B).
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Table 1 R-square data of correlation among EEG patterns, spatial memory behavior

and brain histology in dexamethasone induced neurodegenerative rats, * p<0.05.

Correlation with SA % R? p- value
Positive neuron *
Brain histology CAl Ul 0.029
Posﬂg;geuron 0.307* 0.009
Posﬂngeneuron 0.270* 0.039
P03|t|vPeCneuron 0.126 0.176
SV 0.550* 0.001
GE’X;’” 0.083 0.277
S 0.389* 0.010
R 0.189 0.002
Delta activity *
EEG activity PC: AW YR 0.004
Thsg" A 0.256 0.065
A'FF’ga,aZt\',‘\;'ty 0.264 0.051
A'Ega_ag\t\',‘\;'ty 0.408* 0.010
Beta activity
EC * SWS 0.203 0.080
Beta activity
PC : SWS 0.008 0.073
REM sleep
Sleep patterns period% 0.233 0.058
Non-slt;t\esvspmdle 0.211 0.073
NO”'S'gssgp'”d'e 0.193 0.241
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Fig. 3.17 Linear regression analysis between (A) spontaneous alteration percentage
(SA%) and delta activity from parietal EEG in awake stage (B) spontaneous alteration
percentage (SA%) and alpha activity from frontal EEG in awake stage. Data were
evaluated form normal rats (control) and dexamethasone treated rats (Dx). Each
correlation was expressed as R-square (R?) and linear equation.
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Fig. 3.18 Linear regression analysis between (A) spontaneous alteration percentage
(SA%) and number of positive neurons in hippocampus area CA1, CA3 and dentate
gyrus (DG) (B) spontaneous alteration percentage (SA%) and number of GFAP-ir
in hippocampus area CAl and dentate gyrus (DG). Data were evaluated form
normal rats (control) and dexamethasone treated rats (Dx). Each correlation was

expressed as R-square (R?) and linear equation.
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3.4 Discussions
3.4.1 Chronic effects of dexamethasone on EEG power.

Some aspects of cerebral functioning can be overviewed and surveyed from
electrical brain activity. Recently, visual electroencephalography (EEG) interpretation
has been applied to understand brain function (Micanovic and Pal, 2013). The present
study demonstrated that, from the analysis of parietal and frontal EEG signal,
dexamethasone increased powers activity of slow wave frequency (delta, theta and
alpha) on day 21 of the treatment. The increase in EEG power implied that
dexamethasone increased the amplitude of electrical field potential. Previously, steroid-
mediated increase in depolarization-induced Ca** influx was evidenced (Sze and Yu,
1995). The high-dose glucocorticoids can induce a rapid prolongation of NMDA
receptor-mediated Ca®* elevation in hippocampal slices (Takahashi et al., 2002).
However, high levels of glucocorticoids (GCs) are possible to produce hyperexcitability
and finally neuronal loss. GCs have also been shown to intensify neuronal damage
through mechanisms that modulate synaptic glutamate concentrations suggests that GC-
induced neuronal death in all these physiological and pathophysiological settings
occurs by apoptosis (Reagan and McEwen, 1997). A relationship between slow-wave
activity in the spectral analysis of EEG and dementia has also been detected in
Alzheimer’s disease (AD) such as the increase in theta activity is a typical finding in
mild AD (Coben et al., 1983; Kwak, 2006). Global cortical dysfunction was also
associated with increased theta activity in the EEG spectra (Helkala et al., 1996).
Significant increase of delta power was observed in later stages of AD (Prichep et al.,
1994). Consistently, EEG changes across physiological aging were found with
increases in EEG power of the slower delta (2-4 Hz) and theta (4-8 Hz) frequency
ranges (Dujardin et al., 1995). The processes of degeneration of neurons in AD led to
disturbances in cholinergic transmission which are cleared in a slower frequency of
alpha cortical rhythm and the presence of slow wave (Ellis, 2005; Soininen and
Riekkinen, Sr., 1992).
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In addition, chronic dexamethasone exposure particularly targeted on slow wave
frequency in the parietal cortex and alpha activity of the frontal EEG in wake stage. In
general, the EEG activity during wakefulness depends considerably on the behavioral
state, electrode location and animal species. On average, cortical EEG during
wakefulness consists of low-voltage, called desynchronized or activated EEG (Lancel,

1993). Wakefulness and EEG desynchronization require excitatory innervation mainly

from the forebrain. Being awake depends on various systems which release glutamate,
acetylcholine (ACh), or the monoamines (serotonin and norepinephrine) in particular.
These are absolutely necessary for the expression of wakefulness (Jones, 2005).
Administering the anti-cholinergic scopolamine and the monoamine depletor reserpine
led to amplitude increases of frequency ranging between 0.5-20 Hz, with the delta
(0.5-4 Hz) and theta (4-8 Hz) bands mainly. However, during SWS, dexamethasone
increased beta power activity from the parietal and frontal cortex. Beta activity reflects
arousal level during sleep and its power is higher in the lighter parts of SWS sleep
(Perlis et al., 2001; Uchida et al., 1992). Beta activity is also elevated in individuals

with primary insomnia and in association with symptoms of stress (Hall et al., 2007).
3.4.2 Chronic effects of dexamethasone on sleep patterns.

The present data demonstrated that dexamethasone decreased percentage of
REM sleep. In general, corticosteroids appear to have direct neural effects as the HPA
axis plays a key role in modulating sleep patterns (Hall et al., 2007). Exogenous GCs
administration reduces REM sleep (Moser et al., 1996). Excess of GCs alters dendritic
morphology of hippocampal neurons (Sapolsky, 1996). Prolonged exposure to
corticosterone accelerates the process of cell loss in the hippocampus of rats and
analysis of size distribution of hippocampal cell bodies shows a loss of certain types of
neurons (Sapolsky et al., 1985). REM sleep has been thought to reflect the
overnight learning by establishing information in the hippocampal and cortical regions
of the brain (Walker et al., 2005). REM sleep is involved in the memory consolidation
process. The mechanism which allows this type of memory consolidation to occur
during REM sleep may be found in the hippocampus, a region of the brain with a well-
established link to declarative memory (Bodizs et al., 2001; Grosmark et al., 2012;
Smith, 1995).


http://www.scholarpedia.org/article/Desynchronization_(computational_neuroscience)
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3.4.3 Chronic effects of dexamethasone on EEG spindles.

Chronic dexamethasone exposure increased numbers of non sleep spindle in
wake stage and slow wave sleep stage. This study used spectral analysis to identify 2
types EEG spindle. First category includes physiological spindles or sleep spindles,
sleep spindles in SWS and sleep spindles during barbiturate anaesthesia or barbiturate
spindles (10-14 Hz) which are recognized as relatively normal events. The second ones
are non-sleep spindles, spindles induced by picrotoxin and naturally occurring spindles
in a rat model of absence epilepsy or absence spindles (6-10 Hz). Non sleep spindle
exhibited higher voltage signals than sleep spindle indicating that more cells are related
in the epileptiform phenomena (Mackenzie et al., 2004). SWS and spindle frequency
activity (SFA) are thought to be generated by a common thalamo-cortical mechanism,
which depends on the degree of hyperpolarization of thalamo-cortical neurons
(McCormick and Bal, 1997; Steriade et al., 1993). In animal models of human
generalized non-convulsive seizures, the seizures are generated in a circuitry involving
both the cerebral cortex and the thalamus. The dysfunction of cortex, a cortical hyper-
excitability, not affected thalamic, but a thalamic hypersynchronisation imposed upon
the cortex (Mackenzie et al., 2010; Steriade et al., 1985; Steriade and Deschenes, 1984).
The thalamic structures have been shown to be generally involved in the generation of
sleep, barbiturate and absence spindles (Coenen and Van Luijtelaar, 1987; Inoue et al.,
1990). In addition, the hippocampal neurons have to oscillate at the frequencies
associated with spindling; these structures generated the theta rhythm with a frequency
of around 7 Hz related to that of spindles (Tesche and Karhu, 2000). Furthermore, the
changes in beta and gamma power associated with some spindles are likely to relate
with the brain states during which the spindling phenomenon occurs (Mackenzie et al.,
2004).
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3.4.3 Chronic effects of dexamethasone on spatial memory behavior.

The spontaneous alternation percentage (SA%) is the score that reflects spatial
memory behavior performance. The Y-maze apparatus were used for evaluation of
spatial working memory behavior. This study showed that long term exposure of
dexamethasone significantly decreased SA% scores compared to control condition.
Rats with impaired spatial memory would be likely to explore the previous arms not the
other arms. The results suggested that glucocorticoid exposure, including endogenous
glucocorticoids associated with stress, decreases memory and learning function and
hippocampal atrophy. An impaired hippocampus could lead to problems in retaining
spatial memory, because hippocampus plays a particularly important role in finding
shortcuts and new routes between familiar places (Alhassan et al., 2009; Heffelfinger
and Newcomer, 2001; Reus and Wolkowitz, 2001).

3.4.5 Chronic effects of dexamethasone on brain histology.

In the present study, histological examination showed that, chronic
administration of dexamethasone resulted in reduced levels of hippocampal pyramidal
cells in the area CA1 and CAS3, dentate granular cell and cortical neurons in the parietal
cortex. In dexamethasone treated rats, the number of positive neurons was decreased.
Moreover, the number of GFAP-ir astrocytes in the area CAl, CA3 and DG of
hippocampus were significantly reduced in the dexamethasone treated rats. Altogether,
dexamethasone treatment appeared to induce neuronal cell death and astrocyte damage
in almost all hippocampal regions studied. This study demonstrated that 21 days of
progressively increasing exposure to stress levels of GCs accelerated
neurodegeneration. In previous studies, evaluated levels or prolonged exposure to high
level of GCs could induce similarly damage to hippocampus and cortical neurons
(Conrad et al., 2007; Haynes et al., 2001; Hibberd et al., 2000; Reagan and McEwen,
1997; Sapolsky et al., 1985b; Woolley et al., 1990).
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Previously, dexamethasone-induced neuronal apoptosis is mediated via a type Il
glucocorticoid receptor-dependent mechanism (Haynes et al., 2001). It has been
hypothesized that GCs could impair energy metabolism by inhibiting glucose transport
(Virgin, Jr. et al., 1991) and elevated levels of glutamate neurotransmitter (Moghaddam
et al., 1994). Overstimulation of glutamate receptors results in excessive calcium influx
and disturbance of the postsynaptic calcium homeostasis leading to production of free
radicals via Ca**-dependent enzyme. Reactive oxygen species or ROS is the cause of
degradation of intracellular components and mitochondrial damage that would lead to
degeneration of cytoskeletal proteins, so oxidative stress contributes to neuronal
damage (Abraham et al., 2001; Sapolsky, 1996). Moreover, GCs could provide to
neuronal damage by diminishing the antioxidant enzyme capacity in the brain that in
turn, make neurons more vulnerable to free radical (Mclntosh and Sapolsky, 1996).
Several studies have shown consistent results indicating that GCs exposure caused
reducing of astrocyte through inhibition of astrocyte proliferation in vivo (Unemura et
al., 2012) and induced reductions in GFAP expression both in terms of RNA or protein
levels, as well as in the number of GFAP positive cells (Claessens et al., 2012; Czeh et
al., 2006; Nichols et al., 1990). In addition, GCs have been reported to affect the
number of GFAP positive astrocytes (Czeh et al., 2006), the differentiation of GFAP
(Bohn et al., 1991) and the production of GFAP in astrocytes (O'Callaghan et al.,
1989). GCs cause astrocytic growth inhibition by inducing exit from the cell cycle and
contribute to the functional remodeling of astrocytes (Yu et al., 2008). In addition,
chronic stress interferes with glial cell metabolism, through glutamatergic mechanisms
(Banasr et al., 2010).
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3.4.6 The Correlations among EEG patterns, spatial memory behavior and brain

histology.

Strong correlations between spatial memory performance and patterns of change
in electrical brain activity or densities of brain cells were established in dexamethasone
induced neurodegenerative rats. These data mean both phenomena are associated with
the decline of cognitive performance. It would be practical to predict cognitive decline
with either EEG biomarkers or degenerations of brain cells. The most important thing is
that EEG recording is a non-invasive technique that would be practical to detect the
early sign of neurodegeneration and its progression, thus, it is possible to detect
biomarkers of neurodegenerative disease in early stage of the disease by EEG

monitoring.
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3.5 Conclusion

In general, consequences of chronic stress can be assessed from brain histology
such as loss of neuronal or glial cells in the brain. These changes clearly impact
patterns of behavior including spatial memory impairment in particular. To evaluate
brain changes during degenerative process in animals, they have to be sacrificed for
histological studies. This type of examination allows to obtain data only once at

selected time point. It is insufficient to monitor brain function in longitudinal study.

The present findings obtained from EEG study suggest the options of how to
follow the changes of brain oscillation from the beginning before and during the
induction of neurodegeneration. The most interesting point is that unique patterns of
electrical brain activity are detected in each brain stage. EEG records can be used for
sleep pattern analysis to check the occurrence of non-sleep spindle density that would
reflect some levels of brain degeneration. Taken together, these obvious parameters
needed for evaluation can be analyzed in EEG study.

The translation of this into a routine test for neurodegenerative diseases in the
clinic is possible. The technique is nonexpensive and non-invasive. So, it is practical to
monitor brain oscillation in longitudinal studies. The ideal research should better start
with control subjects with intact physical and cognitive performances. In animal
studies, it is possible to record spontaneous electrical brain activity before the induction
of neurodegeneration. Therefore, regular record can be performed during a period of

neurodegenerative induction in order to capture gradual changes.
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4.1  Experimental protocol

The animals were randomly divided into 2 groups, with 6 rats in each group. In
group | or control group, rats were treated with 0.9% saline (i.c.v.) once daily. In group
Il or treated group, rats were treated with kainic acid 1 nmol/pl (i.c.v.) also once daily.
After a full recovery period of 14 days, animals were habituated with recording
chamber and EEG recording system simultaneously for 3 days. On the testing day or
baseline day, the process was setup similarly to that of the habituation days but EEG
recording instrument was turned on to record electrical signal. EEG recording was
carried on for 2 hrs. After 1 hr of recording, rats were given 0.9% saline and kainic acid
for control and treated group, respectively. On day 7 of treatment, rats were used for
EEG recording, tested for spatial memory behavior with Y-maze apparatus and

sacrificed for brain collection for histological study (Fig. 4.1).

14 Days 3 Days 7 Days
Recovery Habituation Testing
I I EEG Recording 2 hrs
Surgery 7 Consecutive days
v
2hrs | 1hr |
EEG Recording | l
Y-maze Test
v Sacrificed
2 hrs | 1hr I
EEG Recording | i
KA injection

Fig. 4.1 Schematic diagram of protocol for examination of kainic acid induced
neurodegeneration.
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4.2  Data analysis

4.2.1 For EEG analysis, powers of parietal EEG during baseline and post-treatment
were calculated. All data were normalized with values obtained from the start of the
experiment to express as % baseline. Values of post-treatment were calculated as
percent change of baseline. All data were averaged and expressed as mean + S.E.M.
Effects of treatment were determined by using t-test and statistical significance was

considered at p <0.05

4.2.2 In Y-maze test, spontaneous alternation percentage (SA%) and total entries were
averaged and expressed as mean + S.E.M. Effects of treatment were determined by
using t-test and statistical significance was considered at p <0.05

4.2.3 Number of neurons in the hippocampus and parietal cortex were shown in
positive neurons/mm2 and number of GFAP-ir astrocytes in GFAP-ir/mm2. All data
were averaged and expressed as mean + S.E.M. Effects of treatment were determined

by using t-test and statistical significance was considered at p <0.05

4.2.4 The relationship among EEG patterns, spatial memory behavior and brain
structure were performed in regression analysis and data were expressed as R-square.

The significant correlation was considered at p <0.05.
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4.3  Results
4.3.1. Acute effects of kainic acid on EEG powers.

EEG powers of animals were analyzed on day 7 after kainic acid (i.c.v.)
injection. EEG power spectrum was expressed in 5 frequency bands: delta, theta, alpha,
beta and gamma. First, continuous signals were analyzed without selection of specific
brain state. T-test performance revealed that kainic acid treatment significantly
increased powers of delta band (KA=215.91+46.80 and control=106.02+9.62, p=0.044)
and decreased that of theta (KA=55.81+18.98 and control=106.93+8.35, p=0.033),
alpha (KA=79.58+10.22 and control=107.76+6.98, p=0.046), beta (KA=70.41%9.15
and control=96.41+4.45, p=-0.029) and gamma KA=66.00+15.98 and
control=106.83+5.45, p=0.036) bands (Fig. 4.2).

Therefore, EEG power of awake state (AW) and slow wave sleep stages (SWS)
were separately analyzed. Signals of each stage (first 5 min recording of the first
appearance of each state) were collected. The results showed that slow frequency range
appeared to be sensitive to kainic acid both during awake and slow wave sleep periods
(Fig. 4.3). Therefore statistical analysis indicated that kainic acid significantly increased
delta activity (KA=213.77+£40.34 and control=104.95+24.32, p=0.043) and decreased
theta activity (KA=61.06x£17.51and control=107.75+11.39, p=0.049) during awake
period. During slow wave sleep, the increase in delta power is the only significant
change (KA=162.75+10.22 and control=92.40£10.55, p=0.033) (Fig. 4.4). Taken
together, acute administration of kainic acid specifically affected delta and theta

activity mainly during awake stage and only delta activity in SWS stage.
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Fig. 4.2 Effects of kainic acid on EEG power activity. Parietal EEG powers from Kkainic
acid induced neurodegenerative group (KA) are shown in comparison to control data.
Baseline activities were evaluated for 2 hrs. on first day recording before drug
administration. After the administration of KA, EEG was recorded for 2 hrs. in each
day. Data analysis was classified base on 5 frequency bands: delta, theta, alpha, beta
and gamma. Data are expressed as mean + S.E.M. of power density (% baseline).
Effects of treatment were determined by using t-test, p<0.05 compare with control

group.
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Fig. 4.3 Effects of kainic acid induced neurodegeneration on (A) delta, (B) theta, (C)

beta, (D) alpha and (E) gamma power activity. Power activity from parietal EEG on

day 7" after treated with kainic acid in induced neurodegenerative group (KA) and

normal saline in control group. EEG analysis were separated into 2 stages: awake stage

and slow wave sleep stage (SWS) (continuous 5 minutes). Data are expressed as mean

+ S.E.M. of power density (%baseline).

Hz
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Fig. 4.4 Histogram shows mean of %baseline of power density in each band wave
(delta, theta, alpha, beta and gamma) of awake stage and SWS stage. Data were
evaluated from right parietal EEG. Data are expressed as mean + S.E.M. of power
density (%baseline). Effects of treatment were determined by using t-test, *p<0.05
compared with control data.
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4.3.2. Acute effects of kainic acid on sleep patterns.

Hypnograms provide means to display a visual image of basic sleep-wake
cycles (Fig. 4.5A). In this study, 2 parameters of sleep were particularly analyzed which
included sleep latency and percentage of awake stage (AW), slow wave sleep stage
(SWS) and rapid eyes movement sleep stage (REM) during 2-hr period recording (Fig.
4.5 B). The results showed that kainic acid exposure significantly decreased percentage
of AW and REM stage and increased percentage of SWS stage; AW (KA=11.88+6.67
and control=29.56+3.49, p=0.039), REM (KA=1.49£1.67 and control=7.53+2.12,
p=0.049) and SWS (KA=86.63+9.08 and control=62.91+4.89, p=0.044). The analysis
of sleep latency show that kainic acid exposure significantly decreased latent period
(KA=5.83+3.21 and control=38.91+13.24, p=0.036). Altogether, kainic acid exposure
led to reduction of time spent on desynchronization but increase synchronization of
brain wave. The enhancement of slow wave sleep was also observed in shortening of

time spent before entering the first episode of sleep.
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Fig. 4.5 (A) Hypnograms of example data from representative rat and provide a visual
impression of sleep-wake period over 2 hrs. of EEG recording from normal rat and
kainic acid induced neurodegenerative rats from day 7th after treatment. (B) Effect of
kainic acid induced neurodegeneration on sleep period and sleep latency. Percentage of
sleep period and sleep latency from EEG recording 2 hrs. on day 7 after treatment with
kainic acid in induced neurodegenerative group (KA) and normal saline in control
group. Mental stages were divided into 3 stages: awake stage (AW), slow wave sleep
stage (SWS) and rapid eye movement sleep stage (REM). Data are expressed as mean +
S.E.M. of sleep period (%) and sleep latency (minutes). Effects of treatment were
determined by using t-test, p<0.05.
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4.3.3. Effects of kainic acid on spatial memory behavior.

Locomotors activities of kainic acid injected rats was significantly decreased,
compared to that of normal rats (KA = 1.14+0.43 and control = 9.43+0.84, p<0.001)
(Fig. 4.6). The number of entries of kainic acid group was lower than the criteria (more
than 7 times in 5 min.) for Y-maze test. Therefore, Y-maze test showed that
spontaneous alternation percentage (SA %) of the control rats was 84.49+9.94 while

that of kainic acid injected rats not evaluated.
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Fig. 4.6 Effects of kainic acid induced neurodegeneration on spatial memory behavior.
Spatial memory behavior was measured on day 7 after treated with kainic acid in
induced neurodegenerative group (KA) and normal saline in control group with Y-maze
apparatus. Data analysis in terms of number of entries and spontaneous alteration
percentage (SA%). Data are expressed as mean + S.E.M. Effects of treatment were

determined by using t-test, p<0.05.



83

4.3.4. Acute effects of kainic acid on brain structure.

The neurons were identified in selected areas of the hippocampus: CA1, CA2,
CA3 and dentate gyrus (DG) (Fig. 4.7) and parietal cortex (PC). The results showed
that density of neurons appeared to reduce in CA1 (Fig. 4.8 A), CA2 (Fig. 4.8 B), CA3
(Fig. 4.8 C) and DG (Fig. 4.8 D) and not changed in parietal cortex (Fig. 4.9).
Statistical analysis revealed that number of neurons in CAl, CA3 and DG of
hippocampus were significantly reduced in the kainic acid group (338.78+91.20
cell/mm2, 705.61+80.30 cell/mm?®, 507.05+138.57 cell/mm* and 1,107.69+144.87
cell/mm?, respectively) compared to those of control group (1,103.93+122.02 cell/mm?,
1,056.82+66.01 cell/mm? 1,295.02+92.98 cell/mm? and 1,703.18+139.30 cell/mm?,
respectively) (p < 0.05) (Fig. 4.10).

GFAP-ir astrocytes were also counted in these brain areas (Fig. 4.11 to 4.12).

However, no significant change was found (Fig. 4.13).

5_
L~

Control
‘Control

Fig. 4.7 Micrographs of a coronal section of hippocampus showing CA1 (1), CA2 (2),
CA3 (3) and dentate gyrus (DG) (4) of control and kainic acid (KA), Bar= 40 um.
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Fig. 4.8 Micrographs of (A) CAl, (B) CA2, (C) CA3 and (D) DG in hippocampus
magnified from the framed area in figure 4.7 showing the cresyl violet positive neurons
(arrows) in different treatment groups, Bar= 400 pm.
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Control KA

Fig. 4.9 Micrographs of cresyl violet positive neurons (arrows) in the parietal cortex in

different treatment groups, Bar= 400 pm.
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Fig. 4.10 Acute effects of kainic acid induced neurodegeneration on hippocampal and
cortical neurons. The number of positive neurons in the CAl, CA2, CA3 and dentate
gyrus (DG) of hippocampus and parietal cortex (PC) were measured on day 7 after
treated with kainic acid in induced neurodegenerative group (KA) and normal saline in
control group with nissl staining method. Data are expressed as mean + S.E.M. Effects
of treatment were determined by using t-test, *p<0.05, **p<0.01, ***p<0.001 compare

with control group.
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Control

Control

Control

Fig. 4.11 Micrographs of GFAP-ir astrocytes (arrows) in (A) CA1, (B) CA2, (C) CA3
and (D) DG in hippocampus in different treatment groups, Bar= 400 pm.

Control

Fig. 4.12 Micrographs of GFAP-ir astrocytes (arrows) in parietal cortex in different

treatment groups, Bar= 400 pm.
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Fig. 4.13 Acute effects of kainic acid induced neurodegeneration on hippocampal and
cortical astrocyes. The GFAP-ir density in the CAl, CA2, CA3 and dentate gyrus (DG)
of hippocampus and parietal cortex (PC) were measured on day 7 after treated with
kainic acid in induced neurodegenerative group (KA) and normal saline in control
group with GFAP immunofluorescence staining method. Data are expressed as mean *
S.E.M. Effects of treatment were determined by using t-test,* p<0.05 compare with

control group.
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4.3.5 The Correlations among EEG patterns, spatial memory behavior and brain

structures in kainic acid induced neurodegenerative rats

To have an overview of kainic acid effects on neurodegeneration, correlations
between score of spatial memory behavior and factors of brain histology or electrical
brain activity were evaluated by using linear regression analysis. However, numbers of
entries were used instead of SA% as Y-maze test was not performed due to minimal
movement of animals produced by kainic acid. The data were shown in R-square score
and considered statistically significant at p<0.05. From the previous data, EEG patterns,
spatial memory behavior and brain histology exhibit significant change of 12 factors
and all of factors were evaluated the correlation. Among EEG frequencies, Delta
activity during awake period was found to have significant correlation with number of
entries (Table 2). When analyzed in terms of time spent in each specific brain state,
significant correlations with number of entries were observed for total awake and SWS
percentages but not that of REM. Sleep latency also exhibited strong correlation with
number of entries. The regression also revealed strong correlations between numbers of
entries and density of neurons in the areas CAl and DG but not CA2 and CA3. The
correlations are particularly shown with R-square values for Delta activity (Fig. 4.14)

brain state parameters (Fig. 4.15) and densities of neuronal cells (Fig. 4.16).
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Table 2 R-square data of correlation among EEG patterns, spatial memory behavior

and brain histology in kainic acid induced neurodegenerative rats, * p<0.05.

Correlation with Number of entries R? p-value

Brain histology POSItIg:,eAqeuron 0.529* 0.007
Positig:;geuron 0.117 0.276

Positi(\éi\r;euron 0.316 0.057

Positi\ga Gneuron 0.463* 0.015

EEG activity DeltZEwIVIty By 0.033

Thet%\‘NaiVity 0.300 0.059

De'tg\‘;‘\fg"“y 0.259 0.063

Sleep patterns pe'rbi\z\é% U 0.005
peSr\i/c\)/c?% 0.599* 0.003

p;:zolgl% 0.220 0.123

Li:gﬁgy 0.409* 0.025
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Fig. 4.14 Linear regression analysis between number of entries and delta activity from

parietal EEG in awake stage, data were evaluated form normal rats (control) and kainic

acid treated rats (KA). Each correlation was expressed as R-square (R®) and linear

equation.
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Fig. 4.15 Linear regression analysis between number of entries and sleep index; sleep

latency, awake period percentage and slow wave sleep period (SWS) percentage. Data

were evaluated form normal rats (control) and kainic acid treated rats (KA). Each

correlation was expressed as R-square (R?) and linear equation.
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Fig. 4.16 Linear regression analysis between number of entries and positive neurons in
hippocampus CA1 and dentate gyrus (DG) area, data were evaluated from normal rats
(control) and kainic acid treated rats (KA). Each correlation was expressed as R-square

(R?) and linear equation.
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4.4 Discussions
4.4.1 Effects of kainic acid on EEG power.

Kainic acid (KA) was commonly used to induce neurodegenertion in epilepsy
model of previous studies. Activation of postsynaptic kainate receptors by kainic acid
generates an excitatory postsynaptic current that leads to the cumulative depolarization
of the postsynaptic membrane. The over activation of kainate receptors by kainic acid
leads to excessive calcium ion influx inside the neuronal cell resulting in neuronal
damage defined excitotoxicity (Routbort et al., 1999). Kainate receptors are involved in
KA-induced neuronal damage in several cell types in cortical and hippocampal neurons
by changing intracellular calcium concentration (Verdaguer et al., 2002). The result of
over activation is neuronal loss especially in the hippocampus (Kim et al., 2011). In this
study, the resting EEG of kainic acid-induced rats showed an increase of delta activity
in awake and slow wave sleep stage, compared to that of control animals. This may be
linked with mechanisms involved in epilepsy-associated tissue damage. Alteration of
delta activity have been described as a consequence of numerous cerebral pathology of
brain damage and the increase in delta activity is concurrent with underlying
development of brain lesion (Carpentier et al., 2001). In addition, the analysis of
parietal EEG showed that kainic acid significantly decreased theta oscillation in awake
stage. The hippocampus generates some of the largest EEG signals of any brain
structure and the EEG signal is dominated by regular waves at 4-10 Hz. This EEG
pattern is known as the hippocampal theta rhythm (Grunwald et al., 2007). Thus, the
reduction of hippocampal neurons may interfere on theta activity. Moreover, the EEG
signal analysis in rats shows that hippocampal theta appears when a rat is engaged in
active motor behavior such as walking or exploratory sniffing, and also during REM

sleep (Vyazovskiy and Tobler, 2005).


http://en.wikipedia.org/wiki/Rapid_eye_movement_sleep
http://en.wikipedia.org/wiki/Rapid_eye_movement_sleep
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4.4.2. Effects of kainic acid on sleep patterns.

In dementia, the sleep disruptions (e.g., increased number of nighttime
awakenings after falling asleep, lower sleep efficiency, increased daytime napping,
changes in the amount of rapid eye movement (REM) and non-rapid eye movement
(NREM) sleep increase as the dementia progresses in severity (Cole and Richards,
2006; Jan et al., 2010). In this study, kainic acid exposure decreased percentages REM
sleep. In general, the reduction of REM sleep related with the decrease of neurons in
the locus coeruleus and in cingulate cortex and hippocampus. The decreases in cell
proliferation or neuronal dysfunction are related to a reduction in REM sleep, whereas a
reduction in the number of cells that subsequently develop into adult neurons may be
related to a reduction of REM sleep (Lu et al., 2000; Meerlo et al., 2009). In addition,
kainic acid treated rats showed the increase of slow wave sleep period (SWS), the
decrease of awake period (AW) and latent period. The period of SWS, AW and sleep
latency are related. The present data demonstrated that kainic acid treated rat exhibited
the increase of delta power activity. The increase of delta activity is related with stage 3
of NREM sleep or SWS (Darchia et al., 2007). Synchronization of the EEG during
SWS depends on thalamic as well as intrinsic cortical oscillators and the firing rate of
cortical neurons has generally been reported to be reduced during NREM relative to
wakefulness and REM. On the other hand, low activity of these neurons either neuronal
loss or dysfunction would in a retain brain stage mostly in SWS not switch over to
wakefulness and REM (Binder et al., 2014; Morairty et al., 2013).


http://en.wikipedia.org/wiki/NREM
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4.4.3. Effects of kainic acid on spatial memory behavior.

Numbers of entries to each arm of Y-maze apparatus refer to the exploration
and locomotor activity. The exploration performance, depend on locomotor activity, is
the first parameter used to evaluate spatial memory behavior. In the results of this
study, 7-day i.c.v. injection of kainic acid (KA) was found to decrease number of
entries. The major target of KA is hippocampal neurons which exhibit high density of
glutamate receptor (Chen et al., 2004). Hippocampus is necessary for the display of
normal exploratory movements. The absence of exploration in hippocampal lesion rats
was discussed in relation to severe hippocampal dysfunction (Clark et al., 2005). In
addition, the previous study reported that intrahippocampal administration of KA
significantly impaired locomotor activity and memory performance (Kumar et al.,
2011). However, the first day after kainic acid injection, rats exhibited the seizure-like
activity such as increase signs of aggression and high locomotor activity. KA, as a
nondegradable analog of glutamate, is 30-fold more potent in neurotoxicity than
glutamate as it binds and stimulate kainate receptor with a very long period (Wang et
al., 2005; Wolter et al., 2014). The rats repeated the experience of seizures by strongly
administration with KA in a dose sufficient to trigger a seizure-related brain damage.
The severity of seizures is a major cause of severity in neuronal damage and neuronal
loss through extreme excitotoxicity. The strongly neurodegenerative induction have an

effect on abnormal locomotor performance.
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4.4.4. Effects of kainic acid on brain histology.

The densities of neuron were reduced in CAl, CA2, CA3 and DG of the
hippocampus. KA administered in rats through systemic or i.c.v. routes has long been
known to produce hippocampal neuronal loss (Bardgett et al., 1995; Montgomery et al.,
1999). It has been shown to increase production of reactive oxygen species,
mitochondrial dysfunction, and apoptosis in neurons in many regions of the brain,
particularly in the hippocampal subregions of CA1 and CA3, and in the hilus of dentate
gyrus (DG) (Wang et al., 2005). Moreover, activation of kinate receptor by KA has
been shown to elicit a number of cellular events, including the increase in intracellular
Ca®*, production of ROS, and other biochemical events leading to neuronal cell death

or excitotoxicity induce cell death (Sun et al., 1992).

4.3.5 The correlations among EEG patterns, spatial memory behavior and brain

histology.

Within the model of kainic acid-induced neurodegeneration, the relationship
between increase of delta power activity and the change of sleep pattern is sensible.
Delta power activity particularly maintains the brain activity in slow wave sleep (SWS).
Thus, the increase of delta power activity is directly related with increase of SWS
period percentage. In addition, theta power activity is a predominant oscillation in rapid
eye movement (REM) sleep, so that the reduction of theta signal correlates with the loss
of REM period. Thus, the increase of SWS period rightfully correlates with the
decrease of awake period and sleep latency. The reduction of number of entries
correlated with the increase of delta power activity which promote the brain stage
maintain in SWS, indicating that rats are in non-active brain stage and showed the low

exploration and locomotor behavior.
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4.5 Conclusion

Basically, the intracerebroventricular injection of kainic acid to induce
neurodegeneration has been extensively used for epilepsy induction. In this study, even
higher concentration of kainic acid than that for epilepsy study was used in order to
ensure brain damage through excitotoxicity. In particular, the impact was rather direct
to the hippocampus through glutamate receptors which were present in relatively high
density on hippocampal neurons. The present data were consistent to previous reports
in that loss of hippocampal neurons was dramatically obvious. Moreover, these
histological findings were positively correlated to behavioral results. Animal’s
locomotor activity and exploratory behaviors were severely affected. They are essential

components of learning and memory processes.

The analysis of electrical brain wave highlighted that hippocampus-specific
frequency range which is theta band wave was clearly reduced. This is specific to
kainic acid treatment whereas other types of induction usually increase slow wave

activity following degeneration of many types of neurons in the brain.

It means that the method used in this study had the hippocampus as a major target.
Brain wave oscillations obtained from rats treated with kainic acid were likely to reflect
changes related to hippocampal damage. Thus, these specific brains oscillatory might

be recognized as EEG biomarkers of neurodegeneration.
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5.1 Experimental protocol

Animals were randomly divided into 2 groups, with 6-8 rats in each group. The
control group was normal rats (3-4 months old) without any drug treatment. The aging
group had aging rats (21-22 months old) also without any drug treatment. At some
points, data of these two groups were compared to that of chronic dexamethasone (Dx)
and kainic acid (KA) induced neurodegeneration group previously described.

In Aging group, rats were implanted with electrodes for EEG recording. After
recovery period, they were habituated with recording chamber and EEG recording
system for 3 days before recording. EEG recording was performed for 2 hrs. on the last
testing day. After 18 months, rat’s EEG was recorded and they were tested for spatial
memory behavior with Y-maze apparatus (Fig 5.1).

14 Days 3 Days 18 Months 3 Days
Recovery Habituation | Habituation
Surgery v v
EEG Recording 2 hrs | 1hr |
2 hrs EEG Recording |

Y-maze Test

Fig. 5.1 Schematic diagram of protocol for examination of the effect of aging on

neurodegenration.
5.2 Data analysis

For EEG analysis, powers of frontal and parietal EEG of control and aging rats
were calculated and converted into percentages of total power of each power band for
individual rat. Therefore, all data in each group were averaged and expressed as mean +
S.E.M. Differences between groups were considered using one-way ANOVA, followed

by Student-Newman-Keuls method and p <0.05 was considered statistically significant.
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5.3 Results

5.3.1 The comparisons among EEG powers of dexamethasone induced rats, kainic
acid induced rats and aging rats

The electrical brain oscillations were analyzed EEG powers from 2 hrs
recording. EEG power spectrum was expressed in 5 frequency bands. One-way
ANOVA of frontal EEG power revealed significant difference among control, aging
and Dx group in delta frequency [F(21,2)=11.015, p<0.001] (Fig. 5.2). Parietal EEG
analysis revealed significant differences in delta frequency [F(27,3)=24.044, p<0.001]
with the specific comparison between control and KA groups and also in theta
frequency [F(27,3)=19.276, p<0.001] with the specific comparison among control, Dx
and KA groups (Fig. 5.3).

The EEG powers of awake state (AW) and slow wave sleep stage (SWS) was
separately analyzed. Each stage was selected for 5-min continuous recording when they
first appeared. From frontal EEG analysis, significant difference was found only in
Delta frequency for both awake stage and slow wave sleep stage in aging
AW=[F(21,2)=4.120, p=0.033]and SWS=[F(21,2)=4.271, p=0.029] (Fig. 5.4).

Parietal EEG analysis confirmed only significant changes in KA group on
comparison to control group for both awake and SWS stages. During both stages, KA
was found to elevate Delta AW=[F(27,3)=4.938, p=0.008] but suppress Theta power
AW=[F(27,3)=4.076, p=0.018] and SWS=[F(27,3)=4.497, p=0.012]. No significant
change was detected in aging and Dx groups (Fig. 5.5).
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Fig. 5.2 Frontal EEG powers are shown in percentage of total power and comparison
with control group. The power activities were evaluated from 2 hrs. Data analysis was
classified base on 5 frequency bands: delta, theta, alpha, beta and gamma. Data are
expressed as mean = S.E.M. and differences between groups were considered using
one-way ANOVA, followed by Student-Newman-Keuls method, *p<0.05 and

***p<0.001 compare with control group.
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Fig. 5.3 Parietal EEG powers are shown in percentage of total power and comparison
with control group. The power activities were evaluated from 2 hrs. Data analysis was
classified base on 5 frequency bands: delta, theta, alpha, beta and gamma. Data are
expressed as mean + S.E.M. and differences between groups were considered using
one-way ANOVA, followed by Student-Newman-Keuls method, **p<0.01 and

***n<0.001 compare with control group.
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Fig. 5.4 Histogram shows mean of total power percentage in each band wave (delta,
theta, alpha, beta and gamma) of awake (AW) stage and slow wave sleep (SWS) stage,
the data were evaluated from frontal EEG. Data are expressed as mean + S.E.M. and
differences between groups were considered using one-way ANOVA, followed by

Student-Newman-Keuls method, *p<0.05 compare with control group.
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Fig. 5.5 Histogram shows mean of total power percentage in each band wave (delta,
theta, alpha, beta and gamma) of awake (AW) stage and slow wave sleep (SWS) stage,
the data were evaluated from parietal EEG. Data are expressed as mean = S.E.M. and
differences between groups were considered using one-way ANOVA, followed by
Student-Newman-Keuls method, *p<0.05 and **p<0.01 compare with control group.
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5.3.2 Comparisons among sleep patterns of dexamethasone induced rats, kainic

acid induced rats and aging rats

Two parameters of sleep were particularly analyzed which included sleep
latency and percentage of each brain stages during 2-hr period recording. It was found
that kainic acid significantly reduced sleep latency when compared to the control values
(control=38.91+£13.24 and KA=5.83%+3.21, p=0.036) (Fig. 5.6 A). No change was
observed in aging and Dx groups. When each stage was separately analyzed, kainic
acid significantly increased percentage of SWS stage (control=62.91+4.89 and
KA=86.63£9.08, p=0.044) and decreased percentage REM sleep stage
(control=6.42+0.59 and Dx=1.22+2.04, p=0.005). Altogether, aging had no effect on
percentage of sleep period in all brain stages (Fig. 5.6 B).
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Fig. 5.6 The effects of neurodegeneration models on sleep patterns. Data were analyzed
in terms of (A) sleep latency (B) percentage of sleep period. Data are expressed as
mean £ S.E.M. and differences between control group and treated group in each model
were determined by using t-test, p <0.05 and differences between groups of all model
were considered using one-way ANOVA, followed by Student-Newman-Keuls

method,*p<0.05 compare with control group.
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5.3.3 Comparisons of EEG spindles between dexamethasone induced rats and

aging rats

Two main types of spindles were characterized. They are sleep spindles and non
sleep spindles described previously. The numbers of EEG spindles were evaluated from
2-hr period of EEG recording. Aging and Dx groups did not show any significant
difference for both spindle types. Significant changes were found when dexamethasone
increased number of non sleep spindle in awake stage [F(21,2)=4.312, p=0.029] and
slow wave sleep stage [F(21,2)=9.728, p=0.001] (Fig. 5.7).
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Sleep sp

Fig. 5.7 Comparisons of spindles from 2 different neurodegeneration models and
control group. Numbers of EEG spindles were counted from 2-hour EEG recording.
EEG spindles were divided into 2 types from EEG spectrogram, non sleep spindle (6-
10 Hz) and sleep spindle (10-14 Hz). Non sleep spindle analysis were separated into 2
stage, awake stage (AW) and slow wave sleep stage (SWS). Data are expressed as
mean + S.E.M. and differences between groups were considered using one-way
ANOVA, followed by Student-Newman-Keuls method,*p<0.05 and **p<0.01 compare

with control group.
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5.3.4 Comparisons among spatial memory behaviors of dexamethasone induced

rats, kainic acid induced rats and aging rats

Spatial memory behavior were evaluated from number of entries of a rat
through each arm of Y-maze. The analysis of number of entries revealed significant
decrease induced by kainic acid [F(27,3)=14.177, p<0.001] (Fig. 5.8 A). However, Y-
maze test showed significant reduction in SA% in aging and Dx groups [F(21,2)=4.125,
p=0.033] while that of kainic acid group was not evaluated due to insufficient

movement of animals (Fig. 5.8 B).
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Fig. 5.8 The effects of neurodegeneration models on spatial memory behavior. Data
were analyzed in terms of (A) number of entries and (B) spontaneous alteration
percentage or SA%, data are expressed as mean + S.E.M. and differences between
groups were considered using one-way ANOVA, followed by Student-Newman-Keuls

method, *p<0.05 and ***p<0.001 compare with control group.
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5.4 Discussion

The percentage of total power demonstrates the proportion of power in each
band wave compared with total power. The percentage of total power in delta band
from frontal EEG was decreased in aging rats. When EEG during awake state (AW)
and slow wave sleep stage (SWS) were analyzed separately, frontal delta power was
found to be decreased both during awake stage and SWS stage of aging rats.
Previously, EEG delta activity was commonly declined in the older group (Munch et
al., 2004). Besides the absolute amplitude and absolute power of delta band were lower
in aging human (aged 60 and over) than in young human (aged 20-39 years)
(Hartikainen et al., 1992).

Aging is often accompanied by learning and memory problems, many of which
resemble deficits associated with hippocampal damage (Driscoll et al., 2003). Age-
related structural alterations in the hippocampus have been identified with diverse
methods and the hippocampal formation especially vulnerable to the effects of aging.
Obviously, rodents with hippocampal damage have striking impairments in learning
and remembering spatial information (Morris et al., 1982).

In summary, spontaneous aging were found to have similar changes to that of
neurodegeneration. In particular, the hippocampus was found to have neuronal loss that
might affect behavior and finally cognitive performance. However, from the present
study, electrical brain oscillation in aging animals was unique from that induced by
chronic stress and excitotoxicity. This indicates that, with the use of EEG technique, the
analysis of brain histology and function is critical to obtain essential details much better
than any other techniques. At least, it was precise enough to distinguish electrical
patterns of 3 different models. The approach to studying changes in brain oscillation,
EEG technique is utilized to improve the test’s ability to distinguish specific character

of brain changes among different models of neurodegeneration.
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5.5 Conclusion

Aging is one of critical factors that affect efficiency of the central nervous system.
Neurodegeneration is commonly found in aging. However, levels of severity are
dependent on individual conditions such as complicate health problems or brain
damage from other pathologies. Previous studies have reported great consistency of
hippocampal neuronal loss that contributes to dementia in aging. In terms of histology,
brain change in aging might be viewed as same as found in other types of

neurodegeneration.

However, in this study, the analysis of control and aging EEG signals clearly
showed unique patterns of aging electrical brain wave in comparison to
neurodegeneration induced in chronic stress and acute excitotoxicity. This particularly
highlighted the advantage of EEG study that can distinguish specific patterns of
neurodeneration among different methods. The details of these findings are relatively
impractical to obtain from histological or behavioral studies.
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GENERAL CONCLUSION

Ultimately, ideal strategy is to develop a new test that predicts
neurodegeneration with high accuracy. It is critical to identify people who might be at
risk. When people reach a stage of dementia, most of treatments seem to be ineffective.
The main reason is that they are considered to be too far advanced in their diseases to
be helped. Thus, detecting the early signs and giving early intervention before the brain

is severely damaged could perhaps slow or stop the progress of the neurodegeneration.

From findings of this study, it can be clearly concluded that pattern of electrical
brain wave, learning and memory behavior and brain histology of rats with induced
neurodegeneration were significantly correlated. The data gave better understanding of
prognosis of neurodegeneration. In particular, the analysis of specific EEG pattern gave

biomarkers that predict histological change and learning behavioral dysfunction.

One of the advantages of EEG study for neurodegenerative research is that brain
oscillation can be detected and monitored early enough in comparison to behavioral
observation or loss of motor skills. This technique is sensitive to detect changes in
electrical brain activity when pathology starts and well before loss of brain cells. It is
also practical to track the progression of the diseases. This would allow preventing and
help design for treatment strategy. In addition, treatment is likely to have the best
outcome when the diseases are not too advanced and the brain damage is not severe. In
general, neurodegeneration is detected when afflicted people are at the stage of
dementia. No sufficient satisfaction has been made. It is unlikely that there would be
effective medication for the diseases when neuronal loss already proceeds. So far, the
development of a new test with high ability to identify those at risk is critical. It would
be able for population screening and long-term preventive treatment. Ultimately, EEG
technique is suitable for the application to address neurodegeneration.
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APPENDIX



Table 1 R-square data of correlation among EEG patterns, leaning & memory behavior and brain structures in dexamethasone induced

neurodegenerative rats. Grey box represent significant correlation, p<0.05.




Table 2 R-square data of correlation among EEG patterns, leaning & memory behavior and brain structures in kainic acid induced

neurodegenerative rats. Grey box represent significant correlation, p<0.05.
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Electroencephalogram (EEG) pattern represents the electric activity of brain cells. Its
recordings have helped clinicians for decades to diagnose specific diseases of the central
nervous system. The present study characterized behaviors and EEG patterns after injection
with kainic acid (KA) in rats. Male Wistar rats (300-350g, n=6) were anesthetized with 60
mg/kg Zoletil® 100 (i.m.). Assessment of depth anesthetic was evaluated by gentle toe pinch
withdrawal reflex. During the surgery, the depth of anesthetic was also evaluated periodically
and additional anesthetic was injected to animal that was found with any reaction of too light
anesthesia. Then rats were implanted stainless steel screw electrodes on both sides of the
parietal cortices (AP; -4, ML; 4) for EEG recording and a cannula for KA injection into right
dorsal hippocampus (AP; -4.2, ML; 3.6, DV; 3.8). Rats were sacrificed by thiopental sodium
overdose injection. Results showed that the injection of KA (1 nmol/pl) 1 ul into hippocampus
(continuously 7 days) induced hyperactivity of hippocampal neurons via kainate receptor. KA
administration did not induce neither increase in explorative behavior nor change in learning
and memory behavior, observed in Y-maze test (5min.). EEG signals of individual rats were
recorded for 2-h period through connection of recording cables. EEG signals were digitized at
400 Hz by a PowerLab/4SP system (AD Instruments) with 12-bit A/D, and stored in a PC
through the Chart program software. The EEG signals were processed through 1.25 — 45 Hz
band pass filter. The digitized EEG data were segmented into 1024-point (50% overlap) and the
signals were converted to power spectra by the fast Fourier transform algorithm (Hanning
window cosine transform). Intrahippocampal injection of KA induced paroxysmal discharges in
the ipsilateral EEG. This abnormality of brain wave of frequent spikes occurred either in
isolated or short bursts. Saline injection did not induce any change in EEG patterns. EEG
spectral power analysis revealed the ipsilateral increase in power density (uV2/Hz) of slow
wave activity (0.125-5 Hz, 18.55%) and decrease in power density of fast wave activity (23-45
Hz, 6.97%) compared to pretreatment levels (p<0.05,compared by T-test). The 7th day after
injection (last day) rats with KA administration showed only the decrease in theta activity (4-7
Hz, 5.32%). No similar finding was observed contralaterally. This study demonstrated cortical
EEG characteristics following activation of hippocampal neurons via glutamate receptor. The
data suggest that EEG study is sufficiently accurate to identify brain site and time dependent
effects of neurodegenerative induction.
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