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Summary 

Alzheimer’s disease (AD) is a major leading cause of deaths worldwide with underlying 

conditions of dementia and cognitive decline mostly in older age patients (≥ 65 years). 

Currently, there are approximately 50 million people worldwide suffering from dementia, and 

the prevalence is likely to increase up to 130 million in 2050 with 60-70% of cases due to AD.  

There is no medication available for AD, which can cure the disease or stop its progression. 

Electrophysiological biomarkers, most importantly the electroencephalographic (EEG) 

fingerprints, are very important tools to detect not only the incidence of dementia but also 

characterize the progression of the disease in later life, better than other diagnostic markers. 

The present study was designed to investigate the hippocampal (CA1) and cortical (M1) 

seizures activity and EEG frequency characteristics by a Fast Fourier Transform (FFT) based 

approach using implantable video EEG radiotelemetry in Cav3.2-/- and APPswePS1dE9 mice 

under unrestrained conditions. In the first part of my studies, I investigated the role of Cav3.2 

Ca2+ channels in CA1 oscillatory patterns, particularly in theta genesis. FFT based analysis of 

long-term baseline recordings revealed an enhanced relative hippocampal type II theta (4.1-12 

Hz) and relative alpha power (8-12 Hz) in Cav3.2-/- mice, predominately in the inactive phase 

of dark cycles. These findings correlated with our post-urethane analysis, which demonstrated 

the increased type theta II upon Cav3.2 ablation. RT-qPCR of Cav3.2+/+ and Cav3.2-/- mice was 

carried out to evaluate the potential role of highly expressed hippocampal genes in molecular 

mechanisms of theta genesis and memory formation. This analysis identified a reduced dynein 

light chain Tctex-Type 1 (dynlt1b) expression in Cav3.2 deficient mice. Furthermore, RT-qPCR 

analysis of the septohippocampal GABAergic system revealed a decrease in GABA A δ subunit 

(Gabrd) and GABA B1 (Gabbr1) receptor subunits. These finding strongly support the 

hypothesis that the Cav3.2 T-type VGCC ablation activates the tonic mode of action in septal 

GABAergic interneurons that leads to tonic inhibition of hippocampal GABAergic interneurons 

and disinhibition of pyramidal neurons with increased type II theta oscillatory activity. 

Moreover, these results suggest a significant role of T-type Cav3.2 Ca2+ channels in 

hippocampal theta related cognitive functions and memory formation. Thus, Cav3.2 T-type 

channels could serve as potential therapeutic drug target for different neuropsychiatric 

conditions. 

In the second part of my study, FFT based frequency and seizure analysis was performed in 3-

6 months old APPswePS1dE9 AD mice after chronic administration of pantoprazole. Initially, 

the analysis was carried out in younger mice of both genders (age: 12-16 weeks) and later in 
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older male mice (age: 17-21 weeks). FFT based frequency analysis in younger mice revealed a 

decrease in hippocampal and cortical theta (θ1: 4-8 Hz) relative power in APPswePS1dE9 male 

mice compared to controls during the dark cycle while no significant changes in theta frequency 

relative powers (θ1: 4-8 Hz, θ2: 4.1-12 Hz) were observed in both female genotypes. However, 

enhanced relative theta powers (θ1: 4-8 Hz, θ2: 4.1-12 Hz) were also detected in pantoprazole 

treated controls compared to untreated controls recorded during the dark cycle from the 

hippocampus and motor cortex. No significant changes in relative theta powers (θ1: 4-8 Hz, θ2: 

4.1-12 Hz) were detected between pantoprazole treated and untreated APPswePS1dE9 mice. A 

significant higher hippocampal and cortical beta frequency relative powers (β112.1-30 Hz, β2: 

16-24 Hz, β3: 16-30 Hz) were found in APPswePS1dE9 male mice during both dark and light 

cycles. Relative cortical beta powers were also higher in APPswePS1dE9 female mice during 

the light cycle. Furthermore, a significant increase in cortical relative gamma low power (γlow: 

30-50 Hz) was identified in APPswePS1dE9 mice of both genders during dark and light cycles 

while cortical gamma high power (γmid: 50-70 Hz) was elevated in APPswePS1dE9 male mice 

during the dark cycle. Moreover, electroencephalographic seizure analysis revealed 

significantly increased cortical seizure parameters in APPswePS1dE9 mice of both genders 

compared to controls during dark and light cycles. Interestingly, reduced cortical seizures 

parameters were found in pantoprazole treated APPswePS1dE9 mice as compared to untreated 

APPswePS1dE9 mice of both genders at light cycle. Additionally, pantoprazole was detected 

by LC-MS/MS analysis of plasma and liver tissues from both genders. Later, the FFT based 

analysis of older male mice also revealed consistent findings of reduced hippocampal theta (θ1: 

4-8 Hz) and enhanced cortical gamma mid (γmid: 50-70 Hz) relative powers in APPswePS1dE9 

mice. Furthermore, urethane administration resulted in enhanced relative hippocampal theta 

powers in APPswePS1dE9 mice that were subsequently reduced following atropine 

administration. Similarly, enhanced seizures parameters were also detected in APPswePS1dE9 

mice compared to controls but reduced seizure markers were observed in pantoprazole treated 

APPswePS1dE9 mice compared to untreated APPswePS1dE9 mice. Age and gender EEG 

oscillatory activity specific alterations in APPswePS1dE9 mice suggest a functional and 

diagnostic role of EEG. In the future, EEG could be recognized as diagnostic biomarker for 

AD. An increased theta activity in pantoprazole treated controls might be associated with 

enhanced theta related cognitive ability in healthy male controls. No positive or negative effects 

of chronic pantoprazole administration were observed in theta and gamma frequency 

parameters in APPswePS1dE9 mice. These findings suggest a neutral role of pantoprazole long-

term administration in AD progression. 



xxiii 
 

In future studies, a gender and age specific pharmacokinetics, pharmacodynamics and 

pharmacogenetics approaches will be necessary to analyze the efficacy and safety profile of 

pantoprazole/PPIs in normal healthy controls, MCI and AD patients on individualized basis.
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1. Introduction 

1.1. Neurodegenerative diseases 

Neurodegenerative diseases are one of the major health concerns around the world that are 

characterized by progressive structural and functional loss of neurons in the central and 

peripheral nervous system (CNS and PNS), with prevalence of almost 50 million people 

worldwide. Neurodegeneration processes start from a specific area of the nervous system with 

susceptibility to specific nerve cells and with the passage of time, it spreads to the other areas 

and cells of the nervous system with continuous and anticipated pattern (Ehrenberg et al., 2020; 

Fu, Hardy, & Duff, 2018). According to World Health Organization (WHO) (World Health, 

2019) neurodegenerative diseases are one of the leading threats to people’s health. One of the 

greatest risk factors for the development of the majority of neurodegenerative disorders, is aging 

and the prevalence of these neurological diseases is dramatically increasing as the number of 

elderly people has been continuously rising (Heemels, 2016; Hou et al., 2019). In addition, 

environmental and genetic factors also play a significant role in the development of these 

diseases (Chin-Chan, Navarro-Yepes, & Quintanilla-Vega, 2015). 

Numerous misfolded proteins accumulate extracellularly and intracellularly in the CNS to form 

insoluble aggregates (inclusions) and their transfer among the cells and amplification leads to 

the gradual loss of nerve cells in various neurological disorders. The progressive loss of nerve 

cells occurs due to various cellular toxicity processes caused by protein accumulation (Fu et al., 

2018; Peng, Trojanowski, & Lee, 2020). Currently, there is no treatment available, which can 

cure or stop the progression of these neurodegenerative diseases. 

Different types of neurodegenerative diseases express specific clinical symptoms and outcomes 

depending on the CNS area involved and the degeneration of specific nerve cells in it. These 

different neurological disease including, i.e., Alzheimer’s disease (AD), Parkinson’s disease 

(PD), amyotrophic lateral sclerosis (ALS), frontotemporal lobar degeneration (FTLD) and 

Huntington’s disease (HD). 
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Figure 1.1: Different regions and types of neurons those are vulnerable in 

neurodegenerative diseases. Early effected regions in different neurodegenerative diseases are 

highlighted in different colors. LC, locus coeruleus; HP, hippocampus; OB, olfactory bulb; 

DMW, dorsal motor nucleus of the vagus; MNC, motor neocortex; SP, spinal cord; BS, brain 

stem; FI, frontal insula; DG, fascia dentata of the dentate gyrus; ST, striatum (Fu et al., 2018). 

 

1.2. Alzheimer’s disease 

Alzheimer’s disease is one the major forms of neurodegenerative diseases and a leading cause 

of deaths worldwide linked with underlying conditions of dementia, memory deficit and 

cognitive decline mostly in aging populations (DeTure & Dickson, 2019; N. Ma, Tie, Yu, 

Zhang, & Wan, 2020). Dementia is characterized by a number of symptoms including decline 

in memory, problem solving, language and mental skills, which effect everyday life activities 

(ALZ.ORG, 2020). 

 

1.2.1. Historical background of Alzheimer’s disease                                                                                      

A German psychiatrist, Dr. Alois Alzheimer, first identified the histopathological hallmarks of 

a neurodegenerative disease in 1906, currently known as AD. He described symptomatic and 

anatomical characteristics of the disease in a clinical report of his 51 years old dementiac female 

patient Auguste D. who suffered from severe memory problems and disorientation in time and 

place. The patient died after four and half years due to severe mental illness and related somatic 

implications. The post mortem examination revealed an atrophic brain with neurofibrillary 

bundles, which were visualized using Bielschowsky’s silver staining. He also described the 

deposition of a special “substance” in the cortex, currently known as amyloid plaques 

(Alzheimer, Stelzmann, Schnitzlein, & Murtagh, 1995). 
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Figure 1.2: The histopathology of dementia. Neurofibrillary tangles (black arrow) and 

senile plaques (white arrow) observed after Bielschowsky’s silver staining of the cortex 

("Dementia Pathology," 2019). 

 

1.2.2. Epidemiology 

According to the WHO latest report, there are 50 million people with dementia worldwide. This 

prevalence is likely to increase up to 82 million in 2030 and 152 million in 2050, respectively.  

The incidence is expected to reach 10 million new cases each year. Almost 60% of people 

suffering from dementia are residents of low- and middle-income countries. AD is one of the 

major form of dementia which contributes to almost 60-70% of all cases of dementia (WHO). 

Approximately, more than 1.5 million inhabitants are affected by AD in Germany ("Alzheimer's 

and Dementia in Germany," 2020). This neurological illness also has serious psychological and 

socioeconomic effect on families, caregivers and on society itself. The approximated rise in 

economic burden for the care of demented patients could be 2 trillion US$ per annum by 2030 

(El-Hayek et al., 2019). 

 

1.2.3. Pathophysiology 

Etiology 

There are number of risk factors associated with the AD. Ageing is the greatest risk factor for 

the AD resulting in the late-onset type of AD (LOAD). The incidence of all forms of dementia 

doubles every 6.3 year with approximately 3.9 per 1000 for ages 60-90 and 104.8 per 1000 for 

age above 90. The prevalence of dementia is approximately 10% for people above age 65 and 

https://www.google.de/url?sa=i&url=https://www.medscape.com/answers/2003174-197212/which-histologic-findings-are-characteristic-of-alzheimer-disease&psig=AOvVaw3S_FHV5E4bykiCFJmWtLSi&ust=1596578014205000&source=images&cd=vfe&ved=0CAIQjRxqFwoTCJDAgrGEgOsCFQAAAAAdAAAAABAF
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40% for age above 80 (DeTure & Dickson, 2019). It is very important to understand that age is 

not the only factor responsible for the Alzheimer’s dementia and not every normal ageing 

population become demented (Nelson et al., 2011).  

 

Genetics and family history 

It is not obligatory that an individual with a family history of AD will suffer from the same 

disease although they are at greater risk if they have parents or first degree relatives with AD  

compared to others with no Alzheimer’s family background (Green, Billings, Roozendaal, 

McGaugh, & LaFerla, 2006; Loy, Schofield, Turner, & Kwok, 2014). It has been reported that 

various genes are associated with a higher risk for AD. For example, Ryman et al. (2014) 

reported that mutant forms of presenilin-1 (PSEN1), presenilin-2 (PSEN2) genes, and amyloid 

precursor protein (APP) could be causative factors for the dominant inherited form of familial 

AD (FAD) which can be observed at younger age around 20, with an average onset of 46.2 

years. It has been reported that AD like pathology observed around the age of 40 in patients 

with Down’s syndrome having partial or full chromosome 21 trisomy includes the APP resident 

area on chromosome 21. Larger group of people with Down’s syndrome after the age of 50 

represents the symptoms of dementia (Ballard, Mobley, Hardy, Williams, & Corbett, 2016; 

DeTure & Dickson, 2019; Kang et al., 1987). One of the most common genetic risk factors for 

the sporadic LOAD is the apolipoprotein E gene (APOE) (Lane, Hardy, & Schott, 2018). The 

apolipoprotein-e4 (APOE-e4) gene is one of the important risk factor for the LOAD. Every 

individual inherits pair of APO alleles from three types of APO gene (e2, e3, e4) from both 

parents (ALZ.ORG, 2020; Rajan et al., 2017; M. X. Tang et al., 1998). There is three-fold 

increase in the risk of suffering from AD by inheritance of one copy of the e4 form of the APO 

compared to others with pairs of e3 alleles. Furthermore, the risk of AD is increased by eight- 

to twelvefold if someone inherit two copies of e4 form of APO (Holtzman, Herz, & Bu, 2012; 

Loy et al., 2014). Jansen et al. (2019) and Karch et al. (2018) were also reported other genes, 

such as PLD3, TREM2 and ADAM10 to serve as risk factors for LOAD, involved in tau and 

APP pathogenesis (Jansen et al., 2019; Karch et al., 2018).  

In addition to age and genetic risk factors, gender also plays a significant role in the 

development of AD. Altmann et al. (2014) reported that females with positive e4 allele of the 

APOE-e4 gene exhibited a higher risk of developing AD compared to positive e4 males. Almost 

11% of males and 17% of females at the age of 71 and older suffer from AD in United States 

(Altmann, Tian, Henderson, & Greicius, 2014; Mazure & Swendsen, 2016; Plassman et al., 

2011; Vegeto et al., 2020). It has been revealed by pathological studies that females suffer more 
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from AD dementia. In addition, more senile plaques and higher tau levels were observed in the 

female hippocampus and cortex compared to male study groups (Barnes et al., 2005; Corder et 

al., 2004). 

The WHO has defined further aspects that might positively influence AD, i.e., giving up 

smoking habits, regular physical activity, proper management of hypertension and diabetes to 

decrease the chance of developing dementia and cognitive decline (WHO). 

 

Areas of the central nervous system and nerve cells involved in Alzheimer’s disease 

etiopathogenesis 

Nerve cells susceptible to the Alzheimer’s neuropathology lost early in the disease include the 

cholinergic nerve cells of the basal forebrain (Davies & Maloney, 1976) and the pyramidal 

nerve cells of the CA1 area, the subiculum and the entorhinal cortex (EC) layer II of the 

hippocampal formation (Hyman, Van Hoesen, Damasio, & Barnes, 1984; Morrison & Hof, 

2002; Stranahan & Mattson, 2010). Further, noradrenergic innervation to the locus coeruleus 

of the brain stem (Bondareff, Mountjoy, & Roth, 1982), and forebrain rostral neurons (Muratore 

et al., 2017) are also lost in early AD. The inhibitory neurons involved in expression of calcium 

binding proteins are less effected (Iwamoto, Thangnipon, Crawford, & Emson, 1991). 

However, Sarter and Bruno. (2002), Mattson and Magnus. (2006), and Muratore et al. (2017) 

reported that the caudal nerve cells expressed in the spinal cord and hind brain, interneurons in 

the cortex, granular cells present at dentate gyrus and different parts of layer III, V and VI of 

EC are comparatively less harmed in early onset of AD (Mattson & Magnus, 2006; Muratore 

et al., 2017; Sarter & Bruno, 2002). 

 

1.2.4. Pathogenesis of Alzheimer’s disease 

There are a number of neuropathological factors relevant for AD. However, the extracellular 

amyloid beta (Aβ) plaques and intracellular hyperphosphorylated tau deposits are the most 

important pathological hallmarks of AD. 

 

Amyloid beta 

Aβ are the 39-43 amino acid protein segments, which are the cleavage product of 

transmembrane amyloid beta precursor protein (APP). The cleavage of the APP is processed 

by different membrane bound enzymes (α, β and γ secretases) which results into the formation 

of various soluble parts of proteins and peptides (Penke, Bogár, Paragi, Gera, & Fülöp, 2019). 

The α-secretase mediates the non-amyloidogenic pathway of APP cleavage into the soluble 
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fragment of APPα (sAPPα) and the C terminal fragment (α-CTF or 83A). α-CTF is further 

processed by γ-secretase into the APP intracellular domain (AICD) and a 3-kDa peptide (P3), 

while the other pathway of amyloidogenic APP cleavage is processed first by β-secretase into 

soluble APPβ fragments and a C terminal fragment (β –CTF or C99) having complete Aβ 

domain which is further processed by γ-secretase into amyloid beta peptides of 37-43 amino 

acids fragments and APP intracellular domain (AICD) (Graham, Bonito-Oliva, & Sakmar, 

2017; Zhou, Sun, Ma, & Liu, 2018). Among the cleaved peptide fragments, Aβ1-40 and Aβ-42 

are the predominant fragments (McGowan et al., 2005; Wildburger et al., 2017). The catalytic 

subunits of γ-secretase are presenilin-1 (PSEN1) and presenilin-2 (PSEN2). Mutation in PSEN1 

and PSEN2 enhance the production and toxicity of the Aβ peptides (Blennow, de Leon, & 

Zetterberg, 2006). During normal physiological homeostatic conditions, Aβ monomers plays 

very important roles in synaptic activity and consolidation of memory ((Brothers, Gosztyla, & 

Robinson, 2018; Hillen, 2019). A (40-42 amino acids) monomers assemble to form A 

aggregates and later develop into the protofibrils, which are transitory prefibril structure. The 

protofibrils structures construct the filamentous fibrils that lead to the formation of plaques. 

These plaques ultimately accumulate extracellularly in different regions of the brain and form 

a pathological hallmark of AD (Graham et al., 2017). 

 

Tau and Alzheimer’s disease pathophysiology 

Tau is an intracellular, straight, microtubule linked protein found in nerve cells within the brain. 

It consists of six monomeric isoforms with 352 to 451 amino acids observed after splicing that 

perform key function in formation of aggregates in tau pathomechanisms (Caillet-Boudin, 

Buée, Sergeant, & Lefebvre, 2015; Penke, Szűcs, & Bogár, 2020). Physiologically, tau 

stabilizes the microtubular structure, sustains the cellular homeostatic condition of the brain 

and hinders the process of neurodegeneration (Mroczko, Groblewska, & Litman-Zawadzka, 

2019). Tau monomers can go through various post-translational modifying processes such as 

ubiquitination, acetylation, phosphorylation and glycosylation. The hyperphosphorylation 

process of tau is mediated by kinases in the cells. This hyperphopsphorylated tau forms the 

soluble aggregates, which further develop into the filaments of double helical structure. These 

filaments lead to the formation of neurofibrillary tangles (NFTs) inside the cells. The process 

of intracellular formation and accumulation of NFTs disrupts the cytoskeleton stabilization and 

axonal transportation and ultimately causes neurodegenerative processes and cell death 

(Almansoub et al., 2019; Graham et al., 2017). 
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Figure 1.3: Amyloid precursor protein (APP) processing amyloidogenic and non-

amyloidogenic pathways (Salminen et al., 2013). 

 

 

 

 

Figure 1.4: Pathological hallmarks of AD. Aβ plaques (A) and neurofibrillary (B) tangle 

formation pathways (Graham et al., 2017). 
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1.2.5. Different phases of Alzheimer’s disease 

Different phases are involved in the development of AD starting from an asymptomatic form 

to a severe form of AD termed “continuum” or continuity of AD (ALZ.ORG, 2020). There are 

three major phases of the “continuum” of AD: an asymptomatic preclinical phase, an early mild 

symptomatic phase of AD with mild cognition decline (mild cognitive impairment, MCI), and 

the mild to severe form of the Alzheimer’s dementia (Albert et al., 2011; McKhann et al., 2011; 

Sperling et al., 2011). The total time span of each phase of preclinical to severe Alzheimer’s 

dementia depends on the number of risk factors, such as gender, age, genetic history and some 

other modifiable/variable factors (Vermunt et al., 2019). Different phases of the Alzheimer’s 

“continuum” are depicted in figure 1.5 and describe below: 

 

 

 

Figure 1.5: Continuity (continuum) of Alzheimer’s disease (ALZ.ORG, 2020). 

 

Preclinical phase 

During the preclinical phase, people have detectable brain changes as early signs of AD but 

without symptoms such as memory decline. These early detectable brain changes including the 

abnormal Aβ level displayed on positron emission tomography (PET) scan and in cerebrospinal 

fluid (CSF) analysis, and reduction of glucose metabolism appeared on PET scan. However, 

these changes can be managed by the brain and enable the persons to perform normal functions 

(ALZ.ORG, 2020). 

 

Mild cognitive impairment phase of Alzheimer’s disease 

In this phase, symptoms of memory problems and thinking ability issues appear along with the 

detection of biomarkers of brain alterations including the Aβ abnormality. Friends and family 

can observe mild cognitive and behavioral changes, but everyday life activities are not 

impaired. These mild brain changes appear because brain cannot compensate them at this stage 

(ALZ.ORG, 2020). It has been reported that 15% of people with MCI with age above 65 had 
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suffered from Alzheimer’s dementia after a 2 years follow-up (Petersen, 2018). In addition, 

Ward et al. (2013) reported that 38 % of patients with MCI had suffered from Alzheimer’s 

dementia after a 5 years follow-up (Ward, Tardiff, Dye, & Arrighi, 2013). 

 

Alzheimer’s dementia 

Alzheimer’s dementia is the third phase of AD in which everyday life activities are disturbed 

including a decline in memory function, behavioral alterations and thinking disabilities. These 

changes were accompanied by pathophysiological CNS alterations. These pathological changes 

in the brain and related symptoms progress over years to develop mild, moderate and severe 

forms of Alzheimer’s dementia depending on the severity of neurodegeneration (ALZ.ORG, 

2020). 

 

Mild form of Alzheimer’s dementia 

During this phase, some of the everyday life activities are disturbed but individuals in this stage 

still can perform many daily important activities independently. However, they need support 

from others to perform these problematic daily activities for adequate performance (ALZ.ORG, 

2020). 

 

Moderate form of Alzheimer’s dementia 

In this phase of Alzheimer’s dementia, people may have problems with proper communication 

and performance of everyday life activities (dressing, bathing etc.). There is also development 

behavioral changes (ALZ.ORG, 2020). 

 

Severe forms of Alzheimer’s dementia 

In the severe stage of Alzheimer’s dementia, patients need proper help all the time to perform 

every activity of daily life. At this phase of Alzheimer’s dementia, severe neurodegeneration in 

most areas of the CNS affects almost every physical activity of the body including proper 

movement, eating etc. The individual becomes bed restrained, which can lead to severe skin 

and body infections. Degeneration of nerves involved in swallowing might cause difficulties in 

eating and drinking which may affect the food to be swallowed in the trachea with potential 

aspiration pneumonia. These severe conditions in this phase can result in organ failure and death 

(ALZ.ORG, 2020). 
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1.2.6. Diagnosis of Alzheimer’s dementia 

There are number of psychiatric and neurological diagnostic tests, which can help to diagnose 

Alzheimer’s dementia. 

 

Social and psychological evaluation 

 Social and psychological evaluation can be performed by taking family, medical and 

psychiatric history of an individual and then evaluation of collected history about 

behavioral and memory issues.  

 Collecting the views of friends and family about behavioral changes and thinking 

abilities of an individual. 

 Performing psychological and physical evaluation to assess memory, cognitive and 

thinking abilities. 

 

Neurological examination  

 Evaluation of blood biomarkers and CNS examination of an individual by imaging 

techniques to find out other factors involved in dementia like stroke, Parkinson’s 

disease, deficiencies of some vitamins, tumors, disturbed sleep habits, vascular 

dementia etc. ("Dementia," 2020). 

 PET scan is used to evaluate the rise in Aβ levels in the brain, which is a hallmark of 

Alzheimer’s dementia (Johnson et al., 2013). 

 Evaluation of CSF for the abnormal level of tau and Aβ by lumbar puncture. Normal 

levels of tau and Aβ could be a sign of non-Alzheimer’s dementia (Shaw et al., 2018). 

There is hope that the diagnosis of AD could be possible by analysis of simple examination of 

blood biomarkers in the future but it requires a huge number of multiscale clinical studies 

(Olsson et al., 2016; Weller & Budson, 2018).  

 

1.3. Electroencephalography and neurological diseases 

Electroencephalography (EEG) is a fundamental technique used to measure the electrical 

activity of the brain in the form of electrophysiological signals generated by the postsynaptic 

potentials of a number of structurally related neurons. Different brain states can be analyzed 

with the help of this technique by analyzing various electrophysiological signals recorded. EEG 

is a dynamic technique used for the diagnoses of various disorders of the CNS (Alturki, 

AlSharabi, Abdurraqeeb, & Aljalal, 2020; Cassani, Estarellas, San-Martin, Fraga, & Falk, 2018; 
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Jurcak, Tsuzuki, & Dan, 2007; Seeck et al., 2017), such as epilepsies, and AD identification 

(Tsolaki, Kazis, Kompatsiaris, Kosmidou, & Tsolaki, 2014; Yu, Zhu, Cai, Wang, Liu, Shi, et 

al., 2020). A German psychiatrist Hans Berger analyzed the first EEG in 1929. Berger used a 

galvanometer along with suitable electrodes to record bio potential changes from the head of 

individuals under resting state conditions (Berger, 1929). There are different types of EEG 

signal frequencies including delta (δ) 0.1-4 Hz, theta (θ) 4-8 Hz, alpha (α) 8-12 Hz, beta (β) 12-

30 Hz and gamma (γ) >30 Hz and additionally other subtypes of some of these signals as well. 

These different EEG frequencies provides specific information individually related to neuronal 

coordination and function of the distinct brain regions (Cassani et al., 2018; Cohen & 

Gulbinaite, 2014; Nunez & Srinivasan, 2014). 

EEG is a neurophysiological biomarker for AD, as EEG signaling patterns have been reported 

to be useful for the analysis of different states of the brain in AD (Pineda, Ramos, Betting, & 

Campanharo, 2020). EEG is a technique which can differentiate the AD individuals from the 

healthy controls that’s why it is suggested by the clinicians to perform EEG of Alzheimer’s 

patients as well (Hegerl & Möller, 1997; Jonkman, 1997). Moretti et al. (2004) found and 

reported the role of alpha, delta and theta EEG power bands in normal individuals, patients with 

vascular dementia and mild AD (Moretti et al., 2004). Benwell et al. (2019) reported a decrease 

in alpha (α) and beta (β) and rise in delta (δ) and theta (θ) EEG power bands analyzed from the 

brain of the AD patients as compared to normal healthy subjects, indicating the role of different 

EEG oscillations pattern in cognitive decline in AD subjects (Benwell et al., 2020). Farina et 

al. (2020) reported the role of resting stage EEG by analyzing oscillatory power bands and by 

structural MRI to differentiate between normal control older people, individuals with MCI and 

AD patients (F. R. Farina et al., 2020). Moreover, the EEG has been used for the differential 

diagnosis among the Alzheimer’s dementia, vascular dementia and Lewis bodies dementia 

(Colloby et al., 2016; Garn, Coronel, Waser, Caravias, & Ransmayr, 2017; Neto, Allen, 

Aurlien, Nordby, & Eichele, 2015; Neto, Biessmann, Aurlien, Nordby, & Eichele, 2016). Yu 

et al. (2019) investigated that the analyses of cross frequency coupling between different EEG 

oscillatory power bands could be helpful to identify the variation in different brain structures 

before the display of seizure symptoms (Yu, Zhu, Cai, Wang, Liu, Wang, et al., 2020). 

 

1.3.1. Theta oscillations 

Hippocampal theta oscillations (4.1-12 Hz) are highly organized neuronal waves with large 

amplitude which are present throughout the awake behavioral state and consistently present 

throughout paradoxical sleep (Muller et al., 2012). These neuronal waves reflect the 
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subthreshold membrane potential and intensely modulate the spiking at hippocampus (Lubenov 

& Siapas, 2009). Theta are also involved in neurological and behavioral functions such as 

learning and memory consolidation (Vertes, 2005). Moreover, theta rhythm play important 

roles in encoding the “When” in addition to coding of “Where” of episodic memory (Kraus et 

al., 2015; MacDonald, Carrow, Place, & Eichenbaum, 2013). The hippocampus and medial 

septum-diagonal band of Broca (MS-DBB) are thought to be involved in the induction and 

maintenance of theta oscillations (Borhegyi, Varga, Szilagyi, Fabo, & Freund, 2004; Lubenov 

& Siapas, 2009; S. Ma et al., 2009; Simon, Poindessous-Jazat, Dutar, Epelbaum, & Bassant, 

2006; Takano & Hanada, 2009; Varga et al., 2008). The exact intra- and extrahippocampal 

location of theta generator is still under debate (Goutagny, Manseau, Jackson, Danik, & 

Williams, 2008). However, the GABAergic neurons in the medial septum were reported to 

serve as a pacemaker and to project rhythmic activity to hippocampal interneurons and 

pyramidal cells (Hangya, Borhegyi, Szilágyi, Freund, & Varga, 2009). Based on the dualistic 

theory, two types of hippocampal theta oscillations are distinguished: type I (atropine-resistant) 

and type II (atropine-sensitive). Atropine-resistant (type I) theta oscillations appear during 

awakening, voluntary behavior and movement because the frequency and amplitude of these 

oscillations are unaffected by the muscarinic blocker atropine, and are thought to be linked to 

metabotropic glutamate group 1 receptors, NMDA and AMPA receptors (Buzsáki, 2002; 

Chuang, Bianchi, Kim, Shin, & Wong, 2001; Gillies et al., 2002). In contrast, atropine-sensitive 

type II theta oscillations appear during alert immobile and urethane induced anesthesia. They 

are eradicated by anticholinergic drug, i.e., atropine (Buzsáki, 1986, 2002; Buzsáki et al., 2003; 

Kramis, Vanderwolf, & Bland, 1975; Vanderwolf, Buzsaki, Cain, Cooley, & Robertson, 1988). 

Stimulation of muscarinic receptors (M1/M3/M5) can generate type II atropine sensitive theta 

rhythms by activation of the G-protein-coupled receptors (GPCRs) (Gα q/11) signaling pathway 

through phospholipase β1/4 (PLC β1/4), inositol triphosphate (InsP3), diacylglycerole (DAG), 

Ca2+ and protein kinase C (PKC) (Muller et al., 2012; J. Shin et al., 2009). Various downstream 

effects of this pathway related to generation of atropine sensitive type II theta oscillations have 

been proposed. Further, stimulation of muscarinic cholinergic receptors leads to inhibition of 

the calcium dependent K+ channel that are stimulated by Ca2+ influx through action potentials 

(Brown, 2010). The inactivation of hippocampal PLCβ1 and septal PLCβ4 leads to the complete 

loss or attenuation of synchronized cholinergic theta power (J. Shin et al., 2009; J. Shin, Kim, 

Bianchi, Wong, & Shin, 2005). 
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1.4. Voltage gated calcium channels and theta oscillation 

Based on the cellular and subcellular expression and functional input to the dendrites, voltage 

gated calcium channels (VGCCs) serve as an essential element in theta generation although the 

exact mechanisms are still not fully known (Magee & Carruth, 1999; Magee & Johnston, 1995). 

Calcium channel CaV2.3 R-type VGCCs are reported to be expressed in hippocampal pyramidal 

neurons and considered to be involved in theta genesis (Bloodgood & Sabatini, 2007; Catterall, 

2011; Catterall, Leal, & Nanou, 2013; Giessel & Sabatini, 2010; Nanou & Catterall, 2018; 

Yasuda, Sabatini, & Svoboda, 2003). It has been reported that divalent heavy metal ions like 

nickel (Ni2+) inhibit the high and low voltage-activated calcium channels (Kuzmiski, Barr, 

Zamponi, & MacVicar, 2005; C. Tai, Kuzmiski, & MacVicar, 2006). The LVA (T-type) voltage 

gated calcium channels consist of three subtypes α1G (Cav3.1), α1H (Cav3.2) and α1I (Cav3.3) 

encoded by different α1 subunit genes, CACNA1G, CACNA1H, CACNA1I and Cacna1g, 

Cacna1h, Cacna1i in humans and mouse respectively (Bosch, Hou, Fang, Kelly, & Rønnekleiv, 

2009; Lory, Nicole, & Monteil, 2020; Perez-Reyes, 1998). Each isoform of T-type channels 

exhibits specific pharmacological and biophysical characteristics as well as physiologically 

diverse cellular and subcellular distribution in the CNS and PNS (Chemin et al., 2002; Molineux 

et al., 2006). Mostly, all three T-type voltage gated calcium channel isoforms are highly 

expressed in different areas of the CNS, i.e., cerebellum, thalamus, hippocampus, cortex and 

the spinal cord (Leresche & Lambert, 2017; Talley et al., 1999). T-type voltage gated calcium 

channels are involved in the rhythmic burst firing mode of various neurons (Schampel & 

Kuerten, 2017), associated with the generation of specific oscillatory patterns during the 

circadian rhythm (Powell, Cain, Snutch, & O'Brien, 2014). These low voltage-activated 

calcium channels play essential physiological and pathological roles mostly in the CNS such as 

in sleep, neuropathic pain, and absence epilepsy (Y. Zhang, Jiang, Snutch, & Tao, 2013). These 

findings are primarily based on studies in genetically modified mouse strains of these T-type 

channels isoforms (Anderson et al., 2005; Kim et al., 2001). However, the knockout of T-type 

calcium channel genes may also result in compensatory reactions that mask the particular 

implications T-type channel functions (Choi et al., 2007). Moreover, within the T-type calcium 

channel family, the Cav3.2 (α1H) subtype is most specifically expressed in the dentate gyrus 

neurons of the hippocampus (Talley et al., 1999) and plays an important role in various 

pathophysiological states of the CNS (Y. Zhang et al., 2013). 

Gangadharan et al. (2016) reported enhanced object exploration and open field exploration 

behavior and an increase in type II theta oscillations in Cav3.1-/- knockout mice. This effect was 

associated with tonic firing of septohippocampal GABAergic neurons (Gangadharan et al., 
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2016). Cav3.2 calcium channels are highly expressed in septohippocampal system sometimes 

even higher than the Cav3.1 in the structure involved in theta genesis (Aguado, Garcia-Madrona, 

Gil-Minguez, & Lujan, 2016). Cav3.2 was identified in all subfields of dendrites in the 

hippocampal CA1 region, in extrasynaptic membranes of spine and shafts of dendrites and in 

intracellular membranes. Besides pyramidal cells, Cav3.2 was also identified in dendritic shafts 

of interneurons. Furthermore, Cav 3.2 was also found presynaptically in axon terminals to form 

synapsis with dendritic spines (Aguado et al., 2016). Expression studies clearly indicated a role 

of Cav3.2 in the generation of theta oscillation. It has been reported in earlier studies that Cav3.2 

plays a very important role in hippocampal long term potentiation (LTP), passive avoidance 

tasks and cued context fear conditioning (C. C. Chen et al., 2012). It has also been observed 

that anxiety levels are significantly increased, memory is impaired and sensitivity to 

psychostimulant reduced in Cav3.2 (α1H) knockout mice (Gangarossa, Laffray, Bourinet, & 

Valjent, 2014). The first project of the present study was designed to evaluate the role of Cav3.2 

T-type calcium channels in the initiation, maintenance and modulation of hippocampal theta 

oscillations and the underlying electrophysiological and molecular mechanisms. 

 

1.5. Therapeutic approaches for Alzheimer’s disease 

Currently, there is no medication available, which can stop or significantly slow the process of 

neurodegeneration and progression of AD. The U.S. Food and Drug Administration (FDA) has 

not approved yet any specific drug for the treatment of moderate to severe form of Alzheimer’s 

dementia (ALZ.ORG, 2020). It has been reported that active management of AD and other 

forms of dementia could effectively improve the quality of life of the patients and their 

caretakers (ALZ.ORG, 2020; Grossberg et al., 2010; Vickrey et al., 2006). 

 

1.5.1. Non-pharmacological approaches 

There are various non-pharmacological approaches used to improve the symptoms of 

Alzheimer’s dementia without use of medication, which can improve cognitive abilities, overall 

everyday life activities and number of behavioral problems such as discomfort, disturbed 

normal sleep habits, depression and aggressive behaviors. It has been reported that the non-

pharmacological approaches can be more helpful compared to current pharmacological therapy 

in the improvement of symptoms like aggressive and agitated behavior associated with 

dementia (ALZ.ORG, 2020; Watt et al., 2019). Groot et al. (2016) and Farina et al. (2014) 

reported that physical exercise showed improvement in the cognitive functions of individuals 

with Alzheimer’s dementia (N. Farina, Rusted, & Tabet, 2014; Groot et al., 2016). It has been 
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reported that various types of cognitive therapies and psychological intervention improved 

cognitive performance, anxiety and depression in individuals suffering from Alzheimer’s 

dementia (Bahar-Fuchs, Martyr, Goh, Sabates, & Clare, 2019; Fukushima et al., 2016). 

 

1.5.2. Pharmacological approaches 

Currently, there are very few drugs available to improve the cognitive symptoms but there is 

no current pharmacological therapy, which can significantly slow or even stop disease 

progression. The FDA has recommended two classes of medications for the symptomatic 

treatment or improvement of Alzheimer’s dementia. The medications include  

acetylcholinesterase inhibitors (AChEIs) such as galantamine, rivastigmine, donepezil, and  

NMDA (N-methyl-D-aspartate) receptor blocker, such as memantine (Atri, 2019). 

AChEIs increase the amount acetylcholine (ACh) by blocking the acetylcholinesterase enzyme 

which degrades ACh at synapses (Yiannopoulou & Papageorgiou, 2013). The resultant 

increased amount of acetylcholine neurotransmitter in the CNS of AD patients can enhance 

cognitive performance for a short period of time (Howard et al., 2015). The FDA has approved 

rivastigmine and donepezil for the symptomatic management of mild, moderate and sever forms 

of the Alzheimer’s dementia, however, galantamine for the management of mild to moderate 

form of the Alzheimer’s dementia (Rountree, Atri, Lopez, & Doody, 2013). Another medicine 

used for the symptomatic management of mild to moderate forms of the Alzheimer’s dementia 

is memantine. Memantine non-competitively blocks the NMDA mediated neuronal 

excitotoxicity (Cummings, Tong, & Ballard, 2019; Matsunaga, Kishi, & Iwata, 2015; 

Yiannopoulou & Papageorgiou, 2013, 2020). 

Moreover, other pathophysiological conditions that serve as potential risk factors for AD and 

cognitive decline such as, vitamins (D, folic acid, B12) deficiencies, thyroid dysfunctioning, 

infections, cardiovascular diseases and diabetes, need to be included in the AD management 

(Blokh, Stambler, Lubart, & Mizrahi, 2017; Yiannopoulou & Papageorgiou, 2020). 

 

1.5.3. Future aspects of Alzheimer’s disease therapeutics  

Currently, a number of clinical trials are going on for the management of disease progression 

by targeting the neuropathological hallmarks of AD: Aβ plaques and neurofibrillary tangles of 

tau protein (Braak & Del Tredici, 2020; Mann & Hardy, 2013; Weller & Budson, 2018). Still 

these trials are unsuccessful for the treatment of pathological hallmark of AD. Additionally, 

number of other therapies are also in pipeline for the management of AD including anti-

inflammatory agents, neuro enhancers to increase the neuronal communication for the 
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improvement of cognition, various neuroprotective agents, various growth factor stimulating 

agents and also various therapeutic approaches based on stem cells (Huang, Chao, & Hu, 2020; 

Yiannopoulou & Papageorgiou, 2020). It has been found from number of studies that the 

evaluation of population at early stage, using a number of novel diagnostic markers and 

subsequent therapy at pre-phase could be effective in the management of progression of AD 

(Aisen et al., 2017; Yiannopoulou & Papageorgiou, 2020). However, it is very important to 

analyze in detail the complex pathological mechanism of AD to identify the novel biomarkers 

for the effective therapeutic strategy to slow or stop the progression of disease (Huang et al., 

2020). 

 

1.6. Proton pump inhibitors 

Proton pump inhibitors (PPIs) chemically belong to the benzimidazole family that consists of 

two important structural parts, the benzimidazole and a pyridine ring. The pyridine part 

accumulates in the canniculus of the gastric parietal cells because of its pka 4.0. However, the 

benzimidazole part with pka 1.0 participates in the activation process of PPIs by gastric acid. 

PPIs are week basis prodrugs converted into the sulfenamides or sulfenic acids by the acid 

activation process. These activated forms covalently inhibit the H+/K+-ATPase by interaction 

with cysteine residues. The H+/K+-ATPase is an enzyme responsible for gastric acid secretion 

(Sachs et al., 1976; J. M. Shin & Kim, 2013; J. M. Shin & Sachs, 2008). The first benzimidazole 

derivative and H+/K+-ATPase pump inhibitor was omeprazole reported to be used for clinical 

purposes, followed by a number of other H+/K+-ATPase pump inhibitors synthesized and 

marketed such as lansoprazole, pantoprazole, rabeprazole, esomeprazole and dexlansoprazole 

(Sachs, Shin, & Howden, 2006; J. M. Shin & Kim, 2013; Wallmark, Larsson, & Humble, 1985). 

PPIs are a first line therapy effectively used in all age groups for the treatment of 

gastroesophageal reflux disease (GERD), peptic ulcer, Zollinger-Ellison syndrome, Barret’s 

esophagus, dyspepsia, and also as a preventive measure for  drug induced ulcers (Cheng et al., 

2020; Sachs et al., 2006; J. M. Shin & Sachs, 2008; Strand, Kim, & Peura, 2017). 

 

1.6.1. Pharmacodynamic aspects of proton pump inhibitors 

The process of gastric acid secretion is activated by the rise in intracellular calcium (Ca+) 

mediated by acetylcholine and gastrin, and also by activation of histamine mediated adenylate 

cyclase and formation of cyclic adenosine monophosphate (cAMP). Intracellular calcium and 

cAMP mediate the movement of H+/K+-ATPase from the cytosol to the canaliculus by 

stimulating kinases and phosphorylation pathways (Helgadottir & Bjornsson, 2019; Lindberg 
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et al., 1990). The H+/K+-ATPase proton pump appears at the canaliculus of the gastric parietal 

cells stimulated by ACh, gastrin and histamine. It exchanges extracellular K+-ions with 

intracellular H+-ions by an ATP dependent mechanism. This mechanism promotes the secretion 

of gastric acid into the lumen of the stomach (Sachs et al., 1976; J. M. Shin & Kim, 2013; J. M. 

Shin & Sachs, 2008). PPIs block the last step process of gastric acid secretion by inhibiting the 

H+/K+-ATPase proton pump (Morschel, Mafra, & Eduardo, 2018; Strand et al., 2017). This 

covalent inhibition of H+/K+-ATPase mediates longer action of PPIs that last for 24 to 48 hours 

in relation to their half-lives (J. M. Shin & Sachs, 2008; Strand et al., 2017). 

 

 

 

Figure 1.6: The H+/K+-ATPase (proton pump) placed at the canaliculus of the parietal cell 

mediates the exchange of extracellular K+ with intracellular the H+ and involved in the 

secretion of acid (H+) ion into the lumen of the stomach. The major stimulating agents for 

the secretion of gastric acid at the gastric parietal cells are acetylcholine, histamine and also 

less extensive agent, gastrin. Adenosine triphosphate (ATP), adenosine monophosphate 

(cAMP), Cholecystokinin type 2 receptor (CCK2-R), histamine type 2 receptors (H2-R), inositol 

triphosphate (IP3), muscarinic type 3 receptors (M3-R), proton pump inhibitor (PPI) 

(Helgadottir & Bjornsson, 2019). 
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1.6.2. Pantoprazole 

Pantoprazole is one of the most effective PPIs used worldwide for the treatment of 

gastroesophageal reflux disease (GERD) and gastric and duodenal ulcers (Poole, 2001). Like 

other PPIs, pantoprazole also belongs to substituted benzimidazoles and irreversible blocker of 

H+/K+-ATPase (Fitton & Wiseman, 1996; Hartmann et al., 1996). After the clinical approval of 

omeprazole for the treatment of reflux esophagitis in 1989, pantoprazole was the fourth proton 

pump inhibitor approved by FDA in 2000 for the treatment of reflux esophagitis (Cheer, 

Prakash, Faulds, & Lamb, 2003; Mathews, Reid, Tian, & Cai, 2010). Dabrowsky et al. (2018) 

reported that 40 mg single oral daily dose of pantoprazole proved effective in the alleviation of 

GERD symptoms for 8 weeks (Dabrowski, Štabuc, & Lazebnik, 2018). The absolute 

bioavailability of pantoprazole is 77% after single oral dose, which remains the same after 

multiple dosing, with elimination half-life of 1.1 h, Tmax of 2-3 h, with a Cmax of 2.5 mg/l, and 

an apparent distribution volume of about 0.15 l/kg (Hartmann et al., 1996). Liver enzymes 

extensively metabolize Pantoprazole, starting with a first phase of O-demethylation by 

CYP2C19 and CYP3A4 and followed by a second phase of sulfate conjugation. Furthermore, 

sulfide and sulfone metabolites are formed by reduction or oxidation of the sulfoxide group 

(Huber et al., 1995; Kromer, 1995; Meyer, 1996). Pantoprazole metabolites are mainly 80% 

excreted via urine and about 20 % via bile (Hartmann et al., 1996). 

 

 

 

 

Figure 1.7: Pantoprazole metabolic pathways in liver (Meyer, 1996). 
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1.6.3. Proton pump inhibitors and neurological diseases 

PPIs are the first line therapy for the management of gastric ulcer and GERD (Helgadottir & 

Bjornsson, 2019) which considered safe and effective for both short and the long-term use.  

However, there has been issue emerged in recent studies about the improper and long-term use 

of PPIs (Novotny, Klimova, & Valis, 2018; Strand et al., 2017). Number on adverse drug 

reactions (ADRs) are associated with long-term use of PPIs including CNS side effects 

(Makunts, Alpatty, Lee, Atayee, & Abagyan, 2019). It has been reported that expression of 

various isoforms of H+/K+-ATPase indicated its role in the CNS (Modyanov et al., 1991) 

including the process of endocytosis and exocytosis at nerve endings (Tabares & Betz, 2010; 

D. Wang & Hiesinger, 2013). This illustrated the role of H+/K+-ATPase not only confined to 

the gastric parietal cells (Novotny et al., 2018; J. Shin et al., 2009; J. M. Shin & Sachs, 2008). 

Various ADRs have been reported with broad use of PPIs including diarrhea, headache, 

abdominal pain, upper respiratory tract infection (Bernshteyn & Masood, 2020), cardiovascular 

problems (Shiraev & Bullen, 2018), severe kidney damage (Li, Xie, & Al-Aly, 2018) and 

infections (Hafiz, Wong, Paynter, David, & Peeters, 2018). Additionally, PPIs also have CNS 

adverse effects, such as decline in memory, impaired auditory and visual senses, migraine and 

peripheral neuropathies (Makunts et al., 2019). 

 

1.6.4. Proton pump inhibitors and Alzheimer’s dementia 

Various studies reported a correlation between the use of PPIs and dementia. Gomm et al. 

(2016) revealed a link between the use of PPIs and the development of dementia in elderly 

patients (Gomm et al., 2016). Tai et al. (2017) also reported the correlation between the use 

PPIs and a rise in dementia problems in an Asian population (S. Y. Tai et al., 2017). PPIs have 

also been reported to increase Aβ37, Aβ40 and Aβ42 production by modulating the APP 

cleavage activity of β and γ secretases. This was analyzed during in vitro cellular studies and in 

vivo mouse models of AD (Badiola et al., 2013). Zhang et al. (2020) revealed by meta-analysis 

that PPIs enhance the possibility of dementia (Y. Zhang et al., 2020). Another study has 

elucidated the role of PPIs in inhibition of the choline acetyltransferase (ChAT). ChAT is an 

enzyme responsible for the synthesis of acetylcholine. Thus, PPIs inhibitory effects on the 

cholinergic system could be a potential cause of dementia (Kumar, Kumar, Nordberg, 

Långström, & Darreh-Shori, 2020). Akter et al. (2015) analyzed that long-term use of PPIs in 

elderly could be the cause of progression of AD (Akter et al., 2015). Haenisch et al. (2015) also 

found a correlation between the use of PPIs and the risk of dementia in an epidemiological 

cohort study conducted in elderly people in Germany (Haenisch et al., 2015). However, another 
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case control study from Germany revealed a decline in risk of dementia after use of PPIs 

(Booker, Jacob, Rapp, Bohlken, & Kostev, 2016). Hashioka et al. (2009) and Hashioka et al. 

(2011) reported that the PPIs significantly attenuate the interferon-gamma (IFN-γ) activated 

neurotoxicity of human astrocytes by inhibition of the signal transducer and activator of 

transcription (STAT) 3 signaling pathway. Antineurotoxic properties of PPIs are useful option 

for the treatment of AD and other neuroinflammatory disorders linked with activates astrocytes 

(Hashioka, Klegeris, & McGeer, 2009, 2011). Goldstein et al. (2017) also reported that there is 

no link observed between the use of PPIs and the risk of dementia (Goldstein et al., 2017). 

 

1.7. Transgenic mouse models 

The mouse (Mus musculus) has been used as a model organism for the evaluation of human 

diseases because these two species are anticipated to be similar physiologically and genetically. 

In addition, it is easy to produce inbred murine strains in laboratory to make them available for 

experiments (Morse, 2007; Perlman, 2016; Rosenthal & Brown, 2007). Additionally, various 

advanced methodological approaches have been used to produce different transgenic knockin 

and knockout mouse models of human disease, which further enhanced the use of mice as a 

human disease research model (Fox, 2007; Perlman, 2016). 

 

1.7.1. Calcium channel mutated mouse models 

VGCCs play very important roles in the release of neurotransmitters in synapses for neuronal 

cells communication. However, various CNS disorders have been associated with abnormality 

and mutations in VGCCs subunits. Mouse models with ion channels defects have given the 

linkage between channels mutations and modification of cellular functions (Ball & Gregg, 

2002). The first part of the present study was to evaluate the role Cav3.2 T-type calcium channel 

knockout mice in memory formation. Cav3.2 deficient mice have been reported to exhibit  

coronary artery dysfunction and cardiac fibrosis (C. C. Chen et al., 2003), sensory neuronal 

hyperexcitability (Jacus, Uebele, Renger, & Todorovic, 2012; Voisin, Bourinet, & Lory, 2016), 

altered  pain response (Choi et al., 2007; Tsubota et al., 2018), age-induced endothelial 

dysfunction (Thuesen et al., 2018), epilepsy (Becker et al., 2008; Zamponi, Lory, & Perez-

Reyes, 2010), elevated anxiety, impaired memory and reduced sensitivity to psychostimulants 

(Gangarossa et al., 2014) and altered mechanoreception (R. Wang & Lewin, 2011). 
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1.7.2. Mouse models of Alzheimer’s disease 

Various transgenic mouse models are currently under research that present different 

pathological features of AD, particularly increase in Aβ1-42 load produced by over expression 

of one or more APPs mutants. These mutations induce various features of AD related 

pathologies like plaque formation, deterioration of synaptic and neuronal functions, decline in 

memory formation and learning (Games et al., 1995; Götz et al., 2004; Myers & McGonigle, 

2019; Papazoglou, Soos, et al., 2016). The second part of my study was performed in 

APPswePS1dE9 transgenic mice. These APPswePS1dE9 with a C57BL/6J background carries 

a human APP with Swedish double mutation (APPswe) co-integrated with human PS1 with 

exon 9 deletion (PS1dE) (Jankowsky et al., 2004). Generally, enhanced Aβ1-42 levels can be 

linked with an increase in mortality in different transgenic AD mice (Chin et al., 2004; Hsiao, 

1994; Leissring et al., 2003). However, 10-15% mortality has been reported in APPswePS1dE9 

transgenic mice regardless of the pathophysiological features (Minkeviciene et al., 2009) Aβ 

plaque formation starts about 4 month of age in the cortex and hippocampus (Garcia-Alloza et 

al., 2006; Shemer et al., 2006) while decline in memory is observed around 6 months in radial 

arm water maze (Xiong, Hongmei, Lu, & Yu, 2011). A decline in cognitive and behavioral 

parameters is observed at 12 months of age respectively using Morris water maze testing. It has 

been considered that an increase in Aβ load in the cerebral cortex is correlated with seizure-

induced deaths (Paesler et al., 2015; Palop et al., 2007). Moreover, neurodegeneration processes 

disrupt the central rhythmicity, specifically theta and gamma architecture (Papazoglou, Soos, 

et al., 2016; Siwek et al., 2015). 

Earlier studies have investigated the APPswePS1dE9 mouse models to evaluate the specific 

EEG oscillation patterns, brain rhythmicity and sleep analysis (Gurevicius, Lipponen, & Tanila, 

2013; Jyoti, Plano, Riedel, & Platt, 2010; Minkeviciene et al., 2009; Palop et al., 2007; Wisor 

& Kilduff, 2005; Xiong et al., 2011). As compared to previous studies, we have analyzed the 

relative EEG frequencies by using FFT based approach and seizures analysis from the motor 

cortex (M1) and hippocampal (CA1) regions of the brain. My study was carried out in both 

male and female APPswePS1dE9 mice in different age dependent subgroups to investigate the 

relative EEG oscillation pattern of each frequency range for the characterization and detailed 

understanding of the pathophysiology of the AD. Additionally, we have also analyzed the role 

of chronic pantoprazole administration in the APPswePS1dE9 mice groups for the 

pharmacological evaluation of AD. 
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2. Aims of study 

Currently, there is no medication available, which can stop or significantly slow the process of 

neurodegeneration and progression of Alzheimer’s disease (AD) to improve the patient’s 

quality of life. The fundamental objectives of Alzheimer’s research are the prevention and the 

evaluation of population for early stage detection of disease before it progresses and induces 

neuronal damage. Electroencephalography (EEG) is used to measure the electrical activity of 

the brain via electrophysiological signals, which are differentiated into frequency bands such 

as alpha, beta, theta, sigma and gamma. These EEG frequencies provide specific information 

individually linked to nerve cell coordination and function of distinct brain regions. However, 

the question arises whether the EEG can be a diagnostic biomarker for early detection and 

monitoring of AD. It is thus mandatory to investigate characteristic changes in oscillatory EEG 

patterns and to unravel whether these alterations can be detected prior to disease onset. To 

address these questions, this study was designed as follows: 

 

2.1. Hippocampal EEG alterations in Cav3.2 deficient mice and the involvement of the 

GABAergic system 

The first part of the present study was performed to evaluate the role of low voltage-activated 

T-type Cav3.2 (α1H) VGCCs in initiation, maintenance and modulation of hippocampal theta 

oscillatory architecture and the underlying electrophysiological and molecular mechanisms. 

Previous studies have revealed that ablation of Cav3.2 Ca2+ channels is associated with anxiety 

related behavior and impairment of long-term potentiation (LTP), learning and memory 

formation.   

Therefore, the aim of this study was to investigate the following hypothesis: 

1) Cav3.2 deficient mice exhibit alterations in hippocampal (CA1) type II theta oscillatory 

behavior. Fast Fourier Transform (FFT) based EEG frequency analysis of CA1 

recordings using implantable video EEG radiotelemetry under unrestrained conditions 

was used to investigate this phenomenon. 

2) Expression of gene candidates relevant for type II theta genesis in septohippocampal 

system are altered upon Cav3.2 ablation. RT-qPCR was used to reveal and validate these 

candidate genes. 
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2.2. Analysis of the alteration of central rhythmicity in 3-6 months old APPswePS1dE9 

Alzheimer mice following chronic administration of pantoprazole 

The second part of my study was carried out initially in younger male and female (age: 12-16 

weeks) and later in male (age: 17-21 weeks) controls and APPswePS1dE9 Alzheimer’s mice.  

Pantoprazole was continuously administered to younger groups for 6 weeks and older groups 

for ~13 weeks. Previous studies have reported a potential negative impact of proton pump 

inhibitors (PPIs) on AD incidence and progression, while, on the other hand, some recent 

studies also reported positive effect of PPIs on AD. Thus, the present study was designed to 

perform FFT based frequency and seizure analysis in controls and APPswePS1dE9 mice 

following chronic pantoprazole administration. 

The present study was aimed to investigate the following objectives: 

1) Analysis of hippocampal theta and cortical gamma oscillatory relative powers in 

APPswePS1dE9 mice compared to controls of both adolescent and adult mouse groups. 

2) Investigation of chronic pantoprazole administration on central rhythmicity, particularly 

the hippocampal theta and cortical gamma activity associated with cognition as 

analyzed in APPswePS1dE9 mice compared to controls of both genders. 

3) Analysis of seizures activity in both genders and genotypes, and its association with 

alterations in central rhythmicity and symptoms of AD progression. 

4) Influence of chronic pantoprazole administration on seizures activity in both adolescent 

and adult mouse groups. 
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3. Materials and Methods 

3.1. Materials 

Table 3.1: Chemicals. 

Chemicals Company 

0.9% NaCl B. Braun Melsungen AG, Germany 

2-Propanol - Purity: ≥ 99.5 % (HPLC grade) Sigma-Aldrich Chemie GmbH, Germany 

Acetic acid - Purity: ≥ 99.8 % Merck KGaA, Germany 

Acetonitrile (CAN) 

LC-MS Chromasolv® - Purity: ≥ 99.9 % 
Sigma-Aldrich Chemie GmbH, Germany 

Agarose Sigma-Aldrich Chemie GmbH, Germany 

Ammonium acetate 

Purity: LC-MS grade 
Sigma-Aldrich Chemie GmbH, Germany 

Boric Acid H3BO3 Sigma-Aldrich Chemie GmbH, Germany 

ddH2O (double-distill water) – analysis 

grade 

Sartorius arium® 

Sartorius AG, Germany 

D-Glucose 5% (w/v) - for injection B. Braun Melsungen AG, Germany 

Dichloromethane 

Purity: ≥ 99.8 % (HPLC grade) 
Sigma-Aldrich Chemie GmbH, Germany 

Dimethyl sulfoxide 

Purity: ≥ 99.8 % (HPLC grade) 
Sigma-Aldrich Chemie GmbH, Germany 

Disodium EDTA Sigma-Aldrich Chemie GmbH, Germany 

Eosin Y (Solvent red 43) 

Storage: light sensitive 
Sigma/Aldrich Chemie GmbH, Germany 

Ethanol Merck, Germany 

Fetal calf serum (FCS), Gibco® Thermo scientific, Germany 

Hematoxylin (Natural Black 1) Sigma-Aldrich Chemie GmbH, Germany 

Human liver microsomes, Gibco® Thermo scientific, Germany 

Isoflurane Baxter® 100% (v/v) Baxter International, Germany 

Ketamine HCl Ketavet® 

Injectable 100 mg/ml Ketamine 
Pfizer, USA 

Methanol - Purity: ≥ 99.9 % Sigma-Aldrich Chemie GmbH, Germany 
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NADPH, tetrasodium salt Biomol GmbH, Germany 

Pantoprazole sodium hydrates 

Purity: ≥ 98 %  (HPLC grade) 
Sigma-Aldrich Chemie GmbH, Germany 

Pantoprazole-D7 sodium salt (D6-Major) 

Purity: ≥ 97 % (HPLC grade) 
Santa Cruz Biotechnology Inc, USA 

Paraformaldehyde (PFA) Merck, Germany 

Rimadyl®, Injectable 50 mg/ml Carprofen Pfizer, Germany 

Ringer’s solution for injection B. Braun Melsungen AG, Germany 

Rompun® - Injectable 100 mg/ml xylazine Bayer, Germany 

Trizma Base Sigma-Aldrich Chemie GmbH, Germany 

 

Table 3.2: Laboratory equipment. 

Equipment Company  

Aesculap Exacta Wireless shaver ‘small’ Aesculap, Germany 

Auto sampler Shimadzu Corporation, Japan 

Binocular surgical magnification 

Microscope Zeiss Stemi 2000 
Zeiss, Germany 

Centrifuges: 

Eppendorf Centrifuge 524R (21130 × g) 

Avanti J-26 XP Centrifuge (82,000 × g) 

 

Eppendorf AG, Germany 

Beckman Coulter Inc, USA 

Chemidoc Touch (Gel documentation) Bio-Rad, Germany 

Cold light source KL2500 LCD Schott, Germany 

Column 

Accucore® C8 LC column 

(50 mm× 3 mm × 2.7 µm) 

Thermo Scientific, Germany 

Degasser Shimadzu Corporation, Japan 

Electric blanket 

AEG® HK5510 100W 
AEG AG, Germany 

Incubator: 

Stuart® Orbital Incubator S1500 
Stuart Equipment, UK 

LightCycler® 480 System (qPCR) Roche, Germany 

MS / MS System 

QTRAP® 6500 
AB Sciex GmbH, Germany 
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Nitrogen evaporator  

(evaporator system EVA-EC1-S) 
VLM, Germany 

Pump A Shimadzu Corporation, Japan 

Pump B Shimadzu Corporation, Japan 

Spectrophotometer - Nano Drop ND-1000 PeqLab Biotechnology GmbH, Germany 

Stereotactic framework - Neurostar 51730M Stoelting Europe, Ireland 

Surgical Drill 141  

Industrial drill grinder IBS / E 

Proxxon GmbH, Germany 

Lange-Zahnbohrfabrik e.K, Germany 

Thermocycler (C1000) BioRad, Germany 

Tissue homogenizer: 

TissueLyzer II® 

TissueRuptor II® 

Qiagen GmbH, Germany 

Ultrapure water system 

Sartorius arium® pro UV  
Sartorius AG, Germany 

Vacuum Centrifuge 

S-Concentrator, SA-VC-300H 
Helmut Saur, Germany 

Vibratome 

Vibroslice Tissue Cutter EMS 5000mz 
Campden Instruments Limited, UK 

Vortex Mixer: VWR VV3 S40 VWR International, USA 

Weighing balance - AX205 Delta Range® Mettler-Toledo GmbH, Germany 

 

Table 3.3: Consumables. 

Consumables Company 

ALZET®2002 osmotic pump  Charles River, Germany 

Bepanthen® dexpanthenol Bayer, Germany 

Betaisodonna® - Povidone-Iodine  Mundipharma, Germany 

Cement: Dental glassionomercement Kent Dental, UK 

Cotton swab Hartmann, Germany 

Electrode extension 

UEWLGESEANND 

Tungsten Microelectrode 

FHC, USA 

Drape sheet Hartmann, Germany 

Gauze swabs Hartmann, Germany 
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Gloves Unigloves, Germany 

HPLC Vials 

100 vials, with 200 µl insert 
Macherey-Nagel GmbH, Germany 

Omnican® 50 (insulin syringe) Braun, Germany 

Omnican® fine dosage 1ml Braun, Germany 

Pipette Tips: 

epT.I.P.S Reloads® 50-1000 µl 

epT.I.P.S Reloads® 2-200 µl 

epT.I.P.S Reloads® 0.1-10 µl 

 

Eppendorf AG, Germany 

 

Pipettes: 

Eppendorf Research Plus 0.5-5 ml 

Eppendorf Research 100-1.000 µl 

Eppendorf Research 20-200 µl 

Eppendorf Research 10-100 µl 

Eppendorf Research 2-20 µl 

Eppendorf Research 0.5-10 µl 

Eppendorf Research 0.1-2.5 µl 

 

 

 

 

Eppendorf AG, Germany 

Reaction Vessels: 

DNA LoBind Tubes® 1.5 ml 

DNA LoBind Tubes® 2.0 ml 

Safe-Lock-Tubes® 1.5 ml 

Safe-Lock-Tubes® 2.0 ml 

 

Eppendorf AG, Germany 

 

Scalpel Braun, Germany 

Sugi® Eye spear pointed tip Kettenbach, Germany 

Sutures: 

Sabafil® Nylon USP 6/0, thread length 45 cm 

SABANA Medical Supplies, Germany 

 

Table 3.4: Surgical instruments. 

Surgical instruments Company 

Bulldog clamps  

 

 

Aesculap, Germany 

Graefe forceps-curved with teeth 

Graefe forceps-curved, serrated 

Halsey micro needle holder (15.5 cm) 
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Iris scissors extra thin (15.5 cm) OR 

Fine Science Tools, Germany Lexar baby scissors (10 cm) 

Olsen-Hegar Needle Holder extra delicate 

Standard tweezers (12 cm / 14.5 cm length) 

Tissue forceps 1x2 teeth (12 cm length) 

Tungsten carbide iris scissors (11.5 cm) 

 

Table 3.5: EEG Recording system. 

Equipment Company 

Data exchange matrix 

Data Science International, USA 

 

RPC-1 Receiver 

Transmitters: 

TA10ETA-F20 

TL11M2-F20-EET 

 

Table 3.6: Software. 

Software Company name 

Analyst 1.6.2 AB SciexPte. Ltd., Singapore 

ChemDrawProfessional 16.0 PerkinElmer Inc., USA 

DataQuest ART 4.36 Data Sciences International, USA 

GraphPad Prism 6 GraphPad Software Inc., USA 

LightCycler 480 software Roche, Germany 

Mass Spectrum Interpreter 2 NIST Mass Spectrometry Data, National 

Institute of Standards and Technology, USA 

Microsoft Excel 2016 Microsoft Corp., USA 

MultiQuant 3.0.1 AB SciexPte. Ltd., Singapore 

NeuroScore 3.1.6 Data Sciences International, USA 

Neurostar 2.6.0 Neurostar, Germany 

qBase+ - qPCR analysis Biogazelle, Belgium 
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3.2. Methods  

3.2.1. Ethics statement 

All experimental procedures were performed according to the guidelines of the German Council 

on Animal Care and every experimental protocol was approved by the local Institutional and 

National Committee on Animal Care (Landesamt fur Natur, Umwelt und Verbraucherschutz, 

LANUV, Germany). All animal experimentation was conducted according to the European 

Communities Council Directive November 24, 1986 (86/609/EEC) and of September 22, 2010 

(2010/63/EU). Special considerations were done to reduce the animal size and their sufferings 

to follow the 3R (Replacement, Reduction, Refinement) strategy. 

 

3.2.2. Experimental animal housing 

Mice were transferred from the main animal facility to the experimental lab animal room one 

week before the transmitter implantation took place in order to acclimatize. Mice were housed 

in groups of 3-4 in clear type II polycarbonate cages (26.7cm x 20.7 cm x 14.0 cm, area: 410 

cm2) with ad libitum access to drinking water and standard food pellets. Animal cages were 

kept in ventilated cabinets (Techniplast, Germany and Bioscape, Germany) at a temperature of 

21 ± 2∘C, 50–60% relative humidity, and a conventional 12 h/12 h dark/light cycle beginning 

at 5:00 pm. 
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Figure 3.1: Ventilated cabinets for standard housing conditions for pre- and post-surgery 

placement and EEG recordings (Lundt, Wormuth, Siwek, Muller, et al., 2016; Papazoglou, 

Soos, et al., 2016). 

 

3.2.3. Experimental animals - Cav3.2 deficient mice  

Cav3.2+/− embryos (kindly provided by Kevin Campbell via MMRCC – Mutant Mouse 

Resource & Research Centers) were re-derived with C57BL/6J mice and maintained with 

random intra-strain mating obtaining all genotypes wild type (WT), heterozygous (HT), 

knockout (KO). 

 

Genotyping Cav3.2 mice  

All mice were genotyped by PCR twice, at the start and at the end of the experiment for 

genotype verification. DNA preparation from an ear punch and genotyping PCR was performed 

by the KAPA Mouse genotyping kit (Sigma Aldrich, Germany) (Tab. 3.7). The following set 

of primers was used: WT-fwd/KO-fwd: 5’-ATT CAA GGG CTT CCA CAG GGT A-3’,WT-

rev: 5’-CAT CTC AGG GCC TCT GGA CCA C-3’, KO-rev: 5’-GCT AAA GCG CAT GCT 

CCA GAC TG -3’. The PCR was carried out by the C1000 thermal cycler (BioRad, Germany). 

Subsequently, PCR products were separated via 1.5% agarose gel electrophoresis and 

visualized by ChemiDoc Touch (BioRad, Germany) (Fig. 3.2). 
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Table 3.7: Cav3.2 mice PCR cycling parameters. 

Steps Temp. (oC) Duration Cycles 

1.Denaturation 94 3 min 1 

2.Denaturation 94 30 sec 

34 x Annealing 60 30 sec 

Elongation 72 60 sec 

Final elongation   72 10 min 1 

 

Figure 3.2: Cav3.2 mice genotyping PCR. DNA ladder (lane 1); WT animal (lane 2); KO 

animal (lane 3); HT animal (lane 4);  water control (no DNA) (lane 5). 

  

3.2.4. Experimental animals - APPswePS1dE9 transgenic mice  

APPswePS1dE9 transgenic (TG) mice were kindly provided by Priv.-Doz. Dr. Dan Ehninger, 

Translational Biogerontology, German Centre for Neurodegenerative diseases (DZNE), Bonn, 

Germany (B6.Cg-TG(APPswe,PSEN1dE9)85Dbo/Mmjax, Jackson Laboratory, USA). The 

APPswePS1dE9 mice have Black 6 background and carry a chimeric mouse/human APP gene 

with the Swedish mutation (APPswe) as well as the human presenilin-1 gene lacking exon 9 

(Jankowsky et al., 2004). 
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Genotyping of APPswePS1dE9 mice 

All mice were genotyped twice, once at the start and once at the end of the experiment for 

genotype verification. DNA from an ear punch was isolated by peqGOLD DNA tissue Mini 

Kit, (PEQLAB, Germany). PCR primers are presented on Table. 3.8. The PCR was performed 

with Red Taq Master Mix (Sigma Aldrich, Germany) (Tab. 3.9) on C1000 thermal cycler 

(BioRad). The amplified PCR products were separated by agarose 1.5% gel electrophoresis and 

visualized by ChemiDoc Touch (BioRad, Germany) (Fig. 3.3). 

 

Table 3.8: Primers used for mice genotyping. 

Primer Sequence (5´-3´) Gene Size 

Primer oIMR3610 (*APP-forward) AGGACTGACCACTCGACCAG 
377 bp 

Primer oIMR3611 (*APP-reverse) CGGGGGTCTAGTTCTGC 

Primer oIMR1644 (*PSEN1-forward) AATAGAGACACGGAGCA 
608 bp 

Primer oIMR1645 (*PSEN1-reverse) GCCATGAGGGACACATATCAT 

*Chrm5 Forward (internal control) ACCTTGGACCAAATCTGAGTGTA 
257 bp 

*Chrm5 Reverse (internal control) GGCCAAGCTGAGCAGGTAAT 

*APP primers amplify the mouse generic APP gene (377 bp). 

*PSEN1 primers amplify the mouse generic PSEN1 gene (608 bp). 

*Chrm5 primers amplify the mouse muscarinic 5-receptor gene (257 bp) – used as internal control. 

 

Table 3.9: PCR steps. 

Steps Temp. (oC) Duration Cycles 

1.Denaturation 94 3 min 1 

2.Denaturation 94 30 sec 

34 x Annealing 48 30 sec 

Elongation 72 60 sec 

Final elongation  (optional) 72 10 min 1 
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Figure 3.3: APPswePS1dE9 mice genotyping PCR. DNA ladder (lane 1); WT animal (lane 

2); TG animal (lane 3). 

 

3.2.5. Radiotelemetry system and transmitters 

Implantable EEG radiotelemetry is an in vivo methodological approach used to measure 

physiological and behavioral parameters from conscious and unrestrained animals (Lundt, 

Wormuth, Siwek, Muller, et al., 2016; Papazoglou, Soos, et al., 2016). The telemetry system 

used in my study is from Data Science International (DSI, USA) (Fig. 3.4).  

The Cav3.2 mice were implanted with the one channel Physio Tel TA10ETA-F20 transmitter 

with the following technical specifications: 3.9 g, 1.9 cc, input voltage range ±2.5 mV, channel 

bandwidth 1-200Hz (B), nominal sampling rate (f) 1000 Hz (f = 5B), temperature operating 

range 34-41oC, warranted battery life 4 months, on/off mechanism magnetically actuated (DSI, 

USA).  

The APPswePS1dE9 mice were implanted with the two channel TL11M2-F20EET transmitter 

with the following technical specifications: 3.9 g, 1.9 cc, input voltage range ±1.25 mV, channel 

bandwidth 1-50 Hz (B), nominal sampling rate (f) 250 Hz (f = 5B), temperature operating range 

34-41oC, warranted battery life 1.5 months, on/off mechanism magnetically actuated, (DSI, 
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USA). The minimum animal weight for subcutaneous implantation of TA10ETA-F20 and 

TL11M2-F20EET is 20 g.  Therefore, the weight of all implanted animals included in this work 

was higher than 20 g at the day of implantation (Lundt, Wormuth, Siwek, Muller, et al., 2016; 

Papazoglou, Lundt, et al., 2016; Weiergraber, Henry, Hescheler, Smyth, & Schneider, 2005). 

Both transmitters that were used could also measure the mouse temperature and activity. In our 

experiments, the transmitters were implanted subcutaneously. Although temperature measured 

from subcutaneous pouch do not represent the body core temperature, data were shown that 

subcutaneous body temperature could be correlate with body core temperature under 

environmentally controlled conditions. Thus subcutaneous temperature measured by the 

transmitter could be used as a physiological parameter (Lundt, Wormuth, Siwek, Muller, et al., 

2016; McCafferty, Gallon, & Nord, 2015; Moons, Hermans, Remie, Duchateau, & Odberg, 

2007; Müller et al., 2017; Papazoglou, Lundt, et al., 2016). The activity data provided by the 

transmitter was measured as mean relative activity units. The units were calculated by the 

binary system, where, activity = 0 - inactive state and activity > 0 - active state. These units 

represent the activity in horizontal plane and integrate both trip distance, velocity and 

acceleration (Lundt, Wormuth, Siwek, Muller, et al., 2016). 

 

 

 

Figure 3.4: Each cage with an implanted mouse was placed on a receiver plate that was 

connected to a data exchange matrix. The EEG recording data was transferred through the 

receiver to the data exchange matrix and stored to the connected a computer. 
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3.2.6. Radiotelemtric transmitter placement and electrode implantation 

3.2.6.1. Anesthesia 

Mice were placed in a chamber with continuous supply of isoflurane (Baxter, 100 % v/v) (3-

5%) and carbogen (5% CO2 and 95% O2, 0.5-1 l/min) to induce anesthesia (Fig. 3.5A). The 

anesthetized mice were placed on heating blanket to avoid surgical hypothermia and they were 

continuously supplied with isoflurane (1.5-3%) and carbogen (5% CO2 and 95% O2, 0.5-1 

l/min) through a silicon facemask to maintain the depth of anesthesia (Fig. 3.5A). 

Note: Appropriate anesthetic concentration of isoflurane depends on the age, sex, body weight 

and genotype of the animal. Therefore, it was necessary to check the depth of anesthesia by 

reflexes using foot pinch and tail pinch. A scavenger system was used during the isoflurane 

application to avoid exposure of anesthetic gas (Lundt, Wormuth, Siwek, Muller, et al., 2016; 

Papazoglou, Lundt, et al., 2016). 

 

3.2.6.2. Transmitter placement 

Following anesthesia, dexpanthenol (Bepanthen, Bayer Vital GmbH, Germany) was applied in 

the eyes of the animal to avoid corneal desiccation during the surgery. The animal hair from the 

upper head region were shaved and the area was disinfected (Betaisodona®Solution, 

Mundipharma GmbH, Germany). A midline incision was made by scalpel from forehead region 

and the craniometric landmarks bregma and lambda were visualized (Fig. 3.6B). Furthermore, 

a subcutaneous pouch was formed by blunt dissection using surgical scissors starting from 

nuchal site to lower side abdominal region. Physiological normal saline (1 ml, 0.9%, NaCl) was 

flushed into the pouch and the transmitter was placed inside the pouch at the back of the animal 

with sensing leads oriented cranially.  

 

3.2.6.3. Electrode implantation 

Following transmitter placement, the experimental animals were placed in the mouse 3D 

stereotaxic frame (Neurostar, Germany) (Fig. 3.5) under constant anesthesia supply. The mouse 

head was fixed by using the ear bar and the nose clamp so that the craniometric landmarks 

bregma and lambda were positioned at the same level (Fig. 3.5B). Holes on the mouse skull 

were made pressure free with a neurosurgical drill at a full speed (90000 RPM). Holes were 

made at specific coordinates according to the brain area of interest (Fig. 3.6C1). All stereotaxic 

coordinates presented on Table 3.10 were based on Paxinos and Watson Mouse Brain Atlas 

(Paxinos, 1998).  
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Table 3.10: Electrode positioning coordinates. 

                                             Transmitters  

 Hippocampus (CA1) TA10ETA-F20 TL11M2-F20EET 

Anterior-Posterior  -2.0 mm  -2.0 mm  

Lateral  1.5 mm (right hemisphere) 1.5 mm (right hemisphere) 

Dorsal-Ventral 1.5 mm 1.5 mm 

 

 Transmitters 

Motor Cortex (M1) TA10ETA-F20 TL11M2-F20EET 

Anterior-Posterior N/A 1.42  mm 

Lateral N/A -2.0 mm (left hemisphere) 

Dorsal-Ventral N/A 0.0 mm 

 

Epidural reference electrodes for both channels were positioned on the cerebellar cortex as 

follows: AP 5.5 mm, L + 1.5 mm (right hemisphere) and -1.5 mm (left hemisphere) (Fig. 3.6D). 

The sensing lead of the transmitter that was placed at CA1 region was mechanically attached 

to a tungsten electrode (FHC, USA), bent at a 90o angle and cut at 1.5 mm (Fig. 3.6C3). The 

tungsten electrode had a shank diameter of 250 𝜇m, a tip impedance of 50–100 kΩ and was 

insulated with epoxylite/parylene coated (Fig. 3.6C3).   

Motor cortex and reference electrodes were placed directly on the dura mater.  The stainless 

steel helix of the transmitter sensing lead was exposed by removing the silicon coating and bent 

at the tip. The bending tip was inserted in the skull hole as shown in Fig. 3.6D. 

Surface and deep electrodes were fixed using glass ionomer cement (Kent Dental, Kent Express 

Ltd., UK). Then scalp was closed using over-and-over sutures (Ethilon, 6-0) and antiseptic 

(Betaisodona®Solution, Mundipharma GmbH, Germany) was applied on closed scalp  (Lundt, 

Wormuth, Siwek, Muller, et al., 2016; Papazoglou, Lundt, et al., 2016; Weiergraber, Henry, 

Hescheler, et al., 2005). 
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(A)                                                                (B) 

Figure 3.5: (A) Isoflurane chamber, isoflurane evaporator, isoflurane scavenger module, 

3D computerized stereotaxic frame, heating blanket (B) High precision drill and 

stereotaxic frame including the ear bar and the nose clamp (Lundt, Wormuth, Siwek, 

Muller, et al., 2016; Papazoglou, Lundt, et al., 2016; Weiergraber, Henry, Hescheler, et al., 

2005). 

 

3.2.6.4. Postoperative pain management and care 

For postoperative pain management, Carprofen (5mg/kg, Rimadyl, Parke-Davis/Pfizer, 

Germany) was administered subcutaneously 10-15 minutes before the end of the surgery. Due 

to body surface/body volume ratio, mice are highly susceptible to hypothermia. Thus, freshly 

implanted animals were positioned on a heating pad for 3-4 days to avoid post-surgical 

hypothermia and to maintain physiologically body core temperature. The animals were fed with 

moisten pellets in order to facilitate the food uptake. Mice were given 10 additional days after 

surgery to fully recover, prior to EEG recording. This recovery period was based on the 

observation that no differences in basic physiological/behavioral parameters such as food/water 

uptake, motor activity, and body core temperature were detected between radiotransmitter 

implanted, non-implanted, and sham-operated mice 10 days after surgery (Kramer & Kinter, 

2003; Lundt, Wormuth, Siwek, Muller, et al., 2016; Papazoglou, Lundt, et al., 2016) (Fig. 3.6F). 
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Figure 3.6: Transmitter, stereotaxic surface and deep electrode implantation: (A) 

C57BL/6 mouse and 2 channel radiotransmitter (TL11M2-F20EET) (B) mouse midline 

incision on the forehead region (C1) epidural differential electrode is placed on the motor cortex 

(M1), and an additional intrahippocampal differential electrode is placed in the CA1 region of 

the hippocampus. Both epidural reference electrodes are localized on the cerebellum (C2) 

coronal section (scheme) illustrating the localization of the deep, intracranial electrode for CA1 

EEG (C3) deep electrode attached with sensing lead of radiotransmitter and their placement at 

mouse skull (D) scheme of an epidural electrode placement in mice (E) scheme of a 

radiotransmitter subcutaneously placed at the back of a mouse (F) mouse after 

transmitter/electrode implantation (Lundt, Wormuth, Siwek, Muller, et al., 2016; Papazoglou, 

Lundt, et al., 2016; Weiergraber, Henry, Hescheler, et al., 2005). 

 

3.2.6.5. Confirmation of EEG electrode placement 

To confirm whether electrodes were positioned in the CA1 target area, brains were extirpated 

postmortem and fixed in 4% PFA. Then, brains were cut to 60 𝜇m slices using a Vibroslice 

Tissue Cutter EMS 5000-MZ (Campden Instruments Limited, UK). Slices were stained with 

A 
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39 
 

hematoxylin/eosin or with Nissl staining to visualize the branch canal (Fig. 3.6C2). Animals, 

in which electrodes were not placed in the target region, were excluded from frequency analysis. 

 

3.2.7. Cav3.2 project 

3.2.7.1. Study animals 

In total, eight Cav3.2+/+ (male♂, mean age: 124±1 days or 17.73 ± 0.196 weeks) and eight 

Cav3.2-/- (male♂, mean age: 129 ± 4 days or 18.39 ± 0.594 weeks) were analyzed in this study. 

 

3.2.7.2. Experimental design and EEG recording 

Cav3.2 animals were implanted with a TA10ETA-F20 transmitter and recorded from the 

hippocampal CA1 region.  

The first 24 h baseline recording (R1) was performed at day 10 post implantation from the CA1 

hippocampal region. The second 24 h baseline recording (R2) was performed at day 17 post 

implantation. 

Additionally, at day 18 and 25 after implantation (U1 and U2 respectively) the animals were 

injected with urethane (800 mg/kg freshly dissolved in 0.9% NaCl Sigma-Aldrich, Germany,) 

and an EEG was recorded (U1, U2 respectively) (Fig. 3.7). 

 

Figure 3.7: Experimental design of Cav3.2 project - electrode implantation, R1 and R2 

recordings, U1 and U2 recordings. 
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3.2.7.3. Analysis of electrophysiological data 

EEG data was exported to NeuroScore software (DSI, USA) and analyzed by FFT (Fast Fourier 

Transformation) based approach in the frequency range of 0.5-500 Hz. Each frequency range 

that was analyzed presented in Table 3.11. 

 

Table 3.11: Frequency ranges analyzed for the Cav3.2 project. 

EEG oscillation (Frequency) Frequency range 

Delta 1 (δ1), Delta (δ2) 0.5-4 Hz, 1-4 Hz 

Theta 1 (θ1), Theta 2 (θ2) 4-8 Hz, 4.1-12 Hz 

Alpha (α) 8-12 Hz 

Sigma (σ) 12-16 Hz 

Beta 1 (β1), Beta 2 (β2), Beta 3 (β3) 12.1-30 Hz, 16-24 Hz, 16-30 Hz 

Gamma low (γlow), Gamma mid (γmid), 

Gamma high (γhigh), Gamma ripples (γripples), 

Gamma fast ripples (γfast ripples) 

30-50 Hz, 50-70 Hz, 70-100 Hz, 80-200 Hz, 

200-500 Hz 

 

3.2.7.4. Radiotelemetric EEG data acquisition 

EEG data acquisition was performed by Dataquest ART 4.2 software (DSI) at a nominal 

sampling rate of 1000 Hz (TA10ETA-F20 transmitter) with no priori filter cutoffs (Lundt, 

Wormuth, Siwek, Muller, et al., 2016; Papazoglou, Lundt, et al., 2016). 

The length of the individual EEG epoch analyzed was 2 s (Lundt, Wormuth, Siwek, Müller, et 

al., 2016; Müller et al., 2017; Papazoglou, Lundt, et al., 2016). The actual TA10ETA-F20 

transmitter (DSI, USA) bandwidth (B) is 200 Hz resulting in a nominal sampling rate (f) at 

1000 Hz, (f = 5 X B). Thus, based on the Nyquist-Shannon theorem, the transmitter can only 

reliable record frequencies up to 500 Hz (Weiergraber, Papazoglou, Broich, & Muller, 2016). 

Mean EEG relative power (%) of the individual frequency range was calculated for the 

dark/light circadian stages for the R1 and R2 recordings i.e. two dark (D1, D2) and two light 

cycles (L1, L2) and the two post urethane injections recordings U1 and U2.  

Relative activity counts and temperature data were analyzed R1 and R2 as well as for U1 and 

U2. Importantly, mice active state (activity units > 0) or inactive state (activity units = 0) during 

the 12 h dark/light cycles were correlated with the relative EEG power of each individual 

frequency bands from the hippocampal deflections.  
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Further, power spectrum density (PSD) analysis for theta/alpha frequencies for both genotypes 

and from both baseline and post-urethane phases were also performed to get more insight into 

the hippocampal theta/alpha architecture. 

Data were statistically analyzed and displayed as mean ± SEM. Statistics for frequencies, 

activity and temperature analysis were carried out using multiple Student’s t-test, corrected for 

multiple comparison using the Holm-Sidak method (∗𝑝< 0.05; ∗∗𝑝< 0.01; ∗∗∗𝑝< 0.001). All 

statistics and graph presentations were performed with GraphPad Prism 6 (GraphPad Software, 

USA). 

 

3.2.7.5. Quantitative Real Time PCR (qPCR) 

Transcriptome analysis of hippocampi from control and Cav3.2-/- mice revealed various gene 

candidates that could be functionally related to altered thetagenesis (Papazoglou, Soos, et al., 

2017). To investigate the molecular mechanism involved in the generation of hippocampal EEG 

oscillations in Cav3.2 deficient mice, hippocampal transcript levels of potential gene candidates, 

i.e. Dynein Light Chain Tctex-Type 1 (Dynlt1b), Neuronatin (Nnat), LLP homolog, long-term 

synaptic facilitation (Aplysia) (Llph), ATP synthase, H+ transporting, mitochondrial F0 

complex, subunit G (Atp5l) and 5-hydroxytryptamine receptor 2C (Htr2c) were analyzed using 

quantitative real time (RT) PCR (qPCR). 

In a second approach, qPCR analysis of selected gene candidates of the GABAergic system 

was performed including GABA A receptor delta subunit (Gabrd), GABA A receptor gamma 

subunit (Gabrg2), GABA B1 receptor subunit (Gabbr1) and GABA B2 receptor subunit 

(Gabbr2). These subunits were selected for the following reasons: GABA A receptors are 

pentamers of four transmembrane domains that build up an intrinsic anion selective channel. In 

mammals, sequences of six α, three β, three γ, one δ, three ρ, one ε, one π and one θ GABA A 

receptor subunits have been described (Olsen & Sieghart, 2008, 2009; Sieghart, 2006; Sigel & 

Steinmann, 2012). Currently, 11 native GABA A receptors are classed as conclusively 

identified (i.e., α1β2γ2, α1βγ2, α3βγ2, α4βγ2, α4β2δ, α4β3δ, α5βγ2, α6βγ2, α6β2δ, α6β3δ and 

ρ) with further receptor isoforms occurring with high probability, or only tentatively (Olsen & 

Sieghart, 2008, 2009). Many GABA A receptor subtypes contain α-, β- and γ-subunits with a 

stoichiometry of 2α.2β.1γ (Korpi, Grunder, & Luddens, 2002; Olsen & Sieghart, 2008). It is 

assumed that the majority of GABA A receptors consist of a single type of α- and β -subunit 

variant. The α1β2γ2 hetero-oligomer represents the largest setting of GABA A receptors in the 

CNS, followed by the α2β3γ2 and α3β3γ2 isoforms. Receptors that incorporate the α4- α5-or 

α6-subunit, or the β1-, γ1-, γ3-, δ-, ε- and θ-subunits, are less numerous, but they may 
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nonetheless serve important functions. Notably, GABA A receptors incorporating the γ2 

subunit (except when associated with α5) cluster at the postsynaptic membrane (but may 

distribute dynamically between synaptic and extrasynaptic locations), whereas as those 

incorporating the δ subunit appear to be exclusively extrasynaptic (Z. W. Chen & Olsen, 2007; 

Jacob, Moss, & Jurd, 2008; Luscher, Fuchs, & Kilpatrick, 2011; Vithlani, Terunuma, & Moss, 

2011). We have thus checked for the GABA A δ and γ subunit in my study. Functional GABA 

B receptors on the other hand are formed from the heterodimerization of two similar 7TM 

subunits termed GABA B1 and GABA B2 (Bowery et al., 2002; Emson, 2007; Pin et al., 2004; 

Pin et al., 2007; Ulrich & Bettler, 2007). GABA B receptors are widespread in the CNS and 

regulate both pre- and postsynaptic activity. Co-expression of GABA B1 and GABA B2 

subunits allows transport of GABA B1 to the cell surface and generates a functional receptor 

that can couple to signal transduction pathways such as high-voltage-activated Ca2+ channels 

(Cav2.1, Cav2.2), or inwardly rectifying potassium channels (Kir3) (Bettler, Kaupmann, 

Mosbacher, & Gassmann, 2004; Bowery et al., 2002; Bowery & Enna, 2000). 

Finally, Cav3.1 (Cacna1g) and Cav3.3 (Cacna1i) were also analyzed to check for potential 

alterations in other LVA T-type Ca2+ channel transcript levels. Forward and reverse primer 

sequences of candidate genes are displayed in Table 3.12. 

Total RNA was extracted from the hippocampus of male Cav3.2+/+ control animals (mean age: 

19.32 ± 0.44 weeks, n = 8) and male Cav3.2-/- mice (mean age: 20.43 ± 0.41 weeks, n = 8). 

Additionally total hippocampal RNA was extracted from a female Cav3.2+/+ mouse in the age 

of 24.14 weeks, which served as a calibrator in our analysis. First, hippocampal tissue was 

dissected in RNAprotect Tissue Reagent (Qiagen, Germany) and snap-frozen in liquid nitrogen. 

Total hippocampal RNA was extracted using RNeasy Lipid Tissue Mini Kit (Qiagen, Germany) 

including DNA degradation (additional DNase digestion step). Quality and quantity of the 

extracted RNA was evaluated using Nanodrop (Nanodrop 1000, Thermo Fisher Scientific, 

Germany). To obtain a 50µl cDNA volume, 1µg of total RNA from each animal was reversely 

transcribed in a two-step RT-PCR approach using both anchored-oligo (dT)18 and hexamer 

primers (Transcriptor First Strand cDNA Synthesis Kit, Roche, Switzerland). Gene candidates 

were tested in triplicates in each animal using 2µl cDNA as a template. In addition, a triplicate 

of calibrator cDNA for normalization of potential inter-run variations was carried out. 

Duplicates of two negative controls, i.e. no template controls and no reverse transcriptase 

controls were performed to exclude false positive results. The animals that used for qPCR 

analysis did not undergo transmitter implantation and consequently EEG recordings. 
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qPCR was performed in a Light Cycler480 System (Roche, Switzerland) using the following 

protocol: 95°C (10 min, pre-incubation step); 95°C (10 s, denaturation step); 60°C (20 s, 

Annealing step); 72°C (30 s, extension step), 35 cycles. This protocol was applied to all studied 

primer pairs (Tab. 3.12). SYBR Green 1 Master (Roche, Switzerland) was used for signal 

detection and the specificity of amplification was checked by melting curve analysis.  

The CP values received from the LightCycler 480 Software (Roche, Switzerland) were exported 

to qBase+ software (Biogazelle, Belgium) and analyzed based on a delta-Cq quantification 

model with qPCR efficiency correction, reference gene normalization considering the reference 

target stability of the selected housekeeping genes (HPRT, β-actin) and inter-run calibration 

(Hellemans, Mortier, De Paepe, Speleman, & Vandesompele, 2007). The results were 

determined as Calibrated Normalized Relative Quantity (CNRQ) and statistically analyzed 

using the Mann-Whitney test. 

 

Table 3.12: Sequence of primer pairs used for qPCR. 

1Origene Technologies. 
2 Mendu S.K. et al., PLoS One. 2012;7(8):e42959. doi: 10.1371/journal.pone.0042959. Epub 2012 Aug 21(Mendu, 

Bhandage, Jin, & Birnir, 2012). 
3 Weiergräber M. et al, Basic Res Cardiol. 2005 Jan;100(1):1-13. Epub 2004 Oct 20 (Weiergraber, Henry, 

Sudkamp, et al., 2005). 

Gene Forward sequence (5‘ - 3‘) Reverse sequence (5‘ – 3‘)  

Htr2c
1
 CGGTTCAATTCGCGGACTAAGG GGTCATTGAGCACGCAGGTAGT  

Dynlt1b
1
 GAAGAACGGTGCTGGGTTACAC CAGATGGACAGTCCGAAGGTAC  

ATP5
1
 CCTACAGCTATTCAGAGTGTGAAA AAAACCACATCCACACCTCAGTG  

Nnat
1
 GTGGTGGAGGAAGAGGGTTAAG CACATTTTGGGGAGGGCTTTCG  

Gabrd
2
 TCAAATCGGCTGGCCAGTTCCC GCACGGCTGCCTGGCTAATCC  

Gabrg2
2
 ACTTCTGGTGACTATGTGGTGAT GGCAGGAACAGCATCCTTATTG  

Gabbr1
1
 CGTGGGACTTTTCTATGAGACCG GAACCAGTTGTCAGCATACCACC  

Gabbr2 GGAACACTGCGAAAACACCC ACCGAACAACATGAGGAGCC  

Cav3.1
1
 GACCATGTGGTCCTCGTCATCA TTTCAGCCAGGAAGACTGCCGT  

Cav3.3
1
 GTCTTCACCAAGATGGACGACC ACTTCGCACCAGTCAGGCTTGT  

Llph TGTTGTCTCTCAGGTGAAGCAT CCCCGTCCACTCTGAGGATA  

Hprt
3
 GCTGGTGAAAAGGACCTCT CACAGGACTAGAACACCTGC  

Actb
2
 GTCCACACCCGCCACCAGTTCG ATGCCGGAGCCGTTGTCGAC  
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3.2.8. APPswePS1dE9 transgenic (TG) mice  

3.2.8.1. APP swePS1dE9 mice aged 12-16 weeks  

In total, eight mice subgroups were analyzed in my study including four male (♂) and four 

female (♀) subgroups: 
 

Male (♂) mice subgroups 

 Wildtype (WT) DMSO (vehicle) treated ♂ controls (mean age: 11.17 ± 0.11weeks, 

mean weight: 24.03 ± 0.43 g, n = 7). 

 Wildtype (WT) pantoprazole treated ♂ controls (mean age: 10.72 ± 0.13 weeks, mean 

weight: 22.80 ± 0.45 g, n = 6). 

 DMSO (vehicle) treated ♂ APPswePS1dE9 transgenic (TG) mice (mean age: 11.03 ± 

0.11 weeks, mean weight: 23.52 ± 0.49 g, n = 6). 

 Pantoprazole treated ♂ APPswePS1dE9 transgenic (TG) mice (mean age: 10.96 ± 0.19 

weeks, mean weight: 23.34 ± 0.43 g, n = 7) (Table 3.13). 

 

Female (♀) mice subgroups 

 Wildtype (WT) DMSO (vehicle) treated ♀ controls (mean age: 11.04 ± 0.16 weeks, 

mean weight: 19.80 ± 1.16 g, n = 4). 

 Wildtype (WT) pantoprazole treated ♀ controls (mean age: 10.94 ± 0.22 weeks, mean 

weight: 20.16 ± 0.35 g, n = 5). 

 DMSO (vehicle) treated ♀ APPswePS1dE9 transgenic (TG) mice (mean age: 10.93 ± 

0.19 weeks, mean weight: 19.80 ± 1.24 g, n = 4). 

 Pantoprazole treated ♀ APPswePS1dE9 transgenic (TG) mice (mean age: 10.50 ± 0.15 

weeks, mean weight: 20.20 ± 0.60 g, n = 4) respectively (Table 3.13). 
 

Table 3.13: APPswePS1dE9 mice subgroups 12-16 weeks of age. 

Gender Genotype Mice study subgroups Group name 

Male 

(♂) 

Wild Type (WT) 
DMSO: H2O (1:1) (untreated) WT-DMSO 

Pantoprazole (treated) WT-Panto 

Transgenic (TG) 

APPswePS1dE9 

DMSO: H2O (1:1) (untreated) APP(TG)-DMSO 

Pantoprazole (treated) APP(TG)-Panto 

Female 

(♀) 

Wild Type (WT) 
DMSO: H2O (1:1) (untreated) WT-DMSO 

Pantoprazole (treated) WT-Panto 

Transgenic (TG) 

APPswePS1dE9 

DMSO: H2O (1:1) (untreated) APP(TG)-DMSO 

Pantoprazole (treated) APP(TG)-Panto 
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3.2.8.2. APPswePS1dE9 mice subgroups 17-21 weeks of age 

In total, four male (♂) mice subgroups were analyzed in this study including: 

 Wildtype (WT) DMSO (vehicle) treated ♂ controls (mean age: 15.48 ± 0.31 weeks, 

mean weight: 25.70 ± 0.31 g, n = 3). 

  Pantoprazole treated ♂ controls (mean age: 15.46 ± 0.04 weeks, mean weight: 26.43 ± 

0.96 g, n = 4). 

 DMSO (vehicle) treated ♂ APPswePS1dE9 transgenic (TG) mice (mean age: 15.38 ± 

0.33 weeks, mean weight: 25.84 ± 0.26 g, n = 3). 

 Pantoprazole treated ♂ APPswePS1dE9 transgenic (TG) mice (mean age: 15.43 ± 0.29 

weeks, mean weight: 25.80 ± 0.57 g, n = 3) respectively (Table 3.14). 

 

Table 3.14: APPswePS1dE9 mice subgroups 17-21 weeks of age. 

Gender Genotype Mice study subgroups Group name 

Male(♂) 

Wild Type (WT) 

DMSO: H2O (1:1)(untreated) WT-DMSO 

Pantoprazole (treated) WT-Panto 

Transgenic (TG) 

APPswePS1dE9 

DMSO: H2O (1:1)(untreated) APP(TG)-DMSO 

Pantoprazole (treated) APP(TG)-Panto 

 

3.2.8.3. Osmotic pumps  

Osmotic pump specifications and pantoprazole concentrations 

Pantoprazole was administered subcutaneously into the mice of APP swePS1dE9 aged 12-16 

and 17-21 weeks by ALZET®minipumps (Charles River, Germany). ALZET®osmotic mini 

pumps (Charles River, Germany) deliver drugs with a constant, controlled and predetermined 

rate for minimum 3 days to maximum 4 weeks (Fig. 3.8A). In my study, we used the ALZET® 

2002 pump (Charles River, Germany) which is a medium sized osmotic pump with a maximum 

use of 14 days, 200 µl volume of reservoir and average delivery rate of 0.5 µl/h (depending on 

the LOT Nr.) (Fig. 3.8D). The concentration of pantoprazole that was used in this study was 

calculated based on the standard pantoprazole human daily dose (40 mg/70kg/day) effectively 

used for gastroesophageal reflux disease (GERD) (Dabrowski et al., 2018; Mathews et al., 

2010; Van Rensburg et al., 1999). Mouse daily pantoprazole administration was based on the 

assumption that average weight of an adult mouse is 25 g so the daily dose was calculated to 
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0.0143 mg/25g/day. Pantoprazole (Sigma-Aldrich, Germany) stock solution was prepared in 

DMSO: H2O (1:1) in a concentration of 1.25 mg/ml) and stored at -20oC until use. 

 

Osmotic pump preparation and implantation 

ALZET®2002 osmotic pump (Charles River, Germany) were filled, weighed and primed 

(placed in 0.9% NaCl, at 37oC, overnight) according to the guidelines provided by 

ALZET®https://www.alzet.com/guide-to-use/filling-priming-alzet-pumps/) (Fig. 3.8B,C). 

Untreated, control animals received pumps with DMSO: H2O (1:1) only and pantoprazole 

treated animals received pumps with 1.25 mg/ml pantoprazole prepared in DMSO: H2O (1:1). 

Mice were anesthetized by using isoflurane (Baxter, 100 % v/v) (2-3%) and carbogen (5% CO2 

and 95% O2, 0.5-1 l/min and the lateral backside was shaved for a subcutaneous pump 

implantation. On the shaved side, antiseptic solution (Betaisodona®Solution, Mundipharma 

GmbH, Germany) was applied and a small incision was made to create a pouch. The pouch was 

flushed with normal saline (0.9% NaCl) and the osmotic pump was inserted into the pouch 

subcutaneously from the portal side. The incision was closed by over and over sutures (Ethilon, 

6-0) and antiseptic (Betaisodona®Solution, Mundipharma GmbH, Germany) solution was 

applied.  

Three osmotic pumps were implanted in the APPswePS1dE9 aged 12-16 weeks groups during 

the study (Fig. 3.9) in two weeks intervals. The first pump was implanted on the day of electrode 

implantation. Seven pumps were implanted in two weeks intervals in the APPswePS1dE9 mice 

aged 17-21 weeks (Fig. 3.10). All APPswePS1dE9 mice groups received the first osmotic pump 

at the same age (~11 weeks). Pantoprazole was administered continuously for six weeks in 

APPswePS1dE9 12-16 weeks of age while in APPswePS1dE9 mice 17-21 weeks of age for 

approximately thirteen weeks. 

 

https://www.alzet.com/guide-to-use/filling-priming-alzet-pumps/
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Figure 3.8: (A) ALZET®osmotic minipump (B) Mouse with pump placement (C) Filling 

of osmotic pump with test solution (D) Structural and functional parts of ALZET®osmotic 

minipump. 

 

3.2.8.4. Radiotelemetric EEG data acquisition 

EEG data acquisition from all APP swePS1dE9 mice groups were performed by the Dataquest 

ART 4.2 software (DSI) (Fig. 3.4) at a nominal sampling rate of 200 Hz (TL11M2-F20EET 

transmitter) with no priori filter cutoffs (Lundt, Wormuth, Siwek, Müller, et al., 2016; 

Papazoglou, Lundt, et al., 2016). 

 

 

 

 

A B 

C 

D 
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3.2.8.5. Experimental design and EEG recording 

APP swePS1dE9 mice groups 12-16 weeks of age 

The 1st 24 h baseline recording was performed at day 10 (12th week of age) post-surgery from 

both motor cortex and the CA1 hippocampal regions. Subsequently, 2nd and 3rd 24 h baseline 

recordings were performed at day 24 (14th week of age) and 38 (16th week of age) post-

implantation respectively (Fig. 3.9). 

 

 

Figure 3.9: Experimental design of osmotic pumps and electrode implantation of 

APPswePS1dE9 (age 12-16 weeks) groups. 

 

APPswePS1dE9 mice groups 17-21 weeks of age 

We recorded five 24 h baseline recordings from both the motor cortex and the CA1 

hippocampal regions. The 1st 24 h recording was performed at day 10 post-surgery (17th week 

of age). Followed by 2nd at day 17 (18th week of age), 3rd at day 24 (19th week of age), 4th at day 

31 (20th week of age) and 5th at day 38 post surgery (21st week of age) respectively. Furthermore, 

after the 5th baseline recording, consecutive recordings of 1 h baseline, 1 h post-normal saline 

(0.9% NaCl), 1 h post-urethane injection (800 mg/kg freshly dissolved in 0.9% NaCl Sigma-

Aldrich, Germany) and 3 h post-atropine injection (60 mg/kg Sigma-Aldrich, Germany, freshly 

dissolved in 0.9% NaCl) were also performed (Fig. 3.10).
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Figure 3.10: Experimental design of osmotic pumps and electrode implantation of APPswePS1dE9 (age 17-21 weeks) groups.
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3.2.8.6. EEG recording analysis of APPswePS1dE9 mice groups 

EEG data were exported to NeuroScore software (DSI, USA) and analyzed by FFT (Fast Fourier 

Transformation) based approach in the frequency range of 0.5-70 Hz. The actual TL11M2-F20-

EET transmitter (DSI, USA) bandwidth (B) is 50 Hz resulting in a nominal sampling rate (f) at 

250 Hz, (f = 5 X B). Thus, based on the Nyquist-Shannon theorem, the transmitter can only reliable 

record frequencies up to 125 Hz (Weiergraber et al., 2016). 

Each frequency and the range that were analyzed are presented Table 3.15. 

The length of the individual EEG epochs that were FFT analyzed was 2 s (Lundt, Wormuth, Siwek, 

Müller, et al., 2016; Müller et al., 2017; Papazoglou, Lundt, et al., 2016). 

 

Table 3.15: Frequency ranges analyzed for the APPswePS1dE9 project. 

EEG oscillation (Frequency) Frequency range 

Delta 1 (δ1) 0.5-4 Hz 

Theta 1 (θ1), Theta 2 (θ2) 4-8 Hz, 4.1-12 Hz 

Alpha (α) 8-12 Hz 

Sigma (σ) 12-16 Hz 

Beta 1 (β1), Beta 2 (β2), Beta 3 (β3) 12.1-30 Hz, 16-24 Hz, 16-30 Hz 

Gamma low (γlow), Gamma mid (γmid), 30-50 Hz, 50-70 Hz 

 

Activity data from the 12 h dark/light cycle of all three baseline recordings of APPswePS1dE9 

mice 12-16 weeks of age and of all five baseline recordings as well as of 1 h baseline, 1 h post-

normal saline, 1 h post-urethane and 3 h post-atropine recordings of APP swePS1dE9 mice 17-21 

weeks of age were also analyzed from both the motor cortex (M1) and hippocampus (CA1) 

deflections. Additionally, temperature (oC) analysis was also performed for the same recording 

descript above.  

Mean relative EEG power (%) of the individual frequency ranges was calculated for circadian 

stages, i.e. dark and light cycles for all the above descripted recording for all APPswePS1dE9 mice 

groups.  

 

3.2.8.7. Electroencephalographic seizures analysis for all APPswePS1dE9 mice groups 

Electroencephalographic seizures analysis was performed by using automated seizure detection 

and quantification modules of NeuroScore (DSI, USA). An EEG baseline amplitude for each 

animal and each recording was determined individually for both the hippocampal and cortical 

recordings. Based on the NeuroScore automated seizure detection module protocol, in order for as 
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seizure like event to be scored, the amplitude threshold of ictal discharges was set to 1.5 X higher 

than the baseline (µV). Parameters for automated seizures detection, maximum amplitude was set 

at 1000 µV; minimum spike duration, 1 ms and maximum spike duration, 100 ms; spike trains 

parameters: minimum train duration, 0.5 s; minimum spike interval, 0.05 s; maximum spike 

interval, 0.3 s; train joint interval, 1 s; minimum number of spikes, 4 (Papazoglou, Lundt, et al., 

2016). 

The following seizures parameters including number of spike trains, spike trains duration (min) 

and number of single spikes were evaluated during both 12 h dark and light circadian phases for 

all three baseline recordings of APP swePS1dE9 mice 12-16 weeks of age (Fig. 3.9) and for all 

five baseline recordings of APP swePS1dE9 mice 17-21 weeks of age (Fig. 3.10). 

 

3.2.8.8. Euthanization, organ collection and animal perfusion 

After EEG recordings, animals were anaesthetized by injecting ketamine hydrochloride and 

xylazine hydrochloride (200 mg/kg b/w Ketanest® Pfizer, USA; 25 mg/kg b/w Rompun® Bayer, 

Germany). Blood (~1 ml) was collected from all the animals by cardiac puncture followed by liver 

tissue collection. Then, the animals were cardiac perfused with using ice cold PBS (pH: 7.4). The 

descending aorta was closed with a surgical clamp at the diaphragm level before the upper part of 

the mouse body was perfused with 4% PFA in PBS. Subsequently, brains were extirpated and 

stored in 4% PFA for 3-4 h at room temperature. Brains were transferred to 30% sucrose in PBS 

for cryoprotection and stored at 4oC until further use. Plasma was separated from the blood sample 

by centrifugation at 10,000 rpm for 10 minutes at 4oC. Plasma and liver samples were snap frozen 

in liquid nitrogen and stored at -80oC until further use. 

 

3.2.8.9. Statistical analysis 

Frequency, activity and temperature analysis as well as seizure parameters results from all of 

APPswePS1dE9 mice groups were statistically analyzed and displayed as mean ± SEM for each 

individual male and female mice subgroups. Statistical comparison for mean ± SEM were carried 

out using two way ANOVA between all mice groups of each recording and also within the 

recordings of each group. Tukey’s test was used as post-hoc analysis for multiple comparisons (∗ 

𝑝 < 0.05; ∗∗ 𝑝 < 0.01; ∗∗∗ 𝑝 < 0.001). All statistics and graph presentations were performed with 

GraphPad Prism 6 (GraphPad Software, USA). 
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3.2.9. Liquid chromatographic and tandem mass spectrometric (LC-MS/MS) analysis of 

Pantoprazole 

3.2.9.1. Standard solutions 

Pantoprazole concentration from plasma and liver tissue was determined by high liquid 

chromatography coupled with tandem mass spectrometry (LC-MS/MS).  

The stable isotopically labeled Pantoprazole-d6 sodium salt (major Pantoprazole-d-6) was used as 

internal standard (molecular formula: C16H7D6F2N3NaO4S, Molecular Weight: 411.39, synthetic, 

purity ≥ 97%, Santa Cruz Biotechnology, USA). The stock solution of internal standard (0.1 µg/ml 

in DMSO: H2O (1:1 v/v)) was prepared, protected from light and stored at -20oC until further use. 

The standard stock solution of Pantoprazole (100 µg/ml in DMSO: H2O (1:1 v/v), purity ≥ 98%, 

Sigma-Aldrich, Germany) was prepared, protected from light and stored at -20oC until further use. 

 

3.2.9.2. Plasma samples analysis 

Calibration curve 

For the preparation of standard curve, fetal calf serum (FCS, sterile filtered, not heat-inactivated, 

Sigma, Germany) was used as matrix for the calibration of parameters. FCS was thawed in water 

bath and mixed by vortex before use. 3 µl of each pantoprazole dilution as shown in Table 3.16 

was mixed with 297 µl of FCS. 900 µl (3x the volume) of ice-cold acetonitrile (≥ 99.9%) already 

mixed with deuterated-Pantoprazole (1.7 ng/ml) was added into each sample. The samples were 

vortexed to conduct protein precipitation and centrifuged for 5 minutes at room temperature and 

16000 rcf. The supernatant was transferred to a 2 ml tube and evaporated by a nitrogen evaporator 

at 40oC, for 1-2 h to form dried residues (evaporator system EVA-EC1-S, Germany). 100 µl of 

double distilled water (ddH2O) was added to the dried residue of each sample and was vortexed 

until all precipitates were dissolved. Dissolved samples were centrifuged for 3 minutes at room 

temperature, at 16000 rcf to avoid any debris and lipid particles before LC-MS/MS analysis. 

Finally, the dissolved solution were transferred into a HPLC glass vial for further analysis and 

sealed. 5 µl from each sample were injected to the LC-MS/MS equipment. Blank solvents 

(deionized water and acetonitrile) and matrix blank were also run as controls to identify any 

possible contamination.  
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Table 3.16: Standard curve of pantoprazole in FCS for the analysis of plasma samples. 

Initial Pantoprazole  

Concentration 

Plasma (FCS) Volume used 

[µl] 

Final Concentration 

[ng/ml] 

3 µl (100 µg/ml) 297 1000 

3 µl (10 µg/ml) 297 100 

3 µl (5 µg/ml) 297 50 

3 µl (2.5 µg/ml) 297 25 

3 µl (1 µg/ml) 297 10 

3 µl (500 ng/ml) 297 5 

3 µl (250 ng/ml) 297 2.5 

3 µl (100 ng/ml) 297 1 

3 µl (50 ng/ml) 297 0.5 

3 µl (25 ng/ml) 297 0.25 

3 µl (10 ng/ml) 297 0.1 

3 µl (5 ng/ml) 297 0.05 

3 µl (DMSO: Water) 297 0.0 

 

Analysis of APPswePS1dE9 (age 12-16 weeks) plasma samples 

The plasma samples from every animal of each APP swePS1dE9 (age 12-16 weeks) mice group 

were thawed in water bath and transferred 100 µl of each plasma sample in 1.5 ml tubes. Then 300 

µl (3x the volume) of ice-cold acetonitrile (≥ 99.9%) already mixed with deuterated-Pantoprazole 

(1.7 ng/ml) was added into each sample and vortexed them, precipitates were formed. Later, 

samples were centrifuged for 5 minutes at room temperature, 16000 rcf and transferred the 

supernatants in 2 ml tubes. The supernatants were evaporated by nitrogen evaporator at 40oC for 

1-2 h to precipitate (evaporator system EVA-EC1-S, Germany). 100 µl of ddH2O was added to the 

dried residue of each sample and vortexed them until all the precipitates were fully dissolved. 

Dissolved samples were centrifuged for 3 minutes at room temperature, at 16000 rcf to avoid any 

debris and lipid particles before LC-MS/MS analysis. Finally, the samples (without debris) were 

transferred in HPLC glass vials and closed for further analysis. 5 µl of each sample was injected 

into LC-MS/MS for analysis. 

 

Note: It is better to analyze fresh samples to avoid any degradation. If this is not feasible then 

samples should be stored at -20oC and protected from light until further use as early as possible. 
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3.2.9.3. Liver tissue analysis 

Calibration Curve 

Untreated mouse (C57BL/J6) liver tissue was used as a matrix for the calibration curve.  50-60 mg 

untreated mouse liver tissue was mixed with 3 ml of ddH2O water fortified with deuterated-

pantoprazole (3 ng deuterated-Pantoprazole/ml) and it was homogenized on ice (Potter Elvehjem). 

Further, the tissue lysate was sheared with the help of a PTFE pistil (Polytetrafluoroethylene, 

Teflon®) and aliquot in 1.5 ml tubes (each 248 µl). 2 µl of each pantoprazole dilution (Table 3.17) 

was added in each lysate and incubated for 2 minutes at room temperature. 750 µl of ice-cold 

acetonitrile was added to each sample (≥ 99.9%)  (~3x the volume of each lysate). The samples 

were vortexed to conduct protein precipitation and centrifuged for 5 minutes at room temperature 

and 16000 rcf. The supernatant was transferred to a 2 ml tube and evaporated by a nitrogen 

evaporator at 40oC for 1-2 h to form dried residues (evaporator system EVA-EC1-S, Germany). 

100 µl of 2% acetic acid was added to the dried residue of each sample and was vortexed until all 

precipitates were dissolved. Finally, the dissolved solution was transferred into a HPLC glass vial 

for further analysis and sealed. 5 µl from each sample were injected to the LC-MS/MS equipment. 

Blank solvents (deionized water and acetonitrile) and matrix blank were also run as controls to 

identify any possible contamination.  

 

Table 3.17: Standard curve of pantoprazole in liver lysate for the analysis of liver samples. 

Final concentration Liver tissue lysate Volume of stock solution 

80 ng/ml 248 µl 2µl (10 µg/ml) 

8 ng/ml 248 µl 2µl (1 µg/ml) 

0.8 ng/ml 248 µl 2µl (100 ng/ml) 

0.4 ng/ml 248 µl 2µl  (50 ng/ml) 

0.2 ng/ml 248 µl 2µl  (25 ng/ml) 

80 pg/ml 248 µl 2µl (10 ng/ml) 

40 pg/ml 248 µl 2µl (5 ng/ml) 

20 ng/ml) 248 µl 2µl (2.5 ng/ml) 

8 pg/ml) 248 µl 2µl (1 ng/ml) 

4 pg/ml) 248 µl 2µl (0.5 ng/ml) 

2 pg/ml) 248 µl 2µl (0.25 ng/ml) 

0.8 pg/ml) 248 µl 2µl (0.1 ng/ml) 
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Analysis of APPswePS1dE9 (age 12-16 weeks) liver samples 

The mouse liver tissue samples (50-60 mg) for every animal of all APPswePS1dE9 (age 12-16 

weeks) mice groups (Tab. 3.13) was mixed with 500 µl ddH2O already fortified with deuterated-

Pantoprazole (3 ng deuterated-Pantoprazole/ml) in 1.5 ml tubes and it was homogenized on ice 

(Potter Elvenjhem). The tissue lysate was sheared with the help of PTFE pistil 

(Polytetrafluoroethylene, Teflon®). 1.3-1.5 ml (~3x the volume of each lysate) of ice-cold 

acetonitrile was added into each sample (≥ 99.9%). The samples were vortexed for 5 s to conduct 

protein precipitation and centrifuged for 5 minutes at room temperature and 16000 rcf. The 

supernatant was transferred to a 2 ml tube and evaporated by a nitrogen evaporator (evaporator 

system EVA-EC1-S, Germany) at 40oC, for 1-2 h to form dried residues. 100 µl of 2% acetic acid 

was added to the dried residue of each sample and was vortexed until all precipitates were 

dissolved. Finally, the dissolved solution were transferred into a HPLC glass vial for further 

analysis and sealed. 5 µl from each sample were injected to the LC-MS/MS equipment. Blank 

solvents (deionized water and acetonitrile) and matrix blank were also run as controls to identify 

any possible contamination.  

 

3.2.9.4. LC-MS/MS analysis 

Basic principle  

For the analysis of samples by LC-MS/MS approach, the sample mixture was first injected into 

the liquid chromatograph that separates the sample mixture based on individual interaction to the 

stationary phase. The samples are further analyzed by means of MS/MS analysis, processed by 

tandem mass spectrometer, in which the specific analytes are ionized and separated further on the 

bases of their mass to charge ratio (m/z). The process of filtering and mass analysis is called 

multiple reaction monitoring (MRM). In MRM process, the analyte passes through different 

quadrupoles of MS optics from Q1, Q2, to Q3 to analyse the specific compound (Fig. 3.11). 

Different quadrupoles perform different MS/MS functions: 

*m/z Q1: In quadrupole 1(Q1), the precursor ions are filtered based on mass to charge ratio (m/z) 

to form MS1 spectrum.  

*In quadrupole 2 (Q2) (collision cell), the collision of the precursor ions with inert gas and applied 

voltage activate the fragmentation process of the precursor ions. The Q2 is only for collision, not 

for mass separation. 

*m/z Q3: In quadrupole 3 (Q3), the selected product ions filtered based on mass to charge ratio 

(m/z) for detection to form MS2 spectrum. 
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Figure 3.11: Description of the sample analysis processed by liquid chromatography 

followed by MRM process using triple quadrupole of MS optics and finally the detection of 

analyte that appeared as mass spectrum (Zimdahl Kahlin, 2020). 

 

Instrumentation and specifications  

The analysis of samples were performed by Sciex QTRAP® 6500 MS coupled to a Shimadzu 

Nexera® UPLC. The chromatographic separation were achieved by Thermo Fisher Accucore® 

C8 (50x3mm, 2.7µm) equipped with a guard column. The running buffer consisted of 0.2% formic 

acid as aqueous phase (phase A) and acetonitrile as an organic phase (phase B). The gradient are 

shown in Table 3.18. 

  

    Table 3.18: LC-MS running buffers. 

Time [minute] Phase A [%] Phase B [%] 

0.2 99 1 

10 0 100 

10.1 99 1 

12 99 1 
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     Table 3.19: Ion transitions for the MRM experiment. 

Q1 [m/z] Q3 [m/z]  Compound CE* DP* 

384.1 200.1 Pantoprazole-1 25 100 

384.1 138.1 Pantoprazole-2 25 100 

384.1 182 Pantoprazole-3 25 100 

390.1 206.1 D6-Pantoprazole-1 25 100 

390.1 143.1 D6-Pantoprazole-2 25 100 

 

 

For quantification, the ion transitions with m/z 384.1/200.1 and m/z 390.1/206.1 were used for 

pantoprazole and deuterated-pantoprazole, respectively. Calculations were done by Analyst® 

Software (Sciex, Singapore) and MultiQuant® software (Sciex, Singapore) (Tab. 3.19). 

*CE (collision energy, eV): It is the amount of energy applied on the precursor ions when they 

facilitated into the collision cell for fragmentation. 

*DP (Declustering potential, eV): Definitive potential for the particular ion, used to inhibit the   

clustering of ions and boost the entry of the analytes into the MS. 

Data was statistically analyzed and displayed as mean ± SEM for all pantoprazole concentrations 

and for all individual male and female mice groups. Statistical comparison for mean ± SEM of all 

pantoprazole concentration ranges were carried out using one way ANOVA between all mice 

groups. Tukey’s test was used as post-hoc analysis for multiple comparisons (∗ 𝑝 < 0.05; ∗∗ 𝑝 < 

0.01; ∗∗∗ 𝑝 < 0.001; ∗∗∗∗ 𝑝 < 0.0001). Most of the statistics and graph presentations were performed 

with GraphPad Prism 6 (GraphPad Software, USA). 

 

Metabolite analysis 

Human liver microsome incubation 

183 µL of PBS was taken in 1.5 ml tube and then 2 µl of pantoprazole (0.1 mg/ml in DMSO: H2O 

stock solution) was added into it. Subsequently, 10 µl of 20 mM NADPH and 5 µl human liver 

microsomes (Gibco HLM, Thermo scientific, Germany) were also added and incubated for 30 min 

at 37°C. 600 µl of ice-cold acetonitrile (≥ 99.9%) was added into the mixture. The samples were 

vortexed and a precipitate was formed. The samples were then centrifuged and the supernatant 

was transferred into a 2 ml tube. The supernatant was evaporated by vacuum centrifuge under 

reduced pressure. 100 µl ddH2O was added to dissolve the precipitate and the samples were 
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transferred into HPLC vials for analysis. Product ion experiment was performed to identify 

relevant ion transitions for metabolite identification (Tab. 3.20). Note that NADPH powder should 

be stored at -20 oC and NADPH solution in PBS at -80 oC. Furthermore, during evaporation, the 

centrifuge should be stopped and vacuum pump turned off after every 30 minutes. 

 

Table 3.20: MRM ion transitions of the measured metabolites 

Q1 [m/z] Q3 [m/z] 

Dwell 

time 

[msec] ID DP [eV] CE [eV] 

400.1 336.1 40 Pantoprazolsulfone-1 100 30 

400.1 216.1 40 Pantoprazolsulfone-2 100 30 

400.1 152.1 40 Pantoprazolsulfone-3 100 30 

400.1 304.1 40 Pantoprazolsulfone-4 100 30 

368.1 184.1 40 Pantoprazolsulfane-1 100 30 

368.1 335.1 40 Pantoprazolsulfane-2 100 30 

368.1 122.1 40 Pantoprazolsulfane-3 100 30 

368.1 152.1 40 Pantoprazolsulfane-4 100 30 

 

Statistical comparison of mean ± SEM area ratios of pantoprazole, pantoprazolesulfane and 

pantoprazolesulfone was performed between all mice groups and within each group by using one-

way ANOVA. Tukey’s test was used as post-hoc analysis for multiple comparisons (∗ 𝑝 < 0.05; ∗∗ 

𝑝 < 0.01; ∗∗∗ 𝑝 < 0.001; ∗∗∗∗ 𝑝 < 0.0001). Most of the statistics and graph presentations were 

performed with GraphPad Prism 6 (GraphPad Software, USA). 
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4. Results 

4.1. Hippocampal EEG alterations in Cav3.2 mice 

4.1.1. Representative EEG traces from Cav3.2+/+ and Cav3.2-/- mice. 

Representative 30 s EEG traces from the hippocampal CA1 region of Cav3.2+/+ and Cav3.2-/- mice 

are shown in Fig. 4.1.1. During the light cycle, recording from Cav3.2+/+ mice shows, i.e., typical 

large irregular amplitude (LIA) activity (Fig. 4.1.1AI) while there is a general increase in EEG 

frequency during the dark cycle (Fig. 4.1.1AII). In Cav3.2-/- mice, theta and alpha activity appears 

to be more prominent, particularly during the dark cycle (Fig. 4.1.1BII). 

 

 

Figure 4.1.1: Representative hippocampal CA1 EEG traces (30 s) during the dark and light 

cycles from Cav3.2+/+ and Cav3.2-/- mice. The EEG exhibits prominent theta oscillations in 

Cav3.2-/- mice (B) compared to Cav 3.2+/+ mice (A). Scale: Y-axis, 150 µV, X-axis, 3 s. 

 

4.1.2. Activity analysis 

The activity data provided by the radiofrequency transmitter was measured as mean relative 

activity units. The units were calculated by a binary system; with activity = 0 determining the 

inactive state and activity > 0 classifying the active state. The activity units represent the activity 



 

60 
 

in the horizontal plane and integrate both trip distance, velocity and acceleration (Lundt, Wormuth, 

Siwek, Muller, et al., 2016).The mean relative activity was analyzed from both genotypes during 

the dark cycles (DC) and the light cycles (LC) of both baselines recordings (R1 & R2). In controls 

(Cav3.2+/+) and transgenic (Cav3.2-/-) mice, a significant increase in mean relative activity was 

observed in DC1  compared to LC1 at the 1st baseline (R1) recording (Cav3.2+/+, n = 8, DC1: 0.070 

± 0.010 vs. LC1: 0.039 ± 0.003; p = 0.0084) (Cav3.2-/-, n = 8, DC1: 0.078 ± 0.008 vs LC1: 0.042 

± 0.005; p = 0.0034) (Fig. 4.1.2A) and also at the 2nd baseline (R2) recording (Cav3.2+/+, n = 8, 

DC2: 0.066 ± 0.007 vs LC2: 0.037 ± 0.006; p = 0.0104) (Cav3.2-/-, n = 8, DC2: 0.075 ± 0.007 vs. 

LC2: 0.048 ± 0.011; p = 0.0382) (Fig. 4.1.2B). However, no significant difference in mean relative 

activity was detected between both genotypes during the dark and light cycles of both baseline 

recordings (R1 & R2) (Fig. 4.1.2). 

Similarly, no significant differences in mean relative activity counts were found between both 

genotypes in the post urethane phase I (U1) (Cav 3.2+/+, n = 8: 0.014 ± 0.003 vs. Cav 3.2-/-, n = 8: 

0.018 ± 0.004; p = 0.4433) and in post urethane phase II (U2) (Cav 3.2+/+: 0.019 ± 0.004 vs. Cav 

3.2-/-, n = 8: 0.016 ± 0.002; p = 0.5281) (Fig. 4.1.3). 
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Figure 4.1.2: Mean relative activity profile of Cav3.2+/+ and Cav3.2-/- animals during the dark 

(DC) and light cycle (LC) for the first (R1, A) and second (R2, B) 24 h baseline recordings. 
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Figure 4.1.3: Mean relative activity profile of Cav3.2+/+ and Cav3.2-/- mice in post-urethane 

recordings (U1, U2). 

 

4.1.3. Temperature analysis 

Besides biopotentials such as the EEG, the TA10ETAF20 transmitter is also capable of recording 

body temperature. As the transmitter was implanted in a subcutaneous pouch on the back of the 

experimental animals, temperature values do not represent body core temperature. Nevertheless, 

subcutaneous temperature values are comparable between both genotypes.  

A significant increase in temperature was observed in both genotypes during DC1 compared to 

LC1 of the 1st baseline recording (R1) (Cav3.2+/+), n = 7, DC1: 35.12 ± 0.13°C vs. LC1: 34.55 ± 

0.11°C; p < 0.0001) (Cav3.2-/-, n = 8, DC1: 34.70 ± 0.24°C vs. LC1: 34.04 ± 0.25°C; p = 0.0006) 

(Fig. 4.1.4A) and also at the 2nd baseline recordings (R2) (Cav3.2+/+, n = 7, DC2: 34.80 ± 0.18°C 

vs LC2: 34.04 ± 0.16°C; p = 0.0002) (Cav3.2-/-, n = 8, DC2: 34.60 ± 0.28°C vs. LC2: 33.94 ± 

0.26°C; p < 0.0001) (Fig. 4.1.4B). However, no significant differences in temperature were 

observed between both genotypes within the dark and light cycle of the 1st and 2nd baseline 

recordings (R1 & R2) (Fig. 4.1.4). Similar to activity results, no significant differences were found 

in temperature profile at post urethane phase I (U1) (Cav3.2+/+, n = 7: 33.11 ± 0.31°C vs. Cav3.2-/-

, n = 8: 32.91 ± 0.36°C; p = 0.6853) and post urethane phase II (U2) (Cav3.2+/+, n = 7: 32.88 ± 

0.33°C vs. Cav3.2-/-, n = 8: 32.87 ± 0.40°C; p = 0.9809) (Fig. 4.1.5). 
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Figure 4.1.4: Temperature profile of Cav3.2+/+ and Cav3.2-/- during the dark cycle (DC) and 

light cycle (LC) for the first (R1, A) and the second (R2, B) 24 h baseline recordings. 
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Figure 4.1.5: Temperature profile of Cav3.2+/+ and Cav3.2-/- mice during post-urethane 

recordings (U1, U2). 

 

4.1.4. FFT based frequency analysis in controls (Cav3.2+/+) and transgenic (Cav3.2-/-) mice 

In both control (Cav3.2+/+) and transgenic (Cav3.2-/-) animals, the FFT based relative EEG 

frequency analysis was performed from the CA1 region of the brain at the active state (AS) and 

non-active states (NAS) of dark/light cycles of both baseline (R1 & R2) and post-urethane (U1 & 

U2) recordings. 

 

4.1.4.1. EEG power analysis of R1/R2 during the active state of dark cycle 

No significant differences were observed in δ1, δ2, α, σ, β1, β2, β3, γ frequencies bands at the active 

phase of the DC of R1 (Fig. 4.1.6). Statistical trends were detected for θ1 (Cav3.2+/+: 14.159 ± 

1.764% vs. Cav3.2-/-: 18.571 ± 1.533%; p = 0.0800), θ2 (Cav3.2+/+: 28.215 ± 4.161% vs. Cav3.2-/-: 

37.766 ± 3.349%; p = 0.0954) and σ (Cav3.2+/+: 4.312 ± 0.359% vs. Cav3.2-/-: 5.267 ± 0.359%; p 

= 0.0811) between both genotypes (Fig. 4.1.6B,C).  

Likewise, statistical trends in θ2, α and σ activities were observed in baseline recording R2 (θ2, 

Cav3.2+/+: 28.877 ± 4.683% vs. Cav3.2-/-: 40.321 ± 3.346%; p = 0.0667), (α, Cav3.2+/+: 14.336 ± 

2.576% vs. Cav3.2-/-: 21.495 ± 2.452%; p = 0.0637) (σ, Cav3.2+/+: 4.298 ± 0.519% vs. Cav3.2-/-: 

5.542 ± 0.289%; p = 0.0549) (Fig. 4.1.7B,C). No significant differences were observed for all 

other frequency bands in the dark cycle active phase of baseline recording R2 (Fig. 4.1.7).  
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Figure 4.1.6: EEG power analysis during the dark cycle active state of the 1st baseline 

recording (R1). Relative EEG power (%) for Cav3.2+/+ and Cav3.2-/- mice is displayed for the 

individual frequency ranges (A-E). 
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Figure 4.1.7: EEG power analysis during the dark cycle active state of the 2nd baseline 

recording (R2). Relative EEG power (%) for Cav3.2+/+ and Cav3.2-/- mice is displayed for the 

individual frequency ranges (A-E). 
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4.1.4.2. EEG power analysis of R1/R2 during non-active state of the dark cycle 

At dark cycle non-active state of baseline recording R1, a significant increase in relative θ2, α and 

σ powers were observed in Cav3.2-/- mice compared to controls (θ2, Cav3.2+/+: 33.344 ± 3.553% 

vs. Cav3.2-/-: 42.415 ± 2.047%; p = 0.0441) (α, Cav3.2+/+:12.878 ± 1.458% vs. Cav3.2-/-: 17.287 ± 

1.063%; p = 0.0284) (σ, Cav3.2+/+: 5.762 ± 0.543% vs. Cav3.2-/-: 7.214 ± 0.338%; p = 0.0395) (Fig. 

4.1.8B,C). No significant differences were observed in δ1, δ2, θ1, β1, β2, β3 and γ frequency bands 

between both genotypes (Fig. 4.1.8). 

Similarly, during the non-active state of the dark cycle during baseline recording R2, statistical 

increase in relative θ2 and α power was observed in Cav3.2-/- mice compared to controls (θ2, 

Cav3.2+/+: 33.516 ± 4.177% vs. Cav3.2-/-: 44.078 ± 1.882%; p = 0.0370) (α, Cav3.2+/+: 12.586 ± 

1.675% vs. Cav3.2-/-: 18.159 ± 1.030%; p = 0.0132) (Fig. 4.1.9B,C). A statistical trend was detected 

for relative σ power (Cav3.2+/+: 5.927 ± 0.717% vs. Cav3.2-/-: 7.426 ± 0.322%; p = 0.0773) (Fig. 

4.1.9C). However, no significant changes were found in δ1, δ2, θ1, β1, β2, β3 and γ frequency bands 

between both genotypes (Fig. 4.1.9). 

 

4.1.4.3. EEG power analysis of R1/R2 during active state of the light cycle 

During the light cycle active state of baseline recording R1, a significant increase in relative σ 

power was observed in Cav3.2-/- mice compared to Cav3.2+/+ animals (σ, Cav3.2+/+: 4.143 ± 0.279% 

vs. Cav3.2-/-:  5.300 ± 0.286%; p = 0.0118) (Fig. 4.1.10C) and a statistical trend was found for θ2, 

β1 and α (θ2, Cav3.2+/+: 27.758 ± 4.023% vs. Cav3.2-/-: 37.377 ± 3.223%; p = 0.0831) (β1, Cav3.2+/+: 

12.866 ± 0.615% vs. Cav3.2-/-: 15.022 ± 0.947%; p = 0.0767) (α, Cav3.2+/+: 11.781 ± 1.701% vs. 

Cav3.2-/-: 16.724 ± 1.868%; p = 0.0706) (Fig. 4.1.10B,C,D). No significant changes were observed 

for δ1, δ2, θ1, β2, β3 and γ frequency bands between both genotypes (Fig. 4.1.10). 

Likewise, at light cycle active state of baseline recording R2, a significant increase in σ and α 

relative powers was identified in knock out mice compared to controls (α, Cav3.2+/+: 11.481 ± 

1.925% vs. Cav3.2-/-:18.258 ± 2.341%; p = 0.0421) (σ, Cav3.2+/+: 4.090 ± 0.472% vs. Cav3.2-/-: 

5.398 ± 0.356%; p = 0.0441) (Fig. 4.1.11C). Additionally, a statistical trend was observed in θ2 

relative power (θ2, Cav3.2+/+: 27.886 ± 4.529% vs. Cav3.2-/-: 38.914 ± 3.762%; p = 0.0821) (Fig. 

4.1.11B). However, no significant differences were identified for δ1, δ2, θ1, β1, β2, β3 and γ 

frequency bands between both genotypes (Fig. 4.1.11). 
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Figure 4.1.8: EEG power analysis during the dark cycle non-active state of the 1st baseline 

recording (R1). Relative EEG power (%) for Cav3.2+/+ and Cav3.2-/- animals is displayed for the 

individual frequency ranges (A-E). 
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Figure 4.1.9: EEG power analysis during the dark cycle non-active state of the 2nd baseline 

recording (R2). Relative EEG power (%) for Cav3.2+/+ and Cav3.2-/- mice is displayed for the 

individual frequency ranges (A-E). 
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Figure 4.1.10: EEG power analysis during the light cycle active state of the 1st baseline 

recording (R1). Relative EEG power (%) for the Cav3.2+/+ and Cav3.2-/- is displayed for the 

individual frequency ranges (A-E). 
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Figure 4.1.11: EEG power analysis during the light cycle active state of the 2nd baseline 

recording (R2). Relative EEG power (%) for Cav3.2+/+ and Cav3.2-/- mice is displayed for the 

individual frequency ranges (A-E). 
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4.1.4.4. EEG power analysis of R1/R2 during the non-active state of the light cycle 

During the non-active state of the light cycle of baseline recording R1, a significant increase in θ2, 

α and σ relative EEG power was observed in Cav3.2 deficient mice compared to Cav3.2+/+ animals 

(θ2, Cav3.2+/+: 34.928 ± 3.521% vs. Cav3.2-/-: 45.252 ± 1.730%; p = 0.0197) (α, Cav3.2+/+: 13.033 

± 1.309% vs. Cav3.2-/-: 17.795 ± 0.794%; p = 0.007) (σ, Cav3.2+/+: 6.208 ± 0.684% vs. Cav3.2-/-: 

8.039 ± 0.383%; p = 0.0348) (Fig. 4.1.12B,C). Moreover, a statistical trend was identified for θ1 

and γhigh between both genotypes (θ1, Cav3.2+/+: 22.545 ± 2.534% vs. Cav3.2-/-: 28.126 ± 1.396%; 

p = 0.0742) (γhigh, Cav3.2+/+: 3.783 ± 0.815% vs. Cav3.2-/-: 2.213 ± 0.272%; p = 0.0891) (Fig. 

4.1.12B,E). No significant differences were observed for δ1, δ2, β1, β2, β3, γlow, γmid, γripples and γfast 

ripples frequency bands between both genotypes (Fig. 4.1.12). 

Similarly, during the light cycle non-active state of R2, a significant increase in θ2 and α relative 

powers was observed in Cav3.2-/- mice compared to Cav3.2+/+ animals (θ2, Cav3.2+/+: 34.707 ± 

4.035% vs. Cav3.2-/-: 46.247 ± 1.594%; p = 0.0187) (α, Cav3.2+/+: 12.671 ± 1.622% vs. Cav3.2-/-: 

18.189 ± 0.718%; p = 0.0077) (Fig. 4.1.13B,C). A statistical trend was found  for θ1, σ and γhigh 

(θ1, Cav3.2+/+: 22.674 ± 2.672% vs. Cav3.2-/-: 28.692 ± 1.424%; p = 0.0668) (σ, Cav3.2+/+: 6.563 ± 

0.685% vs. Cav3.2-/-: 8.018 ± 0.353%; p = 0.0799) (γhigh, Cav3.2+/+: 3.558 ± 0.673% vs. Cav3.2-/-: 

2.232 ± 0.258%; p = 0.0870) (Fig. 4.1.13B,C,E). However, no significant changes were identified 

for δ1, δ2, β1, β2, β3, γlow, γmid, γripples and γfast ripples frequency bands between both genotypes (Fig. 

4.1.13). 

In summary, a consistent finding from EEG power analysis turns out to be an increase in θ2 and α 

activity in Cav3.2 deficient animals. 
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Figure 4.1.12: EEG power analysis during the light cycle non-active state of the 1st baseline 

recording (R1). Relative EEG power (%) for Cav3.2+/+ and Cav3.2-/- mice is displayed for the 

individual frequency ranges (A-E). 
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Figure 4.1.13: EEG power analysis during the light cycle non-active state of the 2nd baseline 

recording (R2). Relative EEG power (%) for the Cav3.2+/+ and Cav3.2-/- animals is displayed for 

the individual frequency ranges (A-E). 
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4.1.4.5. EEG power analysis Cav3.2+/+ and Cav3.2-/- post-urethane phases (U1 & U2) 

Urethane is a multi-target drug that exerts narcotic effects that leads to hypolocomotion. At higher 

doses, it induces slow-wave sleep (~2 g/kg i.p.). In our studies, lower doses of urethane were used 

(800 mg/kg i.p.) to induce hippocampal type II theta oscillations. Baseline recordings from the 

hippocampal CA1 region of Cav3.2+/+ mice (Fig. 4.1.14AI) and Cav3.2-/- animals (Fig. 4.1.14BI) 

show characteristics of LIA activity. Urethane is capable of inducing lower frequencies in controls 

(Fig. 4.1.14AII) and even more prominent in Cav3.2 deficient mice (Fig. 4.1.14BII). 

Similar to our studies of spontaneous long-term EEG recordings (R1 & R2), we also analyzed 

EEGs at post-urethane phases (U1 & U2). For the 1st post-urethane phase (U1), a significant 

increase in θ2 and α relative power (θ2, Cav3.2+/+: 33.424 ± 3.807% vs. Cav3.2-/-: 44.941 ± 1.447%; 

p = 0.0134) (α, Cav3.2+/+:10.353 ± 1.232% vs. Cav3.2-/-: 14.615 ± 0.623%; p = 0.0080) was 

observed in Cav3.2-/- mice compared to Cav3.2+/+ mice (Fig. 4.1.15D,E). A statistical trend in θ1, σ 

and γhigh relative powers (θ1, Cav3.2+/+: 23.950 ± 3.090% vs. Cav3.2-/-: 31.111 ± 1.318%; p = 

0.0512) (σ, Cav3.2+/+: 5.408 ± 0.669% vs. Cav3.2-/-: 6.783 ± 0.296%; p = 0.0811) (γhigh, Cav3.2+/+: 

3.511 ± 0.867% vs. Cav3.2-/-: 1.891 ± 0.249%; p = 0.0939) between both genotypes (Fig. 

4.1.15D,E,G). No significant differences were identified in δ1, δ2, β1, β2, β3, γlow, γmid, γripples and 

γfast ripples frequency bands between both genotypes (Fig. 4.1.15). 

Furthermore, at post-urethane phase 2 (U2), a significant increase in relative θ1, θ2 and α relative 

powers was observed in Cav3.2-/- mice  compared to Cav3.2+/+ animals (θ1, Cav3.2+/+: 24.426 ± 

3.129% vs. Cav3.2-/-: 31.973 ± 1.308%; p = 0.0429) (θ2, Cav3.2+/+: 33.650 ± 3.574% vs. Cav3.2-/-: 

46.371 ± 1.274%; p = 0.0047) (α, Cav3.2+/+: 10.204 ± 1.020% vs. Cav3.2-/-: 15.180 ± 0.597%; p = 

0.0008) (Fig. 4.1.16B,C). A statistical trend was identified for the relative σ power between both 

genotypes (σ, Cav3.2+/+: 5.267 ± 0.698% vs. Cav3.2-/-: 6.884 ± 0.360%; p = 0.0586) (Fig. 4.1.16C). 

No significant difference was found for δ1, δ2, β1, β2, β3, γlow, γmid, γripples and γfast ripples frequency 

bands between both genotypes (Fig. 4.1.16). 

In summary, it was confirmed an increase theta/alpha activity observed in the CA1 hippocampal 

area of Cav3.2 deficient mice during both long-term baseline EEG recordings and post-urethane 

phases. 
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Figure 4.1.14: Hippocampal CA1 EEG traces (30 s) from Cav3.2+/+ and Cav3.2-/- mice prior 

to urethane injection baseline recording (AI, B1) and following urethane administration (AII, 

B1I). The EEG exhibits prominent theta oscillations in Cav3.2-/- mice (BII) compared to Cav3.2+/+ 

mice. Scale: Y-axis, 200 µV, X-axis, 3 s. 

 

4.1.5. Power spectrum density analysis of theta/alpha frequencies 

In order to get a closer insight into the hippocampal theta/alpha architecture of Cav3.2+/+ and 

Cav3.2-/- mice, we analyzed the power spectrum density (PSD) plots for theta/alpha peak 

frequencies from the baseline and post-urethane state (Fig. 4.1.17A). Particularly, the peak 

frequency was increased in Cav3.2-/- mice under baseline conditions (Cav3.2+/+, 6.598 ± 0.300 Hz 

vs. Cav3.2-/-, 7.676 ± 0.108 Hz; p = 0.0045) and post-urethane (Cav3.2+/+, 5.134 ± 0.279 Hz vs. 

Cav3.2-/-, 6.081 ± 0.279 Hz; p = 0.0324) (Fig. 4.1.17B,C). 

These findings indicate that there is not only an increase in theta / alpha activity in Cav3.2 deficient 

mice but also a shift in theta peak frequency and thus in global theta architecture. 
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Figure 4.1.15: EEG power analysis following the 1st urethane (U1) administration (800 mg/kg 

i.p.). Relative EEG power (%) for the Cav3.2+/+ and Cav3.2-/- mice is displayed for the individual 

frequency ranges (C-G).  
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Figure 4.1.16: EEG power analysis following the 2nd urethane (U2) administration (800 

mg/kg i.p.). Relative EEG power (%) for Cav3.2+/+ and Cav3.2-/- animals is displayed for the 

individual frequency ranges (A-E). 
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Figure 4.1.17: Altered theta architecture in Cav3.2+/+ and Cav3.2-/- mice. (A) Power spectrum 

density (PSD) plots obtained from representative 30s EEG traces from baseline and post-urethane 

states from both genotypes. (B,C) PSD plots from the baselines (B) and post-urethane state (C) 

were analyzed for peak frequencies in the range of 0-16 Hz. Under both baseline and post-urethane 

conditions, Cav3.2-/- mice exhibited a significant increase in theta peak frequencies. 



 

80 
 

4.1.6. Transcriptional alterations in the hippocampus of Cav3.2 deficient mice 

Using quantitative real time PCR (qPCR), a significant decrease in transcript levels of dynein light 

chain Tctex-Type 1 (Dynlt1b) by a fold change (FC) of -5.208 (p = 0.0002) (Fig. 4.1.18B). A 

statistical trend in level of 5-hydroxytryptamine receptor 2C (Htr2c) (FC, +1.477; p = 0.065) was 

observed in Cav3.2 deficient mice (Fig. 4.1.18C). Furthermore, a significant decrease in Gabrd 

(FC, -1.385; p = 0.015) and Gabr1 (FC, -1.105; p = 0.010) was observed in Cav3.2 knock out mice 

(Fig. 4.1.19H,J). Additionally, a statistical trend was observed for Gabbr2 (FC, -1.088; p = 0.083) 

These findings correlate with the decrease in Tctex-Type 1 (Dynlt1b) transcripts suggesting an 

overall reduction in the GABA receptors transportome complex and synaptic and extrasynaptic 

GABA receptor density in the hippocampus, particularly in hippocampal interneurons. 

We also checked for potential alteration in Cav3.1 and Cav3.3 Ca2+ channel transcripts but no 

changes were observed between both genotypes (Fig. 4.1.18F; Fig. 4.1.19G). 
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Figure 4.1.18: qPCR analysis of gene candidates obtained from hippocampal transcriptome 

data in Cav3.2+/+ and Cav3.2-/- mice. The following gene candidates potentially relevant for 

hippocampal theta oscillations were analyzed using qPCR: (A) ATP synthase, H+ transporting, 

mitochondrial F0 complex, subunit G (Atp5), (B) dynein light chain Tctex-Type1 (Dynlt1b), (C) 

5-hydroxytryptamine receptor 2C (Htr2c), (D) LLP homologue, long term synaptic facilitation 

(Aplysia) (Llph), (E) Neuronatin (Nnat), (F) Cav3.1 (Cacna1g). 
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Figure 4.1.19: qPCR analysis of gene candidates obtained from hippocampal transcriptome 

data from Cav3.2+/+ and Cav3.2-/- mice. The following gene candidates potentially relevant for 

hippocampal theta oscillations were analyzed using qPCR: (G) Cav3.3 (Cacna1i), (H) GABA A 

receptor delta subunit (Gabrd), (I) GABA A receptor gamma subunit (Gabrg2), (J) GABA B1 

receptor subunit (Gabbr1), (K) GABA B2 receptor subunit (Gabbr2). A significant decrease in 

transcript levels of Dynlt1b, Gabrd and Gabbr1 was observed in Cav3.2-/- mice (B,H,J). A statistical 

trend was detected for Htr2c and Gabbr2 (C,K). 
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4.2. The effect of Pantoprazole in APPswePS1dE9 mice 12-16 weeks of age 

4.2.1. Activity analysis – general aspects 

The activity data provided by the radiofrequency transmitter was measured as mean relative 

activity units. The units were calculated by a binary system; with activity = 0 determining the 

inactive state and activity > 0 classifying the active state. The activity units represent the activity 

in the horizontal plane and integrate both trip distance, velocity and acceleration (Lundt, Wormuth, 

Siwek, Muller, et al., 2016). 

 

4.2.1.1. Activity analysis in male mice  

Statistically, no significant differences were observed in the mean relative activity between all 

study groups (WT-DMSO vs. WT-Panto vs. APP(TG)-DMSO vs. APP(TG)-Panto) and all three 

recordings (at 12, 14 and 16 weeks of age) during the dark and light cycles (Fig. 4.2.1). 

 

 

Figure 4.2.1: Mean relative activity of WT-DMSO, WT-Panto, APP(TG)-DMSO and 

APP(TG)-Panto male mice groups during the dark/light cycle. 

 

4.2.1.2. Activity analysis in female mice  

A significant increase in the mean relative activity was detected for the WT-Panto group at 16 

weeks of age compared to 14 weeks of age during the dark cycle (14 weeks, n = 5: 0.358 ± 0.089 

vs. 16 weeks, n = 3: 2.616 ± 2.398; p = 0.0421). A statistical trend in the mean relative activity 

was found at week 16 for the WT-Panto group compared to the WT-DMSO group and the 

APP(TG)-DMSO group (WT-DMSO, n = 4: 0.197 ± 0.084 vs. WT-Panto, n = 3: 2.616 ± 2.398; p 

= 0.0642) (WT-Panto, n = 3: 2.616 ± 2.398 vs. APP(TG)-DMSO, n = 4: 0.262 ± 0.117; p = 0.0748). 
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No significant differences were observed for the mean relative activity between all other study 

groups (Fig. 4.2.2A). 

During the light cycle, a significant increase in the mean relative activity was found for WT-Panto 

mice at 16 weeks compared to 14 weeks of age (14 weeks, n = 5: 0.116 ± 0.011 vs. 16 weeks, n = 

3: 0.969 ± 0.648; p = 0.0307). There was a statistical trend in the mean relative activity at 16 week 

of age when the WT-Panto group was compared to the WT-DMSO, the APP(TG)-DMSO and the 

APP(TG)-Panto groups (WT-DMSO, n = 4: 0.133 ± 0.025 vs. WT-Panto, n = 3: 0.969 ± 0.648; p 

= 0.0783) (WT-Panto, n = 3, 0.969 ± 0.648 vs. APP(TG)-DMSO , n = 4: 0.129 ± 0.054; p = 0.0762) 

(WT-Panto, n = 3: 0.969 ± 0.648 vs. APP(TG)-Panto, n = 3: 0.090 ± 0.037; p = 0.0853). However, 

no other significant differences were observed for the mean relative activity between all other 

study groups (Fig. 4.2.2B). 

 

 

Figure 4.2.2: Mean relative activity of WT-DMSO, WT-Panto, APP(TG)-DMSO and 

APP(TG)-Panto female mice and its dependence on the circadian rhythmicity (dark/light 

cycle). ∗ 𝑝 < 0.05; ∗∗ 𝑝 < 0.01; ∗∗∗ 𝑝 < 0.001. 

 

4.2.2. FFT based EEG frequency analysis 

The Fast-Fourier-Transformation (FFT) based EEG frequency analysis was performed for wild-

type controls (WT-DMSO and WT-Panto) and APPswePS1dE9 (APP(TG)-DMSO and APP(TG)-

Panto) subgroups based on the EEG recordings from the hippocampal CA1 and motor cortex M1 

regions of both genders. 
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4.2.2.1. FFT analysis in male mice 

Theta 1 frequency (θ1: 4-8 Hz) 

i) Hippocampal CA1 region 

 

Dark cycle 

A significant increase  in relative theta 1 power was observed in the WT-Panto group compared to 

the WT-DMSO and APP(TG)-Panto groups at 12 weeks of age (WT-DMSO, n = 7: 21.522 ± 

1.236% vs. WT-Panto, n = 6: 26.623 ± 1.050%; p = 0.0097) (WT-Panto, n = 6, 26.623 ± 1.050% 

vs. APP(TG)-Panto, n = 7: 21.250 ± 1.113%; p = 0.0058). A significant difference was also found 

for the WT-Panto group compared to the APP(TG)-DMSO and APP(TG)-Panto groups at 14 

weeks of age (WT-Panto, n = 6: 29.127 ± 1.058% vs. APP(TG)-DMSO, n = 6: 24.745 ± 0.787%; 

p = 0.0434) (WT-Panto, n = 6: 29.127 ± 1.058% vs. APP(TG)-Panto, n = 7: 23.522 ± 1.521%; p 

= 0.0037). Also significant difference detected for the WT-Panto group compared to the APP(TG)-

DMSO and the APP(TG)-Panto at 16 weeks of age  (WT-Panto, n = 4: 31.055 ± 0.963% vs. 

APP(TG)-DMSO : n = 3: 24.806 ± 0.338%; p = 0.0253) (WT-Panto, n = 4: 31.055 ± 0.963% vs. 

APP(TG)-Panto, n = 5: 25.997 ± 1.064%; p = 0.0453). 

Furthermore, an increase in theta 1 power was found at 14 weeks of age compared to 12 weeks for 

WT-DMSO group (12 weeks, n = 7: 21.522 ± 1.236% vs. 14 weeks, n = 7: 25.851 ± 1.053%; p = 

0.015). Likewise, an increase in theta 2 power was observed at 16 weeks compared to 12 weeks 

of age for the WT-DMSO mice (12 weeks, n = 7: 21.522 ± 1.236% vs. 16 weeks, n = 6: 27.748 ± 

1.428%; p = 0.0006).  

Significant alterations were observed for WT-Panto mice at 16 weeks compared to 12 weeks of 

age (12 weeks, n = 6: 26.623 ± 1.050% vs. 16 weeks, n = 4: 31.055 ± 0.963%; p = 0.0454). 

Similarly, significant changes were detected at 16 weeks compared to 12 weeks of age for 

APP(TG)-Panto animals (12 weeks, n = 7: 21.250 ± 1.113% vs. 16 weeks, n = 5: 25.997 ± 1.064%;  

p = 0.0148). A statistical trend was detected between WT-Panto and APP(TG)-DMSO at 12 weeks 

of age (WT-Panto, n = 6: 26.623 ± 1.050% vs. APP(TG)-DMSO, n = 6: 22.491 ± 0.742%; p = 

0.0905). Moreover, a statistical trend was observed at 16 weeks compared to 12 weeks of age for 

WT-Panto mice (12 weeks, n = 6: 26.201 ± 0.797% vs. 16 weeks, n = 6: 29.562 ± 0.748%; p = 

0.0629). 

No further significant differences in relative theta 1 power were observed between other study 

groups (Fig. 4.2.3A). 
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Light cycle 

A significant increase in relative theta 1 power was observed in the WT-Panto group as compared 

to the APP(TG)-DMSO  group at  14 weeks of age (WT-Panto, n = 6: 30.643 ± 0.889% vs. 

APP(TG)-DMSO, n = 6: 26.552 ± 0.328%; p = 0.0341). Furthermore, enhanced relative theta 2 

power of the WT-DMSO group was detected at 14 and 16 weeks of age compared to 12 weeks (12 

weeks, n = 7: 24.285 ± 0.860% vs. 14 weeks, n = 7: 27.558 ± 0.853%; p = 0.0485) (12 weeks, n = 

7: 24.285 ± 0.860% vs. 16 weeks, n = 6: 28.800 ± 1.007%; p = 0.0061). Likewise, a significant 

increase was found at 14 and 16 weeks compared to 12 weeks of age for the WT-Panto group (12 

weeks, n = 6: 26.091 ± 1.125% vs. 14 weeks, n = 6: 30.643 ± 0.890%; p = 0.0079) (12 weeks, n = 

6: 26.091 ± 1.125% vs. 16 weeks, n = 4: 31.052 ± 1.646%; p = 0.0099). A statistical trend was 

identified between the WT-Panto group when compared to the APP(TG)-Panto group at 14 weeks 

of age (WT-Panto, n = 6: 30.643 ± 0.889% vs. APP(TG)-Panto, n = 7: 27.278 ± 1.451%; p = 

0.0905) and at 16 weeks of age (WT-Panto, n = 4: 31.052 ± 1.646% vs. APP(TG)-Panto, n = 5: 

26.854 ± 0.997%; p = 0.0752). In addition, the APP(TG)-DMSO group exhibited a significant 

difference between 16 weeks and 12 weeks of age (12 weeks, n = 6: 24.018 ± 0.926% vs. 16 week, 

n = 3: 28.176 ± 0.637%; p = 0.0605). 

Furthermore, no significant differences in relative theta 1 power were observed between all other 

study groups (Fig. 4.2.3B). 

 

ii) Motor cortical M1 region 

Dark cycle 

A significant increase in relative theta 1 power was observed in WT-Panto compared to APP(TG)-

Panto at 12 weeks of age (WT-Panto, n = 6: 28.256 ± 1.091% vs. APP(TG)-Panto, n = 7: 22.951 

± 0.738%; p = 0.0162) and at 14 weeks of age (WT-Panto, n = 6: 29.238 ± 1.689% vs. APP(TG)-

Panto, n = 7: 24.456 ± 0.882%; p = 0.0361). In addition, at 16 weeks of age, an increased in theta 

2 power was detected in the WT-Panto group compared to the WT-DMSO group (WT-DMSO, n 

= 7: 23.430 ± 2.063% vs. WT-Panto, n = 4: 28.587 ± 0.881%; p = 0.0485). 

No significant differences in relative theta 1 power were detected between all other study groups 

(Fig. 4.2.3C). 

 

Light cycle 

No significant differences in relative theta 1 power were observed between all study groups (Fig. 

4.2.3D). 
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Figure 4.2.3: Hippocampus (CA1) (A,B) and motor cortex (M1) (C,D) relative theta 1 power 

(%)  (θ1: 4-8 Hz) in WT-DMSO, WT-Panto, APP(TG)-DMSO, and APP(TG)-Panto male 

mice. Results are depicted considering the circadian rhythmicity (dark/light cycle). ∗ 𝑝 < 0.05; ∗∗ 

𝑝 < 0.01; ∗∗∗ 𝑝 < 0.001. 

 

Theta 2 frequency (θ2: 4.1-12 Hz) 

i) Hippocampal CA1 region 

Dark cycle  

A significant increase in relative theta 2 power was observed in the WT-Panto group as compared 

to the WT-DMSO group at 12 weeks of age (WT-DMSO, n = 7: 35.021 ± 2.204% vs. WT-Panto, 

n = 6: 42.528 ± 1.692%; p = 0.0304) and at 14 weeks of age (WT-DMSO, n = 7: 39.330 ± 2.308% 

vs. WT-Panto, n = 6: 46.544 ± 1.331%; p = 0.0402). A significant increase was also detected at 16 

weeks compared to 12 weeks of age for the WT-DMSO group (12 weeks, n = 7: 35.021 ± 2.204% 

vs. 16 weeks, n = 6: 42.094 ± 1.703%; p = 0.0255). However, no significant differences in relative 

theta 1 power were observed between all other study groups (Fig. 4.2.4A). 
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Light cycle 

No significant differences in relative theta 2 power were detected between the analyzed study 

groups (Fig. 4.2.4B). 

 

ii) Motor cortical M1 region 

Dark cycle 

A significant increase in relative theta 2 power was observed in the WT-Panto group compared to 

the WT-DMSO group at 16 weeks of age (WT-DMSO, n = 7: 34.156 ± 2.621% vs. WT-Panto, n 

= 4: 40.574 ± 1.264%; p = 0.0314). No further significant differences in relative theta 1 power 

were found between all other study groups (Fig. 4.2.4C). 

 

Light cycle 

No significant differences in relative theta 2 power were observed for all study groups (Fig. 

4.2.4D). 
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Figure 4.2.4: Hippocampus (CA1) (A,B) and motor cortex (M1) (C,D) relative theta 2 power 

(%, θ2: 4.1-12 Hz) in WT-DMSO, WT-Panto, APP(TG)-DMSO, and APP(TG)-Panto male 

mice. Results are depicted considering the circadian rhythmicity (dark/light cycle). ∗ 𝑝 < 0.05; ∗∗ 

𝑝 < 0.01; ∗∗∗ 𝑝 < 0.001. 

 

Delta frequency (δ: 0.5-4 Hz) 

i) Hippocampal CA1 region 

Dark cycle 

A statistical trend in relative delta power was observed between the WT-DMSO group compared 

to the APP(TG)-Panto group at 14 weeks of age (WT-DMSO, n = 7: 32.852 ± 5.954% vs. 

APP(TG)-Panto, n = 7: 20.308 ± 2.071%; p = 0.0986). 

No significant differences in the relative delta power were detected between all other study groups 

(Fig. 4.2.5A). 

 

Light cycle 

No significant differences in relative delta power were observed between all study groups (Fig. 

4.2.5B). 
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ii) Motor cortical M1 region 

Dark cycle  

A significant increase in the relative delta power was observed in the WT-Panto group when 

compared to the APP(TG)-DMSO group at the 12 weeks of age (WT-Panto, n = 6: 36.523 ± 

1.511% vs. APP(TG)-DMSO, n = 6: 25.774 ± 1.411%; p = 0.0247). In addition, a significant 

difference was also found in the WT-DMSO in comparison to the APP(TG)-DMSO at 14 weeks 

of age (WT-DMSO, n = 7: 34.453 ± 2.360% vs. APP(TG)-DMSO, n = 6:  23.995  ± 1.068%; p = 

0.0229). Likewise, an enhanced delta power was identified at the 16 weeks in comparison to the 

12 weeks of age for WT-DMSO mice (12 weeks, n = 7, 29.498 ± 1.154% vs. 16 weeks, n = 7:  

38.781 ± 5.350%; p = 0.0226). 

A statistical trend was also found between the WT-DMSO group as compared to the APP(TG)-

DMSO and APP(TG)-Panto groups at the 16 weeks of age (WT-DMSO, n = 7, 38.781 ± 5.350% 

vs. APP(TG)-DMSO, n = 3: 27.805 ± 1.345%; p = 0.0709 ) (WT-DMSO, n = 7:  38.781 ± 5.350% 

vs. APP(TG)-Panto, n = 5: 29.947  ± 3.302%; p = 0.0947). However, no significant differences in 

relative delta power were observed between all other study groups (Fig. 4.2.5C). 

 

Light cycle 

A significant rise in the relative delta power was observed between the WT-Panto group as 

compared to the APP(TG)-DMSO group at the 12 weeks of age (WT-Panto, n = 6: 36.005 ± 

1.960% vs. APP(TG)-DMSO , n = 6: 26.480 ± 1.072%; p = 0.0172).  

A statistical trend was identified at the 12 weeks of age between the WT-Panto and the APP(TG)-

Panto groups (WT-Panto, n = 6: 36.005 ± 1.959% vs. APP(TG)-Panto, n = 7: 28.426 ± 0.770%; p 

= 0.0663). Likewise, a statistical trend also detected at 14 weeks of age between WT-DMSO 

compared to the APP(TG)-DMSO mice and the WT-Panto compared to the APP(TG)-DMSO 

(WT-DMSO, n = 6: 32.780 ± 2.136% vs. APP(TG)-DMSO, n = 6: 25.431 ± 1.340%;  p = 0.0791) 

(WT-Panto, n = 6: 33.640 ± 1.287% vs. APP(TG)-DMSO, n = 6: 25.431 ± 1.341%;  p = 0.051). 

Furthermore, a statistical trend also found at 16 weeks of age between WT-DMSO compared to 

the APP(TG)-DMSO and APP(TG)-Panto mice (WT-DMSO, n = 7:  36.531 ± 4.789% vs. 

APP(TG)-DMSO, n = 3: 26.883 ± 2.441%; p = 0.0567) (WT-DMSO, n = 7:  36.531 ± 4.789% vs. 

APP(TG)-Panto, n = 5: 28.656 ± 1.606%; p = 0.0715).   

However, no significant differences in the relative delta power were observed between all other 

study groups (Fig. 4.2.5D). 
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Figure 4.2.5: Hippocampus (CA1) (A,B) and motor cortex (M1) (C,D) relative delta power 

(%)  (δ: 0.5-4 Hz) in WT-DMSO, WT-Panto, APP(TG)-DMSO and APP(TG)-Panto male 

mice. Results are depicted considering the circadian rhythmicity (dark/light cycle). ∗ 𝑝 < 0.05; ∗∗ 

𝑝 < 0.01; ∗∗∗ 𝑝 < 0.001. 

 

Beta 1 frequency (β1: 12.1-30 Hz) 

i) Hippocampal CA1 region 

Dark cycle  

A significant rise in relative beta 1 power was observed for the APP(TG)-Panto group compared 

to the WT-DMSO and WT-Panto groups at 14 weeks of age (WT-DMSO, n = 7: 14.568 ± 1.717%  

vs. APP(TG)-Panto, n = 7: 22.289 ±  1.467%: p = 0.0042) (WT-Panto, n = 6: 15.704 ± 0.587% vs. 

APP(TG)-Panto, n = 7: 22.289 ±  1.467%; p = 0.0258). However, a statistical trend was detected 

between APP(TG)-DMSO and WT-DMSO at 14 weeks of age (WT-DMSO, n = 7: 14.568 ± 

1.717% vs. APP(TG)-DMSO, n = 6: 20.039 ± 1.559%; p = 0.0852). 

No further significant differences in relative beta 1 power were found between all other study 

groups (Fig. 4.2.6A). 
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Light cycle  

A significant increase in relative beta 1 power was identified in APP(TG)-Panto group compared 

to the WT-Panto mice at 12 weeks of age (WT-Panto, n = 6: 16.646 ± 0.992%  vs. APP(TG)-

Panto, n = 7:  22.465 ± 2.052%; p = 0.0359). Likewise, a significant alteration was detected for 

the APP(TG)-Panto group compared to the WT-DMSO and WT-Panto groups at 14 weeks of age 

(WT-DMSO, n = 7: 16.079 ± 1.406% vs. APP(TG)-Panto, n = 7: 22.907 ± 1.424%; p = 0.0066) 

(WT-Panto, n = 6: 16.071 ± 0.527% vs. APP(TG)-Panto, n = 7:  22.907 ±1.424%; p = 0.0097). 

No significant differences in relative beta 1 power were observed between all other study groups 

(Fig. 4.2.6B). 

 

ii) Motor cortex (M1) 

Dark cycle 

A significant increase in relative beta 1 power was observed in APP(TG)-DMSO and 

APP(TG)Panto groups compared to WT-Panto mice at 12 weeks of age (WT-Panto, n = 6: 13.588 

± 0.698% vs. APP(TG)-DMSO, n = 6: 18.583 ± 0.482%; p = 0.004) (WT-Panto, n = 6: 13.588 ± 

0.698% vs. APP(TG)-Panto, n = 7: 17.750 ± 0.504%; p = 0.0154). 

Significant differences were identified at 14 weeks of age between APP(TG)-DMSO group 

compared to the WT-DMSO and WT-Panto groups (WT-DMSO, n = 7: 14.226 ± 0.721% vs. 

APP(TG)-DMSO, n = 6: 19.290 ± 0.286%; p = 0.0021) (WT-Panto, n = 6: 14.198 ±1.029% vs. 

APP(TG)-DMSO, n = 6: 19.290 ± 0.286%; p = 0.003). Likewise, significant alterations were also 

observed between APP(TG)-Panto group compared to the WT-DMSO and WT-Panto groups 

(WT-DMSO, n = 7: 14.226 ± 0.721% vs. APP(TG)-Panto, n = 7: 17.924 ± 0.755%; p = 0.0287) 

(WT-Panto, n = 6: 14.198 ± 1.029% vs. APP(TG)-Panto, n = 7: 17.924 ± 0.755%; p = 0.036). 

Furthermore, a significant change was observed at 16 weeks of age in APP(TG)-Panto compared 

to WT-DMSO (WT-DMSO, n = 7: 14.262 ± 1.867% vs. APP(TG)-Panto, n = 5: 18.235 ± 1.446%; 

p = 0.033).  

No significant differences in relative beta 1 power were detected between all other study groups 

(Fig. 4.2.6C). 

 

Light cycle 

A significant increase in relative beta 1 power was observed in APP(TG)-Panto group compared 

to WT-DMSO and WT-Panto groups at 12 weeks of age (WT-DMSO, n = 7: 15.871 ± 0.724% vs. 

APP(TG)-Panto, n = 7: 19.032 ± 0.422%; p = 0.0429) (WT-Panto, n = 6: 13.533 ± 0.950% vs. 

APP(TG)-DMSO, n = 6: 19.074 ± 0.350%; p = 0.0003). Likewise, a significant difference was 
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also observed between APP(TG)-DMSO compared to WT-Panto mice (WT-Panto, n = 6: 13.533 

± 0.950% vs. APP(TG)-Panto, n = 7: 19.032 ± 0.422%; p = 0.0002).  

Furthermore, an enhanced in relative beta 1 power was identified in APP(TG)-DMSO group 

compared to WT-DMSO and WT-Panto groups at 14 weeks of age (WT-DMSO, n = 7: 15.647 ± 

0.606% vs. APP(TG)-DMSO, n = 6: 20.309 ± 0.235%; p = 0.0017) (WT-Panto, n = 6: 15.099 ± 

0.795% vs. APP(TG)-DMSO, n = 6: 20.309 ± 0.235%;  p = 0.0007). Similarly, a significant 

increase was also observed in APP(TG)-Panto group compared to WT-DMSO and WT-Panto 

groups at 14 weeks of age (WT-DMSO, n = 7: 15.647 ± 0.606% vs. APP(TG)-Panto, n = 7: 19.584 

± 0.721%; p = 0.0071) (WT-Panto, n = 6: 15.099 ± 0.795% vs. APP(TG)-Panto, n = 7: 19.584 ± 

0.721%;  p = 0.0027). In addition, a significant difference was identified between APP(TG)-

DMSO compared to WT-DMSO mice at 16 weeks of age (WT-DMSO, n = 7: 15.643 ± 1.845% 

vs. APP(TG)-DMSO, n = 3: 20.033 ± 0.186%; p = 0.0254). A statistical trend was detected 

between APP(TG)-DMSO compared to WT-DMSO mice at 12 weeks of age (WT-DMSO, n = 7: 

15.871 ± 0.724% vs. APP(TG)-DMSO, n = 6: 19.074 ± 0.350%; p = 0.0511). Additionally, 

significant difference was also observed between APP(TG)-Panto compared to WT-DMSO groups 

at 16 weeks of age (WT-DMSO, n = 7: 15.643 ± 1.846% vs. APP(TG)-Panto, n = 5: 18.990 ± 

0.842%; p = 0.0536).  

Further, no significant differences in relative beta 1 power were detected between all other study 

groups (Fig. 4.2.6D). 
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Figure 4.2.6: Hippocampus (CA1) (A,B) and motor cortex (M1) (C,D) relative beta 1 power 

(%) (β1: 12.1-30 Hz) in WT-DMSO, WT-Panto, APP(TG)-DMSO and APP(TG)-Panto male 

mice. Results are depicted considering the circadian rhythmicity (dark/light cycle). ∗ 𝑝 < 0.05; ∗∗ 

𝑝 < 0.01; ∗∗∗ 𝑝 < 0.001. 

 

Beta 2 (β2: 16-24 Hz) 

i) Hippocampal CA1 region 

Dark cycle 

A significant increase in relative beta 2 power was observed in APP(TG)-Panto animals  compared 

to WT-DMSO and WT-Panto mice at 14 weeks of age (WT-DMSO, n = 7: 5.898 ± 0.735% vs. 

APP(TG)-Panto, n = 7: 9.511 ± 0.744%; p = 0.0027) (WT-Panto, n = 6: 6.334 ± 0.301% vs. 

APP(TG)-Panto, n = 7: 9.511 ± 0.744%; p = 0.0146). A statistical trend was identified between 

APP(TG)-Panto and WT-Panto at 12 weeks of age (WT-Panto, n = 6: 6.923 ± 0.258% vs. 

APP(TG)-Panto, n = 7: 9.512 ± 1.089%; p = 0.0639) and between APP(TG)-DMSO and WT-

DMSO at 14 weeks of age (WT-DMSO, n = 7: 5.898 ± 0.735% vs. APP(TG)-DMSO, n = 6: 8.319 

± 0.689%; p = 0.093).  



 

95 
 

No significant differences in relative beta 2 power were detected between all other analyzed groups 

(Fig. 4.2.7A). 

 

Light cycle 

A significant increase in relative beta 2 power was observed in APP(TG)-Panto compared to WT-

Panto mice at 12 weeks of age (WT-Panto, n = 6: 6.788 ± 0.468% vs. APP(TG)-Panto, n = 7: 9.527 

± 0.968%; p = 0.028). Likewise, significant differences were also detected in APP(TG)-Panto 

group compared to WT-DMSO and WT-Panto groups at 14 weeks of age (WT-DMSO, n = 7: 

6.416 ± 0.626% vs. APP(TG)-Panto, n = 7: 9.622 ± 0.695%;  p = 0.0048) (WT-Panto, n = 6: 6.414 

± 0.265% vs. APP(TG)-Panto, n = 7: 9.622 ± 0.695%; p = 0.0072).  

However, no significant differences in relative beta 2 power were detected between all other study 

groups (Fig. 4.2.7B). 

 

ii) Motor cortical M1 region 

Dark cycle 

A significant increase in relative beta 2 power was observed in APP(TG)-DMSO and APP(TG)-

Panto groups compared to WT-Panto group at 12 weeks of age (WT-Panto, n = 6: 5.401 ± 0.312% 

vs. APP(TG)-DMSO, n = 6: 7.588 ± 0.245%; p = 0.0124) (WT-Panto, n = 6: 5.401 ± 0.312% vs. 

APP(TG)-Panto, n = 7: 7.228 ± 0.217%; p = 0.0383). In addition, significant changes were also 

identified in APP(TG)-DMSO mice compared to WT-DMSO and WT-Panto animals at 14 weeks 

of age (WT-DMSO, n = 7: 5.721 ± 0.296% vs. APP(TG)-DMSO, n = 6: 7.917 ± 0.130%; p = 

0.0085) (WT-Panto, n = 6: 5.677 ± 0.428% vs. APP(TG)-DMSO , n = 6: 7.917 ± 0.130%; p = 

0.010). A statistical trend was observed at 14 weeks of age between APP(TG)-Panto compared to 

WT-DMSO and WT-Panto (WT-DMSO, n = 7: 5.721 ± 0.296% vs. APP(TG)-Panto, n = 7: 7.336 

± 0.354%; p = 0.0652) (WT-Panto, n = 6:  5.677 ± 0.428% vs. APP(TG)-Panto, n = 7: 7.336 ± 

0.354%; p = 0.0705). 

No significant differences in relative beta 2 power were detected between all other analyzed groups 

(Fig. 4.2.7C). 

 

Light cycle 

A significant increase in relative beta 2 power observed in APP(TG)-DMSO and APP(TG)-Panto 

groups as compared to WT-Panto group at 12 weeks of age (WT-Panto, n = 7: 5.412 ± 0.396% vs. 

APP(TG)-DMSO, n = 6: 7.801 ± 0.163%; p = 0.0024) (WT-Panto, n = 6:  5.412± 0.396% vs. 

APP(TG)-Panto, n = 7: 7.905 ± 0.245%; p = 0.0009). Additionally, a significant rise in beta 2 
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power were identified in APP(TG)-DMSO group compared to WT-DMSO and WT-Panto groups 

at 14 weeks of age (WT-DMSO, n = 7: 6.292 ± 0.305% vs. APP(TG)-DMSO, n = 6: 8.314 ± 

0.091%; p = 0.0092) (WT-Panto, n = 6: 5.941 ± 0.330% vs. APP(TG)-DMSO, n = 6: 8.314 ± 

0.0901%; p = 0.0025). Likewise, significant differences were also detected in APP(TG)-Panto 

mice compared to WT-DMSO and WT-Panto animals at 14 weeks of age (WT-DMSO, n = 7: 

6.291 ± 0.359% vs. APP(TG)-Panto, n = 7: 7.892 ± 0.337%; p = 0.0435) (WT-Panto, n = 6: 5.9401 

± 0.330% vs. APP(TG)-Panto, n = 7: 7.892 ± 0.337%; p = 0.0128).  

A statistical trend was observed between APP(TG)-Panto compared to WT-DMSO group at 12 

weeks of age (WT-DMSO, n = 7: 6.372 ± 0.318% vs. APP(TG)-Panto, n = 7: 7.905 ± 0.245%; p 

= 0.0573).  

No significant differences in relative beta 2 power were detected between all other study groups 

(Fig. 4.2.7D). 

 

 

Figure 4.2.7: Hippocampus (CA1) (A,B) and motor cortex (M1) (C,D) relative beta 2 power 

(%) (β2: 16-24 Hz) in WT-DMSO, WT-Panto, APP(TG)-DMSO and APP(TG)-Panto male 

mice. Results are illustrated considering the circadian rhythmicity (dark/light cycle). ∗ 𝑝 < 0.05; ∗∗ 

𝑝 < 0.01; ∗∗∗ 𝑝 < 0.001. 
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Beta 3 (β3: 16-30 Hz) 

i) Hippocampal CA1 region 

Dark cycle 

A significant increase in relative beta 3 power was observed in APP(TG)-Panto compared to WT-

Panto mice at 12 weeks of age (WT-Panto, n = 6: 10.397 ± 0.504% vs. APP(TG)-Panto, n = 7: 

14.906 ± 1.758%; p = 0.0425). Furthermore, significant differences were also detected in 

APP(TG)-Panto group compared to WT-DMSO and WT-Panto groups at 14 weeks of age (WT-

DMSO, n = 7: 9.102 ± 1.294% vs. APP(TG)-Panto, n = 7: 14.624 ± 1.263%; p = 0.0055) (WT-

Panto, n = 6: 9.468 ± 0.553% vs. APP(TG)-Panto, n = 7: 14.624 ± 1.263%; p = 0.0153) 

No significant differences in relative beta 3 power were detected between all other analyzed groups 

(Fig. 4.2.8A). 

 

Light cycle 

A significant increase in relative beta 3 power was observed in APP(TG)-Panto compared to WT-

Panto mice at 12 weeks of age (WT-Panto, n = 6: 10.179 ± 0.801% vs. APP(TG)-Panto, n = 7: 

14.401 ± 1.482%; p = 0.0329). Likewise, significant changes were detected in APP(TG)-Panto 

group compared WT-DMSO and WT-Panto groups at 14 weeks of age (WT-DMSO, n = 7: 9.775 

± 1.132% vs. APP(TG)-Panto, n = 7: 14.264 ± 1.051%; p = 0.0148) (WT-Panto, n = 6:  9.432 ± 

0.498% vs. APP(TG)-Panto, n = 7: 14.264 ± 1.051%; p = 0.011). 

However, no significant differences in relative beta 3 power were identified between all other 

study groups (Fig. 4.2.8B). 

 

ii) Motor cortical M1 region  

Dark cycle 

A significant increase in relative beta 3 power was detected in APP(TG)-DMSO and APP(TG)-

Panto groups compared to WT-Panto group at 12 weeks of age (WT-Panto, n = 6: 7.902 ± 0.460% 

vs. APP(TG)-DMSO, n = 6: 11.312 ± 0.313%; p = 0.0062) (WT-Panto, n = 6: 7.902 ± 0.460% vs. 

APP(TG)-Panto, n = 7: 11.078 ± 0.358%; p = 0.0087). Additionally, significant differences were 

also observed for the APP(TG)-DMSO group compared to the WT-DMSO and WT-Panto groups 

at 14 weeks of age (WT-DMSO, n = 7: 8.521 ± 0.430% vs. APP(TG)-DMSO, n = 6: 11.865 ± 

0.144%; p = 0.0052) (WT-Panto, n = 6:  8.386 ± 0.655% vs. APP(TG)-DMSO, n = 6: 11.865 ± 

0.144%; p = 0.0051). Likewise, significant alterations were also identified for the APP(TG)-Panto 

mice compared to the WT-DMSO and WT-Panto animals at 14 weeks of age (WT-DMSO, n = 7: 
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8.521 ± 0.430% vs. APP(TG)-Panto, n = 7: 11.182 ± 0.573%; p = 0.0277) (WT-Panto, n = 6: 8.386 

± 0.655% vs. APP(TG)-Panto, n = 7: 11.182 ± 0.573%; p = 0.0258). 

However, no significant differences in relative beta 3 power were detected between all other 

analyzed study groups (Fig. 4.2.8C). 

 

Light cycle 

A significant increase in relative beta 3 power was observed in APP(TG)-DMSO and APP(TG)-

Panto compared to WT-Panto mice at 12 weeks of age (WT-Panto, n = 6: 7.930 ± 0.563% vs. 

APP(TG)-DMSO, n = 6: 11.440 ± 0.227%; p = 0.003) (WT-Panto, n = 6: 7.930 ± 0.563% vs. 

APP(TG)-Panto, n = 7: 11.492 ± 0.326%; p = 0.0017). In addition, a significant increase was 

observed in APP(TG)-DMSO group compared to the WT-DMSO and WT-Panto groups at 14 

weeks of age (WT-DMSO, n = 7: 9.196 ± 0.526% vs. APP(TG)-DMSO, n = 6: 12.033 ± 0.166%; 

p = 0.0169) (WT-Panto, n = 6: 8.561 ± 0.471% vs. APP(TG)-DMSO, n = 6: 12.033 ± 0.166%; p 

= 0.0034). Furthermore, a significant difference was also detected for the APP(TG)-Panto 

compared to the WT-Panto mice at 14 weeks of age (WT-Panto, n = 6: 8.561 ± 0.471% vs. 

APP(TG)-Panto, n = 7: 11.447 ± 0.443%; p = 0.0146).  

A statistical trend was observed between APP(TG)-Panto group compared to WT-DMSO group 

at 12 weeks of age (WT-DMSO, n = 7: 9.290 ± 0.480% vs. APP(TG)-Panto, n = 7: 11.492 ± 

0.326%; p = 0.0746) and at 14 weeks of age (WT-DMSO, n = 7: 9.196 ± 0.526% vs. APP(TG)-

Panto, n = 7:  11.447 ± 0.443%; p = 0.0656). 

No significant differences in relative beta 3 power were identified between all other study groups 

(Fig. 4.2.8D). 
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Figure 4.2.8: Hippocampus (CA1) (A, B) and motor cortex (M1) (C, D) relative beta 3 power 

(%) (β3: 16-30 Hz) in WT-DMSO, WT-Panto, APP(TG)-DMSO and APP(TG)-Panto male 

mice. Results are depicted considering the circadian rhythmicity (dark/light cycle). ∗ 𝑝 < 0.05; ∗∗ 

𝑝 < 0.01; ∗∗∗ 𝑝 < 0.001. 

 

Alpha (α: 8-12 Hz) 

i) Hippocampal CA1 region 

Dark cycle 

A statistical trend in relative alpha power was detected between APP(TG)-DMSO compared to 

WT-DMSO and at 14 weeks of age (WT-DMSO, n = 7: 14.200 ± 1.400% vs. APP(TG)-DMSO, n 

= 6: 18.884 ± 0.652%; p = 0.0686). Likewise, significant alteration was also identified between 

APP(TG)-Panto compared to WT-DMSO at 14 weeks of age (WT-DMSO, n = 7: 14.200 ± 1.400% 

vs. APP(TG)-Panto, n = 7: 18.860 ± 0.920%; p = 0.0556). 

 No significant differences in relative alpha power were observed between all other analyzed 

groups (Fig. 4.2.9A). 
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Light cycle 

No significant differences in relative theta power obtained between all analyzed groups (Fig. 

4.2.9B). 

 

ii) Motor cortical M1 region 

Dark cycle 

A significant increase in relative alpha power was observed in APP(TG)-DMSO compared to WT-

Panto mice at 12 weeks of age (WT-Panto, n = 6: 11.286 ± 0.357% vs. APP(TG)-DMSO, n = 6: 

14.045 ± 0.554%; p = 0.0376). However, a statistical trend was identified between APP(TG)-

DMSO group compared to WT-DMSO group at 14 weeks of age (WT-DMSO, n = 7: 12.371 ± 

0.635% vs. APP(TG)-DMSO, n = 6: 14.720 ± 0.311%; p = 0.0809).  

No significant differences in relative alpha power were detected between all study groups (Fig. 

4.2.9C). 

 

Light cycle 

A significant increase in relative alpha power was observed in APP(TG)-DMSO  and APP(TG)-

Panto groups compared to WT-Panto group at 12 weeks of age (WT-Panto, n = 6: 11.401 ± 0.510% 

vs. APP(TG)-DMSO, n = 6: 14.076 ± 0.459%; p = 0.0089) (WT-Panto, n = 6: 11.401 ± 0.510% 

vs. APP(TG)-Panto, n = 7:  13.520 ± 0.431%;  p = 0.043). Furthermore, a significant increase was 

detected in APP(TG)-DMSO compared to WT-Panto mice at 14 weeks of age (WT-Panto, n = 6: 

12.340 ± 0.487% vs. APP(TG)-DMSO, n = 6: 14.631 ± 0.320%; p = 0.0322).  A statistical trend 

was identified between APP(TG)-DMSO compared to WT-DMSO mice at 16 weeks of age (WT-

DMSO, n = 7: 12.378 ± 1.014% vs. APP(TG)-DMSO, n = 3: 14.902 ± 0.439%; p = 0.0558). 

However, no significant differences in relative alpha power were detected between all analyzed 

groups (Fig. 4.2.9D). 

  



 

101 
 

 

Figure 4.2.9: Hippocampus (CA1) (A,B) and motor cortex (M1) (C,D) relative alpha power 

(%) (α: 8-12 Hz) in WT-DMSO, WT-Panto, APP(TG)-DMSO and APP(TG)-Panto male 

mice. Results are depicted considering the circadian rhythmicity (dark/light cycle). ∗ 𝑝 < 0.05; ∗∗ 

𝑝 < 0.01; ∗∗∗ 𝑝 < 0.001. 

 

Sigma (σ: 12-16 Hz) 

i) Hippocampal CA1 region 

Dark cycle 

A significant increase in relative sigma power found in APP(TG)-Panto compared to WT-DMSO 

mice at 14 weeks of age (WT-DMSO, n = 7: 5.282 ± 0.453% vs. APP(TG)-Panto, n = 7: 7.426 ± 

0.229%; p = 0.0102). A statistical trend in relative sigma power was detected between APP(TG)-

DMSO group compared to WT-DMSO group at 14 weeks of age (WT-DMSO, n = 7: 5.2823 ± 

0.4529% vs. APP(TG)-DMSO, n = 7:  7.048846 ± 0.5364%; p = 0.0599). 

No significant differences in relative sigma power were identified between all other study groups 

(Fig. 4.2.10A). 
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Light cycle 

A significant increase in relative sigma power was observed in APP(TG)-Panto mice compared to 

WT-DMSO and WT-Panto animals at 14 weeks of age (WT-DMSO, n = 7: 6.097 ± 0.366% vs. 

APP(TG)-Panto, n = 7: 8.382 ± 0.385%; p = 0.0055) (WT-Panto, n = 6: 6.420 ± 0.288% vs. 

APP(TG)-Panto, n = 7: 8.382 ± 0.385%; p = 0.0295). 

However, no significant differences in relative sigma power were observed between all other study 

groups (Fig. 4.2.10B). 

 

ii) Motor cortical M1 region 

Dark cycle 

A significant increase in relative sigma power was observed in APP(TG)-DMSO compared to 

WT-Panto mice at 12 weeks of age (WT-Panto, n = 6: 5.499 ± 0.252% vs. APP(TG)-DMSO, n = 

6: 7.038 ± 0.209%; p = 0.0101). Similarly, significant increase was also detected in APP(TG)-

DMSO group compared to WT-DMSO and WT-Panto groups at 14 weeks of age (WT-DMSO, n 

= 7: 5.491 ± 0.361% vs. APP(TG)-DMSO, n = 6: 7.188 ± 0.163%; p = 0.0025) (WT-Panto, n = 6: 

5.623 ± 0.391% vs. APP(TG)-DMSO, n = 6: 7.188 ± 0.163%; p = 0.0086). 

Moreover, significant changes were also identified in APP(TG)-DMSO and APP(TG)-Panto 

groups compared to WT-DMSO group at 16 weeks of age (WT-DMSO, n = 6: 5.163 ± 0.533% vs. 

APP(TG)-DMSO, n = 3: 6.808 ± 0.251%; p = 0.0258) (WT-DMSO, n = 6:  5.163 ± 0.533% vs. 

APP(TG)-Panto, n = 5: 6.897 ± 0.477%; p = 0.0035). 

However, a statistical trend was observed in relative sigma power between APP(TG)-DMSO 

compared WT-DMSO mice at 12 weeks of age (WT-DMSO, n = 7: 5.936 ± 0.275% vs. APP(TG)-

DMSO, n = 6: 7.038 ± 0.209%; p = 0.0852). In addition, a significant difference was found 

between APP(TG)-Panto group compared to WT-DMSO group at 14 weeks of age (WT-DMSO, 

n = 7: 5.491 ± 0.361% vs. APP(TG)-Panto, n = 7: 6.525 ± 0.193%; p = 0.0971).  However, no 

significant differences in relative sigma power were observed between all other analyzed groups 

(Fig. 4.2.10C). 

 

Light cycle  

A significant increase in relative sigma power was observed in APP(TG)-DMSO and APP(TG)-

Panto groups compared to WT-Panto group at 12 weeks of age (WT-Panto, n = 6: 5.420 ± 0.380% 

vs. APP(TG)-DMSO, n = 6: 7.392 ± 0.227%; p < 0.0001) (WT-Panto, n = 6: 5.420 ± 0.380% vs. 

APP(TG)-Panto, n = 7: 7.294 ± 0.170%; p < 0.0001). Additionally, significant differences were 

observed for the APP(TG)-DMSO compared to the WT-DMSO and WT-Panto mice at 14 weeks 
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of age (WT-DMSO, n = 7: 6.228 ± 0.187% vs. APP(TG)-DMSO, n = 6: 8.019 ± 0.130%; p = 

0.0002) (WT-Panto, n = 6:  6.327 ± 0.365% vs. APP(TG)-DMSO, n = 6:8.019 ± 0.130%; p = 

0.0007). Likewise, significant alterations were identified for the APP(TG)-Panto group compared 

to the WT-DMSO and WT-Panto groups at 14 weeks of age (WT-DMSO, n = 7: 6.228 ± 0.187% 

vs. APP(TG)-Panto, n = 7: 7.884 ± 0.288%; p = 0.0003) (WT-Panto, n = 6: 6.327 ± 0.365% vs. 

APP(TG)-Panto, n = 7: 7.884 ± 0.288%; p = 0.0012). Furthermore, a significant increase was also 

observed in APP(TG)-DMSO and APP(TG)-Panto groups compared to WT-DMSO group at 16 

weeks of age (WT-DMSO, n = 7: 5.957 ± 0.410% vs. APP(TG)-DMSO, n = 3: 8.220 ± 0.173%; 

p = 0.0001) (WT-DMSO, n = 7: 5.957 ± 0.410% vs. APP(TG)-Panto, n = 5: 7.503 ± 0.333%; p = 

0.0025).  

Moreover, a significant increase in relative sigma power was identified at 16 weeks compared to 

12 weeks of age for the WT-Panto mice (12 weeks, n = 6: 5.420 ± 0.380% vs. 16 weeks, n = 4: 

6.941 ± 0.196%; p = 0.0044). 

However, a statistical trend was detected in relative sigma power between WT-DMSO compared 

to WT-Panto and APP(TG)-DMSO mice at 12 weeks of age (WT-DMSO, n = 7: 6.363 ± 0.282% 

vs. WT-Panto, n = 6: 5.420 ± 0.380%; p = 0.0915) (WT-DMSO, n = 7: 6.363 ± 0.282% vs. 

APP(TG)-DMSO, n = 6: 7.392 ± 0.227%; p = 0.0553). Additionally, a statistical trend was also 

observed between APP(TG)-DMSO compared to WT-Panto mice at 16 weeks of age (WT-Panto, 

n = 4: 6.941 ± 0.196% vs. APP(TG)-DMSO, n = 3: 8.220 ± 0.173%; p = 0.0972). Furthermore, a 

statistical trend in relative sigma power was also identified at 14 weeks compared to 12 weeks of 

age for the WT-Panto mice (12 weeks, n = 6: 5.420 ± 0.380% vs. 14 weeks, n = 6: 6.327 ± 0.365%; 

p = 0.0779). 

No significant differences in relative sigma power were observed between all other study groups 

(Fig. 4.2.10D). 
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Figure 4.2.10: Hippocampus (CA1) (A,B) and motor cortex (M1) (C,D) relative sigma power 

(%) (σ: 12-16 Hz) in WT-DMSO, WT-Panto, APP(TG)-DMSO and APP(TG)-Panto male 

mice. Results are depicted considering the circadian rhythmicity (dark/light cycle). ∗ 𝑝 < 0.05; ∗∗ 

𝑝 < 0.01; ∗∗∗ 𝑝 < 0.001. 

 

Gamma low (γlow: 30-50 Hz) 

i) Hippocampal CA1 region 

Dark cycle  

A significant increase in relative gamma low power was observed in APP(TG)-Panto as compared 

to WT-Panto mice at 12 weeks of age (WT-Panto, n = 6: 7.063 ± 0.820% vs. APP(TG)-Panto, n = 

7: 11.782 ± 1.779%;  p = 0.0361). However, a statistical trend was detected in relative gamma low 

power between 12 weeks compared to 16 weeks of age for the APP(TG)-Panto mice (12 weeks, n 

= 7: 11.782 ± 1.779 % vs. 16 weeks, n = 5: 7.556 ± 1.122%; p = 0.0553).  

However, no significant differences in relative gamma low power were detected between all other 

study groups (Fig. 4.2.11A). 
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Light cycle 

A statistical trend in relative gamma low power was identified between 12 weeks compared to 16 

weeks of age for the APP(TG)-Panto mice (12 weeks, n = 7:  9.435 ± 1.205% vs. 16 weeks, n = 5: 

6.414 ± 0.988%; p = 0.097). 

 No significant differences in relative gamma low power were detected between all other analyzed 

groups (Fig. 4.2.11B). 

 

ii) Motor cortical M1 region  

Dark cycle  

A significant increase in relative gamma low power was identified in WT-DMSO, APP(TG)-

DMSO and APP(TG)-Panto groups compared to WT-Panto group at 12 weeks of age (WT-DMSO, 

n = 7: 7.691 ± 0.529% vs. WT-Panto, n = 6: 5.202 ± 0.446%; p = 0.0475) (WT-Panto, n = 6: 5.202 

± 0.446% vs. APP(TG)-DMSO, n = 6: 8.667 ± 0.336%; p = 0.0038) (WT-Panto, n = 6: 5.202 ± 

0.446% vs. APP(TG)-Panto, n = 7: 9.075 ± 0.499%; p = 0.0006). Likewise, a significant increase 

was also detected in APP(TG)-Panto mice compared to the WT-DMSO and WT-Panto animals at 

14 weeks of age (WT-DMSO, n = 7: 6.129 ± 0.630% vs. APP(TG)-Panto, n = 7: 8.700 ± 0.634%; 

p = 0.0287) (WT-Panto, n = 6: 5.885 ± 0.581% vs. APP(TG)-Panto, n = 7: 8.700 ± 0.634%; p = 

0.0193). In addition, a significant difference was also observed for the APP(TG)-DMSO compared 

to the WT-Panto mice at 14 weeks of age (WT-Panto, n = 6: 5.885 ± 0.581% vs. APP(TG)-DMSO, 

n = 6: 8.544 ± 0.248%; p = 0.0391).  

A statistical trend in relative gamma low power was observed at 14 weeks of age between 

APP(TG)-DMSO compared to WT-DMSO mice (WT-DMSO, n = 7: 6.129 ± 0.630% vs. 

APP(TG)-DMSO, n = 6: 8.544 ± 0.248%; p = 0.0575).  

However, no significant differences in relative gamma low power were observed between all other 

study groups (Fig. 4.2.11C). 

 

Light cycle 

A significant increase in relative gamma low power was observed in APP(TG)-DMSO and 

APP(TG)-Panto compared to WT-Panto mice at 12 weeks of age (WT-Panto, n = 6: 5.269 ± 

0.337% vs. APP(TG)-DMSO, n = 6: 7.9344 ± 0.390%; p = 0.0078) (WT-Panto, n = 6: 5.269 ± 

0.337% vs. APP(TG)-Panto, n = 7: 7.751 ± 0.336%; p = 0.0107). Additionally, a significant 

increase was also detected in APP(TG)-DMSO group compared to WT-Panto group at 14 weeks 

of age (WT-Panto, n = 6: 4.924 ± 0.390% vs. APP(TG)-DMSO, n = 6: 7.3630 ± 0.324%; p = 

0.0173). A statistical trend in relative gamma low power was identified at 12 weeks of age between 
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WT-DMSO compared to APP(TG)-DMSO and APP(TG)-Panto mice (WT-DMSO, n = 7: 5.969 

± 0.474% vs. APP(TG)-DMSO, n = 6: 7.934 ± 0.390%; p = 0.0618) (WT-DMSO, n = 7: 5.969 ± 

0.474% vs. APP(TG)-Panto, n = 7: 7.751 ± 0.336%; p = 0.086). Furthermore, a statistical trend 

was also detected at 14 weeks of age between APP(TG)-Panto compared to WT-Panto mice (WT-

Panto, n = 6: 4.924 ± 0.390% vs. APP(TG)-Panto, n = 7: 6.923 ± 0.335%; p = 0.056).  

However, no significant differences in relative gamma low power were observed between all other 

analyzed groups (Fig. 4.2.11D). 

 

 

Figure 4.2.11: Hippocampus (CA1) (A,B) and motor cortex (M1) (C,D) relative gamma low 

power (%) (γlow: 30-50 Hz) in WT-DMSO, WT-Panto, APP(TG)-DMSO and APP(TG)-Panto 

male mice. Results are illustrated considering the circadian rhythmicity (dark/light cycle). ∗ 𝑝 < 

0.05; ∗∗ 𝑝 < 0.01; ∗∗∗ 𝑝 < 0.001. 
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Gamma mid (γmid: 50-70 Hz) 

i) Hippocampal CA1 region 

Dark cycle  

A significant rise in relative gamma mid power was observed in WT-DMSO compared to WT-

Panto at 12 weeks of age (WT-DMSO, n = 7: 4.936 ± 0.454% vs. WT-Panto, n = 6: 2.853 ± 

0.357%; p = 0.0285). Likewise, a significant increase was also detected at 12 weeks compared to 

16 weeks of age for the APP(TG)-Panto mice (12 weeks, n = 7: 4.257 ± 0.635% vs. 16 weeks, n = 

5: 2.342 ± 0.260%; p = 0.0392). 

However, a statistical trend in relative gamma mid power was observed at 12 weeks compared to 

14 weeks of age for the WT-DMSO mice (12 weeks, n = 7: 4.936 ± 0.454% vs. 14 weeks, n = 7: 

3.319 ± 0.724%; p = 0.0611). 

No significant differences in relative gamma mid power were detected between all other study 

groups (Fig. 4.2.12A). 

 

Light cycle 

No significant differences in relative gamma mid power were observed in all analyzed groups (Fig. 

4.2.12B). 

 

ii) Motor cortical M1 region 

Dark cycle 

A significant increase in relative gamma mid power was observed in WT-DMSO, APP(TG)-

DMSO and APP(TG)-Panto groups compared to WT-Panto group at 12 weeks of age (WT-DMSO, 

n = 7: 4.045 ± 0.140% vs. WT-Panto, n = 6: 2.676 ± 0.278%; p = 0.0279) (WT-Panto, n = 6: 2.676 

± 0.278% vs. APP(TG)-DMSO, n = 6: 4.568 ± 0.296%; p = 0.0017) (WT-Panto, n = 6: 2.676 ± 

0.278% vs. APP(TG)-Panto, n = 7: 4.281 ± 0.376%; p = 0.0071). Additionally, a significant 

increase was detected in APP(TG)-DMSO compared to WT-DMSO and WT-Panto mice at 14 

weeks of age (WT-DMSO, n = 7: 3.201 ± 0.320% vs. APP(TG)-DMSO, n = 6: 4.544 ± 0.215%; 

p = 0.0321) (WT-Panto, n = 6: 3.172 ± 0.409% vs. APP(TG)-DMSO, n = 6: 4.544 ± 0.215%; p = 

0.0359). 

A statistical trend in relative gamma mid power was identified between 12 weeks compared to 16 

weeks of age for the WT-DMSO mice (12 weeks, n = 7: 4.045 ± 0.140% vs. 16 weeks, n = 7: 

2.983 ± 0.575%; p = 0.0604) and APP(TG)-Panto (12 weeks, n = 7:  4.281 ± 0.376% vs. 16 weeks, 

n = 5: 3.195 ± 0.337%; p = 0.0851). 
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However, no significant differences in relative gamma mid power were detected between all other 

study groups (Fig. 4.2.12C). 

 

Light cycle 

A statistical trend in relative gamma mid power was observed between APP(TG)-DMSO 

compared to WT-Panto mice at 12 weeks of age (WT-Panto, n = 6: 2.767 ± 0.300% vs. APP(TG)-

DMSO, n = 6: 3.923 ± 0.138%; p = 0.0549). 

However, no significant differences in relative gamma mid power were identified between all other 

study groups (Fig. 4.2.12D). 

 

 

Figure 4.2.12: Hippocampus (CA1) (A,B) and motor cortex (M1) (C,D) relative gamma mid 

power (%) (γmid: 50-70 Hz) in WT-DMSO, WT-Panto, APP(TG)-DMSO and APP(TG)-

Panto male mice. Results are depicted considering the circadian rhythmicity (dark/light cycle). ∗ 

𝑝 < 0.05; ∗∗ 𝑝 < 0.01; ∗∗∗ 𝑝 < 0.001. 
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4.2.2.2. Female mice groups 

Theta 1 (θ1: 4-8 Hz) 

No significant differences in relative theta 1 power were observed between all study groups 

analyzed from hippocampal CA1 and motor cortical M1 regions at both dark and light cycles (Fig. 

4.2.13). 

 

Figure 4.2.13: Hippocampus (CA1) (A,B) and motor cortex (M1) (C,D) relative theta 1 power 

(%) (θ1: 4-8 Hz) in WT-DMSO, WT-Panto, APP(TG)-DMSO and APP(TG)-Panto female 

mice. Results are depicted considering the circadian rhythmicity (dark/light cycle). ∗ 𝑝 < 0.05; ∗∗ 

𝑝 < 0.01; ∗∗∗ 𝑝 < 0.001. 

 

Theta 2 (θ2: 4.1-12 Hz) 

No significant differences in relative theta 2 power were observed between all study groups 

analyzed from hippocampal CA1 and motor cortical M1 regions during both dark and light cycles 

(Fig. 4.2.14). 
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Figure 4.2.14: Hippocampal (A,B) and motor cortex (C,D) relative theta 2 power (%) (θ2: 

4.1-12 Hz) in WT-DMSO, WT-Panto, APP(TG)-DMSO and APP(TG)-Panto female mice. 

Results are illustrated considering the circadian rhythmicity (dark/light cycle). ∗ 𝑝 < 0.05; ∗∗ 𝑝 < 

0.01; ∗∗∗ 𝑝 < 0.001. 

 

Delta (δ: 0.5-4 Hz) 

i) Hippocampal CA1 region 

No significant differences in relative delta power were detected between all study groups analyzed 

from hippocampal CA1 region during both dark and light cycles (Fig. 4.2.15A,B). 

 

ii) Motor cortical M1 region  

Dark cycle 

No significant differences in relative delta power were observed between all study groups (Fig. 

4.2.15C). 

 

Light cycle 

A significant increase in relative delta power were identified in WT-DMSO as compared to  
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APP(TG)-Panto mice at 16 weeks of age (WT-DMSO, n = 4: 41.709 ± 6.816% vs. APP(TG)-

Panto, n = 3: 27.238 ± 2.185%; p = 0.0167). 

A statistical trend in relative delta power was detected between WT-DMSO and APP(TG)-DMSO 

mice at 16 weeks of age (WT-DMSO, n = 4: 41.709 ± 6.816% vs. APP(TG)-DMSO, n = 4: 30.647 

± 2.005%; p = 0.062). 

However, no significant differences in relative delta power were identified between all other study 

groups (Fig. 4.2.15D). 

 

 

Figure 4.2.15: Hippocampus (CA1) (A,B) and motor cortex (M1) (C,D) relative delta power 

(%) (δ: 0.5-4 Hz) in WT-DMSO, WT-Panto, APP(TG)-DMSO and APP(TG)-Panto female 

mice. Results are depicted considering the circadian rhythmicity (dark/light cycle). ∗ 𝑝 < 0.05; ∗∗ 

𝑝 < 0.01; ∗∗∗ 𝑝 < 0.001. 
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Beta 1 (β1: 12.1-30 Hz) 

i) Hippocampal CA1 region 

Dark cycle 

A statistical trend in relative beta power was observed between APP(TG)-DMSO and WT-DMSO 

mice at 12 weeks of age (WT-DMSO, n = 3: 14.687 ± 3.996% vs. APP (TG)-DMSO, n = 4: 21.526 

± 1.1582%; p = 0.0558). Likewise, a statistical trend was observed between APP(TG)-DMSO and 

WT-Panto mice at 16 weeks of age (WT-Panto, n = 3: 14.319 ± 2.670% vs. APP(TG)-DMSO, n 

= 4: 20.924 ± 1.744%; p = 0.0683). 

No significant differences in relative beta 1 power were detected between all other study groups 

(Fig. 4.2.16A) 

 

Light cycle 

A statistical trend in relative beta 1 power was observed between APP(TG)-DMSO and WT-Panto 

mice at 14 weeks of age (WT-Panto, n = 5: 15.376 ± 0.992% vs. APP(TG)-DMSO, n = 4: 21.398 

± 1.168%; p = 0.059) 

No significant differences in relative beta 1 power were identified between all other study groups 

(Fig. 4.2.16B). 

 

ii) Motor cortical M1 region 

Dark cycle 

A statistical trend in relative beta 1 power was observed between APP(TG)-Panto and WT-Panto 

mice at 14 weeks of age (WT-Panto, n = 5: 13.501 ± 0.573% vs. APP(TG)-Panto, n = 4: 18.261 ± 

1.089%; p = 0.0501). 

No significant differences in relative beta 1 power were detected between all other study groups 

(Fig. 4.2.16C). 

 

Light cycle 

A significant increase in relative beta 1 power was observed in APP(TG)-DMSO and APP(TG)-

Panto compared to WT-Panto mice at 12 weeks of age (WT-Panto, n = 5: 14.260 ± 0.730% vs. 

APP(TG)-DMSO, n = 4: 18.621 ± 0.992%; p = 0.0100) (WT-Panto, n = 5: 14.260 ± 0.730% vs. 

APP(TG)-Panto, n = 4: 18.745 ± 0.956%; p = 0.007). In addition, a significant increase was also 

detected in APP(TG)-Panto compared to WT-DMSO and WT-Panto mice at 14 weeks of age (WT-

DMSO, n = 4: 15.551 ± 1.176% vs. APP(TG)-Panto, n = 4: 20.345 ± 0.865%; p = 0.0068) (WT-

Panto, n = 5: 14.999 ± 0.481% vs. APP(TG)-Panto, n = 4: 20.345 ± 0.865%; p = 0.0012). Likewise, 
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a significant difference was also identified in APP(TG)-DMSO compared to WT-Panto mice at 14 

weeks of age (WT-Panto, n = 5: 14.999 ± 0.481% vs. APP(TG)-DMSO, n = 4: 18.919 ± 1.147%; 

p = 0.0235).  

Furthermore, an increase in relative beta 1 power was observed in APP(TG)-DMSO compared to 

WT-Panto and WT-DMSO mice at 16 weeks of age (WT-DMSO, n = 4: 13.965 ± 1.769% vs. 

APP(TG)-DMSO, n = 4: 19.265 ± 0.863%; p = 0.0025) (WT-Panto, n = 3: 14.9964 ± 0.1032% vs. 

APP(TG)-DMSO, n = 4: 19.2650 ± 0.8631%;  p = 0.0324). In addition, significant alterations were 

detected in APP(TG)-Panto compared to WT-Panto and WT-DMSO mice at 16 weeks of age (WT-

DMSO, n = 4: 13.965 ± 1.769% vs. APP(TG)-Panto, n = 3: 20.819 ± 0.656%; p = 0.0003) (WT-

Panto, n = 3: 14.996 ± 0.103% vs. APP(TG)-Panto, n = 3: 20.819 ± 0.656%; p = 0.0042). 

However, a statistical trend in relative beta 1 power was identified between APP(TG)-DMSO and 

WT-DMSO at 14 weeks of age (WT-DMSO, n = 4: 15.551 ± 1.176% vs. APP(TG)-DMSO, n = 

4: 18.919 ± 1.147%; p = 0.0849). 

No significant differences in relative beta 1 power were detected between all other study groups 

(Fig. 4.2.16D). 
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Figure 4.2.16: Hippocampus (CA1) (A,B) and motor cortex (M1) (C,D) relative beta 1 power 

(%) (β1: 12.1-30 Hz) in WT-DMSO, WT-Panto, APP(TG)-DMSO and APP(TG)-Panto 

female mice. Results are depicted considering the circadian rhythmicity (dark/light cycle). ∗ 𝑝 < 

0.05; ∗∗ 𝑝 < 0.01; ∗∗∗ 𝑝 < 0.001. 

 

Beta 2 (β2: 16-24 Hz) 

i) Hippocampal CA1 region 

Dark cycle 

A significant increase in relative beta 2 power was observed in APP(TG)-DMSO compared to 

WT-DMSO mice at 12 weeks of age (WT-DMSO, n = 3: 5.880 ± 1.632% vs. APP(TG)-DMSO, n 

= 4: 9.156 ± 0.468%; p = 0.0269). Additionally, a significant increase was observed in APP(TG)-

DMSO group compared to WT-Panto group at 14 weeks of age (WT-Panto, n = 5: 5.976 ± 0.376% 

vs. APP(TG)-DMSO, n = 4: 8.627 ± 1.025%; p = 0.0467). Moreover, a significant difference was 

detected in APP(TG)-DMSO compared to WT-Panto at 16 weeks of age (WT-Panto, n = 3: 5.653 

± 1.058% vs. APP(TG)-DMSO, n = 4: 8.804 ± 0.782%; p = 0.0354). However, a statistical trend 

was observed between APP(TG)-Panto and WT-DMSO at 12 weeks of age (WT-DMSO, n = 3: 

5.880 ± 1.632% vs. APP(TG)-Panto, n = 4: 8.726 ± 0.297%; p = 0.0664).  



 

115 
 

No significant differences in relative beta 2 power were detected between all other study groups 

(Fig. 4.2.17A). 

 

Light cycle 

A significant increase in relative beta 2 power was observed in APP(TG)-DMSO compared to 

WT-Panto at 14 weeks of age (WT-Panto, n = 5: 6.082 ± 0.460% vs. APP(TG)-DMSO, n = 4: 

8.884± 0.531%; p = 0.0444). 

No significant differences in relative beta 2 power were identified between all other study groups 

(Fig. 4.2.17B). 

 

ii) Motor cortical M1 region 

Dark cycle 

A significant increase in relative beta power was observed in APP(TG)-Panto compared to WT-

Panto mice at 14 weeks of age (WT-Panto, n = 5: 5.362 ± 0.218% vs. APP(TG)-Panto, n = 4: 7.624 

± 0.429%; p = 0.0128). 

No significant differences in relative beta 2 power were detected between all other study groups 

(Fig. 4.2.17C). 

 

Light cycle 

A significant increase in relative beta power was detected in APP(TG)-DMSO compared to WT-

DMSO and WT-Panto mice at 12 weeks of age (WT-DMSO, n = 3: 6.214 ± 0.276% vs. APP(TG)-

DMSO, n = 4: 7.774 ± 0.382%; p = 0.0425) (WT-Panto, n = 5: 5.649 ± 0.238% vs. APP(TG)-

DMSO, n = 4: 7.774 ± 0.382%; p = 0.0007). Similarly, a significant increase was observed in 

APP(TG)-Panto compared to WT-Panto mice at 12 weeks of age (WT-Panto, n = 5: 5.649 ± 

0.238% vs. APP(TG)-Panto, n = 4: 7.650 ± 0.485%; p = 0.0015). 

Furthermore, an increase in relative beta 2 power was identified in APP(TG)-Panto compared to 

WT-DMSO mice at 14 weeks of age (WT-DMSO, n = 4: 6.851 ± 0.219% vs. APP(TG)-Panto, n 

= 4: 8.389 ± 0.376%; p = 0.0277). Additionally, a significant increase was also detected in 

APP(TG)-Panto and APP(TG)-DMSO groups compared to WT-Panto groups at 14 weeks of age 

(WT-Panto, n = 5: 5.859 ± 0.193% vs. APP(TG)-DMSO, n = 4: 7.789 ± 0.516%; p = 0.0023) (WT-

Panto, n = 5: 5.859 ± 0.193% vs. APP(TG)-Panto, n = 4: 8.389 ± 0.376%; p < 0.0001). 

Moreover, significant alterations were observed for the APP(TG)-DMSO group compared to the 

WT-DMSO and WT-Panto groups at 16 weeks of age (WT-DMSO, n = 4: 5.754 ± 0.621% vs. 

APP(TG)-DMSO, n = 4:7.865 ± 0.382%; p = 0.0015) (WT-Panto, n = 3: 5.880 ± 0.032% vs. 



 

116 
 

APP(TG)-DMSO, n = 4: 7.865 ± 0.382%; p = 0.0064). Likewise, significant changes were also 

detected for the APP(TG)-Panto group compared to the WT-DMSO and WT-Panto groups at 16 

weeks of age (WT-DMSO, n = 4:5.754 ± 0.621% vs. APP(TG)-Panto, n = 3: 8.714 ± 0.227%; p < 

0.0001) (WT-Panto, n = 3: 5.880 ± 0.032% vs. APP(TG)-Panto, n = 3: 8.714 ± 0.227%; p = 

0.0002). 

However, a statistical trend was identified between APP(TG)-Panto compared to WT-DMSO mice 

at 12 weeks of age (WT-DMSO, n = 3: 6.214 ± 0.276% vs. APP(TG)-Panto, n = 4: 7.650 ± 0.485%; 

p = 0.0697). 

No significant differences in relative beta 2 power were observed between all other analyzed 

groups (Fig. 4.2.17D). 

 

 

Figure 4.2.17: Hippocampus (CA1) (A,B) and motor cortex (M1) (C,D) relative beta 2 power 

(%) (β2: 16-24 Hz) in WT-DMSO, WT-Panto, APP(TG)-DMSO and APP(TG)-Panto female 

mice. Results are depicted considering the circadian rhythmicity (dark/light cycle). ∗ 𝑝 < 0.05; ∗∗ 

𝑝 < 0.01; ∗∗∗ 𝑝 < 0.001. 
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Beta 3 (β3: 16-30 Hz) 

i) Hippocampal CA1 region 

Dark cycle 

A statistical trend in relative beta 3 power was observed between APP(TG)-DMSO compared to 

WT-DMSO mice and between APP(TG)-Panto compared to WT-DMSO mice at 12 weeks of age 

(WT-DMSO, n = 3: 9.021 ± 2.579% vs. APP(TG)-DMSO, n = 4: 13.930 ± 0.648%; p = 0.0613) 

(WT-DMSO, n = 3: 9.021 ± 2.579% vs. APP(TG)-Panto, n = 4: 13.670 ± 0.445%; p = 0.0828). 

Likewise, a statistical trend was identified between APP(TG)-DMSO and WT-Panto mice at 16 

weeks of age (WT-Panto, n = 3: 8.525 ± 1.685% vs. APP(TG)-DMSO, n = 4: 13.3771 ± 1.104%; 

p = 0.0655). 

No significant differences in relative beta 3 power were detected between all other study groups 

(Fig. 4.2.18A). 

 

Light cycle 

No significant differences in relative beta 3 power were observed between all study groups (Fig. 

4.2.18B). 

 

ii) Motor cortical M1 region  

Dark cycle 

A significant increase in relative beta 3 power was identified in APP(TG)-Panto compared to WT-

Panto mice at 14 weeks of age (WT-Panto, n = 5: 7.922 ± 0.326% vs. APP(TG)-Panto, n = 4: 

11.500 ± 0.719%; p = 0.010). A statistical trend found in relative beta 3 power between APP(TG)-

Panto group and WT-DMSO group at 14 weeks of age (WT-DMSO, n = 4: 8.755 ± 0.619% vs. 

APP(TG)-Panto, n = 4: 11.500 ± 0.719%; p = 0.088). 

No significant differences in relative beta 3 power were observed between all other study groups 

(Fig. 4.2.18C). 

 

Light cycle 

A significant increase in relative beta 3 power was observed in APP(TG)-DMSO group compared 

to WT-DMSO and WT-Panto groups at 12 weeks of age (WT-DMSO, n = 3: 9.046 ± 0.401% vs. 

APP(TG)-DMSO, n = 4: 11.423 ± 0.567%; p = 0.0241) ) (WT-Panto, n = 5: 8.212 ± 0.380% vs. 

APP(TG)-DMSO, n = 4: 11.423 ± 0.567%; p = 0.0003). Similarly, a significant increase was 

detected in APP(TG)-Panto mice compared to WT-DMSO and WT-Panto animals at 12 weeks of 

age (WT-DMSO, n = 3: 9.046 ± 0.401% vs. APP(TG)-Panto, n = 4: 11.293 ± 0.626 %; p = 0.0357) 
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(WT-Panto, n = 5: 8.212 ± 0.380% vs. APP(TG)-Panto, n = 4: 11.293 ± 0.626%; p = 0.0005). 

Furthermore, significant increase was identified in APP(TG)-Panto group compared to WT-

DMSO and WT-Panto groups at 14 weeks of age (WT-DMSO, n = 4: 9.757 ± 0.246% vs. 

APP(TG)-Panto, n = 4: 12.163 ± 0.457%; p = 0.0118) (WT-Panto, n = 5: 8.396 ± 0.312% vs. 

APP(TG)-Panto, n = 4: 12.163 ± 0.457%; p < 0.0001). Likewise, a significant difference was 

detected for the APP(TG)-DMSO compared to the WT-Panto mice at 14 weeks of age (WT-Panto, 

n = 5: 8.396 ± 0.312% vs. APP(TG)-DMSO, n = 4: 11.205 ± 0.757%; p = 0.0015). 

Moreover, a significant increase in relative beta 3 power were observed in APP(TG)-DMSO mice 

compared to WT-DMSO and WT-Panto animals at 16 weeks of age (WT-DMSO, n = 4: 8.448 ± 

0.846% vs. APP(TG)-DMSO, n = 4: 11.156 ± 0.569%; p = 0.0039) (WT-Panto, n = 3: 8.416 ± 

0.104% vs. APP(TG)-DMSO, n = 4: 11.156 ± 0.569%; p = 0.0074). Similarly, a significant 

increase was also detected in APP(TG)-Panto group compared to WT-DMSO and WT-Panto 

groups at 16 weeks of age (WT-DMSO, n = 4: 8.448 ± 0.846% vs. APP(TG)-Panto, n = 3: 12.434 

± 0.295%; p < 0.0001) (WT-Panto, n = 3: 8.416 ± 0.104% vs. APP(TG)-Panto, n = 3: 12.434 ± 

0.295%; p = 0.0002). 

No significant differences in relative beta 3 power were identified between all other analyzed 

groups (Fig. 4.2.18D). 
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Figure 4.2.18: Hippocampus (CA1) (A,B) and motor cortex (M1) (C,D) relative beta 3 power 

(%) (β3: 16-30 Hz) in WT-DMSO, WT-Panto, APP(TG)-DMSO and APP(TG)-Panto female 

mice. Results are illustrated considering the circadian rhythmicity (dark/light cycle). ∗ 𝑝 < 0.05; ∗∗ 

𝑝 < 0.01; ∗∗∗ 𝑝 < 0.001. 

 

Alpha (α: 8-12 Hz) 

No significant differences in relative alpha power were observed between all study groups 

analyzed from hippocampal CA1 and motor cortical M1 regions during both dark and light cycles 

(Fig. 4.2.19). 
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Figure 4.2.19: Hippocampus (CA1) (A,B) and motor cortex (M1) (C,D) relative alpha power 

(%) (α: 8-12 Hz) in WT-DMSO, WT-Panto, APP(TG)-DMSO and APP(TG)-Panto female 

mice. Results are illustrated considering the circadian rhythmicity (dark/light cycle). ∗ 𝑝 < 0.05; ∗∗ 

𝑝 < 0.01; ∗∗∗ 𝑝 < 0.001. 

 

Sigma (12-16 Hz) 

i) Hippocampus 

Dark cycle 

No significant differences in relative sigma power were observed between all study groups (Fig. 

4.2.20A). 

 

Light cycle 

A statistical trend in relative sigma power was observed between APP(TG)-DMSO compared to 

WT-Panto at 14 weeks of age (WT-Panto, n = 5: 6.049 ± 0.281% vs. APP(TG)-DMSO, n = 4: 

8.019 ± 0.362%; p = 0.0544). 

No significant differences in relative sigma power were detected between all other analyzed groups 

(Fig. 4.2.20B). 
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ii) Motor cortical M1 region 

Dark cycle 

No significant differences in relative sigma power were identified between all study groups (Fig. 

4.2.20C). 

 

Light cycle 

A significant increase in relative sigma power was observed in APP(TG)-Panto compared to WT-

DMSO mice at 14 weeks of age (WT-DMSO, n = 4: 5.586 ± 1.274% vs. APP(TG)-Panto, n = 4: 

7.922 ± 0.447%; p = 0.0304). Likewise, a significant increase was detected in APP(TG)-DMSO 

and APP(TG)-Panto groups compared to WT-DMSO group at 16 weeks of age (WT-DMSO, n = 

4: 5.322 ± 0.969% vs. APP(TG)-DMSO, n = 4: 7.858 ± 0.385%; p = 0.0164) (WT-DMSO, n = 4: 

5.322 ± 0.969% vs. APP(TG)-Panto, n = 3: 8.134 ± 0.392%; p = 0.0133). 

No significant differences in relative sigma power were detected between all other study groups 

(Fig. 4.2.20D). 

 

 

 

 

 

 



 

122 
 

 

Figure 4.2.20: Hippocampus (CA1) (A,B) and motor cortex (M1) (C,D) relative sigma power 

(%) (σ: 12-16 Hz) in WT-DMSO, WT-Panto, APP(TG)-DMSO and APP(TG)-Panto female 

mice. Results are illustrated considering the circadian rhythmicity (dark/light cycle). ∗ 𝑝 < 0.05; ∗∗ 

𝑝 < 0.01; ∗∗∗ 𝑝 < 0.001. 

 

Gamma low (γlow: 30-50 Hz) 

i) Hippocampal CA1 region 

No significant differences in relative gamma low power were observed between all study groups 

analyzed from hippocampal CA1 region during both dark and light cycles (Fig. 4.2.21A,B). 

 

ii) Motor cortical M1 region  

Dark cycle 

A significant increase in relative gamma low power was observed in APP(TG)-DMSO compared 

to WT-Panto mice at 12 weeks of age (WT-Panto, n = 5: 6.525 ± 0.252% vs. APP(TG)-DMSO, n 

= 4: 9.399 ± 0.691%; p = 0.0388). Additionally, a significant increase was detected in APP(TG)-

Panto group compared to WT-Panto group at 14 weeks of age (WT-Panto, n = 5: 5.733 ± 0.470% 

vs. APP(TG)-Panto, n = 4:  8.843 ± 0.579%; p = 0.0222). Furthermore, a significant increase in 
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relative gamma low power was detected in 12 week of age compared to 16 weeks of age for the 

APP(TG)-DMSO mice (12 weeks, n = 4, 9.399 ± 0.691% vs. 16 weeks, n = 4, 5.774 ± 0.838%; p 

= 0.0053). 

However, a statistical trend in relative gamma low power was identified between APP(TG)-Panto 

compared to WT-Panto mice at 12 weeks of age (WT-Panto, n = 5: 6.525 ± 0.252%  vs. APP(TG)-

Panto, n = 7: 9.111 ± 1.116%; p = 0.0733) and also between 14 weeks compared to 12 weeks of 

age for the APP(TG)-DMSO group (12 weeks, n = 4, 9.399 ± 0.691% vs. 14 weeks, n = 4, 7.064 

± 0.869%; p = 0.0918). 

No significant differences in relative gamma low power were identified between all other study 

groups (Fig. 4.2.21C). 

 

Light cycle 

A significant increase in relative gamma low power was observed in APP(TG)-DMSO compared 

to WT-Panto mice at 12 weeks of age (WT-Panto, n = 5: 5.363 ± 0.235% vs. APP(TG)-DMSO, n 

= 4: 7.961 ± 0.487%; p = 0.0197). In addition, a significant increase was detected in APP(TG)-

Panto compared to WT-Panto at 14 weeks of age (WT-Panto, n = 5: 5.005 ± 0.347%, vs. APP(TG)-

Panto, n = 4: 7.611 ± 0.552%; p = 0.0193). 

However, a statistical trend in relative gamma low power was identified between APP(TG)-Panto 

and WT-Panto mice at 12 weeks of age (WT-Panto, n = 5: 5.363 ± 0.235% vs. APP(TG)-Panto, n 

= 4: 7.615 ± 0.614; p = 0.0526). Likewise, a statistical trend was detected between WT-DMSO 

and WT-Panto groups at 14 weeks of age (WT-DMSO, n = 4: 7.173 ± 1.338% vs. WT-Panto, n = 

5: 5.005 ± 0.348%; p = 0.0659) and also between APP(TG)-Panto compared to WT-Panto at 16 

weeks of age (WT-Panto, n = 3: 4.905 ± 0.448% vs. APP(TG)-Panto, n = 3: 7.514 ± 0.645%; p = 

0.0701). 

However, no significant differences in relative gamma low power were observed between all other 

analyzed groups (Fig. 4.2.21D). 
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Figure 4.2.21: Hippocampus (CA1) (A,B) and motor cortex (M1) (C,D) relative gamma low 

power (%) (γlow: 4.1-12 Hz) in WT-DMSO, WT-Panto, APP(TG)-DMSO and APP(TG)-

Panto female mice. Results are depicted considering the circadian rhythmicity (dark/light cycle). 

∗ 𝑝 < 0.05; ∗∗ 𝑝 < 0.01; ∗∗∗ 𝑝 < 0.001. 

 

Gamma mid (γmid: 50-70 Hz) 

i) Hippocampal CA1 region 

No significant differences in relative gamma mid power were observed between all study groups 

analyzed from hippocampal CA1 region during both dark and light cycles (Fig. 4.2.22A,B). 

 

ii) Motor cortical M1 region  

Dark cycle 

A significant increase in relative gamma mid power was observed at 12 weeks compared to 16 

weeks of age for the APP(TG)-DMSO mice (12 weeks, n = 4: 4.677 ± 0.252% vs. 16 weeks, n = 

4: 2.574 ± 0.417%; p = 0.0135). 
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A statistical trend in relative gamma mid power was detected at 12 weeks compared to 16 weeks 

of age for the WT-DMSO mice (12 weeks, n = 3: 4.784 ± 1.123% vs. 16 weeks of age, n = 4: 

3.132 ± 0.716%; p = 0.089). 

However, no significant differences in relative gamma mid power were identified between all other 

study groups (Fig. 4.2.22C). 

 

Light cycle 

A statistical trend in relative gamma mid power was observed between WT-DMSO compared to 

WT-Panto mice at 14 weeks of age (WT-DMSO, n = 4: 4.124 ± 1.090% vs. WT-Panto, n = 5: 

2.547 ± 0.208%; p = 0.0638). 

No significant differences in relative gamma mid power were detected between all other study 

groups (Fig. 4.2.22D). 

 

 

Figure 4.2.22: Hippocampus (CA1) (A,B) and motor cortex (M1) (C,D) relative gamma mid 

power (%) (γmid: 50-70 Hz) in WT-DMSO, WT-Panto, APP(TG)-DMSO and APP(TG)-

Panto female mice. Results are illustrated considering the circadian rhythmicity (dark/light cycle). 

∗ 𝑝 < 0.05; ∗∗ 𝑝 < 0.01; ∗∗∗ 𝑝 < 0.001. 
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4.2.3 Electroencephalographic seizures analysis 

Electroencephalographic seizures analysis was performed for wild-type controls (WT-DMSO and 

WT-Panto) and APPswePS1dE9 (APP(TG)-DMSO and APP(TG)-Panto) subgroups based on the 

EEG recordings from the hippocampal CA1 and motor cortical M1 regions of both genders. 

 

4.2.3.1 Seizures analysis in male mice  

Number of spike trains 

i) Hippocampal CA1 region 

No significant differences observed in number of spike trains between all study groups analyzed 

from hippocampal CA1 region during both dark and light cycles (Fig 4.2.23A,B). 

 

ii) Motor cortical M1 region 

Dark cycle 

A significant increase in number of spike trains was observed in APP(TG)-DMSO group compared 

to WT-DMSO and WT-Panto groups at 14 weeks of age (WT-DMSO, n = 7: 5.571 ± 4.048 vs. 

APP(TG)-DMSO, n = 6: 53.667 ± 17.927; p = 0.0017) (WT-Panto, n = 6: 1.75 ± 0.804 vs. 

APP(TG)-DMSO, n = 6: 53.667 ± 17.927; p = 0.0010). Likewise, a significant increase was 

detected at 14 weeks compared to 16 weeks of age for the APP(TG)-DMSO mice (14 weeks, n = 

6: 53.667 ± 17.927 vs. 16 weeks, n = 3: 12.667 ± 5.207; p = 0.0335). 

However, a statistical trend in number of spike trains was observed between APP(TG)-DMSO and 

APP(TG)-Panto at 14 weeks of age (APP(TG)-DMSO, n = 6: 53.667 ± 17.927 vs. APP(TG)-Panto, 

n = 6: 22.357 ± 9.342; p = 0.0711). Additionally, a statistical trend was also detected between 14 

weeks compared to 12 weeks of age for the APP(TG)-DMSO group (12 weeks, n = 6: 24.083 ± 

12.605 vs. 14 weeks, n = 6: 53.667 ± 17.927; p = 0.0678). 

However, no significant differences in number of spike trains were observed between all other 

study groups (Fig. 4.2.23C). 

 

Light cycle 

A significant increase in number of spike trains was observed in APP(TG)-DMSO group compared 

to WT-DMSO, WT-Panto and APP(TG)-Panto groups at 14 weeks of age (WT-DMSO, n = 7: 

5.357 ± 4.045 vs. APP(TG)-DMSO, n = 6:  77.167 ± 32.250; p = 0.0004) (WT-Panto, n = 6: 2.167 

± 1.216 vs. APP(TG)-DMSO, n = 6: 77.167 ± 32.250; p = 0.0003) (APP(TG)-DMSO, n = 6: 

77.167 ± 32.250 vs. APP(TG)-Panto, n = 6: 27.357 ± 10.582; p = 0.0212). Furthermore, a 

significant increase in number of spike trains was also observed at 14 weeks compared to 12 weeks 
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and 16 weeks of age for the APP(TG)-DMSO mice (12 weeks, n = 6: 22.000 ± 9.470 vs. 14 weeks, 

n = 6: 77.167 ± 32.250; p = 0.0065) (14 weeks, n = 6: 77.167 ± 32.250 vs. 16 weeks, n = 3: 15.000 

± 8.145; p = 0.0133). 

However, no significant differences in number of spike trains were detected between all other 

study groups (Fig. 4.2.23D). 

  

Figure 4.2.23: Hippocampus (CA1) (A,B) and motor cortex (M1) (C,D) number of spike 

trains in WT-DMSO, WT-Panto, APP(TG)-DMSO and APP(TG)-Panto male mice. Results 

are depicted considering the circadian rhythmicity (dark/light cycle). ∗ 𝑝 < 0.05; ∗∗ 𝑝 < 0.01; ∗∗∗ 𝑝 

< 0.001. 

 

Number of single spikes 

i) Hippocampal CA1 region 

Dark cycle 

No significant differences in total number of single spikes were identified between all analyzed 

groups (Fig. 4.2.24A). 
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Light cycle 

A statistical trend in number of single spikes was identified between 12 weeks compared to 16 

weeks of age for the APP(TG)-DMSO group (12 weeks, n = 6: 5635.584 ± 1968.024 vs. 16 weeks, 

n = 6: 932.333 ± 639.087; p = 0.092). 

No significant differences in number of single spikes were observed between all other study groups 

(Fig. 4.2.24B). 

 

ii) Motor cortical M1 region 

Dark cycle 

A significant increase in number of single spikes was identified in APP(TG)-DMSO compared to 

WT-Panto at 14 weeks of age (WT-Panto, n = 6: 960.833 ± 172.838 vs. APP(TG)-DMSO, n = 6: 

3079.833 ± 397.771; p = 0.040). A statistical trend in number of single spikes was detected at 14 

weeks of age between APP(TG)-DMSO compared to WT-DMSO mice and APP(TG)-Panto 

compared to WT-Panto mice (WT-DMSO, n = 6: 1268.000 ± 435.261 vs. APP(TG)-DMSO, n = 

6: 3079.833 ± 397.771; p = 0.0832) (WT-Panto, n = 6: 960.833 ± 172.838 vs. APP(TG)-Panto, n 

= 7: 2861.714 ± 716.919; p = 0.0632). 

However, no significant differences in number of single spikes were identified between all other 

study groups (Fig. 4.2.24C). 

 

Light cycle 

A significant increase in number of single spikes was observed in APP(TG)-DMSO group 

compared to WT-DMSO and WT-Panto groups at 14 weeks of age (WT-DMSO, n = 7: 1084.643 

± 416.240 vs. APP(TG)-DMSO, n = 6: 4228.417 ± 729.876; p < 0.0001) (WT-Panto, n = 6: 

883.333 ± 174.783 vs. APP(TG)-DMSO, n = 6: 4228.417 ± 729.876; p < 0.0001). Likewise, a 

significant increase was observed in APP(TG)-Panto group compared to WT-DMSO and WT-

Panto groups (WT-DMSO, n = 7: 1084.643 ± 416.240 vs. APP(TG)-Panto, n = 7: 3099.072 ± 

407.148; p = 0.0077) (WT-Panto, n = 6: 883.333 ± 174.783 vs. APP(TG)-Panto, n = 7: 3099.072 

± 407.148; p = 0.0044). Additionally, a significant increase was also detected in APP(TG)-Panto 

compared to WT-DMSO mice at 16 weeks of age (WT-DMSO, n = 7: 824.857 ± 235.311 vs. 

APP(TG)-Panto, n = 5: 2954.200 ± 735.738; p = 0.0107). Furthermore, a significant increase in 

number of single spikes was identified at 14 weeks compared to 12 weeks of age for the APP(TG)-

DMSO mice (12 weeks, n = 6: 2360.333 ± 401.702 vs. 14 weeks, n = 6:  4228.417 ± 729.876; p = 

0.0154). 
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A statistical trend in number of single spikes was detected between APP(TG)-Panto and WT-Panto 

mice 12 weeks of age (WT-Panto, n = 6: 1669.083 ± 268.003 vs. APP(TG)-Panto, n = 7: 3185.286 

± 568.986; p = 0.0847). Moreover, a significant trend was also observed at 14 weeks compared to 

16 weeks of age for the APP(TG)-DMSO mice (14 weeks, n = 6: 4228.417 ± 729.876 vs. 16 weeks, 

n = 3: 2347.167 ± 663.979; p = 0.0554). 

However, no significant differences in number of single spikes were identified between all other 

study groups (Fig. 4.2.24D). 

 

 

Figure 4.2.24: Hippocampus (CA1) (A,B) and motor cortex (M1) (C,D) total number of single 

spikes in WT-DMSO, WT-Panto, APP(TG)-DMSO and APP(TG)-Panto male mice. Results 

are depicted considering the circadian rhythmicity (dark/light cycle). ∗ 𝑝 < 0.05; ∗∗ 𝑝 < 0.01; ∗∗∗ 𝑝 

< 0.001. 

 

Spike trains duration (min) 

i) Hippocampal CA1 region 

No significant differences in spike trains duration (min) were identified between all study groups 

analyzed from hippocampal CA1 region during both dark and light cycles (Fig 4.2.25A,B). 
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ii) Motor cortical M1 region 

Dark cycle 

A significant increase in spike trains duration (min) was observed in APP(TG)-DMSO group 

compared to WT-DMSO and WT-Panto groups at 14 weeks of age (WT-DMSO, n = 7: 0.069 ± 

0.046 vs. APP(TG)-DMSO, n = 6:  0.677 ± 0.240; p = 0.0023) (WT-Panto, n = 6: 0.017 ± 0.008 

vs. APP(TG)-DMSO, n = 6:  0.677 ± 0.240; p = 0.0014). In addition, a significant increase was 

detected at 14 weeks compared to 16 weeks of age for the APP(TG)-DMSO mice (14 weeks, n = 

6: 0.677 ± 0.240 vs. 16 weeks, n = 3: 0.159 ± 0.062; p = 0.0393). 

A statistical trend in spike trains duration (min) was observed at 14 weeks of age between 

APP(TG)-DMSO and APP(TG)-Panto mice (APP(TG)-DMSO, n = 6: 0.677 ± 0.240 vs. APP(TG)-

Panto, n = 6: 0.275 ± 0.120; p = 0.075). Additionally, a statistical trend was identified between 14  

weeks compared to 12 weeks of age for the APP(TG)-DMSO  mice (12 weeks, n = 6: 0.282 ± 

0.153 vs. 14 weeks, n = 6:  0.677 ± 0.240; p = 0.0582). 

However, no significant differences in spike trains duration (min) were observed between all other 

study groups (Fig 4.2.25C). 

 

Light cycle 

A significant increase in spike trains duration (min) was observed in APP(TG)-DMSO group 

compared to WT-DMSO and WT-Panto groups at 14 weeks of age (WT-DMSO, n = 7: 0.064 ± 

0.048 vs. APP(TG)-DMSO, n = 6:  0.990 ± 0.432; p = 0.0013) (WT-Panto, n = 6: 0.024 ± 0.014 

vs. APP(TG)-DMSO, n = 6:  0.990 ± 0.432; p = 0.0012). Likewise, a significant increase in spike 

trains duration (min) was detected at 14 weeks as compared to 12 weeks and 16 weeks of age for 

the APP(TG)-DMSO mice (12 weeks, n = 6: 0.263 ± 0.122 vs. 14 weeks, n = 6: 0.990 ± 0.432; p 

= 0.0119) (14 weeks, n = 6: 0.990 ± 0.432 vs. 16 weeks, n = 3: 0.176 ± 0.097; p = 0.0233). 

No significant differences in spike trains duration (min) were observed between all other study 

groups (Fig 4.2.25D). 
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Figure 4.2.25: Hippocampus (CA1) (A,B) and motor cortex (M1) (C,D) spike trains duration 

(min) in WT-DMSO, WT-Panto, APP(TG)-DMSO and APP(TG)-Panto male mice. Results 

are depicted considering the circadian rhythmicity (dark/light cycle). ∗ 𝑝 < 0.05; ∗∗ 𝑝 < 0.01; ∗∗∗ 𝑝 

< 0.001. 

 

4.2.3.2. Seizures analysis in female mice  

Number of spike trains 

i) Hippocampal CA1 region 

No significant differences in number of spike trains were observed between all study groups 

analyzed from hippocampal CA1 region during both dark and light cycles (Fig 4.2.26A,B). 

 

ii) Motor cortical M1 region 

Dark cycle 

A significant increase in number of spike trains was observed in APP(TG)-DMSO compared to 

WT-DMSO mice at 16 weeks of age (WT-DMSO, n = 3: 8.833 ± 4.781 vs. APP(TG)-DMSO, n = 

4: 82.000 ± 42.457; p = 0.0166). Additionally, a significant increase in number of spike trains was 
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also detected at 16 weeks compared to 12 weeks of age for the APP(TG)-DMSO mice (12 weeks, 

n = 4: 8.000 ± 1.969 vs. 16 weeks, n = 4: 82.000 ± 42.457; p = 0.0042). 

No significant differences in number of spike trains were identified between all other study groups 

(Fig. 4.2.26C). 

 

Light cycle 

A significant increase in number of spike trains was observed in APP(TG)-DMSO group compared 

to WT-DMSO, WT-Panto and APP(TG)-Panto groups at 14 weeks of age (WT-DMSO, n = 4: 

8.000 ± 4.628 vs. APP(TG)-DMSO, n = 4: 46.375 ± 19.368; p = 0.0135) (WT-Panto, n = 5: 2.100 

± 0.678 vs. APP(TG)-DMSO, n = 4: 46.375 ± 19.368; p = 0.0021) (APP(TG)-DMSO, n = 4: 

46.375 ± 19.368 vs. APP(TG)-Panto, n = 4: 12.000 ± 6.0999; p = 0.0312). Furthermore, a 

significant increase in number of spike trains was detected at 14 weeks compared to 12 weeks of 

age for the APP(TG)-DMSO mice (12 weeks, n = 4: 15.750 ± 5.044 vs. 14 weeks, n = 4: 46.375 

± 19.368; p = 0.0368).  

No significant differences in number of spike trains were identified between all other analyzed 

groups (Fig. 4.2.26D). 

 

Figure 4.2.26: Hippocampus (CA1) (A,B) and motor cortex (M1) (C,D) number of spike 

trains in WT-DMSO, WT-Panto, APP(TG)-DMSO and APP(TG)-Panto female mice. Results 
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are depicted considering the circadian rhythmicity (dark/light cycle). ∗ 𝑝 < 0.05; ∗∗ 𝑝 < 0.01; ∗∗∗ 𝑝 

< 0.001. 

 

Number of single spikes 

i) Hippocampal CA1 region 

Dark cycle 

A statistical trend in number of single spikes was observed between APP(TG)-DMSO and WT-

DMSO groups at 16 weeks of age (WT-DMSO, n = 4: 333.125 ± 102.810 vs. APP(TG)-DMSO, 

n = 4: 3049.750 ± 1084.182; p = 0.0791). No significant differences in number of single spikes 

were detected between all study groups (Fig. 4.2.27A). 

 

Light cycle  

A statistical trend in number of single spikes was identified between APP(TG)-Panto compared to 

WT-DMSO mice at 16 weeks of age (WT-DMSO, n = 4: 461.250 ± 192.761 vs. APP(TG)-Panto, 

n = 3: 3272.667 ± 1091.513; p = 0.0675). No significant differences in number of single spikes 

were observed between all study groups (Fig. 4.2.27B). 

 

 ii) Motor cortical M1 region 

Dark cycle 

A statistical trend in number of single spikes was observed between 16 weeks compared to 12 

weeks of age for the APP(TG)-DMSO mice (12 weeks, n = 4: 1834.000 ± 256.294 vs. 16 weeks, 

n = 4: 4682.000 ± 2058.677; p = 0.0764). No significant differences in number of single spikes 

were detected between all study groups (Fig. 4.2.27C). 

 

Light cycle 

A significant increase in number of single spikes was observed in APP(TG)-DMSO compared to 

WT-Panto mice at 14 weeks of age (WT-Panto, n = 5: 986.700 ± 179.315 vs. APP(TG)-DMSO, n 

= 4: 3899.250 ± 551.964; p = 0.0119). A statistical trend in number of single spikes was identified 

between APP(TG)-DMSO and WT-DMSO groups at 14 weeks of age (WT-DMSO, n = 4: 

1585.750 ± 689.511 vs. APP(TG)-DMSO, n = 4: 3899.250 ± 551.964; p = 0.0812). However, no 

significant differences in number of single spikes were detected between all other analyzed groups 

(Fig. 4.2.27D). 
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Figure 4.2.27: Hippocampus (CA1) (A,B) and motor cortex (M1) (C,D) total number of single 

spikes in WT-DMSO, WT-Panto, APP(TG)-DMSO and APP(TG)-Panto female mice. 

Results are depicted considering the circadian rhythmicity (dark/light cycle). ∗ 𝑝 < 0.05; ∗∗ 𝑝 < 

0.01; ∗∗∗ 𝑝 < 0.001. 

 

Spike trains duration (min) 

i) Hippocampal CA1 region 

No significant differences in spike trains duration (min) were observed between all study groups 

analyzed from hippocampal CA1 region during both dark and light cycles (Fig 4.2.28A,B). 

 

ii) Motor cortical M1 region 

Dark cycle 

A significant increase in spike trains duration (min) was observed in APP(TG)-DMSO compared 

to WT-DMSO mice at 16 weeks of age (WT-DMSO, n = 3: 0.135 ± 0.090 vs. APP(TG)-DMSO, 

n = 4: 1.4603 ± 0.867; p = 0.0342). Additionally, a significant increase in spike trains duration 

(min) was identified at 16 weeks compared to 12 weeks of age for the APP(TG)-DMSO mice (12 

weeks, n = 4: 0.090 ± 0.025 vs. 16 weeks, n = 4: 1.460 ± 0.867; p = 0.0082). A statistical trend in 



 

135 
 

spike trains duration (min) was observed between 16 weeks compared to 14 weeks of age for the 

APP(TG)-DMSO group (14 weeks, n = 4: 0.470 ± 0.148 vs. 16 weeks, n = 4: 1.460 ± 0.867; p = 

0.0677). 

However, no significant differences in spike trains duration (min) were detected between all other 

study groups (Fig. 4.2.28C). 

 

Light cycle 

A significant increase in spike trains duration (min) was observed in APP(TG)-DMSO group 

compared to WT-DMSO, WT-Panto and APP(TG)-Panto groups at 14 weeks of age (WT-DMSO, 

n = 4: 0.101 ± 0.056 vs. APP(TG)-DMSO, n = 4: 0.656 ± 0.273; p = 0.0167) (WT-Panto, n = 5: 

0.024 ± 0.007 vs. APP(TG)-DMSO, n = 4: 0.656 ± 0.273; p = 0.0032) (APP(TG)-DMSO, n = 4: 

0.656 ± 0.273 vs. APP(TG)-Panto, n = 4: 0.131 ± 0.069; p = 0.0256). 

No significant differences in spike trains duration (min) were detected between all other study 

groups (Fig. 4.2.28D). 

 

Figure 4.2.28: Hippocampus (CA1) (A,B) and motor cortex (M1) (C,D) spike trains duration 

(min) in WT-DMSO, WT-Panto, APP(TG)-DMSO and APP(TG)-Panto female mice. Results 

are depicted considering the circadian rhythmicity (dark/light cycle). ∗ 𝑝 < 0.05; ∗∗ 𝑝 < 0.01; ∗∗∗ 𝑝 

< 0.001. 
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4.2.4. LC-MS/MS analysis of Pantoprazole concentration in plasm and liver 

4.2.4.1. Calibration Curves 

The standard curves for the liver and plasma samples were constructed by plotting peak areas 

against corresponding different known liver and plasma concentrations using linear regression 

statistics as follows:  

 

Figure 4.2.29: (A) Representation standard curve using linear regression statistics for 

plasma; (B) Representation standard curve using linear regression statistics for liver. 
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4.2.4.2. Pantoprazole plasma concentration 

Table 4.2.1: Pantoprazole plasma concentration (mean ± SEM). 

APP swePS1dE9-Part I 

Mice sub groups 

Plasma drug concentration 

[ng/mL] 

(Males; (♂) 

Plasma drug concentration                 

[ng/mL] 

(Females; (♀) 

WT-DMSO 0.0 ± 0.0, n = 7 0.002 ± 0.002, n = 4 

WT-Panto 0.592 ± 0.068, n = 6 0.064 ± 0.018, n = 5 

APP(TG)-DMSO 0.016 ± 0.012, n = 5 0.056 ± 0.042, n = 4 

APP(TG)-Panto 0.145 ± 0.036, n = 6 0.970 ± 0.856, n = 4 

 

Table 4.2.2: Statistical analysis of pantoprazole plasma concentration. 

Mice groups Males (♂) Females; (♀) 

Tukey's multiple comparisons test P-Value P-Value 

WT-DMSO vs. WT-Panto < 0.0001 0.9995 

WT-DMSO vs. APP(TG)-DMSO 0.9916 0.9997 

WT-DMSO vs. APP(TG)-Panto 0.058 0.3816 

WT-Panto vs. APP(TG)-DMSO < 0.0001 > 0.9999 

WT-Panto vs. APP(TG)-Panto < 0.0001 0.3926 

APP(TG)-DMSO vs. APP(TG)-Panto 0.1498 0.4289 

 

4.2.4.3. Pantoprazole liver concentration 

Table 4.2.3: Pantoprazole liver concentration (mean ± SEM) 

APP swePS1dE9-Part I 

Mice sub groups 

Plasma drug concentration 

[ng/mL] 

(Males; (♂) 

Plasma drug concentration                 

[ng/mL] 

(Females; (♀) 

WT-DMSO 0.0371 ± 0.0162, n = 6 0.0118 ± 0.0061, n = 4 

WT-Panto 0.6325 ± 0.1544, n = 6 0.1251 ± 0.0314, n = 5 

APP(TG)-DMSO 0.0557 ± 0.0088, n = 6 0.0694 ± 0.0583, n = 3 

APP(TG)-Panto 0.3282 ± 0.1035, n = 6 0.5307 ± 0.2557, n = 4 
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Table 4.2.4: Statistical analysis of pantoprazole liver concentration. 

Mice groups Males (♂) Females; (♀) 

Tukey's multiple comparisons test P-Value P-Value 

WT-DMSO vs. WT-Panto 0.0011 0.9156 

WT-DMSO vs. APP(TG)-DMSO 0.999 0.9913 

WT-DMSO vs. APP(TG)-Panto 01563 0.067 

WT-Panto vs. APP(TG)-DMSO 0.0016 0.991 

WT-Panto vs. APP(TG)-Panto 0.1307 0.1511 

APP(TG)-DMSO vs. APP(TG)-Panto 0.1992 0.1516 

 

Figure 4.2.30: (A) pantoprazole plasma concentration in male subgroups; (B) pantoprazole 

plasma concentration in female subgroups; (C) pantoprazole liver concentration in male 

subgroups; (D) pantoprazole liver concentration in female subgroups. ∗𝑝 < 0.05; ∗∗𝑝 < 0.01; 

∗∗∗𝑝 < 0.001; ∗∗∗∗𝑝 < 0.0001. 
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4.2.4.4. Pantoprazole metabolite analysis 

Human liver microsome incubation  

Human liver microsome (HLM) incubation analysis was performed for qualitative analysis of 

pantoprazole metabolites in order to investigate the metabolic tendency of the mice. With regards 

to the parent ion masses and deduced fragmentation pattern, Pantoprazolesulfane and 

pantoprazolesulfone were the two major pantoprazole metabolites detected (Fig. 4.2.31). 

Unfortunately, no reference substances were available to confirm the nature of the metabolites. In 

prior experiments, additional metabolites like Desmethylpantoprazole and 

Desmethylpantoprazolesulfate have been confirmed, but did not occur in the here presented HLM 

approach. Therefore, the calculated ratios and semi-quantitative metabolic results should be 

interpreted carefully.  

 

Figure 4.2.31: Extracted ion chromatogram of (+) MRM from liver tissue lysate. 
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Semi-quantitative metabolic estimation of mice for pantoprazole  

Additionally, plasma and liver pantoprazole, pantoprazolesulfane and pantoprazolesulfone area 

ratios were measured and statistically analyzed. (Fig. 4.2.32). 

Pantoprazolesulfone liver area ratio was significant higher compared to pantoprazole and 

pantoprazolesulfane in both male and female mice. As expected, higher metabolite amounts were 

observed in the liver samples, rather in the plasma samples. Pantoprazolesulfone was the most 

intense one. The presence of metabolites is one factor, which can explain the low content of 

pantoprazole in female mice. All semi-quantitative statistical calculations in figure 4.2.32 have 

been made with the assumption of identical ionization tendency of pantoprazole, 

pantoprazolesulfane and pantoprazolesulfone during the LC-MS measurement. 

 

Figure 4.2.32: Pantoprazole, pantoprazolesulfane and pantoprazolesulfone area ratios with 

deuterated-pantoprazole in (A) plasma of male mice groups; (B) female mice groups; (C) in 

liver tissues of male mice groups; (D) in liver tissues of female mice groups. ∗𝑝 < 0.05; ∗∗𝑝 < 

0.01; ∗∗∗𝑝 < 0.001; ∗∗∗∗𝑝 < 0.0001. 
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4.3. The effect of Pantoprazole in APPswePS1dE9 mice 17-21 weeks of age 

4.3.1. Activity analysis in male mice 

4.3.1.1. Baseline recordings 

No significant differences in mean relative activity (units) were observed between all study groups 

(WT-DMSO vs. WT-Panto vs. APP(TG)-DMSO vs. APP(TG)-Panto) and all five recordings (at 

17, 18, 19, 20 and 21 weeks of age) during the dark and light cycles (Fig. 4.3.1A,B). 

 

 

Figure 4.3.1: Mean relative activity (units) in WT-DMSO, WT-Panto, APP(TG)-DMSO and 

APP(TG)-Panto male mice groups during the dark/light cycle. 

 

4.3.1.2. Post-urethane and post-atropine analysis 

A significant increase in mean relative activity (units) was observed between WT-Panto and WT-

DMSO mice during baseline (1 h) recording (WT-DMSO, n = 3: 0.006 ± 0.003 vs. WT-Panto, n 

= 4: 0.008 ± 0.003; p = 0.0002). Likewise, a significant increase was also detected in APP(TG)-

DMSO and APP(TG)-Panto groups compared to WT-Panto group during baseline (1 h) recording 

(WT-Panto, n = 4: 0.008 ± 0.003 vs. APP(TG)-DMSO, n = 3: 0.024 ± 0.014; p = 0.0003) (WT-

Panto, n = 4: 0.008 ± 0.003 vs. APP(TG)-Panto, n = 3: 0.028 ± 0.009; p < 0.0001). 

Furthermore, an increase in mean relative activity (units) was identified in APP(TG)-Panto 

compared to WT-Panto at post-normal saline (1 h) recording (WT-Panto, n = 4: 0.038 ± 0.001 vs. 

APP(TG)-Panto, n = 3: 0.046 ± 0.028; p = 0.019). In addition, a significant increase in mean 

relative activity (units) was observed in APP(TG)-DMSO and APP(TG)-Panto mice compared to 

WT-Panto mice during post-atropine (3 h) recording (WT-Panto, n = 4: 0.0007 ± 0.0003 vs. 

APP(TG)-DMSO, n = 3: 0.003 ± 0.003; p = 0.0468) (WT-Panto, n = 4: 0.0007 ± 0.0003 vs. 

APP(TG)-Panto, n = 3: 0.002 ± 0.001; p = 0.0132). Moreover, a significant increase in post-
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urethane (1 h) compared to baseline (1 h) recordings for the WT-Panto mice (baseline (1 h), n = 

4: 0.008 ± 0.003 vs. post-urethane (1 h), n = 4: 0.013 ± 0.004; p = 0.0007). 

A statistical trend was detected between WT-DMSO and WT-Panto during post-normal saline (1 

h) recording (WT-DMSO, n = 3: 0.071 ± 0.007 vs. WT-Panto, n = 4: 0.038 ± 0.013; p = 0.0823). 

Additionally, a statistical trend was also identified during post-normal saline (1 h) compared to 

baseline (1 h) and post-urethane (1 h) compared to post-atropine (3 h) recordings for the WT-Panto 

group (baseline, n = 4: 0.008 ± 0.003 vs. post-normal saline, n = 4: 0.038 ± 0.013; p = 0.0624) 

(post-urethane, n = 4: 0.013 ± 0.004 vs. post-atropine, n = 4: 0.0007 ± 0.0003; p = 0.0717). 

However, no significant differences in mean relative activity (units) were observed between all 

other study groups (Fig. 4.3.2). 

 

 

Figure 4.3.2: Mean relative activity (units) of WT-DMSO, WT-Panto, APP(TG)-DMSO and 

APP(TG)-Panto male mice groups is presented for baseline (1 h), post-normal saline (1 h), 

post-urethane (1 h) and post-atropine (3 h) recordings. ∗𝑝 < 0.05; ∗∗𝑝 < 0.01; ∗∗∗𝑝 < 0.001. 

 

4.3.2. Temperature analysis  

4.3.2.1. Baseline recordings 

Dark cycle 

No significant differences in temperature (oC) were identified between all study groups (Fig. 

4.3.3A). 
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Light Cycle 

A significant increase in temperature (oC) was observed in APP(TG)-DMSO compared to WT-

Panto at 19 weeks of age (WT-Panto, n = 4: 32.854 ± 0.238 vs. APP(TG)-DMSO, n = 3: 34.412 ± 

0.366; p = 0.0207). However, a statistical trend was detected in temperature (oC) analysis between 

17 weeks and 21 weeks of age for the WT-Panto mice (17 weeks, n = 4: 33.751 ± 0.306 vs. 21 

weeks, n = 4: 32.455 ± 0.172; p = 0.0669). 

No significant differences in temperature (oC) were identified between all other study groups (Fig. 

4.3.3B). 

 

Figure 4.3.3: Temperature (oC) analysis of WT-DMSO, WT-Panto, APP(TG)-DMSO, 

APP(TG)-Panto male mice groups during the dark/light cycle. ∗𝑝 < 0.05; ∗∗𝑝 < 0.01; ∗∗∗𝑝 < 

0.001. 

 

4.3.2.2. Post-urethane and post-atropine recordings 

A significant increase in temperature (oC) was observed in APP(TG)-Panto group compared to 

WT-DMSO, WT-Panto and APP(TG)-DMSO groups during baseline (1 h) recording (WT-

DMSO, n = 3: 33.088 ± 0.201 vs. APP(TG)-Panto, n = 3: 33.585 ± 0.297; p = 0.0003) (WT-Panto, 

n = 4: 32.478 ± 0.390 vs. APP(TG)-Panto, n = 3: 33.585 ± 0.297; p < 0.0001) (APP(TG)DMSO, 

n = 3: 32.986 ± 1.260 vs. APP(TG)-Panto, n = 3: 33.585 ± 0.297; p = 0.0016). Furthermore, a 

significant increase in temperature (oC) was detected in APP(TG)-Panto mice compared to WT-

DMSO, WT-Panto and APP(TG)-DMSO mice during post-urethane (1 h) recording (WT-DMSO, 

n = 3: 32.414 ± 1.162 vs. APP(TG)-Panto, n = 3: 33.401 ± 0.442; p = 0.0075) (WT-Panto, n = 4: 

32.168 ± 0.320 vs. APP(TG)-Panto, n = 3: 33.401 ± 0.442; p = 0.0002) (APP(TG)-DMSO, n = 3: 

33.209 ± 0.433 vs. APP(TG)-Panto, n = 3: 33.401 ± 0.442; p = 0.0045). 

Additionally, a significant increase was observed during post-normal saline (1 h) compared to 

baseline (1 h) recordings for the APP(TG)-Panto mice (baseline, n = 3: 33.585 ± 0.297 vs. post-
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normal saline, n = 3: 33.836 ± 0.225; p = 0.0143). Similarly, a significant difference was also 

detected during baseline (1 h) compared to post-atropine (3 h) recordings for the APP(TG)-Panto 

group (baseline, n = 3: 33.585 ± 0.297 vs. post-atropine (3 h), n = 3: 31.759 ± 1.055; p = 0.0076). 

However, a statistical trend was observed between post-urethane (1 h) compared to post-atropine 

(3 h) recordings for the APP(TG)-Panto group (post-urethane, n = 3: 33.401 ± 0.442 vs. post-

atropine, n = 3: 31.759 ± 1.055; p = 0.0927). 

No significant differences in temperature (oC) were detected between all other study groups (Fig. 

4.3.4). 

 

 

Figure 4.3.4: Temperature (oC) analysis of WT-DMSO, WT-Panto, APP(TG)-DMSO and 

APP(TG)-Panto male mice groups is presented for baseline (1 h), post-normal saline (1 h), 

post-post-urethane (1 h) and post-atropine (3 h) recordings. ∗𝑝 < 0.05; ∗∗𝑝 < 0.01; ∗∗∗𝑝 < 

0.001. 

 

4.3.3. FFT based EEG frequency analysis in male mice 

The Fast-Fourier-Transformation (FFT) based EEG frequency analysis was performed for wild-

type controls (WT-DMSO and WT-Panto) and APPswePS1dE9 (APP(TG)-DMSO and APP(TG)-

Panto) subgroups based on the EEG recordings from the hippocampal CA1 and motor cortex M1 

regions of male mice. 
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Theta 1 (θ1: 4-8 Hz) 

i) Hippocampal CA1 region 

Dark cycle 

A significant increase in relative theta 1 power was observed in WT-DMSO compared to 

APP(TG)-DMSO mice at 21 weeks of age (WT-DMSO, n = 3: 30.625 ± 2.322% vs. APP(TG)-

DMSO, n = 3: 22.843 ± 2.734%; p = 0.0313). 

No significant differences in relative theta power were detected between all other study groups 

(Fig. 4.3.5A). 

 

Light cycle 

No significant differences in relative theta 1 power were identified between all study groups (Fig. 

4.3.5B). 

 

ii) Motor cortical M1 region 

Dark cycle 

A statistical trend in relative theta 1 power was observed between WT-Panto and APP(TG)-Panto 

mice at 20 weeks of age (WT-Panto, n = 4: 30.313 ± 1.825% vs. APP(TG)-Panto, n = 3: 23.373 ± 

1.462%; p = 0.0766). Additionally, a statistical trend was detected between WT-Panto and 

APP(TG)-DMSO groups at 21 weeks of age (WT-Panto, n = 4: 28.630 ± 1.366% vs. APP(TG)-

DMSO, n = 3: 21.876 ± 3.471%; p = 0.0886). 

No significant differences in relative theta power were identified between all other study groups 

(Fig. 4.3.5C). 

 

Light cycle 

A statistical trend in relative theta 1 power was observed between WT-Panto compared to 

APP(TG)-DMSO mice at 20 weeks of age (WT-Panto, n = 4: 30.138 ± 1.253% vs. APP(TG)-

DMSO, n = 3: 23.835 ± 6.004%; p = 0.0789). 

No significant differences in relative theta 1 power were detected between all other study groups 

(Fig. 4.3.5D). 
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Figure 4.3.5: Hippocampus (CA1) (A,B) and motor cortex (M1) (C,D) relative theta 1 power 

(%)  (θ1: 4-8 Hz) in WT-DMSO, WT-Panto, APP(TG)-DMSO, and APP(TG)-Panto male 

mice. Results are depicted considering the circadian rhythmicity (dark/light cycle). ∗ 𝑝 < 0.05; ∗∗ 

𝑝 < 0.01; ∗∗∗ 𝑝 < 0.001. 

 

Theta 2 (θ2: 4.1-12 Hz): 

i) Hippocampal CA1 region 

Dark cycle 

A statistical trend in relative theta 2 power was observed between WT-DMSO and APP(TG)-

DMSO mice at 19 weeks of age (WT-DMSO, n = 3: 47.768 ± 1.217% vs. APP(TG)-DMSO, n = 

3: 36.751 ± 7.435%; p = 0.0662). 

No significant differences in relative theta 2 power were identified between all other study groups 

(Fig. 4.3.6A). 

 

Light cycle 

A significant increase in relative theta 2 power was observed in WT-Panto compared to APP(TG)-

DMSO mice at 21 weeks of age (WT-Panto, n = 4: 41.727 ± 1.594% vs. APP(TG)-DMSO, n = 3: 
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34.100 ± 5.368%; p = 0.0323). Furthermore, a significant increase was observed in 18 weeks and 

19 weeks compared to 21 weeks of age for the WT-DMSO group (18 weeks, n = 3: 45.625 ± 

1.450% vs. 21 weeks, n = 3: 36.727 ± 1.845%; p = 0.0258) (19 weeks, n = 3: 45.519 ± 1.356% vs. 

21 weeks, n = 3: 36.727 ± 1.845%; p = 0.0283). 

A statistical trend in relative theta 2 power was identified between 17 weeks compared to 21 weeks 

of age for the WT-DMSO mice (17 weeks, n = 3: 44.719 ± 0.626% vs. 21 weeks, n = 3: 36.727 ± 

1.845%; p = 0.0564). Additionally, a statistical trend was detected between 19 weeks and 21 weeks 

of age for the APP(TG)-DMSO group (19 weeks, n = 3: 42.044 ± 2.975% vs. 21 weeks, n = 3: 

34.100 ± 5.368%; p = 0.0587). Likewise, a statistical trend was observed between 20 weeks and 

21 weeks of age for the APP(TG)-DMSO mice (20 weeks, n = 3: 42.148 ± 0.768% vs. 21 weeks, 

n = 3: 34.100 ± 5.368%; p = 0.0538). 

However, no significant differences in relative theta 2 power were observed between all other 

analyzed groups (Fig. 4.3.6B). 

 

ii) Motor cortical M1 region 

No significant differences in relative theta 2 power were observed between all study groups 

analyzed from motor cortical M1 region during both dark and light cycles (Fig. 4.3.6C,D). 
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Figure 4.3.6: Hippocampus (CA1) (A,B) and motor cortex (M1) (C,D) relative theta 2 power 

(%) (θ2: 4.1-12 Hz) in WT-DMSO, WT-Panto, APP(TG)-DMSO, and APP(TG)-Panto male 

mice. Results are depicted considering the circadian rhythmicity (dark/light cycle). ∗ 𝑝 < 0.05; ∗∗ 

𝑝 < 0.01; ∗∗∗ 𝑝 < 0.001. 

 

Delta (δ: 0.5-4 Hz) 

No significant differences in relative delta power were observed between all study groups analyzed 

from hippocampal CA1 and motor cortical M1 regions during both dark and light cycles (Fig. 

4.3.7). 
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Figure 4.3.7: Hippocampus (CA1) (A,B) and motor cortex (M1) (C,D) relative delta power 

(%) (δ: 0.5-4 Hz) in WT-DMSO, WT-Panto, APP(TG)-DMSO and APP(TG)-Panto male 

mice. Results are depicted considering the circadian rhythmicity (dark/light cycle). ∗ 𝑝 < 0.05; ∗∗ 

𝑝 < 0.01; ∗∗∗ 𝑝 < 0.001. 

 

Beta 1 (β1: 12.1-30 Hz) 

i) Hippocampal CA1 region 

Dark cycle 

No significant differences in relative beta 1 power were identified between all study groups (Fig. 

4.3.8A). 

 

Light cycle 

A statistical trend in relative beta 1 power was observed between APP(TG)-Panto compared to 

WT-DMSO mice at 21 weeks of age (WT-DMSO, n = 3: 11.701 ± 0.205% vs. APP(TG)-Panto, n 

= 3: 21.023 ± 3.886%; p = 0.0889). 

No significant differences in relative beta 1 power were detected between all other study groups 

(Fig. 4.3.8B). 
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ii) Motor cortical M1 region 

No significant differences in relative beta 1 power were detected between all study groups 

analyzed from motor cortical M1 region during both dark and light cycles (Fig. 4.3.8C,D). 

 

 

Figure 4.3.8: Hippocampus (CA1) (A,B) and motor cortex (M1) (C,D) relative beta 1 power 

(%) (β1: 12.1-30 Hz) in WT-DMSO, WT-Panto, APP(TG)-DMSO and APP(TG)-Panto male 

mice. Results are depicted considering the circadian rhythmicity (dark/light cycle). ∗ 𝑝 < 0.05; ∗∗ 

𝑝 < 0.01; ∗∗∗ 𝑝 < 0.001. 

 

Beta 2 (β2: 16-24 Hz) 

No significant differences in relative beta 2 power were identified between all study groups 

analyzed from hippocampal CA1 and motor cortical M1 regions during both dark and light cycles 

(Fig. 4.3.9). 
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Figure 4.3.9: Hippocampus (CA1) (A,B) and motor cortex (M1) (C,D) relative beta 2 power 

(%) (β2: 16-24 Hz) in WT-DMSO, WT-Panto, APP(TG)-DMSO and APP(TG)-Panto male 

mice. Results are illustrated considering the circadian rhythmicity (dark/light cycle). ∗ 𝑝 < 0.05; ∗∗ 

𝑝 < 0.01; ∗∗∗ 𝑝 < 0.001. 

 

Beta 3 (β3: 16-30 Hz) 

No significant differences in relative beta 3 power were detected between all study groups 

analyzed from hippocampal CA1 and motor cortical M1 regions during both dark and light cycles 

(Fig. 4.3.10). 
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Figure 4.3.10: Hippocampus (CA1) (A,B) and motor cortex (M1) (C,D) relative beta 3 power 

(%) (β3: 16-30 Hz) in WT-DMSO, WT-Panto, APP(TG)-DMSO and APP(TG)-Panto male 

mice. Results are depicted considering the circadian rhythmicity (dark/light cycle). ∗ 𝑝 < 0.05; ∗∗ 

𝑝 < 0.01; ∗∗∗ 𝑝 < 0.001. 

 

Alpha (α: 8-12 Hz) 

i) Hippocampal CA1 region 

Dark cycle 

A significant increase in relative alpha power was observed in 19 weeks compared to 21 weeks of 

age for the WT-DMSO mice (19 weeks, n = 3: 18.469 ± 0.431% vs. 21 weeks, n = 3:  11.399 ± 

2.439%; p = 0.0317). A statistical trend in relative alpha power was detected between APP(TG)-

Panto compared to APP(TG)-DMSO mice at 19 weeks of age (APP(TG)-DMSO, n = 3: 13.409 ± 

3.840% vs. APP(TG)-Panto, n = 3: 19.417 ± 0.486%; p = 0.0625). Additionally, a statistical trend 

was also detected between 17 weeks and 21 weeks of age for the WT-DMSO groups (17 weeks, n 

= 3:  17.785 ± 0.207% vs. 21 weeks, n = 3: 11.399 ± 2.439%; p = 0.0646). However, no significant 
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differences in relative alpha power were identified between all other analyzed groups (Fig. 

4.3.11A). 

 

Light cycle 

A significant increase in relative alpha power was observed in WT-Panto compared to WT-DMSO 

mice at 21 weeks of age (WT-DMSO, n = 3: 10.392 ± 1.254% vs. WT-Panto, n = 4: 14.824 ± 

1.017%; p = 0.0358). In addition, a significant increase was detected in 17 weeks, 18 weeks and 

19 weeks of age compared to 21 weeks of  age for the WT-DMSO group (17 weeks, n = 3:  16.502 

± 1.034% vs. 21 weeks, n = 3: 10.392 ± 1.254%; p = 0.0064) (18 weeks, n = 3: 16.450 ± 1.473% 

vs. 21 weeks, n = 3: 10.392 ± 1.254%; p = 0.007) (19 weeks, n = 3: 16.255 ± 1.291% vs. 21 weeks, 

n = 3: 10.392 ± 1.254%; p = 0.0096). 

However, a statistical trend in relative alpha power was identified between APP(TG)-Panto and 

WT-DMSO mice at 21 weeks of age (WT-DMSO, n = 3: 10.392 ± 1.254% vs. APP(TG)-Panto, n 

= 3: 14.865 ± 1.364%; p = 0.0521). Additionally, a statistical trend was observed between 17 

weeks compared to 21 weeks of age and 18 weeks compared to 21 weeks of age for the APP(TG)-

DMSO mice respectively (17 weeks, n = 3: 16.263 ± 1.046% vs. 21 weeks, n = 3:  11.584 ± 

2.330%; p = 0.059) (18 weeks, n = 3: 15.953 ± 0.562% vs. 21 weeks, n = 3: 11.584 ± 2.330%; p 

= 0.0897). 

However, no significant differences in relative alpha power were detected between all other study 

groups (Fig. 4.3.11B). 

 

ii) Motor cortical M1 region 

No significant differences in relative alpha power were identified between all study groups 

analyzed from motor cortical M1 region during both dark and light cycles (Fig. 4.3.11C,D). 
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Figure 4.3.11: Hippocampus (CA1) (A,B) and motor cortex (M1) (C,D) relative alpha power 

(%) (α: 8-12 Hz) in WT-DMSO, WT-Panto, APP(TG)-DMSO and APP(TG)-Panto male 

mice. Results are depicted considering the circadian rhythmicity (dark/light cycle). ∗ 𝑝 < 0.05; ∗∗ 

𝑝 < 0.01; ∗∗∗ 𝑝 < 0.001. 

 

Sigma (σ: 12-16 Hz) 

i) Hippocampal CA1 region 

Dark cycle 

A significant increase in relative sigma power was observed in APP(TG)-Panto compared to 

APP(TG)-DMSO mice at 21 weeks of age (APP(TG)-DMSO, n = 3: 4.413 ± 1.558% vs. APP(TG)-

Panto, n = 3: 8.201 ± 1.231%; p = 0.0475). A statistical trend in relative sigma power was detected 

between APP(TG)-Panto and WT-DMSO at 21 weeks of age (WT-DMSO, n = 3: 4.607 ± 0.532% 

vs. APP(TG)-Panto, n = 3: 8.201 ± 1.231%; p = 0.0654).  

No significant differences in relative sigma power were identified between all other study groups 

(Fig. 4.3.12A). 
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Light cycle 

A significant increase in relative sigma power was observed in APP(TG)-Panto group compared 

to APP(TG)-DMSO  and WT-DMSO groups at 21 weeks of  age (WT-DMSO, n = 3: 4.713 ± 

0.339% vs. APP(TG)-Panto, n = 3: 8.257 ± 1.144%; p = 0.0362) (APP(TG)-DMSO, n = 3: 4.526 

± 1.779% vs. APP(TG)-Panto, n = 3: 8.257 ± 1.144%; p = 0.025). 

 However, no significant differences in relative sigma power were detected between all other study 

groups (Fig. 4.3.12B). 

 

ii) Motor cortical M1 region 

No significant differences in relative sigma power were identified between all study groups 

analyzed from motor cortical M1 region during both dark and light cycles (Fig. 4.3.12C,D). 

 

 

Figure 4.3.12: Hippocampus (CA1) (A,B) and motor cortex (M1) (C,D) relative sigma power 

(%) (σ: 12-16 Hz) in WT-DMSO, WT-Panto, APP(TG)-DMSO and APP(TG)-Panto male 

mice. Results are depicted considering the circadian rhythmicity (dark/light cycle). ∗ 𝑝 < 0.05; ∗∗ 

𝑝 < 0.01; ∗∗∗ 𝑝 < 0.001. 
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Gamma low (γlow: 30-50 Hz)  

i) Hippocampal CA1 region 

No significant differences in relative gamma low power were detected between all study groups 

analyzed from hippocampal CA1 region during both dark and light cycles (Fig. 4.3.13A,B). 

 

ii) Motor cortical M1 region 

Dark cycle 

No significant differences in relative gamma low power were detected between all study groups 

(Fig. 4.3.13C). 

 

Light cycle  

A statistical trend in relative gamma low power was observed between APP(TG)-DMSO and WT-

DMSO mice at 17 weeks of age (WT-DMSO, n = 3: 4.205 ± 0.680% vs. APP(TG)-DMSO, n = 3: 

8.063 ± 0.507%; p = 0.0508) and at 20 weeks of  age (WT-DMSO, n = 3: 4.053 ± 0.707% vs. 

APP(TG)-DMSO, n = 3: 7.660 ± 1.085%; p = 0.0757). 

However, no significant differences in relative gamma low power were detected between all other 

study groups (Fig. 4.3.13D). 
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Figure 4.3.13: Hippocampus (CA1) (A,B) and motor cortex (M1) (C,D) relative gamma low 

power (%) (γlow: 30-50 Hz) in WT-DMSO, WT-Panto, APP(TG)-DMSO and APP(TG)-Panto 

male mice. Results are illustrated considering the circadian rhythmicity (dark/light cycle). ∗ 𝑝 < 

0.05; ∗∗ 𝑝 < 0.01; ∗∗∗ 𝑝 < 0.001. 

 

Gamma mid (γmid: 50-70 Hz) 

i) Hippocampal CA1 region 

No significant differences in relative gamma mid power were identified between all study groups 

analyzed from hippocampal CA1 region during both dark and light cycles (Fig. 4.3.14A,B). 

 

ii) Motor cortical M1 region 

Dark cycle 

No significant differences in relative gamma mid power were detected between all study groups 

(Fig. 4.3.14C). 
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Light cycle 

A significant increase in relative gamma mid power was observed in APP(TG)-DMSO compared 

to WT-DMSO mice at 20 weeks of age (WT-DMSO, n = 3: 1.813 ± 0.350% vs. APP(TG)-DMSO, 

n = 3: 4.836 ± 1.221%; p = 0.0073). A statistical trend in relative gamma mid power was identified 

between 20 weeks and 21 weeks of age for the APP(TG)-DMSO group (20 weeks, n = 3: 4.836 ± 

1.221% vs. 21 weeks, n = 3: 2.331 ± 0.774%; p = 0.0519). 

However, no significant differences in relative gamma mid power were detected between all other 

study groups (Fig. 4.3.14D). 

 

 

Figure 4.3.14: Hippocampus (CA1) (A,B) and motor cortex (M1) (C,D) relative gamma mid 

power (%) (γmid: 50-70 Hz) in WT-DMSO, WT-Panto, APP(TG)-DMSO and APP(TG)-

Panto male mice. Results are depicted considering the circadian rhythmicity (dark/light cycle). ∗ 

𝑝 < 0.05; ∗∗ 𝑝 < 0.01; ∗∗∗ 𝑝 < 0.001. 
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4.3.4. Post-urethane and post-atropine frequencies analysis 

Theta 1 (θ1: 4-8 Hz) 

i) Hippocampal CA1 region 

A significant increase in relative theta 1 power was observed during post-urethane (1 h) compared 

to post-atropine (3 h) recordings for the WT-DMSO mice (post-urethane, n = 3: 31.591 ± 6.513% 

vs. post-atropine, n = 3: 15.389 ± 4.525%; p = 0.0102). Likewise, a significant increase was 

detected during post-urethane (1 h) compared to post-atropine (3 h) recordings for the WT-Panto 

group (post-urethane, n = 4: 35.064 ± 2.040% vs. post-atropine, n = 4: 23.028 ± 1.245%; p = 

0.0338). Moreover, an increase in relative theta 1 power was identified during post-urethane (1 h) 

compared to baseline (1 h) recordings for the APP(TG)-DMSO mice (baseline, n = 3: 23.510 ± 

5.366% vs. post-urethane, n = 3: 38.150 ± 4.332%; p = 0.0233). Subsequently, a significant 

decrease in relative theta 1 power was detected during post-atropine (3 h) compared to post-

urethane (1 h) recordings for the APP(TG)-DMSO mice (post-urethane, n = 3: 38.150 ± 4.332% 

vs. post-atropine, n = 3: 19.853 ± 6.070%; p = 0.0032). 

A statistical trend in relative theta 1 power was identified during post-normal saline (1 h) compared 

to post-atropine (3 h) recordings for the WT-DMSO mice (post-normal saline, n = 3: 28.405 ± 

1.663% vs. post-atropine, n = 3: 15.389 ± 4.525%; p = 0.0516). Additionally, a statistical trend 

was detected during post-urethane (1 h) compared to post-atropine (3 h) recordings for the 

APP(TG)-Panto (post-urethane, n = 3: 36.330 ± 6.432% vs. post-atropine, n = 3: 24.099 ± 0.828%; 

p = 0.074).  

However, no significant differences in relative theta 1 power identified between all other study 

groups (Fig. 4.3.15A). 

 

ii) Motor cortical M1 region 

A significant increase in relative theta 1 power was observed in WT-Panto compared to APP(TG)-

DMSO mice during baseline (1 h) recording (WT-Panto, n = 4: 28.810 ± 0.562% vs. APP(TG)-

DMSO, n = 3: 20.113 ± 3.464%; p = 0.0309). Additionally, a significant increase was observed in 

WT-Panto and APP(TG)-DMSO groups compared to WT-DMSO group during post-urethane (1 

h) recording (WT-DMSO, n = 3: 21.783 ± 1.571% vs. WT-Panto, n = 4: 30.206 ± 1.402%; p = 

0.0384) (WT-DMSO, n = 3: 21.783 ± 1.571% vs. APP(TG)-DMSO, n = 3: 32.177 ± 2.845%; p = 

0.0131). Moreover, a significant increase was detected in APP(TG)-DMSO compared to WT-

DMSO mice during post-atropine (3 h) recording (WT-DMSO, n = 3: 16.132 ± 0.306% vs. 

APP(TG)-DMSO, n = 3: 26.287 ± 2.693%; p = 0.0159). 
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Furthermore, a significant increase in relative theta 1 power was observed during baseline (1 h) 

and post-normal saline (1 h) compared to post-atropine (3 h) recordings for the WT-DMSO mice 

(baseline, n = 3: 28.362 ± 1.381% vs. post-atropine, n = 3: 16.132 ± 0.306%; p = 0.0028) (post-

normal saline, n = 3: 27.247 ± 1.112% vs. post-atropine, n = 3: 16.132 ± 0.306; p = 0.0073). 

Likewise, a significant increase was identified during baseline (1 h) and post-urethane (1 h) 

compared to post-atropine (3 h) recordings for the WT-Panto group (baseline, n = 4: 28.810 ± 

0.562% vs. post-atropine, n = 4: 20.619 ± 3.623%; p = 0.0274) (post-urethane, n = 4: 30.206 ± 

1.402% vs. post-atropine, n = 4: 20.619 ± 3.623%; p = 0.0076). Additionally, a significant increase 

was detected during baseline (1 h) compared to post-urethane (1 h) recordings for the APP(TG)-

DMSO mice (baseline, n = 3: 20.113 ± 3.464% vs. post-urethane, n = 3: 32.177 ± 2.845%; p = 

0.0032). 

A statistical trend in relative theta 1 power was identified between APP(TG)-DMSO and WT-

DMSO mice during baseline (1 h) recording (WT-DMSO, n = 3: 28.362 ± 1.381% vs. APP(TG)-

DMSO, n = 4: 20.113 ± 3.464%; p = 0.0659). Similarly, a statistical trend was observed between 

APP(TG)-Panto and WT-DMSO groups during post-urethane (1 h) recording (WT-DMSO, n = 3: 

21.783 ± 1.571% vs. APP(TG)-Panto, n = 3: 30.241 ± 4.369%; p = 0.0569). Furthermore, a 

statistical trend was also observed between APP(TG)-Panto compared to WT-DMSO mice during 

post-atropine (3 h) recording (WT-DMSO, n = 3: 16.132 ± 0.306% vs. APP(TG)-Panto, n = 3: 

24.223 ± 1.669%; p = 0.0734). In addition, a statistical trend was detected during post-normal 

saline (1 h) compared to post-atropine (3 h) recordings for the WT-Panto mice (post-normal saline, 

n = 4: 27.373 ± 0.675% vs. post-atropine, n = 4: 20.619 ± 3.623%; p = 0.0893). 

However, no significant differences in relative theta 1 power were observed between all other 

study groups (Fig. 4.3.15B). 
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Figure 4.3.15: Hippocampus (CA1) (A) and motor cortex (M1) (B) relative theta 1 (θ1: 4-8 

Hz) power (%) in WT-DMSO, WT-Panto, APP(TG)-DMSO and APP(TG)-Panto male mice. 

Results are depicted for baseline (1 h), post-normal saline (1 h), post-post-urethane (1 h) and post-

atropine (3 h) recordings. ∗𝑝 < 0.05; ∗∗𝑝 < 0.01; ∗∗∗𝑝 < 0.001. 
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Theta 2 (θ2: 4.1-12 Hz) 

i) Hippocampal CA1 region 

A significant increase in relative theta 2 power was observed in post-normal saline (1 h) compared 

to post-atropine (3 h) recordings for the WT-DMSO mice (post-normal saline, n = 3: 36.003 ± 

2.995% vs. post-atropine, n = 3: 19.695 ± 4.682%; p = 0.0298). However, a significant decrease 

in relative theta 2 power was identified during post-atropine (3 h) compared to post-urethane (1 h) 

recordings for the APP(TG)-DMSO group (post-urethane, n = 3: 44.269 ± 4.081% vs. post-

atropine, n = 3: 26.205 ± 6.268%; p = 0.0136). 

A statistical trend in relative theta 2 power was detected between APP(TG)-Panto and WT-DMSO 

mice during post-atropine (3 h) recording (WT-DMSO, n = 3: 19.695 ± 4.682% vs. APP(TG)-

Panto, n = 3: 33.144 ± 3.616%; p = 0.0947). Furthermore, a statistical trend was observed for the 

WT-DMSO mice during baseline (1 h) compared to post-atropine (3 h) and post-urethane (1 h) 

compared to post-atropine (3 h) recordings (baseline, n = 3: 34.123 ± 2.486% vs. post-atropine, n 

= 3: 19.695 ± 4.682%; p = 0.0649) (post-urethane, n = 3: 33.906 ± 6.617% vs. post-atropine, n = 

3: 19.695 ± 4.682%; p = 0.0707). Likewise, a statistical trend was observed for the WT-Panto 

group during baseline (1 h) compared to post-atropine (3 h) and post-urethane (1 h) compared to 

post-atropine (3 h) recordings (baseline, n = 4: 43.174 ± 1.447% vs. post-atropine, n = 4: 30.865 

± 1.082%; p = 0.0707) (post-urethane, n = 4: 42.449 ± 2.439% vs. post-atropine, n = 4: 30.865 ± 

1.082%; p = 0.0973). 

No significant differences in relative theta 2 power were detected between all other study groups 

(Fig. 4.3.16A). 

 

ii) Motor cortical M1 region 

A significant increase in relative theta 2 power was observed during baseline (1 h) recording for 

the WT-DMSO compared to APP(TG)-DMSO mice and the WT-Panto group compared to 

APP(TG)-DMSO group (WT-DMSO, n = 3: 40.190 ± 1.819% vs. APP(TG)-DMSO, n = 3: 30.087 

± 5.158%; p = 0.0454) (WT-Panto, n = 4: 40.009 ± 1.598% vs. APP(TG)-DMSO, n = 3: 30.087 ± 

5.158%; p = 0.0329). Additionally, a significant increase was identified in APP(TG)-DMSO and 

APP(TG)-Panto groups compared to WT-DMSO group during post-urethane (1 h) recording (WT-

DMSO, n = 3: 27.477 ± 2.337% vs. APP(TG)-DMSO, n = 3: 40.077 ± 2.887%; p = 0.0084) (WT-

DMSO, n = 3: 27.477 ± 2.337% vs. APP(TG)-Panto, n = 3: 39.024 ± 3.917%; p = 0.0176). 

Moreover, a significant increase was detected in APP(TG)-DMSO and APP(TG)-Panto mice 

compared to WT-DMSO mice during post-atropine (3 h) recording (WT-DMSO, n = 3: 21.750 ± 
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0.611% vs. APP(TG)-DMSO, n = 3: 34.014 ± 2.754%; p = 0.0107) (WT-DMSO, n = 3: 21.750 ± 

0.611% vs. APP(TG)-Panto, n = 3: 33.185 ± 4.007%; p = 0.019). 

Furthermore, a significant increase in relative theta 2 power was observed during baseline (1 h) 

compared to post-urethane (1 h) and post-atropine (3 h) recordings for the WT-DMSO mice 

(baseline, n = 3: 40.190 ± 1.819% vs. post-urethane, n = 3: 27.477 ± 2.337%; p = 0.0077) (baseline, 

n = 3: 40.190 ± 1.819% vs. post-atropine, n = 3: 21.750 ± 0.611%; p < 0.0001). Likewise, a 

significant differences were identified during post-normal saline (1 h) recordings compared to 

post-urethane (1 h) and post-atropine (3 h) recordings for the WT-DMSO group (post-normal 

saline, n = 3: 38.724 ± 1.759% vs. post-urethane, n = 3: 27.477 ± 2.337%; p = 0.0215) (post-

normal saline, n = 3: 38.724 ± 1.759% vs. post-atropine, n = 3: 21.750 ± 0.611%; p = 0.0003).  

Similarly, a significant increase was also detected during baseline (1 h) compared to post-atropine 

(3 h) recording for the WT-Panto mice (baseline, n = 4: 40.009 ± 1.598% vs. post-atropine, n = 4: 

29.126 ± 3.107%; p = 0.0086) and also at baseline compared to post-urethane (1 h) recording for 

the APP(TG)-DMSO mice (baseline, n = 3: 30.087 ± 5.158% vs. post-urethane, n = 3: 40.077 ± 

2.887%; p = 0.0487). 

A statistical trend in relative theta 2 power was observed between WT-Panto compared to WT-

DMSO mice during post-urethane (1 h) recording (WT-DMSO, n = 3: 27.477 ± 2.337% vs. WT-

Panto, n = 4: 36.177 ± 1.379%; p = 0.074). Likewise, a statistical trend was detected between post-

normal saline (1 h) and post-atropine (3 h) recordings for the WT-Panto group (post-normal saline, 

n = 4: 37.371 ± 1.440% vs. post-atropine, n = 4: 29.126 ± 3.107%; p = 0.065). 

However, no significant differences in relative theta 2 power were identified between all other 

study groups (Fig. 4.3.16B). 
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Figure 4.3.16: Hippocampus (CA1) (A) and motor cortex (M1) (B) relative theta 2 (θ2: 4.1-

12 Hz) power (%) in WT-DMSO, WT-Panto, APP(TG)-DMSO and APP(TG)-Panto male 

mice. Results are depicted for baseline (1 h), post-normal saline (1 h), post-post-urethane (1 h) and 

post-atropine (3 h) recordings. ∗𝑝 < 0.05; ∗∗𝑝 < 0.01; ∗∗∗𝑝 < 0.001. 
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Delta (δ: 0.5-4 Hz) 

i) Hippocampal CA1 region 

A significant increase in relative delta power was observed in WT-DMSO compared to APP(TG)-

DMSO mice during post-atropine (3 h) recording (WT-DMSO, n = 3: 67.432 ± 4.310% vs. 

APP(TG)-DMSO, n = 3: 39.600 ± 14.742%; p = 0.0264). A statistical trend in relative delta power 

was detected between WT-DMSO and APP(TG)-DMSO mice during post-urethane (1 h) 

recording (WT-DMSO, n = 3: 54.549 ± 8.271% vs. APP(TG)-DMSO, n = 3: 31.684 ± 6.288%; p 

= 0.0887). Likewise, a statistical trend was observed during post-atropine (3 h) compared to 

baseline (1 h) recordings for the WT-Panto group (baseline, n = 4: 34.942 ± 3.650% vs. post-

atropine, n = 4: 55.441 ± 1.450%; p = 0.0738). 

However, no significant differences in relative delta power were detected between all other study 

groups (Fig. 4.3.17A). 

 

ii) Motor cortical M1 region 

A significant increase in relative delta power was observed in WT-DMSO compared to WT-Panto 

and APP(TG)-DMSO mice during post-urethane (1 h) recording (WT-DMSO, n = 3: 58.349 ± 

4.012% vs. WT-Panto, n = 4: 34.944 ± 3.925%; p = 0.0259) (WT-DMSO, n = 3: 58.349 ± 4.012% 

vs. APP(TG)-DMSO, n = 3: 35.351 ± 3.413%; p = 0.0459). Additionally, a significant increase 

was detected in WT-DMSO compared to WT-Panto and APP(TG)-DMSO groups during post-

atropine (3hr) recording (WT-DMSO, n = 3: 63.921 ± 4.114% vs. WT-Panto, n = 4: 41.602 ± 

7.347%; p = 0.0361) (WT-DMSO, n = 3: 63.921 ± 4.114% vs. APP(TG)-DMSO, n = 3: 38.014 ± 

5.281%; p = 0.0199). 

Furthermore, a significant increase in relative delta power was identified during post-atropine (3 

h) compared to baseline (1 h) and post-normal saline (1 h) recordings for the WT-DMSO mice 

(baseline, n = 3: 38.801 ± 2.920% vs. post-atropine, n = 3: 63.921 ± 4.114%; p = 0.0252) (post-

normal saline, n = 3: 37.985 ± 5.993% vs. post-atropine, n = 3: 63.921 ± 4.114%; p = 0.0198). 

A statistical trend in relative delta power was identified between WT-DMSO and APP(TG)-Panto 

mice during post-urethane (1 h) recordings (WT-DMSO, n = 3: 58.349 ± 4.012% vs. APP(TG)-

Panto, n = 3: 35.683 ± 6.602%; p = 0.0503). Similarly, a statistical trend was detected during post-

normal saline (1 h) and post-urethane (1 h) recording for the WT-DMSO mice (post-normal saline, 

n = 3: 37.985 ± 5.993% vs. post-urethane, n = 3: 58.349 ± 4.012%; p = 0.0917). However, no 

significant differences in relative delta power were observed between all other study groups (Fig. 

4.3.17B). 
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Figure 4.3.17: Hippocampus (CA1) (A) and motor cortex (M1) (B) relative delta (δ: 0.5-4 Hz) 

power (%) in WT-DMSO, WT-Panto, APP(TG)-DMSO and APP(TG)-Panto male mice. 

Results are depicted for baseline (1 h), post-normal saline (1 h), post-post-urethane (1 h) and post-

atropine (3 h) recordings. ∗𝑝 < 0.05; ∗∗𝑝 < 0.01; ∗∗∗𝑝 < 0.001. 
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Beta 1 (β1: 12.1-30 Hz) 

No significant differences in relative beta 1 power were detected between all study groups 

analyzed from hippocampal CA1 and motor cortical M1 regions (Fig. 4.3.18A,B). 

 

Beta 2 (β2: 16-24 Hz) 

i) Hippocampal CA1 region 

A significant increase in relative beta 2 power was observed in APP(TG)-DMSO compared to 

WT-DMSO mice during baseline (1 h) recording (WT-DMSO, n = 3: 6.594 ± 0.685% vs. 

APP(TG)-DMSO, n = 3: 13.552 ± 5.334%; p = 0.0333). Additionally, a significant increase was 

detected during baseline (1 h) compared to post-normal saline (1 h), post-urethane (1 h) and post-

atropine (3 h) recordings for the APP(TG)-DMSO mice (baseline, n = 3: 13.552 ± 5.334% vs. 

post-normal saline, n = 3: 5.544 ± 1.564%; p = 0.0113) (baseline, n = 3: 13.552 ± 5.334% vs. post-

urethane, n = 3: 5.992 ± 0.767%; p = 0.0181) (baseline, n = 3: 13.552 ± 5.334% vs. post-atropine, 

n = 3: 3.772 ± 0.445%; p = 0.0015). 

However, no significant differences in relative beta 2 power were observed between all other study 

groups (Fig. 4.3.19A). 

 

ii) Motor cortical M1 region 

A statistical trend in relative beta 2 power was detected between baseline (1 h) and post-urethane 

(1 h) recordings for the WT-DMSO group (baseline, n = 3: 7.482 ± 0.786% vs. post-urethane, n = 

3: 3.130 ± 0.384%; p = 0.0764).  

No significant differences in relative beta 2 power were observed between all other study groups 

(Fig. 4.3.19B). 
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Figure 4.3.18: Hippocampus (CA1) (A) and motor cortex (M1) (B) relative beta 1 (β1: 12.1-

30 Hz) power (%) in WT-DMSO, WT-Panto, APP(TG)-DMSO and APP(TG)-Panto male 

mice. Results are depicted for baseline (1 h), post-normal saline (1 h), post-post-urethane (1 h) and 

post-atropine (3 h) recordings. ∗𝑝 < 0.05; ∗∗𝑝 < 0.01; ∗∗∗𝑝 < 0.001. 
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Figure 4.3.19: Hippocampus (CA1) (A) and motor cortex (M1) (B) relative beta 2 (β2: 16-24 

Hz) power (%) in WT-DMSO, WT-Panto, APP(TG)-DMSO and APP(TG)-Panto male mice. 

Results are depicted for baseline (1 h), post-normal saline (1 h), post-post-urethane (1 h) and post-

atropine (3 h) recordings. ∗𝑝 < 0.05; ∗∗𝑝 < 0.01; ∗∗∗𝑝 < 0.001. 
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Beta 3 (β3: 16-30 Hz) 

No significant differences in relative beta 3 power were identified between all study groups (Fig. 

4.3.20). 

 

Figure 4.3.20: Hippocampus (CA1) (A) and motor cortex (M1) (B) relative beta 3 (β3: 16-30 

Hz) power (%) in WT-DMSO, WT-Panto, APP(TG)-DMSO and APP(TG)-Panto male mice. 

Results are depicted for baseline (1 h), post-normal saline (1 h), post-post-urethane (1 h) and post-

atropine (3 h) recordings. ∗𝑝 < 0.05; ∗∗𝑝 < 0.01; ∗∗∗𝑝 < 0.001. 
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Alpha (α: 8-12 Hz) 

i) Hippocampal CA1 region 

A significant increase in relative alpha power was observed in WT-Panto compared to WT-DMSO 

mice during baseline (1 h) recording (WT-DMSO, n = 3: 9.769 ± 1.053% vs. WT-Panto, n = 4: 

15.412 ± 0.784%; p = 0.0467). Likewise, a significant increase was detected in WT-Panto 

compared to WT-DMSO groups during post-normal saline (1 h) recording (WT-DMSO, n = 3: 

8.775 ± 1.627% vs. WT-Panto, n = 4: 14.998 ± 1.393%; p = 0.0239). 

Moreover, a significant increase in relative alpha power was detected during baseline (1 h) 

compared to post-urethane (1 h) and post-atropine (3 h) recordings for the WT-Panto mice 

(baseline, n = 4: 15.412 ± 0.784% vs. post-urethane, n = 4: 8.465 ± 0.922%; p = 0.0048) (baseline, 

n = 4: 15.412 ± 0.784% vs. post-atropine, n = 4: 8.733 ± 0.080%; p = 0.007). Similarly, a 

significant increase was identified during post-normal saline (1 h) compared to post-urethane (1 

h) and post-atropine (3 h) recordings for the WT-Panto mice (post-normal saline, n = 4: 14.998 ± 

1.393% vs. post-urethane, n = 4: 8.465 ± 0.922%; p = 0.0085) (post-normal saline, n = 4: 14.998 

± 1.393% vs. post-atropine, n = 4: 8.733 ± 0.080%; p = 0.0123). 

A statistical trend in relative alpha power was observed between baseline (1 h) and post-urethane 

(1 h) recordings for the WT-DMSO group (baseline, n = 3: 9.769 ± 1.053% vs. post-urethane, n = 

3: 3.991 ± 0.677%; p = 0.0607). Additionally, a statistical trend was detected between baseline (1 

h) compared to post-atropine (3 h) recordings for the APP(TG)-DMSO mice (baseline, n = 3: 

12.536 ± 1.584% vs. post-atropine, n = 3: 7.035 ± 0.568%; p = 0.0798). Similarly, a statistical 

trend was identified between baseline (1 h) compared to post-urethane (1 h) recording for the 

APP(TG)-Panto group (baseline, n = 3: 14.643 ± 1.543% vs. post-urethane, n = 3: 9.041 ± 2.175%; 

p = 0.0723).  

However, no significant differences in relative alpha power were detected between all other study 

groups (Fig. 4.3.21A). 

 

ii) Motor cortical M1 region 

A significant increase in relative alpha power was observed during baseline (1 h) compared to 

post-urethane (1 h) and post-atropine (3 h) recordings for the WT-DMSO mice (baseline, n = 3: 

12.846 ± 0.727% vs. post-urethane, n = 3: 6.608 ± 0.734%; p = 0.0033) (baseline, n = 3: 12.846 ± 

0.727% vs. post-atropine, n = 3: 6.240 ± 0.378%; p = 0.0018). Likewise, a significant increase was 

detected during post-normal saline (1 h) compared to post-urethane (1 h) and post-atropine (3 h) 

recordings for the WT-DMSO mice (post-normal saline, n = 3: 12.400 ± 1.098% vs. post-urethane, 
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n = 3: 6.608 ± 0.734; p = 0.0069) (post-normal saline, n = 3: 12.400 ± 1.098% vs. post-atropine, n 

= 3: 6.240 ± 0.378; p = 0.0038). 

Moreover, a significant increase in relative alpha power was observed during baseline (1 h) 

compared to post-atropine (3 h) recordings and during post-normal saline (1 h) compared to post-

urethane (1 h) recordings for the WT-Panto mice(baseline, n = 4: 12.377 ± 1.220% vs. post-

urethane, n = 4: 7.126 ± 0.890%; p = 0.0044) (post-normal saline, n = 4: 11.074 ± 1.168% vs. post-

urethane, n = 4: 7.126 ± 0.890%; p = 0.0447). 

However, a statistical trend in relative alpha power was detected between post-normal saline (1 h) 

compared to post-atropine (3 h) recordings for the APP(TG)-DMSO group (post-normal saline, n 

= 3: 12.709 ± 0.456% vs. post-atropine, n = 3: 8.637 ± 0.260%; p = 0.0858). Furthermore, a 

statistical trend was identified between baseline (1 h) and post-urethane (1 h) recordings for the 

APP(TG)-Panto mice (baseline, n = 3: 13.688 ± 0.273% vs. post-urethane, n = 3: 9.643 ± 1.745%; 

p = 0.0888). Similarly, a statistical trend was detected during post-normal saline (1 h) compared 

to post-urethane (1 h) and post-atropine (3 h) recordings for the APP(TG)-Panto mice (post-normal 

saline, n = 3: 13.993 ± 1.215% vs. post-urethane, n = 3: 9.643 ± 1.745%; p = 0.0594) (post-normal 

saline, n = 3: 13.993 ± 1.215% vs. post-atropine, n = 3: 9.880 ± 2.356%; p = 0.0814). 

However, no significant differences in relative alpha power was detected between all other study 

groups (Fig. 4.3.21B). 
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Figure 4.3.21: Hippocampus (CA1) (A) and motor cortex (M1) (B) relative alpha (α: 8-12 

Hz) power (%) in WT-DMSO, WT-Panto, APP(TG)-DMSO and APP(TG)-Panto male mice. 

Results are depicted for baseline (1 h), post-normal saline (1 h), post-post-urethane (1 h) and post-

atropine (3 h) recordings. ∗𝑝 < 0.05; ∗∗𝑝 < 0.01; ∗∗∗𝑝 < 0.001. 
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Sigma (σ: 12-16 Hz) 

i) Hippocampal CA1 region 

A statistical trend in relative sigma power was observed between APP(TG)-Panto and WT-DMSO 

mice during post-normal saline (1 h) recording (WT-DMSO, n = 3: 3.709 ± 0.310% vs. APP(TG)-

Panto, n = 3: 7.416 ± 1.377%; p = 0.0561). Furthermore, a statistical trend was detected between 

baseline (1 h) compared to post-urethane (1 h) recordings for the WT-Panto mice (baseline, n = 4: 

6.756 ± 0.568% vs. post-urethane, n = 4: 3.859 ± 0.530%; p = 0.0983). 

No significant differences in relative sigma power were detected between all other analyzed groups 

(Fig. 4.3.22A). 

 

ii) Motor cortical M1 region 

A significant increase in relative sigma power was observed during baseline (1 h) compared to 

post-atropine (3 h) recordings for the WT-Panto group (baseline, n = 4: 6.308 ± 0.899% vs. post-

atropine, n = 4: 3.090 ± 0.738%; p = 0.0303). A statistical trend in relative sigma power was 

observed between baseline (1 h) compared to post-urethane (1 h) recordings for the WT-DMSO 

mice (baseline, n = 3: 6.607 ± 0.665% vs. post-urethane, n = 3: 3.208 ± 0.450%; p = 0.0541). In 

addition, a statistical trend was detected between post-normal saline (1 h) and post-atropine (3 h) 

recordings for the WT-Panto group (post-normal saline, n = 4: 5.820 ± 0.780% vs. post-atropine, 

n = 4: 3.090 ± 0.738%; p = 0.083). 

However, no significant differences in relative sigma power were identified between all other 

study groups (Fig. 4.3.22B). 
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Figure 4.3.22: Hippocampus (CA1) (A) and motor cortex (M1) (B) relative sigma (σ: 12-16 

Hz) power (%) in WT-DMSO, WT-Panto, APP(TG)-DMSO and APP(TG)-Panto male mice. 

Results are depicted for baseline (1 h), post-normal saline (1 h), post-post-urethane (1 h) and post-

atropine (3 h) recordings. ∗𝑝 < 0.05; ∗∗𝑝 < 0.01; ∗∗∗𝑝 < 0.001. 
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Gamma low (γlow: 30-50 Hz) 

i) Hippocampal CA1 region 

A significant increase in relative gamma low power was observed in APP(TG)-DMSO  compared 

to WT-DMSO and WT-Panto groups during post-atropine (3 h) recording (WT-DMSO, n = 3: 

2.764 ± 0.840% vs. APP(TG)-DMSO, n = 3: 13.470 ± 10.702%; p = 0.0458) (WT-Panto, n = 4: 

2.379 ± 0.182% vs. APP(TG)-DMSO, n = 3: 13.470 ± 10.702%; p = 0.0226). A statistical trend in 

relative gamma low power was detected between APP(TG)-DMSO and APP(TG)-Panto mice 

during post-atropine (3 h) recording (APP(TG)-DMSO, n = 3: 13.470 ± 10.702% vs. APP(TG)-

Panto, n = 3: 3.353 ± 0.817%; p = 0.0644). 

However, no significant differences in relative gamma low power were identified between all other 

study groups (Fig. 4.3.23A). 

 

ii) Motor cortical M1 region 

No significant differences in relative gamma low power were detected between all study groups 

(Fig. 4.3.23B). 

 

Gamma mid (γmid: 50-70 Hz) 

i) Hippocampal CA1 region 

A significant increase in relative gamma mid power was observed in APP(TG)-DMSO compared 

to WT-Panto mice during post-atropine (3 h) recording (WT-Panto, n = 4: 0.799 ± 0.088% vs. 

APP(TG)-DMSO, n = 3: 6.411 ± 5.626%; p = 0.0394). 

No significant differences in relative gamma mid power were identified between all other study 

groups (Fig. 4.3.24A). 

 

ii) Motor cortical M1 region 

A statistical trend in relative gamma mid power was observed between WT-Panto and WT-DMSO 

mice during post-atropine (3 h) recording (WT-DMSO, n = 3: 0.819 ± 0.100% vs. WT-Panto, n = 

4: 5.291 ± 3.282%; p = 0.069). 

No significant differences in relative gamma mid power were detected between all other study 

groups (Fig. 4.3.24B). 
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Figure 4.3.23: Hippocampus (CA1) (A) and motor cortex (M1) (B) relative gamma low (γlow: 

30-50 Hz) power (%) in WT-DMSO, WT-Panto, APP(TG)-DMSO and APP(TG)-Panto male 

mice. Results are depicted for baseline (1 h), post-normal saline (1 h), post-post-urethane (1 h) and 

post-atropine (3 h) recordings. ∗𝑝 < 0.05; ∗∗𝑝 < 0.01; ∗∗∗𝑝 < 0.001. 
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Figure 4.3.24: Hippocampus (CA1) (A) and motor cortex (M1) (B) relative gamma mid (γmid: 

50-70 Hz) power (%) in WT-DMSO, WT-Panto, APP(TG)-DMSO and APP(TG)-Panto male 

mice. Results are depicted for baseline (1 h), post-normal saline (1 h), post-post-urethane (1 h) and 

post-atropine (3 h) recordings. ∗𝑝 < 0.05; ∗∗𝑝 < 0.01; ∗∗∗𝑝 < 0.001. 
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4.3.5. Electroencephalographic seizures analysis 

Electroencephalographic seizures analysis was performed for wild-type controls (WT-DMSO and 

WT-Panto) and APPswePS1dE9 (APP(TG)-DMSO and APP(TG)-Panto) subgroups based on the 

EEG recordings from the hippocampal CA1 and motor cortical M1 regions of male mice. 

 

Number of Spike trains 

i) Hippocampal CA1 region 

Dark cycle 

A significant increase in number of spike trains was observed in APP(TG)-DMSO compared to 

WT-DMSO and APP(TG)-Panto mice at 19 weeks of  age (WT-DMSO, n = 3: 3.167 ± 3.167 vs.  

APP(TG)-DMSO, n = 3: 25.167 ± 10.109; p = 0.0423) (APP(TG)-DMSO, n = 3: 25.167 ± 10.109 

vs. APP(TG)-Panto, n = 3: 3.167 ± 0.928; p = 0.0423). Furthermore, a significant increase was 

detected at 19 weeks compared to 20 weeks of  age for the APP(TG)-DMSO mice (19 weeks, n = 

3: 25.167 ± 10.109 vs. 20 weeks, n = 3: 2.167 ± 1.302; p = 0.0475). 

A statistical trend in number of spike trains was observed between 19 weeks and 21 weeks of  age 

for the APP(TG)-DMSO group (19 weeks, n = 3: 25.167 ± 10.109 vs. 21 weeks, n = 3: 2.500 ± 

1.803; p = 0.0525). 

However, no significant differences in number of spike trains were identified between all other 

study groups (Fig. 4.3.25A). 

 

Light cycle 

A significant increase in number of spike trains was observed in APP(TG)-Panto compared to WT-

Panto mice during 21 weeks of age (WT-Panto, n = 3: 1.500 ± 1.258 vs. APP(TG)-Panto, n = 3: 

15.167 ± 9.329; p = 0.0484). A statistical trend in number of spike trains was detected between 19 

weeks and 20 weeks of  age for the APP(TG)-DMSO mice (19 weeks, n = 3: 13.333 ± 5.495 vs. 

20 weeks, n = 3: 0.333 ± 0.333; p = 0.0973). Additionally, a statistical trend was identified between 

21 weeks and 17 weeks of age for the APP(TG)-Panto group (17 weeks, n = 3: 2.000 ± 2.000 vs. 

21 weeks, n = 3: 15.167 ± 9.329; p = 0.0906). Similarly, a statistical trend was observed between 

21 weeks and 20 weeks of age for the APP(TG)-Panto group (20 weeks, n = 3: 1.000 ± 0.764 vs. 

21 weeks, n = 3: 15.167 ± 9.329; p = 0.0579). 

However, no significant differences in number of spike trains were detected between all other 

study groups (Fig. 4.3.25B). 
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ii) Motor cortical M1 region 

Dark cycle 

A significant increase in number of spike trains was observed in APP(TG)-Panto compared to WT-

DMSO 21 weeks of  age (WT-DMSO, n = 3: 0.000 ± 0.000 vs. APP(TG)-Panto, n = 3: 23.667 ± 

10.806; p = 0.0371). 

However, no significant differences in number of spike trains were detected between all other 

study groups (Fig. 4.3.25C). 

 

Light cycle 

A significant increase in number of spike trains was observed in APP(TG)-Panto compared to WT-

DMSO, WT-Panto and APP(TG)-DMSO mice at 21 weeks of  age (WT-DMSO , n = 3: 0.167 ± 

0.167 vs. APP(TG)-Panto, n = 3: 34.500 ± 25.799; p = 0.0226) (WT-Panto , n = 4: 3.875 ± 3.550 

vs. APP(TG)-Panto, n = 3: 34.500 ± 25.799; p = 0.0321) (APP(TG)-DMSO, n = 3: 2.333 ± 1.642 

vs. APP(TG)-Panto, n = 3: 34.500 ± 25.799; p = 0.0363). Likewise, a significant increase was 

detected at 21 weeks compared to 18 weeks of  age for the APP(TG)-Panto mice (18 weeks, n = 

3: 1.333 ± 0.882 vs. 21 weeks, n = 3: 34.500 ± 25.799; p = 0.0446). 

A statistical trend in number of spike trains was observed between 21 weeks compared to 20 weeks 

of  age for the APP(TG)-Panto (20 weeks, n = 3: 2.167 ± 0.882 vs. 21 weeks, n = 3: 34.500 ± 

25.799; p = 0.0532). 

However, no significant differences in number of spike trains were detected between all other 

study groups (Fig. 4.3.25D). 
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Figure 4.3.25: Hippocampus (CA1) (A,B) and motor cortex (M1) (C,D) number of spike 

trains in WT-DMSO, WT-Panto, APP(TG)-DMSO and APP(TG)-Panto male mice. Results 

are depicted considering the circadian rhythmicity (dark/light cycle). ∗ 𝑝 < 0.05; ∗∗ 𝑝 < 0.01; ∗∗∗ 𝑝 

< 0.001. 

 

Total number of single spikes 

i) Hippocampal CA1 region 

Dark cycle 

A significant increase in total number of single spikes was observed in APP(TG)-DMSO compared 

to WT-Panto mice at 17 weeks of age (WT-Panto, n = 4: 554.750 ± 431.537 vs. APP(TG)-DMSO, 

n = 3: 3107.167 ± 919.196; p = 0.0402). Additionally, a significant increase was detected in 

APP(TG)-DMSO compared to WT-DMSO  and WT-Panto mice at 19 weeks of  age (WT-DMSO, 

n = 3: 403.167 ± 280.622 vs. APP(TG)-DMSO, n = 3: 3576.667 ± 625.012; p = 0.0127) (WT-

Panto, n = 4: 716.625 ± 378.134 vs. APP(TG)-DMSO, n = 3: 3576.667 ± 625.012; p = 0.0174). 

However, a statistical trend in total number of single spikes was detected between APP(TG)-

DMSO and WT-DMSO groups at 17 weeks of age (WT-DMSO, n = 3: 718.167 ± 356.055 vs. 

APP(TG)-DMSO, n = 3: 3107.167 ± 919.196; p = 0.0885). 
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However, no significant differences in total number of single spikes were identified between all 

other study groups (Fig. 4.3.26A). 

 

Light cycle 

A significant increase in total number of single spikes was observed in APP(TG)-DMSO compared 

to WT-DMSO mice at 19 weeks of age (WT-DMSO, n = 3: 250.333 ± 109.296 vs. APP(TG)-

DMSO, n = 3: 3286.667 ± 1100.604; p = 0.0479). A statistical trend in total number of single 

spikes was detected between APP(TG)-DMSO and WT-Panto groups at 19 weeks of age (WT-

Panto, n = 4: 545.375 ± 291.570 vs. APP(TG)-DMSO, n = 3: 3286.667 ± 1100.604; p = 0.0596). 

No significant differences in total number of single spikes were identified between all other study 

groups (Fig. 4.3.26B). 

 

ii) Motor cortical M1 region 

Dark cycle 

A significant increase in total number of single spikes was observed in APP(TG)-DMSO group 

compared to WT-DMSO, WT-Panto and APP(TG)-Panto groups at 17 weeks of  age (WT-DMSO, 

n = 3: 1042.500 ± 394.931 vs. APP(TG)-DMSO, n = 3: 3834.500 ± 264.906; p = 0.0018) (WT-

Panto, n = 4: 770.250 ± 152.538 vs. APP(TG)-DMSO, n = 3: 3834.500 ± 264.906; p = 0.0002) 

(APP(TG)-DMSO, n = 3: 3834.500 ± 264.906 vs. APP(TG)-Panto, n = 3: 1606.333 ± 754.804; p 

= 0.0169). Furthermore, a significant increase was detected in APP(TG)-DMSO compared to WT-

Panto mice at 18 weeks of age (WT-Panto, n = 4: 696.750 ± 319.429 vs. APP(TG)-DMSO, n = 3: 

2529.333 ± 890.501; p = 0.0434). 

Moreover, a significant increase in total number of single spikes was observed at 17 weeks 

compared to 19 weeks, 20 weeks and 21 weeks of age for the APP(TG)-DMSO mice (17 weeks, 

n = 3: 3834.500 ± 264.906 vs. 19 weeks, n = 3: 1328.000 ± 452.081; p = 0.0092) (17 weeks, n = 

3: 3834.500 ± 264.906 vs. 20 weeks, n = 3: 1566.667 ± 493.922; p = 0.0226) (17 weeks, n = 3: 

3834.500 ± 264.906 vs. 21 weeks, n = 3: 1169.500 ± 315.106; p = 0.0049). 

A statistical trend in total number of single spikes was detected between APP(TG)-DMSO 

compared to APP(TG)-Panto mice at 18 weeks of age (APP(TG)-DMSO, n = 3: 2529.333 ± 

890.501 vs. APP(TG)-Panto, n = 3: 783.167 ± 71.359; p = 0.0857). Likewise, a statistical trend 

was identified between WT-Panto and WT-DMSO groups at 21 weeks of age (WT-DMSO, n = 3: 

403.167 ± 100.925 vs. WT-Panto, n = 4: 2029.375 ± 973.400; p = 0.0877). 

However, no significant differences in total number of single spikes were identified between all 

other study groups (Fig. 4.3.26C). 
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Light cycle 

A significant increase in total number of single spikes was observed in APP(TG)-DMSO  

compared to WT-DMSO, WT-Panto and APP(TG)-Panto mice at 17 weeks of  age (WT-DMSO, 

n = 3: 1135.667 ± 480.889 vs. APP(TG)-DMSO, n = 3: 3640.500 ± 818.957; p = 0.0007) (WT-

Panto, n = 4: 758.875 ± 134.264 vs. APP(TG)-DMSO, n = 3: 3640.500 ± 818.957; p < 0.0001) 

(APP(TG)-DMSO, n = 3: 3640.500 ± 818.957 vs. APP(TG)-Panto, n = 3: 1713.000 ± 755.250; p 

= 0.0123). Additionally, a significant increase was detected in APP(TG)-Panto compared to WT-

DMSO mice at 21 weeks of age (WT-DMSO, n = 3: 259.667 ± 46.066 vs. APP(TG)-Panto, n = 3: 

2264.667 ± 802.313; p = 0.0086). 

Moreover, a significant increase in total number of single spikes was observed at 17 weeks 

compared to 18 weeks and 19 weeks of  age for the APP(TG)-DMSO mice (17 weeks, n = 3: 

3640.500 ± 818.957 vs. 18 weeks, n = 3: 1775.667 ± 223.053; p = 0.0253) (17 weeks, n = 3: 

3640.500 ± 818.957 vs. 19 weeks, n = 3: 1373.333 ± 506.853; p = 0.0039). Likewise, a significant 

increase was detected at 17 weeks compare to 20 weeks and 21 weeks of  age for the APP(TG)-

DMSO mice (17 weeks, n = 3: 3640.500 ± 818.957 vs. 20 weeks, n = 3: 747.000 ± 420.608; p = 

0.0002) (17 weeks, n = 3: 3640.500 ± 818.957 vs. 21 weeks, n = 3: 1333.000 ± 519.578; p = 

0.0032). 

A statistical trend in total number of single spikes was observed between APP(TG)-Panto and WT-

Panto groups at 21 weeks of age (WT-Panto, n = 4: 855.875 ± 296.274 vs. APP(TG)-Panto, n = 3: 

2264.667 ± 802.313; p = 0.071). Additionally, a statistical trend was detected between 21 weeks 

and 18 weeks of age for the APP(TG)-Panto mice (18 weeks, n = 3: 662.833 ± 103.222 vs. 21 

weeks, n = 3: 2264.667 ± 802.313; p = 0.0737). 

However, no significant differences in total number of single spikes were observed between all 

other study groups (Fig. 4.3.26D). 
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Figure 4.3.26: Hippocampus (CA1) (A,B) and motor cortex (M1) (C,D) total number of single 

spikes in WT-DMSO, WT-Panto, APP(TG)-DMSO and APP(TG)-Panto male mice. Results 

are depicted considering the circadian rhythmicity (dark/light cycle). ∗ 𝑝 < 0.05; ∗∗ 𝑝 < 0.01; ∗∗∗ 𝑝 

< 0.001. 

 

Spike trains duration (min)  

i) Hippocampal CA1 region 

Dark cycle 

A significant increase in spike trains duration (min) was observed in APP(TG)-DMSO  compared 

to WT-DMSO  and APP(TG)-Panto mice at 19 weeks of  age (WT-DMSO, n = 3: 0.041 ± 0.041 

vs. APP(TG)-DMSO, n = 3: 0.425 ± 0.176; p = 0.0239) (APP(TG)-DMSO, n = 3: 0.425 ± 0.176 

vs. APP(TG)-Panto, n = 3: 0.033 ± 0.009; p = 0.0207). Likewise, a significant increase was 

detected at 19 weeks compared to 20 weeks of  age for the APP(TG)-DMSO mice (19 weeks, n = 

3: 0.425 ± 0.176 vs. 20 weeks, n = 3: 0.032 ± 0.021; p = 0.0311). 

A statistical trend in spike trains duration (min) was identified between APP(TG)-DMSO and WT-

Panto groups at 19 weeks of age (WT-Panto, n = 4: 0.111 ± 0.065 vs. APP(TG)-DMSO, n = 3: 

0.425 ± 0.176; p = 0.0592). Additionally, a statistical trend was detected between 19 weeks and 
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21 weeks of age for the APP(TG)-DMSO group (19 weeks, n = 3: 0.425 ± 0.176 vs. 21 weeks, n 

= 3: 0.060 ± 0.049; p = 0.0531). 

However, no significant differences in spike trains duration (min) were detected between all other 

study groups (Fig. 4.3.27A). 

 

Light cycle 

No significant differences in spike trains duration (min) were identified between all study groups 

(Fig. 4.3.27B). 

 

ii) Motor cortical M1 region  

Dark cycle 

A significant increase in spike trains duration (min) was detected in APP(TG)-DMSO group 

compared to WT-DMSO, WT-Panto and APP(TG)-Panto groups at 19 weeks of age (WT-DMSO, 

n = 3: 0.027 ± 0.012 vs. APP(TG)-DMSO, n = 3: 0.993 ± 0.966; p = 0.0171) (WT-Panto, n = 4: 

0.053 ± 0.039 vs. APP(TG)-DMSO, n = 3: 0.993 ± 0.966; p = 0.0123) (APP(TG)-DMSO, n = 3: 

0.993 ± 0.966 vs. APP(TG)-Panto, n = 3: 0.152 ± 0.031; p = 0.0467). Similarly, a significant 

increase was observed at 19 weeks compared to 18 weeks and 20 weeks of age for the APP(TG)-

DMSO mice (18 weeks, n = 3: 0.097 ± 0.049 vs. 19 weeks, n = 3: 0.993 ± 0.966; p = 0.0463) (19 

weeks, n = 3: 0.993 ± 0.966 vs. 20 weeks, n = 3: 0.016 ± 0.004; p = 0.0242). 

A statistical trend in spike trains duration (min) was identified between 19 weeks and 17 weeks of  

age for the APP(TG)-DMSO mice (17 weeks, n = 3: 0.143 ± 0.088 vs. 19 weeks, n = 3: 0.993 ± 

0.966; p = 0.066). 

However, no significant differences in spike trains duration (min) were observed between all other 

study groups (Fig. 4.3.27C). 

 

Light cycle 

A statistical trend in spike trains duration (min) was observed between APP(TG)-DMSO and WT-

Panto mice at 19 weeks of age (WT-Panto, n = 4: 0.007 ± 0.004 vs. APP(TG)-DMSO, n = 3: 0.620 

± 0.596; p = 0.0759). Furthermore, a statistical trend was detected between APP(TG)-Panto 

compared to WT-DMSO and WT-Panto mice at 21 weeks of age (WT-DMSO, n = 3: 0.002 ± 

0.002 vs. APP(TG)-Panto, n = 3: 0.632 ± 0.508; p = 0.0935) (WT-Panto, n = 4: 0.048 ± 0.044 vs. 

APP(TG)-Panto, n = 3: 0.632 ± 0.508; p = 0.0977). 

No significant differences in spike trains duration (min) were identified between all other analyzed 

groups (Fig. 4.3.27D). 
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Figure 4.3.27: Hippocampus (CA1) (A,B) and motor cortex (M1) (C,D) spike trains duration 

(min) in WT-DMSO, WT-Panto, APP(TG)-DMSO and APP(TG)-Panto male mice. Results 

are depicted considering the circadian rhythmicity (dark/light cycle). ∗ 𝑝 < 0.05; ∗∗ 𝑝 < 0.01; ∗∗∗ 𝑝 

< 0.001. 
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5. Discussion 

Neurodegenerative diseases are one of the major health concerns around the world, which are 

characterized by structural and functional loss of nerve cells in the peripheral and central nervous 

system (PNS and CNS). According to World Health Organization (WHO), neurodegenerative 

diseases are one of the leading threats to people health (WHO). Alzheimer’s disease (AD) is one 

of the major forms of neurodegenerative diseases and leading cause of deaths worldwide linked 

with underlying conditions of dementia, memory deficit and cognitive decline mostly in ageing 

populations (DeTure & Dickson, 2019; N. Ma et al., 2020). Dementia is described by a number of 

symptoms such as decline in memory, problem solving, language and thinking skills, which effect 

everyday life activities (ALZ.ORG, 2020). As reported by the WHO, there are 50 million people 

with dementia worldwide and the prevalence is likely to increase up to 82 million in 2030 and 152 

million in 2050, respectively. Importantly, about 60-70% of these cases are due to Alzheimer’s 

disease (WHO). Electrophysiological biomarkers, most importantly the EEG fingerprints, are very 

important tools to detect not only the incidence of dementia but also characterize the progression 

of disease in later life as compared to other diagnostic tools. My present study was designed to 

evaluate the pathophysiological and pharmacological aspects of AD by characterization of EEG 

fingerprints in transgenic mouse models as follows: 

 

5.1. Hippocampal EEG alterations in Cav3.2 mice and the involvement of the GABAergic 

system  

In this study, we have investigated the role of low voltage activated (LVA) T-Type Cav3.2 (α1H) 

VGCCs in the modulation of theta oscillatory architecture regarding their involvement in motor, 

cognitive and behavioral activities in the hippocampus of Cav3.2 knockout mice. 

It has been reported that atropine sensitive type II theta plays a significant role in the regulation of 

encoding and consolidation of memory engrams, the importance of which is well established in 

AD patients (Davies & Maloney, 1976; Whitehouse et al., 1982). Hence, hippocampal 

acetylcholine (ACh) levels are elevated during active memory encoding (Hasselmo & McGaughy, 

2004) and numerous pharmacological studies demonstrated that ACh hinders the process of 

consolidation during the activation of memory encoding (Hasselmo & McGaughy, 2004; Kukolja, 

Thiel, & Fink, 2009; Rasch, Born, & Gais, 2006). The hippocampal memory encoding process is 

enhanced by activation of Schaffer collaterals (Gu & Yakel, 2011). The entorhinal cortex (EC) 

serves as an interface which  receives sensory information from layer II and III from principal 

neurons from the neocortex and forwards this information to the hippocampus for memory 
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encoding (Burwell & Amaral, 1998). The encoding trisynaptic pathway activates the EC to the 

dentate gyrus, the CA3 area and ultimately the CA1 region (our recording area). For memory 

consolidation, the direct innervation to the CA1 region from the EC via the temporoammonic 

pathway (EC-CA1) is also possible (Remondes & Schuman, 2004). Inversely, the hippocampal 

information predominantly received by principal neurons of layer V of the EC send back 

information to the cortex for memory consolidation (Canto, Wouterlood, & Witter, 2008). In the 

modulation of these processes, numerous interneuronal cell types are involved (Pelkey et al., 

2017), such as oriens lacunosum molecular (OLM) interneurons of the CA1 area which control 

the information output by negative feedback mechanisms. The Basket / Chandelier interneuronal 

cells also play a crucial role in theta genesis. About ~14% of CA1, hippocampal interneurons 

consist of parvalbumin-expressing Basket cells, and ~4% of Chandelier cells (Pelkey et al., 2017). 

It is hypothesized that theta generation in the CA1 region is mediated by the relative magnitude 

and phase relationship of the perisomatic inhibitory and distal dendritic excitatory dipoles of 

hippocampal pyramidal cells (Buzsáki, 2002). 

The voltage-dependent calcium influx in dendrites of hippocampal pyramidal neurons mediated 

by VGCCs perform a crucial role in theta generation (Buzsáki, 2002), linked with many memory 

processing and learning activities (Griffin, Asaka, Darling, & Berry, 2004; Seager, Johnson, 

Chabot, Asaka, & Berry, 2002) and movement like behavior (Bland & Oddie, 2001). The 

septohippocampal neural circuit receives projections from many brain regions for theta generation 

for the coding of sensory and motor information processing (Oddie & Bland, 1998; Vertes, 

Hoover, & Viana Di Prisco, 2004), and may activate the modulation of theta/alpha activity in 

relation to specific behavioral circumstances.  

In a recent study, it has been reported that Cav3.1 VGCCs ablation leads to enhanced theta power 

possibly due to the tonic inhibition of GABAergic hippocampal interneurons through GABAergic 

septal interneurons. The latter was hypothesized to enhance theta activity by disinhibition of 

hippocampal pyramidal neurons (Gangadharan et al., 2016). 

Clearly, Cav3.1 is expressed in the septohippocampal system. However, Cav3.2 expression 

dominates (Aguado et al., 2016; Talley et al., 1999). Hence, we have evaluated the role of Cav3.2 

in the generation and architecture of theta/alpha activity in Cav3.2 knock out mice. Earlier studies 

had predicted elevated anxiety behavior and impaired memory formation in Cav3.2 knock out 

animals (Gangarossa et al., 2014). A decline in memory function in Cav3.2 knockout mice was 

illustrated by hippocampal recognition tasks such as spatial object recognition (SOR) and the novel 

object recognition (NOR) testing. Cav3.2 ablation in mice did not exhibit any preference for the 

relocated or novel object during the 24 h recall session in contrast to control animals. Particularly, 
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impaired exploratory drives were not the cause of this modified response (Gangarossa et al., 2014). 

Interestingly, the motor learning skills and spatial working memory as assessed by instinctive 

modification in the Y-Maze, remained unchanged in Cav3.2 deficient mice. Moreover, elevated 

plus maze and open field behavior analysis fully endorsed the role of Cav3.2 VGCCs in anxiety-

related behaviors (Gangarossa et al., 2014). 

According to these findings and the evidence that  Cav3.2 VGCCs is excessively expressed in the 

septohippocampal system (Aguado et al., 2016), we analyzed the role of Cav3.2 in theta genesis 

and theta architecture relevant for memory formation. 

We investigated the role of Cav3.2 VGCCs in atropine sensitive type II theta oscillations and their 

capability to regulate theta architecture in the hippocampal CA1 region measured by implantable 

EEG radiotelemetry. This is the first direct functional in vivo association between Cav3.2 and theta 

activity in rodents. Particularly, the rise in theta/alpha relative EEG power was highly prominent 

at the inactive state of either the dark or the light cycle (Fig. 4.1.8B,C; Fig. 4.1.9B,C; Fig. 

4.1.12B,C; Fig. 4.1.13B,C). The inactive state can be characterized (at least in part) as an alert 

immobile physiological phase, that expresses hippocampal type II theta activity. Hence, the altered 

theta activity in Cav3.2 knockout mice are likely to be linked to atropine sensitive type II theta 

oscillations. This is further proved by the results from the urethane injection studies (Fig. 

4.1.15B,C; Fig. 4.1.16B,C). Urethane is a multi-target drug at numerous ligand and voltage-gated 

ion channels with agonistic effects at muscarinic and nicotinic acetylcholine receptors (AChR), 

gamma-aminobutyric acid type A receptors (GABA-AR) and glycine receptor (GlyR) and 

antagonistic effects at NMDA and AMPA receptors (Hara & Harris, 2002; Sceniak & Maciver, 

2006). Urethane induces type II theta oscillations and Cav3.2 knockout mice again shows an 

increase in the relative theta / alpha EEG power and peak frequencies. Particularly, locomotor 

activity might have essential impact on theta I / theta II distribution. Therefore, it is important that 

Cav3.2 control animals and knockout mice show characteristic circadian pattern. Nevertheless, no 

significant differences were found between both genotypes demonstrating that modifications in 

hippocampal theta / alpha oscillations are not linked to an alteration in locomotor activity.  

Anxiety related behavior in Cav3.2 knockout mice as analyzed by light and dark conflict test / 

context (Crawley & Goodwin, 1980) and exploratory behavior by elevated plus maze (EPM) and 

open field test recommended elevated anxiety in Cav3.2 deficient mice not linked with compulsive 

and repetitive behaviors (Gangarossa et al., 2014). Particularly, these findings are correlated with 

an earlier analysis by Choi et al. (2007) which reported a lack of an anxiety related phenotype in 

Cav3.2-/- mice in the dark and light conflict test (Choi et al., 2007). This variation could be due to 

the different genetic background of the Cav3.2 knockout lines (Bouwknecht & Paylor, 2002) and 
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varying behavioral analysis used in these two studies (Bourin & Hascoet, 2003; Choi et al., 2007; 

Contet, Rawlins, & Bannerman, 2001; Contet, Rawlins, & Deacon, 2001; Crawley & Goodwin, 

1980; Gangadharan et al., 2016). In addition, elevated anxiety does not necessarily correlate with 

a rise in theta power. Attenuation of type II theta activity caused by deficiency of the septal PLCβ4 

isoform resulted in elevated anxiety as also reported in Cav2.3 knockout mice (Lee, Gomora, 

Cribbs, & Perez-Reyes, 1999; Muller et al., 2012; J. Shin et al., 2009). Overall, theta / alpha 

modification in Cav3.2 knockout mice does not seem to be attributable to altered anxiety levels. 

Furthermore, we evaluated the molecular mechanisms related to theta / alpha alterations in Cav3.2 

knockout mice. VGCCs play very important role for long-term potentiation (LTP), memory 

formation and learning. The hippocampal and amygdala-dependent tasks are mediated by NMDA-

independent Ca2+ influx through VGCCs. Alterations in spatial memory and impaired fear 

conditioning were reported in HVA L-type Cav1.2 and Cav1.3 mutant mice (McKinney & Murphy, 

2006; Moosmang, Lenhardt, Haider, Hofmann, & Wegener, 2005; White et al., 2008) and impaired 

memory function was reported upon  Cav2.2 P/Q-type VGCCs deficiency (Mallmann et al., 2013). 

Interestingly, it has been reported that the impairment of T-type Ca2+ channels can modify the 

induction and maintenance of hippocampal, cerebellum and visual cortex LTP (C. C. Chen et al., 

2012; Ly et al., 2013; Yoshimura et al., 2008). Also, autism spectrum disorders (ASD) have been 

associated with mutations in the human Cacna1h gene (Splawski et al., 2006). Additionally, the 

interaction of Cav3.2 VGCCs with the neurotransmitter release machinery boosts the assumption 

of their impact on synaptic transmission (A. H. Tang et al., 2011; Weiss, Hameed, et al., 2012; 

Weiss, Zamponi, & De Waard, 2012). In a recent study, Gangadharan et al. (2016) demonstrated 

that Cav3.1 deficient mice exhibit an increase in type II theta activity (Gangadharan et al., 2016). 

This increase in theta activity was linked to a shift in the GABAergic septal interneuron-firing 

pattern from the burst mode to the tonic mode. T-type VGCCs are well known to generate low-

threshold Ca2+ spikes and burst activity (Cheong & Shin, 2013; C. Park et al., 2010; Steriade & 

Llinas, 1988). Hence, Cav3.2 deficiency leads to tonic inhibition of hippocampal GABAergic 

interneurons by innervation of septal GABAergic interneurons. This perisomatic disinhibition of 

hippocampal pyramidal neurons was assumed to increase theta activity in Cav3.1 deficient mice 

(Freund & Antal, 1988; Gangadharan et al., 2016; Smythe, Colom, & Bland, 1992). Due to the 

fact, that Cav3.2 expression exceeds that of  Cav3.1 in the septohippocampal system (Aguado et 

al., 2016),  we hypothesized that Cav3.2 ablation causes an identical sequence of septal GABAergic 

tonic inhibition and disinhibition of pyramidal neurons as detected in Cav3.1 deficient mice. To 

confirm this potential mechanism in Cav3.2 deficient mice in the septohippocampal system,  we 

had a look at previous transcriptome analysis from the hippocampus of Cav3.2+/+ and Cav3.2-/- 



 

191 
 

animals (Papazoglou, Henseler, et al., 2017). A significant reduction in dynein light chain Tctex-

Type 1 (Dynlt1b) was observed in Cav3.2 deficient mice as analyzed by qPCR (Fig. 4.1.18B). The 

translocation of GABA receptors to the subsynaptic or extrasynaptic membrane is mediated by 

dynein light chain as a part of GABA receptor transpotome complex (Nakamura et al., 2016; 

Valenzuela et al., 2014; Zapata et al., 2017). 

This was first indication that the GABAergic system is indeed modified in the septohippocampal 

system of Cav3.2 knockout mice. Thus, we further evaluated the levels of GABA A and GABA B 

receptors transcripts. The transcript levels for the GABA A receptor δ subunit and GABA B1 

receptor subunits were significantly decreased in Cav3.2 knockout mice and a statistical trend was 

observed for the GABA B2 receptor subunit (Fig. 4.1.19H,J,K). These findings fully support our 

GABA assumption of increased theta / alpha power in Cav3.2 deficient mice, as inhibition within 

the CNS mediated by GABA A receptors take place by sustained tonic inhibition and fast synaptic 

transmission (Capogna & Pearce, 2011). GABA A receptor subunit-δ located extra synaptically in 

thalamic neurons and dentate gyrus granule cells mediate tonic current relevant for neuronal and 

interneuronal stimulation in response to ambient GABA concentrations (Belelli & Lambert, 2005; 

Farrant & Nusser, 2005; Mody & Pearce, 2004). Alternatively, GABA B1 subunit receptors can 

be identified within dendritic spines that mediate slow postsynaptic inhibition (Perez-Garci, 

Gassmann, Bettler, & Larkum, 2006; Vigot et al., 2006). 

We also found a significant trend for 5-hydroxytryptamine receptor 2C (5Ht2c) upregulation (Fig. 

4.1.18C). This 5HT2c upregulation might contribute to the detected theta / alpha phenotype 

(Busceti et al., 2015; Imbrici, Tucker, D'Adamo, & Pessia, 2000; Papp et al., 2019). It has been 

reported by Hajos et al. (2003) that theta activity is tonically regulated in the septohippocampal 

system by 5HT2c receptors as observed in anesthetized rat (Hajos, Hoffmann, & Weaver, 2003). 

Postsynaptic 5HT2c receptors are known to mediate tonic inhibition and 5HT2c receptors agonists 

such as 1-(3-cholophenyl)piperazine dihydrochloride (m-CCP) or [S]-2-(chloro-5-fluoro-indol-1-

yl)-1-methyl-ethylamine fumarate (Ro 60-0175) cause a dose dependent inhibition of firing 

activity in the MS/DBB neurons and reduction of theta activity in MS/DBB and hippocampal 

neurons (Hajos et al., 2003). Along with impaired theta activity in the MS/DBB, the 

desynchronized hippocampal EEG changes to lower frequencies in the power density plots. 5HT2c 

receptors upregulation in Cav3.2 knockout mice could represent a compensatory mechanism to 

counterbalance the septal GABAergic tonic inhibition, hippocampal disinhibition and increase in 

type II theta activity. Significantly, we have no other indications from our own microarray and 

qPCR analysis that there are compensatory transcriptional alterations of the other T-Type Ca2+ 
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channels such as Cav3.1 and Cav3.3 in the hippocampus (Fig. 4.1.18F; Fig. 4.1.19G). Thus, 

changes observed seem to be entirely due to Cav3.2 ablation itself.  

In summary, our qPCR findings propose that extrasynaptic and postsynaptic GABA receptors are 

reduced due to tonic inhibition of hippocampal interneurons and a decline in plasma membrane 

density is likely to be due to an impaired dynein / GABA receptor containing transpotome complex 

(Fig. 5.1A,B). 
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Figure 5.1: T-type VGCCs and the GABAergic transmission in hippocampal thetagenesis. 

(A) Septal GABAergic interneurons express both Cav3.1 and Cav3.2 VGCCs and project on 

hippocampal interneurons. Ablation of both T-type Ca2+ channel entities significantly impairs 

burst activity and favors the tonic mode of action in septal interneurons. The later exert tonic 

inhibition of hippocampal GABAergic interneurons, resulting in disinhibition of hippocampal 

pyramidal neurons. Consequently, hippocampal type 2 theta oscillations are increased in Cav3.1-/- 

and Cav3.2-/- (modified from (Buzsáki, 2002) (B) Increased GABA release from septal 

interneurons upon tonic inhibition (1) could result in increased GABA release into the synaptic 

cleft (2) and a decline in GABA receptor density in hippocampal interneurons. This hypothesis is 

supported by a decrease in Dynlt1b transcripts (3). Dynein containing cellular transportomes were 

reported to mediate GABA receptor transfer and integration into the sub and post-synaptic 

membrane (4). In addition, we found a reduction in GABA A receptor delta subunit and GABA 

B1 receptor subunit transcript (5). Delta subunit containing GABA A receptors are localized 

extrasynaptically and are known to mediate tonic inhibition. As APP forms complexes with GABA 

B receptor, it might be speculated that APP/GBR complexes are destabilized in Cav3.2 deficient 

mice as well. 
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5.2. Pantoprazole effects in APPswePS1dE9 mice 

5.2.1. Pantoprazole effects in APPswePS1dE9 mice aged 12-16 weeks 

In this study, we have analyzed the relative activity units; relative EEG oscillatory pattern by an 

FFT based approach and seizures from the hippocampus (CA1) and motor cortex (M1) regions of 

the brain. The evaluation of these above-mentioned parameters was performed in both male and 

female wild type controls and APPswePS1dE9 transgenic (TG) mice subgroups.  

In males, there was no significant difference in relative activity between controls and 

APPswePS1dE9 mice during both light and dark phases recorded at 12, 14 and 16 weeks of age 

from cortex and hippocampus (Fig. 4.2.1) while in female mice, increased relative activity in 

pantoprazole treated controls (WT-Panto) was found at 16 weeks of age compared to 14 weeks. 

The latter might be due to one of potential outlier (Fig. 4.2.2). Numerous studies have reported no 

significant difference in activity behavior among transgenic mouse AD models as compared to 

controls in this younger age (Lalonde, Dumont, Paly, London, & Strazielle, 2004; Lok et al., 2013; 

Pugh & Raman, 2006). 

Moreover, in males, FFT based frequency analysis revealed an increase in theta (4-8 Hz) power 

observed in pantoprazole treated controls (WT-Panto) mice as compared to untreated controls 

(WT-DMSO) animals during the dark cycle at age of 12 weeks from hippocampus and at 16 weeks 

of age from cortex (Fig. 4.2.3A,C). Likewise, an increase in theta (4.1-12 Hz) power also detected 

in pantoprazole treated controls (WT-Panto) mice as compared to untreated controls (WT-DMSO) 

animals during the dark cycle at age of 12 and 14 weeks from hippocampus and at 16 weeks of 

age from cortex (Fig. 4.2.4A,C). Which might proposed that the increased theta in pantoprazole 

treated healthy controls could be correlated with enhanced cognitive performance because theta is 

an important marker in cognition and memory formation (Buzsáki, 2005), spatial and non-spatial 

cognitive processing (A. Goyal et al., 2020; Korotkova et al., 2018). These observations linked 

with the findings of previous studies that reported an increase in cognition after use of pantoprazole 

(Goldstein et al., 2017) and also decrease risk of dementia after use of PPIs (Booker et al., 2016).  

Theta oscillations are highly organized waves, involved in various neurological and behavioral 

functions such as learning and memory consolidation, awakening state, REM sleep and attention 

(Muller et al., 2012; Vertes, 2005). The nucleus of medial septum and diagonal band of broca 

MS/vDBB are assumed to be the pacemakers for the hippocampal theta generation (Broncel, 

Bocian, Kłos-Wojtczak, & Konopacki, 2018; Buzsáki, Leung, & Vanderwolf, 1983). Disruption 

of the septohippocampal system in AD might be the reason for hippocampal dysrhythmia, 

especially the impairment of theta oscillatory patterns (Babiloni et al., 2007; Babiloni et al., 2009; 

Cummins, Broughton, & Finnigan, 2008; Papazoglou, Soos, et al., 2016), as reported earlier that 
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a decrease in theta power associated with cognitive deficit in AD (Scott et al., 2012). In my study, 

a significant increase in hippocampal theta power (4-8 Hz) was found at 12 weeks of age compared 

to 14 and 16 weeks old healthy control mice of both groups (WT-DMSO and WT-Panto). While 

the overall increase in theta (4-8 Hz) activity found in both healthy control groups (WT-DMSO 

and WT-Panto) compared to AD APPswePS1dE9 mice groups (APP (TG)-DMSO and APP (TG)-

Panto) (Fig. 4.2.3). The reduction in theta power found in APPswePS1dE9 mice in my study might 

be correlated with the findings of previous studies that reported a decrease in theta activity 

recorded under urethane-induced anesthesia and evoked by brainstem stimulation in 

APPswePS1dE9 mice at 4 and 8 month of age (Scott et al., 2012). Similarly, Stoiljkovic et al. 

(2016) also reported a decrease in brain stem stimulation-evoked hippocampal theta activity in Aβ 

overloaded 5xFAD mice at 8 month of age (Stoiljkovic, Kelley, Nagy, Hurst, & Hajós, 2016).  

Stoiljkovic et al. (2018) further explored that the donepezil administration enhanced the brainstem 

stimulation-induced hippocampal theta power in 6 months old adults and 12 months old aged 

TgF344_AD rats (Stoiljkovic, Kelley, Horvath, & Hajós, 2018). There was also a significant 

increase in hippocampal and cortical theta (4-8 Hz) activity observed during dark cycle in 

pantoprazole treated control mice (WT-Panto) as compared to pantoprazole treated 

APPswePS1dE9 mice (Fig. 4.2.3A,C), which might be due to a decline in theta power found in 

AD as reported in previous studies (Scott et al., 2012; Stoiljkovic et al., 2018; Stoiljkovic et al., 

2016). No significant difference in theta oscillatory power was detected between untreated 

(APP(TG)-DMSO) and pantoprazole treated (APP(TG)-Panto) mice during both dark and light 

phases from the hippocampus and motor cortex (Fig. 4.2.3; Fig. 4.2.4), indicating no inhibitory or 

beneficial effects of pantoprazole in theta related cognitive decline in AD as previously reported 

by Goldstein et al. (2017) (Goldstein et al., 2017). However, various previous studies have reported 

different findings about the use of PPIs and risk of dementia (Ortiz-Guerrero, Amador-Muñoz, 

Calderón-Ospina, López-Fuentes, & Nava Mesa, 2018). Previous studies have reported the long-

term use of PPIs as a risk factor for dementia especially in elderly people (Gomm et al., 2016; 

Haenisch et al., 2015; Kumar et al., 2020; S. Y. Tai et al., 2017; X. Zhang, Clarke, & Rhynas, 

2019). On the other hand, studies also reported the neuroprotective effect and decreased risk of 

dementia after use of PPIs. (Booker et al., 2016; Hashioka et al., 2009, 2011). Hashioka et al. 

(2009) and Hashioka et al. (2011) reported that the PPIs significantly attenuate the interferon-

gamma (IFN-γ) activated neurotoxicity of human astrocytes by inhibition of the signal transducer 

and activator of transcription (STAT) 3 signaling pathway. Antineurotoxic properties of PPIs are 

useful option for the treatment of AD and other neuroinflammatory disorders linked with activated 

astrocytes (Hashioka et al., 2009, 2011). 
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Furthermore, we have also identified an increases cortical beta activity of different beta ranges (β: 

12.1-30 Hz, 16-24 Hz, 16-30 Hz) in both untreated and treated APPswePS1dE9 (APP(TG)-

DMSO) and (APP(TG)-Panto) mice as compared to healthy control mice (WT-DMSO and WT-

Panto) at 12 and 14 weeks of age (Fig. 4.2.6; Fig. 4.2.7; Fig. 4.2.8). Increased cortical beta activity 

in transgenic AD mice could be linked with the findings of Schmidt et al., (2019) which 

demonstrated the correlation between increased beta power and discontinuation of retrieval of 

long-term memory (Schmidt et al., 2019), and also linked with hindrance of encoding and 

decoding of working memory as observed by Lundqvist et al. (2016, 2018) (Lundqvist, Herman, 

Warden, Brincat, & Miller, 2018; Lundqvist et al., 2016b). Proskovec et al. (2018) also revealed 

inverse association between cortical beta oscillatory activity and processing of spatial working 

memory, observed in behavioral analysis (Proskovec, Heinrichs-Graham, Wiesman, McDermott, 

& Wilson, 2018). Further, Hanslmayr et al. (2014) also observed impairment of memory encoding 

after beta activity stimulation during behavioral analysis (Hanslmayr & Staudigl, 2014). 

Alternatively, no significant difference observed in relative cortical beta power between 

pantoprazole treated and untreated APPswePS1dE9 (APP(TG)-DMSO and APP(TG)-Panto) 

indicated that no negative or positive pantoprazole effect found on beta related memory regulation 

in AD mouse models which further support our findings. 

Likewise, we have observed significantly increased relative gamma low power (30-50 Hz) in 

pantoprazole treated APPswePS1dE9 (APP(TG)-Panto) compared to pantoprazole treated controls 

(WT-Panto) mice at 12 weeks of age at dark cycle from hippocampus (Fig. 4.2.11A). Moreover, 

increased relative gamma power also found in pantoprazole treated APPswePS1dE9 (APP(TG)-

Panto) compared to pantoprazole treated controls (WT-Panto) mice at 12 and 14 weeks of age 

during dark cycle from cortex and at 12 weeks of age from cortex during light cycle (Fig. 

4.2.11C,D). In addition, cortical gamma mid activity (50-70 Hz) was significantly enhanced in 

pantoprazole treated APPswePS1dE9 (APP(TG)-Panto) compared to controls (WT-Panto) at 12 

weeks of age, and in untreated APPswePS1dE9 (APP(TG)-DMSO) compared to controls (WT-

DMSO) at 14 weeks of age during dark cycle (Fig. 4.2.12C). Previous studies by Deursen et al. 

(2008) revealed similar findings of enhanced gamma power in AD patients as compared to mild 

cognitive impaired individuals and healthy controls (van Deursen, Vuurman, Verhey, van Kranen-

Mastenbroek, & Riedel, 2008). Further, similar findings of previous studies also reported the 

enhanced gamma oscillatory activity in AD patients compared to healthy control subjects (J. 

Wang, Gu, Masters, & Wang, 2017). Gamma waves are involved in various cognitive process in 

the brain such as attention, perception ability and working memory (Jia, Smith, & Kohn, 2011; 

Nottage & Horder, 2015; Uhlhaas & Singer, 2006). They are thought to be generated by 
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GABAergic interneuronal circuitries (Buzsaki, Anastassiou, & Koch, 2012) that are innervated by 

stimulatory NMDA glutamatergic and inhibitory cholinergic networks (Picciotto, Higley, & 

Mineur, 2012). Dysregulation or disruption of this network may lead to abnormal discharge of 

gamma activities (J. Wang et al., 2017). It has been reported in various AD mouse models that the 

dysregulation of GABAergic interneuronal networks is associated with the pathophysiology of AD 

(Hazra et al., 2013; K. Ma & McLaurin, 2014; Verret et al., 2012). As reduced cholinergic activity 

and enhanced activation of NDMA glutamergic innervation are linked with dementia and a 

decrease in cognition and memory functions (J. Wang et al., 2017). Cisse et al. (2011) described 

that the NDMA glutamatergic neuronal communications are disrupted by Aβ accumulation, which 

is the hallmark of AD (Cissé et al., 2011). It is concluded from previous studies that the enhanced 

gamma activity found in AD mice in my study might be due to hyperstimulation of NDMA 

glutamatergic innervation and reduced cholinergic system activity mediated by dysregulation of 

GABAergic interneuronal network in AD (J. Wang et al., 2017). 

In female mice subgroups, no significant changes were observed in theta activity (4-8 Hz and 4.1-

12 Hz) between healthy controls and APPswePS1dE9 AD mice recorded from all 12, 14 and 16 

weeks of age from both cortex and hippocampus (Fig. 4.2.13; Fig. 4.2.14). The overall decrease 

in theta activity in APPswePS1dE9 AD mice compared to healthy control males and no difference 

in theta activity was observed in APPswePS1dE9 mice compared to healthy controls females at 

the same age groups in my study. These observations might be associated with findings, which 

reported the amyloid plaques detection in hippocampus and cortex of three months old male mice 

that demonstrated the early formation of Aβ plaques in males as compared to females of same age 

(Ordóñez-Gutiérrez, Antón, & Wandosell, 2015). In addition, it has been revealed by in vitro and 

in vivo analysis that Aβ can diminish the theta oscillation in septohippocampal system (Chung, 

Park, Jang, Kohl, & Kwag, 2020; Colom et al., 2010; Gutiérrez-Lerma, Ordaz, & Peña-Ortega, 

2013; Leão, Colom, Borgius, Kiehn, & Fisahn, 2012; K. Park et al., 2020; Peña-Ortega & Bernal-

Pedraza, 2012). 

On the other hand, a significant increase in beta activity (12.1-30 Hz, 16-24 Hz, 16-30 Hz) was 

observed in APPswePS1dE9 AD mice compared to healthy controls recorded at age of 12, 14 and 

16 weeks during light cycle from cortex (Fig. 4.2.16D; Fig. 4.2.17D; Fig. 4.2.18D) and also similar 

changes were recorded in beta activity (16-24 Hz, 16-30 Hz) at 14 weeks of age during dark cycle 

from cortex (Fig. 4.2.17C; Fig. 4.2.18C). Likewise, an increase in beta activity was associated with 

memory problems observed in previous findings (Hanslmayr & Staudigl, 2014; Lundqvist et al., 

2018; Lundqvist et al., 2016a, 2016b; Proskovec et al., 2018; Schmidt et al., 2019). An increase in 

gamma oscillation (30-50 Hz) was also identified in pantoprazole treated APPswePS1dE9 mice 
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compared to pantoprazole treated female controls recorded at 14 weeks of age during the light and 

dark phases from cortex (Fig. 4.2.21C,D). Similar findings were observed by Deursen et al. (2008) 

and Wang et al. (2017) (van Deursen et al., 2008; J. Wang et al., 2017).  

Additionally, we have also performed gender specific seizures analysis in AD mice. Various 

studies have reported the association of AD with epileptic seizures in elderly humans (Amatniek 

et al., 2006; Lozsadi & Larner, 2006; Papazoglou, Soos, et al., 2016). Epileptic seizures prevalence 

enhanced in AD patients compared to normal individuals of the same age (Baker, Libretto, Henley, 

& Zeman, 2019; Sen, Capelli, & Husain, 2018). Early presence of cognitive decline reported in 

mild cognitive impaired and AD patients with epilepsy compared to MCI and AD patient without 

epilepsy (Vossel et al., 2013). Earlier experimental studies in transgenic AD mouse models also 

revealed a  similar correlation of hyperexcitability of  neurons, epileptic seizures discharges and 

AD progression (Gurevicius et al., 2013; Minkeviciene et al., 2009; Palop et al., 2007; Papazoglou, 

Soos, et al., 2016; Siwek et al., 2015). Although the exact mechanisms of ictal discharge generation 

in APPswePS1dE9 AD mice are not fully understood, however, it has been reported in numerous 

AD mouse models that high levels of Aβ can generate aberrant neuronal discharges and epileptic 

seizures (Palop et al., 2007). Moreover, neuronal hyperactivity was observed in the hippocampus 

and cortical slices induced by exogenous Aβ1-42 (Minkeviciene et al., 2009; Tamagnini et al., 

2015). Lei et al. (2016) reported that disruption of hippocampal synaptic plasticity and LTP, and 

enhancement of neuronal hyperactivity generated by soluble Aβ oligomers mediated modification 

of glutamate neurotransmission and dysregulation of GABAergic/glutamatergic homeostasis in 

AD mouse models (Lei et al., 2016). Various other factors were also reported to be involved in 

mechanisms of epileptic discharge in AD such as neuroinflammation (Giorgi, Saccaro, Busceti, 

Biagioni, & Fornai, 2020; Giorgi et al., 2019), neurodegeneration of the locus coeruleus (Giorgi 

et al., 2017; Theofilas et al., 2017) and the dendrites (Šišková et al., 2014). Gurevicius et al. (2013) 

reported that seizure episodes peak occurred at the time of amyloid plaque formation in 

hippocampus and cortex of APPswePS1dE9 mice (Gurevicius et al., 2013). Numerous studies 

have evaluated the neuronal activity in the electrocorticogram in APP transgenic mice (Garcia-

Alloza et al., 2006; Minkeviciene et al., 2009; Palop et al., 2007; Wisor & Kilduff, 2005; Y. W. 

Zhang, Thompson, Zhang, & Xu, 2011). However, we analyzed a number of seizures parameters 

in my study such as the number of spike trains, spike trains duration (min) and number of single 

spikes. We performed this analysis from both males and females mice subgroups recorded from 

hippocampus (CA1) and motor cortex (M1). In my study, i have found significant increase in the 

number of spike trains and spike trains duration (min) in APPswePS1dE9 mice (APP(TG)-DMSO) 

as compared to healthy controls (WT-DMSO) males at the age of 14 weeks recorded from cortex 
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during both the dark and light cycles (Fig. 4.2.23C,D; Fig. 4.2.25C,D). In addition, similar changes 

observed in the number of single spikes recorded at the age of 14 weeks from the cortex during 

the light cycle (Fig. 4.2.24D). Significant increase in seizures parameters in APPswePS1dE9 mice 

were detected in my study and correlated with previous findings mentioned earlier. Further studies 

by Nicastro et al. (2016) reported the role of Aβ in the generation of aberrant neuronal discharges 

in a review of epidemiological studies analysis (Nicastro, Assal, & Seeck, 2016). Sima et al. (2014) 

observed an association between an increase of Aβ precursor protein expression in hippocampal 

and temporal cortex tissues of chronic epileptic patients (Sima, Xu, Li, Zhong, & You, 2014). 

Zarea et al. (2016) detected a relationship between duplication/mutation in APP and PSEN1 in 

autosomal dominal early onset of AD (ADEOAD) with enhanced seizures risk (Zarea et al., 2016). 

It has been demonstrated in various findings from AD mouse models that the cortical neuronal 

hyperexcitability and seizures susceptibility is linked with the Aβ accumulation in AD (Born, 

2015; Horváth, Szűcs, Barcs, Noebels, & Kamondi, 2016). Epilepsy also promotes the Aβ 

synthesize and could be responsible for cognitive decline and behavioral issues in humans and 

animal models (Chin & Scharfman, 2013). In addition, epileptic interictal neuronal firing was 

reported to be responsible for the disruption of cognition and memory (Kleen et al., 2013; Ung et 

al., 2017). Furthermore, Vogt et al. (2011) demonstrated that the overexpression of amyloid 

precursor protein (APP) intracellular domain (AICD) and Fe65 binding element of ACID in AD 

could promote the disruption of neural circuits and trigger seizures (Vogt et al., 2011). It has been 

reported that Aβ plaques dysregulate various voltage-gated ion channels (Plant et al., 2006; 

Thibault, Pancani, Landfield, & Norris, 2012) such as upregulation of the voltage dependent 

sodium channels (Nav1.6) mediated nerves hyperactivity by Aβ (Aβ1-42) in Tg2576 AD mice 

(Ciccone et al., 2019) and also in APP/PS1 mice (X. Wang et al., 2016). In addition, hyperactive 

cortical nerve cells clusters observed close to Aβ deposition in APP/PS1 mice activates seizures 

(Busche et al., 2008). Further, Hijazi et al. (2020) observed the disruption of parvalbumin 

interneuronal network, synaptic communication and hyper-excitation of pyramidal cells by Aβ 

that leads to progression of AD (Hijazi et al., 2020).  

Additionally, we have also identified increased total number of spike trains and number of single 

spikes in APPswePS1dE9 untreated (APP(TG)-DMSO) mice compared to APPswePS1dE9 

pantoprazole treated (APP(TG)-Panto) mice at 14 week of age during light cycle from cortex (Fig. 

4.2.23D; Fig. 4.2.24D). This reduction in seizures parameters in pantoprazole treated (APP(TG)-

Panto) mice could be correlated with the findings by Taskiran et al. (2020) that reported the 

memory preservation and a delay in onset of pentylenetetrazole induced seizures by pantoprazole 



 

200 
 

treatment in rats (Taskiran et al., 2020). In another study, Saez et al. (2016) has not identified any 

rise in seizures risk associated with PPIs use in patients (Sáez et al., 2016).  

Moreover, in female mice of my study, a significant increase in total number of spike trains and 

spike trains duration were identified in untreated APPswePS1dE9 (APP(TG)-DMSO) mice 

compared to untreated controls (WT-DMSO) at 16 weeks of age during dark cycle and 14 weeks 

of age during the light cycle recorded from the cortex (Fig. 4.2.26C,D; Fig. 4.2.28C,D). This 

correlated with the findings of Reyes-Marin and Nunez et al. (2017) which revealed in a study of 

4-9 month old APP/PS1 AD mice that enhanced Aβ accumulation in the brain could be the reason 

for abnormal neuronal seizure like discharges in mice and also enhanced seizures activity in AD 

patients as well (Reyes-Marin & Nuñez, 2017). It was reported that Aβ starts accumulating in 

cerebral cortex at the age of 3 months in mice linked with early AD symptoms that leads to sensory 

motor cognitive decline as Aβ plaque formation in cerebral cortex progresses (Reyes-Marin & 

Nuñez, 2017; Z. Wang et al., 2012). Garcia-Marin et al. (2009) and Ramos-Miguel et al. (2015) 

showed that the decline in GABAergic perisomatic nerve endings in cortical pyramidal neurons 

appeared close to Aβ plaque formation as observed in APP/PS1 mice and AD patients that leads 

to the disruption of GABAergic activity (Garcia-Marin et al., 2009; Ramos-Miguel et al., 2015). 

This GABAergic dysfunctioning of cortical neurons might be the reason of hyperexcitability of 

cortical neurons and activates seizures (Reyes-Marin & Nuñez, 2017). Similar findings appeared 

in my study. Furthermore, we have also observed a significant increase in total number of spike 

trains and spike trains duration  at 16 weeks of age compared to early 12 weeks of age in untreated 

APPswePS1dE9 (APP(TG)-DMSO) mice recorded during the dark cycle from cortex (Fig. 

4.2.26C; Fig. 4.2.28C). This could be associated with previous findings that describe an increased 

number of seizure like episodes linked with number of Aβ plaques in experimental animals (Reyes-

Marin & Nuñez, 2017). Additionally, in my study, increase in total number of spike trains and 

spike trains duration in APPswePS1dE9 untreated (APP(TG)-DMSO) mice compared to 

APPswePS1dE9 pantoprazole treated (APP(TG)-Panto) mice was observed at 14 weeks of age 

recorded during the light cycle from the cortex (Fig. 4.2.26D; Fig. 4.2.28D). This reduction in 

seizures parameters in pantoprazole treated (APP(TG)-Panto) mice might be associated with the 

findings of memory preservation and a delay in onset of pentylenetetrazole induced seizures by 

pantoprazole treatment in rats (Taskiran et al., 2020). In another study, Saez et al. (2016) has not 

identified any increase in seizures risk associated with PPIs use in patients (Sáez et al., 2016). 

Additionally, we have also performed the LC-MS/MS analysis to quantify pantoprazole 

concentration in plasma and liver tissues of all mice groups (age 12-16 weeks). We have observed 

significant pantoprazole concentration in plasma and liver tissues of treated male mice (Fig. 
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4.2.30A,C). Interestingly, in female treated control mice, we have not detected significant 

pantoprazole concentration (Fig. 4.2.30B,D) which might be due to insufficient release of 

pantoprazole from osmotic pumps but some other experimental and physiochemical factors could 

be involved.  In addition, a high metabolic tendency can be one reason for the absence of 

pantoprazole in female control mice. However, in future studies, a comprehensive evaluation of 

pharmacokinetic and pharmacodynamics parameters of pantoprazole in age and gender specific 

AD patients and mouse models required to investigate its capability to cross the blood brain barrier, 

efficacy and safety profile. Moreover, we have also performed initial qualitative analysis of 

pantoprazole metabolites with a short semi-quantitative estimation of the area ratios, to evaluate 

the metabolic tendency of pantoprazole, and collect first data for possible future upcoming studies. 

We have detected pantoprazolesulfane and pantoprazolesulfone as major metabolites (Fig. 4.2.31; 

Fig. 4.2.32). However, there are limitations associated with pantoprazole metabolite analysis in 

my study. For the detailed quantitative analysis of pantoprazole metabolite profile, reference 

standards of different pantoprazole metabolites are needed to run for the quantification of 

respective metabolite. 

 

5.2.2. Pantoprazole effects in mice APPswePS1dE9 aged 17-21 weeks 

In the second part of my study, there was also no significant difference detected in relative activity 

units (counts) and temperature (oC) in both healthy controls (WT-DMSO and WT-Panto) and 

APPswePS1dE9 (APP(TG)-DMSO and APP(TG)-Panto) male mice, recorded at all 17, 18, 19, 20 

and 21 weeks of age during both the dark and light phases from the hippocampus and motor cortex 

regions. 

However, in post-urethane/atropine analysis, an increase in relative activity units found in 

APPswePS1dE9 (APP(TG)-Panto) mice compared to healthy controls (WT-Panto) was recorded 

during 1 h baseline, 1 h post-normal saline and 3 h post atropine from both hippocampus and 

cortex (Fig. 4.3.2). Moreover, a significant increase in temperature (oC) found in treated 

APPswePS1dE9 (APP(TG)-Panto) mice compared to treated healthy controls (WT-Panto) 

recorded during 1 h baseline and 1 h post-urethane from both hippocampus and cortex (Fig. 4.3.4).  

Furthermore, by FFT base frequency analysis in my study, a significant rise in theta (4-8 Hz) 

oscillatory relative power was found in untreated healthy controls (WT-DMSO) as compared to 

APPswePS1dE9 (APP(TG)-DMSO) male mice at 21 weeks of age recorded during the dark cycle 

from hippocampus (CA1) (Fig. 4.3.5A). Hippocampal theta activity is involved in cognition and 

memory formation (Buzsáki, 2005), spatial and non-spatial cognitive processing (Goyal, Lee, 

Luna, & Aruin, 2020; Korotkova et al., 2018) and various behavioral functions (Müller et al., 2017; 
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Muller et al., 2012; Vertes, 2005). The medial septum and diagonal band of Broca MS/vDBB are 

thought to be the pacemakers for the hippocampal theta generation (Broncel et al., 2018; Buzsáki 

et al., 1983). Disruption of the septohippocampal system in AD could be the reason for 

hippocampal dysrhythmia, especially the impairment of theta oscillatory patterns (Babiloni et al., 

2007; Babiloni et al., 2009; Cummins et al., 2008; Papazoglou, Soos, et al., 2016). It has been 

reported earlier that cognitive deficit in AD was associated with reduced theta activity (Cummins 

et al., 2008; Scott et al., 2012; Scott, Kiss, Kawabe, & Hajós, 2016). Aβ can regulate and alter the 

glutamatergic, GABAergic and cholinergic neuronal network in the septohippocampal system 

(Colom et al., 2010; Fang et al., 2012; Gutiérrez-Lerma et al., 2013; Peña-Ortega & Bernal-

Pedraza, 2012). It has been revealed by in vitro and in vivo analysis that Aβ can diminish the theta 

oscillation in septohippocampal system (Chung et al., 2020; Colom et al., 2010; Gutiérrez-Lerma 

et al., 2013; Leão et al., 2012; K. Park et al., 2020; Peña-Ortega & Bernal-Pedraza, 2012).  

Based on dualistic theory there are two type of theta oscillation, atropine insensitive (type I) and 

atropine sensitive (type II) theta oscillation. Atropine insensitive (type I) oscillations are linked 

with voluntary behavior, movement and awakening, unaffected by muscarinic blockers i.e. 

atropine, and thought to be linked with metabotropic glutamate receptor 1, but also NDMA and 

AMPA receptors (Buzsáki, 2002; Chuang et al., 2001; Gillies et al., 2002; Mikulovic et al., 2018). 

Atropine sensitive (type II) theta oscillations are produced during alert immobility, urethane 

induced anesthesia and abolished by atropine (Broncel et al., 2018; Buzsáki, 1986, 2002; Buzsáki 

et al., 2003; Gu et al., 2020; Kramis et al., 1975; Mikulovic et al., 2018; Vanderwolf et al., 1988). 

In my study, a significant rise in hippocampal theta activity was observed in APPswePS1dE9 

(APP(TG)-DMSO) mice after urethane administration as compared to baseline recordings (Fig. 

4.3.15A), followed by reduction of theta activity found after atropine injection (Fig. 4.3.15A; Fig. 

4.3.16A). Overall enhanced theta activity detected after urethane administration and reduced 

activity found after atropine injection in both controls and APPswePS1dE9 mice recorded from 

hippocampus (Fig. 4.3.15A). Our findings of increased post-urethane theta followed by reduced 

post-atropine theta activity correlates with the hypothesis of atropine sensitive (type II) theta 

genesis (Buzsáki, 1986, 2002; Buzsáki et al., 2003; Kramis et al., 1975; Vanderwolf et al., 1988). 

Thetagenesis is reported to be generated by the activation of muscarinic receptors (M1/M3/M5) 

by further stimulation of G-protein coupled receptors (GPCRs; Gα q/11) and signaling cascades 

through phospholipase β1/4 (PLC β1/4), diacylglycerol (DG), inositol triphosphate (InsP3), Ca2+ and 

phosphor kinase C (PKC) (Muller et al., 2012; J. Shin et al., 2009). The theta oscillation generated 

by cholinergic stimulation can be fully diminish by blockage of hippocampal PLCβ1 and septal 

PLCβ4 (J. Shin et al., 2009; J. Shin et al., 2005).  
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Furthermore, I have detected consistent findings in gamma oscillatory activity as younger study 

group (12-16 weeks age). A significant increase in gamma (50-70 Hz) activity in untreated 

APPswePS1dE9 (APP(TG)-DMSO) mice compared to untreated controls (WT-DMSO) was 

observed at 20 weeks of age recorded during the light cycle from the cortex (Fig. 4.3.13D). 

Deursen et al. (2008) and Wang et al. (2017) reported similar findings that an increased gamma 

activity in AD patients compared to mild cognitive impaired individual and healthy controls (van 

Deursen et al., 2008; J. Wang et al., 2017). 

We have not observed any significant difference in theta and gamma activity between untreated 

APPswePS1dE9 (APP(TG)-DMSO) and pantoprazole treated APPswePS1dE9 (APP(TG)-Panto) 

mice recorded at 17, 18, 19, 20 and 21 weeks of age during both dark and light cycles from the 

hippocampus and the cortex (Fig. 4.3.5; Fig. 4.3.6; Fig. 4.3.13; Fig; 4.3.14). Similarly consistent 

findings were detected from younger APPswePS1dE9 (age 12-16 weeks) mice groups of my study 

which indicated no inhibitory or beneficial effect of pantoprazole on cognition in AD mice. 

Additionally, we have also performed a detailed analysis of a number of seizures parameters, such 

as total number of spike trains, total number of single spikes and spike trains duration (min) by 

using a non-restraining radiotelemetry approach. While, Minkeviciene et al. (2009) analyzed EEG 

in APPswePS1dE9 mice by restraining tethered approach. Numerous previous studies analyzed 

electrocorticogram in APPswePS1dE9 AD mice (Garcia-Alloza et al., 2006; Minkeviciene et al., 

2009; Palop et al., 2007; Wisor & Kilduff, 2005; Y. W. Zhang et al., 2011). Numerous studies 

have reported the correlation of AD with seizures in elderly (Amatniek et al., 2006; Beagle et al., 

2017; Lozsadi & Larner, 2006; Papazoglou, Soos, et al., 2016; Sarkis et al., 2016) and revealed an 

increased epileptic seizures prevalence in AD patients compared to normal individuals of the same 

age (Baker et al., 2019; Giorgi et al., 2020; Horváth et al., 2016; Sen et al., 2018). In addition, 

early presence of cognitive decline was reported in MCI and AD patients with epilepsy as 

compared to MCI and AD patients without epilepsy (Vossel et al., 2013). Previous experimental 

studies showed an association between hyperexcitability of neurons, epileptic discharges and AD 

progression (Gurevicius et al., 2013; Minkeviciene et al., 2009; Palop et al., 2007; Papazoglou, 

Soos, et al., 2016; Siwek et al., 2015). Whereas the exact mechanism of ictal discharge in 

APPswePS1dE9 AD mice is unknown, it has been reported in various studies of AD mouse models 

that increased levels of Aβ can activate aberrant neuronal discharge and epileptic seizures (Palop 

et al., 2007). Besides, hyperexcitability in neurons was observed in cortical and hippocampal slices 

of APPswePS1dE9 AD mice after exposure to exogenous Aβ1-42 (Minkeviciene et al., 2009; 

Tamagnini et al., 2015). Lei et al. (2016) reported that disruption of hippocampal synaptic 

plasticity, long-term potentiation (LTP) and enhancement of neuronal hyperactivity generated by 
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soluble Aβ oligomers mediated modification of glutamate neurotransmission and dysregulation of 

GABAergic/glutamatergic homeostasis in AD mouse models (Lei et al., 2016). Numerous other 

factors are reported to play a role in mechanism of epileptic ictal discharge in AD such as 

neuroinflammation (Giorgi et al., 2020; Giorgi et al., 2019), neurodegeneration of the dendrites 

(Šišková et al., 2014) and locus coeruleus (Giorgi et al., 2017; Theofilas et al., 2017). Gurvicius et 

al. (2013) revealed the peak level of seizure episodes occurred at the age of Aβ formation in the 

cortex and hippocampus of APPswePS1dE9 mice (Gurevicius et al., 2013). In my study, a 

significant increase in total number of spike trains observed in untreated APPswePS1dE9 

(APP(TG)-DMSO) mice as compared to controls (WT-DMSO) at 17 weeks of age recorded during 

the dark cycle from the hippocampus (Fig. 4.3.25A). In addition, an increase in total number of 

spike trains identified in treated APPswePS1dE9 (APP(TG)-Panto) mice compared to controls 

(WT-Panto) at 21 weeks of age during the light cycle from the hippocampus and cortex (Fig. 

4.3.25B,D). Furthermore, enhanced total number of single spikes observed in untreated 

APPswePS1dE9 (APP(TG)-DMSO) mice as compared to controls (WT-DMSO) at 19 weeks of 

age recorded during dark and light cycles from hippocampus and 17 weeks of age recorded during 

dark and light cycles from cortex (Fig. 4.3.26). Moreover, a significant increase in spike trains 

duration (min) observed in untreated APPswePS1dE9 (APP(TG)-DMSO) mice compared to 

controls (WT-DMSO) at 19 weeks of age during dark cycle from hippocampus and cortex (Fig. 

4.3.27A,C). Significant increase in the above seizure parameters observed in APPswePS1dE9 

mice of my study correlated with findings described before which reported the association of 

neuronal excitability and seizures with AD mouse models and patients.  

Additionally, we detected a significant increase in the total number of spike trains in 

APPswePS1dE9 untreated (APP(TG)-DMSO) mice compared to APPswePS1dE9 pantoprazole 

treated (APP (TG)-Panto) at 17 weeks of age during the dark cycle from hippocampus and light 

and dark cycles from cortex (Fig. 4.3.25A,C,D). Furthermore, an increase in the spike trains 

duration (min) observed in APPswePS1dE9 untreated (APP(TG)-DMSO) mice compared to 

APPswePS1dE9 pantoprazole treated (APP(TG)-Panto) at 19 weeks of age during the dark cycle 

from the hippocampus and cortex (Fig. 4.3.27A,C). This reduction in seizures parameters in 

APPswePS1dE9 pantoprazole treated (APP(TG)-Panto) mice is consistent with our findings from 

younger APPswePS1dE9 mice (aged 12-16 weeks) as described earlier and associated with the 

findings from Taskiran et al. (2020). 
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6. Conclusions and future perspective 

6.1. Hippocampal EEG alterations in Cav3.2 mice and the involvement of the GABAergic 

system. 

My study is the first one to demonstrate that the ablation of Cav3.2 VGCCs results in enhanced 

hippocampal atropine sensitive type II theta activity. I also found that tonic firing of septal 

GABAergic interneurons and subsequent tonic inhibition of hippocampal interneurons and 

disinhibition of pyramidal cells leads to compensatory changes in the GABAergic system. These 

findings suggest a downregulation of dynein containing GABA receptor transporter/trafficking 

complex and GABA A and B receptors complexes themselves. Dinamarca et al. (2019) reported 

that GABA B receptors (GBR) forms a complex with amyloid precursor protein (APP) (Dinamarca 

et al., 2019). This GBR/APP complex is assumed to stabilize APP at the surface membrane of 

pyramidal neurons and to reduce proteolysis of APP to form amyloid beta (Aβ). Thus, APP 

membrane stability might be impaired in Cav3.2 deficient mice due to reduced GBR expression 

and GABA receptor trafficking. In future studies, it will be necessary to explore the possible 

functional interdependence between T-type VGCCs, the GABAergic system, APP, and its 

relevance in the aetiopathogenesis of Alzheimer’s disease (AD). 

 

6.2. Analysis of the alteration of central rhythmicity in 3-6 months old APPswePS1dE9 

Alzheimer mice following chronic administration of pantoprazole. 

My analysis indicated the age and gender specific alterations in theta, gamma and beta oscillatory 

activity in APPswePS1dE9 mice. Reduced theta related cognitive performance appeared early in 

male APPswePS1dE9 mice compared to females and might propose early onset of AD related 

pathophysiological changes in males. An increased theta activity in pantoprazole treated controls 

might be associated with enhanced theta related cognitive ability in healthy male controls. No 

positive or negative effect of chronic pantoprazole administration appeared in theta and gamma 

relative power in APPswePS1dE9 mice. These findings suggest a neutral role of pantoprazole in 

AD progression. However, future clinical studies are required to investigate the potential beneficial 

or adverse potential of long-term use of pantoprazole in MCI and AD patients. Additionally, 

increased hippocampal and cortical seizure parameters in APPswePS1dE9 mice compared to 

healthy controls of both genders exhibited the association of aberrant discharge and dysrhythmia 

in AD pathology. A pantoprazole-mediated decline in seizure activity in APPswePS1dE9 mice of 

both genders might demonstrate its positive role in AD associated epileptic discharges. Future 

studies need to investigate the correlation of pantoprazole and AD related to epileptogenesis in 
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detail. Age and gender EEG oscillatory activity specific alterations in APPswePS1dE9 mice 

suggest a functional and diagnostic role of EEG. In the future, EEG could be recognized as 

diagnostic biomarker for AD. In addition, a broad gender and age targeted pharmacokinetics, 

pharmacodynamics and pharmacogenetics approaches will be necessary to analyze the efficacy 

and safety profile of pantoprazole/PPIs in normal healthy controls, mild cognitive impairment 

(MCI) and AD patients on individualized basis. 
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