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Abstract 

Alzheimer’s disease (AD) is the most common type of dementia, increasing by 10 

new cases every day in Saskatchewan alone. AD results from pathological amyloid beta 

(Aβ) peptides that hamper neurons’ communication, cause progressive neuronal cell death 

in the central nervous system, and ultimately lead to memory loss in the individual. While 

disease symptoms are well known, the mechanism by which Aβ triggers the degeneration 

of the brain remains elusive. There is no cure for AD and present treatments only focus on 

slowing down the disease progression or mitigating symptoms. This study has used several 

techniques to investigate the effect of Aβ on the electrophysiology and morphology of 

isolated hippocampal and dorsal root ganglion (DRG) neurons in order to test whether the 

effects of Aβ exposure and clearance are exclusive to central nervous system neurons. 

 Isolation and culture of hippocampal and DRG neurons were performed. By 

exposing neurons to combinations of Aβ42 and Aβ38, electrophysiological and 

morphological techniques were used to assess the effects of Aβ on neuronal cells. Using 

patch clamp electrophysiology, I demonstrated a significant decrease in the current density 

profile of neurons after 24-h of exposure to Aβ42 and Aβ38. Additionally, Aβ had a dose-

dependent effect on hippocampal and DRG neurons’ morphology, reducing neuronal soma 

and nucleus size. The addition of Aβ38 negated the depressive effect of Aβ42, suggesting 

the cancellation of low current density profiles of neurons or the inhibition of their 

electrical activity.  

  



ii 

 

Thus, co-treatment of Aβ42 and Aβ38 neutralized the depressive Aβ effect on 

neuronal cells. This research has demonstrated the electrophysiology of hippocampal and 

DRG neurons after Aβ exposure to understand the fundamental biology of Aβ exposure at 

a cellular level, which is involved in the pathophysiology of AD and other types of 

dementia. 
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1. Introduction 

Memory is an important function of the brain that allows past events to be recalled 

and influence future actions. During neurological diseases, such as Alzheimer's disease 

(AD), individuals are slowly robbed of their memory, resulting in changes in cognition, 

loss of independence, and eventually death. AD results from progressive neuronal cell 

death, which leads to loss of memory due to the destruction of memory networks or 

disconnection of related synaptic networks. AD neurodegeneration is triggered by the 

accumulation of insoluble amyloid beta (Aβ) peptides, particularly, by the most 

hydrophobic isoforms that are more prone to aggregate, such as Aβ42 and Aβ40. The cause 

of aggregation is currently unknown and, as such, there are few treatment options for those 

suffering from AD. The current research focuses on better understanding the progression 

of disease and the physiological effects of Aβ on neurons of both the central nervous system 

(CNS) and peripheral nervous system. The effect of Aβ isoforms, such as Aβ42 and Aβ40, 

have been widely investigated in the past 30 years. However, not much is known about 

other different isoforms, such as Aβ25-35 or Aβ38.  

The focus of my research is to investigate the effects of Aβ on the electrophysiology 

and morphology of peripheral and CNS neurons to demonstrate how Aβ impairs the current 

density and soma/nuclei size of neuronal cells and investigate if Aβ affects CNS neurons 

exclusively. For this purpose, I exposed neurons to two Aβ isoforms, Aβ42 and Aβ38, 

which differ only in four hydrophobic amino acid residues. After 24-h, I examined changes 

in the current density, ion channel activation, cell size and electro-chemical response that 

Aβ causes in hippocampal and dorsal root ganglion (DRG) neurons. 
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2. Background 

2.1. Memory processing 

Memory is the process by which individuals retain information over time. The main 

stages of memory are coding, storage and retrieval (Loftus & Loftus, 2019). The process 

of learning and transforming information into memories starts with external stimuli that 

are detected by senses (e.g. touch, hearing or sight) and are, in turn, processed in regions 

of the brain, such as the hippocampus, cerebral cortex and amygdala.  

The process to encode events as short-term memory (up to 20 min) and transfer 

them to long-term memory occurs in the hippocampus. Long-term memory can also be 

divided into explicit memory (i.e. memory that is consciously recalled, e.g. people, places, 

and things) and implicit memory (i.e. unconsciously recalled memory, e.g. motor skills). 

Explicit memory can be subdivided into either episodic or semantic memory. Episodic 

memory consists of personal experiences, while semantic memories refer to facts and 

general knowledge.  

Repetition and/or emotions are required to strengthen memories. During memory 

consolidation,  neural networks in the hippocampus and the neocortex strengthen neuron 

connection allowing for memory storage (Fernández & Morris, 2018). During long-term 

memory encoding, interneurons fire high-frequency action potentials allowing for release 

of neurotransmitters, such as the excitatory neurotransmitter glutamate and the inhibitory 

neurotransmitter GABA (Lamsa & Lau, 2019). After memories are stored, they can be 

recalled by conscious actions or subconscious activation (Campos, Barroso, & De Lara 

Menezes, 2010).   
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Figure 2.1. The three stages of memory. Memory encoding, storage and consolidation 

are considered the three stages of memory. A stimulus generated by a sensory input is 

encoded as short-term memory in the cerebral cortex. If the stimulus is strong enough to 

increase neuronal synapse efficiency, the information travels between the cerebral cortex 

and the hippocampus to be stored and consolidated as long-term memory. 
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2.2. Hippocampus and hippocampal neurons 

The hippocampus plays a main role in memory processing to consolidate information 

into long-term memory. The hippocampus is a horseshoe-shaped structure located in the 

medial temporal lobe and receives information from anterograde connections of primary 

sensory areas, such as the neocortex (Fernández & Morris, 2018), entorhinal cortex, and 

septal area. The hippocampus is essential for spatial memory processing. Due to its 

essential role in memory consolidation, lesions in hippocampal areas have been widely 

studied in experimental animal models as well as in humans. Scoville and Milner 

demonstrated in 1957 that the removal of the hippocampus produces total amnesia in 

patients. Milner also found that the removal of the hippocampus in humans, resulted in 

patients being unable to consolidate new memories. Morris, Garrud, Rawlins, & and 

O’Keef (1982) found that damage in certain regions of the hippocampus produces the 

incapability of forming new memories, such as spatial memories. Later, Lynch (2004) 

reviewed that the involvement of specific hippocampal pyramidal neurons are important 

for spatial memory encoding, declaring the main role of the hippocampus in long-term 

memory and learning. However, procedural memory (i.e. the ability to perform motor 

skills), visual information, and taste aversion are not affected by lesions or removal of the 

hippocampus (Milner, 2005).  
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Figure 2.2. Brain structures involved in memory processing. The hippocampus plays a 

main role in memory processing to consolidate information as long-term memory. Diagram 

from Wasworth collection (Queensborough Community College, 2005).  
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The hippocampus comprises main structures, such as the dentate gyrus, CA1, and CA3 

regions (Figure 2.3). Memory processing (i.e. formation, storage and retrieval) starts when 

the sensory information travels from the entorhinal cortex to the dentate gyrus. The dentate 

gyrus connects to pyramidal neurons located in the CA3 region, which are also connected 

to the CA1 pyramidal neuronal cells via schaffer collaterals. The information, in turn, is 

transferred from the CA1 region to the subiculum to be sent back to the entorhinal cortex, 

where is stored as long-term memory (Lynch, 2004). 

Geinisman, et al. (1993) showed that impairments along CA1, CA3 and dentate gyrus 

prevent memory storage, recall and retrieval. Likewise, Lynch (2004) stated that partial 

damage of the hippocampus caused impairment in old memories but not in recent 

memories, while complete damage of the hippocampus produces impairment in new and 

old memories equally.  
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Figure 2.3. Cross-sections of mouse and human hippocampi. Dentate gyrus (DG), 

hippocampal CA1, CA2, CA3, and CA4 regions of mouse (left) and human (right) 

hippocampi are shown. Diagram obtained from Strange, Witter, Lein, & Moser (2014): 

Functional organization of the hippocampal longitudinal axis. Nature Reviews 

Neuroscience, 15(10), 655, p656. 
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2.3. Long-term potentiation 

Long-term potentiation (LTP) is a process of strengthening synaptic connections for a 

prolonged period to consolidate memories (Lynch, 2004). LTP has been widely studied in 

schaffer collateral axons of the CA3 region and the CA1 pyramidal cells. As described by 

Purves, Augustine, George, Fitzpatrick, Hall, & Lamantia (2012), in the synapse of these 

neurons, one would find N-methyl-D-aspartate (NMDA) and α-amino-3-hydroxy-5-

methyl-4-isoxazolepropionic acid (AMPA) receptors on the post-synaptic cell. The pre-

synaptic CA3 pyramidal cell releases neurotransmitters, such as glutamate and glycine, 

which bind the AMPA and NMDA receptors to activate signaling pathways.  

The release of excitatory neurotransmitters activates AMPA receptors and increases 

sodium (Na+) permeability. While neurotransmitters also stimulate the opening of NMDA 

receptors, these receptors are initially blocked by magnesium (Mg2+). If high frequency 

action potentials are propagated through the schaffer collateral axons, high concentrations 

of neurotransmitters are released from the CA3 region pre-synaptic neurons (Purves et al., 

2012). This elevation in the release of neurotransmitters not only increases AMPA 

permeability but also increases the membrane potential, removing the Mg2+ blockage.  

The removal of Mg2+ is known as electrostatic repulsion and it is important to activate 

secondary intracellular signaling cascades, such as the influx of calcium (Ca2+) through the 

NMDA receptor (Zito & Scheuss, 2010). The increase in Ca2+ acts as a secondary 

messenger that stimulates an increase in the number of AMPA receptors in the membrane, 

from intracellular storage pools. The increase in AMPA receptors increases the efficiency 

of the synapse, allowing for future graded potentials to reach the threshold required to 

propagate action potentials and store memories as long-term.  
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Specifically, when an action potential reaches the pre-synaptic neuron, the change in 

membrane potential produces the depolarization of the pre-synaptic terminal and the 

opening of voltage-gated Ca2+ channels. There is a consequent Ca2+ influx through the 

channels, which mediates the release of neurotransmitters into the synaptic cleft and leads 

to the activation of receptors in the post-synaptic neuron (Purves et al., 2012). These 

receptors bind excitatory neurotransmitters in the post-synaptic membrane and open post-

synaptic ion channels, thus changing ionic conductance and producing excitatory post-

synaptic potentials or EPSPs. EPSPs alters the cell membrane conductance and increase 

the probability to fire action potentials in the post-synaptic neuron to propagate impulses 

that leads to consolidate memories (Purves et al., 2012). Thus, intracellular Ca2+, induced 

by the activation of NMDA receptors, is essential for short-term memory processing, while 

the Ca2+ influx through voltage-dependent Ca2+ channels induces excitatory post-synaptic 

potentials (EPSPs) that consolidates long-term memory (Ota, Monsey, Wu, & Schafe, 

2010).   

2.4. Current state of dementia research 

Dementia is a syndrome that refers to a severe decline of mental capacity. There is 

a significant increase in many age-related diseases, such as dementia and other cognitive 

disorders, largely attributed to an increase in human lifespan. While individuals over the 

age of 65 are prone to dementia (Hynd, Scott, & Dodd, 2004), this syndrome is not 

considered a normal result of aging and it is not exclusive to seniors because younger 

population can suffer from dementia as well (Baptista et al., 2016). 

The increasing incidence of 10 new cases of dementia every 24-h in Saskatchewan 

is mostly related to new cases of Alzheimer’s (AD) or Parkinson’s disease. These numbers 
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are significant due to the decrease of quality of life of the patient, and the burden of 

dementia imparts on both the healthcare system and economy. Currently, there are around 

500,000 Canadians living with dementia and 16,000 of them are under the age of 65 

(Alzheimer’s Society in Canada, 2018). According to the Government of Canada (2016), 

there is an immense burden on health care due to the high cost related to treatments and 

care of patients suffering from dementia. The combined Canadian health care system costs 

to treat dementia was over 10.4 billion in 2016, which is five-and-a-half times more 

expensive than the cost for people who do not have it. Due to the increasing prevalence, 

the Government of Canada (2016) expects that the cost will increase to over 16.6 billion 

by 2031. 

Symptoms of dementia comprise of memory loss, impairment in cognition and 

behavior. This reduces the quality of life of patients in both their daily activities and 

relationships. At the early stages, dementia can cause cognitive damage in individuals. 

Later, mild dementia can affect memory and behavior. Difficulty in decision-making, 

sudden changes in behavior and inability to communicate with others are commonly 

diagnosed in patients dealing with dementia. The symptoms increase in severity with time, 

and their progression depends on the type of dementia-related disease, and the patient’s 

physiology (MacGill, 2017). 

Dementia-related symptoms could be present in more than one disease. According 

to Román et al. (2002), Alzheimer’s disease (AD), vascular dementia, Lewy body disease, 

and Parkinson’s disease are the most common types of dementia. 
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2.5. Alzheimer’s disease 

Alzheimer’s disease (AD) is the most common type of dementia, which impacts over 

50 million people worldwide, and causes a progressive neurodegeneration of the central 

nervous system (CNS). AD has been usually attributed to the result of the accumulation of 

insoluble oligomers of a polypeptide known as Aβ. Aβ affects neuronal communication 

and produces significant neuronal cell death in the CNS.  According to Sperling et al. 

(2011), AD can be categorized into several different stages: 

- Early stage of AD: 

▪ Stage I: symptomatology is absent. Risks are identified according to 

family member’s clinical history. Aβ accumulation can be detected by 

Positron-emission tomography or PET amyloid imaging. 

▪ Stage II: Mild forgetfulness and confusion appears. Patients repeat 

questions and thoughts, forget decisions, plans, possessions, and 

familiar places gradually due to the synaptic dysfunction and a possible 

early neurodegeneration. 

- Mild stage of AD: 

▪ Stage III: Mental health becomes compromised. Inattention, memory 

loss and changes in behavior may occur. Patients may suffer from 

depression, insomnia, delusions, and their social abilities decrease. 

▪ Stage IV-V: Individuals suffer from a gradual deterioration of their 

memory and daily tasks become difficult. These stages are also known 

as mild cognitive impairment (MCI). 
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Moderate and severe stages of Alzheimer’s disease have also been reported (Chu, 

2012; Nelson et al., 2012) and described as follows: 

- Moderate Alzheimer’s disease: 

▪ Stage VI: patients lose their autonomy and need help with basic daily 

tasks, such as walking, speaking, swallowing, eating, or dressing up due 

to the progressive loss of motor skills. 

- Severe Alzheimer’s disease: 

▪ Stage VII: Final stage of AD. Patients suffer from total amnesia. Loss 

of speech and control of movements and facial expressions may result 

as a terminal stage of the patient. Patients may require full-time of 

medical care. 
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Figure 2.4. Healthy brain vs AD brain. An AD brain (right) is clogged with deposits of 

toxic Tau tangles and aggregations of Aβ that cause massive neuronal cell death and 

impairment of brain function. The brain is often shrunken, deeply folded and the 

hippocampus is absent due to the neurodegeneration. Illustration by Stacy Jannis. Image 

edited from the Alzheimer's Association, © 2007.  
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2.5.1. Genetic causes of Alzheimer’s disease 

AD has been studied as a multifactorial disease involving genetics, environmental 

factors and lifestyle. According to Cauwenberghe et al. (2016), more than 21 genetic risk 

loci are associated with late-onset AD (i.e. AD developed after age 65), including clusterin 

(CLU) sortilin-related receptor-1 (SORL1), ATP-binding cassette subfamily A member 7 

(ABCA7), and Bridging integrator 1 (BIN1). One of the autosomal dominant forms (i.e. 

dominant genes located in autosomes or non-sex chromosomes) of AD is apolipoprotein E 

(ApoE). ApoE facilitates the binding of lipids to cell membrane receptors to mediate the 

assembly of neuronal cytoskeletons and to stabilize mitochondrial function (Huang & 

Mahley, 2014). ApoE epsilon 4 (ApoE ε4) is a risk allele associated with late-onset AD 

and is found in 50% of diagnosed cases in the United States (Raber, Huang, & Ashford, 

2004). 

Besides mutations of the homologous genes PSEN1 and PSEN2, changes in the 

Amyloid Precursor Protein (APP) are strongly related to AD. PSEN1 and PSEN2 translate 

in proteins that are main components of ɣ-secretase, producing an abnormal cleavage of 

APP. Since APP is metabolized by α-, β-, and ɣ-secretases, genetic variations on APP, 

PSEN1, and PSEN2 genes impact the molecular mechanisms involved in the development 

of AD. Mutations in APP cause an imbalance in the ratio of Aβ40 and Aβ42, with 

preference for Aβ42, which is associated to AD disease progression (Cauwenberghe et al., 

2016; Vandersteen et al., 2012). While PSEN1 and PSEN2 mutations trigger autosomal 

dominant AD, ApoE is associated with both early-onset and late-onset AD.  
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Figure 2.5. Mutations in PSEN1 and PSEN2 produce abnormal cleavage of Aβ. Aβ is 

produced by the cleavage of β-secretase — on the C99 terminal of the amyloid precursor 

protein (APP) — and a subsequent cleavage made by γ-secretase that generates Aβ peptides 

of heterogeneous longitude. Aβ concentrations can be detected in the cerebrospinal fluid 

(CSF) and plasma, and its accumulation occurs by failures on its retrograde transportation 

(blue arrows). Such failures produce insoluble oligomers that trigger the pathophysiology 

of AD. Image from Washington University School of Medicine (2013). 
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2.5.2. Neurodegeneration in Alzheimer’s disease 

It is hypothesized that Aβ dyshomeostasis causes AD neurodegeneration. As 

reviewed by Selkoe & Hardy (2016), the Aβ hypothesis suggests that soluble Aβ oligomers 

1) decrease synapse efficiency, 2) inhibit long term potentiation, 3) cause 

hyperphosphorylation of Tau protein (i.e. neurofibrillary Tau tangles), and 4) produce 

neuritic dystrophy in neuronal cells. 

The damage of neurons occurs when Aβ misfold and bind together, forming Aβ 

oligomers, which are insoluble and impair neuron synapse and brain plasticity (Benilova, 

Karran, & De Strooper, 2012). Synapse failure and neuronal tissue loss lead to destruction 

of memory storing neural networks. In addition to the damage caused by Aβ, Tau is an 

intraneuronal protein that is also associated to AD. Tau supports the neuron structure and 

the transport of nutrients throughout the neuron axons, and it helps to stabilize neuronal 

microtubules (Jin et al., 2011). In AD, Tau is modified, hyperphosphorylated, and adopts 

an abnormal shape, which causes Tau to misfold and form tangles that hamper neurons 

function (Cauwenberghe et al., 2016). Misfolded Tau can spread across synapses, causing 

other normal Tau proteins in post-synaptic cells to also misfold, spreading the pathology 

across the brain.  

Both nano- and micro-concentrations of extracellular Aβ impair synapse function. 

This occurs by the inhibition of synaptic vesicle release, preventing the subsequent release 

of neurotransmitters and desensitizing receptors, such as NMDA receptors, on the post-

synaptic cell (Cirrito et al., 2005). Large Aβ oligomers — or amyloid derived diffusible 

ligands — have channel-like activity and structural features. These Aβ oligomers weaken 
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the cell membrane and alter neuron dielectric properties (i.e. electrical insulator properties 

that are polarized by an applied potential in the cell membrane) (Lal, Lin, & Quist, 2007). 

In normal brain physiology, Aβ is usually produced in picomolar (~200-1000 pM) 

(Garcia-Osta & Alberini, 2009) and nanomolar concentrations (< 14 nM) (Sengupta et al., 

2003), and it has been demonstrated that such concentrations are important for learning 

and memory processing (Garcia-Osta & Alberini, 2009; Puzzo et al., 2011b). Previous 

evidence has suggested that inhibition of endogenous Aβ disrupts short- and long- term 

memory, supporting that Aβ might mediate memory consolidation (Garcia-Osta & 

Alberini, 2009). Lal et al. (2007) have reviewed that the Aβ degenerative effects occur by 

the formation of ion channel-like structures that cause loss of ionic homeostasis. In vitro, 

the neuronal degeneration may take place within 20 minutes after the addition of Aβ 

peptides. This short time does not allow Aβ to form globular or fibrillar amyloids yet. As 

Lal et al. (2007) have shown, the use of antibodies, as well as pharmacological agents, such 

as physalemin and zinc, might prevent Aβ toxicity by acting as Ca2+ channel antagonists 

when the depolarization event on the post-synaptic cell occurs.  

Aβ isoforms, such as Aβ40 and Aβ42, are derived from the amyloidogenic pathway. 

Aβ40 and Aβ42 differs from two extra residues at the C-terminus and both have been 

widely investigated because they aggregate easily and are often found in AD patient’s 

plaques. It has been hypothesized that the presence of Aβ42 produces a toxic influx of Ca2+ 

into post-synaptic cells, triggering neuronal cell death. Lal et al. (2007) have described that 

noncompetitive antagonists of the NMDA receptor, such as MK801, do not prevent Aβ42 

toxicity, and greater concentrations of Aβ42 increased the frequency of extracellular Ca2+ 
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waves detected by laser confocal microscopy. Therefore, it is believed that abnormal Ca2+ 

influx causes neurotoxicity.  

Other Aβ isoforms, like Aβ37 and Aβ38, have been found in cases of sporadic and 

familial AD due to APP and PSEN mutations (Makowski, 2009; Reinert et al., 2014). Aβ38 

is also considered a less toxic form of Aβ that is produced when γ-secretase inhibitors 

modulate APP cleavage in AD experimental models in vitro (Pettersson, Stepan, 

Kauffman, & Johnson, 2013; Van Broeck et al., 2011; Wolfe, 2012). However, it is relevant 

to investigate the Aβ38 effect on neuronal cells to support such observations. 

2.6. Other types of dementia 

2.6.1. Vascular dementia 

Vascular dementia is caused by intracranial stenosis (i.e. narrowing of blood 

vessels) and/or strokes, and it includes diverse cerebrovascular disorders and 

hemodynamic mechanisms, such as arteriole occlusion, small vessel disease, and embolic 

events (Erkinjuntti et al., 2000). The hypoperfusion or reduction of the blood flow of 

common carotid arteries that keep main connections with the thalamocortical system 

deteriorates the mental ability of patients, causing forgetfulness and gait disorders. The 

symptomatology of vascular dementia varies and depends on the distribution of white-

matter lesions (Erkinjuntti et al., 2002).  

2.6.2. Lewy body disease  

Lewy body disease occurs when pathological structures, known as Lewy bodies, are 

present in the brain. Lewy bodies are constituted by the alpha-synuclein protein, which 

facilitates synaptic plasticity by releasing neurotransmitters, like dopamine. (Bendor, 
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Logan, & Edwards, 2013). Lewy body disease produces changes in behavior; motor and 

cognitive damage. Their symptoms include memory loss, hallucinations, inattention, 

movement problems and muscle rigidity. Its diagnosis is frequently confused with 

Parkinson’s disease or AD because of its similar symptomatology. 

2.6.3. Parkinson’s disease 

Parkinson’s disease results from the loss of dopaminergic neurons (i.e. neurons that 

produce dopamine) in the substantia nigra. Dopamine-secreting neurons form connections 

to the putamen and the caudate nucleus that constitute the basal ganglia. Impairment of 

these neurons disable individuals to control their muscle movements. Parkinson's disease 

is characterized by tremors, muscle stiffness and gait problems. Secondary symptoms may 

include anxiety, depression, and confusion. Parkinson’s hinders the function of neural 

tissues and cause the progressive death of neurons.  

There are some treatments that slow the degeneration of the brain. Current 

treatments involve Levodopa to counteract the lack of dopamine in the brain. The structure 

of levodopa allows this therapeutic drug to enter the brain through amino acid transporters 

that carries Levodopa to dopaminergic neurons, which use it to synthetize dopamine. 

However, its limited absorption and short biological life (i.e. time for the drug to be 

removed by biological process) lead to a discontinuous stimulation of dopamine receptors 

that cause dyskinesia (i.e. involuntary movements) and other problems (Katzenschlager, 

2014). Therefore, restoring function of the damaged zones with current treatments is not 

possible so far.  
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2.7. Dorsal root ganglion neurons 

This study used dorsal root ganglion (DRG) neurons to assess the effects of Aβ on 

peripheral neurons and demonstrate whether Aβ exclusively impacts central nervous 

system neurons.   

Dorsal root ganglion (DRG) neurons are cluster of neuronal cells of the peripheral 

nervous system, which are found in paired structures between adjacent vertebrae (Squire, 

2009). DRG neurons follow a pseudo-unipolar structure, which is defined by the soma, or 

cell body, typically with few dendrites, and a longer process, consisting of an axon, with 

two extensions. Their axon sends the sensory information from the distal process to the 

proximal process — or synaptic terminal — in the posterior horn of the spinal cord. 

DRG neurons are known as afferents neurons and are related to nociception (i.e. 

sensory system to pain stimuli). There are different types of nociceptors in the posterior 

dorsal root ganglions, which have characteristic thresholds or sensitivities (Julius & 

Basbaum, 2001). When such thresholds are reached by currents evoked by external stimuli, 

DRG neurons activate by mechanically-gated and ligand-gated receptors located in the cell 

membrane. When DRG cell membrane receptors are activated, Ca2+ influx enters the cell 

producing an increase in the membrane potential to reach the required threshold and 

produce a depolarization event that fires action potentials to transmit the signal from the 

periphery to the CNS.  
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3. Hypothesis 

If all kinds of Aβ isoforms inhibit neuronal networks in the central nervous system 

(CNS) triggering the neurodegeneration in AD, the treatment of neurons with Aβ42 and/or 

Aβ38 should decrease the electrical activity and cell size of CNS neurons only. 

4. Objective and Aims 

The main objective of this study is to demonstrate the effect of Aβ42 and Aβ38 

peptides on the electrophysiology and morphology of primary hippocampal neurons and 

dorsal root ganglion neurons by measuring their current profiles and neuronal cell size. The 

effect is demonstrated to elucidate the interaction that Aβ has on neuronal cells and provide 

a guidance in the possible mechanisms that trigger AD.  

4.1. Specific aims 

4.1.1. SA1: Neuronal cell culture techniques:  

To perform techniques of dissection of neuronal tissue, isolation and maintenance of 

the viability of neuronal cell cultures. 

- To dissect murine hippocampi and dorsal root ganglia to isolate neurons from the 

central and peripheral nervous system. 

- To differentiate neural stem and progenitor cells into astrocytes to produce growth 

factors in vitro and prepare a neuroprotective media for primary neurons exposed 

to Cytosine-B-arabinoside hydrochloride (ARA-C). 

- To develop amyloid-beta-induced toxicity of primary cultures of isolated dorsal 

root ganglion (DRGs) and hippocampal neurons. 
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- To maintain the viability of primary neurons after the addition of toxic Aβ38 and/or 

Aβ42 peptides in the cell culture media. 

4.1.2. SA2: Electrophysiology 

To perform patch clamp techniques in whole-cell and outside-out configuration to 

demonstrate the physiological effect of Aβ, e.g. Aβ38 and Aβ42, on hippocampal and 

DRG neurons in terms of current profiles and cell membrane capacitance. 

- To assess the effect of Aβ peptides on both central and peripheral nervous system 

neuronal cells, by removal, concentration and time of exposure to Aβ. 

- To analyze the effect of Aβ-induced toxicity of primary neurons in terms of 

representative traces of membrane current profiles recorded from hippocampal and 

DRG neurons by voltage-clamp electrophysiology at 0 and 20 mV. 

- To indicate the electrochemical effect of Aβ38 and Aβ42 treatments through the 

recording of the current profile of hippocampal and DRG neurons after voltage 

stimulation.  

4.1.3. SA3: Morphological characterization 

To identify the shape, appearance, and size of hippocampal and DRG neurons after 

the exposure and removal of Aβ peptides. 

- To assess the immunocytochemistry study of neurons to visualize the nucleus, 

soma, and processes by using specific antibody labeling and epifluorescence 

microscopy. 

- To develop imaging processing techniques to measure neuronal cell sizes in terms 

of the diameter and area of soma and nucleus.  



23 

 

5. Materials and methods 

5.1. Cell culture techniques 

5.1.1. Dissection of hippocampal tissue 

Experiments were conducted in conformity with the protocols and guidelines 

approved by the President's Committee on Animal Care (PCAC) at the University of 

Regina. Cultured hippocampal neurons were isolated from Adult C57BL/6 mice (~ 1 year 

old). 1-year-old mice were used in order to isolate neurons from long-lived murine models. 

In brief, mice were euthanized by cervical dislocation and decapitation. Murine brain was 

placed in a 60 x 15 mm petri dish containing Phosphate-buffered saline (PBS) and 4 % of 

Penicillin/Streptomycin (Pen/Strep) (Gibco, #15070-063). A coronal cut was performed to 

detach the cerebellum and the olfactory bulb from the brain. The hemispheres were divided 

by a sagittal cut and each hemisphere was placed in a ventral view. Gently, the cortical 

hemisphere was peeled until exposing and removing the hippocampus. After the 

hippocampal tissue was extracted, it was collected in a 15 mL Falcon tube to carry out the 

dissociation of the tissue. 

5.1.2. Dissection of DRG tissue 

Experiments were conducted in conformity with the protocols and guidelines 

approved by the President's Committee on Animal Care (PCAC) at the University of 

Regina. Cultured DRG neurons were isolated from Adult C57BL/6 mice (~ 1 year old ). In 

brief, mice were euthanized by cervical dislocation and decapitation. The dissection of the 

spinal cord was performed by cutting down the mid-line from the base of the skull to the 

femurs. The spinal cord was removed and placed in a 100 x 15 mm petri dish containing 
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PBS and 4 % of Pen/Strep. Extraction of desired dorsal root ganglion tissue was achieved 

by pulling the visible roots out from the both sides of the spinal cord. After the DRG tissue 

was extracted, it was collected in a 15 mL Falcon tube to carry out the DRGs dissociation 

and mechanical separation of the DRG neurons. 

5.1.3. Isolation of hippocampal and DRG neurons 

Dissected hippocampi or DRGs were washed 3 times in PBS containing 4 % of 

Pen/Strep, and incubated in sterile 25 mg/mL collagenase solution for 1-h at 37 °C. After 

the first 30 min, tissue was triturated with a fire-polished 1000 µL Pasteur pipette to 

dissociate the tissue into individual cells. After incubation, the supernatant, containing 

neurons in suspension, was collected in a new Falcon tube. Stock media was added to cells 

in suspension to top to 5 mL for further centrifugation (200 rcf for 2 min). The cell pellet 

was resuspended in hippocampal or DRG media respectively. Remaining tissue was placed 

back at 37 °C for 30 min. Tissue was then mechanically triturated as described previously. 

After dissociation, 9 mL of stock media was added to stop digestion and tissue was placed 

at 4°C for 10 min to stop digestion. Supernatant, containing cells in suspension, was 

combined with the cells set aside. Centrifugation was performed (200 rcf for 2 min). After 

centrifugation, cell pellet was resuspended in hippocampal/DRG neurons media, 

respectively. Hippocampal neurons media contained stock media and 15% FBS, 

supplemented with 800 µL B27 vitamin supplement (50 X) (Gibco #12587-010, Thermo 

Fisher) and 400 µL N-2 Supplement (100X) (Gibco, #17502048). DRG neurons media 

consisted of stock media and 5% Fetal Bovine Serum (FBS) (Gibco #12483-020, Thermo 

Fisher), supplemented with 800 µL B27 vitamin supplement (50 X) (Gibco #12587-010, 

Thermo Fisher). 
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Hippocampal and DRG neurons were plated onto Matrigel-coated (0.5 mg/mL) 25 

mm x 25 mm square coverslips previously sterilized with ethanol 70 % v/v. Cells were left 

overnight on coverslips to allow their adhesion to the substrate. 10 mL of hippocampal or 

DRG neurons’ media was added the day after dissections.  

5.1.4. Hippocampal neuronal cell culture 

Hippocampal neuronal cell cultures were maintained at 37 °C under a humidified 

5 % CO2 / 95 % air atmosphere. Hippocampal neurons media was changed every 3-4 days 

thereafter to remove waste and refresh nutrients in culture media. 50 μM Cytosine-B-

arabinoside hydrochloride (ARA-C) was added on the fourth or sixth day to reduce 

microglial proliferation in cell cultures. Intentionally, some microglia remained in the 

culture for neuronal cells survival and maintenance. Complete media change was 

performed after 24-h of ARA-C treatment. In hippocampal neuronal cell cultures, the 

media was replaced by half hippocampal neuronal cell media and half astrocyte 

conditioned media. Partial media changes were used to refresh nutrients and dispose waste 

every 3-4 days thereafter. Observations of primary neuronal cell cultures were performed 

daily. 

Hippocampal neuronal cell cultures (Figure 5.1:A) were used one week after 

isolations. Primary hippocampal neurons were used after reaching a confluency of 30 -  

40%. Primary hippocampal neurons were identified due to their pyramidal structure 

composed of a defined soma and short but numerous processes. Microglia was not 

completely removed due to its role in mediating neuronal survival in vitro. 
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5.1.5. DRG neuronal cell culture 

DRG neuronal cell cultures were maintained at 37°C under a humidified 5% CO2 / 

95% air atmosphere. DRG neuronal cell media was changed every 3-4 days thereafter to 

remove waste and refresh nutrients in culture media. 50 μM Cytosine-B-arabinoside 

hydrochloride (ARA-C) was added on the fourth or sixth day to reduce proliferating cells, 

e.g. fibroblasts, in cell cultures. Complete media change was performed after 24-h of ARA-

C treatment. In DRG neuronal cell cultures, ARA-C media was replaced by DRG media 

after 24-h. Partial media changes were used to refresh nutrients and dispose waste every 3-

4 days thereafter. Observation of DRG primary neuronal cell cultures was performed daily.  

DRG neuronal cell cultures (Figure 5.1:B) were used one week post isolations, after 

reaching a confluency of 70 – 80%. DRG neurons followed a pseudo-unipolar structure 

(Error! Reference source not found.), which was identified by observing the soma, and 

a long process with two extensions as an axon.  

  



27 

 

 

Figure 5.1. Primary neuronal cells cultured in vitro. Representative images of 

hippocampal neuronal cells (A) and DRG neuronal cells (B) were observed under the 

Nikon Eclipse Te-2000-s inverted microscope. Images were captured using a S8 SM-

G950F camera. Scale 100 μm. 

  

A 

B 
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5.1.6. Neural stem and progenitor cells isolation 

After cervical dislocation, subventricular zones were dissected to collect the white 

matter containing neural stem and progenitor cells (NSPCs). Dissected subventricular 

zones were washed once in 5 mL of phosphate-buffered saline (PBS) containing 4 % of 

Penicillin Streptomycin (Pen/Strep), and incubated in 2 mL of sterile solution of 25 mg/mL 

collagenase for 1 h at 37 °C. After 30 min of incubation, a fire-polished 1000 µL Pasteur 

pipette was used to dissociate the tissue into individual cells. After incubation, the 

supernatant, containing NSPCs in suspension, was collected in a new Falcon tube. Stock 

media, containing equal volume of Dulbecco's Modified Eagle's Medium (DMEM) (Gibco 

#11995-065, Thermo Fisher) and F-12 HAMS nutrient mixture (Gibco BRL #11765-054, 

Life Technologies), supplemented with 30 % glucose, 1 % Pen/Strep, 2 mM glutamine, 

and 4 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid to buffer the culture 

medium (HEPES) (Sigma Aldrich #H4034-100G) was added to cells in suspension to top 

to 5 mL for further centrifugation (200 rcf for 2 min). The cell pellet was resuspended in 

NSPCs working media, containing stock media supplemented with 20 ng/mL EGF (Gibco 

#PHG0313, Thermo Fisher), 20 ng/mL FGF-Basic (AA 10-155) Recombinant Human 

Protein (Gibco #PHG0024, Thermo Fisher), 0.5 mg/mL heparin (Sigma Aldrich 

#1001352521), and 2 % B27 vitamin supplement (50 X) (Gibco #12587-010, Thermo 

Fisher). Remaining tissue was placed back at 37 °C for 30 min. After second incubation, 

tissue was mechanically triturated using a 1000 µL Pasteur pipette. After dissociation, 9 

mL of stock media was added to stop digestion and tissue was placed at 4°C for 10 min to 

stop digestion. Supernatant, containing cells in suspension, was combined with the cells 
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set aside. Centrifugation was performed (200 rcf for 2 min). After centrifugation, cell pellet 

was resuspended in NSPCs working media. NSPCs were plated onto Matrigel (Corning 

#354230, Life Sciences) - coated petri dish (0.5 mg/mL). NSPCs were incubated overnight 

to ensure their attachment to the substrate. Media was aspirated the next day, and NSPCs 

were incubated at 37°C with 3 mL of Tryple Express Enzyme (1X), phenol red (Gibco 

#12605028, Thermo Fisher) (Tryple E) to detach NSPCs from the surface. Petri dish was 

mechanically disturbed and observation of NSPCs detachment was ensured using a Nikon 

Eclipse Te-2000-s inverted microscope at 200 x total magnification. After cell detachment, 

4 mL of stock media was added for NSPCs collection and centrifugation was performed 

(200 rcf for 2 min). Cell pellet was resuspended in NSPCs working media and NSPCs were 

plated into T25 flasks in a density of 500,000 cells / 5 mL. 

5.1.7. Neural stem and progenitor cells culture 

NSPCs culture was maintained at 37°C under a humidified 5% CO2 / 95% air 

atmosphere. NSPCs media was changed by splitting cells every 4 days thereafter. NSPCs 

were split to stimulate their growth, renovate media nutrients, break neurospheres to 

prevent hypoxia conditions for the enclosed cells in big clusters, and to discard waste as 

well. To split NSPCs, NSPCs in suspension was collected from T25 flasks for further 

centrifugation (200 rcf for 2 min). NSPCs pellet was resuspended in 1 mL of Tryple E and 

incubated at 37 °C for 15 min. After the first 7 min, neurospheres were mechanically split 

with a 1000 µL Pasteur pipette. After incubation, 5 mL of stock media was added and cells 

were centrifugated (200 rcf for 2 min). NSPCs were resuspended in NSPCs working media 

and plated in T25 flasks. 
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5.1.8. Development of a neuroprotective astrocyte conditioned media 

In order to maintain the viability of hippocampal neuronal cell cultures after ARA-

C treatment, an astrocyte conditioned media (ACM) was harvested by extracting growth 

factors produced after neural stem and progenitor cells’ (NSPCs) differentiation. 

NSPCs culture was maintained until reaching a consistent NSPCs viability and 

confluency of 70%. Passages were obtained after splitting NSPCs every 4 days to change 

media and break neurospheres in individual stem and progenitor cells. Confluent NSPCs 

(~ 500,000 cells) were plated onto a Matrigel coated dish, and NSPCs working media 

containing 4 % FBS was added. NSPCs P4 differentiated into astrocytes 24-h after the 

addition of FBS. NSPCs were turned into astrocytes to prepare a neuroprotective media for 

primary hippocampal neuron cultures exposed to 24-h of ARA-C treatment. NSPCs 

passage 4th were differentiated into astrocytes by adding 4 % FBS to NSPCs working media 

culture. Astrocyte conditioned medium (ACM) was harvested after one day of 

differentiation and filtered using a sterile syringe filters with a pore size of 0.2 um. ACM 

was collected 24-h post NSPCs differentiation and filtered to protect against 

microorganisms that could impact or contaminate the neuronal cell culture. ACM was 

stored at 4°C, and provided to neurons in a media containing equal volume of ACM and 

hippocampal neurons media, containing stock media supplemented with 2% B27 vitamin 

supplement (50 X) (Gibco, #12587-010), 1 % N-2 Supplement (100X) (Gibco, 

#17502048), and 14 % Fetal bovine serum (FBS) (Gibco, #12483-020). Neurospheres 

(Figure 5.2:A), monolayer NSPCs (Figure 5.2:B), and astrocytes (Figure 5.2:C), were 

observed and identified by visual changes in their appearance. The spherical shape of 

NSPCs was different to the remarkable heterogeneity of astrocytes cell body. 
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Figure 5.2. Neuronal stem and progenitor cell cultures. Neurospheres (A), NSPCs as 

monolayer cells (B) and astrocytes (C) were observed under the Nikon Eclipse Te-2000-s 

inverted microscope. Scale 200 um. Representative zoom image was captured using a S8 

SM-G950F camera. 

A 

B 

C 
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5.2. Aβ experiments 

5.2.1. Aβ experimental media 

In order to assess the effect of Aβ38 and Aβ42 on hippocampal and DRG neurons, 

primary neuronal cell cultures were exposed to Aβ38 and Aβ42. To prepare the Aβ 

conditioned media, aliquots of Aβ38 and Aβ42 peptides were prepared in 

hexafluoroisopropanol (HFIP) buffer and stored at -20°C. When used, Aβ aliquots were 

thawed, and HFIP buffer was evaporated using a 1000 µL Pasteur pipette connected to a 

vacuum system in a biosafety cabinet level II. The reduction of volume and change in color 

from transparent to opaque were observed as indicators of HFIP evaporation. Then, a stock 

solution of 221 μM Aβ was prepared to be diluted to a final concentration of 50 nM Aβ in 

hippocampal or DRG neurons media. Hippocampal and DRG neurons media were replaced 

by 50 nM Aβ media and cultures were maintained at 37°C under a humidified 5 % CO2 / 

95 % air atmosphere for 24-h before any electrophysiological or morphological 

assessment.  

  



33 

 

5.2.2. Effect of Aβ42 and Aβ38 in hippocampal neurons 

In order to assess the effect of Aβ on neuronal cell cultures, hippocampal neurons 

were exposed to Aβ42 and/or Aβ38, which were two factors of the experimental design, as 

described in Table 5.1. Conditions, such as concentration (50 nM), type of cell 

(Hippocampal neurons) and acute time (24-h) was controlled as fixed paraments. 

5.2.3. Effect of Aβ removal on hippocampal neurons 

In order to test the effect of Aβ-removal on neuronal cell cultures, hippocampal 

neurons were exposed to Aβ-treatments for 24-h and media was removed 24-h later (Table 

5.2). The experimental design consisted on three factors (Aβ42, Aβ38 and Aβ removal). 

Conditions, such as concentration (50 nM), type of cell (hippocampal neurons) and acute 

time (24-h) were controlled as fixed paraments. 
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Table 5.1. Aβ treatments on hippocampal neurons. Aβ42 and Aβ38 were added at 50 

nM on hippocampal neuronal cell media for 24-h to assess the effect of Aβ peptide on 

primary neuronal cell cultures. 

Aβ treatment Aβ42 (nM) Aβ38 (nM) 

Control 0 0 

Aβ42 50 0 

Aβ38 0 50 

Aβ42/38 50 50 
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Table 5.2. Aβ removal effect on hippocampal neurons. Aβ42 and Aβ38 were added at 

50 nM on hippocampal neuronal cell media for 24-h, and Aβ treatments were removed 24-

h later to assess the effect of Aβ removal on primary neuronal cell cultures. 

Aβ treatment Aβ42 (nM) Aβ38 (nM) Removal 

Control 0 0 no 

Control-removal 0 0 yes 

Aβ42 50 0 no 

Aβ42-removal 50 0 yes 

Aβ38 0 50 no 

Aβ38-removal 0 50 yes 

Aβ42- Aβ38 50 50 no 

Aβ42- Aβ38-removal 50 50 yes 
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Figure 5.3. Hippocampal neuronal cell cultures post Aβ treatments. Control (A1, A2) 

of hippocampal neurons, Aβ42 (B) and Aβ38 (C) experimental groups. Scale 100 μm 
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5.2.4. Aβ effect on DRG neurons 

In order to evaluate the effect of Aβ on non-central nervous system cells, DRG 

neurons were exposed to Aβ treatments, consisting of combinations of Aβ42 and Aβ38 

peptides as described in Table 5.3. Conditions, such as concentration (50 nM), type of cell 

(DRG neurons) and acute time (24-h) were controlled as fixed paraments. The effects of 

Aβ removal on DRG neurons’ electrophysiology and morphology were also tested in a 

one-way factor experimental design, which measured significant differences between Aβ 

treatments on DRGs after 24-h of exposure. Conditions, such as concentration (50 nM), 

type of cell (DRG neurons) and acute time (24-h) was controlled as fixed paraments. 
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Table 5.3. Aβ treatments on DRG neurons. Aβ42 and Aβ38 were added at 50 nM on 

DRG neuronal cell media for 24-h to assess and media was removed 24-h later to assess 

the effect of Aβ peptides on primary neuronal cell cultures. 

Aβ treatment Description 

Control Negative control 

Aβ42 50 nM Aβ42 

Aβ42-removal Removal of Aβ42 

Aβ38 50 nM Aβ38 

Aβ38-removal Removal of Aβ38 

Aβ42-Aβ38 Aβ38 after 24-h of Aβ42 
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5.3. Electrophysiology 

5.3.1. Nystatin perforated-patch clamp electrophysiology 

The electrophysiological effect of Aβ38 and Aβ42 on hippocampal and DRG 

neurons was assessed by Nystatin perforated-patch clamp techniques. This study used 

Nystatin perforated-patch clamp electrophysiology because nystatin forms pores in the cell 

membrane that prevent Ca2+ movement. By avoiding the disruption of Ca2+ systems, it is 

possible to measure the cell electrophysiology without disturbing intracellular mechanisms 

that occur in the conventional whole-cell mode of patch clamping (Akaike & Harata, 1994).  

With patch clamp electrophysiology, the patch between a glass pipette – containing 

a recording electrode – and a single neuronal cell membrane was performed. For all patch 

clamp recordings, glass electrodes with filaments (borosilicate glass capillaries # 1B150-

4, glass, World Precision Instruments, Sarasote, FL, USA) were pulled on a laser puller 

(PC-10, Narishige Scientific Instruments, Tokyo, Japan) with a ~7 MΩ resistance. The 

electrodes were back-filled with internal solution (IRS; in mM: 5 NaCl, 135 KCl, 2 CaCl2, 

10 HEPES, 250 – 500 ug / mL Nystatin, pH 7.2). The external recording solution (ERS) 

contained in mM: 135 NaCl, 5 KCl, 2 CaCl2, 2 MgCl2, 10 glucose, 10 HEPES; pH 7.4. 

This study involved a method by which the pipette tip was briefly dipped in IRS and air 

bubbles were removed by gently flicking the pipette. A Scientifica MicroStar 

Micromanipulator was used to control the movements of the recording electrode.  

When the glass pipette was in contact with the neuronal cell membrane, a perforated 

patch was performed by applying a negative pressure in the microelectrode. This pressure 



40 

 

was generated with a suction system connected to the Scientifica MicroStar 

Micromanipulator.  

Recordings were taken when the resistance between the cell membrane and the 

glass pipette reached a giga ohm (GΩ) of magnitude (hereafter called gigaseal). The 

micromanipulator was attached to the Zeiss Axiovert 200M inverted microscope at 20 x 

magnification, which sits on an antivibration table. The electrophysiological set up was 

isolated in a Faraday cage. An AxoPatch 200B Capacitor Feedback Patch Clamp Amplifier 

(Axon Instruments) coupled with an Axon Digidata 1550 low-noise data acquisition 

system was used for data acquisition and filtration performed with a low-pass 5-kHz filter 

in Clampfit - Clampex 10.7 software (Molecular Devices, Sunnyvale, CA, USA). A digital 

oscilloscope and monitor were used to display the recordings in real-time.  

The series resistance was compensated, and junction potentials were cancelled in 

all the experiments. Following a voltage clamp protocol, cells were held at -60 mV and 

step depolarized to the indicated test potential (between -80 and +100 mV with a ranged 

voltage stimulation of 20 mV) for 50 ms and sampled at a frequency of 1000 Hz. Gigaseal 

was formed between the neuronal cell and the recording electrode inside the glass pipette. 

The membrane capacitance (Cm) was recorded and used to normalize the whole-cell 

currents by cell size; the membrane resistance (Rm) was maintained as a gigaseal (GΩ), 

and current leaks were tolerated only below ± 5 pA during all experiments to ensure a 

proper seal that keeps the voltage constant while recording current variations. 

By voltage clamp, any deviation from the holding membrane potential was 

compensated by an ionic current over the cell membrane (i.e. ions passing through the cell 

membrane to clamp membrane potential to a specific command voltage or holding 
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potential). Due to the repeated physiological stability of primary neurons, this experiment 

clamped the command voltage at 20 mV to measure the current profile of neurons at a 

determined potential. Representative current of neurons was normalized according to the 

cell capacitance by obtaining a robust current density in terms of current over capacitance 

(pA/pF). This current density of hippocampal and DRG neurons was measured after Aβ 

peptide exposure and posteriorly analyzed in terms of mean I–V curves of steady-state 

currents.  

Data was analyzed offline in Clampfit and Clampex 10.7 software (Axon 

Instruments), which compared the response of the hippocampal and DRG neurons exposed 

to Aβ. All electrophysiological data are expressed in boxplots containing lines at first 

quartile (top line of the boxplot), the median, and the third quartile (the bottom horizontal 

line) of the data set. Mean and standard deviation are showed as dotted lines. Whiskers 

show the upper and lower fence respectively. Statistically significant results are attained 

when the p.value is lower than 0.05.  
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5.4. Immunocytochemistry 

Morphological characterization of hippocampal and DRG neurons was performed by 

immunocytochemistry techniques and posterior imaging processing. Immunocytochemical 

study was performed to visualize specific protein expression on the soma, nuclei and 

processes of neurons. First, the media on neurons plated onto Matrigel – coated coverslips 

was gently removed by using a 10 mL pipette and three gentle washes of 1 x – PBS. 

Neurons were fixed in 4% Paraformaldehyde (PFA) (10 min at room temperature (RT). 

Any excess of PFA was washed three times in 1 x – PBS. Blocking solution, based on 1 x 

– PBS, 1% Bovine Serum Albumin (BSA), 0.1% Triton X, and 0.3% glycine, was added 

and removed after 30 min. A primary antibody ab 4680 was used in a dilution factor of 

1:500 (2 h at RT). Excess of primary antibody was washed three times with blocking 

solution (5 min each washing). A secondary antibody ab 175466 was used in a dilution 

factor of 1:1000 (1 h at RT). Any excess of the secondary antibody was washed three times 

with blocking solution (3 min each washing) to prevent background on the final staining. 

A small drop of Fluoroshield™ with DAPI (#GTX30920, GeneTex) as dropped on the 

slide and a clean coverslip was top on the top of the glass slide, and the fixed and stained 

neurons were left overnight at RT for further visualization.  
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5.4.1. Immunocytochemistry of hippocampal neurons 

Hippocampal neurons were identified by immunocytochemistry (ICC). Labeling of 

murine hippocampal neurons was performed with NF 1:500 antibody. Fluoroshield with 

DAPI histology mounting medium allowed the identification of nuclei of hippocampal 

neurons. A negative control was included in the ICC experiment to ensure the specificity 

of the primary antibody on neuronal cells. ZEN 2.6 (blue edition) software was used for 

observation and imaging processing of micrographs. 

5.4.2. Immunocytochemistry of DRG neurons 

DRG neuronal cells were identified by ICC. Labeling of murine DRG neurons was 

performed with NF 1:500 antibody. The ICC study included a negative control to ensure 

the specificity of NF 1:500 antibody. Fluoroshield with DAPI histology mounting medium 

successfully stained DRG neuronal nuclei. ZEN 2.6 (blue edition) software was used for 

DRG neurons identification and imaging processing of micrographs. 

5.4.3. Imaging processing 

Images obtained from immunocytochemistry were processed by Zen. Shape of cell 

body was visualized, and processes of cells were observed. Neurons size was determined 

by measuring the diameter and area of the body and nucleus of hippocampal and DRG 

neurons. In addition, Image J was used for analysis and cell counting post Aβ treatments. 
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5.5. Statistical analysis 

Analysis was performed using R software version 3.5.3. Data are expressed as mean 

± standard deviation of the mean (SD). Boxplots show the first quartile (top line), median, 

and third quartile (bottom horizontal line) of the data set. Mean and standard deviation are 

showed in the mid dotted line and diamond respectively. Whiskers present the upper and 

lower fence of the data set calculated as follows: 

𝑈𝑝𝑝𝑒𝑟 𝑓𝑒𝑛𝑐𝑒 = 𝑄3 + 1.5 ∙ 𝐼𝑄𝑅 

𝐿𝑜𝑤𝑒𝑟 𝑓𝑒𝑛𝑐𝑒 = 𝑄1 − 1.5 ∙ 𝐼𝑄𝑅 

Where 𝑄1 and 𝑄3 refers to the first (lower) and third (upper) quartile and 𝐼𝑄𝑅 is 

the interquartile range (𝑄3 – 𝑄1). 

Statistical comparison between Aβ treatments (Aβ42, Aβ38, and Aβ42/38) and their 

removal were assessed by Generalized Linear Models (GLMs) due to their functional form 

to: understand their non-parametric statistical distributions without further transformations 

and accept data as independently distributed; predict the minimum mean squared error; 

provide relationships (i.e. associations) between Aβ treatments; have the ability to include 

several levels of interests, such as the different cell lines isolated from different mice, 

different Aβ isoforms, and differences in cell size variables, such as diameter (μm) and 

area (μm2), which impact on the data of the electrophysiology and morphology of 

hippocampal and DRG neurons. Wilcoxon Rank Sum tests (p. < 0.05) were performed to 

determine significant differences between the Aβ experimental groups because of their 

capability to consider multiple factors, such as the presence of two Aβ peptides (Aβ42, 

Aβ38), and the removal of Aβ in the experiment.  
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6. Results 

6.1. Neuronal cell cultures: characterization prior and subsequent to Aβ 

50 nM Aβ42 and Aβ38 were added to primary neuronal cell cultures prior to any 

measurement. My results found that both hippocampal and DRG neuronal cells were 

impacted by the presence of 50 nM Aβ in terms of viability, cell size and presence of 

neuronal processes. Both Aβ42 (Figure 6.1:B and Figure 2.2:B) and Aβ38 (Figure 6.1:D 

and Figure 6.2:D) decreased the number of viable cells attached to the surface, and a 

notable processes contraction was observed in all Aβ experimental groups. Aβ42 caused 

minimal neuronal cell survival, irregular shape and smaller granular soma of neuronal cells 

in comparison to Aβ38 experimental groups. 
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Figure 6.1. Number of hippocampal neurons decreased after Aβ exposure. Control 

(A1, A2), Aβ42 (B), Aβ42-removal (C), Aβ38 (D), and Aβ38-removal (E) experimental 

groups are shown. Decrease in cell size and neuronal cell survival were observed and 

analyzed (ImageJ) after Aβ treatments.  
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Figure 6.2. Number of DRG neurons decreased after Aβ exposure. Control (A1; A2) 

of DRG neurons, Aβ42 (B), Aβ42-removal (C), Aβ38 (D), and Aβ38-removal (E), 

experimental groups. Decrease in cell size and neuronal cell survival were observed and 

analyzed (ImageJ) after Aβ exposure. Scale 100 μm. 
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6.2. Electrophysiology of neuronal cells 

6.2.1. Electrophysiology of neuronal cells in vitro 

A Nystatin perforated voltage clamp electrophysiology was assessed on hippocampal 

and DRG neurons grown in vitro in order to measure the effect of Aβ on the 

electrophysiology of neuronal cells without disturbing Ca2+ mechanisms. 

Current responses of hippocampal and DRG neurons were analyzed at + 20 mV, and 

it was found a resting membrane potential of -80 mV in the summarized plots of current 

(pA) vs voltage (mV) of neuronal cells and representative plots of current density (pA/pF) 

vs voltage. Representative IV-plots showed a linear increase of current vs voltage, 

indicating that a higher voltage stimulation produces a greater response in current profiles 

(Figure 6.3 and Figure 6.4). There were no significant differences between the cell 

membrane capacitances of hippocampal and DRG neurons of the different treatments as 

was supported by the generalized linear models (Table 12.6, Table 12.7, APP 12.4.1). 

During voltage-clamp experiments, the membrane potential changed in response to 

changes in voltage holding levels. Therefore, there was a linear increase of the current vs 

voltage in both hippocampal (Figure 6.3: B,F) and DRG neurons (Figure 6.4: B,F). 
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Figure 6.3. Patch clamp electrophysiology of hippocampal neurons grown in vitro. 

Current (pA) vs voltage (mV) of hippocampal neurons grown for 7 days (A, E), the current 

density (pA/pF) vs voltage (mV) (B, F), the current (pA) from the voltage-clamp recording 

at 20 ms (C,G), and the patch clamp method used (D) are shown.  Electrophysiology was 

assessed in whole-cell (A-D) and outside-out (E, F) configuration. Current density was 

calculated to normalize the current profile of hippocampal neurons by cell size. 

Representative traces show the mean of current profile; error bars represent the standard 

deviation of the data set. All voltage clamp experiments were ranged from -80 mV to +100 

mV. Neurons presented resting potentials at -80 mV.   
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Figure 6.4. Patch clamp electrophysiology of DRG neurons grown in vitro. Current 

(pA) vs voltage (mV) of DRG neurons grown for 7 days (A, E), the current density (pA/pF) 

vs voltage (mV) (B, F), the current (pA) from the voltage-clamp recording at 20 ms (C, G), 

and the patch clamp method used (D) are shown. Electrophysiology was assessed in whole-

cell (A-D) and outside-out (E, F) configuration. Current density was calculated to 

normalize the current profile of DRG neurons by cell size. Representative traces show the 

mean of current profile; error bars represent the standard deviation of the data set. All 

voltage clamp experiments were ranged from -80 mV to +100 mV. Neurons presented 

resting potentials at -80 mV.  
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6.2.2. Electrophysiology of neurons post Aβ exposure 

In order to elucidate the Aβ effect on the electrophysiology of neuronal cells, the 

current density profiles of hippocampal and DRG neurons was analyzed. My results found 

a proportional relationship between current density and current profiles in hippocampal 

neurons, a depressive effect on current profiles after 24-h of Aβ exposure, a partial recovery 

due to Aβ clearance, and a neutralization in the Aβ42/38 treatments. 

6.2.2.1. Current density equation formulation 

Linear regression models were used to study the proportional relationship between 

density and current of neuronal cells (Figure 6.5). As a result of the regression analysis, an 

increase in current produced a higher current density, regardless the neuronal cell 

capacitance between experimental groups (Cm ~5.5 pF). The Pearson’s correlation test 

allowed the formulation of an equation that explains the increment of current density with 

increased current profiles (I) of hippocampal neurons. The current density of hippocampal 

neurons (HNρ) increased as follows: 

HNρ: 0.15 · I 

The regression model of hippocampal neurons treated with Aβ conditions was 

explained with a R-squared of 0.863, which proposed that density profiles can be 

determined without recording the cell membrane capacitances of hippocampal neurons 

(Figure 6.6). In contrast, the regression model of DRG neurons had a R-squared of 0.386, 

indicating that recorded cell membrane capacitances are required to calculate current 

densities accurately in DRG neurons.  
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Figure 6.5. Current density is directly proportional to the current profile of neuronal 

cells post Aβ exposure at 20mV. There is a linear correlation between current density 

(pA/pF) and current (pA) of hippocampal (A, n = 129) and DRG (B, n = 96) neurons post 

Aβ peptide exposure at 20mV. Data shows that current density increases 0.15 times current 

in hippocampal neurons and 0.06 times current in DRG neurons. Linear models were used 

to explain that the capacitance did not have drastic changes in cell size between Aβ 

treatments. Due to the provided equations, there is possible to deduce current density 

without capacitance measurements. 
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6.2.3. Aβ experiments on hippocampal neurons’ electrophysiology 

AD neurodegeneration starts hampering hippocampal neurons synapse at the early 

stages of the pathology. Here I have demonstrated that Aβ hampered hippocampal 

electrophysiology by decreasing current densities of neurons. Most importantly, current 

density profiles can be recovered by Aβ removal, after 24-h of exposure, and neutralized 

by Aβ42/38 co-treatments. 

6.2.3.1. Hippocampal neuronal cell capacitances post Aβ treatments 

In comparison with the control group (mean±SD: 5.84 pF ± 1.20), an indication of 

lower membrane capacitances was found in hippocampal neurons exposed to Aβ42 (5.28 

pF ± 0.56). In comparison to the control group it seemed to be a trend for lower 

capacitances when neurons were exposed to Aβ38 (6.64 pF ± 1.09). Such values were not 

significantly higher than the capacitances obtained after Aβ42 exposure. Hippocampal 

neurons exposed to the co-treatment Aβ42/38 presented similar capacitances to the Aβ42 

and Aβ38 treatments (5.54 pF ± 0.88), which were similar to the control group as well.  

Upon Aβ removal, slight changes in cell capacitances were observed. Cell 

membrane capacitances of the control-removal group (i.e. control group whose media was 

refreshed 24-h before recordings) tended to be higher than the control groups (6.58 pF ± 

0.92); Aβ42-removal group tended to increase capacitance compared to Aβ42 (5.40 pF ± 

0.73), while Aβ38-removal and the co-treatment Aβ42/38-removal seemed to decrease the 

cell membrane capacitance of hippocampal neurons in comparison to Aβ38 (5.01 pF ± 

0.39) and the co-treatment Aβ42/38 (5.54 pF ± 0.52) respectively (Figure 6.6; Table 12.6). 
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Despite the differences, a generalized linear model established the absence of 

statistical significances between the recorded cell membrane capacitances of Aβ treatments 

compared to the control group (GLM, p. > 0.05, n = 129). The absence of significant 

differences between cell membrane capacitances would indicate that the regression model 

equation (see 6.2.2.1) is able to calculate current densities in hippocampal neurons.  
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Figure 6.6. Membrane capacitance of hippocampal neurons post Aβ treatments. 

Representative membrane capacitance of hippocampal neurons (pF). Membrane 

capacitances of hippocampal neurons recorded after 24-h of Aβ treatments are shown (n = 

129). Every boxplot has lines at first quartile (top line of the boxplot), the median, and the 

third quartile (the bottom horizontal line) of the data set. Mean and standard deviation are 

shown in the dotted lined. Whiskers present the upper and lower fence respectively. 
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6.2.3.2. Aβ Effect on the current density of hippocampal neurons 

Current profiles of neuronal cells were analyzed after recording current and cell 

membrane capacitances at 20 mV by voltage clamp electrophysiology. Non-Aβ exposed 

hippocampal neurons (i.e. control group) presented the highest current density (18.97 

pA/pF ± 2.15). The lowest current density was found in hippocampal neurons treated with 

Aβ42 (3.10 pA/pF ± 1.91, GLM: p. < 0.01).  The group of hippocampal neurons treated 

with Aβ42 presented a decrease of 84% current density in comparison with the current 

profile of the control group (p. < 1.2e-12). Aβ38 group also saw a decrease of 51.5% (9.21 

pA/pF ± 3.85, p. < 0.007). The current density measured in the Aβ42 group was lower than 

the current density of Aβ38 (p. < 3.7e-10).  

There was a neutralization effect in the measured current density when 

hippocampal neurons were concomitantly treated with Aβ42 and Aβ38 for 24-h (Aβ42/38: 

12.37 pA/pF ± 2.55). Although the measured current density remained lower than the 

control group (p. < 7.7e-06), the current density of Aβ42/38 was significantly higher than 

current densities of neurons treated with Aβ42 individually (p. < 3.5e-10).  

Generalized Linear Models of the hippocampal neurons’ current density after 24-h 

of Aβ treatments supported significant differences between groups (Figure 6.7). 
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6.2.3.3. Aβ-removal on the current density of hippocampal neurons 

Aβ conditioned media was cleared 24-h before recordings in order to demonstrate 

whether the removal of Aβ could recover the electrophysiology of hippocampal neurons. 

The control group was subjected to a removal of hippocampal neurons media 24-h before 

any measurements. In comparison to the co-treatment Aβ42/38 (12.37 pA/pF ± 2.55), the 

current density of Aβ42- Aβ38 decreased after the removal of Aβ42 peptides (9.21 pA/pF 

± 3.34), but the increase was not statistically different between those groups, showing that 

the distribution of the current density of Aβ438 was not impacted by the removal. The 

distribution in current density of Aβ438 and Aβ438-removal was also comparable to the 

current density of the control-removal group, confirming that the reduction in current 

density produced by Aβ438 does not impair the normal current activity of hippocampal 

neurons. The lowest current density was found in Aβ42, which was significantly lower 

than Aβ38 (p< 2.40E-09), Aβ38-removal (p. < 3.40E-06), Aβ42/38 co-treatment (p< 

1.90E-09), and Aβ42/38-removal (p< 2.30E-05), suggesting that Aβ42 had the greatest 

impact on the electrophysiology of hippocampal neurons. Statistical differences were 

found between Aβ42 (3.10 pA/pF ± 1.88) and Aβ42-removal (11.06 pA/pF ± 4.38) 

treatments (p. < 4.60E-06). The removal of Aβ42 produced the recovery of the current 

density of hippocampal neurons. The restoration in current density showed that the 

electrophysiology of hippocampal neurons improved when Aβ42 was washed from the 

media 24-h before measurements.  
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Both GLMs and Wilcoxon signed-rank tests confirmed that the increased densities 

after the Aβ42- and Aβ38- removal were similar to the current density of the control-

removal group, suggesting that it was possible to recover the electrophysiology of 

hippocampal neurons by clearing Aβ out of conditioned culture media.  

The absence of statistical differences between Aβ42/38 and control-removal groups 

suggested a cancellation of the effect of Aβ42 and Aβ438 peptides in the co-treatment. By 

the Wilcoxon signed-rank tests and the comparison test included in the GLM, the current 

density of Aβ42/38 was comparable to the current density of hippocampal neurons that had 

not been treated with Aβ. In contrast to the restored density obtained after the removal of 

Aβ42 or Aβ438, the removal of the co-treatment Aβ42/38 (12.37 pA/pF ± 2.55) produced 

a decrease in the current density in hippocampal neurons (9.22 pA/pF ± 3.34, p. <0.0311).  

The absence of significant differences between Aβ42/38-removal and control-

removal indicated that the removal of Aβ42 was important to recover the electrophysiology 

of hippocampal neurons (Figure 6.7). 
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Figure 6.7. Current density of hippocampal neurons post Aβ treatments at 20mV. 

Representative current of hippocampal neurons (A) was normalized by the cell size to 

obtain the current density (pA/pF) (B, C) (n = 129). Every boxplot has lines at first quartile 

(top line of boxplots), median, and third quartile (bottom horizontal line) of the data set. 

Data = mean + SD are showed in dotted lines; Upper and lower fences are shown in 

whiskers respectively. p < 0:0001: ‘***’; p< 0.01: ‘*’.  

Aβ42/38 Aβ42/38- 

removal 
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6.2.4. Aβ experiments on DRG neurons’ electrophysiology 

The Aβ hypothesis is centered in central nervous system cells because AD cause 

the neurodegeneration in the brain. However, the effect of Aβ on peripheral neurons should 

be assessed to comprehend whether Aβ causes an analogous effect on neurons not related 

to AD. The current density profiles of DRG neurons was measured and analyzed in order 

to demonstrate the Aβ effect on their electrophysiology. Our results found a depressive 

effect on current profiles after 24-h of Aβ exposure, which showed that peripheral neurons 

are Aβ-sensitive. 

6.2.4.1. DRG neuronal cell capacitances of Aβ treatments 

DRG neurons presented cell membrane capacitances of (mean ± SD) 5.40 pF ± 

0.19, which was moderately affected by Aβ treatments, such that: Aβ42 increased the 

capacitance (6.35 pF ± 0.60); the removal of Aβ42 decreased the capacitances 

measurements compared to Aβ42 and the control group (4.88 pF ± 0.50). Likewise, Aβ38 

increased the recorded capacitance (5.61 pF ± 0.65) and its removal decreased capacitor 

values (5.11 pF ± 0.76). The highest increase in cell membrane capacitance was obtained 

when DRG neurons were treated with both Aβ42 and Aβ38 in AB42-AB38 treatment (6.48 

pF ± 0.64). 

A generalized linear model established significant differences between the Aβ42 

and the control group, showing that the exposure of DRG neurons to Aβ42 peptides for 24-

h increased the cell membrane capacitance on DRG neurons (GLM, p. 0.05). 
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Figure 6.8. Membrane capacitance of DRG neurons. Membrane cell capacitances of 

DRG neurons (pF) recorded after 24-h of Aβ treatments are shown (n = 96). Every boxplot 

has lines at first quartile (top line of the boxplot), the median, and the third quartile (the 

bottom horizontal line) of the data set. Mean and standard deviation are shown in the dotted 

lined. Whiskers present the upper and lower fence respectively. 
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6.2.4.2. Effect of Aβ on the current density of DRG neurons 

Posterior data normalization was made to obtain current densities (pA/pF) in the 

presence of Aβ treatments. The control group had the highest current density between the 

experimental treatments (23.28 pA/pF ± 3.30). Both Aβ42 and Aβ38 were statistically 

different to the control group, showing that Aβ has a depressive effect on the current 

density of DRG neurons. The current density of DRG neurons significantly decreased when 

they were exposed to Aβ42 (4.92 pA/pF ± 1.33, p.< 0.001). Likewise, when Aβ38 

treatments were assessed, they presented a significant decrease in current density (7.31 

pA/pF ± 1.90, p. < 6.8e-07). The Aβ42 current density remained significantly lower than 

Aβ38 (p. 0.00640). 

Current density found in the Aβ42 - Aβ38 treatment indicated that DRG neurons 

exposed to Aβ38 24 h after Aβ42 treatment, increased in comparison to Aβ42 (p.< 6.8e-

05); and Aβ38 (p.< 3.3e-10) experimental groups. The increase in current density 

confirmed that the addition of Aβ38 had an important role to recover the electrophysiology 

of DRG after 24 h of Aβ42 exposure (Wilcoxon test and GLM). 
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6.2.4.3. Aβ-removal on the current density of DRG neurons 

Removal of Aβ treatments recovered the current density in DRG neurons. Aβ42-

removal increased current densities compared to Aβ42 (12.10 pA/pF ± 2.80). Aβ38-

removal produced an increase in current density that was significantly higher than Aβ38 

(13.78 pA/pF ± 3.01, p.< 4.7e-07). There were significant differences between Aβ42-

removal and Aβ38-removal, which confirmed that the current density was affected 

differently according to the Aβ isoform to which DRG neurons have been exposed (p. 

0.001). The removal of either Aβ42 or Aβ38 did not reverse the damage caused by Aβ in 

24h since Aβ-removal treatments remained significantly different to the control group 

(Aβ42-removal p.< 4.6e-05, Aβ38-removal p. 0.00032). 

There were significant differences between Aβ42 - Aβ38 and the removal of both 

Aβ42 (p.< 5.3e-06) and Aβ38 (p.< 0.01354). The higher current density of Aβ42 - Aβ38 

compared to Aβ-removal treatments suggested that the addition of Aβ38 after 24h of Aβ42 

conditioned media had an effect to recover the electrophysiology of DRG neurons (15.35 

pA/pF ± 4.50,) better than the removal of the Aβ treatments. The current density of Aβ42 

- Aβ38 remained significantly lower than the control group (p. 0.00032, Wilcoxon test). 

Generalized Linear Models of the hippocampal neurons’ current density after 24-h 

of Aβ treatments supported significant differences between groups (Wilcoxon test and 

GLM). 
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Figure 6.9. Current density of DRG neurons post Aβ treatments. Representative 

current of hippocampal neurons (A) was normalized by the cell size to obtain the current 

density (pA/pF) (B) (n = 96). Every boxplot has lines at first quartile (top line of boxplots), 

median, and third quartile (bottom horizontal line) of the data set. Data = mean + SD are 

showed in dotted lines; Upper and lower fences are shown in whiskers respectively. p < 

0:0001: ‘***’. 
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6.3. Immunocytochemistry of neuronal cells 

6.3.1. Immunocytochemistry of hippocampal neurons 

Hippocampal neurons were identified from glia due to their cell size and 

morphology. Hippocampal neurons were recognized because they had smaller (cell body 

diameter (bd): 14.18 μm ± 2.73; cell body area (bA): 116.08 μm2 ± 49.09) than microglia 

(bA: >2000.29 μm2). Hippocampal neuronal soma was regular and circular (Figure 6.10), 

while glia had a big and irregular body cell (bd: ~40 μm). Glia were extended on the surface 

area due to their great attachment to the coated glass surface. Hippocampal neurons showed 

short processes while microglia were characterized by long and thicker microgliocyte 

processes. Hippocampal neurons exhibited typical small and spiny dendrites without 

elaborated dendritic arborization after 1 week of neuronal cells isolation. Hippocampal 

neurons had some connectivity between them.  
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Figure 6.10. Fluorescence micrograph of cultured murine hippocampal neurons. 

Neuronal soma is indicated by anti-NF immunostaining (red). DAPI fluorescence indicated 

neuronal nuclei (blue). Scale bars indicate 100 μm and 50 μm respectively. 
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Figure 6.11. Fluorescence micrographs of cultured mouse hippocampal neurons. 

Neuronal somas (white arrows) are indicated by anti-NF immunostaining (red). DAPI 

fluorescence indicated neuronal nuclei (blue). Microglia is shown (white arrowhead). 

Multiple micrographs are shown to demonstrate diverse neuronal distribution (i.e. singular 

neurons vs cluster of neurons). Scale bars indicate 50 μm and 100 μm respectively. 
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6.3.2. Immunocytochemistry of DRG neurons 

DRG neurons were identified from other peripheral cells by their pseudo-unipolar 

morphology, which had a single process (i.e. stem axon) that bifurcates into two branches 

(i.e. peripheral and central axonal branch). Some connectivity between neurons are shown 

(Figure 6.12). DRG neurons exhibited long processes and a circular soma (bd: 12.04 μm ± 

2.59; bA: 225.96 ± 77.43). Some neurons had a spindle-shaped bipolar morphology (Figure 

6.13:A) while others presented an axon-stem pseudo-unipolar morphology (Figure 6.13:B). 
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Figure 6.12. Fluorescence micrograph of a cultured mouse DRG. Neuronal soma is 

indicated by anti-NF immunostaining (red). DAPI fluorescence indicated neuronal nuclei 

(blue). Neurons connectivity between two DRG neurons is shown (white arrow). Scale bar 

indicates 100 μm. 
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Figure 6.13. Fluorescence micrograph of cultured murine DRG neurons. Neuronal 

soma is indicated by anti-NF immunostaining (red). DAPI fluorescence indicated neuronal 

nuclei (blue). Some neurons had an axon-stem pseudo-unipolar morphology (A: dotted 

line) while others presented a spindle-shaped bipolar morphology (B: dotted line). Scale 

bar indicates 100 μm. 
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6.3.3. Morphology of hippocampal neurons after Aβ exposure 

Hippocampal neurons were successfully grown in vitro after being exposed to Aβ 

treatments. The Aβ exposure decreased the number of viable neuronal cells in comparison 

to the control group (Figure 6.14). Despite the low viability of cell cultures, the effect of 

Aβ on the morphology of hippocampal neurons was assessed by the measurement of 

diameter (μm) and area (μm2) of more than 116 hippocampal nuclei and soma with ZEN 

2.6 (blue edition) software. By posterior imaging processing, short processes and small 

soma of hippocampal neurons exposed to Aβ were identified. Hippocampal neurons 

exposed to Aβ-removal and Aβ38 experimental groups exhibited regular soma and visible 

processes while irregular and the smallest cells sizes were found in the Aβ42 treatment. 

The following study specify measurements of diameter and area of nuclei and soma of 

hippocampal neuronal cells. 

6.3.3.1. Hippocampal neurons post Aβ treatments 

The smallest cell sizes were found after 24h of 50 nM Aβ42 treatment. Aβ42 

changed the morphology of hippocampal neurons in vitro by decreasing the neuronal cell 

size. In comparison to the control group (nuclei diameter (nd): 10.39 μm ±2.23, nuclei area 

(nA): 132.97 μm2 ± 49.62; body cell diameter (bd): 14.18  μm ± 2.73, body cell area (bA): 

116.08 μm2 ± 49.09), the addition of Aβ42 significantly decreased the diameter and area 

of hippocampal nuclei and soma (nd: 6.03 μm ± 2.47, nA: 40.23 μm2 ± 36.59, bd: 6.53 μm 

± 2.95, bA: 32.19 μm2 ± 19.07 ; GLM: p. <0.001). The removal of Aβ42 recovered the cell 

size to the control group conditions (nd: 9.45 μm ± 1.81, nA: 111.23 μm2 ± 45.31, bd: 12.30 

μm ± 3.52, bA: 115.91 μm2 ± 40.44). The addition of Aβ38 also decreased hippocampal 

nuclei and soma size (nd: 6.42 μm ± 2.68, nA: 30.24 μm2 ± 20.00, bd: 5.30 μm ± 2.06, bA: 
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32.15 μm2 ± 21.29; GLM p< 0.001). Hippocampal neurons exposed to Aβ38 had smaller 

sizes than those exposed to Aβ42-removal, suggesting that Aβ38 negatively impacted the 

cell size when added for 24-h. There were no statistical differences between Aβ38-removal 

and the control group (GLM: p. 0.81106). 

The Aβ42/38- removal reduced the hippocampal cell size (nd: 8.97 μm ± 1.68, nA: 

68.78 μm2 ± 31.72, bd: 8.97 μm ± 1.68, bA: 68.85 μm2 ± 31.55; GLM p< 0.001). However, 

when hippocampal cells were exposed to Aβ42 and Aβ38 in a co-treatment, nuclei 

diameter, soma area and diameter did not decreased significantly in comparison to the 

control group (nd: 9.00 μm ± 0.41, nA: 73.32 μm2 ± 18.21, bd: 9.00 μm ± 0.41, bA: 73.32 

μm2 ± 18.21; GLM p< 0.001). Data showed that hippocampal neurons treated with 

Aβ42/38 treatment were bigger than neuronal cells in Aβ42 (p. 0.02744) and Aβ38 

treatments (p. 0.02088), indicating that the addition of 50 nM Aβ42 and 50 nM Aβ38 were 

less harmful than individual treatments of Aβ42 or Aβ38 (Figure 6.15 and Figure 6.16).  
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Figure 6.14. Fluorescence micrographs of cultured mouse hippocampal neurons after 

Aβ treatments. Neuronal cells are indicated by NF immunostaining (red). DAPI 

fluorescence indicated neuronal nuclei (blue). A decrease in the number of viable cells after 

Aβ treatments is shown. Scale bar indicates 100 μm.  
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Figure 6.15. Diameter and area of hippocampal nuclei post Aβ peptide exposure. 

Representative diameter (A) and area (B) of hippocampal neuronal nuclei were assessed in 

microns (μm) and Square micron (μm2) respectively (n = 166). Every boxplot has lines at 

first quartile (top line of the boxplot), the median, and the third quartile (the bottom 

horizontal line) of the data set. Mean and standard deviation are presented in the dotted 

line. Whiskers present the upper and lower fence respectively. p < 0:0001:‘***’; p<0.001: 

‘**’.  

 



75 

 

 

Figure 6.16. Diameter and area of hippocampal neuronal soma post Aβ peptides 

exposure. Representative diameter (A) and area (B) of hippocampal neuronal soma were 

assessed in microns (μm) and Square micron (μm2) respectively (n = 166). Every boxplot 

has lines at first quartile (top line of the boxplot), the median, and the third quartile (the 

bottom horizontal line) of the data set. Mean and standard deviation are presented in the 

dotted line. Whiskers present the upper and lower fence respectively. p < 0:0001:‘***’; 

p<0.001: ‘**’; p< 0.01:‘*’; p < 0.05: ‘.’  
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6.3.4. Morphology of DRG neurons after Aβ exposure 

6.3.4.1. DRG neurons post Aβ treatments 

The smallest DRG neurons were found after 24h of 50 nM Aß42 treatment. In 

comparison to the control group (nd: 8.42 µm ± 2.04, nA: 83.64 µm2 ± 32.13; bd: 12.04 

µm ± 2.59, body cell area (bA): 225.96 µm2 ± 77.43), Aß42 changed the morphology of 

DRG neurons in vitro by decreasing the neuronal cell size (nd: 5.26 µm ± 1.66, nA: 32.45 

µm2 ± 21.27, bd: 6.36 µm ± 3.32, bA: 25.73 µm2 ± 11.34; GLM: p.<1e-04).  

The removal of Aß42 did not recover the cell size to the control group conditions 

(nd: 4.93 µm ± 1.85, nA: 29.02 µm2 ± 24.40, bd: 5.23 µm ± 1.80, bA: 32.46 µm2 ± 22.89) 

since the cells remained significantly smaller than the control group (GLM: p.<1e-04). 

Furthermore, the addition of Aß38 decreased DRG nuclei and soma size (nd: 5.14 µm ± 

1.22, nA: 27.97 µm2 ± 17.31, bd: 5.13 µm ± 1.22, bA: 27.97.15 µm2 ± 17.30; GLM p.<1e-

04).). DRG neurons exposed to Aß38 also had small sizes as those exposed to Aß42-

removal, suggesting that both Aß38 and Aß42-removal negatively impacted the cell size 

when Aß is added in 50 nM concentration to DRG neurons for 24-h. However, the Aß38-

removal did recover the cell size to the control group conditions (nd: 10.84 µm ± 2.58, nA: 

166.48 µm2 ± 44.87, bd: 11.38 µm ± 3.05, bA: 249.29 µm2 ± 77.80). 

The addition of Aß38 after 24-h of Aß42 exposure reduced the nuclei and soma 

area (nd: 11.85 µm ± 2.61, nA: 58.37 µm2 ± 34.13, bd: 13.08 µm ± 3.40, bA: 58.37 µm2 ± 

34.13; GLM p< 0.001). However, the nuclei diameter of DRG neurons exposed to Aß42-

Aß38 treatment were significantly higher than the control group (GLM p< 0.001).  
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Data showed that DRG neurons treated with Aß42-Aß38 treatments were 

statistically bigger than neuronal cells in Aß42 (p. < 1e-04) and Aß38 treatments (p. 

0.0003), indicating that the addition of 50 nM Aß42 and 50 nM Aß38 were less harmful 

than individual treatments of Aß42 or Aß38. 
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Figure 6.17. Fluorescence micrographs of cultured mouse hippocampal neurons after 

Aβ treatments. Neuronal cells are indicated by NF immunostaining (red). DAPI 

fluorescence indicates neuronal nuclei (blue). A decrease in the number of viable cells after 

Aβ treatments is shown. Scale bar indicates 100 μm.  
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Figure 6.18. Diameter and area of DRG neuronal nuclei post Aβ peptide exposure. 

Representative diameter (A) and area (B) of DRG neuronal nuclei were assessed in microns 

(μm) and Square micron (μm2) respectively (n = 119). Every boxplot has lines at first 

quartile (top line of the boxplot), the median, and the third quartile (the bottom horizontal 

line) of the data set. Mean and standard deviation are presented in the dotted line. Whiskers 

present the upper and lower fence respectively. p < 0:0001:‘***’; p<0.001: ‘**’; p< 

0.01:‘*’; p < 0.05: ‘.’ 
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Figure 6.19. Diameter and area of DRG neuronal soma post Aβ peptide exposure. 

Representative diameter (A) and area (B) of DRG neuronal soma were assessed in microns 

(μm) and Square micron (μm2) respectively (n = 119). Every boxplot has lines at first 

quartile (top line of the boxplot), the median, and the third quartile (the bottom horizontal 

line) of the data set. Mean and standard deviation are presented in the dotted line. Whiskers 

present the upper and lower fence respectively. p < 0:0001:‘***’; p<0.001: ‘**’; p< 

0.01:‘*’; p < 0.05: ‘.’ 
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7. Discussion  

7.1. Significance 

The four most significant contributions of this research were to demonstrate 1) the 

depressive effect of Aβ42 and Aβ38, 2) the recovery due to Aβ removal, 3) the 

neutralization of Aβ42 with the co-treatment Aβ42/38 on the electrophysiological profile 

and cellular morphology (i.e. diameter and area of neuronal cell nucleus and soma) of both 

hippocampal and DRG neurons, and 4) the effects of Aβ that are not exclusive to the central 

nervous system (CNS) neurons but also to peripheral nervous system neurons. 

Aβ is required for memory consolidation (Garcia-Osta & Alberini, 2009) and 

viability of neuronal cells in the CNS (Plant, Boyle, Smith, Peers, & Pearson, 2003). 

However, genetic mutations and environmental risk factors might cause that Aβ 

aggregates, producing pathological Aβ oligomers that are related to AD. The Aβ-

hypothesis dictates that the Aβ accumulation in the brain for several years (e.g. two or three 

decades) causes neurodegeneration, neurotoxicity, and thereby the impairment in memory 

consolidation and cognition in AD. Previous studies initially focused on Aβ plaques until 

increased evidence suggested that Aβ oligomers are more toxic, decreasing synapse density 

and structure (Shankar et al., 2008), tau phosphorylation (Jin et al., 2011) and neuritic 

dystrophy (Serrano-Pozo et al., 2010). Current research targets therapeutics that have 

reduced cognitive decline and cleared Aβ as reviewed by Selkoe & Hard (2016). However, 

the mechanism that triggers the cytopathology should be elucidated to understand such 

clinical assessments. Thus, there are no reports showing standard values of current density 

profiles (pA/pF) produced by either Aβ42 or Aβ38 on hippocampal or DRG neurons to test 

the Aβ effect at a cellular level.   
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7.2. Aβ effect on the electrophysiology and morphology of hippocampal 

neurons 

The aggregation of Aβ in the brain impairs electrical function and causes neuronal 

cell death. Other studies on Aβ have used primarily Aβ40 and Aβ42 in models of AD 

amyloidosis (i.e. animal models of AD with high Aβ levels in brain or hippocampal tissue) 

(Palop & Mucke, 2016). These studies demonstrated that the Aβ40 and Aβ42 isoforms 

cause deficits in slow-wave propagation in hippocampal and cortical circuits (Busche et 

al., 2015), decrease in hippocampal activity (Rubio et al., 2012), synaptic impairment, and 

a deficit in cognition in vitro and in vivo (Table 1, p. 352 in Benilova et al., (2012)). 

Such previous studies have investigated the neurotoxicity of Aβ in neurons isolated 

from 3-week- and 3-month-old Wistar rats. In this study I used neuronal cells isolated from 

one-year-old adult mice. The standard protocols found for cell culture did not maintain the 

viability of murine primary hippocampal neurons exposed to Aβ in vitro. Furthermore, the 

vulnerability of murine hippocampal neurons required the development of a more 

nutritious hippocampal neuronal cell media to ensure the survival of neuronal cells exposed 

to Aβ treatments (see APP 12.2).  

I have demonstrated that it is possible to measure the electrophysiology of primary 

neuronal cells exposed to Aβ42 and Aβ38 at 50 nM in a developed hippocampal neuronal 

cell culture media. Previous studies used time courses that were substantially shorter 

(minutes to an hour). Here I presented a longer period of exposure before 

electrophysiological recordings to represent a more physiologically relevant response. 
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The membrane potential of each experimental treatment was -80 mV, which 

suggested that the measured outward current was predominantly due to an efflux of 

potassium (K+) ions at 0 mV. This result was consistent under controlled and experimental 

conditions. This study also showed an increase in current due to an increase in voltage, 

which obeys the Ohm's law (Figure 6.3). However, that increase in ohmnic currents was 

not disturbed by any current changes as are common due to the activation of ion voltage-

gated channels at specific voltage steps (Connors, Gutnick, & Prince, 1982; Purves et al., 

2012). The proportional increase in current in all the voltage steps could be a consequence 

of possible background currents or ion channels blockage in neurons isolated from 1-year 

old mice that should be further investigated. 

The effect of Aβ peptides on the neuronal cell was studied using different 

concentrations, i.e. 0 nM, 5nM, 50 nM, 450 nM (see APP 12.3.1 and 12.3.2). Here I 

demonstrated a dose response effect on outward current density as well as cell morphology. 

These results showed that both concentration and Aβ removal cause a dependent response 

in cell membrane physiology and cell morphology. 

My findings showed that Aβ causes a reduction in current density profiles and small 

cell sizes after 24-h of exposure in hippocampal neurons, which supported the reduction of 

firing rates and oscillations on hippocampal neurons as evidenced elsewhere (Alreja et al., 

2010), and the neuronal cell death caused by the toxicity of Aβ42 as reported previously 

(Palop & Mucke, 2016). Most importantly, this study has demonstrated that the removal 

of Aβ42 and/or Aβ438 can recover the electrical activity and soma/nuclei size of 

hippocampal neurons after 24-h of exposure, which is a relevant result to support that Aβ 

removal treatments should continue being investigated as therapeutics for AD. 
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It is known that memory is processed by diverse pathways. This study focuses on 

the fact that memory consolidation can occur as a result of LTP (Huerta, Sun, Wilson, & 

Tonegawa, 2000). In LTP, NMDA receptors activate and triggers the Ca2+ influx through 

ligand and voltage sensitive Ca2+ channels. This process leads to the activation of cellular 

signaling cascades, such as the activation of the transcription factor cAMP as reviewed by 

Lynch (2004). As Ca2+ influx is required to induce excitatory post-synaptic currents or 

EPSCs, a Ca2+ ionic dyshomeostasis would impair signaling pathways to evoke EPSCs, 

and therefore would negatively impact long term potentiation. 

When NMDA receptors are activated, cAMP binds CREB proteins triggering the 

autophosphorylation of calcium/calmodulin kinases (CaMK), which consequently inserts 

AMPA receptors into the post-synaptic hippocampal cell membranes. Ca2+ is also involved 

as CAMKs in the modulation of genes, e.g. c fos, that are important in LTP and memory 

consolidation. For example, when intracellular Ca2+ increases in hippocampal post-

synaptic cells due to depolarization events that cause the activation of NMDA receptors, 

CaMKII keeps activated by the autophosphorylation of proteins, e.g. Thr-286, that are 

essential to induce LTP. Since the impairment in Ca2+ might be a possible cause of the ionic 

dyshomeostasis that might impair LTP, and thereby memory processing, the Aβ effect on 

Ca2+ should be further investigated to elucidate whether the decrease in current profiles are 

related to an excess of intracellular Ca2+. Thus, the early neuro-excitability might be a 

possible offset that the neuronal cell triggers to try to compensate for the increase in Ca2+ 

influx and the increase in intracellular Ca2+
 concentrations (Palop & Mucke, 2016). 

However, such decompensation would lead to a decline in synapse efficiency as was found 

in the electrophysiological results of this study.  
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7.3. Aβ effect on the electrophysiology and morphology of DRG neurons  

My results demonstrate that Aβ does not only affect the central nervous system 

(CNS) but also produced neurotoxicity and impaired neuronal function in peripheral 

nervous system cells (that are related to pain rather than dementia). This interesting finding 

suggests that there is an effect of Aβ on neurons in general and not solely to CNS neurons 

associated to memory consolidation. 

It is possible that the observed effects on the DRG neurons may be, in part, due to 

the production of free radicals as a result of Aβ exposure (Ma, Zheng, Belanger, Kar, & 

Quirion, 2001). It is known that free radicals lead to neurotoxicity and elevations of 

intracellular Ca2+ (Ma et al., 2001). There is evidence of the neurotoxicity of other Aβ 

peptides, such as Aβ25-35, Aβ40 and Aβ42 on DRG neurons that supports the DRG 

neuronal sensitivity for Aβ. For example, the exposition to Aβ isoforms, e.g. Aβ25-35 for 

30 seconds, leads to an increase of high-voltage activated currents in DRG neurons (He et 

al., 2002). This hyperactivation has been attributed to Ca2+ influx, and the increase of the 

intracellular Ca2+ concentration produced by the endoplasmic reticulum, which triggers 

neurodegeneration and, eventually, impairs nociception pathways. My results on DRG 

neuronal cell death after Aβ have given an important contribution to support such Aβ 

neurotoxicity with Aβ42 and Aβ38 treatments. 
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Longer treatments of Aβ25-35 and Aβ40 (24-h, 96-h) have been applied to DRG 

neurons to assess neuronal cell viability by immunocytochemistry (Ma et al., 2001), but 

not to assess the electrical activity of neuronal cells by electrophysiology, which is a 

technique that requires neurons to be alive and thereby viable to be patched and 

physiologically recorded. Here I successfully assessed techniques in electrophysiology and 

immunocytochemistry in order to determine that there is an Aβ effect on the neuronal 

current density and cell size of murine DRG neurons due to Aβ38 and Aβ42 exposure.  

Most importantly, this study demonstrated that Aβ removal can, in part, recover the 

electrophysiology and morphology of DRG neurons. Specifically, DRG neurons could 

recover their current density after 24-h of Aβ38 exposure. However, Aβ42 caused 

permanent damage in the cell size and in the cell membrane that did not allow for the 

recovery of their soma/nucleus size either in current density profiles to control conditions. 

Furthermore, Aβ42 removal did increase the current density profiles, however that increase 

remained significantly lower than the control group. By immunocytochemistry, it was 

possible to evidence the permanent damage (i.e. significant decrease) in cell morphology 

that was not possible to repair by Aβ42 removal either.  

In contrast to Aβ42 removal, Aβ38 removal decreased even more current density 

profiles in DRG neurons and allowed for the increase of the soma and nucleus’ size of 

DRG neurons. Interestingly, soma size returned to controlled conditions, but the nucleus 

size increased significantly and thereby that abnormal increase could be understood as 

cytopathological. Such results could be caused by the fact that Aβ binds neuronal cell 

membrane receptors, such as the receptor for advanced glycation end-products, or RAGE 
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(Arancio et al., 2004), which could cause abnormalities in synaptic plasticity associated 

with spatial learning and memory consolidation. 

My findings of low current activity and cell death of murine primary neurons are 

comparable to previous Aβ studies that have been performed in rats (He et al., 2002; 

Kurudenkandy et al., 2014). The comparable results are indicators of conserved levels of 

performance between murine and rats that can explain the resemblances in assessments 

between DRG neurons of these two species. Thus, my thesis has suggested the study of 

Aβ42 and Aβ38 in mice as a low-cost animal model for the study of relevant pathologies 

in neuroscience. 

  



88 

 

7.4. Aβ does not affect the ionic homeostasis of neurons: a study of the cell 

membrane capacitance of hippocampal and DRG neurons 

My results support that there is a change in outward currents that lead to a decrease 

in electrical profiles after 24-h of Aβ exposure. However, the fact that there were no 

significant differences between the cell membrane capacitance of neurons confirms that 

the ability of the neuron to keep an ionic homeostasis is not lost. The cell membrane is 

understood as a leaky capacitor because it consists on a phospholipid bilayer (i.e. ∼8–10 

nm thick) that has the ability to separate the extracellular and intracellular ionic charges 

(Gentet, Stuart, & Clements, 2000). That difference — between ionic concentrations in the 

extracellular media and the cytoplasm — results in a cell membrane potential that is 

dynamic (i.e. ions flow inside and outside the cell). However, that homeostasis is not 

disrupted because the cell membrane capacitance does not change significantly between 

experimental treatments. Hence, this study has demonstrated that the differences in current 

profiles are not caused by ionic leakiness on the cell membrane because Aβ treatments do 

not impair the membrane capacitance of either hippocampal neurons or DRG neurons. It is 

important to emphasize that this study was performed after 24-h of exposure and would 

not reject the possibility that Aβ triggers ionic dyshomeostasis in prolongated periods of 

time. 

This study also demonstrated that the morphology of neuronal cells’ soma changed 

after 24-h of Aβ exposure. As a neuron is constituted by a soma, axon and dendrites, the 

fact that the cell membrane capacitance is maintained would suggest that the total size of 

the cell does not change due to Aβ exposure. Thus, there is a compensation effect of the 

cell by which an increase in soma size would produce processes contraction.  



89 

 

7.5. The neutralization effect of Aβ42/38 on the electrophysiology and 

morphology of neuronal cells 

In this study, I found that the co-treatment administration of Aβ38 and Aβ42 

resulted in a neutralization of the negative effects of Aβ. One of the main considerations 

of the offset in current density and neuronal cell size is the precursor-product relationship 

between these Aβ isoforms, in which Aβ42 can produce Aβ38 when the transmembrane γ-

secretase cleaves the β-carboxyl-terminal fragment of Aβ42 (Matsumura et al., 2014). 

Hence, further Aβ42 cleavage might occur when Aβ interact with neuronal cells in both 

primary neurons. This mechanism is possible because γ-secretase lies in both DRG and 

hippocampal cell membranes’ lipid rafts (i.e. membrane microdomains enriched in lipids, 

e.g. cholesterol) (Hu, Piao, Hata, & Suzuki, 2016; Matsumura et al., 2014). The evidenced 

decrease in current profiles — caused by the possible reduction of Aβ42 due to its cleavage 

to form Aβ38 — might support future analysis of the conditioned media of Aβ treatments. 

Other explanation could be a possible aggregation of the isoforms of Aβ42 and 

Aβ38 as a cause of their interaction, which would suggest that potential aggregations can 

be less neurotoxic to neuronal cells. The demonstration of Aβ cleavage would not 

invalidate aggregation of proteins, rather than counterpart two possibilities that can subsist 

together. In this study, the relationship between aggregation and neurotoxicity has been 

suggested due to the cancellation in current density evidenced when Aβ42 and Aβ38 were 

present in the Aβ42/38 co-current treatment. The Aβ42 aggregation of monomers into 

oligomers has been targeted with MMT assays of viability. Such results have showed that 

the viability of hippocampal neurons is higher in the absence of Aβ42 aggregation 

inhibitors, i.e. Aβ42-oligomer Interacting Peptide (AIP), preventing neuronal cell 
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neurotoxicity in a 40% (Barucker et al., 2015), which would support further aggregation 

between Aβ isoforms in 24-h of treatments to be less neurotoxic for neuronal cells.  

While topology of Aβ is not fully understood, the interaction of Aβ42 and Aβ38 

could be studied based on their β-sheet structures, which could allow hydrogen bonds to 

be formed between Aβ isoforms by the C-terminal (Lu et al., 2019). This hypothesis is 

reinforced by the fact that γ-secretase has a heterogeneous pattern to cleave APP. 

Variations in γ-secretase cleavage explains the assembly of different lengths of Aβ that 

have been studied in terms of chemical kinetics (Vandersteen et al., 2012) and possibly 

evidenced as a consequence of the current density and cell size shown in this study. 

The analysis of such results obtained by electrophysiology and 

immunocytochemistry suggest a correlation between the significant decrease on 

morphological measurements and the decrease in current profiles of neuronal cells. These 

results can be understood as consequences of impairment in synapses of isolated neurons 

that cannot communicate effectively due to the neurotoxicity of Aβ. Most importantly, by 

measuring the effect of Aβ I revealed that a co-treatment of Aβ42 and Aβ38 neutralized 

the electrophysiological and morphological damage that lone treatments of Aβ42 or Aβ38 

caused on neuronal cells. The offset in current density and diameter/area of neuronal nuclei 

and soma showed that neurons differ physiologically when they are exposed to Aβ42 and 

Aβ38 simultaneously due to possible interactions between Aβ and the neuronal cell 

membrane. The cancellation effect is not only demonstrating a different interaction 

between Aβ and two neuronal cell types, but also is suggesting a possible interaction 

between Aβ42 and Aβ38, which can aggregate to form less neurotoxic Aβ isoforms to 

which hippocampal and DRG neurons were exposed in vitro.  
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Here I have established that Aβ38 is a less toxic isoform than Aβ42 and that Aβ38 

can neutralize the effect of Aβ42 when primary neurons are exposed to co-current 

treatments. As the effect was already demonstrated in this study, new questions relating 

this neutralization could be further formulated, such as the particular interaction of Aβ42 

and Aβ38, or the possible relationship between aggregation and neurotoxicity triggered by 

Aβ. 

In addition, this thesis demonstrated that the removal of Aβ treatments prevented 

the decrease in current densities and diameter/area of nuclei and soma of both hippocampal 

and DRG neurons. The removal of Aβ42 and Aβ38 recovered the membrane 

electrophysiology and morphology of neurons, but such values remained lower than the 

control groups, suggesting that Aβ-removal prevents, in part, the pathophysiology at a 

cellular level.  

While current density, diameter and area of nuclei and soma of neuronal cells of 

Aβ-removal were greater than the obtained values in Aβ groups, the recovery remained 

lower than the neutralization obtained by Aβ42/38 treatments. Such results suggest new 

research pathways to find new therapeutics in AD by understanding a possible interaction 

between aggregations of proteins that could remain significantly important to recover cell 

function after the exposure to Aβ.   
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8. General conclusion 

Aβ42 and Aβ38 cause a suppressive effect on the electrophysiology and morphology 

of hippocampal and DRG neurons, which demonstrated that the Aβ caused neuronal cell 

death, a decrease in current density, and a reduction of the diameter and area of nuclei and 

soma of primary neurons exposed to Aβ for 24-h. Thus, this study showed that Aβ effects 

are not exclusive to central nervous system neurons. 

Furthermore, Aβ removal treatments were useful to recover the current activity and 

cell size of neurons. Most importantly, this study has also proposed Aβ42/38 as a co-

treatment to neutralize the Aβ effect in current density and neuronal nuclei and soma cell 

size in primary neurons. These findings suggested that types of Aβ isoforms, i.e. Aβ38, can 

be further investigated as a promising model of study to clarify the neurophysiology of 

neuronal cells exposed to amyloid beta, as one of the main causes of AD and other 

dementia-related diseases. 
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9. Limitations of the study 

This research is limited to an in vitro study that investigated primary hippocampal 

and DRG neurons isolated from one-year-old murine perspective. My research was only 

performed in primary neuronal cell cultures, which were plated onto Matrigel-coated glass 

coverslips. Matrigel is a formulation that contains extracellular matrix proteins, such as 

laminin, collagen, and heparan sulfate proteoglycan perlecans (Hughes, Postovit, & Lajoie, 

2010), which surround the extracellular medium where cells lie.  

The complexity of the physiological extracellular medium that surrounds neuronal 

cells in the human hippocampal tissue triggers neuronal cellular signaling pathways that 

has been simplified in my experimental set up. For example, neurons lie in a three-

dimensional extracellular media composed by diverse types of proteins, such as collagen 

type I (Ucar & Humpel, 2018), growth factors, vitamins, and physiological fluids that are 

essentially – but not completely – provided in Matrigel and the two-dimensional cell 

culture media used.  

In order to perform the characterization of the cellular electrophysiology and 

morphology properties of neurons, two-dimensional neuronal cell cultures were 

maintained in an aqueous medium that allowed the removal of Aβ by refreshing cell culture 

media after 24 h of Aβ exposure. In the human brain, the neurophysiology is impacted by 

a wide spectrum of factors that could be included in three-dimensional scaffolds (i.e. live-

tissue, live-organ or engineered neuronal scaffolds). A three-dimensional environment is a 

better – but more complex – model to mimic neuronal network connectivity  (Choi et al., 

2017), co-culture of neuronal cells with support cells (i.e. astrocytes, oligodendrocytes and 
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microglia) (Park et al., 2018), and thereby allow further dynamics on physiological 

synaptic connections and interactions between co-cultures.  

Thanks to the simplicity of the experimental model, it was possible to elucidate that 

the complete Aβ clearance can recover, in part, the physiology of neuronal cells. However, 

the Aβ removal becomes a challenge when Aβ deposits and the density of hippocampal 

tissue are considered in the experimental design. These considerations should be included 

if the main goal of future investigations attempts to understand the Aβ removal effect in 

neuronal connections on hippocampal tissue. My research has suggested that experimental 

models of primary cell cultures are able to show Aβ effect to answer main questions 

hypothesized in this research (i.e. effect and removal of Aβ) without further complex 

experimental designs. 

The considerations stated above showed that this research was performed on 

primary neurons isolated from murine as AD model, and hence, rather than assume 

conservative cellular pathways in murine and humans (Dawson, Golde, & Lagier-

Tourenne, 2018), this research used cells from murine models to inform on fundamental 

biology of Aβ, which had remained unknown prior to this study and should be understood 

to develop therapeutics in the future. 
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10. Future directions 

My findings on low current densities and small soma sizes demonstrated the 

depressive effect of Aβ on the electrophysiology and morphology of hippocampal and 

DRG neurons. Since the effect of Aβ42, Aβ38 and Aβ42/38 has been demonstrated in this 

study, future directions of this project could demonstrate the mechanism triggered by the 

Aβ exposure. For example, why does Aβ decrease the morphology and the electrical 

profiles of both peripheral and central nervous system (CNS) neuronal cells? Do peripheral 

and CNS neurons have a common pathway that is hampered by Aβ? 

These questions could be addressed by following the vast evidence of calcium 

signaling pathways (Gibson & Thakkar, 2017; Kawahara, Negishi-Kato, & Sadakane, 

2009), which suggests the importance of Ca2+ homeostasis for several intracellular process 

associated to AD. For example, it is reported that Ca2+ regulates the metabolism of the 

amyloid precursor protein (APP) (Kawahara, Negishi-Kato, & Sadakane, 2009), its 

cleavage to produce Aβ (Vandersteen et al., 2012), and thereby modulates synaptic 

plasticity and memory consolidation. The effect on Ca2+ signaling pathways should be 

further investigated in our experiment to confirm whether Ca2+ is involved in the 

mechanism by which Aβ causes the suppressive effect on current densities and cell sizes 

shown in this study. 

The interactions of neuronal cell organelles, such as the endoplasmic reticulum and 

mitochondria, on the metabolism of Ca2+ are affected by Aβ as was demonstrated in 

hippocampal (Gibson & Thakkar, 2017) and the entorhinal cortex neuronal cells (Gant et 

al., 2018; Pourbadie et al., 2015).  
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Per these considerations, the Aβ exposure could cause the dysregulation of 

intracellular Ca2+ concentrations (Gibson & Thakkar, 2017) that may produce low current 

density profiles and small neuronal cell soma/nuclei as was evidenced in this study. It has 

also been evidenced that the cell size is smaller after triggering apoptosis. Therefore, the 

low current profiles and decrease in morphology of hippocampal and DRG neurons can be 

understood as a low electrical activity due to inefficient neuron synaptic communication 

and neuronal cell death, which could be caused by the reported neurotoxicity of Aβ (Palop 

& Mucke, 2016). 

In addition to reporting our results in the context of neurotoxicity, I have suggested 

a complementary explanation associated to a possible relationship between Aβ and the 

neuronal cell membrane: 

1. The neuronal cell membrane has receptors (e.g. glutamate receptors 

(Lazarevic et al., 2017) and nicotinic acetylcholine receptors (Puzzo et al., 

2011a)) that are impacted by Aβ. 

2. Aβ might lead to the insertion of new ion channels that allow the Ca2+ influx 

into the cell membrane (Lal et al., 2007). 

These possible explanations of our electrophysiological and morphological results 

are suggested because the performed Aβ exposure for 24-h could lead to the aggregation 

of Aβ peptides into oligomers that could insert new ion channels into the cell membrane 

(Kawahara et al., 2009; Lal et al., 2007). Therefore, the chemical conformation of Aβ42 

and Aβ38 should be characterized in the conditioned Aβ media applied to our treatments. 

Spectroscopy, such as Fourier-transform infrared spectroscopy (Benseny-Cases, 

Klementieva, & Cladera, 2012) or Circular dichroism (Vandersteen et al., 2012), western 
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blots and microscopy are useful techniques to clarify the specific chemical bonds and 

visualize possible aggregations that have caused the electrophysiological and 

morphological effect in our research. Microscopy can also show a possible physical 

blockage that may prevent ionic influx in the neuronal cells decreasing the current density 

as measured by electrophysiology. For example, the use of fluorescent imaging of Aβ 

would locate the position and physical contact of Aβ on the cell membrane in this study. 

Likewise, fluorescence microscopy and cell permeable nucleic acid stains, like DAPI, can 

be used to assess neuronal cell death by chromatin condensation and DNA fragmentation 

observations (Cummings & Schnellmann, 2004).  

I have also suggested that the Aβ effect may be caused by increase of extracellular 

Ca2+ by two specific pathways (i.e. Ca2+ influx and/or storage of an increased Ca2+ 

concentration from the endoplasmic reticulum), and thereby Aβ would lead to apoptotic 

pathways triggered by the loss of ionic homeostasis. This explanation could be supported 

by the possible relationship between the Aβ effect found in this study and the increase in 

the intracellular calcium reported earlier (Gibson & Thakkar, 2017).  

In order to demonstrate whether the Aβ effect is caused by Ca2+, a future work 

would consist on measuring the effect of Ca2+ channel blockade on electrophysiological 

alteration in hippocampal and DRG neurons induced by the Aβ treatments developed in 

my thesis. The use of Ca2+ blockers, e.g. cadmium chloride, would prevent the flow of Ca2+ 

ions in order to assess if Ca2+ is directly involved in the mechanism that Aβ triggers to 

decrease the electrophysiology on neuronal cells. Thus, such blockade may also elucidate 

if Ca2+ impacts on the neutralization effect found in the Aβ42/38 co-treatment.  
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Morphology of cells, dynamics and synaptic interactions can also be studied when 

neurons are in hippocampal tissue (Jin et al., 2011) or in three-dimensional scaffolds 

(Ranjan, Qiu, Tan, Zeng, & Zhang, 2018). Thus, other possible techniques involving three-

dimensional environments should be considered as important models to validate and study 

the Aβ effect on additional models to study AD and other disorders caused by Aβ.  
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12. Appendix 

12.1. APP1: Background 

Table 12.1. Brain areas playing a role in learning and memory1. 

Type of Learning/Memory Brain areas involved 

Spatial learning Hippocampus 

 Parahippocampus 

 Subiculum 

 Cortex 

Emotional memory Amygdala 

Recognition memory Temporal lobe 

Working memory Hippocampus 

 Prefrontal cortex 

Motor skills Striatum 

 Cerebellum 

Sensory (visual, auditory, 

tactile) Cortical area 

Classical conditioning Cerebellum 

Habituation Basal anglia 

 

  

                                                 
1 Table obtained from (Lynch, 2004). 
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12.2. APP2: Cell culture media 

Table 12.2. Neural stem and progenitor cells (NSPCs) Stock Media or Stock Media 

Product Volume (mL) 

Dulbecco's Modified Eagle's Medium (DMEM) (Gibco ®; Thermo Fisher 

Scientific) 
102 

HAMS F12 nutrition mixture (Life Technologies/Gibco-BRL) 95 

Penicillin–streptomycin (pen/strep) (Gibco, #15070-063) 2 

N-2-hydroxyethylpiperazine-N-2′-ethanesulfonic acid (HEPES) 1M 1 

 

 Table 12.3. NSPCs Working Media 

Product Volume  

Stock Media 20 mL 

B27 vitamin supplement (Gibco, #12587-010) 400 uL 

FGF2 (Gibco, #PHG0024), 20 ng / mL 10 uL 

EGF (Gibco, #PHG0313), 20 ng / mL 10 uL 

Heparin (Sigma, #1001352521), 1000 x 20 uL 

 

Table 12.4. DRG neurons Media 

Product Volume  

Stock Media 34 mL 

B27 vitamin supplement (Gibco, #12587-010) 800 uL 

Fetal bovine serum (FBS) (Gibco, #12483-020),  2 mL 

 

Table 12.5. Hippocampal neurons Media 

Product Volume  

Stock Media 34 mL 

B27 vitamin supplement (Gibco, #12587-010) 800 uL 

N-2 Supplement (100X) (Gibco, #17502048) 400 uL 

Fetal bovine serum (FBS) (Gibco, #12483-020) 6 uL 
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12.3. APP3: AB effect on hippocampal neurons 

12.3.1. Electrophysiology of hippocampal neurons 

Table 12.6. Hippocampal neurons capacitances after 24 h of Aβ treatments. 

Ab treatment 
Removal: No 

Cm (pF) 

Removal:Yes 

Cm (pF) 

HN_Control 5.84 ± 1.20 6.60 ± 0.92 

HN_AB42 5.28 ± 0.57 5.40 ± 0.73 

HN_AB38 6.64 ± 1.09 5.01 ± 0.39 

HN_AB42-AB38 5.55 ± 0.88 5.54 ± 0.52  
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12.3.2. Electrophysiology of DRG neurons 

Table 12.7. DRG neurons capacitances after 24 h of Aβ treatments. 

Ab treatment Cm (pF) 

DRG_Control 5.40 ± 0.19 

DRG_AB42 6.35 ± 0.60 

DRG_AB42-removal 4.88 ± 0.50 

DRG_AB38 5.61 ± 0.65 

DRG_AB38-removal 5.11 ± 0.76 

DRG_AB42-AB38 6.48 ± 0.64 
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12.3.3. Immunocytochemistry of hippocampal neurons 

Table 12.8. Hippocampal neuronal soma and nuclei size post Aβ treatments. Mean 

and SD of hippocampal neuronal soma and nucleus size are showed in terms of diameter 

(μm) and area (μm2). 

Ab treatment 
Nucleus 

nd (μm) 

Nucleus  

nA (μm2) 

Soma 

bd (μm) 

Soma 

bA(μm2) 
  

Control 10.39 ±2.23 132.97 ± 49.62 14.18  ± 2.73 116.08 ± 49.09   

AB42 6.03 ± 2.47 40.23 ± 36.59 6.53  ± 2.95 32.19 ± 19.07   

AB42-removal 9.45 ± 1.81 111.23 ± 45.31  12.30 ± 3.52 115.91 ± 40.44   

AB38 6.42 ± 2.68 30.24 ± 20.00 5.30  ± 2.06 32.15 ± 21.29   

AB38-removal 9.11 ± 3.14 125.78± 82.71 11.92  ± 1.95 168.65 ± 38.43   

AB42-AB38 8.97 ± 1.68 68.78 ± 31.72 8.97 ± 1.68 68.85 ± 31.55   

AB4238 9.00 ± 0.41 73.32 ± 18.21  9.00 ±0.41 73.32 ± 18.21   
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12.3.1. Immunocytochemistry of DRG neurons 

Table 12.9. Neuronal soma and nuclei size post Aβ treatments. Mean and SD of 

hippocampal neuronal soma and nucleus size are showed in terms of diameter (μm) and 

area (μm2). 

Ab treatment 
Nucleus 

nd (μm) 

Nucleus 

nA (um2) 

Soma 

bd (μm) 

Soma 

bA(μm2) 
  

Control 8.42 ± 2.04 83.64 ± 32.13 12.04 ± 2.59 225.96 ± 77.43 
  

AB42 5.26 ± 1.66 32.45  ± 21.27 6.36 ± 3.32 25.73 ± 11.34   

AB42-removal 4.93 ± 1.85 29.02  ± 24.40 5.23 ± 1.80 32.46 ± 22.89   

AB38 5.14 ± 1.22 27.97  ± 17.31 5.13 ± 1.22 27.97 ± 17.30   

AB38-removal 10.84 ± 2.58 166.48 ± 44.87 11.38 ± 3.05 249.29 ± 77.80   

AB42-AB38 11.85 ± 2.61 58.37 ± 34.13 13.08 ± 3.40 58.37 ± 34.13   
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12.4. APP4: Statistical analysis of the electrophysiology of neurons post Aβ 

The statistical analysis of the study of the electrophysiology and 

immunocytochemistry of hippocampal and DRG neurons post Aβ treatments is shown.  

12.4.1. Statistical analysis of hippocampal neurons’ electrophysiology 

Table 12.10. Generalized Linear Model of the hippocampal neuronal cell membrane 

capacitances after 24 h of Aβ treatments. A generalized linear model was used to 

estimate mean, median, quartiles and mean differences between hippocampal neuronal cell 

capacitances (pF) between Aβ experimental conditions 

glm(formula = capacitance ~ AB42*AB38, family = Gamma(link = "log"), data = dataset) 

         

Deviance Residuals:  
       

Min 1Q Median 3Q   Max 
    

-0.34551 -0.14104 -0.0978 0.1234 0.52559 
    

         

Coefficients 
        

                                          Estimate           Std. Error       t 

value        Pr(>|t|) 
    

(Intercept) 1.81E+00 5.63E-02 32.189 <2e-16 *** 
   

AB42         -3.43E-04 1.39E-03 -0.248 0.805 
    

AB38 1.61E-03 1.53E-03 1.052 0.296 
    

AB42:AB38 -6.50E-05 4.38E-05 -1.485 0.141 
    

 
        

Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1       
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Table 12.11. Generalized Linear Model of the hippocampal neuronal current density 

after 24 h of Aβ treatments. A generalized linear model was used to estimate mean, 

median, quartiles, mean and significant differences between hippocampal neurons current 

density profiles (pA/pF) measured at 20 mV by patch clamp electrophysiology after 24 h 

of Aβ treatments. 

glm(formula = density~ AB42 * AB38, family = Gamma(link = "log"), data = df) 

         

Deviance Residuals:  
       

Min 1Q Median 3Q   Max 
    

-1.0727 -0.4497 -0.1192 0.1858 1.2166 
    

         

Coefficients 
        

                                          Estimate            Std. Error      t 

value Pr(>|t|)        
    

(Intercept) 2.9380 0.1256 23.398 <2e-16 *** 
   

AB42         -1.8062 0.1546 -11.686 <2e-16 *** 
   

AB38 -0.4023 0.1708 -2.355 0.021 * 
   

AB4238 1.7859 0.2442 7.314 1.98e-10 ***       

 
        

Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1       

Null deviance: 63.508  on 81  degrees of freedom 

Residual deviance: 21.428  on 78  degrees of freedom 

AIC: 451.18 
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Table 12.12. Generalized Linear Model of the hippocampal neuronal current profiles 

after 24 h of Aβ treatments. A generalized linear model (GLM) was used to estimate 

mean, median, quartiles, mean and significant differences between hippocampal neurons 

current profiles (pA) measured at 20 mV by patch clamp electrophysiology after 24 h of 

Aβ treatments. Cell membrane capacitances were included in the GLM to take into 

consideration sizes of each recorded cell. Due to the AIC was higher by analyzing current 

profiles and cell capacitances as independent variables (AIC: 744.27), further analysis and 

comparison between the current profiles of Aβ treatments was performed having current 

densities (pA/pF) as input of the statistical model. 

glm(formula = current~ AB42 * AB38 + offset(log(capacitance)), family = Gamma(link = 

"log"), data = df) 

         

Deviance Residuals:  
       

Min 1Q Median 3Q   Max 
    

-1.0727 -0.4497 -0.1192 0.1858 1.2166 
    

         

Coefficients 
        

                                          Estimate            Std. Error      t 

value Pr(>|t|)        
    

(Intercept) 2.9380 0.1256 23.398 <2e-16 *** 
   

AB42         -1.8062 0.1546 -11.686 <2e-16 *** 
   

AB38 -0.4023 0.1708 -2.355 0.021 * 
   

AB4238 1.7859 0.2442 7.314 1.98e-10 ***       

Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1       

Null deviance: 63.508  on 81  degrees of freedom 

Residual deviance: 21.428  on 78  degrees of freedom. AIC: 744.27 
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Table 12.13. Generalized Linear Model of the hippocampal neuronal current density 

after 24 h of Aβ-removal treatments. A generalized linear model was used to estimate 

mean, median, quartiles, mean and significant differences between hippocampal neurons 

current density profiles (pA/pF) measured at 20 mV by patch clamp electrophysiology after 

24 h of Aβ-removal treatments. 

glm(formula = density ~ AB*Removal, family = Gamma(link = "log"), data = df2) 

         
Deviance Residuals:  

       
Min 1Q Median 3Q   Max 

    
-1.0727 -0.4404 -0.1159 0.1957 1.2166 

    

         
Coefficients 

        
                                          Estimate            Std. Error      t 

value Pr(>|t|)        
    

(Intercept) 2.93796 0.12320 23.946 <2e-16 *** 
   

AB-AB42         -1.80620 0.15165 -11.910 <2e-16 *** 
   

AB-AB38 -0.40229 0.16758 -2.401 0.0179 * 
   

AB-AB4238 -0.42257 0.19153 -2.206 0.0293 * 
   

Removal-yes -0.14651 0.25844 -0.567 0.5718         

AB-AB42: Removal-

yes 1.41828 0.32137 4.413 2.24e-05 ***       

AB-AB38: Removal-

yes 0.05727 0.31811 0.180 0.8574         

AB-AB4238: 

Removal-yes 0.34003 0.31811 -1.069 0.2873         

Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1       

(Dispersion parameter for Gamma family taken to be 0.2580504) 

Null deviance: 76.635  on 127  degrees of freedom 

Residual deviance: 31.430  on 120  degrees of freedom 

AIC: 722.73  
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Table 12.14. Wilcoxon signed-rank test of the current density of Aβ-exposed 

hippocampal neurons at 20 mV. A Wilcoxon signed-rank test was coded to measure the 

statistically significant differences between current densities of hippocampal neurons 

measured at 20 mV after 24 h of Aβ treatments. 

 
Control AB42 AB38 

AB42 1.20E-12 - - 

AB38 0.007 3.70E-10 - 

AB4238 7.70E-06 3.50E-10 0.326 
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Table 12.15. Wilcoxon signed-rank test of the current density of Aβ-removal 

hippocampal neurons treatments at 20 mV. A Wilcoxon signed-rank test was performed 

to measure the statistically significant differences between current densities of 

hippocampal neurons measured at 20 mV after 24 h of Aβ-removal treatments. 

                

 Control 
Control- 

AB42 
AB42- 

AB38 
AB38- 

AB4238 
removal removal removal 

Control- 
1.0000 - - - - - - 

removal 

AB42 5.70E-12 8.00E-05 - - - - - 

AB42- 
0.0032 1.0000 4.60E-06 - - - - 

removal 

AB38 0.0562 1.0000 2.40E-09 1.0000 - - - 

AB38- 
0.0319 1.0000 3.40E-06 1.0000 1.0000 - - 

removal 

AB4238 5.40E-05 1.0000 1.90E-09 1.0000 1.0000 1.0000 - 

AB4238- 
3.10E-09 0.0638 2.30E-05 0.5667 0.3181 0.8383 0.0311 

removal 
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Table 12.16. Multiple comparisons of means of current profiles of hippocampal 

neurons after 24 h of Aβ treatments.  Cell membrane capacitances were included in the 

GLM to take into consideration sizes of each recorded cell (see offset in formula).  

Simultaneous Tests for General Linear Hypotheses were used to perform Multiple 

Comparisons of Means by Tukey test. P.values: 0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05. 

Simultaneous Tests for General Linear Hypotheses  

Multiple Comparisons of Means: Tukey Contrasts  

Fit: glm(formula = density ~ B42B38int, family = Gamma(link = "log"), data = 

hnephys_df1) 

Linear Hypotheses: 
 

Estimate Std. 

Error 
z value Pr(>|z|) 

 
Treatment 

50.0 - 0.0 == 0  -1.80620 0.15456  -11.686 <0.001 *** AB42-Control 

0.50 - 0.0 == 0 -0.40229 0.17079  -2.355 0.0845  . AB38-Control 

50.50 - 0.0 == 0 -0.42257 0.19520  -2.165  0.1312 
 

AB4238-

Control 
0.50 - 50.0 == 0 1.40391  0.14671  9.569  <0.001 *** AB38-AB42 

50.50 - 50.0 == 0 1.38363  0.17452  7.928  <0.001 *** AB4238-AB42 

50.50 - 0.50 == 0  -0.02028 0.18904  -0.107 0.9996 
 

AB4238-AB38 
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12.5. Statistical analysis of Aβ removal on hippocampal neurons 

Table 12.17. Multiple comparisons of means of current density profiles of 

hippocampal neurons after 24 h of Aβ treatments.  Cell membrane capacitances were 

taken into consideration to normalize the data set. Multiple Comparisons of Means was 

performed by Tukey test. P.values: 0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05. 

Fit: glm(formula = density ~ B42B38Remint, family = Gamma(link = "log"), 

data = hnephys_df2)   

 Estimate Std. Error z value Pr(>|z|)  Treatment 
50.0.no - 0.0.no == 0 -1.8062 0.15165 -11.91 <0.001 *** AB42-Control 
0.50.no - 0.0.no == 0 -0.40229 0.16758 -2.401 0.2301  AB38-Control 
50.50.no - 0.0.no == 0 -0.42257 0.19153 -2.206 0.3349   AB4238-Control 
0.0.yes - 0.0.no == 0 -0.14651 0.25844 -0.567 0.9992  ControlR-Control 
50.0.yes - 0.0.no == 0 -0.53443 0.20941 -2.552 0.1652  AB42R-Control 
0.50.yes - 0.0.no == 0 -0.49153 0.19153 -2.566 0.1597  AB38R-Control 
50.50.yes - 0.0.no == 0 -0.90911 0.16758 -5.425 <0.001 *** AB42-AB38-Control 
0.50.no - 50.0.no == 0 1.40391 0.14395 9.753 <0.001 *** AB38 - AB42 
50.50.no - 50.0.no == 0 1.38363 0.17124 8.08 <0.001 *** AB4238 - AB42 
0.0.yes - 50.0.no == 0 1.65969 0.24378 6.808 <0.001 *** ControlR - AB42 
50.0.yes - 50.0.no == 0 1.27177 0.19103 6.658 <0.001 *** AB42R - AB42 
0.50.yes - 50.0.no == 0 1.31467 0.17124 7.677 <0.001 *** AB38R - AB42 
50.50.yes - 50.0.no == 0 0.89709 0.14395 6.232 <0.001 *** AB42-AB38 - AB42 
50.50.no - 0.50.no == 0 -0.02028 0.18549 -0.109 1   AB4238 - AB38 
0.0.yes - 0.50.no == 0 0.25578 0.25399 1.007 0.9717  ControlR - AB38 
50.0.yes - 0.50.no == 0 -0.13214 0.2039 -0.648 0.998  AB42R - AB38 
0.50.yes - 0.50.no == 0 -0.08924 0.18549 -0.481 0.9997  AB38R - AB38 
50.50.yes - 0.50.no == 0 -0.50683 0.16064 -3.155 0.0322 * AB42-AB38 - AB38 
0.0.yes - 50.50.no == 0 0.27606 0.2704 1.021 0.9694  ControlR - AB4238 
50.0.yes - 50.50.no == 0 -0.11186 0.224 -0.499 0.9996  AB42R - AB4238 
0.50.yes - 50.50.no == 0 -0.06896 0.20738 -0.333 1  AB38R - AB4238 
50.50.yes - 50.50.no == 0 -0.48654 0.18549 -2.623 0.139   

AB42-AB38 - 

AB4238 
50.0.yes - 0.0.yes == 0 -0.38792 0.28334 -1.369 0.8641   AB42R - ControlR 
0.50.yes - 0.0.yes == 0 -0.34502 0.2704 -1.276 0.9024  AB38R - ControlR 
50.50.yes - 0.0.yes == 0 -0.7626 0.25399 -3.002 0.0508 . 

AB42-AB38 - 

ControlR 
0.50.yes - 50.0.yes == 0 0.0429 0.224 0.192 1   AB38R - AB42R 
50.50.yes - 50.0.yes == 0 -0.37469 0.2039 -1.838 0.5801   

AB42-AB38 - 

AB42R 
50.50.yes - 0.50.yes == 0 -0.41759 0.18549 -2.251 0.3081   

AB42-AB38  - 

AB38R 
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Table 12.18. Multiple comparisons of means of current density of hippocampal 

neurons after 24 h of Aβ treatments.  Cell membrane capacitances were taken into 

consideration by prior normalization of the data set. Multiple Comparisons of Means was 

performed by Tukey test. P.values: 0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05. 

Multiple Comparisons of Means: Tukey 

Contrasts      
Fit: glm(formula = density ~ B42B38Remint, family = Gamma(link = "log"), 

data = hnephys_df2)   

 Estimate Std. Error z value Pr(>|z|)  Treatment 
50.0.no - 0.0.no == 0 -1.8062 0.15165 -11.91 <0.001 *** AB42-Control 
0.50.no - 0.0.no == 0 -0.40229 0.16758 -2.401 0.2301  AB38-Control 
50.50.no - 0.0.no == 0 -0.42257 0.19153 -2.206 0.3349   AB4238-Control 
0.0.yes - 0.0.no == 0 -0.14651 0.25844 -0.567 0.9992  ControlR-Control 
50.0.yes - 0.0.no == 0 -0.53443 0.20941 -2.552 0.1652  AB42R-Control 
0.50.yes - 0.0.no == 0 -0.49153 0.19153 -2.566 0.1597  AB38R-Control 
50.50.yes - 0.0.no == 0 -0.90911 0.16758 -5.425 <0.001 *** AB42-AB38-Control 
0.50.no - 50.0.no == 0 1.40391 0.14395 9.753 <0.001 *** AB38 - AB42 
50.50.no - 50.0.no == 0 1.38363 0.17124 8.08 <0.001 *** AB4238 - AB42 
0.0.yes - 50.0.no == 0 1.65969 0.24378 6.808 <0.001 *** ControlR - AB42 
50.0.yes - 50.0.no == 0 1.27177 0.19103 6.658 <0.001 *** AB42R - AB42 
0.50.yes - 50.0.no == 0 1.31467 0.17124 7.677 <0.001 *** AB38R - AB42 
50.50.yes - 50.0.no == 0 0.89709 0.14395 6.232 <0.001 *** AB42-AB38 - AB42 
50.50.no - 0.50.no == 0 -0.02028 0.18549 -0.109 1   AB4238 - AB38 
0.0.yes - 0.50.no == 0 0.25578 0.25399 1.007 0.9717  ControlR - AB38 
50.0.yes - 0.50.no == 0 -0.13214 0.2039 -0.648 0.998  AB42R - AB38 
0.50.yes - 0.50.no == 0 -0.08924 0.18549 -0.481 0.9997  AB38R - AB38 
50.50.yes - 0.50.no == 0 -0.50683 0.16064 -3.155 0.0322 * AB42-AB38 - AB38 
0.0.yes - 50.50.no == 0 0.27606 0.2704 1.021 0.9694  ControlR - AB4238 
50.0.yes - 50.50.no == 0 -0.11186 0.224 -0.499 0.9996  AB42R - AB4238 
0.50.yes - 50.50.no == 0 -0.06896 0.20738 -0.333 1  AB38R - AB4238 
50.50.yes - 50.50.no == 0 -0.48654 0.18549 -2.623 0.139   

AB42-AB38 - 

AB4238 
50.0.yes - 0.0.yes == 0 -0.38792 0.28334 -1.369 0.8641   AB42R - ControlR 
0.50.yes - 0.0.yes == 0 -0.34502 0.2704 -1.276 0.9024  AB38R - ControlR 
50.50.yes - 0.0.yes == 0 -0.7626 0.25399 -3.002 0.0508 . 

AB42-AB38 - 

ControlR 
0.50.yes - 50.0.yes == 0 0.0429 0.224 0.192 1   AB38R - AB42R 
50.50.yes - 50.0.yes == 0 -0.37469 0.2039 -1.838 0.5801   

AB42-AB38 - 

AB42R 
50.50.yes - 0.50.yes == 0 -0.41759 0.18549 -2.251 0.3081   

AB42-AB38  - 

AB38R 
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12.5.1. Statistical analysis of DRG neurons’ electrophysiology 

Table 12.19. Generalized Linear Model of the DRG neuronal cell membrane 

capacitances after 24 h of Aβ treatments. A generalized linear model was used to 

estimate mean, median, quartiles and mean differences between DRG neuronal cell 

capacitances (pF) between Aβ experimental conditions. No significant differences were 

found between the cell membrane capacitances of DRG neurons after Aβ treatments. 

glm(formula = capacitance ~ treatment, family = Gamma(link = "log"), data = df) 

         
Deviance Residuals:  

       
Min 1Q Median 3Q   Max 

    
-0.49323 -0.10762 -0.01278 0.08602 0.62663 

    

         
Coefficients 

        
                                          Estimate            Std. Error      t value Pr(>|t|)        

    
(Intercept) 1.68547 0.07309 23.060 <2e-16 *** 

   
AB42         0.16281 0.09116 1.786 0.078 

    
AB42-removal -0.10056 0.08262 -1.217 0.227 

    
AB38 0.06519 0.07895 0.826 0.411 

    
AB38-removal -0.01150 0.08699 -0.132 0.895         

AB42- AB38 0.10462 0.08952 1.169 0.246         

 
        

Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1       
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Table 12.20. Generalized Linear Model of the DRG neuronal current profiles after 24 

h of Aβ treatments.  A generalized linear model (GLM) was used to estimate mean, median, 

quartiles, mean and significant differences between hippocampal neurons current profiles (pA) 

measured at 20 mV by patch clamp electrophysiology after 24 h of Aβ treatments. Cell membrane 

capacitances were included in the GLM to take into consideration sizes of each recorded cell (see 

offset in formula).  Simultaneous Tests for General Linear Hypotheses were used to perform 

Multiple Comparisons of Means by Tukey test. P.values: 0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05. 

Simultaneous Tests for General Linear 

Hypotheses     
Multiple Comparisons of Means: Tukey 

Contrasts     
Fit: glm(formula = current ~ treatment + offset(log(capacitance)),    
    family = Gamma(link = "log"), data = drgephys_df)    
Linear Hypotheses:           
 Estimate Std. Error z value Pr(>|z|)  
B42_50 - Control == 0 -1.49859 0.14629 -10.244 < 0.001 *** 
B42-50-r - Control == 0 -1.03073 0.1293 -7.972 < 0.001 *** 
B38-50 - Control == 0 -1.10231 0.11964 -9.213 < 0.001 *** 
B38-50-r - Control == 0 -0.55028 0.13805 -3.986 < 0.001 *** 
B42-B38_1-1 - Control == 0 -0.33663 0.13805 -2.438 0.1372   
B42-50-r - B42_50 == 0 0.46787 0.1185 3.948 0.00106 ** 
B38-50 - B42_50 == 0 0.39628 0.10789 3.673 0.00311 ** 
B38-50-r - B42_50 == 0 0.94832 0.128 7.409 < 0.001 *** 
B42-B38_1-1 - B42_50 == 0 1.16196 0.128 9.078 < 0.001 *** 
B38-50 - B42-50-r == 0 -0.07158 0.08342 -0.858 0.95397   
B38-50-r - B42-50-r == 0 0.48045 0.10818 4.441 < 0.001 *** 
B42-B38_1-1 - B42-50-r == 0 0.6941 0.10818 6.416 < 0.001 *** 
B38-50-r - B38-50 == 0 0.55203 0.09643 5.725 < 0.001 *** 
B42-B38_1-1 - B38-50 == 0 0.76568 0.09643 7.94 < 0.001 *** 
B42-B38_1-1 - B38-50-r == 0 0.21365 0.1185 1.803 0.45234   
---      
Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1    
(Adjusted p values reported -- 

single-step method)      
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Table 12.21. Generalized Linear Model of the DRG neuronal current profiles after 24 

h of Aβ treatments. A generalized linear model (GLM) was used to estimate mean, 

median, quartiles, mean and significant differences between DRG neurons current profiles 

(pA) measured at 20 mV by patch clamp electrophysiology after 24 h of Aβ treatments. 

Cell membrane capacitances were included in the GLM to take into consideration sizes of 

each recorded cell. 

glm(formula = current ~ treatment + offset(log(capacitance)), family = Gamma(link = "log"), data = DRG) 

         
Deviance Residuals:  

       
Min 1Q Median 3Q   Max 

    
-1.13968 -0.19758 -0.05173 0.14942 0.61545 

    

         
Coefficients 

        
                                          Estimate           Std. Error       t value        Pr(>|t|) 

    
(Intercept) 3.0927 0.1097 28.188   < 2e-16 *** 

   
treatmentB38-50-r -1.4986 0.1463 - 10.244   < 2e-16 *** 

   
treatmentB42-50-r -1.0307 0.1293   - 7.972 4.97e-12 *** 

   
treatmentB42-B38 -1.1023 0.1196   - 9.213 1.36e-14 *** 

   
treatmentB42_50 -0.5503 0.1381   - 3.986 0.000137 ***       

treatmentControl -0.3366 0.1381   - 2.438 0.016739 *       

 
        

Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1       

Null deviance: 26.278  on 94  degrees of freedom 

Residual deviance:  9.015  on 89  degrees of freedom 

AIC: 817.83 

Number of Fisher Scoring iterations: 4 
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Table 12.22. Generalized Linear Model of the DRG neuronal current profiles after 24 

h of Aβ treatments. A generalized linear model (GLM) was used to estimate mean, 

median, quartiles, mean and significant differences between DRG neurons current profiles 

(pA) measured at 20 mV by patch clamp electrophysiology after 24 h of Aβ treatments. 

AIC was lower than in the model that included cell membrane capacitances as offset (AIC: 

817.83, see Table 12.18). Due to the lower AIC, further analysis of current profiles was 

performed having current densities (pA/pF) as input of the model. 

glm(formula = density~ treatment, family = Gamma(link = "log"), data = DRG) 

         
Deviance Residuals:  

       
Min 1Q Median 3Q   Max 

    
-1.13968 -0.19758 -0.05173 0.14942 0.61545 

    

         
Coefficients 

        
                                          Estimate           Std. Error       t value        Pr(>|t|) 

    
(Intercept) 3.0927 0.1097 28.188   < 2e-16 *** 

   
treatmentB38-50-r -1.4986 0.1463 - 10.244   < 2e-16 *** 

   
treatmentB42-50-r -1.0307 0.1293   - 7.972 4.97e-12 *** 

   
treatmentB42-B38 -1.1023 0.1196   - 9.213 1.36e-14 *** 

   
treatmentB42_50 -0.5503 0.1381   - 3.986 0.000137 ***       

treatmentControl -0.3366 0.1381   - 2.438 0.016739 *       

 
        

Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1       

#Null deviance: 26.278  on 94  degrees of freedom 

#Residual deviance:  9.015  on 89  degrees of freedom 

#AIC: 473.03 

#Number of Fisher Scoring iterations: 4 
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12.6. Statistical analysis of the Aβ effect on the neuronal cell size 

12.6.1. Statistical analysis of hippocampal neurons cell size 

Table 12.23. Generalized Linear Model of the hippocampal neuronal nuclei's 

diameter after 24 h of Aβ treatments. A generalized linear model was used to estimate 

mean, median, quartiles, mean and significant differences between neuronal nuclei's 

diameter (um) measured by imaging processing of the ICC study on hippocampal neurons. 

glm(formula = nd~ t, family = Gamma(link = "log"), data = hnicc) 

Deviance Residuals:         

Min 1Q Median 3Q   Max     

-1.09981 -0.22872 -0.02417 0.13504 1.41477     

Coefficients         

                                          Estimate           Std. Error       t value        Pr(>|t|)     

(Intercept) 2.34101 0.05153 45.429 < 2e-16 ***    

tAB42        -0.54425 0.08342 -6.524 8.81e-10 ***    

tAB42R       -0.09547 0.08256 -1.156 0.249     

tAB38        -0.65060 0.07368 -8.830 1.89e-15 ***    

tAB38R -0.12942 0.16618 -0.779 0.437         

tAB4238 -0.14395 0.18400 -0.782 0.435         

tAB42-AB38 -0.14726 0.16618 -0.886 0.377         

Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1       

(Dispersion parameter for Gamma family taken to be 0.1248078) 
 Null deviance: 30.154  on 164  degrees of freedom 
Residual deviance: 17.427  on 158  degrees of freedom 
AIC: 771.58  
Number of Fisher Scoring iterations: 4 
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Table 12.24. Multiple comparisons of means of hippocampal nuclei's diameter after 

24 h of Aβ treatments.  A generalized linear model (GLM) was used to estimate mean, 

median, quartiles, mean and significant differences between hippocampal nuclei's diameter 

(μm) measured after 24 h of Aβ treatments.  Simultaneous Tests for General Linear 

Hypotheses were used to perform Multiple Comparisons of Means by Tukey test. P.values: 

0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05. 

            

Fit: glm(formula = nd ~ t, family = Gamma(link = "log"), data = 

hnicc)   

      

Linear Hypotheses:      

 Estimate 

Std. 

Error z value Pr(>|z|)  
AB42 - Control == 0 -0.54 0.08 -6.52 <0.001 *** 

AB42R - Control == 0 -0.10 0.08 -1.16 0.8961  
AB38 - Control == 0 -0.65 0.07 -8.83 <0.001 *** 

AB38R - Control == 0 -0.13 0.17 -0.78 0.9844  
AB4238 - Control == 0 -0.14 0.18 -0.78 0.9841  
AB42-AB38 - Control == 0 -0.15 0.17 -0.89 0.97  
AB42R - AB42 == 0 0.45 0.09 4.88 <0.001 *** 

AB38 - AB42 == 0 -0.11 0.08 -1.26 0.8492  
AB38R - AB42 == 0 0.41 0.17 2.43 0.164  
AB4238 - AB42 == 0 0.40 0.19 2.12 0.3041  
AB42-AB38 - AB42 == 0 0.40 0.17 2.32 0.2061  
AB38 - AB42R == 0 -0.56 0.08 -6.67 <0.001 *** 

AB38R - AB42R == 0 -0.03 0.17 -0.20 1  
AB4238 - AB42R == 0 -0.05 0.19 -0.26 1  
AB42-AB38 - AB42R == 0 -0.05 0.17 -0.30 0.9999  
AB38R - AB38 == 0 0.52 0.17 3.13 0.0241 * 

AB4238 - AB38 == 0 0.51 0.18 2.75 0.0735 . 

AB42-AB38 - AB38 == 0 0.50 0.17 3.02 0.0336 * 

AB4238 - AB38R == 0 -0.01 0.24 -0.06 1  
AB42-AB38 - AB38R == 0 -0.02 0.22 -0.08 1  
AB42-AB38 - AB4238 == 0 0.00 0.24 -0.01 1   

---      

Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1   

(Adjusted p values reported -- single-step method)    
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Table 12.25. Multiple comparisons of means of hippocampal nuclei's area after 24 h 

of Aβ treatments.  A generalized linear model (GLM) was used to estimate mean, median, 

quartiles, mean and significant differences between hippocampal nuclei's area (μm2) 

measured after 24 h of Aβ treatments.  Simultaneous Tests for General Linear Hypotheses 

were used to perform Multiple Comparisons of Means by Tukey test. P.values: 0 ‘***’ 

0.001 ‘**’ 0.01 ‘*’ 0.05. 

            

Fit: glm(formula = nA ~ t, family = Gamma(link = "log"), data = hnicc)  
 

     
Linear Hypotheses:      

 
Estimate 

Std. 

Error z value Pr(>|z|)  
AB42 - Control == 0 -1.71 0.11 -14.94 < 0.001 *** 

AB42R - Control == 0 -0.18 0.11 -1.57 0.67291  
AB38 - Control == 0 -1.46 0.10 -14.51 < 0.001 *** 

AB38R - Control == 0 -0.04 0.23 -0.18 1  
AB4238 - Control == 0 -0.75 0.25 -2.99 0.03736 * 

AB42-AB38 - Control == 0 -0.94 0.23 -4.13 < 0.001 *** 

AB42R - AB42 == 0 1.53 0.13 12.14 < 0.001 *** 

AB38 - AB42 == 0 0.24 0.12 2.11 0.31273  
AB38R - AB42 == 0 1.67 0.23 7.12 < 0.001 *** 

AB4238 - AB42 == 0 0.95 0.26 3.70 0.00335 ** 

AB42-AB38 - AB42 == 0 0.77 0.23 3.27 0.01544 * 

AB38 - AB42R == 0 -1.29 0.11 -11.29 < 0.001 *** 

AB38R - AB42R == 0 0.14 0.23 0.59 0.99661  
AB4238 - AB42R == 0 -0.58 0.26 -2.24 0.24536  
AB42-AB38 - AB42R == 0 -0.76 0.23 -3.27 0.01545 * 

AB38R - AB38 == 0 1.42 0.23 6.24 < 0.001 *** 

AB4238 - AB38 == 0 0.71 0.25 2.82 0.06088 . 

AB42-AB38 - AB38 == 0 0.52 0.23 2.29 0.21849   

AB4238 - AB38R == 0 -0.71 0.32 -2.20 0.26534  
AB42-AB38 - AB38R == 0 -0.90 0.31 -2.95 0.04235 * 

AB42-AB38 - AB4238 == 

0 -0.19 0.32 -0.58 0.99683   

---      
Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1   
(Adjusted p values reported -- single-step method)    
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Table 12.26. Multiple comparisons of means of hippocampal soma's diameter after 

24 h of Aβ treatments. A generalized linear model (GLM) was used to estimate mean, 

median, quartiles, mean and significant differences between hippocampal soma's diameter 

(μm) measured after 24 h of Aβ treatments.  Simultaneous Tests for General Linear 

Hypotheses were used to perform Multiple Comparisons of Means by Tukey test. P.values: 

0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05. 

            

Fit: glm(formula = bd ~ t, family = Gamma(link = "log"), data = hnicc)  

      

Linear Hypotheses:      

 Estimate 

Std. 

Error z value Pr(>|z|)  
AB42 - Control == 0 -0.78 0.09 -9.08 < 0.001 *** 

AB42R - Control == 0 -0.12 0.09 -1.38 0.78803  
AB38 - Control == 0 -0.95 0.08 -12.40 < 0.001 *** 

AB38R - Control == 0 -0.17 0.17 -0.96 0.95484  
AB4238 - Control == 0 -0.46 0.19 -2.44 0.16048  
AB42-AB38 - Control == 0 -0.47 0.17 -2.72 0.08025 . 

AB42R - AB42 == 0 0.67 0.10 6.99 < 0.001 *** 

AB38 - AB42 == 0 -0.16 0.09 -1.86 0.46945  
AB38R - AB42 == 0 0.62 0.18 3.49 0.00723 ** 

AB4238 - AB42 == 0 0.32 0.19 1.64 0.62068  
AB42-AB38 - AB42 == 0 0.32 0.18 1.79 0.51805  
AB38 - AB42R == 0 -0.83 0.09 -9.61 < 0.001 *** 

AB38R - AB42R == 0 -0.05 0.18 -0.27 0.99996  
AB4238 - AB42R == 0 -0.35 0.19 -1.78 0.52687  
AB42-AB38 - AB42R == 0 -0.35 0.18 -1.98 0.39292  
AB38R - AB38 == 0 0.78 0.17 4.53 < 0.001 *** 

AB4238 - AB38 == 0 0.48 0.19 2.53 0.12921  
AB42-AB38 - AB38 == 0 0.48 0.17 2.78 0.06786 . 

AB4238 - AB38R == 0 -0.30 0.25 -1.22 0.87179  
AB42-AB38 - AB38R == 0 -0.30 0.23 -1.30 0.82984  
AB42-AB38 - AB4238 == 0 0.00 0.25 -0.01 1   

---      

Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1   

(Adjusted p values reported -- single-step method)    
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Table 12.27. Multiple comparisons of means of hippocampal soma's area after 24 h 

of Aβ treatments. A generalized linear model (GLM) was used to estimate mean, median, 

quartiles, mean and significant differences between hippocampal soma's area (μm2) 

measured after 24 h of Aβ treatments.  Simultaneous Tests for General Linear Hypotheses 

were used to perform Multiple Comparisons of Means by Tukey test. P.values: 0 ‘***’ 

0.001 ‘**’ 0.01 ‘*’ 0.05.. 

            

Fit: glm(formula = bA ~ t, family = Gamma(link = "log"), data = hnicc)  

      

Linear Hypotheses:      

 Estimate 

Std. 

Error z value Pr(>|z|)  
AB42 - Control == 0 -1.32 0.12 -11.10 < 0.001 *** 

AB42R - Control == 0 -0.02 0.12 -0.21 0.99999  
AB38 - Control == 0 -1.33 0.11 -12.60 < 0.001 *** 

AB38R - Control == 0 0.32 0.24 1.34 0.81106  
AB4238 - Control == 0 -0.49 0.26 -1.87 0.46419  
AB42-AB38 - Control == 0 -0.98 0.24 -4.12 < 0.001 *** 

AB42R - AB42 == 0 1.30 0.13 9.88 < 0.001 *** 

AB38 - AB42 == 0 0.00 0.12 -0.03 1  
AB38R - AB42 == 0 1.64 0.24 6.71 < 0.001 *** 

AB4238 - AB42 == 0 0.83 0.27 3.09 0.02744 * 

AB42-AB38 - AB42 == 0 0.35 0.24 1.42 0.76691  
AB38 - AB42R == 0 -1.30 0.12 -10.94 < 0.001 *** 

AB38R - AB42R == 0 0.34 0.24 1.41 0.77328  
AB4238 - AB42R == 0 -0.47 0.27 -1.74 0.55569  
AB42-AB38 - AB42R == 0 -0.95 0.24 -3.91 0.00147 ** 

AB38R - AB38 == 0 1.65 0.24 6.91 < 0.001 *** 

AB4238 - AB38 == 0 0.84 0.26 3.17 0.02088 * 

AB42-AB38 - AB38 == 0 0.35 0.24 1.47 0.73491  
AB4238 - AB38R == 0 -0.81 0.34 -2.39 0.17777  
AB42-AB38 - AB38R == 0 -1.30 0.32 -4.06 < 0.001 *** 

AB42-AB38 - AB4238 == 

0 -0.49 0.34 -1.44 0.75605   

---      

Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1   

(Adjusted p values reported -- single-step method)    
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12.6.2. Statistical analysis of DRG neuronal cell size 

Table 12.28. Multiple comparisons of means of DRG nuclei's diameter after 24 h of 

Aβ treatments.  A generalized linear model (GLM) was used to estimate mean, median, 

quartiles, mean and significant differences between DRG nuclei's diameter (μm) measured 

after 24 h of Aβ treatments.  Simultaneous Tests for General Linear Hypotheses were used 

to perform Multiple Comparisons of Means by Tukey test. P.values: 0 ‘***’ 0.001 ‘**’ 

0.01 ‘*’ 0.05. 

            

Fit: glm(formula = nd ~ t, family = Gamma(link = "log"), data = drgicc)  
 

     
Linear Hypotheses:      

 
Estimate 

Std. 

Error z value Pr(>|z|) 

AB42 - Control == 0 -0.47 0.07 -6.42 <0.001 *** 

AB42R - Control == 0 -0.58 0.09 -6.74 <0.001 *** 

AB38 - Control == 0 -0.49 0.10 -4.78 <0.001 *** 

AB38R - Control == 0 0.25 0.09 2.90 0.0401 * 

AB42-AB38 - Control == 0 0.44 0.14 3.15 0.0187 * 

AB42R - AB42 == 0 -0.11 0.08 -1.37 0.7332  
AB38 - AB42 == 0 -0.02 0.10 -0.22 0.9999  
AB38R - AB42 == 0 0.73 0.08 9.13 <0.001 *** 

AB42-AB38 - AB42 == 0 0.91 0.13 6.77 <0.001 *** 

AB38 - AB42R == 0 0.09 0.11 0.80 0.9646  
AB38R - AB42R == 0 0.83 0.09 9.15 <0.001 *** 

AB42-AB38 - AB42R == 0 1.02 0.14 7.18 <0.001 *** 

AB38R - AB38 == 0 0.75 0.11 6.94 <0.001 *** 

AB42-AB38 - AB38 == 0 0.93 0.15 6.10 <0.001 *** 

AB42-AB38 - AB38R == 0 0.19 0.14 1.31 0.7673   

---      
Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1   
(Adjusted p values reported -- single-step method)    

 

  



138 

 

Table 12.29. Multiple comparisons of means of DRG nuclei's area after 24 h of Aβ 

treatments.  A generalized linear model (GLM) was used to estimate mean, median, 

quartiles, mean and significant differences between DRG nuclei's diameter (μm) measured 

after 24 h of Aβ treatments.  Simultaneous Tests for General Linear Hypotheses were used 

to perform Multiple Comparisons of Means by Tukey test. P.values: 0 ‘***’ 0.001 ‘**’ 

0.01 ‘*’ 0.05. 

            

Fit: glm(formula = nA ~ t, family = Gamma(link = "log"), data = drgicc)  
 

     
Linear Hypotheses:      

 
Estimate 

Std. 

Error z value Pr(>|z|)  
AB42 - Control == 0 -1.18 0.13 -8.87 < 0.001 *** 

AB42R - Control == 0 -1.21 0.16 -7.82 < 0.001 *** 

AB38 - Control == 0 -1.10 0.19 -5.87 < 0.001 *** 

AB38R - Control == 0 0.70 0.16 4.44 < 0.001 *** 

AB42-AB38 - Control == 0 -0.02 0.25 -0.07 1   

AB42R - AB42 == 0 -0.03 0.14 -0.24 0.99989  
AB38 - AB42 == 0 0.08 0.18 0.48 0.99668  
AB38R - AB42 == 0 1.88 0.14 13.10 < 0.001 *** 

AB42-AB38 - AB42 == 0 1.16 0.24 4.78 < 0.001 *** 

AB38 - AB42R == 0 0.12 0.19 0.61 0.98966  
AB38R - AB42R == 0 1.91 0.16 11.65 < 0.001 *** 

AB42-AB38 - AB42R == 0 1.20 0.26 4.67 < 0.001 *** 

AB38R - AB38 == 0 1.80 0.19 9.24 < 0.001 *** 

AB42-AB38 - AB38 == 0 1.08 0.28 3.91 0.00125 ** 

AB42-AB38 - AB38R == 0 -0.72 0.26 -2.78 0.05717 . 

---      
Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1   
(Adjusted p values reported -- single-step method)    
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Table 12.30. Generalized Linear Model of the DRG soma's diameter after 24 h of Aβ 

treatments.  A generalized linear model (GLM) was used to estimate mean, median, 

quartiles, mean and significant differences between DRG soma's diameter (μm) measured 

after 24 h of Aβ treatments.  Simultaneous Tests for General Linear Hypotheses were used 

to perform Multiple Comparisons of Means by Tukey test. P.values: 0 ‘***’ 0.001 ‘**’ 

0.01 ‘*’ 0.05. 

            

Fit: glm(formula = bd ~ t, family = Gamma(link = "log"), data = drgicc)  

      

Linear Hypotheses:      

 Estimate 

Std. 

Error z value Pr(>|z|)  
AB42 - Control == 0 -0.64 0.10 -6.53 <0.001 *** 

AB42R - Control == 0 -0.87 0.11 -7.64 <0.001 *** 

AB38 - Control == 0 -0.85 0.14 -6.21 <0.001 *** 

AB38R - Control == 0 -0.06 0.12 -0.49 0.996  
AB42-AB38 - Control == 0 0.15 0.19 0.83 0.959  
AB42R - AB42 == 0 -0.23 0.10 -2.25 0.203  
AB38 - AB42 == 0 -0.21 0.13 -1.66 0.544  
AB38R - AB42 == 0 0.58 0.11 5.52 <0.001 *** 

AB42-AB38 - AB42 == 0 0.79 0.18 4.43 <0.001 *** 

AB38 - AB42R == 0 0.02 0.14 0.14 1  
AB38R - AB42R == 0 0.82 0.12 6.75 <0.001 *** 

AB42-AB38 - AB42R == 0 1.03 0.19 5.45 <0.001 *** 

AB38R - AB38 == 0 0.80 0.14 5.57 <0.001 *** 

AB42-AB38 - AB38 == 0 1.01 0.20 4.95 <0.001 *** 

AB42-AB38 - AB38R == 0 0.21 0.19 1.11 0.869   

---      

Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1   

(Adjusted p values reported -- single-step method)    
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Table 12.31. Multiple comparisons of means of DRG soma's area after 24 h of Aβ 

treatments.  A generalized linear model (GLM) was used to estimate mean, median, 

quartiles, mean and significant differences between DRG soma's area (μm2) measured after 

24 h of Aβ treatments.  Simultaneous Tests for General Linear Hypotheses were used to 

perform Multiple Comparisons of Means by Tukey test. P.values: 0 ‘***’ 0.001 ‘**’ 0.01 

‘*’ 0.05. 

            

Fit: glm(formula = bA ~ t, family = Gamma(link = "log"), data = drgicc)  

      

Linear Hypotheses:      

 Estimate 

Std. 

Error z value Pr(>|z|)  
AB42 - Control == 0 -2.12 0.12 -17.19 < 1e-04 *** 

AB42R - Control == 0 -1.97 0.14 -13.67 < 1e-04 *** 

AB38 - Control == 0 -2.03 0.17 -11.77 < 1e-04 *** 

AB38R - Control == 0 0.11 0.15 0.77 0.970178  
AB42-AB38 - Control == 0 -0.95 0.23 -4.09 0.00062 *** 

AB42R - AB42 == 0 0.15 0.13 1.17 0.843938  
AB38 - AB42 == 0 0.08 0.16 0.52 0.995228  
AB38R - AB42 == 0 2.23 0.13 16.79 < 1e-04 *** 

AB42-AB38 - AB42 == 0 1.16 0.23 5.16 < 1e-04 *** 

AB38 - AB42R == 0 -0.07 0.18 -0.39 0.9988  
AB38R - AB42R == 0 2.08 0.15 13.66 < 1e-04 *** 

AB42-AB38 - AB42R == 0 1.01 0.24 4.26 0.000258 *** 

AB38R - AB38 == 0 2.15 0.18 11.93 < 1e-04 *** 

AB42-AB38 - AB38 == 0 1.08 0.26 4.22 0.000338 *** 

AB42-AB38 - AB38R == 0 -1.07 0.24 -4.47 0.0001 *** 

---      

Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1   

(Adjusted p values reported -- single-step method)    
 


