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Abstract 

The study of late-onset (sporadic) Alzheimer`s Disease (LOAD) has lacked animal models where 

the impairments develop with aging. Oxidative stress promotes LOAD, so we have developed an oxidative 

stress-based model of age-related cognitive impairment based on gene deletion of aldehyde dehydrogenase 

2 (Aldh2). This enzyme is important for the detoxification of endogenous aldehydes, such as 4-

hydroxynonenal, arising from lipid peroxidation. Previous work showed that the knockout (KO) mice 

exhibit a progressive decline in spatial and recognition memory compared to wildtype (WT) mice. 

Therefore, we searched for an underlying morphological substrate. First, morphometric analyses of 

pyramidal neurons using Golgi-Cox staining were performed in dorsal and ventral hippocampal CA1 

(dCA1 and vCA1) as well as in overlying the primary sensory cortex in 12 month-old KO vs WT mice 

(Chapter 2). In 12-month old mice, the morphological results of dCA1 neurons revealed significant 

dendritic reductions in length, intersections, ends, and nodes in KO vs WT. Spine density along the apical 

dendrites is significantly reduced. In contrast the arborization in vCA1 and primary sensory cortex of KO 

mice showed comparatively minor reductions in branching and spine density. This specific lesion to the 

dorsal hippocampus helps explain spatial memory deficits in KO mice, whereas ventral hippocampal 

lesions cause impairments in stress and emotion. Our second study (Chapter 3) focused on the dCA1 to 

determine the time course of dendritic trimming over the 12 months and if it was associated with oxidative 

stress. No reduction in dendritic branching was detected at 3 months in KO vs WT, but by 6 months, dCA1 

pyramidal arbors were dramatically cut back and remained so through 9 and 12 months. Immunostaining 

pyramidal cell bodies for HNE protein adducts (a marker for damage due to oxidative stress) showed small 

increases within dCA1 at 3 months, progressively increasing through 12 months. As with dendritic cutback, 

this increase was specific to dCA1, not vCA1 and only in KO mice. These findings are all in keeping with 

oxidative stress-associated dendritic cutback specific to our KO mice contributing to dorsal (but not ventral) 

hippocampal dysfunction, promoting cognitive impairment. 
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Chapter 1 

Introduction 

1.1 Statement of the Research Problem 

An extensive effort across multiple disciplines has researched Alzheimer’s disease (AD) 

to understand the complexity of the different molecular pathologies and behavioral impairments. 

AD is primarily an age-related neurodegenerative disorder that significantly affects brain regions 

including the frontal lobe, entorhinal cortex (EC), amygdala, and hippocampus, eventually leading 

to a severe loss of executive function. A core symptom of AD is the progressive decline in memory 

that is associated with abnormal processing of amyloid precursor protein (APP) which leads to 

amyloid-beta (Aβ) plaque accumulation. There is also the development of neurofibrillary tangles 

(NFTs) comprised of hyperphosphorylated tau protein, as well as neurodegeneration and neuronal 

cell loss. All are key pathologies of AD, in addition to disruption of both excitatory amino acid and 

cholinergic neurotransmission, and general atrophy of cortical and hippocampal regions (Wenk, 

2006)(Sabuncu et al., 2011). Decades of research effort including animal models and attempted 

therapeutic techniques have furthered understanding of the underlying mechanisms of AD 

pathogenesis and their impact on the brain, aiming to treat its progression and symptoms. However, 

AD remains poorly understood and currently available therapeutics only offer temporary 

symptomatic relief to patients. 

Most current mouse models of AD exhibit pathological alterations dependent on the 

overexpression of mutant human genes associated with early-onset, familial AD. These transgenic 

animal models only represent a small percentage of all AD cases and do not reflect the late-

onset/age-related AD impairments that are observed in more than 95% of human AD cases. 

Therefore, an oxidative stress-based model of age-related cognitive deficiency with AD-like 

pathologies was developed. Due to the critical role of 4-hydroxynonenal (HNE) and oxidative stress 
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in the initiation of AD, an oxidative stress-based model, mouse (Aldh2-/-), was created using gene 

deletion of aldehyde dehydrogenase 2 (ALDH2). Oxidation of HNE by ALDH2 is one of the main 

pathways for HNE detoxification. A significant rise in HNE adduct formation was found in the 

brain regions that are more prone to neurodegeneration in AD patients (McGrath et al., 2001). The 

presence of a high level of  HNE was also linked to the possible increase in the formation of Aβ 

plaques and NFTs (Zarkovic, 2003). Aldh2-/- mice may provide insight into AD pathogenesis and 

possible treatments. Previous laboratory work on Aldh2-/- mice showed an increase of HNE adduct 

formation along with cognitive impairment and other AD-like pathologies (D’Souza, Elharram, 

Soon-Shiong, Andrew, & Bennett, 2015)(Elharram et al., 2017). However, it is not known whether 

Aldh2-/- mice also exhibit morphological changes that are commonly comorbid with AD. The work 

in this thesis sought to provide further supporting evidence for the validity of the model, and 

whether oxidative stress altered neuronal morphology in Aldh2-/- mice, particularly in brain regions 

involved with higher cognition. 

1.2 History of AD 

Over 100 years ago, a German psychiatrist and neuropathologist named Alois Alzheimer 

described the clinical and neuropathological characteristics of a new disease during the 37th 

Meeting of the Society of Southwest German Psychiatrists held in Tubingen Germany in 1906 

(Hooijmans & Kiliaan, 2008). Dr. Alzheimer presented a case that did not fit any existing diagnosis 

at that time. He recorded an ante-mortem history of his patient's health and mental issues which 

indicated that a 51-year-old woman `Augusta D.’ suffered from several behavioral symptoms such 

as progressive memory loss, confusion, problems of speech, and trouble expressing her thoughts 

along with several mood disorders. After her death on April 8, 1906, her atrophied brain displayed 

arteriosclerotic alterations, and the presence of Aβ plaques and NFTs. These attributes 

characterized Alzheimer`s disease (AD) for the first time (Kidd, 2008)(Ferri, Prince, & Brayne, 

2005)(Goedert & Spillantini, 2006). 



 

3 

 

1.3 Statistical Prevalence of AD  

AD is the most common neurodegenerative disease in the elderly with a huge impact not 

only on patients but also on the economic system and on care providers (Kidd, 2008). AD is the 

most common cause of dementia, which is a group of symptoms associated with a decline in mental 

ability (Brennan, 2018)(Larson, Kukull, & Katzman, 1992). The prevalence of dementia cases 

increases in people aged 60 and older. The percentage of cases under 65 years of age is about 8% 

and reaches about 61% by 80+ (Luengo-Fernandez,  Leal & Gray, 2010). Based on the UN Aging 

Program and the US Centers for Disease Control and Prevention, the estimated number of people 

who are expected to be age 65 or older will globally increase from 420 million in 2000 to ~1 billion 

by 2030 (Xu, Ferrari, & Wang, 2013)(Qiu, Kivipelto, & von Strauss, 2009). So, being strongly 

linked with increasing age, AD is expected to pose huge issues to public health care. Moreover, the 

recently updated World Alzheimer’s report from Alzheimer’s Disease International (ADI) indicted 

that current world-wide cases are +50 million and expected to grow to over 152 million by 2050 

(ADI, 2019). People diagnosed with AD early can live up to 20 years while the average survival is 

5-10 years post-diagnosis (Walsh, Welch, & Larson, 1990)(Wolfson et al., 2001). The estimated 

cost for annual formal or informal care services worldwide is about 1 trillion US dollars 

(Alzheimer’s Disease International, 2019)(Wimo, Winblad, & Jönsson, 2007). The most affected 

countries are western Europe, North America and China (Ferri et al., 2005).  In 2000, the number 

of European cases was 7.6 million. It is projected to increase to 16.2 million by 2050 (Comas-

Herrera et al.,  2007). The cost of care for 224,000 patients who are living in institutions in the 

United Kingdom (UK) is £4.6 billion yearly (Ferri et al., 2005). In 2014,  the estimated cost of 

dementia in the UK for overall cases was over £26 billion per year for about 720,000 individuals 

(NICE, 2015)(Dementia UK: Update, Alzheimer’s Society 2014)(Prince et al., 2014)(Luengo-

Fernandez, Leal& Gray, 2010). 
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Likewise, in Canada, the latest statistical information indicates that there are about 500,000 

patients in Canada living with dementia, in addition to 25,000 new cases every year. Thus, the 

number of Canadians with dementia may reach 937,000 by 2031 (“Latest information and 

statistics,” 2018). The continued increase in cases every year can affect Canadian communities, as 

half of the cases live with their family or friends instead of getting special care from institutions or 

a nursing home (Oremus et al., 2015). Taking care of AD patients requires high levels of attention 

from caregivers and is stressful for families with limited income who may spend most of their 

savings as well as reduce their working hours to provide informal care (Schulz & Sherwood, 

2008)(Evans, Bishop, & Ousley, 1992)(Brodaty & Donkin, 2009). The total estimated cost that 

Canadians families spent in 2015 for their relatives with AD for unpaid care hours was about $221.3 

billion for total 18.1 billion unpaid hours (Davidson & Schnaider Beeri, 2000). Delaying AD onset 

by at least 2 years would decrease its prevalence globally by 22.8 million cases, which would 

consequently reduce the economic burden on families and governments (Brookmeyer et al.,   2007).  

1.4 Hippocampus and memory 

Memory loss is one of the several behavioral changes that characterize AD in the early 

stages of the disease (Hyman et al. 1984)(Horn et al., 1996). The first brain regions to be affected 

are hippocampal structures and their surrounding cortical areas. The hippocampus has an essential 

role in processing memory, as it coordinates short-term, long-term, and spatial memories (Good et 

al., 2001). It also has a role in the integration of aspects of episodic memory and contextual 

information (Good et al., 2001). Episodic memory is the ability to remember past experiences, 

enabling humans to recall specific events in a spatiotemporal context as when someone remembers 

times and places associated with emotions (Tulving, 2002) (Sugar & Moser, 2019). Therefore, 

hippocampal dysfunction can cause memory impairment, a sign of several neurological disorders 

including AD (Snell, 2010). Each hippocampi is located within the medial temporal lobes (Burwell 

& Amaral, 1998)(Snell, 2010). The dentate gyrus (DG), subiculum (SB), cornu ammonis (CA) and 
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entorhinal cortex (EC) are important structures of the hippocampal formation (Andersen, Bliss, & 

Skrede, 1971b) and are the earliest brain regions that experience tangle deposition and other AD 

pathological changes (Braak & Braak, 1991). A major source of input pathways to the hippocampus 

is through the EC, which collects information from the olfactory bulb, orbital cortex, temporal 

lobes, amygdala, and cingulate cortex. The information then passes through the perforant pathway 

(PP) to the DG (Dolorfo & Amaral, 1998)(Burwell & Amaral, 1998). An efferent pathway exiting 

the hippocampus via the subiculum passes through EC to other cortical regions (Burwell & Amaral, 

1998). 

Another important hippocampal pathway is the unidirectional pathway from the DG to the 

CA fields (CA1, CA2, CA3) which participate in forming the `trisynaptic circuit` (Fig. 1-1) (Fig. 

1-2) (Jung, Wiener, & McNaughton, 1994)(Fanselow & Dong, 2010). The subfield of the 

hippocampal trisynaptic loop consists of (EC – DG – CA3 – CA1) and this functional connectivity 

follows the transverse direction of the hippocampus perpendicular (approximately) to the long 

dorso-ventral (septo-temporal) axis (P. Andersen, Bliss, & Skrede, 1971a)(Knowles, 1992)(Martin 

& Clark, 2007)(S. J. Martin & Clark, 2007)(Martin, Shires, & da Silva, 2019). The cells within this 

transverse axis produce different types of memory (Moser & Moser, 1998). The effect of a lesion 

on these different hippocampal sub-regions has firmly established their role in the acquisition and 

retention of memory (Martin & Clark, 2007). The classic theories suggest that granule cells of the 

DG sub-region are associated with pattern separation which enhances the encoding of new 

memories (Marr, 1971)(Martin & Clark, 2007)(GoodSmith et al., 2017). Pattern separation is when 

the DG sub-region receives overlapping inputs of pattern information from EC to sparsely firing 

granule cells which send less correlated outputs information to the CA3 sub-region (GoodSmith et 

al., 2017)(Yassa & Stark, 2011)(Neunuebel & Knierim, 2014). So such “filtering” of neocortical 

inputs by active granule cells of DG could reduce interference and activity in highly recurrent 

connections within CA3 (Lee, Hunsaker, & Kesner, 2005)(GoodSmith et al., 2017). Pattern 
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separation deficiencies have been linked to several cognitive decline disorders including AD (Ally 

et al.,  2013)(Chavlis, Petrantonakis, & Poirazi, 2017). Some morphological studies illustrate the 

anatomical changes of granule cells including dendritic spine loss and the total dendritic length 

reduction accompanying pattern separation deficiencies (Einstein, Buranosky, & Crain, 1994)(Jain 

et al., 2012) (Chavlis et al., 2017). In the next stage of the `trisynaptic circuit`, the CA3 pyramidal 

neurons perform a power and pattern completion operation (Marr, 1971)(Martin & Clark, 2007) 

(GoodSmith et al., 2017). Thus the CA3 acts to mediate memory storage and retrieval of full 

patterns from the degraded information coming from DG (the recall cue)(GoodSmith et al., 

2017)(Rolls, 2013)(Martin & Clark, 2007). The final station of the trisynaptic circuit is the is CA1 

region which is described as a “translator” between the direct EC input and the CA3 representation 

(O’Reilly & McClelland, 1994)(Cutsuridis et al., 2010). The CA1 output with the outcome of this 

comparison is sent to other brain regions (Hjorth-Simonsen & Jeune, 1972)(Cutsuridis et al., 2010). 

The CA1 neurons are proposed to act as a "novelty detector" because of their suggested ability to 

detect novelty during these comparisons of the intra- and extra-hippocampal converging inputs. 

CA1 outputs are thought to detect mismatches between the information about the current situation 

arriving from the cortex and the stored predictions coming from CA3 (Fyhn et al.  2002). So, the 

resulting novelty signal could influence updating of stored information to remove the mismatch 

(Lisman & Grace, 2005)(Treves, 2004)(Vinogradova, 2001)(Hasselmo & Schnell, 1994)(Lee & 

Kesner, 2002) (Basu & Siegelbaum, 2015)(Martin & Clark, 2007).  

The number of excitatory synaptic inputs to a CA1 dendritic arbor is about 30,000 

(Klausberger & Somogyi, 2008).  Also, each CA1 pyramidal neuron receives about 1700 inhibitory 

GABAergic inputs to its soma and axon which are important in regulating firing (Fig. 1-3) (Megías, 

Martínez-Senac & Delgado, 2001)(Klausberger & Somogyi, 2008). The hippocampal input-output 

pathways will be described in further detail in the section ' Hippocampal Circuitry and Efferent 

Hippocampal Pathway.  
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Figure 1-1. Hippocampal circuitry (a trisynaptic loop):  
Major hippocampal input consisting of polimodal sensory information is collected by the 

Entorhinal Cortex (EC) to enter the hippocampus through perforant path (PP) fibers. The PP makes 

excitatory synapse contact directly on CA1 pyramidal neurons (red) through the temporoammonic 

pathway (TA) branch, and excitatory synapses onto dendritic spines of granule cells (green) of the 

hippocampal dentate gyrus (DG). Axons from DG granule cells make excitatory synapses via 

mossy fibers (MF) projecting to hippocampal CA3 pyramidal neurons (light blue). CA3 pyramidal 

cells then excite CA1 pyramidal cells via connection fibers named the Schaffer collateral (SC) 

pathway. The CA3 cells are also connected to contralateral CA3 and CA1 pyramidal cells through 

associational/commissural fibers (orange). Lastly, the axons of CA1 pyramidal neurons contact 

directly and indirectly to other brain structures through the subiculum (SB) to the EC (Mancini et 

al., 2017). Modified from Cammalleri et al.,(2019).  
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Figure 1-2. Circuitry of CA1 Pyramidal Neuron.  

Overview of CA1 circuitry showing excitatory (triangle) and inhibitory (gray circle) inputs to CA1 

pyramidal neurons. CA1 pyramidal neurons receive excitatory inputs from brain reigns through 

direct and indirect pathways. In the Direct pathway: Distal apical dendrites in stratum lacunosum 

moleculare (SLM) receive direct input from EC and nucleus reuniens of thalamus (nRT). In the 

Indirect pathway: Indirect EC input arrives at the proximal apical dendrite in stratum radiatum 

(SR), via DG and CA3 or at the basal dendrites in stratum oriens (SO), from CA2. Each pathway 

of glutamatergic inputs can stimulate several GABAergic interneurons (gray circle) causing 

inhibition that inhibits CA1 output in a feedforward fashion. Modified from Masurkar, (2018). 
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Figure 1-3. Schematic Diagram of a CA1 Microcircuit  
Hippocampal CA1 somatostatinergic microcircuit showing an oriens lacunosum-moleculare (O-

LM) interneuron projecting to the stratum lacunosum-moleculare (SLM) to make synapses on the 

distal dendritic tree of CA1 pyramidal neurons. The local axon collaterals of CA1 pyramidal cells 

mainly activate O-LM interneurons when CA3 pyramidal cells excite CA1 pyramidal cells via 

Schaffer collateral drives this cell to its firing threshold. Modified from Cammalleri et al. (2019).  
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 1.5 Normal Morphology of Hippocampal Pyramidal Neurons 

The unique cellular architecture of pyramidal neurons has been the center of attention in 

many morphological studies in the neocortex and hippocampal formation (Spruston, 2008). They 

are characterized by the pyramid shape of the cell body and the distinct apical and basal dendritic 

trees (Spruston, 2008)(Benavides-Piccione et al., 2019). The dendrite is termed as apical when it 

arises from the apex of the soma forming one large main apical dendrite (trunk). The trunk branches 

off a number of oblique side branches at various angles and at a variable distance from the soma 

before it terminates in an apical tuft (Spruston, 2008)(Benavides-Piccione et al., 2019). The 

dendrites that arise and connect the base of the soma are known as basal dendrites with their 

branches forming the basal arbor (Menon et al., 2013)(Benavides-Piccione et al., 2019). The basal 

dendrites are shorter than apical dendrites in most hippocampal pyramidal neurons (Cutsuridis et 

al., 2010)(Spruston, 2008). The lone axon of each pyramidal neuron also arises from the base of 

the soma or sometimes from the origin of a basal or apical dendritic branch. It branches profusely 

forming excitatory glutamatergic synapses along its length (Fig. 1-4) (Benavides-Piccione et al., 

2019)(Spruston, 2008). Most apical and basal dendritic surfaces are normally covered by spines, 

each representing the postsynaptic site of an excitatory glutamatergic synapse (DeFelipe & Fariñas, 

1992)(Benavides-Piccione et al., 2019). There is a structural variation of pyramidal cells among 

different brain regions or layers. For example, the cortical pyramidal neurons of layer V have longer 

apical dendrites and fewer oblique collateral dendrites compared to pyramidal neurons of layer 

II/III (Fig. 1-5A, 1-5B) (Spruston, 2008). The hippocampal pyramidal neurons of CA1, CA2, and 

CA3 also have morphological differences. The apical dendrites of CA1 neurons usually have more 

distinctive main apical and distal tufts compared to CA2 and CA3 neurons. On the other hand, the 

apical dendrites of CA3 pyramidal neurons bifurcate their oblique collateral branches closer to the 

cell bodies than those of CA1 pyramidal neurons (Fig. 1-5C). The dendritic tree organization of 

CA1 is more homogeneous compared to CA3 pyramidal cells which is more heterogeneous 
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(Nicholson et al., 2006). In addition, the first 100 µm of the CA3 apical dendrite that extends into 

the stratum lucidum has a cluster of larger spine sizes that correspond to the termination zone of 

mossy fibers (MF) synapse in the `trisynaptic circuit` (Fig. 1-5C, 1-5D, 1-1A)(Gonzales et al., 

2001)(Cutsuridis et al., 2010)(Spruston, 2008). The average cell body  size of CA1 pyramidal 

neurons is smaller than CA3 cells (Nicholson et al., 2006). The morphology of CA2 pyramidal 

neurons can be described as in between CA1 and CA3. CA2 neurons have larger somata similar to 

CA3 neurons, but without the complex large size spines on their proximal dendritic surface. Their 

dendritic arborization is similar to CA1 (Ishizuka, Cowan, & Amaral, 1995)(Mercer, Trigg, & 

Thomson, 2007)(Cutsuridis et al., 2010). CA2 have the highest total dendritic length compared to 

CA1 and CA3 pyramidal cells because of the higher length of the dendritic domain in the stratum 

lacunosum-moleculare (SLM) of the CA2 area (Ishizuka et al., 1995) (Mercer et al., 

2007)(Cutsuridis et al., 2010). So, the inputs to the apical and basal domains or proximal and distal 

dendritic regions of these hippocampal neurons are suggested to be integrated differently (Spruston, 

2008). 
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Figure 1-4.  Drawing of a pyramidal neuron, showing various dendritic domains. 
Each domain receives synaptic inputs from distinct regions. The main apical trunk arises from the 

apex of the soma and branching out a number of oblique collaterals side branches on various levels 

far from the soma. The proximal apical dendrites (highlighted by yellow) is the closest apical region 

to the soma. The apical tuft of pyramidal neurons (highlighted by purple) are the apical branches 

that terminate far distant from the soma. The basal dendritic origins (highlighted by green) are the 

dendrites that originate directly from the base of the cell body forming the basal arbor. Modified 

from Spruston. (2008).  
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Figure 1-5. Pyramidal neuron structure from different cortical areas. 

All pyramidal neurons have basal and apical dendrites and an apical tuft with some considerable 

differences between neurons. A and B represent cortical pyramidal neurons in layer II/III and layer 

V. The structural differences between neurons in these layers appear in the apical dendrites as the 

pyramidal neurons in layer V have longer apical dendrites with fewer oblique apical dendrites than 

the layer II/III. C and D showing the difference between CA3 and CA1 in the branching point of 

apical dendrites and their distance from the cell body. The main apical dendrite and tuft are more 

distinct in CA1 compared to CA3. Also, the spines of the apical dendrite are larger and more 

clustered in the first 100 µm of the CA3 apical dendrite. Modified from Spruston. (2008).  
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1.6 Dendritic Spines  

The dendritic surface of each pyramidal neuron contains small membranous protrusions. 

These spines are the functional units of neuronal connectivity. Most excitatory input occurs on the 

spines (Harris & Kater, 1994)(Spruston, 2008). There is structural diversity in the shape of dendritic 

spines. Filopodia are motile dendritic precursors. During postnatal development, the filopodia 

convert from immature to more mature and stable dendritic spines (Schachtele et al.,  2011)(Risher 

et al.,  2014). The shape of mature dendritic spines can be thin, mushroom, or stubby (Fig. 1-6). 

Both thin and mushroom spines have narrow necks, but the mushroom spine has a wider head size. 

The stubby spine has no distinct neck (Nimchinsky, Sabatini, & Svoboda, 2002)(Risher et al., 

2014). Some evidence suggests that the thinner spines are more plastic and involved in learning 

while larger spines more stable and mature, containing the greatest number of α-amino-3-hydroxy-

5-methyl-4-isoxazolepropionic acid receptors (AMPARs). AMPARs are tetrameric ion channels 

which mediate the majority of excitatory synaptic neurotransmission (Greger, Watson, & Cull-

Candy, 2017). This makes the synapse functionally stronger and more involved in storing of 

established memories (Spruston, 2008)(Matsuzaki, 2007)(Matsuzaki et al., 2001). There are 

variabilities between spines in different brain regions or dendritic domains. For instance, the 

proximal apical dendrites of CA3 pyramidal neurons receive the inputs of MF on the spines with a 

large size (Fig. 1-5C). Each spine can receive more than one synapse. This means that the inputs 

synapsing on the large spines are integrated differently from other inputs. Spine size and their 

location in the proximal domain likely provide powerful excitation to CA3 pyramidal neurons 

(Gonzales et al., 2001)(Cutsuridis et al., 2010)(Spruston, 2008). 

Several reports have indicated that synaptic activity can induce alterations in spine density 

and morphology (Bosch & Hayashi, 2012)(Nikonenko et al.,  2002).  Spine density  properties are 

altered in a number of psychiatric and neurodegenerative disorders such as schizophrenia, autism, 

and AD (Bhatt, Zhang, & Gan, 2009)(Penzes et al.,  2011).  In AD particularly, patients, as well as 
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mouse models, tend to lose spines (Kulkarni & Firestein, 2012) so their morphological study is one 

way to investigate the synaptic changes influencing the strength of the excitatory connections 

between dendrites and axons (von Bohlen und Halbach, 2009).  
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Figure 1-6 Classification of Dendritic Spines Shape. 

Dendritic spines are classified into different categories based on the size and shape of their head 

and neck. The shape ranges from long, thin immature filopodia (red) to large-headed narrow neck 

mushroom shape spines (blue). This diagram is arranged based on the maturity progress of dendritic 

spines (from left to right). Modified from Risher et al. (2014).   
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1.7 Hippocampal Circuitry  

The excitatory glutamatergic synaptic input arrives through different dendritic domains, 

separate from the distinct populations of inhibitory GABAergic inputs arrive through the soma and 

the axon (Fig. 1-3) (Nicholson et al., 2006). The granule cells are principal neurons of the DG area 

that also participate in the trisynaptic circuit through synaptic connections to CA3 pyramidal 

neurons via the MF pathway (Fig. 1-1) (Cammalleri, Bagnoli, & Bigiani, 2019). The axons of CA3 

neurons travel to pyramidal cells of CA1 via the Schaeffer Collaterals (SC), and via the 

commissural pathway carrying the glutaminergic inputs to the basal dendrites of CA1 neurons 

located in the stratum oriens (SO) and apical dendrites located stratum radiatum (SR) forming the 

trisynaptic circuit (EC LII → DG → CA3 → CA1) (Graves et al., 2012)(Klausberger & Somogyi, 

2008)(P. Andersen et al., 1971b)(Lavenex & Amaral, 2007). In more detail, the apical dendrites of 

CA1 pyramidal neurons extend into stratum radiatum (SR) and SLM which are innervated by 

glutamatergic inputs coming from the thalamus and EC via the PP (Fig. 1- 1, 1-2) (Klausberger & 

Somogyi, 2008)(Spruston, 2008)(Neuman et al., 2015). The distal apical tuft of CA1 neurons 

usually receives excitatory inputs that are projected from more distant locations and the proximal 

apical dendrites usually receive the excitatory inputs from local sources (Spruston, 2008).  

These are not the only intrinsic synaptic pathways within the hippocampus formation, there 

are also other circuits (Knowles, 1992). The local circuits include the excitatory collateral axons of 

the pyramidal neurons that excite neighboring neurons, as well as a variety of interneurons that 

inhibit the excitatory pyramidal neurons and other interneurons (Knowles, 1992). Finally, major 

outputs project the information out of the hippocampus to different brain regions (Fig. 1-1) (Per 

Andersen et al.,  2007), which will be described in more detail in the next section. 
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1.8 Entorhinal Inputs to Dorsal and Ventral Hippocampus. 

The entorhinal cortex (EC) with its two major subdivisions medial (MEC) and lateral 

(LEC) regions target largely separate areas of hippocampal pyramidal neurons (Basu & 

Siegelbaum, 2015)(Graves et al., 2012). Specifically, in rodents, the dorsal and ventral portions of 

the hippocampal longitudinal (septo-temporal) axis receive inputs projecting from dorsolateral and 

ventromedial bands of the EC. The dorsolateral band from both MEC and LEC sends inputs that 

primarily target the dorsal portion of the hippocampus. The ventromedial band from MEC and LEC 

send inputs primarily to the most ventral level of the hippocampus (Fig. 1-8) (Ahmed & Mehta, 

2009)(Strange et al.,   2014). 

1.9 Efferent Hippocampal Pathways 

Information travels out of the hippocampus mainly through two primary hippocampal 

efferent projections of CA3 and CA1 (Fig. 1-1), The output projections of DG and CA3 do not go 

back to EC (Cutsuridis et al., 2010). Their cell axons send associational/commissural (A/C) fibers 

which bilaterally innervate within and between hemispheres of hippocampal regions. In the CA3, 

the associational fibers form ipsilateral connections that terminate within the CA3 pyramidal cells, 

meaning that the pyramidal neurons of CA3 project axons to itself forming the CA3-to-CA3 

projections. While its commissural fibers form contralateral connections that project from CA3 in 

one hemisphere to the (CA3 and CA1) pyramidal cells in the other hemisphere (Menno P. Witter, 

2007)(Per Andersen et al., 2007)(Kim et al., 2006)(Laurberg & Sørensen, 1981)(Martin et al., 

2019). The CA1 sends strong axons back to the EC to excite the deep layers V of their neurons, 

which in turn project excitatory feedback input fibers to the superficial layers LII/III of the EC to 

complete the circuit loop (EC→hippocampus→EC) (Fig. 1-7) (Basu & Siegelbaum, 2015). The 

EC outputs to subiculum provide an indirect pathway to the amygdala, thalamus, mammillary 

bodies as well as a number of neocortical areas (Knowles, 1992). 
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1.10 Dorsal Hippocampus 

The connections of dorsal and ventral CA1 (dCA1- vCA1) with other brain regions are 

different regarding both the longitudinal axis (dorsal-ventral) of the hippocampus and their  

connectivity with other brain regions (Basu & Siegelbaum, 2015). The dCA1 region of the 

hippocampus (the septal pole) contains a high density of place cells that act to code spatial location. 

The place neurons activate when an animal is at a selective spatial location (O’Keefe & Dostrovsky, 

1971)(Ahmed & Mehta, 2009)(Jung et al., 1994)(Fanselow & Dong, 2010)(Skelin, Kilianski, & 

McNaughton, 2019). These dCA1 cells project to the dorsolateral band of EC sending projections 

to the dorsal parts of the subiculum, presubiculum, and postsubiculum. The cells of the dorsal 

subicular complex code head position in space. The dorsal CA1 and subicular complex send 

prominent projections to cortical regions involved primarily in the memory, cognitive processing, 

and spatial navigation such as the retrosplenial (RSC) and anterior cingulated cortices (Fig. 1-9). 

Also, the dorsal subicular complex projects parallel fibers through the postcommissural fornix to 

subcortical structures such as the medial and lateral mammillary nuclei and the anterior thalamic 

complex, which in turn send their projections back to the dorsal hippocampal region and RSC. Both 

medial-lateral mammillary nuclei and the anterior thalamic complex nuclei have the most 

navigation-related neurons (Fanselow & Dong, 2010). So, the special features of this neural 

network provide an important interface to mediate cognitive processes such as navigation and 

exploration. This indicates the specific role of dCA1 in cognition and spatial memory (Fanselow & 

Dong, 2010).  

1.11 Ventral Hippocampus 

In the ventral region of the longitudinal axis (temporal pole), the function of the vCA1 

hippocampal neurons is more related to emotional, motivational and affective behaviors (Risold, 

Thompson, & Swanson, 1997)(Masurkar, 2018). The ventral hippocampal neurons are linked to a 

range of autonomic, endocrine, defensive, social, reproductive, and emotional processing. 
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Specifically, the vCA1 pyramidal neuron output projects to additional brain regions such as the 

rostral hypothalamus, amygdala, prefrontal cortex, and olfactory bulb (Risold & Swanson, 

1996)(Risold et al., 1997)(Witter, Van Hoesen, & Amaral, 1989)(Amaral & Witter, 1989)(Amaral, 

2011)(Canteras & Swanson, 1992)(Masurkar, 2018). These projections play a critical role in the 

processing of emotional and motivational activities (Fanselow & Dong, 2010). For example, the 

amygdala receives direct projections to its central part from the vCA1 hippocampal neurons and 

ventral subiculum. These connections have a critical role in mediating fear memory (Fig. 1-9) 

(Fanselow & Dong, 2010). There are also distinct connections of vCA1 with the olfactory bulb. 

The vCA1 projections to the olfactory bulb have a role in the depression-like symptoms that usually 

appear after the loss of the olfactory bulb.  Additionally, the connection of the ventral hippocampus 

with the hypothalamus is linked to motor activities that combine with motivated behaviors such as 

ingestion, reproduction, and defense. The hypothalamus is also associated with the control of 

neuroendocrine, autonomic, and somatic motor activities (Fanselow & Dong, 2010). The 

hippocampus also has an intermediate portion so dorsal and ventral hippocampus interact. 

However, the intermediate portion function needs to be further characterized (Fanselow & Dong, 

2010)(Basu & Siegelbaum, 2015). 
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Figure 1-7. The Corticohippocampal Circuit. 
Overview of the classical trisynaptic (EC layer II [LII] →dentate gyrus [DG] →CA3 →CA1 within 

the hippocampus showing excitatory inputs to CA1 pyramidal neurons (solid line), beside the 

glutamatergic monosynaptic inputs from the medial and lateral entorhinal cortex (EC) to the 

hippocampus (dashed lines). The inputs from EC layer III (LIII) to CA1, are shown in large-dashed 

lines and from the EC layer II (LII) of the medial entorhinal cortex (MEC) to CA1 are shown in 

small- dashed lines. The diagram also integrates the direct inputs from LII of both MEC and lateral 

entorhinal cortex (LEC) to CA2 within the hippocampus (dotted lines), and also receives weak 

inputs from DG and CA3.  Then CA2 sends inputs to stratum oriens [SO]/stratum radiatum [SR] 

dendritic domains of CA1 (red dotted lines) that overlap with the CA3 →CA1 inputs. Adapted 

from Basu & Siegelbaum (2015). 
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Figure 1-8. Diagram Showing the Different Entorhinal Inputs to Dorsal and Ventral 

Hippocampus. 

The right panel of the diagram represents an enlarged entorhinal cortex (EC) with its two major 

subdivisions: the lateral entorhinal cortex (LEC) and the medial entorhinal cortex (MEC), showing 

the topology of its major cortical connectivity. The left panel of the diagram shows a representation 

of the dorsal and ventral regions of the hippocampal longitudinal (septo-temporal) axis. The 

pathways inputs projecting from dorsolateral and ventromedial bands of the EC to dorsal and 

ventral hippocampal regions are shown in the middle panel. The dorsolateral band from both the 

MEC and LEC project inputs to the dorsal half of the hippocampus (purple). The ventromedial 

band from both the MEC and LEC project inputs to the most ventral quarter of the hippocampus 

(purple to blue) (Ahmed & Mehta, 2009). Modified from (Strange et al., 2014). 
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Figure 1-9. Outline of major efferent pathways from the dorsal and ventral hippocampus.  

The red arrows represent the connectivity direction from the dorsal hippocampus (DHipp) to the 

neocortical areas, such as retrosplenial (RSC) and anterior cingulate cortices (CingC). while the 

blue arrows show ventral hippocampal region (VHipp) projections to the amygdala, ventral 

striatum (VS), and prefrontal cortex (PFC) (Fanselow & Dong, 2010). The solid lines from the 

hippocampus to (EC) denote the strong axons back to the deep layers V of EC, while the dotted 

lines represent excitatory projection fibers from the superficial layers LII/III of the EC to the 

hippocampus (Basu & Siegelbaum, 2015). Modified from Skelin, Kilianski, & McNaughton 

(2019).  
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1.12 Synaptic Plasticity in the Hippocampus 

Synaptic transmission in the Schaffer collateral-commissural (SC), the MF, and the PP 

pathways are widely studied in the field of AD; especially the cellular mechanisms of long-term 

potentiation (LTP) and long-term depression (LTD), as they involve memory formation 

(Collingridge et al., 1983)(Bliss & Collingridge, 1993)(Bliss & Lomo, 1973). The major 

neurotransmitter in these pathways is glutamate released from granule cells and pyramidal neurons 

of the trisynaptic circuit (Lavenex & Amaral, 2007). Synthesis of glutamate receptors in the cell 

body are transported in intracellular compartments to axon terminals (Rubio & Wenthold, 1999). 

Most excitatory synapses are on dendritic spines. Altered axonal input can lead to the elimination 

or to morphological changes in spine shape, affecting the conduction of electrical signals through 

the neuron (von Bohlen und Halbach, 2009)(Hering & Sheng, 2001). 

The receptors activated by glutamate on apical dendrites of CA1 pyramidal cells are either 

metabotropic glutamate receptors (mGluRs) or ionotropic glutamate receptors (iGluRs) (Karnup & 

Stelzer, 1999). Both the pre- and postsynaptic sites of excitatory synapses contain mGluRs which 

modulate the release of presynaptic neurotransmitter (Baskys & Malenka, 1991)(Hsieh et al., 2006) 

and respond to postsynaptic activity (Xiao, Zhou, & Nicoll, 2001). The postsynaptic receptors of 

excitatory synapses, N-methyl D aspartate receptors (NMDARs), alpha-amino-3-hydroxy-5-

methyl-4-isoxazole-propionic acid receptors (AMPARs), and kainite receptors (KAR) are 

classified as the iGluRs receptors (Karnup & Stelzer, 1999)(Hsieh et al., 2006). AMPA and NMDA 

receptors are ligand-gated cation channels.  NMDA receptors are also voltage-gated with regard to 

the Mg2+ block. Both have an essential role in synaptic plasticity, which involves regulating 

synaptic strength. Altering the efficiency of these activities can cause biochemical and 

morphological changes of the synapse (Dingledine et al.,  1999)(Collingridge et al., 1983). LTP is 

generated during normal synaptic transmission and is strengthened with repetition. The activation 

of NMDA receptors is a cellular mechanism responsible for induction of LTP (Dingledine et al., 
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1999)(Collingridge et al., 1983). LTP occurs when glutamate release from the presynaptic terminal 

into synaptic cleft binds to NMDA and AMPA receptors located on a dendritic spine. The activation 

of AMPA receptors depolarizes the postsynaptic membrane when Na+ permeates the AMPA 

receptor channel, generating the synaptic potential. The depolarization relieves the Mg2+ block from 

the NMDA receptor channel, allowing additional Na+ and Ca2+ influx. Frequent activation leads to 

a high concentration of Ca2+ entering the dendritic spine which is a critical trigger for LTP (Fig. 1-

10) (Malenka, 1994). 

In contrast, LTD involves a small elevation in Ca2+ which activates phosphatases such as 

calcineurin (CaN),  increasing endocytosis which removes both NMDARs and AMPARs from the 

synapse, thereby enhancing LTD (Hsieh et al., 2006)(Zhao et al., 2010)(Goto et al.,  2006)(Snyder 

et al., 2005). Maintaining the required levels of Ca2+ signaling systems is important to create a 

balance between LTP and LTD which in turn adjusts memory formation or loss (Berridge, 2010). 

Morphological changes in existing dendritic spines and the formation of new spines are 

also associated with changes in the concentration of intracellular Ca2+ (Segal, 2001). The role of 

LTP and LTD in memory formation was investigated using an NMDA receptor antagonist to block 

LTP induction in the hippocampus of rodents. Blockade correlated with impaired spatial learning 

performance whereas other tasks such as visual discrimination did not require hippocampal LTP 

induction (Davis, Butcher, & Morris, 1992)(Malenka, 1994). Also, spatial learning was impaired 

in mice with gene knockout of protein kinases such as αCa2+-calmodulin-dependent kinase II 

(αCaMKII) and Fyn tyrosine kinase that are involved in LTP induction (Grant & Silva, 

1994)(Abeliovich et al., 1993)(Malenka, 1994). Consequently, lesions in relevant hippocampal 

locations may subsequently lead to memory problems. Therefore the dendritic trimming, injury or 

atrophy in hippocampal regions and EC that occur in the AD brain can help clarify the behavioral 
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changes and symptoms of AD such as impairments of spatial memory or anterograde amnesia 

(Walker, Martinez, Brunkan, & Goate, 2005). 
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Figure 1-10. Model for the induction of LTP in CA1 Hippocampal Region:  

A) During the normal state of synaptic transmission, the presynaptic terminal releases glutamate 

(Glu) to bind on both AMPA receptors (AMPARs) and NMDA receptors (NMDARs). Na+ and K+ 

flow through the channels of AMPA receptors, but not through the channels of NMDA receptors 

as Mg2+ blocks the channel of the NMDA receptor. B) Depolarization of the postsynaptic 

membrane relieves the Mg2+ block of the channels of NMDA receptors, allowing Na+, K+, and most 

importantly Ca2+ to flow through NMDA receptor channels. The primary target of the rise in Ca2+ 

in dendritic spines is the calcium-calmodulin-dependent kinase II (CaMKII). As result, the increase 

in Ca2+ within the dendritic spine can trigger subsequent events for LTP induction. Modified from 

Malenka, (1999).  



 

28 

 

1.13 Techniques to Study and Visualize Pyramidal Neurons 

1.13.1 The Golgi Staining Method 

The Golgi method is a staining process that has been used commonly in many 

morphological studies to examine the structure of neurons. In the late of nineteenth century, 

Camillo Golgi developed the first method that revealed the morphological details of neurons using 

the “black reaction” (Cutsuridis et al., 2010). It enabled scientists to view entire neurons including 

the finest detail of the dendritic arbors as well as axonal processes and their destinations as the 

output elements (Taddeo, 2017). Golgi used the metallic impregnation "silver nitrate" to stain about 

5 to 10 percent of cells in a given population, revealing the structure of individual neurons in 

isolation (Taddeo, 2017). The resulting morphological details changed the way researchers 

envisioned the structure, connectivity, and development of brain cells (Taddeo, 2017)(Cutsuridis 

et al., 2010). Ramon y Cajal was one of the neuroscientists who successfully applied the Golgi 

staining method to various brain areas (Cutsuridis et al., 2010). Cajal altered the Golgi technique 

from introducing the tissue to silver nitrate in one long soak into two shorter soaks which improved 

the color and detail of the stain (Taddeo, 2017). Cajal and Lorente de N´o demonstrated that the 

DG of hippocampal formation receives strong inputs from EC, later known as the perforant 

pathway (PP) (Cutsuridis et al., 2010). Moreover, Cajal also noticed differences along the 

longitudinal axis between dorsal and ventral hippocampal neurons (Fanselow & Dong, 2010), and 

he described dendritic spines (Hayashi & Majewska, 2005). The Golgi method was further adapted 

in 1917 by  Pío del Río Hortega who fixed the brain tissue using formalin, chloral hydrate, and 

potassium chromate which reduced the staining times (Taddeo, 2017) and stained other brain cells 

including glia. 

With the introduction of the electron microscope in the late 1950s, the Golgi staining 

method became more popular and helped scientists to classify organelles within cells such as the 

Golgi apparatus and the sarcoplasmic reticulum as well as helped them to study the detailed 
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appearance of synaptic junctions between the dendritic spines and axon terminals (Fairén, Peters, 

& Saldanha, 1977)(Taddeo, 2017). The Golgi-Cox staining technique has remained the primary 

method to characterize cell types of CNS.      

1.13.2 Morphological Analysis of Dendrites 

The complexity of the basal and apical dendrites of pyramidal neurons and their distinct 

morphology suggest differences in their function (Sidiropoulou, Pissadaki, & Poirazi, 2006). 

Methods have been established to better evaluate different morphological and pathological changes 

of neuronal structure (Keil et al., 2017)(Chittajallu et al., 2017)(Bird & Cuntz, 2019). Also, newer 

morphological methods demonstrate changes in neuronal structure caused by genetic manipulation 

or treatment (O’Keeffe et al., 2008)(Peng et al., 2015)(Kigerl et al., 2009)(Rekha et al., 2011). An 

important and widely used technique is Sholl Analysis (Ascoli et al., 2008)(Langhammer et al., 

2010)(Binley et al., 2014)(Ferreira et al., 2014)(Gutierrez & Davies, 2007)(Johnson et al., 

2016)(Keil et al., 2017)(Wilson et al., 2017)(Williams et al., 2013)(Chittajallu et al., 2017)(Bird & 

Cuntz, 2019). It was developed by Donald Sholl in 1953 for studying the dendritic anatomy of 

pyramidal neurons (Sholl, 1953). Sholl analysis is considered a key analysis tool in neurobiology 

for quantifying and graphically representing the complexity of dendritic arbors (Ferreira et al., 

2014)(Binley et al., 2014). Sholl data are obtained by generating concentric rings over each neuron 

radiating from the centered cell soma. Then several measurements are applied to obtain 

morphological data including the number of intersections of processes crossing each ring as well 

as dendritic length (Sholl, 1953)(Gutierrez & Davies, 2007). These data can provide important 

information about dendritic arbor complexity which is tightly linked to the number of synaptic 

connections (Sidiropoulou et al., 2006). Sholl analysis is helpful in estimating the expected number 

of synaptic contacts, implicating the amount of information processing between arbors and axons 

(Liley & Wright, 1994)(O’Keeffe et al., 2008)(Ascoli et al., 2008)(Vetter, Roth, & Häusser, 2001) 

(Sidiropoulou et al., 2006). 



 

30 

 

1.14 Morphological Changes in Human AD 

Cellular architecture modifications have been observed in the brains of AD patients, 

especially in the hippocampus due to its vulnerability to neuronal damage  (Hyman et al., 

1984)(Yamada et al., 1988). Interestingly, many AD cases with spatial memory impairment exhibit 

changes in dorsal CA1 neuronal arbors, including changes in complexity and  spine density 

(Henderson, Mack, & Williams, 1989)(deIpolyi et al., 2007)(Pai & Jacobs, 2004)(Yamada et al., 

1988)(el Hachimi & Foncin, 1990)(Ferrer & Gullotta, 1990). This can affect their neural 

connectivity. (Moolman et al.2004)(Yamada et al., 1988).   

Studies have reported that spines along dendrites of dCA1 neurons are reduced in AD 

patients (Mehraein& Yamada, 1975)(Yamada et al., 1988).  As most excitatory synaptic input 

occurs on dendritic spines, this reported reduction presumably impairs synaptic efficacy. Since, 

there is a strong correlation between synaptic failure and memory dysfunction that commonly 

appears in AD patients (DeKosky & Scheff, 1990) (Terry et al., 1991)(Bailey & Kandel, 

1993)(Bailey, Bartsch, & Kandel, 1996)(Harris & Stevens, 1989).  these morphological changes 

may influence connectivity between neurons required for cognitive activities via their effect on 

burst firing and transmission properties  (van Elburg and van Ooyen 2010)(Moolman et al., 

2004)(Yamada et al., 1988). 

  



 

31 

 

 

1.15 Pathogenesis of AD 

1.15.1 Cholinergic Hypothesis of AD 

Most of the current therapies used for AD are based on the cholinergic hypothesis, 

suggesting that the main causes of pathology in AD involves the disruption of cholinergic neurons, 

including neural degeneration and disruptions in cholinergic neurotransmission (Francis et al., 

1999). In the mid-1970s, several studies supported this theory by providing evidence of deficits in 

acetylcholine (ACh) synthesis and in the activity of choline acetyltransferase (ChAT) in AD brains 

(Davies & Maloney, 1976). ChAT is a transferase enzyme involved in ACh synthesis. The level of 

this enzyme was reduced in the cerebral cortex and hippocampus in the post-mortem brains of 

moderate and severe AD patients (de la Torre, 2011)(Terry & Buccafusco, 2003). When the 

cholinergic pathway in the basal forebrain is damaged in AD, the number of cholinergic neurons 

releasing ACh are decreased, as is the number of presynaptic nicotinic acetylcholine receptors 

(nAChRs) (Wevers et al., 2000)(Bartus, 2000)(Terry & Buccafusco, 2003). The axons of these 

neurons project to the hippocampus and neocortex and are involved in memory and cognitive 

function (Bartus, 2000). To increase ACh levels in the synaptic cleft, acetlycholinesterase inhibition 

(AChEI) has been used as a treatment for AD, and has shown improvement in neurotransmitter 

function; however, unsatisfactory clinical results (lack of improved memory, clinical function, or 

slower disease progression) has weakened that approach (Fig. 1-11) (Ferreira-Vieira et al., 

2016)(Terry & Buccafusco, 2003)(Martorana, Esposito, & Koch, 2010)(de la Torre, 2011). 

Improvement is temporary because eventually Ach-releasing neurons degrade so there is no Ach 

to protect from degradation.  
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Figure 1-11. Normal Neuronal Cholinergic Signaling 

Acetylcholine (ACh) is formed in the terminal of presynaptic neurons and then stored in vesicles 

until released in response to a nerve impulse. ACh binds to one of two classes of specific cholinergic 

receptors (nicotinic or muscarinic) to activate a post-synaptic neuron. 

Acetylcholinesterase (AChE), a synaptic enzyme, is released from the presynaptic cell or 

embedded on the post-synaptic membrane, and breaks down ACh into its two component parts 

(choline & acetate). The choline is returned to the presynaptic cell to couple with another acetate, 

reforming acetylcholine. Adapted from Scarpini, Scheltens, & Feldman , (2003).  
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1.15.2 The Amyloid Hypothesis (Plaques) 

The early studies of the post-mortem AD brain provided the first key information about the 

pathogenesis of AD, including the presence of Aβ plaques, NFTs, and atrophy.  Extracellular Aβ 

plaque accumulation has been considered the primary cause of AD, but with some controversy. 

Amyloid pathogenesis arises from abnormal cleavage of a type I transmembrane protein called 

amyloid precursor protein (APP). This protein includes a short C-terminal cytoplasmic tail, a large 

N-terminal extracellular domain, and a single alpha-helical transmembrane domain (Jeong, 

2017)(König et al., 1992)(Marsh & Alifragis, 2018). APP undergoes a two-step process of cleavage 

through two distinct pathways: the amyloidogenic or non-amyloidogenic pathways (Salminen et 

al., 2013)(Hung et al., 1993). The first enzymatic processing step occurs when APP is cleaved by 

α-secretases through the non-amyloidogenic pathway producing a membrane-associated C terminal 

fragment (C83) and a large soluble APP ectodomain (sAPPα) which contains the N-terminal 

domain (N-APP). Alternatively, cleavage of APP by β-secretases (BACE1) through the 

amyloidogenic pathway produces membrane-associated (C99) and a large soluble ectodomain 

(sAPPβ). In the second step, C terminal fragments (either C83 or C99) undergo cleavage by γ-

secretases within the transmembrane domain of the protein. Cleavage of the C-terminal fragment 

C83 via the non-amyloidogenic pathways generates APP Intracellular Domain (AICD) and a small 

peptide p3, whereas cleavage of the C-terminal fragment C99 through the amyloidogenic pathway 

releases AICD and Aβ peptides of different lengths. Any abnormally of the two-step process of 

cleavage through the amyloidogenic pathway can lead to increased levels of toxic Aβ that is 

commonly seen in familial AD (De Strooper et al., 1995)(R. Francis et al., 2002). Depending on 

the site of cleavage, the released Aβ can be found in various lengths ranging between 39-43 amino 

acids (Gravina et al., 1995). The Aβ residues first produced as monomers (Aβ1-40 and Aβ1-42) 

polymerize first into soluble oligomers such as Amyloid Derived Diffusible Ligands (ADDLs)  

(Klein, Krafft, & Finch, 2001) and then into larger hydrophobic insoluble fragments such as 
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amyloid fibrils (Zhou et al., 2016). Although Aβ42 is less abundant then Aβ40, it is thought to be the 

more toxic monomer and more prone to aggregate into mature fibrils which finally are compacted 

to form amyloid plaques (Gravina et al., 1995)(Zhang et al., 2011). Elevation of Aβ, especially 

Aβ42, that arises in both sporadic and familial forms of AD is linked to several other harmful 

downstream processes, such as hyperphosphorylation of tau protein, inflammation, oxidative 

damage, and synaptic dysfunction, which eventually leads to neurodegeneration and neuronal death 

(Hardy & Allsop, 1991). 

1.15.3 Genetic Causes of AD 

Early-onset (EOAD) and late-onset of Alzheimer’s disease (LOAD) are two distinct forms 

influenced by several aspects, including inherited factors. Early-onset familial Alzheimer disease 

(eFAD) is a rare form of AD (2-5% of cases) in which symptoms appear earlier than 65 years of 

age. LOAD affects the vast majority of AD cases older than 65 years (Strahl, 2011)(Bekris et al., 

2010). Genetic studies reveal some gene mutations that are linked to the appearance of  FAD 

including the mutations in the APP, PSEN1, and PSEN2 genes which account for only 30-50% of 

EOAD cases (Bekris et al., 2010). FAD is associated with an abnormality in the amyloidogenic 

pathway generating APP caused by gene mutation. The APP is encoded by a single gene located 

on chromosome 21 (Kang et al., 1987)(Marsh & Alifragis, 2018). Genetic studies have found that 

APP gene mutations are clustered near the site of β-secretase or γ-secretase cleavage lying in or 

near the Aβ sequence (Kametani & Hasegawa, 2018). These gene mutations are linked to elevated 

levels of Aβ42 (Kametani & Hasegawa, 2018). In addition to the APP mutations, preselinin-1 and 

preselinin-2 (PSEN1 & PSEN2) are important genes that are also linked to cases of familial AD, 

especially mutation of the PSEN1 gene (Sengupta, Nilson, & Kayed, 2016). PS1 and PS2 proteins 

are crucial catalytic components of γ-secretase complex, and their mutations alter γ-secretase 

activity (“Mutations,” 2019)(Kametani & Hasegawa, 2018)(Zhang et al., 2011). The PSEN1 gene 

is located on chromosome 14, and mutation of this gene can cause the most aggressive and common 
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form of FAD, which is characterized by the onset of symptoms of individuals in their thirties 

(Bekris et al., 2010). The PSEN2 gene is located on chromosome 1, and its mutations represent a 

rare cause of FAD. Both PSEN1 and PSEN2 mutations exert their pathogenic effects by altering 

the Aβ42/Aβ40 ratio either by elevating the level of Aβ42 or by reducing the levels of Aβ40 (Kumar-

Singh et al., 2006). There are also several other cases of AD that show evidence of a  genetic factor 

linked to sporadic AD such as the fourth allelic variant (ε4) of apolipoprotein E (apoE) (Farrer et 

al., 1997). The metabolism and clearance of Aβ in the brain are linked with apo E (D. M. Walsh & 

Selkoe, 2007). ApoE proteins belong to a family of plasma lipid-binding proteins that can combine 

with fats (lipids) forming lipoprotein molecules (Florent-Béchard et al., 2009). Thus, apoE is 

involved in triacylglycerol and cholesterol transport and it is the major cholesterol transporter in 

the brain (Robert et al., 2017)(Florent-Béchard et al., 2009). It also plays an important role in 

regulating Aβ clearance (Florent-Béchard et al., 2009). The APOE gene in humans is polymorphic, 

with three major alleles present (ε2, ε3, and ε4). APOE4 is the strongest genetic risk factor 

associated with AD, compared to the other two alleles. The ε4 allele frequency is about 15% in the 

general population but is 40% in AD patients (Farrer et al., 1997)(Kanekiyo, Xu, & Bu, 

2014)(Goedert & Spillantini, 2006)(Selkoe, 1994)(Selkoe & Schenk, 2003). The rare ɛ2 allele has 

protective effects against LOAD compared with the neutral ɛ3 allele as it facilitates the proteolytic 

degradation of Aβ (Bu, 2009)(Jiang, et al. 2008). The presence of apoE4 affects several aspects of 

Aβ disposition (Bu, 2009)(Jiang, et al. 2008). Aβ plaque deposition is more abundant in APOE4 

carriers compared with non-carriers (Kok et al., 2009)(Polvikoski et al., 1995)(Kanekiyo et al., 

2014), and Aβ clearance is reduced (J. Du, Chang, Guo, Zhang, & Wang, 2009)(Safieh, Korczyn, 

& Michaelson, 2019). ApoE4 increases the activity of γ-secretase (Safieh et al., 2019), impairs 

lysosomal degradation of Aβ (J. Du et al., 2009)(Zekonyte, Sakai, Nicoll, Weller, & Carare, 2016), 

and it is less effective than apoE3 in transporting Aβ across the blood-brain barrier (Safieh et al., 
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2019). However, additional investigation is still required to understand the specific mechanisms of 

ApoE4 contribution to AD pathogenesis (Jiang et al., 2008). 

1.15.4 Tau Hypothesis (Neurofibrillary Tangles) 

The second hallmark of AD brain pathology is the presence of neurofibrillary tangles 

(NFTs) which consist of microtubule associated protein tau (MAPT), the major protein in NFTs 

(Marcus & Schachter, 2011). The number of NFTs in the brain is correlated with cognitive decline, 

and is frequently used as a  pathological marker to measure the severity of AD in the postmortem 

brain (Braak & Braak, 1991)(Nagy et al., 1995). The pathological changes in tau protein often 

originate in the EC then extend to the hippocampus and amygdala, followed by other neocortical 

regions (Goedert & Spillantini, 2006). In healthy neurons, cytoskeletal microtubules bind with the 

highly soluble tau protein to promote stability by maintaining cellular structure, axonal transport, 

and giving shape to the neurons. The normal biological activity between tau and microtubules is 

regulated by the extent of tau phosphorylation (Marcus & Schachter, 2011). In AD, the solubility 

properties of tau protein are pathologically changed due to the abnormal increase of phosphorylated 

tau protein, which creates imbalance leading to dissociated hyperphosphorylated tau from 

microtubules. The long-term high phosphorylation of tau protein leads to its abnormal aggregation 

into filaments that accumulate intracellularly as paired helical filaments (PHF).  These ultimately 

promote tangle formation (Mudher & Lovestone, 2002)( Marcus & Schachter, 2011). The 

phosphorylation at various sites on tau and microtubule binding domains is mediated by several 

kinases, including glycogen synthase kinase 3β (GSK-3β) (Mandelkow et al., 1992), cyclin-

dependent kinase 5 (CDK-5) (Baumann, Mandelkow, Biernat, Piwnica-Worms, & Mandelkow, 

1993), protein kinase A (PKA), casein kinase 1 (CK1) (Hanger, Anderton, & Noble, 2009), and 

mitogen-activated protein kinase (MAPK) (Drewes et al., 1992). The intracellular tau aggregation 

and the reduction of microtubule affinity are harmful to neurons and are thought to be the basis for 

disruption of cellular machinery and synaptic dysfunction ( Marcus & Schachter, 2011). This ends 
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up damaging the cytoskeleton of the cell,  destroying neuronal transport, and ultimately leading to 

neuronal death (Nagy et al., 1995). Therefore, the presence of NFTs is associated with severe 

neurodegeneration and neuron loss characteristic of AD (Marcus & Schachter, 2011).  

1.15.5 Oxidative Stress in AD  

Oxidative stress  is known to affect several biological macromolecules that contribute to 

the progression of multiple neurodegenerative diseases, including AD (Marcus et al., 1998)(Smith 

et al., 2002). Ageing, diabetes, and cardiovascular disease are major risk factors for AD. They are 

linked with elevated reactive oxygen species (ROS) as well as oxidative and inflammatory stress 

(Praticò, 2008). ROS are normally produced as a result of the metabolic activity of oxygen in 

mitochondrial respiration and during enzymatic and non-enzymatic reactions (Halliwell B, 

1986)(Caballero-Díaz,  & Valcárcel, 2014). Free radicals such as superoxide anion and hydroxyl 

radical, and hydrogen peroxide are examples of ROS (Halliwell B, 1986). The pathological state 

of oxidative stress occurs due to the increase in ROS beyond the metabolic capabilities of enzymes 

involved in antioxidant defense, thus creating an imbalance between pro-oxidant and antioxidant 

systems (Kidd, 2008)(Catalá, 2009)(Resende et al., 2008). When ROS production increases, they 

can interact with proteins, lipids, and DNA, causing harmful cellular changes and disrupting normal 

cellular signaling. This cellular dysfunction can evoke chronic inflammation that may lead to cell 

death, especially in neurons. The CNS contains high levels of polyunsaturated fatty 

acids (PUFAs) and redox metals, requiring a high rate of oxygen consumption during the normal 

physiological activity. The brain environment in particular is vulnerable to oxidative stress when 

the ROS and RNS production exceeds the capacity of its modest antioxidant defenses (Praticò, 

2008)(Querfurth & Laferla, 2010). The increase of oxidative stress markers such as the lipid 

peroxidation (LPO) production 4-hydroxy-2-nonenal (HNE) has been observed in the brain of AD 

patients preceding the onset of cognitive impairment and the formation of Aβ plaques and NTFs 

(Fig. 1-12), (Praticò, 2008)(Nunomura et al., 2001). LPO is the process of oxidative degradation of 
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lipids to form highly reactive electrophilic aldehydes and lipid hydroperoxides (Querfurth & 

Laferla, 2010). As a result of LPO, free radicals are selectively produced in the lipid components 

of cellular membranes causing several changes in the membrane including the alteration of the 

activity of membrane-bound enzymes, permeability changes, and increased membrane rigidity, all 

of which can alter neuronal function and interfere with neurotransmission (Anzai et al., 

1999)(Yehuda, Rabinovitz, Lcarasso, & Mostofsky, 2002). 

Redox metals such as iron, aluminum, copper, and zinc are also linked to oxidative stress 

and the progression of AD due to their catalytic role in free radical formation (Christen, 2000). In 

particular, iron is increased in AD brains, and its presence is involved in the formation of the 

harmful hydroxyl radical (via the Fenton reaction). The hippocampus, amygdala, and parietal 

cortex regions are vulnerable to the highest levels of oxidative stress  (Kidd, 2008). In AD brains, 

the hippocampus and cerebral cortex regions exhibit high concentrations of iron and HNE, as well 

as the formation of NFTs and amyloid plaques (Christen, 2000). Moreover, other sources of 

oxidative damage in AD brains involve the alteration of mitochondrial activities and non-

functioning mitochondrial enzymes (Su et al., 2008)(Gibson, Sheu, & Blass, 1998). The 

mitochondria are the site of energy production and are a major source of ROS, resulting from 

leakage of electrons from the electron transport chain and formation of superoxide (Picklo et al., 

2001). Additionally, in AD, Aβ entering mitochondria impairs oxidative phosphorylation, increases 

ROS production, interacts with mitochondrial proteins, and alters mitochondrial dynamics (Pagani 

& Eckert, 2011). Mitochondria isolated from hippocampal regions CA1 and CA3 showed increases 

in  ROS production in CA1 compared to CA3 neurons, the region which usually exhibits greater 

cell death than CA3 neurons (Wang et al., 2005)(Sarnowska, 2002). In addition, ROS produced in 

the mitochondria can induce oxidative damage to mitochondrial DNA and proteins, causing 

insufficient antioxidant enzyme production.  
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Figure 1-12. Schematic Diagram Representing the Role of Oxidative Stress in the 

Pathogenesis of AD.  

Oxidative stress can increase the formation of Aβ by directly increasing the expression of APP, or 

via an increase in expression or activity of the APP processing enzymes β-secretase and γ-secretase. 

Aβ can also produce oxidative stress thereby inducing further lipid peroxidation (LPO) and 

contributing to positive feedback. This increase in Aβ can lead to the accumulation of amyloid 

plaques, and hyperphosphorylated tau proteins, resulting in the formations of NFTs. Both NFTs 

and amyloid plaques contribute to further oxidative stress and inflammation, leading to 

neurodegeneration and cell death adapted from Praticò, D. (2008).  
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1.15.6 Neurodegeneration in AD 

As AD patients age, neuron counts are significantly reduced, indicating neurodegeneration 

and atrophy, especially in hippocampus and EC regions which are correlated learning and memory 

problems (Dubois et al., 2007)(Du et al., 2001)(de Toledo-Morrell et al., 2000)(Dickerson et al., 

2001)(Kerchner et al., 2010)(Horn et al., 1996). Several factors are implicated in AD 

neurodegeneration, including abnormalities of APP processing, the formation of Aβ, mitochondrial 

alterations and oxidative stress (Mattson, 2004)(Forero, 2006). There is considerable evidence that 

elevated Aβ accumulates abnormally in the nerve terminal, both intracellularly and extracellularly 

(Xie et al., 2002)(Townsend, Mehta, & Selkoe, 2007)(Huang & Gibson, 1993)(Snyder et al., 

2005)(Liu, Gasperini, Foa, & Small, 2010)(Dineley et al., 2001)(Wang et al., 2004). The Amyloid 

Cascade Hypothesis suggests that the deposition of  Aβ can trigger neurodegeneration when Aβ 

binds to certain neuronal surface receptors and modifies synaptic plasticity (Mattson, 2004). The 

toxicity of Aβ oligomers can result from interaction with a number of cellular signaling proteins 

either directly or indirectly, resulting in disrupted synaptic signaling and synaptic injury that 

interferes with synaptic function (Yao, Nguyen, & Pike, 2005)(Terry et al., 1991)(de la Torre, 

2004)(Crews & Masliah, 2010)(Knobloch & Mansuy, 2008)(McLean et al., 1999)(Näslund et al., 

2000)( Walsh & Selkoe, 2007). When Aβ interacts directly with postsynaptic receptors such as 

NMDA and EphB2 receptors, the membrane expression of postsynaptic spine proteins are rapidly 

downregulated, thereby inhibiting LTP and enhancing signaling cascades associated with  LTD 

(Lacor et al., 2007)(Shankar et al., 2008)(Knobloch & Mansuy, 2008)(Jeong, 2017). During LTP 

inhibition and LTD enhancement, Ca2+ influx is reduced, which decreases the levels of postsynaptic 

AMPA receptors leading to progressive dendritic spine loss (Kandel, Dudai, & Mayford, 

2014)(Chen et al., 2000)(Hsieh et al., 2006)(Shankar et al., 2007)(Cullen et al., 1997)( Walsh et al., 

2002)(Jeong, 2017)(Knobloch & Mansuy, 2008). 
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Other proteolytic fragments of APP besides Aβ species are thought to have neurotoxic or 

neuroprotective roles in the brain (Jeong, 2017). Elevated levels of C-terminal fragments produced 

during the abnormal cleavage of APP can also stimulate synaptic dysfunction and 

neurodegeneration in AD (Mattson, 2004). In addition, neurotoxicity of  N-APP, and AICD 

fragments make them more prone to interact with soluble Aβ oligomers, accelerating 

neurodegeneration in AD patients (Jeong, 2017). The sAPPα and sAPPβ fragments have a 

neuroprotective function. The additional abnormal increase in proteolytic cleavage of sAPPβ means 

releasing more N-APP fragments which trigger degeneration of axons and neuronal cell death 

(Nikolaev et al., 2009)(Jeong, 2017). Neuroprotective activation of sAPPα fragments seems more 

effective than sAPPβ (Furukawa et al., 1996)(Jeong, 2017). Therefore, the stability of sAPPα 

release is essential for the resistance of neurons to oxidative and metabolic insults. However, the 

increase of Aβ parallels the decrease of sAPPα production (Mattson, 2004) which may reduce the 

stability of sAPPα and contribute to the neuronal cell death (Mattson, 2004). The increased 

formation of the proteolytic fragments sAPPβ, N-APP, and AICD appear to induce tau alterations, 

which are also observed to cause neuronal cell death (Jeong, 2017). Therefore, tau abnormalities 

are thought to interact with the neurotoxicity of Aβ in the progression of neurodegeneration (Fig. 

1-13) (Gendron & Petrucelli, 2009)(Jeong, 2017). 

The cyclin-dependent kinase 5 (Cdk5) and glycogen synthase kinase 3β (GSK3β) are the 

main signalling protein kinases that are involved in the abnormal phosphorylation of tau protein 

(Maccioni, Muñoz, & Barbeito, 2001). Elevated Aβ and oxidative stress can modify signaling 

pathways which can in turn induce the deregulation of these signalling protein kinases (Maccioni 

et al., 2001). Thus hyperactivated Cdk5 has been observed in AD brains (Crews & Masliah, 

2010)(Shelton & Johnson, 2004) and presumably contributes to the observed increases in 

hyperphosphorylated tau protein (Ahlijanian et al., 2000)(Maccioni et al., 2001). 
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Figure 1-13. Schematic diagram represents the Key Drivers of Neurodegeneration in AD. 

Neuronal dysfunction and death are features in developing AD. The abnormal increase of tau 

hyperphosphorylation, Aβ oligomers, and mitochondrial dysfunction drive the neuronal 

dysfunction and death that underlie cognitive impairment. Although, the amyloid hypothesis 

supports the neurotoxicity of Aβ as primarily in inducing tau pathology, other evidence suggests 

that the release of proteolytic fragments of human APP such as sAPPβ, N-APP, and AICD can also 

contribute in tau abnormality seen in AD. Aging also can serve as a non-genetic risk factor for AD 

that is tightly associated with mitochondrial dysfunction and subsequent neuronal loss. Adapted 

from Jeong. (2017). 
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1.15.7 Neuroinflammation in AD 

Over the last decades, neuroinflammation has became recognized as a central feature 

of AD, and it  provides an important link between other core AD pathologies, including Aβ plaques 

and NFTs  (Kinney et al., 2018). The early stages of inflammation may have a beneficial role in 

the pathology of AD as they can improve Aβ clearance through the activation of microglia and 

astrocytes (Heneka et al., 2010)(Meraz-Ríos et al., 2013). Aβ can induce several modifications in 

glial cells (astrocytes, oligodendrocytes, microglia). Amyloid plaques, tau hyperphosphorylation, 

and degenerating neurons in AD brains have been associated with the chronic activation of 

microglia (Meraz-Ríos et al., 2013)(Mattson, 2004) (Kinney et al., 2018). . Once activated, the 

macrophage-like microglia congregate around Aβ plaques and produce toxins, compounds of COX 

metabolism (prostaglandins), and inflammatory cytokines such as interleukin-1 (IL-1), interleukin-

6 (IL-6), and pro-inflammatory tumor necrosis factor (TNF-β) (Mattson, 2004)(Meraz-Ríos et al., 

2013). As well, abnormalities of astrocytes can impair glutamate transport, perturb calcium 

regulation, and increase the production of pro-inflammatory cytokines. 

The oligodendrocytes are important glial cells in white matter that wrap the axons thereby 

facilitating rapid conduction of action potentials. Degeneration of oligodendrocytes is detected in 

the brains of AD patients, since oligodendrocytes become more vulnerable to damage and death by 

increased levels of Aβ (Mattson, 2004). The elevated levels of glial cell activation associated with 

Aβ deposits result in continuous release of pro-inflammatory cytokines and chemokines which can 

promote further inflammation, eventually inducing apoptosis (programmed cell death)(Heneka et 

al., 2010).  

1.15.8 The Link between AD and Diabetes 

Several studies have also demonstrated the link between diabetes and increased the risk of 

AD. Interestingly, a high percentage of diabetic patients are more vulnerable to developing AD (De 

Felice, 2013). In addition, peripheral insulin resistance and metabolic syndrome are considered 
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factors influencing the risk of dementia and worsening AD symptoms (Lourenco, Ferreira, & De 

Felice, 2015). The hippocampal circuits in several AD cases demonstrated impaired insulin 

signaling, which  often appears in the early stages of AD (Lester-Coll et al., 2006)(Correia et al., 

2011). The impaired insulin signaling is a pathological feature that is shared in both AD and 

diabetic patients (Ferreira, Clarke, Bomfim, & De Felice, 2014). The hippocampus presents 

particularly high levels of the Insulin Receptor Substrate (IRS) proteins, which indicate targets for 

insulin (W.-Q. Zhao & Alkon, 2001)(De Felice, 2013). Insulin affects synaptic plasticity and the 

modulation of dendritic spine density (De Felice, 2013) (Lyra E Silva et al., 2019). IR signaling 

further regulates circuit function and plasticity by controlling synapse density (Chiu, Chen, & 

Cline, 2008)(De Felice, 2013). 

In type 2 diabetes, peripheral insulin resistance is associated with the impaired brain insulin 

signaling seen in AD (De Felice, 2013). The molecular basis for brain insulin resistance in type 2 

diabetes seems to involve an elevated level of TNF-α signaling which activates c-Jun N-terminal 

kinase (JNK). This triggers IRS-1 serine phosphorylation (IRS- 1pSer) by stress kinases, which 

affect its ability to engage in IR signaling, blocks downstream insulin signaling and triggers 

peripheral insulin resistance (W. Zhao et al., 2008) (De Felice, 2013) (Ferreira et al., 2014). This is 

similar to mechanisms triggered by Aβ oligomers in AD which cause abnormal activation of the 

TNF-α/JNK pathway and IRS-1 inhibition in cultured hippocampal neurons (De Felice, 2013). The 

level of TNF-α is released from microglial cells, normally as a result of infection or abnormal 

protein accumulation in the brain. In AD, the CSF and brain microvessels show increase in TNF-α 

level in patients,  as well as  in the brain of several transgenic mouse models of AD (Ferreira et al., 

2014). Consequently, understanding the connection between impaired neuronal insulin signaling 

and neuronal dysfunction in AD may help to identify therapeutic targets and/or risk factors for AD. 
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1.16 Mouse Models of AD  

Animal modeling is widely used to understand the pathophysiology of disease and to 

examine potential therapeutic interventions. The mouse is easy to handle, relatively easy to 

genetically manipulate, and easy to breed with a  short lifespan and low costs (Philipson et al., 

2010)(Van Dam & De Deyn, 2011)(Guo et al., 1999). In AD studies, many mouse models have 

been developed based on gene mutations present in familial AD. Although they do not exhibit all 

features of human AD and do not spontaneously develop AD-like pathological hallmarks, their use 

has provided neuroscientists with useful information to understand some of the underlying 

mechanisms, neuropathological changes, and memory deficits involved in the progression of AD 

(Hall & Roberson, 2012)(Van Dam & De Deyn, 2011). This has helped in developing potential 

therapeutic drugs for AD (Elder et al., 2010). Single transgenic mouse models overexpress mutant 

forms of APP, presenilin (PS) or tau. The double transgenic mice models overexpress a mutated 

human APP gene coupled with mutated forms of PS (e.g., APP/PS1 mice) or coupled with other 

mutated genes (Van Dam & De Deyn, 2011). The triple transgenic models express three transgenes 

(Oddo et al., 2003). In the mid- 1990s, the earliest single transgenic mouse model of AD was called 

PDAPP,  followed by developing of the Tg2576 and APP23 models (Götz et al., 2004). The PDAPP 

model expressed the aberrant human APP isoforms with the V717F Indiana familial AD mutation 

(APPind) under the PDGF-β promoter, resulting in increased Aβ42 levels. Aβ42 elevation in the 

PDAPP mice was followed by the formation of plaques at 6-9 months combined with deficits in 

spatial memory (G. Chen et al., 2000)(Games et al., 1995)(Dodart et al., 1999) (Hall & Roberson, 

2012)(Götz et al., 2004). However, the disadvantages of the PDAPP model are the failure to induce 

significant neuronal death resulting in brain atrophy especially in the hippocampus (Terry et al., 

1981)(Hall & Roberson, 2012). Also, PDAPP mice fail to develop tangle pathology similar to AD 

brains (Oddo et al., 2003). Another widely used single transgenic APP mouse model is the Tg2576 

mouse (Hsiao et al., 1996)(Dodart et al., 2002). The Tg2576 mouse model expresses a human 
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APP695 gene with the Swedish K670N-M671L mutation (APPswe) derived under the hamster 

prion protein promoter PrP. Tg2576 mice show overexpression of both Aβ40 and Aβ42 which 

increases with age and results in the late appearance of plaques by 9–10 months; then after 11 

months,  plaque deposition becomes more noticeable in cortical and hippocampal brain regions 

(Hsiao et al., 1996)(Hsieh et al., 2006). Along with age-dependent amyloid deposition, Tg2576 

mice also display gliosis and dystrophic neurites (Elder et al., 2010). However, the spatial memory 

of Tg2576 mice was still not affected by 9 months of age (Holcomb et al., 1998). 

Similar to PDAPP and Tg2576 models, APP23 is another single transgenic APP  mouse 

model that develops several AD-like neuropathological features (Dodart et al., 2002). APP23 

expresses human APP751 with the Swedish mutation (APPswe) under a murine Thy-1 promoter 

element, resulting to cortical Aβ deposition by 6 months of age;  the Aβ deposition eventually 

extends to the entire neocortex, hippocampus, and several subcortical regions (Götz et al., 

2004)(Dodart et al., 2002). 

The appearance of FAD in humans is often linked with the presence of mutated PSEN 

genes, leading scientists to develop single transgenic PSEN models of either PS1 or PS2 (Spires & 

Hyman, 2005)(Sudoh et al., 1998). PSEN1 models show an elevation of Aβ42 levels and 

modifications in intracellular Ca2+ signaling (Spires & Hyman, 2005)(Stutzmann et al., 2006). 

Mutations of PSEN1 alone do not lead to essential AD pathological changes such as plaque 

formation, memory deficits, NFT formation, or presence of other AD pathological features (Spires 

& Hyman, 2005)(Dewachter et al., 2008). However, PSEN models were beneficial to understand 

the role of Ca2+ in the pathogenesis of AD; also they were essential to generate other AD models 

with multiple mutations, such as the 3xTg mouse (Holcomb et al., 1998). The valuable information 

derived from experiments using these early mouse models supported the amyloid cascade 

hypothesis of AD progression (Götz et al., 2004). They helped to closely describe APP processing 
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and the role of its abnormality in AD pathology (Spires & Hyman, 2005). However, these models 

show limited neurodegeneration, hyperphosphorylated tau or NFT pathology. 

Thus, to overcome the lack of NFTs seen in single APP and PS transgenic models, several 

mutated human tau mice were generated, which mimic several aspects of AD (Oddo et al., 

2003)(Götz et al., 2001). The tau mutant mouse JNPL3 expresses familial tau mutations and was 

useful for studying AD features, specifically the formation of tau filaments (Hutton et al., 

1998)(Sahara et al., 2002); also it was used to demonstrate interactions between Aβ and tau (Götz 

et al., 2001). A cross between the JNPL3 and Tg2576 (the single transgenic APP mice) was useful 

to enhance the tangle pathology compared with mice that carry the tau mutation alone (Lewis et 

al., 2001). 

Additional mouse models were created by combining several mutations in an attempt to 

generate more relevant models  (Hall & Roberson, 2012). A group from the University of California 

developed the triple transgenic mouse (3xTg) which includes mutant APP, PS1, and tau transgenes 

(Hall & Roberson, 2012)(Oddo et al., 2003). In this model, amyloid plaques developed prior to 

NFTs formation, with both localized to relevant AD brain regions. There were also other AD 

pathologies such as inflammation, synaptic dysfunction and cognitive deficiencies (Sterniczuk et 

al., 2010). Therefore, the 3xTg mice model was useful and frequently used for the assessment of 

several novel therapeutic agents. 

Transgenic animal models have dominated AD research for decades. However, researchers 

have questioned the validity of these models because the therapeutics that have been developed 

based on these animal models lack efficacy in humans. Thus, efforts are continuing to develop new 

animal models that cover other theories of AD as a basis for cognitive deficiency changes and that 

incorporate several other pathological hallmarks potentially critical for expanding our knowledge 

and understanding of AD. 
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1.16.1 The Aldh2-/- Mouse Model 

The study of many neurodegenerative diseases such as Amyotrophic Lateral Sclerosis 

(ALS), Parkinson’s disease, Huntington’s disease, and AD have shown significant increases in LPO 

products, specifically 4-hydroxy-2-nonenal (HNE). The elevation of HNE results from oxidative 

stress, forming protein adducts with altered cellular functioning. In AD specifically, samples from 

aCSF and several brain regains show a significant increase in HNE accumulation compared to 

samples taken from controls (Di Domenico, Tramutola, & Butterfield, 2017). The activity of γ-

secretase and β-secretase are enhanced by the increase of HNE, leading to overproduction of Aβ 

which indicates a direct link between the amyloidogenic processing of APP and lipid peroxidation-

induced oxidative stress. Thus increased  HNE production is associated with the pathogenesis of 

AD (Gwon et al., 2012). Aldehyde dehydrogenase 2 (ALDH2) participates in one of three main 

pathways that metabolize HNE (T. Xu et al., 2017). ALDH2 is a mitochondrial antioxidant enzyme 

that plays an essential role in the detoxification of several endogenous LPO-derived aldehydes 

(Ohsawa et al., 2003)(Kamino et al., 2000)(D’Souza et al., 2015)(Picklo et al., 2001). ALDH2 is 

crucial to reducing toxicity, as it catalyzes the oxidation of HNE to the non-electrophilic and non-

reactive metabolite HNA (Xu et al., 2017). Besides the role of ALDH2 in metabolizing HNE, the 

detoxification of HNE also occurs through other pathways such as conjugation with glutathione by 

the glutathione transferases (GSTs) and by reduction by aldo-keto reductases. In AD brains, the 

activity of GST is reduced in several brain regions compared to healthy individuals (Lovell, Xie, 

& Markesbery, 1998). However, the activity of ALDH2  is increased in AD brains compared with 

the two other pathways (Picklo et al., 2001).  This suggests that the additional release of free HNE 

occurring in AD brains induces a compensatory increase in  ALDH2 to deal with this increase and 

to limit the oxidative damage arising during the progression of AD (Picklo et al., 2001). Several 

studies that aimed to understand the pathogenic mechanisms of late-onset AD have linked ALDH2 
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mutations that occur in 30 to 50% of the East Asian populations as a risk factor for the development 

of LOAD (Ohsawa et al., 2003)(Kamino et al., 2000). 

The genetic deletion of ALDH2 yielded Aldh2-/- mice, which display AD-like pathological 

and behavioral changes. The genetic deletion of ALDH2 in this model accelerates oxidative stress 

with increases in HNE release. These mice also exhibit several progressive biochemical and 

histopathological changes that mirror AD, including increases in Aβ and p-tau levels, deficient 

CREB signaling, activated caspases, vascular pathologies, significant brain atrophy, and synaptic 

loss. Also, these mice display cognitive deficits resembling those of LOAD patients (D’Souza et 

al., 2015). However, in unpublished observations from the Bennett lab, there is no evidence of 

inflammation in Aldh2-/-  mice (no astrocyte activation or change in microglia numbers). This could 

be due to the lack of Aβ plaques in these mice since mouse Aβ does not aggregate because of the 

difference in amino acid sequence (ie no inflammatory response because there are no plaques). The 

pathological changes that reported in Aldh2-/- mice progressively appear as the mice age. At age 3 

months, increased formation of HNE protein adducts is detectable, followed by pathological brain 

changes. At age 6 months, monomeric Aβ and p-tau are significantly elevated and continue to 

increase until at least 12 months of age. These pathological changes also combine with spatial and 

working memory impairments from 3.5 months of age and continue to worsen, reaching a plateau 

by 7 months (Fig.1-14) (D’Souza et al., 2015). These data suggest that additional morphological 

and histological tests using this model could be useful to get more information about the 

pathogenesis of AD as well as testing the efficacy of several predicted AD therapeutics.   
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Figure 1-14. Timeline diagram representing the development of pathological and behavioral 

changes in Aldh2-/-  mice.  

Most striking is a large decrease in synaptic markers at 3 months (PSD-95, synaptophysin, pCREB, 

but especially PSD-95) and a large increase in HNE adducts at 3 months. The are modest but 

significant increases in activated Caspases 3 and 6 at 3 months. For Aβ and p-tau, there are no 

changes at 3 months, but significant increases at 6 months. Levels of phosphorylated GSK3β also 

do not change until 6 months, consistent with the increase in p-tau at 6 months (GSK 3β is the 

major kinase that phosphorylates tau) (D’Souza et al., 2015). Dendritic morphology in current work 

of both spines density and Sholl analysis showed no changes at months. Importantly, by 6 months, 

both parameters were dramatically reduced (Mehder et al., 2020).. Behavioural changes in (MWM, 

Y-maze and NOR tasks) begin at 3 months and are maximal at 6-7 months. No behavioural changes 

are observed  (Elharram et al., 2017) (D’Souza et al., 2015). The earlier changes in synaptic markers 

and the increase in HNE adducts that appear before Aβ and tau is consistent with human AD, where 

synaptic dysfunction and oxidative stress are the earliest changes seen (Nunomura et al., 2001). 
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1.17 Drug Treatments for AD  

Despite the huge amount of money and effort that pharmaceutical companies have invested 

to develop treatments for AD, the currently available drugs provide very limited benefits. They 

target the symptoms of cognitive decline instead of addressing the underlying molecular 

mechanisms to cure the disease (Burke, 2019)(“2019 Alzheimer’s disease facts and figures,” 

2019)(Ballard & Waite, 2006). The classes of drugs currently used for AD treatment could only 

reduce the rate of some cognitive decline by stabilizing and minimizing disruption of acetylcholine 

(ACh) and glutamate neurotransmission. Acetylcholinesterase (AChE) inhibitors such as 

donepezil, rivastigmine, and galantamine are used to improve cholinergic signaling by inhibition 

of ACh breakdown at the synaptic cleft (Burke, 2019)(Klafki et al., 2006), and their use is only 

associated with slight improvement in memory and cognitive ability in mild to moderate cases of 

AD. Although the three AChE inhibitors are widely used in AD research, many reports indicate 

their ineffectiveness on AD patients since they still continue facing a decline in cholinergic neurons, 

memory, and global functioning over time (Ferreira-Vieira et al., 2016)(Weng et al., 2013). 

Furthermore, the cause of highly variable responses to acetylcholinesterase inhibitors among AD 

patients remains unclear (Weng et al., 2013). 

Several other treatments are used in AD to relieve neuropsychiatric symptoms, such as 

anti-depressants and anti-psychotics (Imbimbo, 2009). Anti-psychotic drugs are largely used to 

treat agitation, aggression, and psychosis symptoms that commonly appear in AD patients (Ballard 

& Waite, 2006). 

Additional compounds have shown promising results in animal models, but unfortunately, 

none have successfully completed Phase 3 clinical trials due to the lack of efficacy. Many have had 

severe adverse effects (Tomita, 2009)(Gilman et al., 2005). Some studies aimed to improve 

memory performance in animal models of AD by reducing Aβ load. 
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Immunotherapeutic strategy for treating AD through increasing the removal of Aβ using 

either active or passive vaccination has been applied on several mouse models to assess Aβ vaccines 

prior to the onset of memory deficits. These vaccines were effective in protecting mice from 

memory decline and in reducing the amyloid load (Morgan et al., 2000)(Janus et al., 2000). In the 

study of active immunization, the mice were injected with Aβ attached to a carrier protein. This 

vaccine causes stimulation of the body immune system to produce antibodies to Aβ. For example, 

anti-Aβ42 active vaccine (Aβ1-42 mixed with Freund’s adjuvant) was assessed in PDAPP transgenic 

mice. This active vaccine caused remarkable reductions of amyloid load by preventing Aβ 

deposition and/or enhancing the Aβ clearance (Schenk, et al. 1999). However, when patients 

received anti-Aβ42 immunization injections of AN1792 with QS-21 as an adjuvant, several 

developed meningoencephalitis (Orgogozo et al., 2003). Therefore, testing the Aβ42 immunization 

vaccine on humans was halted after reporting the first occurrences of meningoencephalitis (Vellas 

et al., 2009)(Orgogozo et al., 2003). Passive vaccines such as Bapineuzumab and solanezumab 

have been developed for the treatment of AD. These passive vaccines are laboratory-produced 

antibodies to Aβ that are basically aimed to bind and remove Aβ from Alzheimer's brain (Salloway 

et al., 2014). Despite the strong hope of these drugs in lowering the load of amyloid plaque and 

hyperphosphorylated tau protein in the AD brain, unfortunately, both Bapineuzumab and 

Solanezumab failed Phase III clinical trials. They failed to significantly improve cognitive status 

in patients who received the treatment compared with patients under placebo treatment (Salloway 

et al., 2014).  

Work based on the development of Aβ peptide vaccines continues with other novel 

strategies such as γ-secretase inhibitors (Basi et al., 2010) and BACE inhibitors (Doody et al., 

2013), as well as other approaches that prevent the aggregation of Aβ (Aisen et al., 2011). For 

example, Semagacestat, which is a small-molecule γ-secretase inhibitor, was developed by Eli Lilly 

as a potential treatment for AD to reduce Aβ synthesis. However, this compound did not improve 
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cognitive status (Doody et al., 2013), and development was halted after the first phase III trial due 

to serious side effects such as skin cancer, infection and worsening of AD symptoms. Also, the 

drug was associated with significant toxicity that may occur due to its possible effects on proteins 

other than APP (Doody et al., 2013)(Karran, Mercken, & De Strooper, 2011). Even more recently, 

the small molecule BACE inhibitor Verubecestat, which was developed by Merck to treat patients 

with mild-to-moderate AD, was discontinued in Feb 2018 due to its limited effect on improving 

clinical outcomes and was associated with clinical worsening of cognition and daily function 

among patients who received the drug (“THERAPEUTICS Verubecestat,” n.d.) (Egan et al., 2019). 

Tramiprosate developed by Neurochem was used in mild-to-moderate AD patients aiming to 

prevent Aβ aggregation and inhibit Aβ oligomers formation (Aisen et al., 2011); however, the 

treatment did not show any significant effect (Karran et al., 2011). Even though these trials have 

provided valuable information related to AD processing and further understanding the amyloid 

cascade, the continued failures in these trials have posed concern about the validity of the removal 

of Aβ as a treatment strategy for AD. 
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Chapter 2 

Morphometric Analysis of Hippocampal and Neocortical Pyramidal 

Neurons in a Mouse Model of Late Onset Alzheimer's Disease 

2.1 ABSTRACT  

The study of late-onset (sporadic) Alzheimer`s Disease (LOAD) has lacked animal models where 

impairments develop with aging. Oxidative stress promotes LOAD, so we have developed an 

oxidative stress-based model of age-related cognitive impairment based on gene deletion of 

aldehyde dehydrogenase 2 (ALDH2). This enzyme is important for the detoxification of 

endogenous aldehydes arising from lipid peroxidation. Compared to wildtype (WT) mice the 

knockout (KO) mice exhibit a progressive decline in recognition and spatial memory and AD-like 

pathologies. Here we performed morphometric analyses in the dorsal and ventral hippocampal CA1 

regions (dCA1 and vCA1) as well as in overlying primary sensory cortex to determine if altered 

neuronal structure can help account for the cognitive impairment in 12-month old KO mice. 

Dendritic morphology was quantitatively analyzed following Golgi-Cox staining using 9 WT mice 

(108 neurons) and 15 KO mice (180 neurons). Four pyramidal neurons were traced per mouse in 

each region, followed by branched structured analysis and Sholl analysis. Compared to WT 

controls, the morphology and complexity of dCA1 pyramidal neurons from KOs showed significant 

reductions in apical and basal dendritic length, dendrite intersections, ends, and nodes. As well, 

spine density along dorsal CA1 apical dendrites was significantly lower in KO vs WT. In contrast, 

pyramidal arborization in the vCA1 and primary sensory cortex were only minimally reduced in 

KO vs WT mice. This major and specific reduction in synaptic input to the pyramidal neurons of 

the dorsal hippocampus is in keeping with studies showing that lesions to dorsal hippocampus 

impair primarily cognitive memory whereas ventral hippocampal lesions cause deficits in stress, 

emotion and affect. 
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2.2 INTRODUCTION 

There are numerous transgenic mouse models of Alzheimer`s disease (AD) which exhibit 

neuropathological changes dependent on the overexpression of mutant human genes linked to early 

onset, familial AD. However, genetic changes account for only a small proportion of AD cases (1-

5%). In contrast, the study of late-onset (sporadic) Alzheimer`s disease (LOAD) lacks animal 

models that mirror age-related progression of AD pathologies. Animals that develop pathology 

because they age, rather than because they are genetically programmed, would facilitate the 

assessment of intervention strategies that relieve AD symptoms and slow/reverse the underlying 

disease process. 

Oxidative stress has been implicated as a primary driving force in AD pathogenesis 

(Nunomura et al., 2001) (Praticò, 2008) and we have developed an oxidative stress-based model of 

age-related cognitive impairment based on gene deletion of aldehyde dehydrogenase 2 (ALDH2), 

an enzyme important for the detoxification of endogenous aldehydes (e. g.  4-hydroxynonenal, 

HNE) arising from lipid peroxidation. Increased levels of HNE protein adducts occur in the brains 

of AD patients at both early and late stages of disease progression (T. Reed et al., 2008)(T. T. Reed, 

Pierce, Markesbery, & Butterfield, 2009)(Perluigi et al., 2009) and likewise, Aldh2 knockout (KO) 

mice exhibit increased levels of HNE protein adducts. They also exhibit a progressive age-related 

decline in hippocampus-dependent working and spatial memory tasks, decreased hippocampal 

volume, and several AD-like pathological changes compared to age-matched wild type (WT) 

counterparts. These include age-related increases in amyloid-β (Aβ), phosphorylated tau protein 

and activated caspases, synaptic loss, defective CREB signaling, and several vascular pathologies 

(D’Souza, Elharram, Soon-Shiong, Andrew, & Bennett, 2015). 

In the current study, we performed morphometric analyses of pyramidal neurons in the 

dorsal (dCA1) and ventral (vCA1) hippocampus as well as in overlying layer V pyramidal neurons 
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of the primary sensory neocortex in 12-month old mice. The purpose was to determine whether 

altered neuronal structure could help account for the observed deficits in cognition previously 

observed in the KO mice. In other words, can we identify a morphological substrate that helps to 

explain the observed cognitive impairment and hippocampal volume loss observed in the Aldh2 

KO mice? 

The rationale for specifically examining dCA1 and vCA1 are their clear differences not 

only in anatomic connectivity and functionality, but also in electrophysiological properties, gene 

expression, and responses to stress (M.-B. Moser & Moser, 1998)(Fanselow & Dong, 

2010)(Strange, Witter, Lein, & Moser, 2014)(Skelin, Kilianski, & McNaughton, 2019). The dorsal 

hippocampus receives visual, auditory, and somatosensory information from sensory cortices via 

dorsolateral entorhinal cortex and has efferent projections to posterior neocortical areas such as 

retrosplenial and posterior parietal cortices. These cortical regions involve cognitive processing of 

visuospatial information, memory processing and spatial navigation.  On the other hand, the ventral 

hippocampus connects, primarily via the ventromedial entorhinal cortex, with prefrontal and more 

anterior parts of cingulate cortices, and also with regions of the olfactory bulb, amygdala, and 

hypothalamus, indicating involvement in affective functioning and in control of neuroendocrine 

and autonomic responses. Lesioning studies have provided further evidence of the different 

functional roles of the dorsal and ventral hippocampus: lesions to the dorsal hippocampus result in 

impaired spatial memory (E. Moser, Moser, & Andersen, 1993) (M. B. Moser, Moser, Forrest, 

Andersen, & Morris, 1995)whereas deficits in olfactory and emotional memory occur after lesions 

to the ventral hippocampus (Kjelstrup et al., 2002)(Hunsaker, Fieldsted, Rosenberg, & Kesner, 

2008). In contrast to the CA1 region, the overlying sensory cortex consisting of primary 

somatosensory cortex (SS1) and primary visual cortex (V1), are each responsible for initial 

processing of somatic or visual sensations, so these regions are separate from higher cognitive 

functioning. 
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With respect to electrophysiological properties, there are distinct differences between 

dorsal and ventral CA1 pyramidal neurons in basic membrane parameters and excitability (eg. input 

resistance, resting membrane potential)(Malik, Dougherty, Parikh, Byrne, & Johnston, 2016). Long 

term potentiation (LTP) is stronger in the dorsal hippocampus, and this is correlated with a higher 

density of NMDA receptors, higher NMDA-mediated EPSPs (Maggio, Shavit Stein, & Segal, 

2015),and a more effective interaction between NMDA receptors and L-type voltage dependent 

calcium channels (Papatheodoropoulos & Kouvaros, 2016). Furthermore, in the RNA-seq database 

of gene expression in hippocampal neurons (Cembrowski, Wang, Sugino, Shields, & Spruston, 

2016), a number of genes in a gene cohort associated with LTP exhibited increased expression in 

dCA1 neurons relative to vCA1 neurons.  

Pyramidal neurons are the major projecting neurons from the hippocampal CA1 region and 

from the neocortex and thereby represent a proxy for neuronal integrity within these regions. Their 

dendritic arborizations are the site of synaptic input, so less branching or reduced dendritic spine 

numbers would provide evidence that the afferent information, and thus the quality of the pyramidal 

cell output, has been compromised.  Moreover, a reduction in dendritic branching and spine density 

in Aldh2 KO mice could reflect region-specific vulnerability to oxidative stress-induced damage 

and inability to adequately compensate for the reduced detoxification of lipid peroxidation-derived 

aldehydes seen in this model. 

2.3 MATERIALS AND METHODS 

2.3.1 Animals 

All procedures for animal experimentation were undertaken in accordance with the 

principles and guidelines of the Canadian Council on Animal Care and were approved by the 

Queen's University Animal Care Committee. Twelve-month old mice were maintained under a 12 

h light/dark cycle, with free access to food and water. The Aldh2-/- mice have a C57BL/6 
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background and were generated by gene targeting knockout as previously described (Kitagawa et 

al., 2000) and kindly provided by Dr. T. Kawamoto (University of Occupational and Environmental 

Health, Kitakyushu, Japan). Wildtype and Aldh2-/- cohorts used in the current study were generated 

by mating heterozygotes, and genotyping of the progeny by PCR analysis of genomic DNA 

extracted from ear punches using the primers as reported (Isse et al., 2002).  

The KO mice begin to exhibit impaired performance in working memory, spatial working 

memory and spatial reference memory tasks by 3-4 months of age and plateau at 7-8 months 

(D’Souza et al., 2015). Biochemical measures continue to change up to one year of age (D’Souza 

et al., 2015). The Sholl analysis of 12-month old animals was appropriate to maximize the chances 

of observing changes in dendritic morphology that develop with age. We are currently analyzing 

younger animals to track the time course of the development of these changes. 

2.3.2 Golgi-Cox Staining 

Under isoflurane anesthesia, brains were perfused with 20 ml PBS by transcardiac 

perfusion. Brains were removed and processed using the FD Rapid GolgiStain™ Kit (FD 

NeuroTechnologies, Columbia MD) following the manufacturer’s instructions.   A Leica VT1000 S 

Vibrating-blade vibratome was used to cut coronal sections of the fixed brains. Section thickness 

was 130 to 150 µm, the speed adjustment was 0.175 mm/s (scale setting 4 to 6), and the vibration 

frequency was 30 Hz (scale setting 3). The sections were cut in artificial aCSF (240 mM sucrose, 

3.3 mM KCl, 26 mM NaHCO3, 1.3 mM MgSO4·7H2O, 1.23 mM NaH2PO4, 11 mM D-glucose, and 

1.8 mM CaCl2.) and then mounted on gelatin-coated slides with a drop of `C` solution from the FD 

Rapid GolgiStain™ Kit. After mounting sections on the slide, the remaining `C` solution was wiped 

away with a strip of filter paper to ensure that the slides totally dried and that the sections remained 

attached during the staining process. The slides were dried in the dark in a fume hood for at least 

24 hours prior to staining.  



 

84 

 

2.3.3 Morphological Analyses 

Morphological analyses were carried out using the Neurolucida System Version 11.03, and 

Neurolucida Explorer Software (MBF Bioscience, VT, USA). Pyramidal neurons were traced and 

analyzed under a 40x/0.65 objective lens from 9 WT (4 male and 5 female) and 15 KO (5 male and 

10 female) mice. In each animal, three regions were analyzed, tracing 4 neurons in each region, 

specifically the dorsal CA1 (dCA1), the ventral CA1 (vCA1) and the overlying primary sensory 

cortex (either SS1 or V1). So in total, 9 WT mice x 3 regions x 4 neurons = 108 neurons versus 15 

KO mice x 3 regions x 4 neurons = 180 neurons. The observer was blinded as to whether the 

sections were from WT or KO mice. 

Using the Neurolucida Explorer Software, a Sholl analysis (Sholl, 1953) was performed on 

each neuron. Concentric rings each increased in radius by 20 µm were layered around the cell body 

until dendrites were completely encompassed. Dendrite length was measured within a concentric 

ring area and plotted. Branching points (nodes) were reported as the number per concentric ring 

area. Intersections were determined as the number of points where the processes crossed a 

concentric ring.  

Complexity, as defined in Neurolucida Explorer, refers to the normalization and 

comparison of dendrites among fundamentally different neurons. Complexity = [Sum of the 

terminal orders + Number of terminals] * [Total dendritic length / Number of primary dendrites],  

A `terminal` is defined as a dendritic ending, and `Terminal order` is the number of "sister" 

branches encountered while proceeding from the terminal to cell body (calculated for each 

terminal) (Pillai et al., 2012). 

A branched structured analysis was also performed on each neuron. 

[https://www.mbfbioscience.com/help/neurolucida_explorer/Content/Analyze/Branched_Structure.htm?Hi

ghlight=total%20nodes].This included a variety of analyses, one being the neuron summary that 

https://www.mbfbioscience.com/help/neurolucida_explorer/Content/Analyze/Branched_Structure.htm?Highlight=total%20nodes
https://www.mbfbioscience.com/help/neurolucida_explorer/Content/Analyze/Branched_Structure.htm?Highlight=total%20nodes
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provides an overview of the selected neuron components: axons, dendrites, and cell body. The 

overview includes dendritic lengths, complexity, and the number of nodes and ends, revealing 

systematic variation among the different brain regions. Regarding possible changes to the neuronal 

soma, cell body perimeter was measured at its widest cross-sectional (XS) diameter to determine if 

there was systematic swelling or shrinking of the pyramidal cell body population in the KO 

compared to WT mice. Also, the number of basal dendrites per cell body was counted to determine 

if any primary dendrites were completely lost in KO vs WT. 

For spine density analyses, only the dCA1 region was compared between the 9 WT and 15 

KO mice (under blinded conditions) because only this region proved to have significantly reduced 

dendritic arbors in KO vs WT mice. Two neurons per mouse were sampled and data averaged 

separately for each animal. A segment was chosen from a proximal apical dendrite (30–120 µm 

from the cell body), from a distal apical dendrite (220–340 µm from the cell body), or from a basal 

dendrite (Perez-Cruz et al., 2011). The number of spines along each 10 µm length was counted 

under oil immersion using a 100x/1.25 objective lens. 

Classification of spine type was carried out by measuring the head width and neck length 

(Risher, Ustunkaya, Singh Alvarado, & Eroglu, 2014). Criteria were followed for assigning 

dendritic spines to one of four shape classes. Spines were judged as `long thin`(Harris, Jensen, & 

Tsao, 1992) if the spine's head diameter was greater than the maximum diameter of the neck 

(meaning a well-formed head) and if the neck length was greater than its diameter (Spiga et al., 

2014). Spines were judged as 'mushroom' if the diameter of the head was greater than the diameter 

of the neck  and neck diameter greater than its length (Harris et al., 1992), or if the spine had an 

enlarged head with a narrow neck (Chapleau, Larimore, Theibert, & Pozzo-Miller, 2009). Spines 

were judged as 'stubby' if the diameter of the neck was similar to the total length of the spine (no 

obvious neck)(Harris et al., 1992). Spines were further categorized based on the following 
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measurements: Mushroom: width > 0.6 µm; Long thin: length > 1 µm; Thin: length: width ratio > 

1; Stubby:  length width ratio ≤ 1(Risher, Patel, et al., 2014).   

2.3.4 Statistical Analysis.  

For the morphological analyses we used 9 WT and 15 KO mice and analyzed 4 neurons 

per region in each mouse. The mean value of the 4 replicate neurons for each neuronal trait in each 

animal was then averaged for the 9 WT or 15 KO mice. For the spine density analysis of dCA1 

neurons, two neurons per mouse (9 WT and 15 KO) were analyzed. Differences between KO and 

WT animals for each neuronal trait were analyzed using a Student’s t-test for unpaired data.  All 

statistical analyses were performed using GraphPad Prism, Version 8.2.1.  

2.4 RESULTS 

2.4.1 Hippocampal CA1 Pyramidal Neurons  

Figure 2-1A shows coronal Nissl-stained sections of the 56 day-old mouse brain at the 

level of the dorsal CA1 region (left) and ventral CA1 region (right) of the hippocampus (H). The 

primary somatosensory cortex (SS1) overlies the majority of the CA1 region except most caudally, 

where it becomes primary visual cortex (V1).  In a Golgi-Cox stained mouse coronal section cut at 

the level of the dCA1 region (Fig. 2-1B), neurons stain randomly including the dCA1 region. At 

higher magnification (Fig. 2-1C), the CA1 stratum pyramidale displays cell bodies with basal 

dendrites (Ba) in the stratum oriens and apical dendrites (Ap) in the stratum radiatum. In Figure 2-

1D, a CA1 pyramidal neuron with apical dendrites is shown with the proximal portion of the apical 

dendrite (arrow). Sholl `rings` at 20 µm-diameter increments and centred on the cell body are 

overlaid. At higher magnification of the apical dendritic arbor, dendritic spines are visible (Fig. 2-

1E, white arrows). In Figures 2-1F and 2-1G, digital renderings of two dCA1 pyramidal neurons 

illustrate a more extreme example of arbor reduction in a KO mouse (G) compared to WT (F). 
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Using Sholl analysis, we examined dendritic length in dorsal and ventral hippocampal 

pyramidal neurons using the Sholl rings. In the dCA1 there was a significant reduction in dendritic 

length in KO vs WT mice measured at each ring progressively moving outwards (Fig. 2-2A). This 

was particularly evident in the basal dendrites (Fig. 2-2A, right). In the ventral CA1, dendritic 

length both in apical and basal regions of the CA1 neurons was not significantly reduced in the 

knockout (KO) mice compared to wild type (WT) (Fig. 2-2B). 

Next, extending observations to the number of dendritic nodes, that is, branch points in a 

dendritic arbor, there was again a significant node reduction in both apical and basal dendrites of 

the dCA1 in KO compared to WT mice (Fig. 2-3A). In contrast, the node count in vCA1 neurons 

was again not significantly reduced in KO animals compared to WT. Figure 2-3B shows no 

statistically significant change in node number in the neurons of the ventral hippocampus. 

Figure 2-4 examines the number of dendritic intersections and overall complexity of an 

arbor, again mapping points at each Sholl ring.  The complexity score was significantly reduced in 

both apical and basal dendrites of the dorsal hippocampus of KO compared to WT, as shown in 

Figure 2-4A. In contrast, Figure 2-4B demonstrates no statistically significant change in complexity 

in the neurons of the ventral hippocampus. 

The number of dendritic ends is examined in Figure 2-5.  There was a small but significant 

reduction in both apical and basal dendritic ends in the dorsal hippocampus of KO mice compared 

to WT (Fig. 2-5A). This difference was not evident in the ventral hippocampus as shown in Figure 

2-5B.  
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Figure 2-1. A) Coronal Nissl-stained sections of an adult mouse brain at the level of the dorsal 

CA1 region (left) and ventral CA1 region (right) of the hippocampus (H). The overlying neocortex 

is mainly primary somatosensory cortex (SS1) and more caudally, some primary visual cortex (V1). 

B) Golgi-Cox stained mouse coronal slice at the level of the dorsal CA1 region (box). C) CA1 

stratum pyramidale with apical dendrites (Ap) in the stratum radiatum and basal dendrites (Ba) in 

the stratum oriens (below). D) A CA1 neuron with the proximal portion of its apical dendrite 

(arrow). Sholl rings are placed at 20 µm diameter intervals. E) Higher magnification of apical 

dendrite branches showing spines (white arrows). Hypothalamus (HY); Thalamus (T); Midbrain 

(MB). F) Digitized image of a dCA1 pyramidal cell tracing from a WT mouse showing dendrites 

(lines), nodes (dots), and Sholl rings (red circles). G) dCA1 pyramidal cell tracing from a KO 

mouse showing an obviously reduced dendritic arbor compared to the WT neuron in F. Images in 

A adapted from brainatlas.org. 
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Figure 2-2. Dendritic length in dCA1 and vCA1 pyramidal neurons of 12 month-old KO and 

WT mice. A) Dendritic length is significantly reduced in the dorsal CA1 pyramidal cell region of 

KO mice compared to WT, particularly in the basal dendrites (right). B) In contrast, no significant 

reductions in dendritic length are observed in in the ventral CA1 region of KO versus WT 

mice. Data represent the mean ± SEM of measurements from 9 WT and 15 KO mice, and were 

analyzed by Student’s t-test for unpaired data. *, significant difference as indicated (* p<0.05, ** 

p<0.01, *** p<0.001). 

Figure 2-3. Number of dendritic nodes in dCA1 and vCA1 pyramidal neurons of 12 months-

old KO and WT mice. A) The number of dendritic nodes [branch points] in a dendritic arbor is 

significantly reduced in both the apical and basal dendrites of pyramidal cells of the dorsal CA1 

region of KO vs WT mice. B) In contrast, no significant reduction in node number is observed in 

the ventral CA1 region of KO vs WT mice. Data represent the mean ± SEM of measurements from 

9 WT and 15 KO mice, and were analyzed by Student’s t-test for unpaired data. *, significant 

difference as indicated (* p<0.05, ** p<0.01). 
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Figure 2-4. Number of dendritic intersections as a measure of arbor complexity in dCA1 and 

vCA1 pyramidal neurons of 12 month-old KO and WT mice. A) The number of dendritic 

intersections as a measure of arbor complexity is significantly reduced in the dorsal CA1 pyramidal 

cell region of KO mice compared to WT, both in apical and basal dendrites. B) By contrast, no 

significant reduction in intersections is observed in the ventral CA1 region of KO versus WT mice. 

Data represent the mean ± SEM of measurements from 9 WT and 15 KO mice, and were analyzed 

by Student’s t-test for unpaired data. *, significant difference as indicated (* p<0.05, ** p<0.01). 

Figure 2-5. Number of dendritic ends in dCA1 and vCA1 pyramidal neurons of 12 month-old 

KO and WT mice. A) The number of dendritic ends as a measure of total dendrite branches is 

significantly reduced in the dorsal CA1 pyramidal cell region of KO mice compared to WT, both 

in apical and basal regions. B) By contrast, no significant reduction in dendritic ends is observed 

in the ventral CA1 region of KO versus WT mice. Data represent the mean ± SEM of measurements 

from 9 WT and 15 KO mice, and were analyzed by Student’s t-test for unpaired data. *, significant 

difference as indicated (* p<0.05, ** p<0.01). 
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2.4.2 Neocortical layer V Pyramidal Neurons 

The apparent reductions in the dCA1 of KO mice prompted us to examine if there might 

be a more generalized reduction in pyramidal neuron arborization in the overlying neocortex. 

Therefore, we analyzed the dendritic parameters described above in the layer V pyramidal neurons 

of the primary somatosensory cortex (SS1) which overlies the dorsal (and some of the ventral) 

hippocampus in mice. Moving caudally, primary visual cortex (V1) replaces SS1. As shown in 

Figure 2-6A, there was a trend towards a reduction in dendritic length in both the apical and basal 

dendrites of KO compared to WT mice. A similar trend was also observed from analysis of 

intersections and complexity shown in Figure 2-6B where again both apical and basal dendrites 

showed reduced numbers in KO compared to WT mice. However, none of these reductions were 

statistically significant. 

Examples of Golgi-Cox stained pyramidal neurons of the primary sensory cortex with their 

apical (Ap) and basal (Ba) dendrites are shown in Figure 2-7A. Interneurons with dendrites lacking 

spines (stars) also stain. A majority of dendritic spines on pyramidal cells are mushroom-shaped 

(Fig. 2-7B) with a few interspersed filapodic (F) spines (Fig. 2-7C).   

In examining the node numbers in primary sensory cortex, neither apical nor basal 

dendrites showed any reduction when comparing KO to WT mice (Fig. 2-8A). Likewise, no 

reduction in the number of dendritic ends was observed in apical or basal dendrites of the sensory 

cortex in KO vs WT (Fig. 2-8B).  
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Figure 2-6. Dendritic length, number of intersection and complexity in the primary sensory 

cortex V1 pyramidal neurons of 12 month-old KO and WT mice.  

In the primary sensory cortex there was a consistent trend towards A) reduced dendritic length and 

B) reduced dendritic complexity in KO vs WT mice, but these reductions were not statistically 

significant. Data represent the mean ± SEM of measurements from 9 WT and 15 KO mice, and 

were analyzed by Student’s t-test for unpaired data.   
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2.4.3 Pyramidal cell bodies 

One possibility that might account for the reduced dendritic arbor of the dorsal 

hippocampal neurons in KOs is that these neurons have lost one or more dendrites emanating from 

the cell body. We addressed this possibility in Figure 2-9A, B and C, (left panels) where the number 

of basal dendrites emerging from the cell body was counted. Neither in the two hippocampal areas 

nor in the primary sensory cortex was there a reduction in the basal dendrite count. This indicates 

that the reduced arbors in the dorsal hippocampus of KOs do not result from the loss of primary 

dendrites arising from a cell body. 

It is well documented that neurons under ischemic stress show initial swelling of their cell 

bodies followed hours later by the shrinkage of necrosis. Therefore, the pyramidal somata of KOs 

vs WTs were also examined to determine if there was a detectable volume change to the cell body 

in those neurons where their dendritic arbor was reduced. The perimeter of each pyramidal cell 

body was traced and recorded. Figures 2-9A, B and C (right panels) illustrate that there was no 

obvious cell body swelling or shrinkage of the cell bodies in any of the three regions examined. 

2.4.4 Dendritic spine density 

The apparent pruning of the pyramidal arbors of KO vs WT mice in the dorsal (but not 

ventral) CA1 region (Figs. 2-2 to 2-5), prompted us to examine if the density of spines (i.e., the 

number of spines/10 µm of dendritic length) was reduced. If so, where was the reduction within 

the arbor of KO vs WT mice? And were specific types of spines affected along dCA1 dendrites? 

Different types of spines on dendrites originating from CA1 pyramidal cell bodies are shown in 

Figure 2-10. Dendritic spines were most commonly mushroom-shaped (M). Other types were thin 

(T), filapodic (F), or stubby (S). The dendrite itself might also show some dilatations (D). 

Figure 2-11 (top panels) examined spine density broken down by spine type along dendrites 

originating from dCA1 pyramidal cell bodies. The number of each spine type was plotted per 10 
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µm of dendrite length in the three regions of the arbor:  basal (Figure 2-11A), apical distal (Figure 

2-11B), and apical proximal (Figure 2-11C). In all three dCA1 regions, the mushroom type of spine 

predominated. There was a trend for reduced spine density of all four spine types in each of the 

three dCA1 regions.  Total spine density was significantly reduced in the two apical regions by 

approximately 55% (Figure 2-11B and 2-11C, bottom panels). The basal region also showed a 33% 

reduction in total spine density, but this did not reach significance (Figure 2-11A, bottom panel).  
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Figure 2-7. Images of Golgi-Cox stained pyramidal neurons and dendritic spines of the 

primary sensory cortex. A, B) Examples of Golgi-Cox stained pyramidal neurons of the primary 

sensory cortex with their apical (Ap) and basal (Ba) dendrites. Non-spiny interneurons (stars) also 

stain. C) In this image, most of the dendritic spines are mushroom-shaped with a few filapodic (F) 

spines. 

Figure 2-8. Number of dendritic nodes and ends in the primary sensory cortex V1 pyramidal 

neurons of 12 month old KO and WT mice. 
Dendrites of pyramidal neurons in primary sensory cortex displayed no significant difference in A) 

the number of nodes and B) the number of dendritic ends in KO versus WT mice. Data represent 

the mean ± SEM of measurements from 9 WT and 15 KO mice, and were analyzed by Student’s t-

test for unpaired data.   
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Figure 2-9. Number of primary basal dendrites and cell body perimeters in pyramidal 

neurons of 12 month-old KO and WT mice. 
Because of the significant reduction in the dorsal CA1 region arborization observed in KO vs WT 

mice (Figs. 2-5), the number of primary basal dendrites and the cell body perimeters were measured 

in A) the dorsal CA1 region, B) the ventral CA1 region, and C) the primary sensory cortex. There 

were no significant differences in the number of primary basal dendrites or in the cell body 

perimeters in KO versus WT mice in any of the three regions. Data represent the mean ± SEM of 

measurements from 9 WT and 15 KO mice, and were analyzed by Student’s t-test for unpaired 

data.   
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Figure 2-10. Different types of spines on dendrites originating from CA1 pyramidal cell 

bodies.  

A-F). Different types of spines on dendrites originating from CA1 pyramidal cell bodies. The 

reduction in the dorsal CA1 region arborization in KO vs WT mice (Figs. 2-5) prompted the 

question of whether spine density was reduced and if so, were specific types of spines lost. 

Dendritic spines are most commonly mushroom-shaped (M). Other types are thin (T), filapodic 

(F), or stubby (S). The dendrite itself may also be dilated (D).  
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Figure 2-11. Spine density of dendrites in dCA1 pyramidal cells of 12 month-old KO and WT 

mice. Reductions in spine numbers on dendrites originating from dorsal CA1 pyramidal cell bodies. 

Dendritic spines are most commonly mushroom-shaped (upper panels). A) Total spine density was 

not significantly reduced in the basal dendrites of dCA1 in KO vs WT mice but was significantly 

reduced by ~55% in both B) distal and C) proximal regions of apical dendrites in comparison to 

WT (lower panels). Data represent the mean ± SEM of measurements from 9 WT and 15 KO mice, 

and were analyzed by Student’s t-test for unpaired data. *, significant difference as indicated (* 

p<0.05).  

Table 2-1. Summary of morphological changes to pyramidal neurons in the two hippocampal 

regions and in the overlying primary sensory neocortex of the Aldh2-/- mouse. Compared to 

WT controls, reductions in the extent of dendritic arborization are specific to the dorsal CA1 region. 

No statistically significant change (NC) is observed in other regions, although some values 

consistently trend as reductions and approach significance (NC*). 

 

Dendritic Properties        Change in KO vs WT mice 

        dCA1            vCA1           SS1/V1 

    apical     basal 

Length       NC*  NC* 

Nodes       NC  NC 

Intersections      NC  NC* 

Ends       NC  NC 

Spine density         NC*  ---  --- 

# of 1o basal dendrites          NC  NC  NC 

 

Cell body perimeter             NC  NC  NC 
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2.5 DISCUSSION 

 We found that in 12-month-old Aldh2-/- (KO) mice, both basal and apical CA1 dendrites located 

in the dorsal hippocampus are significantly shorter, as well as having fewer dendritic nodes, ends, 

and intersections compared to age-matched wildtype (WT) mice. Significantly, these reductions 

are not detected in pyramidal neurons of the ventral hippocampus of these same KO mice. These 

Aldh2-/- mice display significantly reduced complexity throughout their dendritic trees in dCA1 but 

not vCA1. Along these dendrites in dCA1, spine density is reduced by ~33% in basal dCA1 

dendrites and by ~55% in apical dCA1 dendrites (both proximal and distal regions) compared to 

the WT mice. So not only is the dendritic arbor apparently trimmed back, but the density of spines 

along these dendrites is reduced in KO vs WT mice. Notably, the cell body perimeter and the 

number of their primary dendrites of these same pyramidal neurons are not affected, indicating that 

it is dendrites and not their cell bodies that are most altered structurally in the dCA1 of the KO 

mice. 

 Whereas the dCA1 is part of the circuitry that registers a cognitive map for navigation, enabling 

animals to properly orient and execute behaviors in a learned environment, vCA1 connectivity 

regulates the impact of emotional experiences and controls general affective states (Fanselow & 

Dong, 2010). While we have not specifically tested autonomic, endocrine, defensive, social, or 

reproductive control systems in this mouse model, our finding that vCA1 pyramidal cells in KO 

mice are structurally no different from their WT counterparts suggests more normal information 

processing dealing with homeostasis and emotion compared to defects in dCA1-dependent 

cognitive function that we have previously reported in Aldh2 KO mice (D’Souza et al., 2015) 

(Elharram et al., 2017).  

 The layer V pyramidal neurons in the overlying primary sensory cortex (SS1) and more 

caudally, primary visual cortex (V1) of the KO mice show a consistent trend towards reduced 
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dendrite branching and complexity. Because there are no direct inputs to SS1 or to V1 from dCA1, 

this trend might represent a general cut-back of pyramidal neurons in the KO neocortex. More 

neocortical regions would need to be sampled to confirm this. We suspect that neocortical regions 

involved with cognition (e.g., entorhinal cortex) would show a more dramatic reduction in 

pyramidal cell arborization than the primary sensory cortices examined in this study. 

 What then could account for the selective reduction of dendritic complexity in dCA1? Several 

lines of evidence suggest that the dorsal hippocampus is more vulnerable to damage by oxidative 

stress. Studies using quench-assisted MRI demonstrated increased free radical production in vivo 

in the dorsal but not intermediate CA1 region of the hippocampus of Aldh2 KO mice relative to 

wild-type mice (Berkowitz et al., 2017), suggesting increased basal oxidative stress in this region. 

This same increase in free radical production was also observed in the dCA1 region in the 5XFAD 

mouse model of familial AD. It is well known that ischemia/reperfusion results in the accelerated 

formation of reactive oxygen species (ROS) (Granger & Kvietys, 2015) (Milne, Dai, & Roberts, 

2015). The dCA1 region is much more vulnerable than vCA1 to ischemic damage following 

ischemia reperfusion (Ashton, Van Reempts, Haseldonckx, & Willems, 1989), suggesting that 

antioxidant defense mechanisms in dCA1 neurons are less able to counteract excessive ROS 

production.  

 A number of studies have described differential gene expression along the dorsoventral long 

axis of the hippocampus (Cembrowski, Wang, et al., 2016) (Thompson et al., 2008) (Dong, 

Swanson, Chen, Fanselow, & Toga, 2009) (Cembrowski, Bachman, et al., 2016). The expression 

of a number of genes involved in antioxidant defense is greater in vCA1 than in dCA1 pyramidal 

neurons, including mitochondrial superoxide dismutase, myeloperoxidase, ALDH5A1, glutathione 

transferase A4, NAD(P)H quinone oxidoreductase and in particular, Nrf2 (Cembrowski, Wang, et 

al., 2016) (Cembrowski, Bachman, et al., 2016). Nrf2, a transcription factor of great importance in 
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responding to oxidative stress by upregulating the expression of numerous enzymes involved in 

antioxidant defense, has a 2-fold greater expression in vCA1 neurons compared to dCA1 neurons. 

Conversely, the expression of NADPH oxidase 4, an important source of superoxide synthesis, is 

2-fold greater in dCA1 neurons. Together, these data suggest that the dCA1 region is inherently 

more susceptible to the deleterious effects of oxidative stress-induced damage, and this could 

account for the reduced arborization of CA1 neurons in this region of the hippocampus. 

 In conclusion, this study demonstrates significantly reduced branching and complexity of 

dendrites specific to CA1 pyramidal neurons in the dorsal (but not ventral) hippocampus in 12-

month-old Aldh2 null mice as compared to their WT counterparts. This apparent `trimming back` 

of the dendritic arbors helps account for the previously observed cognitive deficits in these KO 

mice compared to their WT cohort as described by D’Souza et al. (D’Souza et al., 2015). A 

progressive decline in recognition and spatial memory by the age of 12 months in KOs would be 

expected to develop over those months, such that a progressive reduction of CA1 dendritic 

arborization in the dorsal (but not ventral) hippocampus should also develop as these mice age. We 

are currently examining that possibility.  
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Chapter 3 

Age-Related Neuronal Deterioration Specifically within the Dorsal 

Hippocampus in a Mouse Model of Late Onset Alzheimer's Disease 

3.1 ABSTRACT 

Neuronal damage resulting from increased oxidative stress is an important factor in the 

development of late onset/age-related Alzheimer’s disease (LOAD). We have developed an 

oxidative stress–related mouse model of LOAD based on gene deletion of aldehyde dehydrogenase 

2 (ALDH2), an enzyme important for the detoxification of endogenous aldehydes arising from lipid 

peroxidation. Compared to wildtype (WT) mice the knockout (KO) mice exhibit AD-like 

pathologies and a progressive decline in recognition and spatial memory. This progression 

presumably has a morphological basis induced by oxidative damage. Here we performed 

morphometric analyses in the dorsal hippocampal CA1 region (dCA1) to determine if altered 

neuronal structure can help account for the progressive cognitive impairment in 3 to12-month old 

KO mice. Dendritic morphology was quantitatively analyzed following Golgi-Cox staining in WT 

mice (148 neurons) vs KO mice (180 neurons). Four pyramidal neurons were traced per mouse in 

each age group, followed by branched structured analysis and Sholl analysis. The morphology and 

complexity of dCA1 pyramidal neurons were similar at age 3 months in WTs and KOs. However, 

by 6 months there were significant reductions in apical and basal dendritic length, dendrite 

complexity, and spine density in KO vs WT mice which were maintained through ages 9 and 12 

months. Immunostaining for protein adducts of the lipid peroxidation product 4-hydroxynonenal 

revealed significant increases in staining in dCA1 (but not ventral CA1) by 3 months, increasing 

through 12 months. This specific and progressive increase in dCA1 oxidative damage preceded 

detectable synaptic trimming in KO mice, in keeping with studies showing that lesions to dorsal 

hippocampus primarily impair cognitive memory.  
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3.2 INTRODUCTION 

Oxidative stress is considered a primary driving force in the etiology of late-onset 

Alzheimer’s disease (LOAD) (Nunomura et al., 2001) (Praticò, 2008). An important mediator of 

oxidative damage in AD is the lipid peroxidation product, 4-hydroxynonenal (HNE), and increased 

levels of both free HNE and HNE protein adducts accumulate in the brains of AD patients at both 

early and late stages of disease progression (T. Reed et al., 2008) (T. T. Reed, Pierce, Markesbery, 

& Butterfield, 2009) (Perluigi et al., 2009).  Many of these proteins have been identified, and 

oxidative modifications by HNE adduct formation often result in altered activity (Sultana, Perluigi, 

& Butterfield, 2013). These include proteins involved in the regulation of energy metabolism, 

antioxidant defense, neuronal communication, stress responses, cytoskeletal integrity, cell 

signaling and amyloid-β (Aβ) disposition. We have developed a mouse model that mimics this 

manifestation of oxidative damage, based on gene deletion of aldehyde dehydrogenase 2 (ALDH2), 

a key enzyme in one of the primary detoxification pathways for HNE (D’Souza, Elharram, Soon-

Shiong, Andrew, & Bennett, 2015) (Sultana et al., 2013). Aldh2 knockout (KO) mice exhibit 

increased levels of HNE protein adducts in the hippocampus and cortex (D’Souza et al., 2015) 

(Knopp et al., 2020), and a progressive age-related decline in hippocampus-dependent working and 

spatial memory tasks (D’Souza et al., 2015)(Elharram et al., 2017). Aldh2 KO mice also exhibit 

numerous AD-like pathological changes, including age-related increases in Aβ, phosphorylated tau 

protein and activated caspases, synaptic loss, defective CREB signaling, and several vascular 

pathologies (D’Souza et al., 2015). 

 In the current study, we performed morphometric analysis of pyramidal neurons in the 

dorsal hippocampal CA1 region (dCA1) of WT and KO mice sampled at ages 3, 6, 9, and 12-13 

months. We recently showed in 12-month KO mice that dCA1 neurons specifically display 

considerable cut-back in their arborization compared to WT mice. Furthermore, this dendritic 

trimming was comparatively minimal in KO ventral CA1 neurons (vCA1) as well as in overlying 
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layer V pyramidal neurons of the primary sensory neocortex (Mehder, Bennett, & Andrew, 2020). 

So the most striking loss of synaptic input was in dCA1, part of the circuitry that registers a 

cognitive map for navigation, enabling animals to properly orient and execute behaviors in a 

learned environment (Fanselow & Dong, 2010). This reflects defects in dCA1-dependent cognitive 

function that we have previously reported in Aldh2 KO mice (D’Souza et al., 2015)(Elharram et 

al., 2017). The purpose of the current study was to determine the timeline for the development of 

lost CA1 dendritic structure and if such loss is correlated with oxidative damage. So an important 

question we address here is if elevated oxidative damage precedes dendritic decline in KO vs WT 

mice.  

3.3 MATERIALS AND METHODS 

3.3.1 Animals 

All procedures for animal experimentation were undertaken in accordance with the 

principles and guidelines of the Canadian Council on Animal Care and were approved by the 

Queen's University Animal Care Committee. All mice were maintained under a 12 h light/dark 

cycle, with free access to food and water. The Aldh2-/- mice have a C57BL/6J background and were 

generated by gene targeting knockout as previously described (Kitagawa et al., 2000). Mice were 

kindly provided by Dr. T. Kawamoto (University of Occupational and Environmental Health, 

Kitakyushu, Japan). Wildtype and Aldh2-/- cohorts used in the current study were generated by 

mating heterozygotes and genotyping progeny by PCR analysis of genomic DNA extracted from 

ear punches using the primers as reported (Isse et al., 2002).  

Each age cohort are from several litters, each litter comprising WT, heterozygous, and KO 

mice. Unlike behavioral testing where the same animals may be tested as they age, here the animals 

must be sacrificed at specific age time points. Therefore, given they do not share littermates, birth 

dates, and sacrifice dates, some variation among age cohorts is expected. 
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3.3.2 Experiment 1 

3.3.2.1 Golgi-Cox Staining 

Golgi-cox staining was performed as described (Mehder et al., 2020). Briefly, brains were 

perfused with 20 ml PBS by transcardiac perfusion under isoflurane anesthesia, after which brains 

were removed and processed using the FD Rapid GolgiStain™ Kit (FD NeuroTechnologies, 

Columbia MD) following the manufacturer’s instructions. A Leica VT1000 S Vibrating-blade 

vibratome was used to cut 130 to 150 µm coronal sections of the fixed brains.   The sections were 

cut in artificial aCSF comprised of 240 mM sucrose, 3.3 mM KCl, 26 mM NaHCO3, 1.3 mM 

MgSO4·7H2O, 1.23 mM NaH2PO4, 11 mM D-glucose, and 1.8 mM CaCl2. Sections were mounted 

on gelatin-coated slides and dried in the dark in a fume hood for at least 24 hours prior to staining.  

3.3.2.2 Morphological analyses 

Morphological analyses were carried out using the Neurolucida System Version 11.03, and 

Neurolucida Explorer Software (MBF Bioscience, VT, USA) as described (Mehder et al., 2020), 

with the operator blinded as to the genotype of the animal. Pyramidal neurons (Fig. 3-1A) were 

traced and analyzed under a 40x/0.65 objective lens. In each animal, both apical and basal dendritic 

arbors were examined in the dorsal CA1 region. The age groups and the numbers of neurons 

analyzed are shown in Table 3-1. 
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Table 3-1.  

Age      Type      Mouse n       Males    Females     Neurons/mouse Total neurons    

3M      WT           10                 5              5                      4                       40 

                  KO           10                 5              5                      4                        40 

6M            WT           10                 5              5                      4                        40 

                  KO           10                 5              5                      4                        40 

9M            WT            8                  5              3                      4                        32 

                  KO           10                 5              5                      4                        40 

12M      WT            9                  4              5                      4                       36 

                  KO           15                 5             10                      4                       60   

Table 3-1. Numbers of mice and neurons analyzed morphometrically in each age group. 

Morphometry was carried out with the experimenter blinded to WT or KO groups. The 12M group 

has been described previously (Mehder et al., 2020) and is used here for age comparisons. Spine 

density analysis was carried out in 2 of the 4 neurons in each group. 
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Sholl analysis maximizes the chances of detecting changes in dendritic morphology that 

develop with age. Using the Neurolucida Explorer Software, a Sholl analysis (Sholl, 1953) was 

performed on each neuron. Concentric rings each increasing in radius by 20 µm were centred on 

the cell body (Fig. 3-1B). Dendrite length was measured within a concentric ring area and plotted. 

Branching points (nodes) were reported as the number per concentric ring area. Intersections were 

determined as the number of points where the processes crossed a ring.  

 Complexity, as defined in Neurolucida Explorer, refers to the normalization and 

comparison of dendrites among fundamentally different neurons. Complexity = [Sum of the 

terminal orders + Number of terminals] * [Total dendritic length / Number of primary dendrites],  

A `terminal` is defined as a dendritic ending, and `Terminal order` is the number of "sister" 

branches encountered while proceeding from the terminal to cell body (calculated for each 

terminal) (Pillai et al., 2012).  

 A branched structured analysis was also performed on each neuron. 

[https://www.mbfbioscience.com/help/neurolucida_explorer/Content/Analyze/Branched_Structure.htm?Hi

ghlight=total%20nodes] .This included a variety of analyses, one being the neuron summary that 

provides an overview of the selected neuron components: axons, dendrites, and cell body. The 

overview includes dendritic lengths, complexity, and the number of nodes and ends.   Also, the 

number of basal dendrites per cell body was counted to determine if any primary dendrites were 

completely lost in KO vs WT. 

For spine density analyses, only the dCA1 region was compared between the WT and KO 

mice (under blinded conditions) because only this region proved to have significantly reduced 

dendritic arbors in KO vs WT mice (Mehder et al., 2020). Two neurons per mouse were sampled 

(Table 3-1) and data averaged separately for each animal. For each neuronal average, one segment 

was chosen from a proximal apical dendrite (30–120 µm from the cell body), one from a distal 

apical dendrite (220–340 µm from the cell body), and one from a basal dendrite (Perez-Cruz et al., 

https://www.mbfbioscience.com/help/neurolucida_explorer/Content/Analyze/Branched_Structure.htm?Highlight=total%20nodes
https://www.mbfbioscience.com/help/neurolucida_explorer/Content/Analyze/Branched_Structure.htm?Highlight=total%20nodes
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2011). The number of spines along each 10 µm length was counted under oil immersion using a 

100x/1.25 objective lens. Apical and basal spine counts were pooled. 

3.3.3 Experiment 2 

3.3.3.1 Immunohistochemical staining for HNE protein adducts 

Immunohistochemical analyses were performed on 30 µm cryostat sections from mouse 

brain following perfusion and immersion fixation with 4% PFA. Brain sections were treated with 

1% H2O2 for 15 min, blocked for 1.5 hr with 6% normal goat serum + 2% bovine serum albumin 

+ 0.3% Triton X-100 in PBS, and incubated for 24 hr at 4°C with rabbit anti-HNE antibody (1:400, 

bs-6313R, Bioss). Sections were then incubated with secondary biotinylated goat anti-rabbit IgG 

for 2 hr at room temperature (1:200, BA-1000, Vector Laboratories), and staining completed using 

a Vectastain Elite ABC kit (PK-6100, Vector Laboratories).  Sections were mounted on glass slides, 

dehydrated through an ethanol and xylene series, and cover-slipped. To normalize illumination for 

each immunohistochemical run of slides, the image brightness was adjusted using a control slide 

(without antibody) to set light intensity and exposure time. These values were held constant during 

density measurements of the immunostained slides. 

3.3.4 Statistical Analysis.  

For the morphological analyses we used WT and KO mice and analyzed 4 dCA1 neurons 

in each mouse (Table 3-1). The mean value of the 4 replicate neurons for each neuronal trait in 

each animal was then averaged for the WT or KO mice. For the spine density analysis of dCA1 

neurons, two neurons per mouse were analyzed. For the immunohistochemical analyses, 9-14 

sections from each of 3-4 mice per group were analyzed. Differences between KO and WT animals 

for each neuronal trait were analyzed using a Student’s t-test for unpaired data.  All statistical 

analyses were performed using GraphPad Prism, Version 8.2.1. 

  



 

113 

 

3.4 RESULTS 

Figure 3-1A shows coronal Golgi-Cox- stained sections of the 6 month-old mouse brain at 

the level of the dorsal CA1 region. Two adjacent CA1 neurons in a WT mouse are shown in Figure 

3-1Ai. At higher magnification, Figure 3-1Aii shows the apical dendritic arbor of a WT mouse. 

Typically, dendritic spines are visible (blue arrows) with the rare dendritic bleb (red arrow). Figure 

3-1Aiii shows a single dCA1 neuron from a KO mouse.  Higher magnification shows that spines 

are present but blebs are common (Figures 3-1Aiv and 3-1Av, red arrows). Whether overall 

dendritic arbors are affected requires digital reconstruction. 

3.4.1 Sholl Analysis 

Digital renderings of two representative dCA1 pyramidal neurons from two WT mice (Fig. 

3-1B, left) illustrate dendritic arbors compared to cells from two KO mice (right). Sholl rings are 

overlaid at 20 µm-diameter increments and centred on the cell body. These traces illustrate apparent 

reductions in the extent of dCA1 arbors in KO mice but this requires more stringent measurements 

in more neurons. Thus, we examined both apical (Fig. 3-2) and basal (Fig. 3-3) dendritic length in 

dCA1 pyramidal neurons using the Sholl analysis. 

3.4.1.1 Length  

At three months of age (3M), there is no statistical difference in the length of apical 

dendrites between WT and KO mice (Fig. 3-2A, 3M). This changes dramatically by six months 

(6M) where dendrite length measured at each Sholl ring is reduced in knockout (KO) versus wild 

type (WT) mice (Fig. 3-2A, 6M). This reduction is also reflected in the total dendritic length and 

is highly significant both in apical (Fig. 3-2B) and basal (Fig.3-3B) dendrites of the dCA1 

pyramidal neurons. These arbor reductions in KO vs WT mice are maintained in the 6, 9, and12 

month cohorts. A striking and consistent finding is the reduction in dendritic length in both KO 
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arbors arising between three and six months. There is also a general reduction in length compared 

to WTs, especially in apical dendrites. 

3.4.1.2 Nodes 

The number of nodes (branch points) in apical (Fig. 3-4, 3M) and basal (Fig. 3-5, 3M) 

arbors are similar between WT and KO mice at 3 months of age. However, by 6 months, node 

numbers are significantly reduced in KO vs WT mice both in apical (Fig. 3-4, 6M) and basal (Fig. 

3-5, 6M) arbors. This reduction is maintained through 9 and 12 months but with only the latter 

being statistically significant. The reduced numbers of nodes in KO mice indicates a loss of 

dendritic branches from both apical and basal arbors. 

3.4.1.3 Ends 

The number of ends in both apical (Fig. 3-6, 3M) and basal (Fig. 3-7, 3M) arbors are also 

similar between WT and KO mice at 3 months but by 6 months, end numbers are significantly 

reduced in KO vs WT mice both in apical (Fig. 3-6, 6M) and basal (Fig. 3-7, 6M) arbors. This 

reduction is maintained through 9 and 12 months but with only the latter being statistically 

significant. The reduced numbers of nodes in KO mice indicates a loss of dendritic branches from 

both apical and basal arbors. (As noted below, the consistent number of basal dendrites measured 

at the pyramidal cell body throughout the 3 to 12-month period indicates that the parent dendrites 

themselves are not cut back at the level of the soma). 

3.4.1.4 Intersections   

The trend described above regarding nodes and ends is repeated in the counts of the number 

of intersections between dendrites and each Sholl ring. Again there are no differences at 3 months 

in WT vs KO mice in apical (Fig. 3-8A) and basal arbors (Fig. 3-9A) but there are statistically 

significant reductions, particularly at 6 months, which remain significant in the older age groups 
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(Figs. 3-8A ,3-9A). This reduction is particularly striking in the basal dendrites across the 6, 9 and 

12-month age groups (Fig. 3-9A). 

3.4.1.5 Complexity score  

Using the calculation of arbor complexity, the above KO reductions combine to reduce the 

arbor complexity score. Regarding the apical arbor, the 3-month complexity score is equivalent in 

WT and KO groups (Fig. 3-8B), but then essentially doubles by 6 months and then progressively 

drops over 9 and 12 months. Basal dendrite complexity better reflects the previous measurements. 

That is, there is no statistical difference at 3 months in KO versus WT mice, but then significant 

reductions are seen at 6 and 12 months (Fig. 3-9B). Note that the 9-month WT complexity value of 

the basal dendrites appears low (Fig. 3-9B, arrow). It reflects the reductions in KO nodes, ends, and 

intersections observed in previous figures. The unexpected reduction at 9M in WT mice is however 

also observed in an independent measurement, specifically spine density, as described below. 
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Figure 3-1. Coronal Golgi-Cox- stained sections of the dorsal CA1 region of a 6 month-old 

KO and WT mouse, and digital renderings of representative neurons. 

A) Golgi-Cox stained coronal slice at the level of the dorsal CA1 region of a 6 month-old mouse. 

CA1 stratum pyramidale with apical dendrites in the stratum radiatum. Ai) Pyramidal neurons in a 

hippocampus from a wild-type (WT) mouse. Aii) Higher magnification of apical dendritic branches 

showing healthy dendrites with spines (blue arrows). A single example of an abnormal dendritic 

bleb or `bead` (red arrow) is noted. Aiii) Pyramidal neuron in dCA1 from a knockout (KO) mouse.  

Aiv) Higher magnification of apical dendrite branches showing minor dendritic beading (red 

arrows) alongside dendritic spines. B) Digital tracings of dCA1 neurons showing apical and basal 

dendritic arbors, dendrites (lines), nodes (dots), and Sholl rings (circles) placed at 20 µm diameter 

intervals. Compared to the two representative WT neurons, the two pyramidal traces from KO mice 

show a reduced dendritic arbor.  
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Figure 3-2. A, B) Apical dendritic length in dCA1 pyramidal neurons from 3-12 month-old 

KO and WT mice.  

At 3 months of age (3M), dendritic length within the apical arbor is not significantly reduced in the 

dorsal CA1 (dCA1) pyramidal cell region of KO mice compared to WT. However, by 6 months 

(6M), KO dendrite length is significantly reduced compared to WT controls. This difference is 

maintained at 9 and 12M. Data represent the mean ± SEM of measurements from 9 WT and 15 KO 

mice, and were analyzed by Student’s t-test for unpaired data. *, significant difference as indicated 

(* p<0.05, ** p<0.01, *** p<0.001). 

Figure 3-3. A, B) Basal dendritic length in dCA1 pyramidal neurons from 3-12 month-old 

KO and WT mice.  
Similar to Figure 3-2, at 3 months (3M), dendritic length within the basal arbor is not significantly 

reduced in dCA1 of KO mice compared to WT. However by 6 months (6M), KO dendrite length 

is significantly less. This difference is maintained at 9 and 12M. Data represent the mean ± SEM 

of measurements from 9 WT and 15 KO mice, and were analyzed by Student’s t-test for unpaired 

data. *, significant difference as indicated (* p<0.05, ** p<0.01, *** p<0.001).  
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Figure 3-4. A, B). Number of apical dendritic nodes in dCA1 pyramidal cells from 3-12 

month-old KO and WT mice.  The number of apical dendritic nodes [branch points] in a dCA1 

arbor is similar in KO vs WT mice at 3M but is significantly reduced by 6M. This difference is 

narrowed by 9M but is more apparent at 12M, even as WT numbers also are reduced. Data represent 

the mean ± SEM of measurements from 9 WT and 15 KO mice, and were analyzed by Student’s t-

test for unpaired data. *, significant difference as indicated (* p<0.05, ** p<0.01). 

Figure 3-5. A, B). Number of basal dendritic nodes) in dCA1 pyramidal cells from 3-12 

month-old KO and WT mice.  As with the apical arbor in the previous figure, the number of nodes 

in the basal arbor is no different at 3M in KO vs WT mice. However, the KO number is significantly 

reduced compared to WT by 6M. This reduction is narrowed by 9M but is again apparent at 12M. 

Data represent the mean ± SEM of measurements from 9 WT and 15 KO mice, and were analyzed 

by Student’s t-test for unpaired data. *, significant difference as indicated (* p<0.05, ** p<0.01). 
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Figure 3-6. A, B).  Number of ends in apical arbors in dCA1 pyramidal cells from 3-12 month-

old KO and WT mice.  The number of apical dendritic ends in a dCA1 arbor as a measure of total 

dendrite branches is not significantly reduced in KO vs WT mice at 3M. Then between 3 to 6M, 

KO end numbers are significantly decreased compared to WT. This difference is narrowed by 9 

and 12M. Data represent the mean ± SEM of measurements from 9 WT and 15 KO mice, and were 

analyzed by Student’s t-test for unpaired data. *, significant difference as indicated (* p<0.05, ** 

p<0.01). 

Figure 3-7. A, B). Number of ends in basal arbors in dCA1 pyramidal cells from 3-12 month-

old KO and WT mice.  Similar to the apical arbor, at 3 months the number of ends in the basal 

arbor is similar in KO vs WT mice. Then by 6M and through 12M, KO end numbers are slightly 

decreased. Data represent the mean ± SEM of measurements from 9 WT and 15 KO mice, and were 

analyzed by Student’s t-test for unpaired data. *, significant difference as indicated (* p<0.05, ** 

p<0.01). 
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Figure 3-8. Number of intersections and complexity score of dCA1 pyramidal cell apical 

dendrites from 3-12 month-old KO and WT mice. The extent of apical arborization can be 

further gauged by A) counting the number of dendrite intersections with Sholl rings. This value is 

significantly less in the dCA1 apical region of KO vs WT by 6 months but not at 3 months. KO 

Intersection numbers remain consistently lower, but less so through 9 and 12 months. B) 

Calculating the apical arbor complexity score. This parameter is similar in WT and KO mice at 3 

months, but by 6 months complexity has greatly increased but in WT mice only. KOs fail to further 

develop over 9 and 12 months whereas the WT complexity peak decreases over the same period.  

The unexpected complexity reduction at 9M in WT mice (arrow) is also observed in an independent 

measurement (specifically spine density shown in Figure 3-10). Data represent the mean ± SEM of 

measurements from 9 WT and 15 KO mice, and were analyzed by Student’s t-test for unpaired 

data. *, significant difference as indicated (* p<0.05, ** p<0.01). 

Figure 3-9. Number of intersections and complexity score of dCA1 pyramidal cell basal 

dendrites from 3-12 month-old KO and WT mice. A). The extent of basal arborization is 

significantly less in the dCA1 apical region of KO vs WT across all ages. B) Likewise the basal 

arbor complexity score is less in KO vs WT mice across all ages. The unexpected reduction in 

complexity at 9M in WT mice (arrow) is also observed in an independent measurement 

(specifically spine density shown in Figure 3-10). Data represent the mean ± SEM of measurements 

from 9 WT and 15 KO mice, and were analyzed by Student’s t-test for unpaired data. *, significant 

difference as indicated (* p<0.05, ** p<0.01). 
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3.4.2 Dendritic spine density   

The apparent pruning of the pyramidal arbors and loss of spines of KO vs WT mice in the 

dorsal (but not ventral) CA1 region of 12-month KOs (Mehder et al., 2020) prompted us to examine 

at what age the density of spines (i.e., the number of spines/10 µm of dendritic length) was reduced 

and whether it coincided with cutback of the dendritic arbor in KO vs WT mice. Spines counts 

were made along dendrites confirmed as originating from dCA1 pyramidal cell bodies. Figure 3-

10 shows spine density change with age along WT vs KO dendrites. Values in the apical and basal 

regions were pooled because we previously found no difference in the spine density reduction 

between the two arbors in 12-month KO mice (Mehder et al., 2020). Total spine density was not 

significantly different between 3-month old mice WT and KO mice (Fig.3-10, 3M), whereas at 6 

months the reduction in KO mice was highly significant compared to WT. The reduction was less 

apparent in 9M and 12M KO mice, suggesting some recovery in KO mice. There was an unexpected 

reduction in the 9M WT mice (Fig. 3-9B, arrow). This was the specific time point when these WT 

mice also displayed an unexpected decrease in the complexity score (Fig. 3-9B, arrow), a measure 

independent of spine density. Despite this apparent reduced synaptic input to aging WTs, spine loss 

was still greater in KOs vs WTs at 6, 9, and 12 months. 

3.4.3 Pyramidal cell bodies   

One possibility that might account for the reduced dendritic arbor of the dorsal 

hippocampal neurons in KOs is that these neurons have lost one or more dendrites emanating from 

the cell body. We addressed this possibility in Figure 3-11 where the number of basal dendrites 

emerging from the cell body were counted. There was no consistent age-related reduction in basal 

dendrite number in the KO mice between 3 and 12 months, indicating that the reduced arbors in 

the dorsal hippocampus of KOs do not result from lost primary dendrites arising from a cell body. 
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There is a possible increase in basal dendritic numbers at nine months (Fig.3-11, 9M). However, 

because both WT and KO littermates were affected, it could represent a general increase among 

this particular age cohort.  

Overall, there were no apparent differences between WTs and KOs in any of the dendritic 

parameters at the age of 3 months. Importantly by 6 months, all KO vs WT parameters were 

dramatically reduced. These parameters all showed some recovery in KO mice by 9 months 

compared to 6 months. However by 12 months, they were generally back to 6-month levels. 

Because there are some minor reductions in the 12-month-old WT mice, the differences in KO 

versus WT could appear statistically less significant. 
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Figure 3-10. Total dendritic spine density in apical and basal dendrites in dCA1 pyramidal 

cells from 3-12 month-old KO and WT mice.  
Age-related changes in spine density (pooled apical + basal arbors) of WT and KO mice display 

similar densities at age 3M. By 6M, WT values are unchanged whereas KO values significantly 

drop. Oddly, the WT value drops at 9M and this is also observed in the independent complexity 

score measured at 9M (arrows in Figs. 3-8B, 3-9B). Nevertheless, spine density is consistently 

lower in KO vs WT across age groupsData represent the mean ± SEM of measurements from 9 

WT and 15 KO mice analyzed by Student’s t-test for unpaired data. 

 

Figure 3-11. Number of primary basal dendrites in dCA1 pyramidal cells from 3-12 month-

old KO and WT mice.  

Because of the significant reduction in the dCA1 arborization observed in KO vs WT mice (Figs. 

1-10), the number of primary basal dendrites were measured in this region as mice aged. There 

were no significant differences in the total number of primary and basal dendrites in KO versus 

WT mice at 3, 9 and 12 months. Data represent the mean ± SEM of measurements from 9 WT and 

15 KO mice, and were analyzed by Student’s t-test for unpaired data. 
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3.4.4 Oxidative Stress Measurements 

Our mouse model displays a progressive increase in HNE protein adducts (a proxy for 

oxidative damage) in the KO mice based on immunoblot analysis of hippocampal homogenates 

(D’Souza et al., 2015). We wanted to confirm this immunohistochemically as well as examine if 

there was regional evidence for elevated damage in the dCA1 region (compared to other regions) 

because this is where we found dendritic cutback to be most apparent (Mehder et al., 2020). 

Moreover, did the onset of oxidative damage precede the dendritic loss in dCA1 that is first 

apparent at 6 months? 

Compared to 12 month-old WT mice (Fig. 3-12A1), HNE staining of dCA1 pyramidal cell 

bodies in KO mice was dramatic (Fig. 3-12A3, arrows). And yet staining in the vCA1 was minimal 

in both WT (Fig. 3-12A2) and KO mice (Fig. 3-12A4). The difference if further shown in a single 

section of a 9 month-old mouse (Fig. 3-12B1) where obvious staining in dCA1 pyramidal neurons 

(Fig. 3-12B2, arrows) transitions to minor staining in vCA1 (Fig. 3-12B3, arrows). 

Age-related Immunohistochemical staining of dorsal CA1 cell bodies are plotted as density 

measurements from sections taken from 3, 6, 9, and 12-month WT vs KO mice (Fig. 3-12C1). 

There was a significantly higher density of staining in dCA1 pyramidale layer of the KO mice, as 

well as in the stratum radiatum of the dCA1 region (not plotted). As the KO mice aged through 6, 

9, and 12 months, this disparity staining density increased compared to WT. 

In contrast, there was no significant increase in the ventral CA1 pyramidale layer 

throughout 3, 6, 9, or 12 months in KO vs WT (Fig. 3-12C2). Likewise, there was no difference in 

HNE staining in ventral CA1 stratum radiatum, nor in the medial septal region of the basal forebrain 

or in the retrosplenal and entorhinal cortices (plots not shown).  

The increase in HNE staining in the dCA1 (but not vCA1) pyramidale was observable 

across the entire dorsal hippocampus of KO (Fig. 3-12A3) vs WT sections (Fig. 3-12A1). This 

included the cell body and dendritic regions of CA1, CA2, CA3, and dentate gyrus (not plotted).  
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Figure 3-12. HNE immunostaining in the dCA1 and vCA1 in 3-12 month-old KO and WT 

mice. In KO vs WT mice, HNE immunostaining (indicating oxidative stress) increased with aging 

in the dorsal CA1 region, but not in the ventral CA1 region. Arrows demarcate the CA1 cell body 

layer. A) Examples of HNE staining in the dorsal hippocampus from a WT mouse (A1) and from 

a KO mouse (A3) at age 12 months. Examples of HNE staining in the ventral hippocampus from a 

WT mouse (A2) and from a KO mouse (A4) at age 12 months. DG represents the dentate gyrus. 

B) In a single HNE-stained section, the transition from darker staining in dCA1 to lighter staining 

in vCA1 is apparent. C) Measuring the density of staining along the CA1 cell body layer at each 
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age (n = 9-14 sections from 3-4 mice per group), it was apparent that KO mice exhibited elevated 

staining compared to WT mice in the dorsal CA1 (C1). This elevation was statistically significant 

at 3M and progressively increased through 12M (3M, p<0.01; 6M, p<0.0001; 9M, p<0.001; 12M, 

p<0.0001). No comparable increases were observed in the ventral CA1 pyramidale of the same 

mice (C2).   
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3.5 DISCUSSION 

We recently reported that in 12-month-old Aldh2-/- (KO) mice, both basal and apical CA1 

dendrites of pyramidal neurons located in the dorsal but not ventral hippocampus are significantly 

shorter, have fewer branches, and have reduced complexity and spine density compared to age-

matched wildtype (WT) mice (Mehder et al., 2020).  However, the cell body perimeter and the 

number of primary dendrites emanating from these same pyramidal neurons were not affected, 

indicating that dendrites, not their cell bodies, were altered structurally in the in dCA1 of the KO 

mice. We concluded that the reduced complexity and spine density of dCA1 pyramidal cells could 

reflect a regional vulnerability to oxidative damage, or that there was a reduction in synaptic input 

specifically to dCA1 pyramidal neurons that could have compromised the circuitry involving 

recognition and spatial memory for which the dorsal hippocampus region is a crucial component. 

Such behavioral deficits are observed in our KOs beginning around 3 months of age. Therefore, 

here we studied the emergence and development of this dramatic cutback in dCA1 pyramidal cell 

arborization at ages 3, 6, and 9 months in both WT and KO mice and compared the data to our 

previous 12-month data.  

3.5.1 A developing cut-back of dCA1 cell arbors in KO mice 

 We used several morphometric measures to determine 1) the extent of the dendritic arbor 

in the WT vs KO mice, 2) when cutback became detectable, and 3) to what extent the arbor further 

deteriorated as the mice aged. We measured several parameters: dendritic length, dendritic nodes 

and ends, branch points, arbor complexity, and the density of spines along dendrites. With regard 

to every parameter measured, there was no difference in KO vs WT mice at the age of three months. 

Yet by six months, there was a dramatic reduction in every parameter measuring the extent of the 

dendritic arbor. This applied to both apical and basal regions of the dCA1 neurons. Generally, each 

parameter showed some degree of recovery by nine and 12 months, but remained significantly 

reduced in KO vs WT mice. 
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 The progressive reduction in spine density measured in KO vs WT mice between 3 and 6 

months of age was observed in both apical and basal dendrites. We had previously characterized 

the loss as occurring with all morphological types of spines (mushroom, stubby, filopodic) (Fig 2-

11) (Mehder et al., 2020) but pooled these numbers for this study. The majority of spines (95%) 

are of the mushroom type. 

 Importantly, reductions to both the arbor and to the spine density provide independent 

correlative evidence that morphologically detectable loss of synaptic input to dCA1 neurons is not 

apparent until after 3 months of age in KO vs WT. Moreover, dendritic cutback is most dramatic 

between 3 and 6 months, and then shows minor recovery through 9 and 12 months. In contrast, 

increases in oxidative stress in dCA1 cell bodies in KOs (denoted by HNE staining) are gradual 

and detectable from 3 months onward. Unlike dendrite cutback, there is no sudden staining increase 

at 6 months. Rather it is highest at 12 months. While oxidative stress and dendritic cutback may 

help account for the behavioral deficits seen in the KO mice at 3 months (D’Souza et al., 2015) 

(Elharram et al., 2017), such changes are too subtle for our techniques to detect at that age. 

 3.5.2 No morphological changes to pyramidal cell bodies 

 The only measured parameter that remained relatively constant in WT vs KO mice was the 

number of primary basal dendrites emanating from the cell body. These values did not greatly 

fluctuate over the entire 3 to 12 months, although there was an unexplained significant reduction at 

6 months in both WT and KO cohorts. But generally reductions in dendrite branches in KO mice 

must have occurred more distally, the result of trimming of secondary and tertiary dendrites. 

Regarding possible changes to the neuronal soma, we previously measured cell body perimeters 

and determined that there was no systematic swelling or shrinking of the pyramidal cell body 

population in KO compared to WT mice (Mehder et al., 2020). 
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3.5.3 Oxidative stress precedes the detection of reduced dendritic injury development of 

dCA1 pyramidal neurons 

Compared to WT mice, elevated oxidative damage, indicated by increased HNE staining, 

was significantly increased in the dCA1 cell body layer and stratum radiatum at 3 months of age in 

KO mice.  It steadily increased in KO, but not WT, mice through 12 months. No comparable change 

was observed in the ventral CA1 pyramidale in KO versus WT mice. Regarding the dendritic 

arbors, every morphological parameter that we measured showed that the extent and complexity of 

the dCA1 dendrites were similar in 3-month old WT and KO mice. So our HNE immunostaining 

detected increased, oxidative damage in the dorsal CA1 cell body layer of KO vs WT mice starting 

at 3 months when there was no significant cutback in the dCA1 dendritic arbor. So increased 

oxidative damage precedes, and can help account for, the selective reduction of dendritic 

complexity in dCA1 first detected at 6 months of age. 

Based on the dendritic cutback that we detailed in this ALDH2-/- mouse at 12 months, we 

proposed an elevated vulnerability of the dorsal hippocampus to oxidative damage compared to 

vCA1 and to neocortex (Mehder et al., 2020). The findings presented here confirm this over a 

longer time frame. Ischemia/reperfusion is well known to cause the accelerated formation of 

reactive oxygen species (ROS) (Granger & Kvietys, 2015)(Milne, Dai, & Roberts, 2015), and the 

dCA1 region is much more vulnerable than vCA1 to ischemic damage following ischemia 

reperfusion (Ashton et al., 1989), suggesting that antioxidant defense mechanisms to counteract 

excessive ROS production are less effective in the dCA1 region. This is consistent with a number 

of studies describing differential gene expression along the dorso-ventral long axis of the 

hippocampus (Cembrowski, Wang, Sugino, Shields, & Spruston, 2016)(Thompson et al., 

2008)(Dong et al., 2009)(Cembrowski, Bachman, et al., 2016).  
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 Several antioxidant genes exhibit greater expression in vCA1 pyramidal neurons compared 

to dCA1 neurons, including mitochondrial superoxide dismutase, myeloperoxidase, ALDH5A1, 

and NAD(P)H quinone oxidoreductase (Cembrowski, Wang, et al., 2016) (Cembrowski, Bachman, 

et al., 2016). In contrast, the expression of the superoxide–generating enzyme NADPH oxidase 4 

is 2-fold greater in dCA1 neurons.  Glutathione transferase A4 has high catalytic activity towards 

the conjugation of reduced glutathione with HNE, and plays a major role in HNE detoxification 

(Awasthi, Ansari, & Awasthi, 2005) (Balogh & Atkins, 2011). Its level of expression is 2-fold 

greater in vCA1 neurons, as is the expression of the transcription factor Nrf2, which responds to 

oxidative stress by upregulating the expression of number of antioxidant enzymes. Interestingly, in 

addition to its role in mediating lipid peroxidation-induced cellular damage, at lower concentrations 

HNE can act as a signaling molecule. HNE activates the Nrf2 signalling pathway by forming HNE 

adducts with Keap1 and preventing the formation of the Nrf2-Keap1 complex. Free Nrf2 is then 

able to translocate to the nucleus and increase transcription (Zhang & Forman, 2009) (Dalleau, 

Baradat, Guéraud, & Huc, 2013) (Łuczaj, Gęgotek, & Skrzydlewska, 2017). Thus in the KO mice, 

with reduced capacity to catabolize HNE, one might expect a more robust activation of Nrf2 in the 

ventral hippocampus. Overall, these data suggest that the dCA1 region is inherently more 

susceptible to the deleterious effects of oxidative stress-induced damage, which then likely 

promotes the trimming back of dCA1 arbors.     

 With respect to behavioral changes in KO mice, we have assessed the time course for 

development of cognitive impairment for three hippocampus-dependent tasks- the open field novel 

object recognition (NOR) task (working memory), spontaneous alternations in the Y-maze (spatial 

working memory), and the Morris water maze (MWM) task (spatial reference memory) (D’Souza 

et al., 2015) (Elharram et al., 2017). In all three behavioural tests, there is a progressive decrease in 

performance in KO mice compared to no change in their WT littermates. For the NOR and Y-maze 

tasks, memory deficits begin at 3.5-4 months of age and plateau in 7.5 to 8 month old animals 
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(D’Souza et al., 2015). Likewise, in the MWM task, impaired performance is observed in 2.5-3 

month old animals and continues to decline until 6-7 months (Elharram et al., 2017). No further 

deterioration is seen in 9 or 12 month old animals. Thus the changes in cognitive performance 

mirror the appearance of oxidative damage in the dorsal hippocampus. 

 In conclusion, our study suggests that increased oxidative damage contributes to loss of 

neural reserve, particularly via dCA1 dendritic cutback, that normally defines the ability to maintain 

healthy cognitive function. However, in addition to the structural changes documented here, the 

numerous AD-like pathological changes seen in this model also likely contribute to the progressive 

decline in performance of dCA1-dependent memory tasks. This study demonstrates the gradual and 

significantly reduced branching and complexity of dendrites specific to CA1 pyramidal neurons in 

the dorsal (but not ventral) hippocampus. This cutback occurs between the ages of 3 and 6 months 

in Aldh2 null mice as compared to their WT counterparts. This on-going trimming back of KO 

dendritic arbors in dorsal hippocampus is preceded by oxidative damage which is elevated by 3 

months of age within the dCA1, but not in the vCA1, of KO mice. The specific cutback in dorsal 

CA1 helps account for the previously documented progressive worsening of cognitive deficits in 

these KO mice compared to their WT cohort (D’Souza et al., 2015) (Elharram et al., 2017). 
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Chapter 4 

General Discussion and Conclusions 

AD is the most common age-related neurodegenerative disorder. It is pathologically 

characterized by several modifications in the hippocampal and cortical brain regions. These regions 

accumulate amyloid-beta (Aβ) plaques and NFTs involved in the disruption of neural connectivity 

that lead to neurodegeneration and neuronal death. Despite the huge effort to produce effective 

therapeutics to reduce the risks of these AD pathologies, worldwide cases continue to increase, 

affecting the global economy and public health sectors. Consequently, many studies use animal 

models to further understand the underlying pathological changes that may reflect the progression 

of AD in human patients. Our laboratory has conducted experiments specifically on the mouse 

model Aldh2-/- (KO) which exhibit oxidative stress and a several pathological features of AD.  

The oxidative stress  is considered one of AD`s causes due to its prevalent role in increasing 

brain tissue damage in Alzheimer cases (Bennett, Grant, & Aldred, 2009)(Xu et al., 2017). 

Oxidative stress is an upstream process that is thought to give rise to other AD pathologies. 

Increases in oxidative stress can affect the amyloidogenic pathway through an increase in the 

expression of APP-processing enzymes which results in the development of more Aβ plaques. The 

excessive production of Aβ in turn was found to be involved in further increases in LPO and 

production of HNE, which contributes to increased formation and accumulation of Aβ plaques and 

NFTs. 

The LPO-induced production of HNE is linked to many neurodegenerative disorder 

pathogeneses including AD. In AD, the brain regions that are more susceptible to 

neurodegeneration, especially the hippocampus, are found to be more vulnerable to the significant 

increase of HNE adducts  (McGrath et al., 2001). HNE is associated with increases in the Aβ 

plaques, NFTs, and a number of cardiovascular diseases. As result, a higher amount of the ALDH2 



 

136 

 

enzyme expression was also detected in the same brain region of HNE adducts, which is suggested 

to have an important role to cope with the rise of free HNE levels.  

The ALDH2 is normally found in several brain regions due to its essential role in the 

metabolism of HNE. So, the increase of ALDH2 expression seen in brain regions of AD patients 

may be linked to the possible protective role of ALDH2 in response to the increases of HNE 

adducts. The KO mice model used in this thesis based on gene deletion of this enzyme exhibits 

age-related cognitive impairment and AD-like pathologies (D’Souza et al., 2015).  

The previous lab work on the KO mice reported an increase in HNE adduct formation as 

early as 3 months of age. Several other classical AD-like markers including Aβ and hyper-

phosphorylated tau protein were also significantly increased at age 9 months. Moreover, it was 

demonstrated that the KO mice show an increase of activated caspases 3 and 6 (neurodegeneration 

markers), and significant decreases of PSD-95, synaptophysin (indicating synaptic loss), as well as 

decrease in phosphorylated CREB. The behavioral experiments, such as recognition, spatial, and 

working memory tasks on this KO mice model, revealed that memory impairments begin at 3-4 

months of age,  and reach a plateau at 7 months of age (D’Souza et al., 2015). 

In the present study, we focused on morphological examination to further validate theAldh2 

KO mice as a model of age-related cognitive impairment with AD-like pathologies. In Chapter 2, 

we reported a quantitative Golgi-Cox study on both basal and apical dendrites of hippocampal 

pyramidal cells (dCAl and vCA1) as well as V1 cortical brain regions in 12-month-old KO mice. 

Then in Chapter 3, the same morphometric analysis of dCA1 pyramidal neuron arborization was 

performed on a cohort of animals sampled at 3, 6, and 9 months of age. The morphological data 

collected across these different age groups and different brain regions relied on the use of Sholl and 

branch structural analysis to quantify the differences in the number of intersections, nodes, ends, 

and the dendritic length. The morphological studies also included the cell body perimeter, the 



 

137 

 

number of primary basal dendrites of each selected neuron of dCAl, vCA1, and V1 regions, and 

the spine density along the dendritic arbors of dCA1.  

To support our findings, we also performed other experiments including 

immunohistochemical HNE staining using different age groups of KO and WT mice in (Chapter 

3). Immunohistochemical HNE staining was used to detect oxidative damage in hippocampal 

regions, particularly in the dCA1 cell body layer. In Appendix 1, the FD NeuroSilver™ staining 

kit was used to search for degenerating neurons in the brain tissues samples from both WT and KO 

mice. 

The hippocampus was the region of our focus in the current study since it is highly involved 

in learning and memory.  It is also vulnerable to neural damage and is the prominent cellular 

architecture modified in AD patients (Hyman et al., 1984)(Yamada et al., 1988). The CA1 region 

of the hippocampus mainly receives axons from the CA3 region and sends output information to 

the subiculum, EC, and other brain regions. It is reported to be most affected in AD (Hyman., 

1984)(Yamada et al., 1988). Interestingly, AD patients who have deficits in navigation and spatial 

memory have a disruption in dorsal CA1 pyramidal neurons that includes changes in their arbor 

complexity and  spine density (Henderson, Mack, & Williams, 1989)(deIpolyi et al., 2007)(Pai & 

Jacobs, 2004)(Yamada et al., 1988)(el Hachimi & Foncin, 1990)(Ferrer & Gullotta, 1990). In AD, 

the dendritic arbors of hippocampal pyramidal neurons undergo significant changes affecting their 

neural connectivity (Moolman et al.2004)(Yamada et al., 1988).  The hippocampal spines along 

dendrites of the dCA1 pyramidal neurons were quantitatively reported to be reduced in patients of  

AD (Mehraein& Yamada, 1975)(Yamada et al., 1988). The spines are an essential dendritic feature 

where most excitatory synaptic input occurs. Synaptic efficacy has an essential role in the activities 

of memory formation. Thus, synaptic failure has been strongly correlated with memory dysfunction 

seen in AD (DeKosky & Scheff, 1990) (Terry et al., 1991)(Bailey & Kandel, 1993)(Bailey, Bartsch, 

& Kandel, 1996)(Harris & Stevens, 1989). Also, changes in the morphology of hippocampal 
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pyramidal neurons may influence cognitive activities via their effect on burst firing that in turn 

affects transmission properties and therefore functional connectivity between neurons (van Elburg 

and van Ooyen 2010)(Moolman et al., 2004)(Yamada et al., 1988). 

4.1 Morphological Defects of KO Mice at 12-Month-Old  

Similar to the human patients with AD, the 12-month-old KO mice in the current study 

show defects in dendritic morphological features and a reduction in spine density of dCA1neurons. 

These are clear deficits not observed in their WT counterparts, and these dendritic changes are not 

detected in the pyramidal cells of the vCA1 region  (Mehder et al., 2020). Dorsal CA1 pyramidal 

neurons at 12-months demonstrated both basal and apical dendritic reductions in complexity and 

length with fewer dendritic nodes, ends, and intersections in KO vs WT mice. Moreover, the spine 

density along their dendrites was reduced by  ~33% in basal dendrites and ~55% in apical dendrites 

(both proximal and distal regions) in KO vs WT mice (Mehder et al., 2020). However, the perimeter 

of the cell body and the number of their primary basal dendrites from these same pyramidal neurons 

of dCA1 as well as in vCA1 were not affected between groups. This indicates that the trimming 

back of dendritic branches and of spines in KO mice was not related to a reduced cell body 

perimeter nor in the loss of primary basal dendrites (Mehder et al., 2020). The significant trim-back 

is of dendritic branches and their component spines, meaning reduced synaptic inputs to each dCA1 

neuron, consequently interfering with the circuitry related to spatial memory formation.  

The morphological measurements on the overlying primary sensory cortex (either SS1 or 

V1) of layer V pyramidal neurons indicate a lower but consistent trend toward reduced branching 

and complexity of the KO vs WT mice. These cortical regions do not receive direct axonal inputs 

from dCA1 pyramidal neurons; thus, this trend might represent an overall dendritic cut-back of 

pyramidal neurons in the KO neocortex. However, additional neurons from other neocortical 

regions need to be analyzed to confirm the general changes in the neocortex. Specifically, in the 
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regions related to cognition such as the EC which is suspected to undergo more dramatic defects 

due to its direct connections with the hippocampus.   

4.2 Developing Change in the dCA1 Region of KO Mice 

The significant dendritic reduction and changes dCA1 pyramidal neuron arbors in 12 

month-old KO mice drew us to study the development of this apparent cutback across 3, 6, and 9 

months (Chapter 3). We asked if and when oxidative damage of dCA1 pyramidal neurons is 

increased as well as when the cutback becomes detectable in KO mice. Every dendritic parameter 

collected at 3 months was normal, but by 6 months, a dramatic reduction in the dendritic 

arborization was obvious in KO mice, and which was still apparent by 9 and 12 months. A decline 

in spine density along proximal apical and basal dendrites was also detected at 6 months (but not 

3) in KO vs WT mice. We concluded that a detectable loss of synaptic input does not arise until 

after 3 months and includes both dendritic cutback and a decrease in spine numbers.  

There was a significant increase in oxidative stress in the dCA1 cell body layer at 3 months 

(as indicated by increased HNE immunostaining). However, it is difficult to state categorically that 

oxidative stress actually precedes dendritic cutback in KO mice vs WT mice, although oxidative 

stress obviously increases in those neurons through 6, 9, and 12 months. We have not seen any 

increase in immunostaining by 12 months in any other brain region other than in dorsal 

hippocampus. 

There is considerable evidence from other groups indicating vulnerability of the dorsal 

hippocampus to oxidative stress damage. Quench-assisted MRI detected increases in free radical 

production in dCA1 in Aldh2-/- KO vs WT mice (Berkowitz et al., 2017). A study on the 5XFAD 

mouse model of familial AD also detected an increase in free radical production in the dCA1 region. 

In studies of the ischemic injury, ischemia-reperfusion is linked to the accelerated release of ROS 

(Granger & Kvietys, 2015)(Milne, Dai, & Roberts, 2015). In particular, the ischemic damage that 
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follows ischemia-reperfusion is usually more noticeable in the dCA1 compared to the vCA1 region 

(Ashton, Van Reempts, Haseldonckx, & Willems, 1989), which suggests that the mechanisms of 

antioxidant defense in the dCA1 region is less able to cope with excessive release of ROS. 

Findings of gene expression along the dorso-ventral axis pointed out that vCA1 pyramidal 

neurons have a greater number of genes related to the antioxidant defense in comparison to dCA1 

pyramidal neurons (Cembrowski et al., 2016)(Thompson et al., 2008)(Dong et al., 

2009)(Cembrowski, Bachman, et al., 2016)(Cembrowski, Wang, et al., 2016). For example, the 

transcription factor Nrf2, which has an important role in regulating gene expression 

of antioxidant proteins that protect against oxidative stress damage, has a 2-fold greater expression 

in vCA1 neurons compared to dCA1 neurons. Conversely, the expression of NADPH oxidase 4 , 

which is a major source of superoxide anion is 2-fold greater in dCA1 neurons. Consequently, 

pyramidal neurons in the dCA1 region may be more susceptible to the harmful effects of the 

oxidative stress-induced damage that is associated with Aldh2 KO mice, likely promoting the 

trimming back of dCA1 dendrites.   

4.3 Conclusions 

The findings of the current study provide further characterization of Aldh2-/- mice as a 

model of age-related cognitive impairment with AD-like pathologies. Previous work reported that 

Aldh2 null mice display many AD-like pathologies, presumably because of their inability to 

catabolize LPO products such as HNE. Specifically, these KO mice display age-related changes in 

Aβ, PSD-95, and phosphorylated CREB as well as increases in phosphorylated tau protein and 

activated caspases. Moreover, behavioral studies using the Y-maze, NOR task and the MWM task 

found that significant memory and cognitive deficits occurred in KO mice beginning at 3.5 months-

old which progressively worsened  as the animals aged (D’Souza et al., 2015) (Elharram et al., 

2017). Brain tissue sections processed with Golgi-Cox staining were examined in the dCA, vCA1, 



 

141 

 

and primary sensory cortex in WT vs KO mice. The dorsal CA1 pyramidal neurons (and likely the 

entire dorsal hippocampus) but not the ventral CA1 pyramidal neurons displayed a significant 

increase in oxidative stress markers combined with the cutting back of dendritic trees through ages 

6 to 12 months in KO mice as compared to their WT counterparts. These specific dCA1 defects 

help to account for cognitive impairments in KO vs WT mice that were previously observed 

(D’Souza et al., 2015) (Elharram et al., 2017).  

4.4 FUTURE DIRECTIONS  

The data presented in this thesis focused on the morphological changes of dCA1 neurons 

in the hippocampus which is involved in the formation of spatial memories. It would be interesting 

if future studies also investigate other brain structures which are often affected early in AD such as 

EC, DG and amygdala (Du et al., 2001)(de Toledo-Morrell et al., 2000)(Horínek, Varjassyová, & 

Hort, 2007). The EC is one of the first brain regions to atrophy in AD (Du et al., 2001)(Davatzikos 

et al., 2010)(Dickerson et al., 2001). The investigation of post mortem brain samples has implicated 

EC alterations as an early site of involvement in AD and MCI individuals (Du et al., 

2001)(Davatzikos et al., 2010). Moreover, further investigation of the DG, which is involved in the 

formation contextual fear memory, would be useful to examine. As well, amygdalar atrophy is 

linked to several neuropsychiatric symptoms experienced by 90% of Alzheimer's patients (e.g., 

delusions, agitation and affective disturbances, and emotional agnosia) (D Horínek et al., 2006). 

There is a correlation between emotional memory processing and amygdalar volume, so  amygdalar 

deficits are of interest in AD research (Mori et al., 1999). 

The current research applied the morphological measurements across several age groups 

(3, 6, 8 and 12 months) to demonstrate progressive morphological changes. Future work might 

involve an older age group to provide an endgame for morphological decline in Aldh2-/- animals. 
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The effect of gender on neuronal morphology across these age groups also requires more 

investigation. The current work did not detect obvious sex differences in spine density or in 

morphological characteristics of dCA1, vCA1, and V1 pyramidal neurons. Such differences may 

be more subtle. Also, further division of the current sample sizes by sex may result in insufficient 

power to identify significant sex differences. So additional morphological investigations comparing 

males and females of this mouse model are necessary to determine any differences in hippocampal 

arbors. Another possibility is that hippocampal electrophysiology is altered by hormonal 

differences such as estrogen (Simpkins et al., 2009)(Mikkola et al., 2016). Fluctuations in estrogen 

affect  female performance in spatial memory tasks, but the mechanism behind this is not clear and 

needs more study (LaBuda, Roger, & Robert, 2002)(Tucker & McCabe, 2017)(Tucker & McCabe, 

2017). Therefore, sex differences across age groups including subtle differences in dendritic 

connectivity may exist. As well, differences likely exist in other limbic regions such as EC, DG 

and amygdala. 
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APPENDIX 1.  Neurosilver Staining 

The FD NeuroSilver™ Kit II detects degenerating neurons in fixed tissue sections of the 

CNS. Some components of the neurons undergoing degeneration, such as lysosomes, axons, and 

terminals, become particularly argyrophilic, binding to silver ions with high affinity. Upon 

reduction, the silver ions form visible metallic grains. 

This kit has proven specific and sensitive for the detection of degenerating neuronal 

somata, axons, and terminals. It is particularly useful for the detection of small numbers of 

degenerating neurons that may not be demonstrable with routine histopathological techniques. It is 

also sensitive and reliable for the detection of amyloid plaques in the brain of some strains of 

transgenic mice.  

This was confirmed by examining two mice that underwent a middle cerebral artery 

occlusion for 30 minutes, and then allowed to recover for 12 hours. Coronal sections from one of 

these mice are shown in Figure App 1A. The infarct (dashed line) is distinct, based on the dark 

staining of inclusive neurons and glial cells. Degenerating, silver-stained neurons are shown in the 

CA3 and CA1 hippocampus (Figure App 1B). At higher magnification, degenerating pyramidal 

neurons can be distinguished in the primary sensory neocortex (Figure App. 1C). 

Healthy myelin is also argyrophilic and, indeed, the major axonal pathways (white matter) 

obviously stain in our sections. So it was somewhat surprising that we saw no obvious differences 

between WT and KO animals in coronal sections at both low (Figure App 2) and higher (Figure 

App 3) magnifications (n=6 WT and 6 KO mice). These mice were ~6 months of age. 

The lack of amyloid plaques in KO mice was expected because while soluble -amyloid is 

elevated in this mouse model, it does not aggregate into plaques. More surprising was the absence 

of detectable degenerating neurons at high magnification (not shown), even in small numbers, in 
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these KO mice. We expected some degeneration, particularly in the dorsal hippocampus at high 

magnification, but none was observed. This suggests that much of the dendritic cutback in this 

model is not catastrophic degeneration but rather a slow and less pathological trimming of dendritic 

processes.   
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Figure App 1. Coronal Sections of Neurosilver staining 12 hr Post-stroke on WT mouse.  

A) The infarct (dashed line) results from an unilateral middle cerebral artery occlusion (MCAo). 

B) The red arrows represent the degenerating, silver-stained neurons in the CA3 and CA1 

hippocampal regions. C) At a higher magnification of neocortex, the red arrows show the silver-

stained (degenerating) pyramidal neurons with in the primary sensory neocortex.  
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Figure App 2)                                                            Figure App 3)  

Coronal Sections of Neurosilver staining in KO and WT mice at lower (Figure App 2) and 

higher (Figure App 3) Magnifications. Both magnifications show absence of detectable 

degenerating neurons, particularly in the dorsal hippocampus which we had expected to observe. 


