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Abstract 

Hippocampal hyperexcitability and disinhibition have been implicated in cognitive deficits at 

early stages of Alzheimer’s disease. Using the TgF344-AD transgenic rat model expressing 

APPsw and PS1ΔE9 genes, early changes in hippocampal synaptic plasticity and changes in 

synaptic transmission and neuroinflammation were investigated.  

Evoked responses in dorsal hippocampal CA1 were recorded following CA3 Schaffer 

stimulation in urethane-anaesthetised 6- and 9-month-old male TgF344-AD (TG) and wild-

type (WT) rats, to determine the induction properties for synaptic plasticity, baseline 

connectivity. Levels of proteins related to synaptic transmission and excitatory/inhibitory 

function were measured with capillary electrophoresis immunoblotting (Wes) and 

immunohistochemistry in the dorsal hippocampus. Both microglia activation and levels of the 

proinflammatory cytokine interleukin-1β (IL-1β) were determined with immunofluorescence 

in the CA1.  

9-month-old TG rats showed significantly lower paired-pulse facilitation at short interpulse 

intervals, increased baseline input/output, and a higher probability of having population 

spikes at Pulse2 after high frequency stimulation, indicating increased hippocampal output 

excitability in the CA1 region at this age. HFS induced long-term potentiation was significantly 

reduced in CA1 of 6- and 9-month-old TG rats. Additionally, the 6-month-old TG showed 

enhanced depotentiation.  

Density of PV-positive interneurons were significantly lower in hippocampal CA2/3 (but not 

CA1 or dentate gyrus) in 9-month-old TG rats only. We observed a higher percentage of IL-

1β-expressing microglia in CA1 of both 6- and 9-month-old TG rats.  
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Collectively, these results indicate synaptic deficits in TG rats at 9 months that were 

accompanied with CA1 hyperexcitability and a reduction of PV inhibition upstream of the CA3-

CA1 circuity, with progressively increasing hippocampal neuroinflammation.  

In conclusion, investigating changes in 6- and 9-month-old TG rats present an interesting 

window for investigating electrophysiological and pathological changes in this model related 

to the early stages and subsequent progression of Alzheimer’s disease. 
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1.1. Alzheimer’s disease - symptoms, aetiologies & current treatments 

Comprising 60% to 70% of dementia cases and 5% of deaths in the elderly, Alzheimer’s disease 

(AD) is one of the most dreadful neurodegenerative diseases without any cure to date (Rizzi 

et al., 2014, Ganguli et al., 2005). The prevalence and incidence of AD varies around the globe 

(Rizzi et al., 2014). In the UK and high-income Western countries, there is a decrease in the 

incidence of dementia in the last 25 years (Matthews et al., 2016). However, clinical AD cases 

are still high, because of the increasing number of elderly people. About 13.9 million US 

population over 65 years old are estimated to be diagnosed with clinical AD by 2060 from the 

‘baby bloom’ generation (Rajan et al., 2021). In low-income countries in Latin America, Middle 

East and Africa, AD prevalence is estimated to be higher than what is expected for the level 

of population aging due to more associative risks to AD, including low educational background, 

poor diet and lack of physical activities that could cause comorbidities including hypertension 

(Rizzi et al., 2014). The prevalence and death rate could also be affected by the impact of the 

COVID-19 pandemic (de Erausquin et al., 2021). Together this high number of clinical AD cases 

and long average duration to death (5.9±3.7 years) lead to dramatic socioeconomic burdens, 

resulting in a $321 billion total payment in the Year 2022, plus more than 80% of unpaid 

caregivers (Ganguli et al., 2005, Friedman et al., 2015, Alzheimer’sAssociation, 2022). 

Therefore, being one of the costliest diseases, effective diagnosis, treatments, and a cure for 

AD needs to be addressed quickly. To help with this, a deeper understanding of the 

neurobiological mechanisms involved in the progression of the disease will help with early 

prevention.  
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1.1.1. Risk factors 

Age is one of the most important risk factors of AD, about 95% AD patients develop sporadic 

AD with unknown cause when they are above 65 years old (Querfurth and Laferla, 2010).  This 

is known as late-onset AD (LOAD) (Bekris et al., 2010, Querfurth and Laferla, 2010).  In contrast, 

5% of AD patients inherit genetic mutations to develop familial AD (FAD) and have an early 

onset, thus known as early-onset AD (EOAD) (Zhu et al., 2015, Cope et al., 2022). The crucial 

genes involved in developing AD are the ones encoding amyloid precursor protein (APP) and 

presenilin 1 or 2 (PS1 or PS2) (Benilova et al., 2012, Shen and Kelleher, 2007). Meanwhile, 

expression of a pair of Apolipoprotein E (ApoE) ε4 alleles showed high risk of developing 

sporadic AD (Liu et al., 2013). These mutations promote an increased Aβ concentration by 

increasing secretion from APP processing, or reducing Aβ clearance, providing sufficient Aβ 

species for disease progression (Benilova et al., 2012). Additionally, factors ranging from 

lifestyle to environment, from comorbidities to educational levels, are also risk factors that 

could advance AD onset time and aggravate disease development and progression (Oudin, 

2020, Javanshiri et al., 2018, Paradise et al., 2009).   

 

1.1.2. Symptoms and underlying pathology  

In the brains of AD patients, neurodegeneration in the hippocampal formation leads to a 

progressive loss of episodic memory and cognitive impairment, causing patients to be unable 

to remember places or events (Selkoe, 1991, Tulving, 2002). Later, patients may experience 

sleep disruption, and further may develop non-cognitive symptoms, alterations in mood and 

behaviour such as depression (Li et al., 2014). However, about 20 years before the diagnostic 

cognitive symptoms, pathologies already exist in the patients’ brain, when it is known as the 
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preclinical stage (Gordon et al., 2018). These pathological biomarkers can be visualised using 

positron emission tomography (PET) or detected in the cerebrospinal fluid (CSF) or plasma 

(Sperling et al., 2020, Olsson et al., 2016).  

There are two recognised biological hallmarks in AD brains, one is the extracellular amyloid 

plaques produced from aggregation of β-amyloid peptide 1-42 (Aβ1-42 or Aβ42) and the other 

being intracellular neurofibrillary tangles (NFTs) formed with hyper-phosphorylated tau 

protein (Hardy and Higgins, 1992). Other physiological changes, including production of 

neuroinflammatory markers, synaptic dysfunction and shrinkage of brain structures 

exacerbate as AD progresses (Hardy and Higgins, 1992, Sisodia and St George-Hyslop, 2002, 

Leclerc and Abulrob, 2013).  

 

1.1.3. Hypothesised aetiologies 

In the year 1906, the first case of Alzheimer’s disease was diagnosed (Katzman, 2008). 

However, it was not identified as an important research field until recent decades, and the 

direct cause leading to the disease progression remains unknown (Katzman, 2008). Based on 

the pathologies observed in the post-mortem human brains, several hypotheses have come 

out throughout the years, with the involvement of misfolded proteins and neuroinflammation 

as driving factors (Querfurth and Laferla, 2010). This section will focus on the hypothesised 

aetiologies including the famous amyloid cascade hypothesis, tauopathy, neuroinflammation 

factors, Ca2+ hypothesis and cholinergic hypothesis for the development of AD.  
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1.1.3.1. Amyloid Cascade Hypothesis  

One of the major pathologies of AD is the Aβ plaques that are aggregates of Aβ42 peptides, 

which were found in the CSF of patients without any cognitive symptoms at early stage of AD 

(Katzman, 2008, Olsson et al., 2016). These Aβ-containing species might have been 

accumulating for at least 20 years in the brain regions important for memory, becoming the 

earliest detectable biomarker for the development of AD (Jack et al., 2010, Gordon et al., 2018, 

Jack et al., 2013). Therefore, over-expression of Aβ, either due to overproduction or reduced 

clearance, is believed to play a causative role for AD progression  (Leclerc and Abulrob, 2013, 

Benilova et al., 2012). As a consequence, it was firstly hypothesised that the imbalance 

between production and clearance causes accumulation of Aβ to initiate AD progression, 

which is known as the amyloid cascade hypothesis (Hardy and Higgins, 1992; Querfurth and 

LaFerla, 2010).   

The Aβ monomer (~4kDa) is a product of the cleavage of the transmembrane polypeptide APP 

(Sisodia and St George-Hyslop, 2002). Despite limited knowledge on its function, APP seems 

to play a role in initiating the transport of the cleavage enzymes for Aβ production (Adeela et 

al., 2001, Sisodia and St George-Hyslop, 2002). In the brain, one of the three isoforms of APP, 

APP695, can be cleaved in two distinct pathways (Figure 1.1) (Sisodia and St George-Hyslop, 

2002). In the non-amyloidogenic pathway, APP is cleaved by α-secretase between residues 

16 and 17 of Aβ, producing the neurotrophic soluble APP-α (sAPPα) that has neuroprotective 

functions (Morris et al., 2014). The remaining transmembrane peptide is then cleaved by γ-

secretase, inhibiting the production of Aβ species (Morris et al., 2014).  
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Figure 1.1. Two ways to cleave amyloid precursor protein (APP). 

In the non-amyloidogenic pathway, APP is cleaved by α-secretase followed by γ-secretase, 
resulting in sAPPα and amyloid intracellular domain (AICD). In AD, α-secretase is replaced by 
β-site APP cleaving enzyme 1 (BACE1), which cleaves at a different binding site, resulting in 
the production of Aβ peptides of different lengths (Querfurth and LaFerla, 2010; Morris et al., 
2014).  

 

 

Pathologically, however, β-site APP cleaving enzyme 1 (BACE1) is the first enzyme to cleave 

APP instead of α-secretase (Sisodia and St George-Hyslop, 2002). The cleavage by BACE1 leads 

to the production of intact and active Aβ of different lengths, including Aβ1-40 and Aβ1-42 

(Figure 1.1) (Sisodia and St George-Hyslop, 2002). The Aβ42 isoform has many deteriorating 

functions including disturbing Ca2+ homeostasis, causing the formation of NFTs and 

neuroinflammation (Hardy and Higgins, 1992, Heneka, 2017). Also, Aβ42 isoform tends to 

aggregate more easily, producing different types of soluble oligomers, highly-sheeted 

protofibrils and, finally, insoluble fibrils and plaques (Figure 1.2) (Benilova et al., 2012). In the 

amyloid cascade hypothesis, the products from BACE1 cleavage and Aβ42 aggregation can 

cause synaptic dysfunction, production of NFTs and neuroinflammation, triggering global 
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neuronal dysfunction and degeneration, and eventually leading to cognitive symptoms seen 

in the patients (Figure 1.2) (Hardy and Higgins, 1992, Goure et al., 2014, Ballard et al., 2011). 

 

 

Figure 1.2. Amyloid cascade hypothesis. 

Amyloid cascade hypothesis suggests that AD is caused by aggregation of Aβ42 that can trigger 
a cascade of events leading to massive neurodegeneration. Aβ42 is more prone to aggregate 
and cause the formation of soluble oligomers with different configurations. The resulting 
soluble oligomers form insoluble fibrils via different pathways. This extracellular Aβ 
accumulation leads to synaptic dysfunction, neuroinflammation and production of NFTs, 
eventually causing widespread neuronal injuries in the brains of AD patients. (Morris et al., 
2014, Glabe, 2008)  
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It was originally believed that neurodegeneration was originated from and caused by 

insoluble Aβ plaques (Pozueta et al., 2013), because unusually distorted and twisted dendrites 

were found close to the vicinity of Aβ plaques that could potentially make neurotransmission 

more difficult (Hyman and Gomez-Isla, 1994). However, soluble Aβ oligomers are now 

believed to be neurotoxic and do more harm to the synapse, whereas insoluble aggregates 

and Aβ monomers may be in fact involved in removing the toxicity of oligomers in vivo (Palop 

and Mucke, 2010, Goure et al., 2014).  

Notably, different configurations were found in soluble Aβ oligomers of the same size, and 

they exhibit different toxicity strength (Glabe, 2008, Deshpande et al., 2006). Soluble Aβ 

oligomers with a low molecular weight (LMW) of less than 75kD are composed of 15-20 

monomers and can be recognised by the conformational antibody A11 for prefibrillar 

oligomers that are rarely associated with plaques (Figure 1.2) (Kayed et al., 2003, Glabe, 2008). 

Interestingly, the prefibrillar oligomers could not be recognised by the OC antibody which is 

a conformational antibody specifically for the fibrillar oligomers whose molecular weight can 

go up to 500kDa (Figure 1.2) (Kayed et al., 2007, Glabe, 2008). However, the small LMW 

oligomers are thought to be easier to diffuse and contribute more to the progression of AD 

because they provide more growing ends of the β-sheets per unit mass of peptides for 

pathogenesis (Glabe, 2008).  

Occurring in human brains, the LMW soluble Aβ oligomers have a high affinity to the synapse 

and cell membrane, and 5nM soluble Aβ oligomers was sufficient to trigger rapid neuronal 

death in human cortical neurons in culture (Glabe, 2008, Deshpande et al., 2006). Aβ-derived 

diffusible ligands (ADDLs) are also soluble Aβ species but represent the fibrillary type of 

oligomers (Glabe, 2008). ADDLs induce similar toxicity as the LMW soluble Aβ oligomers but 
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require a 5-fold longer timescale for a comparable toxicity (Deshpande et al., 2006). In 

contrast, fibrillar Aβ, derived from these soluble Aβ species requires an even higher 

concentration and longer time to generate a modest neuronal death, suggesting a weaker 

toxicity than the soluble ones (Deshpande et al., 2006).   

The soluble Aβ oligomers can damage cells in the hippocampal formation and cortical regions 

that potentially leads to a deficit in memory and cognition in AD patients (Pozueta et al., 2013, 

Robert et al., 2013, Giuffrida et al., 2009, Goure et al., 2014).  In experimental models, 

memory impairment and cognitive deficits have also been observed in mice and rats treated 

acutely with micromolar concentration of LMW soluble Aβ oligomers (Benilova et al., 2012, 

Walsh et al., 2002). Therefore, soluble Aβ oligomers with a low molecular weight have 

aroused more attention for the mechanism of AD development, especially for investigating 

their effects in the early stage of AD.  

 

1.1.3.2. Tauopathy  

Tau is normally an abundant soluble protein in the axon of a neuron to promote assembly and 

stability of microtubules and assist vesicle transport (Querfurth and LaFerla, 2010). NFTs are 

formed from tau filaments as a result of aggregation of pathological insoluble tau protein 

(Benilova et al., 2012, Querfurth and Laferla, 2010). Similar to Aβ, the nonpathological helical 

filament form of tau proteins might be inert and protective (Andorfer et al., 2003, Lee et al., 

2005). However, the intermediate tau proteins (like Aβ oligomers) produced by 

hyperphosphorylation are toxic, which could cause the death of neurons and cognitive deficits 

(Santacruz et al., 2005, Iqbal et al., 2005, Benilova et al., 2012, Querfurth and Laferla, 2010).  
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Augmentation of hyperphosphorylated and total tau proteins in the cerebrospinal fluid was 

found to be associated with the reduction of scores in cognitive tests in AD patients (Wallin 

et al., 2006). Recently, it was found that tau phosphorylation played a role in the cognitive 

impairment induced by high dietary salt (Faraco et al., 2019). Mice treated with a high-salt 

diet for 12 weeks exhibited difficulties in recognising novel objects and exhibited deficits in 

spatial memory using the Barnes maze (Faraco et al., 2019). However, in tau-knock-out mice 

and mice treated with anti-tau antibodies, salt-induced cognitive impairment was inhibited, 

suggesting that tauopathy could be, to some extent, involved in the mechanism of AD 

development and progression (Faraco et al., 2019).  

 

1.1.3.3. Neuroinflammation in Alzheimer’s disease  

Evidence suggests that neuroinflammation plays a key role in the early stage of AD, becoming 

a third biological hallmark for the disease. Recent studies have showed the role of chronic 

neuroinflammation in AD aetiology, which may link Aβ and tau-pathology together (Daniels 

et al., 2016, Heppner et al., 2015, Morris et al., 2014).  

AD has recently been recognised as an autoimmune disease governed by the sterile 

inflammation in the brain (Meier-Stephenson et al., 2022, Weaver, 2021). Inflammation can 

be induced by bacterial or viral infections that are known as pathogen associated molecular 

patterns (PAMPs) (Lenart et al., 2016). In this case, the immune cells and anti-inflammatory 

cytokines and chemokines will be recruited to relief the immune response  (Lenart et al., 

2016). However, sterile inflammation is elicited by intracellular molecules coming out of the 

cell, which is defined as danger associated molecular patterns (DAMPs) (Lenart et al., 2016). 

Systemic sterile inflammation in the brain is dangerous, because instead of clearing infections, 
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it targets healthy cells and contribute to damage and cell death (Lenart et al., 2016). In the 

case of AD, the pathogens Aβ and tau could act as DAMPs and chronically exacerbate the 

damage of healthy neurons (White et al., 2017). 

The inflammatory response in the central nervous system (CNS) (aka. Neuroinflammation) is 

regulated by cytokines, chemokines, reactive oxygen species and second messengers 

(DiSabato et al., 2016). In fact, neuroinflammation is a coin of two sides. In response to 

transient and low neuroinflammation, it is helpful for neuronal remodelling and tissue repair; 

whereas for some traumatic injury and chronic neuroinflammation like AD, it is harmful as it 

leads to reduced plasticity and apoptosis (DiSabato et al., 2016). Also, the induction of 

neuroinflammation involves the production of both anti-inflammatory and pro-inflammatory 

molecules generated from microglia and astrocytes which are CNS glial cells (DiSabato et al., 

2016). For instance, interleukin-4 (IL-4) is beneficial in promoting axonal growth and neuronal 

recovery (DiSabato et al., 2016, Zhang and An, 2007). In contrast, using AD as an example, the 

pro-inflammatory cytokines IL-1β, tumour necrosis factor alpha (TNFα) and interferon gamma 

(IFN-γ) play essential roles in exacerbating the neuronal damage (DiSabato et al., 2016, 

Belkhelfa et al., 2014).  

Importantly, the clustering of activated microglia around plaques is one important 

characteristic of AD (Hansen et al., 2018). Microglia are innate CNS immune cells having the 

phagocytic property to attack pathogens and respond to neural injury (Hansen et al., 2018). 

Once activated, microglia are damaging in AD as they secrete pro-inflammatory factors 

mediating synaptic engulfment (Hansen et al., 2018). The microglial cell surface receptor 

triggering receptor expressed in myeloid cells 2 (TREM2) was found to be mutated in AD and 

increase the risk of the disease (Jonsson et al., 2013). Aβ functions as a DAMP to induce an 
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immune response in the brain, and the clearance requires forming complexes with 

lipoproteins (Takahashi et al., 2005). TREM2 is necessary for the phagocytotic function of 

microglia, whereas loss of TREM2 function by a mutation related to AD (R47H) impairs the 

uptake and clearance of Aβ (Takahashi et al., 2005). Microglia with mutated TREM2 also show 

a reduced ability to engulf debris from damaged neurons, unable to provide a healthy 

environment for normal neuronal and synaptic function (Hansen et al., 2018).  

Apart from reducing Aβ clearance, microglia also respond to Aβ as a DAMP and activate the 

NLRP3 inflammasome leading to the release of the pro-inflammatory cytokine IL-1β (Heneka, 

2017, Dansokho and Heneka, 2017). This then triggers caspase-1 dependent cell death or 

pyroptosis, which could further cause more neurodegeneration (Bergsbaken et al., 2009).  

Other than microglia, astrocytes are the other major cellular component of the innate 

immune system in CNS (Gonzalez-Reyes et al., 2017). Playing an essential role in the tripartite 

synapse for glutamatergic and GABAergic transmission in the brain (details see Chapter 4, 

Section 4.1.3 and 4.1.4), astrocytes are glial cells that can remove debris and toxins in the CSF 

(Gonzalez-Reyes et al., 2017). Proliferation of astrocytes have also been observed at the close 

vicinity of Aβ plaques and NFTs (Serrano-Pozo et al., 2011). However, this study will focus on 

the changes in microglia density and activation as a measure of neuroinflammation.  

 

1.1.3.4. Ca2+ Hypothesis of Alzheimer’s disease  

In late-onset sporadic AD (sAD), more than 120 types of PS1 mutations are inherited 

(McBrayer and Nixon, 2013, Ryan and Rossor, 2010, Campion et al., 1995). PS1 is a 65kDa 

holoprotein serving a proteolytic function in the γ-secretase complex (Honarnejad et al., 

2013). Cleavage of PS1 results in the catalytic subunit of the γ-secretase complex, which is 
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involved in cleavage of type 1 intramembrane substrates, including APP (Honarnejad et al., 

2013). Mutations in PS1 was shown to cleave APP in favour of producing neurotoxic Aβ42 

(Honarnejad et al., 2013, De Strooper et al., 1998). In fact, the PS1ΔE9 mutation was found to 

attenuate the activity of γ-secretase in human neurons by increasing the Aβ42/ Aβ40 ratio, 

instead of losing the function independent to γ-secretase (Woodruff et al., 2013).  

However, it is still worth noticing that the PS1 holoprotein can control lysosomal acidification 

and Ca2+ homeostasis in lysosomes and the endoplasmic reticulum (ER), which leads to the 

Ca2+ hypothesis for AD (Figure 1.3) (McBrayer and Nixon, 2013, Berridge, 2010). Dysregulation 

of Ca2+ homeostasis in lysosome and ER contributes to disruption of synaptic plasticity that 

can be triggered by PS1 mutation, which is observed in FAD patients and a number of 

transgenic animal models for AD (McBrayer and Nixon, 2013, Berridge, 2010).  
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Figure 1.3. A schematic of calcium hypothesis for Alzheimer’s disease. 

PS1 mutation leads to increase of intracellular calcium concentration by its action on lysosome 
and endoplasmic reticulum. ER: endoplasmic reticulum; IP3R: inositol trisphosphate receptor; 
RYR: ryanodine receptor; SERCA: sarco/endoplasmic reticulum Ca2+-ATPase; v-ATPase: 
vacuolar-ATPase.  

 

The loss of PS1 function could lead to a reduction of assembly and proton-pumping activities 

of the vacuolar-ATPase on lysosomes, causing less acidification and increased lysosomal pH 

level (McBrayer and Nixon, 2013). Deacidification in the lysosome results in impairment of 

autophagy function, which is an essential step to clear faulty misfolded and aggregated 
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proteins including the sticky Aβ42, which is poorly eliminated by normal protein degradation 

via the ubiquitin-proteasome system (McBrayer and Nixon, 2013). Additionally, the 

incomplete acidification of the lysosome is also mediated by the dysfunction of the chloride 

channel CLC7 expressed on the lysosome of microglia  (McBrayer and Nixon, 2013, Majumdar 

et al., 2011). Therefore, impaired lysosomal autophagy leads to diminished Aβ metabolism, 

with uncleared Aβ exacerbating the level of Aβ species.  

Failure of lysosomal acidification also impairs Ca2+ efflux from the lysosome, contributing to 

the elevation of cytosolic Ca2+ concentration (McBrayer and Nixon, 2013). However, this is a 

minor by-product of mal-acidification (Berridge, 2011). One of the major ways to 

pathologically increase intracellular Ca2+ concentration is via the ER where the PS1 mutation 

also plays a vital role (Berridge, 2011). PS1 could over activate the ryanodine receptor (RYR) 

and inositol trisphosphate receptor (IP3R) on the ER, to increase efflux of Ca2+ (Berridge, 2011). 

RYR in turn modulates the IP3R function to exacerbate its activation (Berridge, 2011). The 

influx of ER Ca2+ is via the sarco/endoplasmic reticulum Ca2+-ATPase (SERCA) channel, yet in 

PS1 mutated mice or PS1 knock-out mice/cells, the SERCA channel activity is diminished, 

leading to less Ca2+ reuptake, and further contributes to the increased intracellular 

Ca2+concentration (Berridge, 2011).  

In the case of AD, increases in neuronal Ca2+ concentration that results from altered ER and 

lysosomal Ca2+ homeostasis will pathologically activate calpain activity (McBrayer and Nixon, 

2013). Calpain is a protease that is mostly present in the CNS. Calpain-1 is concentrated at the 

synapse, while calpain-2 is bound to the NFTs that result from hyperphosphorylation of tau 

(McBrayer and Nixon, 2013). Calpain activation could enhance cleavage of IP3R that in turn 

contributes to changes in ER Ca2+efflux (McBrayer and Nixon, 2013). Additionally, in the AD 
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brain, there is a decrease of an endogenous inhibitor of calpain, calpastatin (McBrayer and 

Nixon, 2013, Rao et al., 2008). This enhances the calpain activity to activate the downstream 

molecular cascade including CDK5, ERK1/2, GSK3β, which then contributes to the 

hyperphosphorylation of tau that is a common pathway that is also seen in sporadic AD 

(McBrayer and Nixon, 2013, Rao et al., 2008). Therefore, Ca2+ elevation not only affects the 

production of NFTs, but the elevated intraneuronal Ca2+ concentration per se is sufficient to 

cause synaptic dysfunction by enhancing long-term depression as well as impairing short-

term plasticity (Berridge, 2011). Therefore, the disturbed Ca2+ homeostasis might equally play 

a critical role in the pathophysiology of AD progression.  

 

1.1.3.5. Cholinergic Hypothesis 

Memory and cognitive difficulties seen in AD patients are also believed to be associated with 

degeneration of cholinergic neurones in the basal forebrain, which is known as the cholinergic 

hypothesis of AD (Newman et al., 2012). Generally, there is a decrease of choline 

acetyltransferase, the enzyme producing acetylcholine (ACh), thus, affecting ACh synthesis; 

the binding between ACh and its receptors is not as efficient as in normal individuals, leading 

to cognitive impairment of the patients (Francis et al., 1999). Indeed, blockade of cholinergic 

receptors and lesions of cholinergic neurones affect working and episodic memory as well as 

attention, whereas administration of ACh improves working memory and enhances LTP in rats 

(Newman et al., 2012). In contrast, activation of cholinergic receptors with nicotine can boost 

attention and slow AD progression in humans (Newman et al., 2012, van Duijn and Hofman, 

1991).  
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1.1.4. Current pharmacological treatments for AD 

The U.S. Food and Drug Administration (FDA) has currently approved seven pharmacological 

treatments for AD. Five of them are for alleviating AD symptoms, namely donepezil (Aricept), 

rivastigmine (Exelon), galantamine (Reminyl), memantine (Namenda), and memantine 

combined with donepezil (Alzheimer’sAssociation, 2022). Memantine blocks the activity of 

glutamatergic N-methyl-d-aspartate (NMDA) receptors to prevent over stimulation by the 

neurotransmitter glutamate, while the others are selective reversible inhibitors of 

acetylcholinesterase (AChE) (Razay and Wilcock, 2008, Polinsky, 1998, Wilkinson, 1999, 

Johnson and Kotermanski, 2006). In the UK, the three AChE inhibitors are used to treat mild 

to moderate AD, while Memantine is for moderate to severe AD (National Health Service, 

2023).  However, all these current medications are unable to slow down the disease 

progression or cure the disease and have mild side effects like nausea and headache 

(Yiannopoulou and Papageorgiou, 2013, Alzheimer’sAssociation, 2022).  

On the 7th June, 2021 the FDA gave an accelerated approval to the drug Aducanumab 

(Aduhelm), which is currently the sixth approved drug for AD in the US (Yang and Sun, 2021). 

Unlike the others, Aducanumab targets an underlying mechanism in relation to the 

progression of AD. It is a human monoclonal antibody that binds to Aβ aggregates and 

recognises plaques, and can dose-dependently remove Aβ pathologies (Yang and Sun, 2021). 

The appearance of Aducanumab brings hope to millions of AD patients and their caregivers 

because of its target, although is not approved and unavailable in Europe and the UK due to 

the decision of the European Medicines Agency (EMA) (Yang and Sun, 2021, Lythgoe et al., 

2022). FDA normally has a very high degree of concordance with the EMA in approving novel 

medications, yet the disagreement on Aducanumab is of surprise and controversial (Lythgoe 

et al., 2022). Aducanumab was said to have unreliable clinical evidence of cognitive 
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improvement and was claimed unsafe, with severe side effect including brain swelling and 

bleeding (Lythgoe et al., 2022, Ackley et al., 2021).  

Luckily, the most recent (January 2023) FDA approved drug Lecanemab (Leqembi) was shown 

to significantly reduce Aβ plaques, slowing the disease progress by elongating the duration 

between MCI to mild AD and shortening the time from moderate to severe AD (van Dyck et 

al., 2023, McDade et al., 2022, Tahami Monfared et al., 2022). Lecanemab is also a humanised 

monoclonal antibody but targeting Aβ soluble protofibrils – a type of soluble Aβ oligomer in 

the early stage of AD (van Dyck et al., 2023).  Although the administration of Lecanemab also 

results in side effects like oedema in about 13% of participants, this current success in the 

clinical trial definitely brings hopes for AD prevention, and further shows that the role of 

neurotoxic soluble Aβ oligomers in the early stage of the disease (van Dyck et al., 2023).  

Nevertheless, it should be noted that AD is still an unmet clinical need, despite the recent 

novel treatments. It is crucial and valuable to deepen the understanding of the neurochemical 

mechanisms of AD to develop more effective pharmaceutical compounds or strategies to 

early AD diagnosis, intervention, treatment, and a final control of disease progression (Kazim 

et al., 2021). 

 

1.2. Animal models for AD research  

To study the fundamental mechanism and screen promising pharmacological targets for the 

treatment of AD, a number of preclinical animal models have been developed. They can be 

generally divided into two groups, the acute and the transgenic models, but most of them are 

built based on the amyloid cascade hypothesis (Figure 1.2). The acute model mainly studies 

the transient action of soluble Aβ monomers and/or oligomers following direct cranial 
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injection of either synthetic, brain-isolated or cell-derived soluble Aβ oligomers, in vitro or in 

vivo (Palop and Mucke, 2010, Watremez et al., 2018, Lesné et al., 2006, Podlisny et al., 1995), 

whereas the majority of the studies carried out in the transgenic models transfect single or 

multiple human genes related with AD into mice or rats.  

 

1.2.1. Non-transgenic Models  

In this model, a single dose of Aβ is directly administrated in vivo or ex vivo in rodents and the 

behaviour and synaptic function are tested several hours to days after administration. There 

is gathering evidence that Aβ can cause memory impairments and alter synaptic functions 

using the acute model.  

The source of Aβ can be synthetic soluble Aβ oligomers, be extracted from human AD brains, 

or derived from cells. For example, amyloid-β-derived diffusible ligands (ADDLs) is one of the 

commonly used synthetic Aβ for the acute models (Lambert et al., 1998). They can also be 

produced from Chinese hamster ovary (CHO) cells transfected with human mutated APP 

genes where the Valine at residue 717 is substituted with Phenylalanine, and these modified 

CHO cells are referred to as 7PA2 (Podlisny et al., 1995). The 7PA2 cell medium (CM) contains 

a mixture of soluble Aβ oligomers species, whereas the CHO CM acts as vehicle control (Cleary 

et al., 2004, Walsh et al., 2002, Podlisny et al., 1995). With different preparation procedures, 

other types of Aβ oligomers such as prefibrillar Aβ oligomers that are either OC-positive or 

OC-negative and the fibrillar oligomers, can also be made (Kayed et al., 2007).  

Several studies using the acute model for AD have been summarised in Table 1.1 with their 

behavioural and synaptic effects concluded.  
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Table 1.1. Non-transgenic models in Alzheimer’s disease research 

Animal Injection Behaviour Synaptic function 

Rat - P21 brain 
slices. 
(Lambert et al., 
1998) 

In vitro application of 
synthetic ADDLs 

 ADDLs rapidly 
inhibited in vitro 
LTP at the medial 
perforant path- 
dentate gyrus 
granule cell circuit.  

Adult male 
Sprague-Dawley 
rats  
(O'Hare et al., 
1999) 
  

Bilateral injection of 
5.0 μl of aggregated 
Aβ42 suspension into 
dorsal hippocampal 
CA3.  
 

Cognitive deficits 
seen as significantly 
higher numbers of 
incorrect lever 
perseverations in 
the alternating lever 
cyclic ratio (ALCR) 
test from day 50 to 
90 after 
administration.  

 

Adult male Wistar 
rats  
(Walsh et al., 2002) 
 

In vivo microinjection 
of 7PA2 CM (1.5 µl 
intracerebroventricular 
i.c.v.) 

 • In vivo LTP was 
completely blocked 
in hippocampal CA1 
region at 3 h post-
stimulation with 
the 7PA2 CM.  
• LTP was 
selectively blocked 
by Aβ oligomers in 
the absence of 
monomers, 
protofibrils or fibrils 

Adult female Lister 
Hooded rats 
(Watremez et al., 
2018) 
 

In vivo i.c.v. injection 
of 5 nmol of synthetic 
Aβ oligomers (10μl) 

Cognitive deficits in 
the novel object 
recognition task. 

A decrease of 
synaptic markers 
(SNAP-25 and PSD-
95) in the frontal 
cortex.  

 

In summary, it is difficult to study the underlying mechanism of pathogenic effects of 

oligomeric Aβ with acute injection of synthetic Aβ peptides, because it is simply not capable 

to reproduce APP processing in human brains, and further, synthetic Aβ oligomers can 

become insoluble and crystallised before the injection (Kayed et al., 2007, Lambert et al., 1998, 

Morris et al., 2014). Nevertheless, albeit the acute models are limited in relation to modelling 
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disease pathologies to investigate the progression of the disease, they are still useful in 

investigating the transient effect of Aβ species.  

 

1.2.2. Transgenic Models  

Thanks to the discovery of genetic mutations linked with AD, many animal models of AD have 

been developed, which is essential to study the process of early pathology, as patients show 

histopathological alterations in their brains prior to clinical symptoms (Bilkei-Gorzo, 2014). 

There are so far 214 transgenic models for AD that mimic the disease through elevation of 

aberrant Aβ42 and/or NFTs without changing the normal physiology in other parts of the body 

(Alzforum, 2023). Among these transgenic models for AD, the APP23 mice, APP/PS1 mice, 

5xFAD mice, and 3xTg mice are the most commonly used mutations of the models.  

1.2.2.1. Transgenic Mouse Models 

APP23 line overexpresses human APP by a single Swedish mutation, causing extensive Aβ42 

deposition detectable at 6 months of age (Bilkei-Gorzo, 2014). Addition of a mutation in the 

PSEN1 gene gives rise to the APP/PS1 model. Although substantial NFT load and brain atrophy 

are not present in this model, pathologies involved in early stage of the disease are present, 

especially in the hippocampus (Bilkei-Gorzo, 2014).  

The 5xFAD mice have five mutations, three of which are human APP genes with Swedish, 

Florida and London mutations, and the other two are presenilin mutations. They express age-

dependent memory deficits and produce extracellular plaques by two months of age, but they 

do not show NFTs (Oakley et al., 2006). The 5xFAD mouse model is one of the most common 

preclinical models used in AD research, but it has poor construct validity. For example, it 
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displays excessive amount of Aβ compared to what is observed in AD patients (Drummond 

and Wisniewski, 2017) .  

However, although transgenic rodent models express AD-like behavioural symptoms, some 

of them could not entirely represent AD pathologies such as the failure to express massive 

loss of hippocampal neurons or tauopathy (Bilkei-Gorzo, 2014). In both APP23 and APP/PS1 

line, hyperphosphorylated tau can be detected close to the plaques but NFTs are barely 

observable (Bilkei-Gorzo, 2014). These transgenic animals only show other AD-like 

pathologies when additional transgenes are added which are not expressed in familial AD 

(Oddo et al., 2003, Cohen et al., 2013). Therefore, the 3xTgAD model was developed to show 

both amyloid plaques and NFTs by adding one more mutation in MAPT gene to the APP/PS1 

line (Alzforum, 2023). 

In the 3xTg mouse model of AD, Aβ42 and NTFs appear progressively dependent on age 

(Mastrangelo and Bowers, 2008). The immunoactivity of intracellular Aβ42 can be detected at 

three to four months of age, with extracellular Aβ42 present at 6 months and strong 

expression of Aβ42 by the twelfth month (Billings et al., 2005). Cognitive and synaptic plasticity 

deficits for this model appear early at 4 months old, whereas aggregation of 

hyperphosphorylated tau can be detected later at 12 to 15 months, but synaptic deficit as 

measured by paired-pulse facilitation was impaired in the young 3xTg rats (4-6mo) in CA1 and 

dentate gyrus in vivo (Mastrangelo and Bowers, 2008, Davis et al., 2014). They also show 

impaired baseline transmission and severely reduced long-term potentiation at 6 months of 

age before the formation of tangles or plaques (Oddo et al., 2003). The 3xTg model shares the 

most similarities in pathological and behavioural symptoms with AD patients compared to 

APP/PS1 and APP23 models. 
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1.2.2.2. Transgenic Rat Models  

Evolutionally, rats are 4 to 5 million years closer to human compared to mice, and hence they 

are believed to provide a more reliable model to study AD than transgenic mice (Cohen et al., 

2013, Yang et al., 2004). There are currently 17 AD models using rats (Alzforum, 2023). For 

example, there are previous ones like the APP21, and McGill-R-Thy1-APP models carry human 

APP695 transgene in Fisher 344 rats and APP751 transgenes in Wistar rats (Chan Anthony et 

al., 2008, Leon et al., 2010). In the APP21 model, amyloid plaques do not appear until 18 

months of age, whereas in the McGill-R-Thy1-APP model, the plaques appear in hippocampus 

starting from 6 months old (Chan Anthony et al., 2008, Leon et al., 2010). In both models, 

cognitive deficits indicated by deficits in the Morris water maze showed at 3 months of age 

(Chan Anthony et al., 2008, Leon et al., 2010). Newer ones use Crispr/Cas9 gene editing 

technology to knock in humanised APP gene into rats with Long Evans or Sprague Dawley 

background (Serneels et al., 2020, Pang et al., 2022). For example, the homozygous APP Swe-

Arc-Ibe knock-in rats showed spatial memory deficits in the Morris water maze at 5 months 

old and a loss of synaptic proteins at the age of 9 months in the hippocampus, but showed 

rapid Aβ aggregation as early as 1 month (Pang et al., 2022).   

Some rat models carry both APP and PS1 mutations. For example, a rat model with a Fischer 

344 background, which displays a complete range of age-dependent AD pathologies and 

cognitive impairment (known as TgF344-AD rats) (Cohen et al., 2013). This model contains 

“Swedish” mutant human APP (APPsw) and delta exon 9 mutant human presenilin-1 (PS1ΔE9) 

(Cohen et al., 2013). Noted that there are many mutations of APP and PS1, for example, the 

G384A mutation seen in the APP23xPS45 mice can specifically destroy Ca2+ leak function 

(Nelson et al., 2007). In this animal model, the APPsw mutation generally augments the 

production of Aβ species, with Aβ42/Aβ40 ratio unaffected (Citron et al., 1994, Citron et al., 
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1992). In contrast, the PS1ΔE9 mutation impairs APP processing, resulting in increased Aβ42 

and Aβ42/Aβ40 ratio (Woodruff et al., 2013, Dumanchin et al., 2006, Cacquevel et al., 2012). It 

also disrupts a range of intracellular functions including causing defected mitochondrial and 

autophagic function, astrocytic response to inflammatory triggers and calcium homeostasis 

without Aβ pathology (Rojas-Charry et al., 2020, Oksanen et al., 2020).    

The TgF344-AD rats have a high concentration of soluble Aβ at 6 months of age before the 

formation of amyloid deposition and neurodegeneration. At 9 months old, these animals have 

abundant amounts of soluble Aβ before other pathologies become obvious (Cohen et al., 

2013). The TgF344-AD rats express 2.6 times more human APP proteins than endogenous rat 

APP and 6.2 times more human PS1ΔE9 protein compared to endogenous rat N-terminal PS1 

fragment in the wildtype controls quantified by Western blot (Cohen et al., 2013). They show 

age-dependent increases in levels of detergent-soluble and detergent-insoluble Aβ40 and Aβ42 

between 6 and 26 months; the Aβ42/Aβ40 ratio increases with age in the soluble fraction but 

decreases in the insoluble fraction (Cohen et al., 2013). 

There are also some rat models that only express mutations in tau but not Aβ genes using the 

spontaneously hypertensive rat (SHR) strain. These animals demonstrate NFTs in the cortex 

and hippocampus at about 8 to 9 months of age (Valachova et al., 2018, Hrnkova et al., 2007, 

Koson et al., 2008). But they have a shorter lifespan, as short as 7 to 14 months compared to 

the wild-type rats (approximately 22 to 24 months), and the SHR24 model do not express 

neuronal loss in the cortex or hippocampus, which cannot fully mimic AD phenotypes (Filipcik 

et al., 2012, Valachova et al., 2018).  

In conclusion, this section introduced some of the most commonly used transgenic mice 

models such as the 5xFAD and 3xTg mice, and novel transgenic rat models such as the TgF344-
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AD rats. Evidenced from human genetic mutations, alterations in APP genes and presenilin 1 

and 2 (PS1/PS2) trigger deposition of Aβ, which is one of the major causes of early-onset AD 

(Selkoe, 2001, Cohen et al., 2013). Using the animal models developed based on the human 

familial AD, different pharmacological components could be tested on to screen possible 

therapies for AD patients. However, some models do not fully match and sometimes 

exaggerate the physiological symptoms in patients. It is still controversial whether Aβ itself is 

required and sufficient to trigger the cascade of AD pathologies (Cohen et al., 2013). Although 

these transgenic models are useful and an advantage to study the relationship of genotype 

to phenotype in familial AD (Selkoe, 2001), more reliable preclinical models that can model 

sporadic AD should be developed to fully understand the mechanism of the progression of 

this disease and for successful drug screening.  

 

1.3. The association between memory and hippocampus  

The structures for memory functions include hippocampus, entorhinal, perirhinal cortices, as 

well as postrhinal cortex (parahippocampus in human) (Squire and Zola-Morgan, 1991, 

Cherubini and Miles, 2015). Place cells and grid cells that are important for episodic and 

spatial memory are found in the hippocampus (Moser et al., 2015). Located at the temporal 

lobe and being a part of the limbic system, the hippocampus can be roughly separated into 

the dorsal and ventral parts, and they generally have different functions (Anand and Dhikav, 

2012). Essentially, the dorsal hippocampus primarily performs cognitive functions for learning 

and memory, whereas the ventral hippocampus is more associated with stress and emotions 

(Fanselow and Dong, 2010, Lee et al., 2019).  
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In rodents, dorsal hippocampus could be further segregated into Cornu Ammonis 1, 2 and 3 

(CA1, CA2 and CA3) and dentate gyrus (DG) (Clark and Squire, 2013) (Figure 1.3). Subiculum 

(S) also makes up an important part of the hippocampus, but it is more visible in the ventral 

hippocampal sections (Clark and Squire, 2013, Paxinos and Watson, 2007). The hippocampus 

receives sensory information form layer II of the entorhinal cortex (EC) to DG via the perforant 

path, and the excitatory input from DG proceeds to CA3 through mossy fibres (Clark and 

Squire, 2013). CA3 inputs synapses on the CA1 pyramidal cells, known as the Schaffer 

collateral pathway, but CA3 also receives recurrent input (Clark and Squire, 2013). CA1 also 

receives monosynaptic inputs from layer III of the EC as well as receiving CA2 input to its 

superficial layer (Clark and Squire, 2013, Kohara et al., 2014). Lastly, CA1 outputs project to 

the subiculum and layer V of the EC (Clark and Squire, 2013).  

EC being an input to the hippocampus, is one of the first affected regions in AD patients (Kazim 

et al., 2021, Braak and Braak, 1996, Braak and Braak, 1991). Also, the NFTs firstly attack CA1, 

followed by subiculum, and then CA2 and CA3 (Braak and Braak, 1991, Braak et al., 1993). 

Since the hippocampus is involved in learning and memory, it is very plastic but vulnerable to 

different external stimuli (Anand and Dhikav, 2012). In this section, the way that the 

hippocampus encodes memory will be briefly introduced, as well as how this is affected in 

the early stage of AD.  
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Figure 1.4. Hippocampal circuits of rodents. 

There are three major glutamatergic (excitatory) pathways in the rodent hippocampus. A. 
Schaffer collateral pathway from CA3 pyramidal cells to CA1 pyramidal cells. B. Tempero-
ammonic path from entorhinal cortex (EC) layer III to the apical dendrites of CA1 and 
subiculum. C. Perforant path from EC layer II to the dentate gyrus. (Davis et al., 2014) 

 

 

1.3.1. Hippocampal oscillations and memory  

The hippocampal functions of spatial navigation and memory processing are controlled by 

synchronous firing of neurons, which is known as rhythmic oscillations (Lopez-Madrona et al., 

2020, Pastalkova et al., 2008, Passingham, 1979). Oscillations at multiple frequencies can 

generate simultaneously in the hippocampus, where theta (4-8Hz) and gamma (30-100Hz) 

oscillations are important for memory and cognition (Lopez-Madrona et al., 2020, Lisman, 

2010). Sharp wave ripple (SWR) oscillation which is a brief high-frequency oscillation (140–

240Hz) in the hippocampus is associated with social and episodic memory consolidation 

(Wiegand et al., 2016).   

The activity of theta rhythm is generated from layer II and III of the EC and travels the pathway 

of the hippocampal trisynaptic circuits (Figure 1.3) (Buzsaki, 2002, Lopez-Madrona et al., 

2020). Using a lot of animal and computational models of different species, a number of roles 
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of theta oscillation have been hypothesised since the middle of the 20th century, including 

arousal signals in rapid-eye movement sleep, information processing, decision making, and 

memory consolidation (Buzsáki, 2005). In theory, memory encoding is processed by input 

from EC into the  CA1 at a specific theta phase, while memory retrieval happens when CA3 

input arrives CA1 at various phases of theta waves (Lopez-Madrona et al., 2020, Douchamps 

et al., 2013, Hasselmo et al., 2002, Siegle and Wilson, 2014). Therefore, CA1 is a crucial place 

to record changes related to memory processing.  

Gamma activity is nested within the theta rhythm and provides an organizational substrate 

for representing serial pieces of information (Colgin and Moser, 2010, Penttonen et al., 1998). 

Hippocampal gamma oscillations are generated by interneurons, which are crucial for 

balancing excitatory and inhibitory output. It is also important in selecting the hippocampal 

input for long-term storage and facilitating memory encoding (Colgin and Moser, 2010). 

Gamma activity is commonly observed in many cortical regions during sleep and wake stages, 

but in neurological diseases, including schizophrenia, autism and dementia, changes in 

gamma oscillations have been observed (Tukker et al., 2007, Uhlhaas and Singer, 2006, 

Buzsaki and Wang, 2012).  

Clinical studies found impaired theta and gamma oscillations. Using resting-state 

electroencephalogram (EEG), AD patients showed increased slow oscillation power (delta 1-

3Hz and theta 3-7Hz) as well as enhanced coherence compared to age-matched controls 

(Meghdadi et al., 2021). MCI patients also showed increased slow wave power in the temporal 

lobe (Meghdadi et al., 2021). Notably, normal ageing showed decreased slow wave power 

(Meghdadi et al., 2021), suggesting the route of AD brains is pathological.  
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Theta-gamma coupling (TGC) is an emerging biological feature that is related to AD (Kitchigina, 

2018). Gamma activity can be nested into the peak of theta oscillation, representing cortical 

excitability and interactions among networks, and is considered as a process of memory 

encoding (Cope et al., 2022, Goodman et al., 2018, Kitchigina, 2018). TGC provides sufficient 

space to store combined and versatile memory information, becoming an early marker of 

neuronal circuit dysfunction relevant for AD (Lopez-Madrona et al., 2020, Joo et al., 2016). 

The strength of TGC in the hippocampus directly correlates with cognitive function during 

spatial learning (Kitchigina, 2018; Tort et al., 2009). Impaired TGC has been observed in 

patients with schizophrenia and other neurological disorders, as well as patients at early 

stages of AD (Lopez-Madrona et al., 2020). In patients with AD, their TGC is reduced compared 

to the age-matched controls (Goodman et al., 2018). In transgenic animals, theta-gamma 

modulation is present both in the low gamma (35-60 Hz) and in the high gamma (100-120Hz) 

bands, and much attenuated in the TgF344-AD littermates (Joo et al., 2016).   

 

1.3.2. Impaired long-term plasticity in models for Alzheimer’s disease  

Long-term synaptic plasticity can be studied with an evoked phenomenon called long-term 

potentiation (LTP), which is a cellular model for learning and memory. The establishment of 

LTP suggests the synapse is strengthened. One of the classic protocols for LTP induction is 

activating the Schaffer collateral pathway from CA3 region of hippocampus to CA1 pyramidal 

cells (O'Hare et al., 2013, Buzsáki, 1980).  

There is gathering evidence that Aβ can alter LTP induction and cause memory defects. 

Treatment with soluble Aβ oligomers extracted from human AD brains inhibits LTP in mouse 
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hippocampal slices and disrupt the ability for mice to learn (Ganesh et al., 2008). Synthetic 

ADDL also inhibit LTP both in vitro and in vivo in ADDL-treated mice (Lambert et al., 1998).  

Acute application of cell derived soluble Aβ oligomers on cognition and synaptic plasticity 

have been extensively studied in vitro and in vivo (Walsh et al., 2005, Klyubin et al., 2005, 

Walsh et al., 2002). For example, Aβ oligomers produced from the 7PA2 cell line (Chinese 

hamster ovary cells affected with human APP) could acutely inhibit LTP induction at the CA1 

region of the Schaffer collateral pathway when the cell medium was injected to the ventricles 

in the rat brains, while the LTP could be rescued if Aβ was blocked by antibodies (Walsh et al., 

2002). Administration of 7PA2 cell medium in the ventricles could also rapidly inhibit 

hippocampal LTP induction in vitro and in vivo, with the complex learning ability of these 

animals transiently impaired (O'Hare et al., 2013, Townsend et al., 2006).  

In transgenic models, the loss of LTP establishment is also strongly linked with deposition of 

soluble Aβ (Palop and Mucke, 2010). For example, the 7-month-old Tg2576 mice with APP 

transgenes showed attenuated LTP in hippocampal CA1 (Townsend et al., 2010). Deficits in 

synaptic transmission observed in these middle-aged mice was not seen in younger or older 

animals, suggesting that the damaged effect of Aβ is mainly due to the soluble form but not 

the insoluble plaques (Townsend et al., 2010).  

 

1.3.3. Hippocampal hyperexcitability in Alzheimer’s disease   

Hyperexcitability means the threshold or probability to activate a neuron by a stimulus is 

reduced (Targa Dias Anastacio et al., 2022). Enhanced hippocampal activation was observed 

in patients with mild cognitive impairment (MCI) when performing memory tasks using 

imaging methods like functional magnetic resonance imaging (fMRI) (Dickerson et al., 2005, 
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Hamalainen et al., 2007). Interestingly, this hyperactivity was not seen in normal ageing or AD 

patients, and AD patients in fact had hypoactivation in the hippocampus and entorhinal cortex, 

suggesting that the hippocampal hyperactivity could be a phenomenon related to the early 

stage of the disease (Dickerson et al., 2005, Hamalainen et al., 2007). Moreover, enhanced 

brain activity in neocortex and hippocampus was also frequently found in LOAD patients who 

carry the ApoE ε4 alleles at the pre-symptomatic stage (Bookheimer et al., 2000).  

In animal models and cell models for AD, hippocampal synaptic hyperexcitability was also 

shown as increased burst firing or reduced threshold of neurons  (McGarrity et al., 2017, 

Ghatak et al., 2019, Kazim et al., 2017). Young APP23xPS45 mice at about 2 months of age 

showed an increased number of hyperactive pyramidal neurons at hippocampal CA1 region 

(Busche et al., 2008). Also, enhanced synchronising network activity has been suggested in 

the development of AD, where patients co-expressing epileptiform activity exhibit higher rate 

of disease progression (Vossel et al., 2017, Das et al., 2021). Additionally, there is evidence 

that blocking hyperexcitability in a mouse model of AD (5xFAD model) could reduce Aβ 

deposition (Gail Canter et al., 2019). Thus, hippocampal hyperexcitability occurs at different 

levels in the early stage of AD and could have therapeutic benefit for halting the disease 

progression (Targa Dias Anastacio et al., 2022).  

There are several potential causes for increased neuronal excitability, including synaptic 

disinhibition, dysregulated Ca2+ homeostasis, the role of glial cells and neuroinflammation, 

higher activity of glutamatergic neurotransmission, as well as the direct effect of AD 

pathologies Aβ and tau (Targa Dias Anastacio et al., 2022). Aβ could induce release of 

glutamate and D-serine from astrocytes and microglia to overactivate the glutamatergic N-

methyl-D-aspartate (NMDA) receptor (Talantova et al., 2013, Wu et al., 2004). Glutamate 
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reuptake, found to be diminished after administration of soluble Aβ, increased the neuronal 

activity in hippocampal CA1 region (Zott et al., 2019). Moreover, Aβ is directly linked with 

increased neuronal activity via enhancing Ca2+ influx through L-type voltage-sensitive calcium 

channels (Ho et al., 2001).  

Interestingly, a study suggested that the origin of the hyperexcitability could be related to 

relatively reduced synapse inhibition rather than overflow of intracellular Ca2+ (Busche et al., 

2008). The direct evidence came from a set of experiments using two-photon Ca2+ imaging in 

the APP23xPS45 mice, where the frequency of neuronal activity increased near the proximity 

to the Aβ deposition (Busche et al., 2008). This spontaneous Ca2+ activity could be completely 

and reversibly silenced by the sodium channel blocker, tetrodotoxin (TTX), suggesting the Ca2+ 

response was fully generated by the firing of action potential rather than background Ca2+ 

(Busche et al., 2008). Additionally, the activity of the hyperactivated neuron could be reduced 

by diazepam, the agonist of γ-aminobutyric acid type A (GABAA) receptor, whereas their 

activity was increased with the GABAA receptor antagonist, gabazine (Busche et al., 2008).  

 

1.3.4. Synaptic E/I balance and Alzheimer’s disease 

The balance of excitatory/inhibitory (E/I) input is essential for normal brain function and 

maintaining the homeostasis of synaptic plasticity (Bi et al., 2020). E/I balance is modulated 

by the fine tuning in weighing out excitatory and inhibitory neurotransmission in response to 

external stimuli (Bi et al., 2020). Significantly increased synaptic E/I ratio was shown in the 

post-mortem parietal cortex of AD patients (Lauterborn et al., 2021).  

Importantly, epileptiform activity in the brain can also be manifested as a type of hyperactivity 

by shifting the E/I balance towards excitation (Targa Dias Anastacio et al., 2022). Many studies 
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have shown the increased prevalence of developing seizures and epilepsy in patients with 

mild dementia (Pandis and Scarmeas, 2012, Cuesta et al., 2022, Bi et al., 2020). In patients 

with the epileptiform activities, the gamma frequency power generated by GABAergic 

interneurons was significantly reduced, suggesting that the loss of interneuron inhibition 

might contribute to the hyperexcitability (Cuesta et al., 2022). Also, in experimental models 

for epilepsy, reduced hippocampal inhibition and selective loss of interneurons was reported 

(Sloviter, 1987). Therefore, there might be a possible loss of E/I balance and a potential 

disinhibition in the brain regions that are hyperexcitable.  

In fact, seizure and AD share many pathologies, seizure worsens the cognitive decline of the 

patients (Vossel et al., 2017). Low dose of antiepileptic drugs such as levetiracetam were 

shown to be beneficial to AD patients with improved hippocampal-based memory tasks, and 

they were efficacious in reducing neuronal hyperexcitability in AD mice models (Vossel et al., 

2017, Bakker et al., 2015). Also interestingly, in a study using brain tissue from patients with 

temporal lobe epilepsy but without cognitive deficits, Aβ plaques were found in the temporal 

lobectomy samples in about 10% of the patients (Vossel et al., 2017).  

Thus, in the early stage of AD, a similar underlying mechanism could be involved as it is in 

seizures. Re-balancing the E/I input in patients with mild cognitive decline might be of 

pharmacological benefit to target.  

 

1.4. Hypothesis and Aims  

Hippocampal circuitry dysfunction has already been observed in AD patients at the 

presymptomatic stage of the disease. Since AD is still uncured and the underlying mechanism 

that drives the disease progression remains unclear, it is important to investigate this 
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question further. The TgF344 transgenic rat model for AD is a well-characterised model with 

age-dependent accumulation of Aβ, as well as tauopathy and neuroinflammation phenotypes 

without expression of genes for hyperphosphorylated tau. Therefore, TgF344-AD rats could 

be a useful model to study the mechanism associated with the prodromal stage of AD, such 

as synaptic functions, pathologies and changes in E/I balance.  

In this project, the association between electrophysiological and pathological changes were 

investigated in adult TgF344-AD and age-matched wildtype rats at the ages when the amount 

of soluble Aβ oligomers but not plaques was found to be abundant. Specifically, using the 6- 

and 9-month-old male TgF344-AD rats and age-matched wildtype controls, changes in 

synaptic strength and short- and long-term plasticity were measured for CA3 evoked CA1 

responses in the dorsal hippocampus using in vivo electrophysiology. Next, pilot analysis for 

synaptic plasticity was carried out in the DG from the same recording electrode for the 

CA3→DG circuit. Lastly, markers for synaptic function, GABAergic inhibition and 

glutamatergic transmission were studied using automated capillary-based immunoblotting 

method as well as immunostaining using the post-mortem brain tissues of 6- and 9-month-

old rats.  

From this set of studies, we aim to get a better understanding of the pathogenesis to synaptic 

dysfunction that might lead to cognitive impairment, at the pre-symptomatic stage of AD. It 

will also help provide more information about this preclinical model to examine its validity for 

future drug screening.  

 

 

 

 



 
 

49 

 

 

 

 

 

 

 

 

 

 

 

 

 

Chapter 2. In vivo electrophysiology – evoked responses in 

CA1 in dorsal hippocampus 
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2.1. Introduction 

The hippocampal formation is crucial for encoding and retrieving declarative memory. This 

includes episodic memory, which represents personal experiences or places and associated 

events (Buzsáki, 2005, Cohen, 1993, Eichenbaum, 2000). Whilst episodic memory is claimed 

to be unique to human (Tulving, 2002), many researchers have claimed  to show episodic-like 

memory in bird and rodent species  (Clayton and Dickinson, 1998, Eacott and Norman, 2004, 

Davis et al., 2013). The storage of information as memory has been suggested to require 

strengthening of synaptic weights between activated neurones both within and between 

different regions of the hippocampal formation (Eichenbaum, 2000, Chapman et al., 1999). 

This region was found to be one of those most affected in AD, as validated by imaging 

technologies like functional magnetic nuclear imaging (fMRI) in AD patients (Seab et al., 1988). 

Therefore, AD is identified as a synaptic disease because synaptic dysfunction is highly 

associated with memory loss in the patients (Chakroborty et al., 2012, Scheff et al., 2006). In 

animals such as rats and monkeys, the damage of regions in the hippocampal formation 

(including the dentate gyrus, the hippocampus proper and the subiculum) could lead to 

deficits in memory capacity without affecting sensory or motor functions (Squire, 1992, 

Eichenbaum, 2000, Martin, 2003). Common models of these storage mechanisms rely on 

short- and long-term synaptic plasticity  (Eichenbaum, 2000).  

Paired-pulse facilitation (PPF) is one of the important features to test short-term plasticity at 

the cellular level. PPF is a phenomenon where the neuronal response to the second stimulus 

of a paired electrical pulse sequence is relatively larger compared to that generated by the 

first stimulus, particularly if the time between the two stimuli is short, commonly less than 

200ms (Commins et al., 1998b). This is because in response to the first stimulation, the 

concentration of Ca2+ increases in pre-synaptic terminals, leading to neurotransmitter release; 
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when the second stimulus arrives, this builds further upon the raised Ca2+ concentration from 

the first stimulus, thereby increasing synaptic release and the subsequent postsynaptic 

response compared to that generated by the first stimulus. This is the residual calcium 

hypothesis, where the rise in presynaptic Ca2+ level to the second stimulus is augmented by 

the residual Ca2+ from the first stimulus, facilitating a larger postsynaptic response to the 

second pulse (Zucker and Regehr, 2002). PPF is an important feature of short-term synaptic 

memory. The strength of facilitation depends on the time interval between two pulses 

relative to the presynaptic buffering dynamics in the presynaptic terminal (Zucker and Regehr, 

2002).  

Synaptic long-term potentiation (LTP), on the other hand, is a well-established and crucial 

model of long-term learning and memory consolidation in preclinical research (Bliss and 

Collingridge, 1993). It has been promoted as a putative neural mechanism of associative 

memory formation or storage in the mammalian brain (Ashok, 2011).  In normally functioning 

synapses, a brief train of high-frequency stimuli (HFS) can rapidly evoke strengthening of 

excitatory synaptic transmission that can persist for hours to weeks (Ashok, 2011, Bliss and 

Collingridge, 1993, Grover and Teyler, 1990, Malenka and Bear, 2004, Pozueta et al., 2013). 

The counterpart of LTP is known as long-term depression (LTD), which also involves prolonged 

modifications of the synapse to reduce synaptic efficacy triggered by low-frequency 

stimulation (LFS)  (Ashok, 2011, Malenka and Bear, 2004). This transmission at the excitatory 

synapse is accurately modulated by the number of working glutamatergic N-methyl-D-

aspartate receptors (NMDARs) and α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid 

receptors (AMPARs) located at the synapse (Palop and Mucke, 2010).  
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Depending on the induced change in intraneuronal Ca2+ concentration in the post-synaptic 

neuron and activation of downstream cascades, either LTP or LTD can be induced (Palop and 

Mucke, 2010, Malenka and Bear, 2004). LTP requires less than 2-3s of large Ca2+ influx, this 

can be achieved by activation of synaptic NMDARs and maintained by insertion of AMPARs 

(Malenka and Bear, 2004, Palop and Mucke, 2010), while LTD induction involves activation of 

perisynaptic glutamate receptors (NMDARs and mGluRs) and internalisation of synaptic 

NMDARs and AMPARs in response to a small increase in intracellular Ca2+ level from the 

external and internal sources (Palop and Mucke, 2010, Berridge, 2011).  There are many ways 

that the synapse can be modified to facilitate the induction of long-term or short-term 

synaptic changes, including but not limited to changes in pre-synaptic vesicle trafficking and 

docking, as well as the number and structure of dendritic spines (Matsuzaki et al., 2004). 

Induction of LTP leads to expansion of dendritic spine number and volume at the post-

synaptic neuron where AMPARs could be inserted; whereas LTD induces shrinking of spines 

and AMPAR endocytosis (Palop and Mucke, 2010).  

Hippocampal hyperexcitability and synaptic disinhibition are associated with cognitive decline 

in a number of neurological models (McGarrity et al., 2017). Hippocampal neural networks 

are vulnerable to molecular changes resulting from soluble Aβ that brings the excitatory / 

inhibitory balance more towards excitation (Palop et al., 2007, Sosulina et al., 2021, Palop and 

Mucke, 2016, Palop and Mucke, 2010). Experiments have shown decreased glutamate 

reuptake in the synaptic cleft in acute models of AD with soluble Aβ oligomers from various 

sources (Li et al., 2009). The augmentation of excitatory glutamate levels, and hence a 

pathologically increased excitability, could facilitate synaptic depression, causing depressed 

LTP and enhanced LTD in many AD models (Li et al., 2009, Palop and Mucke, 2010).  
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Recent studies have found hippocampal synaptic hyperexcitability in several preclinical 

models for AD research, and overactivity of the hippocampus has been increasingly suggested 

to be involved in the early stage of AD in patients (Palop et al., 2007, Palop and Mucke, 2010, 

Davis et al., 2014, Huh et al., 2016). Smith and McMahon (2018) provided the first ex vivo 

study in the TgF344-AD rat, showing that PPF and LTP were not affected in the hippocampal 

CA3 to CA1 circuit at 6 and 9 months of age (Smith and McMahon, 2018). The in vivo synaptic 

status of this model at this age remained unclear. This study aims to compare short- and long-

term synaptic plasticity in vivo in the 6- and 9-month-old TgF344-AD rats versus age-matched 

controls using multi-electrode electrophysiological recordings. In particular, this chapter will 

focus on the evoked CA1 response to activation of the hippocampal Schaffer collateral 

pathway for synaptic input/output transmission, PPF, and LTP/LTD. The probability of having 

population spikes will be studied as an output excitability of CA1 pyramidal cells.  

 

2.2. Methods and Materials 

2.2.1. Animals 

Animal procedures for in vivo electrophysiology and post-mortem tissue study were carried 

out under the Animals (Scientific Procedures) Act of 1986 (United Kingdom) and authorised 

by the UK Home Office and the Animal Welfare and Ethical Review Board (AWERB) of the 

University of Manchester under Home Office Project License P5F473F4F.  

TgF344-AD rats and age-matched F344 wildtype controls were kept under standard housing 

conditions in the Biological Services Facility of the University of Manchester under a 12h 

light/dark cycle at a temperature of 20°C (±1°C) and humidity of 40-60% with food and water 

ad lib (GR1800 double decker cage for rats; 5 rats/cage). Experimental animals were bred in 



 
 

54 

Manchester by crossing transgenic with wildtype littermates at about 4 months old. The 

genotype of the breeder was randomised for each gender and breeding cages normally held 

one male and two female rats. The juvenile offsprings were ear-punched, and the tissues were 

analysed by TransnetYX® automated genotyping service (TransnetYX, Inc., Cordova, USA) for 

APPsw and PS1ΔE9 genes. If both genes were detected, the animal was deemed as transgenic 

(TG); otherwise, if neither gene was detected, the animal was determined as wildtype (WT). 

 

2.2.2. In vivo electrophysiology  

2.2.2.1. Surgery and equipment.  

The rats were anaesthetised with 30%(w/v) urethane (ethyl carbamate, Sigma, UK) in saline 

(1.4g/kg) by intraperitoneal injection. A top up of 0.1-0.4ml 30%(w/v) urethane was applied 

if required to obtain surgical anaesthesia. Once achieved, the rat was placed in a stereotaxic 

apparatus (1430, Kopf, USA) with Bregma and Lambda in the same horizontal plane to match 

the rat brain atlas (Paxinos and Watson, 2007). Body temperature was kept at 36.4°C during 

surgery with a homoeothermic blanket (Harvard Apparatus, Edenbridge, UK), and the skull 

surface was exposed from the midline for craniotomies. The rat’s head was immobilised in 

the stereotaxic frame and the left skull surface was completely exposed. Elliptical holes with 

major axis of ~1.5mm and minor axis of ~1mm were drilled above CA3 (B=-1.8mm, ML=-

2.4mm; 30o angle from vertical in the sagittal plane) for the stimulating electrode and above 

CA1 (B=-4.25mm, ML=-2.6mm; vertical insertion) for the recording electrode. 

Two types of 32-channel recording electrodes were used, where these did not have recording 

differences except the configuration and length. One of the recording electrodes was made 

with 10mm long linear multi-electrode recording arrays containing 2 parallel shanks of 16 
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electrode contacts. The electrode contacts were linearly aligned and separated by 100µm 

centre-to-centre and the shanks were 500µm apart (G446; A2x16; NeuroNexus Technologies, 

Inc., Ann Arbor, MI, USA). Most of the data reported here was recorded using this electrode 

type. The other electrode type contained 4 shanks of 8 electrode contacts, with inter-

electrode spacing of 50µm and inter-shank spacing of 200µm (A4x8; NeuroNexus 

Technologies, Inc., Ann Arbor, MI, USA).  In all recordings the electrode array was inserted 

vertically to a depth of 2.6mm (with A2x16) or 2.3mm (with A4x8) from brain surface to span 

the CA1 region (Figure 2.1). The analyses in this study were made from electrodes located 

within either (a) the dendritic zone receiving the Schaffer collaterals in CA1 stratum radiatum 

or (b) CA1 stratum pyramidale in order to record population spikes.  In many cases the tips of 

a 2x16 recording array would also extend into the dentate gyrus (DG). The DG responses were 

analysed and are presented in Chapter 3. The bipolar stimulating electrode (twisted 125µm 

diameter Teflon-insulated stainless-steel wires; Advent RM, UK) was inserted at an angle of 

30o to a depth of 2.6~3.0mm to reach the molecular layer of CA3 and activate the Schaffer 

collateral pathway. The recording electrodes were coated with fluorescent dye (CM-DiI; 

Invitrogen, Paisley, UK) for visualizing electrode position post hoc. In practice, the location of 

the recording electrode was ascertained by comparing the field excitatory post-synaptic 

potential (fEPSP) of each channel using NeuroExplorer software (version 5, Plexon Inc., USA) 

and comparing this laminar profile to the established pattern (Leung and Péloquin, 2010, 

Gruart et al., 2015). 
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Figure 2.1. Electrode position and responses for in vivo electrophysiology. 

(A) Target positions of electrodes as plotted onto the rat brain atlas. (B) A typical example of 

a reconstruction of electrode position from composite 50m sagittal sections of the left dorsal 
hippocampus of a TgF344-AD rat. The pink florescence trace indicates the position of the 2x16 
recording electrode. Five consecutive images were used for the 3D reconstruction. The 
stimulating electrode track can be seen on the left. Images were acquired on a 3D-Histech 
Pannoramic-250 microscope slide-scanner using a 20x/ 0.80 Plan Apochromat objective (Zeiss) 
and the DAPI and TRITC filter sets. Snapshots of the slide-scans were taken using the Case 
Viewer software (3D-Histech) at 2x.   

 

2.2.2.2. Stimulation Protocols.  

Constant current stimuli (DS3, Digitimer, UK) were triggered by 1ms 5V square wave pulses 

from a National Instruments card (PCI-6071E, NI, UK) controlled by custom-written scripts 

(LabView8.2, National Instruments, UK). The duration of each stimulus was fixed at 0.2ms 

throughout the experiment. The triggering event and neuronal responses to each stimulating 

or electric condition were recorded using Recorder64 software (10kHz sampling frequency 

12-bit A/D, 1kHz low-pass filtering 1-pole Butterworth, x500 Amplification). The evoked 

responses were recorded as triggered sweeps where each sweep started 50ms before the 

stimulus and ended 250ms after the stimulus (or stimuli) finished.  
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After insertion of the recording electrode to target location the stimulating electrode final 

location was determined by lowering it slowly during stimulation to observe the characteristic 

CA3-evoked CA1 EPSPs resulting from Schaffer collateral pathway activation. This was done 

by stimulating with paired pulses (inter-pulse interval (IPI) = 50ms) at 60-200µA every 3s. If a 

characteristic PPF profile was obtained, the stimulating electrode was then left in place and 

an input/output (I/O) curve was plotted by measuring the amplitude of the first pulse (P1) 

when delivering paired pulses over a range of currents (25µA, 50µA, 100µA, 200µA, 300µA, 

random order) (Figure 2.2, Step 1). The current that gave rise to 50% output was determined, 

which was maintained for the rest of the experiment except for 75% high frequency stimuli 

(HFS) to induce LTP (HFS: 5 bursts of 20 pulses of 200Hz stimulation, inter-burst interval = 3s). 

A protocol of baseline PPF contained 20 paired pulses delivered at 6 different IPIs (25ms, 50ms, 

100ms, 200ms, 500ms, 1000ms, random order) where the interval between pairs was 3s 

(Figure 2.2, Step 2). The same PPF protocol was also applied directly after HFS (Figure 2.2, 

Step 4). Sequences of paired pulses (IPI = 50ms) were used to measure responses before 

(Figure 2.2, Step 3) and after induction of long-term potentiation (LTP) (Figure 2.2, Step 5). 

Each paired pulse was delivered every 30s for 15min to generate a baseline prior to HFS. After 

HFS induction the presence of HFS-induced LTP was then examined by again delivering 50ms 

IPI paired-pulses every 30s for a further 30min (at 50% of I/O curve), about 10min after post-

HFS PPF recordings (Figure 2.2, Step 6). The effect of low-frequency stimulation (LFS; 900 

pulses at 1Hz) on synaptic plasticity was studied after the post-HFS I/O, only in the 6-month-

old animals. The post-LFS PPF (Figure 2.2, Step 7), long-term depotentiation (Figure 2.2, Step 

8), and post-LFS I/O (Figure 2.2, Step 9) were recorded and analysed.   
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Figure 2.2. An illustration of electrical recording protocol. 

In the 6-month-old animals, the evoked response recordings were composed of 9 sets of 
recordings of ipsilateral CA3-evoked CA1 responses in the Schaffer Collateral pathway (Step 1-
9). In the 9-month-old animals, the recordings were from Step 1-6.  

 

2.2.2.3. Data processing 

Data were extracted and measured using a self-written MATLAB script (version 2019b, the 

Mathworks, USA). The evoked fEPSP slope was measured as the maximum gradient of the 

initial descending component of the response and the amplitude was measured as the 

potential difference between the response trough and the immediate pre-stimulus baseline 

value. In this chapter, fEPSPs were analysed from CA1 proximal stratum radiatum for I/O, PPF 

and LTP protocols, whereas the identification of population spike was done in the recordings 

near CA1 stratum pyramidale layer. 

For LTP, the maximum slope and amplitude of P1 was measured and normalised to the 

corresponding averaged baseline magnitude for each rat. For PPF, the maximum slope and 

magnitude of both P1 and P2 were measured to calculate the paired-pulse index (PPI), which 
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is the percentage ratio of the second response (P2) versus the first response (P1) of a pair of 

recording:  

PPI % = 
𝑃2−𝑃1

𝑃1
  X 100% 

The size of a response was represented as the maximum slope and amplitude.  

 

2.2.3. Statistical Analysis  

For all data, GraphPad Prism 8.1 (GraphPad Software, Inc.) was used for statistical analysis 

and figure generation. Normality was checked with Shapiro-Wilk tests and equal variance with 

Levene test. Two-way ANOVA or mixed-effect model of two-way ANOVA was used for 

comparing multiple factors (e.g., pre- and post-HFS vs. genotype, etc.). Violation of sphericity 

in datasets was corrected with Geisser-Greenhouse method when the data were measured 

repeatedly from the same subject. If there was a significant ANOVA result then post hoc 

multiple comparisons were performed, for example, in LTP analyses Bonferroni correction 

multiple comparisons were carried out because it is commonly used for this type of 

experiment. Specifically, for generating I/O curves, individual Gompertz functions were fit to 

data using OriginPro 2019b (OriginLab Corporation, USA) in order to minimize the chances of 

type I or II errors with the usual ANOVA/t-test approach to this data type. To statistically 

analyse PPF, because there were three factors (genotype, stimulation and IPIs), 3-way ANOVA 

with a recommended Tukey’s post hoc comparison test was performed to observe any 

significant changes in the PPI magnitude.  A mixed-effect model of 3-way ANOVA was used if 

there were missing values in the data for analysis.  
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2.3. Results  

Field excitatory post-synaptic potentials (fEPSPs) were recorded and measured at CA1 

stratum radiatum as a response of triggering upstream CA3 neurons with paired pulses 

(Figure 2.3).  Population spikes were identified from the recording channels near CA1 stratum 

pyramidale layer above the sink dipole (Figure 2.3.C).  
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Figure 2.3. Illustrations of the evoked paired responses in CA1 and DG. 

(A) Typical paired fEPSPs from the anterior shank of a A2x16 electrode in a randomly selected 
WT rat pre-HFS. The negative-going responses (red) were recorded from CA1, and the positive-
going responses (purple) were from dentate gyrus (DG). All experimental subjects were 
confirmed to show a similar profile before continuing with the experiment. (B) A typical CA1 
paired-pulse response in CA1 from a randomly selected animal. The maximum slope and 
amplitude were measured for analysis. (C) Example of a WT rat to show current source density 
analysis of evoked voltages to confirm the current source and sink of Schaffer input to CA1. (D) 
An illustrative example of population spikes (PS). PS can be seen here as population action 
potentials embedded in the CA1 EPSP for pulse 1 (P1) and pulse 2 (P2) after CA3-evoked 
stimulation at 300uA. Inter-pulse interval in all figures is 50ms. Current in A-C was set at 50% 
of I/O curve for each animal.  
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2.3.1. Changes of evoked responses in the 6-month-old rats  

2.3.1.1. Input/output curves for the 6-month-old WT and TG rats 

An I/O curve was plotted using a Gompertz-fit at the start of the experiment over a range of 

stimulating currents (input) to determine the current that gave rise to 50% fEPSP (output) 

potential for each animal, where this 50% values was subsequently used for PPF and LTP/LTD 

experiments. A similar I/O curve was produced 50min after HFS to measure the maintenance 

of any HFS-induced response changes. To access baseline connectivity, the shape of I/O curve, 

the maximum output and the current for generating 50% output were compared between 

WT and TG groups at the baseline and post-HFS points.  

At baseline, there was no difference in terms of the shape of the I/O curve between WT and 

TG at 6 months of age measured with slope or amplitude (Figure 2.4, black lines). Statistical 

analysis showed significant effect of current but no genotype difference at the baseline when 

responses were measured either by slope (current: F (4, 76) = 128.5, P<0.0001; genotype: F 

(1, 19) = 0.2003, P=0.6595; current x genotype: F (4, 76) = 1.200, P=0.3176) or amplitude 

(current: F (4, 74) = 133.6, P<0.0001; genotype: F (1, 19) = 0.1745, P=0.6808; current x 

genotype: F (4, 74) = 1.329, P=0.2673) (Figure 2.4, black lines) .  

The post-HFS I/O was measured after PPF and HFS protocol – about 50mins after HFS delivery. 

To compare the changes between WT and TG under different current at post-HFS, mixed-

effect ANOVA was carried out using the slope measurement. The result showed significant 

effects of current (F (4, 75) = 114.1, P<0.0001), genotype (F (1, 19) = 5.918, P=0.0250) and 

interaction between these two factors (F (4, 75) = 7.216, P<0.0001) after HFS delivery (Figure 

2.4.A&B, pink lines). The post hoc Šídák's multiple comparisons test showed that TG had 
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significantly smaller slope output compared to WT at 200uA (P=0.0035) and 300uA (P=0.0009) 

(Figure 2.4, B vs. A).  

To investigate the effect of HFS stimuli on the input/output function for the slope 

measurements, two-way ANOVA was performed within WT and TG groups respectively. In 

the WT group, there was a significant effect of HFS (F (1, 9) = 21.26, P=0.0013), as well as 

current (F (4, 36) = 58.25, P<0.0001) with an interaction (F (4, 35) = 26.77, P<0.0001). Post hoc 

comparison test of Šídák's showed increased post-HFS slope output at 100uA (P=0.0003), 

200uA (P<0.0001) and 300uA (P<0.0001) for the WT animals (Figure 2.4.A). In contrast, the 

TG animals did not show significant effect of HFS (F (1, 10) = 0.6648, P=0.4339) or interaction 

(F (4, 40) = 1.281, P=0.2934) on slope output, although current showed marked effect as 

expected (F (4, 40) = 93.78, P<0.0001) (Figure 2.4.B).  

The amplitude measurement was also analysed to compare the changes between WT and TG 

under different current at post-HFS. The mixed-effect ANOVA showed significant effects of 

current (F (4, 74) = 84.74, P<0.0001), genotype (F (1, 19) = 4.864, P=0.0399) and interaction 

(F (4, 74) = 2.741, P=0.0348) after HFS delivery (Figure 2.4.C&D, pink lines). Šídák's multiple 

comparisons showed that TG had significantly smaller voltage output compared to the WT at 

200uA (P=0.0293) and 300uA (P=0.0225).  

The amplitude output was also compared within each group. For the WT animals, mixed-

effect ANOVA showed that there were significant effects of current (F (4, 36) = 44.10, 

P<0.0001), HFS (F (1, 9) = 20.71, P=0.0014) and an interaction between these two factors (F 

(4, 32) = 5.156, P=0.0025). Šídák's multiple comparisons showed that WT rats had remarkably 

higher amplitude output at 50uA (P=0.0070), 100uA (P<0.0001), 200uA (P=0.0001) and 300uA 

(P=0.0094) compared to baseline (Figure 2.4.C). However, for the TG animals, the only 
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significant effect came from the stimulation intensity (F (4, 40) = 91.47, P<0.0001). There was 

no effect of HFS (F (1, 10) = 0.0001, P=0.9922) and no interaction (F (4, 40) = 1.064, P=0.3872) 

(Figure 2.4.D). In general, after HFS, the I/O curve of WT animals shifted up (Figure 2.4.A, 

2.4.C); however, although there was a trend for a small post-HFS increase in TG rats, I/O 

curves remained similar to baseline in 6-month-old TG rats for both slope and amplitude 

(Figure 2.4.B, 2.4.D).  

 

Figure 2.4. Hippocampal CA3-CA1 input/output (I/O) curves for 6-month-old WT and TG rats 
at baseline and post-HFS. 

The pre- and post-HFS I/O curves of 6-month-old WT rats are presented as (A) slope and (C) 
amplitude measurements of the P1 fEPSPs, those for TG rats are presented in (B) and (D), 
respectively. The I/O curves of TG rats were not different from that of the WT controls at the 
baseline. However, after HFS, only the I/O curves of WT rats shifted upwardly. two-way 
ANOVA was employed with Sidak’s multiple comparison.  *: compared within the group; #: 
compared TG versus WT groups at post-HFS. WT: n=10, TG: n=11. Data are presented as 
mean±SEM. **P<0.01, ***P<0.001, ****P<0.0001; #P<0.05, ##P<0.01, ####P<0.0001.  
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The above comparisons on the Gompertz-fit curve itself may result in spurious statistical 

output due to the high number of comparisons. Therefore, the maximum and 50% output 

currents were determined using the Gompertz-fit curve for individual animals using the 

measurement of slope or amplitude (Figure 2.5). Two-way ANOVA with Šídák's multiple 

comparisons was used to determine any statistical differences for the maximum output.  

To compare the maximum response output using slope measurement, two-way ANOVA 

showed significant effects of HFS (F (1, 19) = 23.68, P=0.0001) and genotype (F (1, 19) = 6.287, 

P=0.0214), as well as a significant interaction between these two factors (F (1, 19) = 15.20, 

P=0.0010). Within genotype groups, the Šídák's post hoc test showed that the maximum 

output of WT animals was significantly increased after HFS (P <0.0001), but the maximum 

post-HFS output of the TG animals was not different from baseline (P=0.7418) (Figure 2.5.A). 

Between the genotypes, there was no difference for maximum slope output between WT and 

TG groups at the baseline (P=0.4577), but the maximum slope output of TG animals was 

significantly smaller than the WT rats during the post-HFS period (P=0.0017) (Figure 2.5.A).   

To compare the maximum response output using amplitude measurement, two-way ANOVA 

showed that there was a significant effect of HFS (F (1, 19) = 4.492, P=0.0475) and significant 

interaction between stimulation and genotype (F (1, 19) = 8.300, P=0.0096). However, the 

effect of genotype was not statistically significant (F (1, 19) = 2.689, P=0.1175). Within each 

genotype group, WT animals showed significantly increased maximum amplitude after HFS 

delivery (P=0.0053), but the maximum amplitude remained similar for TG animals before and 

after HFS (P=0.8298; post-hoc Šídák) (Figure 2.5.B). Between genotypes, there was no 

difference in maximum amplitude produced by WT or TG animals at baseline (P= 0.7058), but 
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TG animals showed markedly smaller maximum output compared to the WT rat after HFS (P= 

0.0430) (Figure 2.5.B).  

To further access the changes in baseline connectivity, the current for generating 50% output 

was determined and compared between WT and TG groups before and after HFS (Figure 

2.5.C-E). As a result of two-way ANOVA, there was no statistical effect of HFS, genotype or 

interaction for the 50% output current as calculated using slope (HFS: F (1, 19) = 1.260, 

P=0.2756; genotype: F (1, 19) = 2.966, P=0.1013; HFS x genotype: F (1, 19) = 0.3469, P=0.5628) 

(Figure 2.5.C). No statistical effect was found for amplitude measurements as a result of 

mixed-effect ANOVA (stimulation: F (1, 18) = 3.126, P=0.0940; genotype: F (1, 19) = 0.6585, 

P=0.4271; stimulation x genotype: F (1, 18) = 0.3631, P=0.5543) (Figure 2.5.D).  

The 50% output current of each animal was also determined with an oscilloscope during the 

experiment to compare changes in two groups before and after HFS. However, from the 

experimentally recorded data, two-way ANOVA showed significant effect of HFS (F (1, 19) = 

8.340, P=0.0094), but no effect of genotype (F (1, 19) = 0.2666, P=0.6116) or interaction 

between these factors (F (1, 19) = 1.454, P=0.2427). A post hoc test of Šídák's multiple 

comparisons found the stimulation effect came from the WT group whose voltage output was 

significantly higher after HFS than at the baseline (P=0.0214) (Figure 2.5.E).  
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Figure 2.5. Comparison of hippocampal CA3-CA1 input/output function of the 6-month-old 
WT and TG rats pre- and post-HFS. 

The maximum output was presented for WT and TG groups at 6 months of age as a measure 
of (A) slope and (B) amplitude of P1 fEPSP. The current required for 50% output was calculated 
using Gompertz fit for each animal with the measure of (C) slope, (D) amplitude, and (E) from 
the experimental measures on the oscilloscope. WT: n=10, TG: n=11, Data were presented as 
mean±SEM. *P<0.05, **P<0.01, ****P<0.0001. 
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In conclusion, the I/O of 6-month-old TG rats was not different from WT at baseline. However, 

the HFS-induced increased response in TG rats (see next section) was not maintained to the 

same extent when compared to WT. Thus, the TG I/O returned to near baseline levels at the 

point where the second I/O was measured. WT rats showed LTP maintenance following HFS 

stimulation when the I/O was measured 50min after HFS, consistent with their upward shift 

in I/O curve compared to pre-HFS levels.  

 

2.3.1.2. Paired pulse facilitation in the 6-month-old WT and TG rats  

To assess changes in short-term plasticity at the age of 6 months in hippocampal CA1 region 

between baseline and immediate post-HFS periods, 20 paired pulses were delivered at range 

of inter-pulse intervals (IPIs), and facilitation was calculated by the formula shown in Section 

2.2.2.3. as the paired-pulse index (PPI), a measure of the maximum initial slope and amplitude. 

A three-way ANOVA was applied to statistically compare the factors of genotype, HFS and IPIs 

in 6-month-old WT and TG rats’ hippocampal CA1.  

As a measure of slope, there was a significant effect of HFS (F (1, 19) = 91.99, P<0.0001) and 

IPI (F (5, 95) = 520.7, P<0.0001), but no statistical effect of genotype (F (1, 19) = 0.2040, 

P=0.6567). The interaction between IPI and stimulation was significant (F (5, 95) = 39.61, 

P<0.0001), but no significance was found for IPI x genotype (F (5, 95) = 1.151, P=0.3392) or 

stimulation x genotype (F (1, 19) = 3.474, P=0.0779). There was no significant interaction 

between the three factors (F (5, 95) = 2.438, P=0.0400).   

For slope measurements, the post hoc test of Tukey’s multiple comparison showed that 

significant differences appeared at shorter IPIs, namely 25ms, 50ms and 100ms. At IPI of 25ms, 

the PPI was significantly smaller, indicating a reduction of facilitation at CA1, after delivery of 
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HFS for both WT (P<0.0001) and TG (P<0.0001) at 6 months of age (Figure 2.6.B). The 

reduction of PPI after HFS was also seen at 50ms and 100ms IPIs for both WT (50ms: P<0.0001; 

100ms: P<0.0001) and TG (50ms: P<0.0001; 100ms: P=0.0040) (Figure 2.6.B). However, no 

PPI difference was found between WT and TG baseline or after HFS at any IPI. There was no 

statistical difference between genotype or stimulation at longer IPIs of 200ms, 500ms or 

1000ms.  

When PPI was calculated by amplitude, a similar statistical difference to that seen for slope 

was found at 6 months old in CA1. The three-way ANOVA showed significant effects of IPIs (F 

(5, 95) = 155.7, P<0.0001) and HFS (F (1, 19) = 143.2, P<0.0001), but no statistical effect of 

genotype (F (1, 19) = 0.5903, P=0.4518). The interaction between IPI and HFS was significant 

(F (5, 95) = 96.94, P<0.0001) but no effect was seen for IPI x genotype (F (5, 95) = 2.018, 

P=0.0829) or HFS x genotype (F (1, 19) = 1.148, P=0.2973). There was no interaction between 

these three factors (F (5, 95) = 0.7517, P=0.5869) for amplitude at 6 months.  

The Tukey’s post hoc multiple comparison revealed amplitude differences that were again 

similar to those seen for slope measures. Statistical differences were shown at shorter IPIs 

where at IPIs of 25ms, 50ms and 100ms there was a remarkable PPI reduction and, hence, a 

reduction of facilitation at CA1, as the effect of HFS was found in both WT (25ms: P<0.0001; 

50ms: P<0.0001; 100ms: P<0.0001) and TG (25ms: P<0.0001; 50ms: P<0.0001; 100ms: 

P<0.0001) animals at the age of 6 months (Figure 2.6.C). No significant differences were found 

between genotypes at the baseline or post-HFS at 25ms, 50ms or 100ms IPIs. There was also 

no difference at longer IPIs of 200ms, 500ms or 1000ms for genotype or stimulations.  
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Figure 2.6. No genotype difference in paired-pulse facilitation in 6-month-old TgF344-AD 
model. 

Paired pulses were delivered at a current that gives 50% output. fEPSPs were recorded at CA1 
of hippocampus by the stimulation of Schaffer collateral pathway. (A) Examples of fEPSP 
traces before and after HFS of a randomly selected rat from each group in CA1. (B) Slope and 
(C) amplitude of the fEPSPs were measured. Three-way ANOVA of mixed-effect model was 
carried out, followed by Tukey's multiple comparisons test. WT: n=10, TG: n=11. Data were 
presented as mean ± SEM. **P<0.01, ****P<0.0001. 

 

In general, the short-term plasticity as a representation of PPF remained intact at CA3→CA1 

synapse for the TG model animals at 6 months of age before and after HFS with no statistical 

differences compared to the WT controls.  

 

2.3.1.3. Long-term potentiation and depotentiation in the 6-month-old WT and TG rats 

To assess long-term plasticity at CA3-CA1 synapse of the 6-month-old WT and TG rats, a classic 

protocol for long-term potentiation (LTP) was applied by delivering high-frequency 

stimulations (HFS, 5 bursts of 20 pulses at 200Hz, inter-burst interval = 3s) after a stable 

recording of baseline was reached. Long-term depression (LTD; depotentiation) was achieved 

by applying low-frequency stimulation (LFS, 900 pulses at 1Hz) after the 30-minute recording 

period to measure post-HFS LTP. The analysis was taken using the measurements of slope and 

amplitude of the P1 response. To compare the effects of stimulation and genotype on the size 

of evoked fEPSP responses, two-way ANOVA with Bonferroni’s post hoc test was applied.  

With slope measurements, two-way ANOVA showed significant effects of genotype (F (1, 19) 

= 7.556, P=0.0128) and stimulations (HFS or LFS) (F (2, 38) = 22.87, P<0.0001) at the age of 6 

months in CA1. There was also a significant interaction between genotype and stimulations 

(HFS or LFS) (F (2, 38) = 4.677, P=0.0153). Similar significant effects were also found if 
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calculated by amplitude as shown by two-way ANOVA (genotype: F (1, 19) = 5.435, P=0.0309; 

stimulations: F (2, 38) = 39.51, P<0.0001; stimulating conditions x genotype: F (2, 38) = 4.057, 

P=0.0253).  

Bonferroni's multiple comparisons showed that both WT (slope: P<0.0001; amplitude: 

P<0.0001) and TG (slope: P=0.0091; amplitude: P<0.0001) rats could successfully establish 

HFS-induced LTP at age of 6 months at CA3-CA1 synapse (Figure 2.7). The 30-minute post-HFS 

response size of the TG was significantly smaller compared to the WT as a measure by the 

slope (P= 0.0373), although amplitude measurements were generally smaller in TG compared 

to WT, these were not statistically different (P=0.1065).  

For LFS-induced depotentiation, Bonferroni's multiple comparisons showed a significant 

reduction of magnitude of the post-LFS responses compared to the post-HFS in both WT 

(slope: P=0.0290; amplitude: P=0.0012) and TG (slope: P=0.0010; amplitude: P=<0.0001). 

Moreover, in the 6-month-old WT rats, the post-LFS magnitude was significantly greater than 

that at the baseline (slope: P=0.0059; amplitude: P=0.0062), but the post-LFS response size 

did not differ from the baseline in the TG rats (slope & amplitude: P>0.9999).  

To further analyse the strength of depotentiation as the effects of genotype and LFS, a 

statistical comparison of the response size during the last 5-minute of post-HFS recording and 

the first 5-min of post-LFS recording was made using two-way ANOVA (figure 2.7.E&F). As a 

result, both genotype (slope: F (1, 19) = 7.170, P=0.0149; magnitude: F (1, 19) = 5.222, 

P=0.0340) and LFS (slope: F (1, 19) = 12.77; P=0.0020; magnitude: F (1, 19) = 39.14, P<0.0001) 

contributed to the significant differences seen in the post-LFS magnitude, whereas there was 

no interaction between genotype and LFS (slope: F (1, 19) = 0.8775, P=0.3607; amplitude: F 

(1, 19) = 2.026, P=0.1708) if comparing the response size during these 5-minute segments.   
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Bonferroni’s multiple comparison revealed that the response magnitude of the TG rats was 

not significantly different from that of the WT rats in the last 5-minute post-HFS recording 

(slope: P=0.0846, amplitude: P=0.1745), but the response of TG rats was markedly reduced 

compared to the WT controls in the first 5-minute of the post-LFS recording (slope: P=0.0148; 

amplitude: P=0.0260). Within the 6-month-old WT controls, the response magnitude during 

the first 5-minute post-LFS recording was not significantly different from that of the last 5-

minute post-HFS recording as a measure of slope (P=0.1686), although it was statistically 

smaller as a measure of amplitude (P= 0.0069). However, within the 6-month-old TG animals, 

the response size during the first 5-minute post-LFS recording was remarkably smaller than 

that during the last 5-minute post-HFS recording as calculated from both slope (P= 0.0081) 

and amplitude (P<0.0001), with greater effect size. 

To assess whether the depotentiation by LFS was strong enough to drop below the baseline, 

paired t-test was then performed on the averaged 30-minute post-LFS response size to the 

15-minute baseline for the WT and TG groups respectively. As a result, the post-LFS size was 

not different from that of the baseline in either of the groups as calculated by slope (WT: 

P=0.0667; TG: P=0.2901) or amplitude (WT: P=0.0520; TG: P= 0.5309).  
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Figure 2.7. High-frequency stimulation (HFS) induced long-term potentiation (LTP) followed 
by low-frequency stimulation (LFS) induced depotentiation in CA1 of 6-month-old male 
TgF344-AD rats. 

Scatter plots of CA1 evoked-excitatory post-synaptic potential (fEPSP) for (A) slope and (B) 
amplitude during experimental time course. Comparisons were made for the averaged fEPSP 
at the baseline, post-HFS and post-LFS for (C) slope and (D) amplitude. The response size 
during the last 5min post-HFS recording and first 5min post-LFS recording were plotted for (E) 
slope and (F) amplitude measurements. WT: n=10, TG: n=11. Data presented as mean ± SEM. 
*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001, #P<0.05, ##P<0.01.  
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In summary, for long-term plasticity of the CA3-CA1 circuit in the 6-month-old animals, both 

groups of animals could establish LTP, and TG animals exhibited reduced LTP and increased 

LFS-induced depotentiation compared to WT controls.  

 

2.3.1.4. Hippocampal CA1 output excitability in the 6-month-old WT and TG rats 

To assess the hippocampal CA1 output excitability in 6-month-old animals, the probability of 

producing population spikes was calculated from the CA3-evoked CA1 responses when the 

stimulation current was 100uA, 200uA and 300uA, in both pulses of the paired stimulations. 

Specifically, during the I/O protocol, 20 paired pulse responses were recorded in CA1 region 

at each stimulus intensity. The appearance of a population spike was identified in these 20 

pairs of responses for each pulse and the probability of a population spike component 

occurring for each pulse was calculated under each condition, i.e., at the baseline, post-HFS 

and post-LFS. Two-way repeated measures ANOVA was performed to statistically determine 

whether genotype and/or current intensity had significant effects in all three conditions for 

P1 and P2 with Geisser-Greenhouse correction to maintain dataset sphericity.  

As a result, no effect of genotype or interaction of genotype and current intensity were found 

when the rats were at 6 months of age for either P1 or P2 (Table 2.1). However, there was 

significant effect of current intensity for P1 post-HFS (F (1.488, 28.28) = 4.818, P=0.0239, 

ε=0.7441), P1 post-LFS (F (1.235, 23.46) = 4.212, P=0.0440, ε=0.6175), P2 post-HFS (F (1.377, 

26.16) = 14.08, P=0.0003, ε=0.6885), and P2 post-LFS (F (1.852, 35.18) = 18.18, P<0.0001, 

ε=0.9259), as shown by two-way ANOVA.  
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Table 2.1. Summary of two-way ANOVA results for comparing the effect of genotype and 
current intensity for probability to generate population spikes. 

 

 

To further investigate the origin of the significant effects, Šídák's multiple comparisons test 

was carried out to compare differences of probability to generate a population spike under 

different current intensities within each genotype group. For P2 post-HFS in the 6-month-old 

TG group, it was significantly more likely to have a population spike if the stimulation intensity 

was 200uA (P=0.0305) and 300uA (P=0.0103) compared to 100uA respectively (Figure 2.8.E), 

whereas there was no difference for the same current intensity in the age-matched WT 

controls (100uA vs 200uA: P=0.3600; 100uA vs 300uA: P=0.0887). For P2 post-LFS, there was 

a significantly higher chance to get population spikes at 300uA than at 100uA in the WT 

animals (P=0.0311), whereas in the TG rats, at both 200uA (P=0.0320) and 300uA (P=0.0032), 

the probabilities were significantly higher than at 100uA (Figure 2.8.F).  

Current x Genotype F (2, 38) = 2.181, P=0.1268 Current x Genotype F (2, 38) = 1.048, P=0.3606

Current 
F (1.203, 22.85) = 2.735, 

P=0.1064, ε=0.6014
Current 

F (1.820, 34.59) = 1.431, 

P=0.2525, ε=0.9102

Genotype F (1, 19) = 1.771, P=0.1990 Genotype F (1, 19) = 0.1997, P=0.6600

Current x Genotype F (2, 38) = 0.03554, P=0.9651 Current x Genotype F (2, 38) = 1.875, P=0.1673

Current *
F (1.488, 28.28) = 4.818, 

P=0.0239, ε=0.7441
Current ***

F (1.377, 26.16) = 14.08, 

P=0.0003, ε=0.6885

Genotype F (1, 19) = 0.7835, P=0.3871 Genotype F (1, 19) = 1.545, P=0.2290

Current x Genotype F (2, 38) = 0.4269, P=0.6556 Current x Genotype F (2, 38) = 1.064, P=0.3550

Current *
F (1.235, 23.46) = 4.212, 

P=0.0440, ε=0.6175
Current ****

F (1.852, 35.18) = 18.18, 

P<0.0001, ε=0.9259

Genotype F (1, 19) = 0.9160, P=0.3506 Genotype F (1, 19) = 1.206, P=0.2858

post-LFS

Pulse 1 (P1) Pulse 2 (P2)

pre-HFS (baseline)

post-HFS
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Figure 2.8. Probability of having population spike (PS) in CA1 region of dorsal hippocampus 
at the age of 6 months. 

Probability of PS was calculated at high stimulating intensities for 6-month-old WT and TG for 
pulse 1 (P1) and pulse 2 (P2) at (A) & (D) the baseline, (B) & (E) after high frequency stimulation 
(post HFS) and (C) & (F) after low frequency stimulation (post LFS). two-way ANOVA with post 
hoc test was performed for P1 and P2 separately under each stimulating period. WT: n=10, 
TG: n=11; Data presented as mean ± SEM. Comparison within groups: #p<0.05, ##p<0.01. 

 

There was no post hoc significant difference within a group under other stimulating conditions, 

nor post hoc significant difference between WT and TG groups, at other stimulating conditions, 

where the statistical data were summarised in Table 2.2.  

Table 2.2. Adjusted p-value of probability to generate population spikes in CA1 region of 6-
month-old rats at different stimulation intensities. 

 

In summary, these data suggested that, although 6-month-old TG group tended to have more 

chance to get population spikes in CA1 region, hence being more excitable, at high current 

intensities in P2 after HFS and LFS, no statistical genotype differences were found in terms of 

hippocampal CA1 output excitability.  

pre HFS (baseline) post-HFS post-LFS pre HFS (baseline) post-HFS post-LFS

Šídák's Between groups

WT-TG

100uA P=0.9999 P=0.4629 P=0.9738 P=0.4238 P=0.9826 P=0.9955

200uA P=0.7894 P=0.8428 P=0.657 P=0.6141 P=0.4934 P=0.6007

300uA P=0.4082 P=0.9029 P=0.8618 P=0.9641 P=0.4821 P=0.5726

Tukey's Within groups 

WT

100uA vs 200uA P=0.6394 P=0.4177 P=0.2458 P=0.4842 P=0.36 P=0.1866

100uA vs 300uA P=0.2836 P=0.1382 P=0.1411 P=0.3816 P=0.0887 * P=0.0311

200uA vs 300uA P=0.0884 P=0.3155 P=0.5206 P=0.7643 P=0.0933 P=0.1208

TG

100uA vs 200uA P=0.5934 P=0.4883 P=0.8848 P=0.3779 * P=0.0305 * P=0.032

100uA vs 300uA P=0.8157 P=0.2969 P=0.4525 P=0.4967 * P=0.0103 ** P=0.0032

200uA vs 300uA P=0.9621 P=0.5137 P=0.0571 P=0.5199 P=0.2298 P=0.1595

Pulse 1 (P1) Pulse 2 (P2)
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2.3.2. Changes of evoked responses in the 9-month-old rats  

The same protocol for evoked responses for I/O, PPF and LTP was applied to WT and TG rats 

at 9 months of age to assess any changes of synaptic connectivity and plasticity that could be 

different from at 6 months old.  

2.3.2.1. Input/output curves for the 9-month-old WT and TG rats 

Similar to the 6-month-old protocol, an I/O curve was first generated to determine the 50% 

output current for each animal at 9 months of age for subsequently use during the PPF and 

LTP experiments. A similar I/O curve was produced after HFS to examine changes in synaptic 

connectivity. Two-way ANOVA or mixed effect model was used to statically compare the 

changes of the output between TG and WT groups for the I/O curve under different 

stimulating intensities.  

Firstly, under baseline I/O conditions between TG and WT groups, two-way ANOVA showed 

that the significant effects of current (slope: F (4, 56) = 39.78, P<0.0001; amplitude: F (4, 56) 

= 50.94, P<0.0001) and interaction between current and genotype (slope: F (4, 56) = 2.953, 

P=0.0277; amplitude: F (4, 56) = 6.698, P=0.0002) at baseline, but no genotype effect was 

detected (slope: F (1, 14) = 0.7303, P=0.4072; amplitude: F (1, 14) = 3.444, P=0.0847). Šídák 

multiple comparisons showed that TG had significantly raised amplitude values compared to 

WT controls at 200uA (P=0.0130) and 300uA (P=0.0033) (Figure 2.9.D vs. 2.9.C, black lines). 

After HFS, two-way ANOVA showed that there were significant effects of current (F (4, 52) = 

55.20, P<0.0001) and interaction between current and genotype (F (4, 52) = 4.299, P=0.0044), 

but no genotype effect (F (1, 13) = 1.810, P=0.2015) for slope. Similar results were found using 

the mixed-effect ANOVA with the amplitude measurements at post-HFS (current: F (4, 51) = 

53.00, P<0.0001; genotype: F (1, 13) = 2.888, P=0.1131; current x genotype: F (4, 51) = 4.485, 
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P=0.0035). However, Šídák multiple comparisons test showed that at 300uA TG had 

significantly higher output for slope (P=0.0104) (Figure 2.9.B vs. 2.9.A) and amplitude 

(P=0.0095) (Figure 2.9.D vs. 2.9.C) measurements. Therefore, between WT and TG groups, 

the I/O curve in 9-month-old TG rats tended to shift upwardly compared to the WT controls 

at both baseline and after HFS (Figure 2.9). 

Two-way ANOVA or mixed-effect model was employed to study the I/O difference within each 

genotype group at baseline and post-HFS periods. For WT animals, mixed-effects analysis 

revealed no effect of HFS (slope: F (1, 7) = 0.3744, P=0.5600; amplitude: F (1, 7) = 1.616, 

P=0.2442) or interaction between HFS and current (slope: F (4, 23) = 0.5307, 0.7144; 

amplitude: F (4, 22) = 1.170, P=0.3509) on the output pre- and post-HFS, although there was 

the expected effect of current (slope: F (4, 28) = 15.81, P<0.0001; amplitude: F (4, 28) = 17.26, 

P<0.0001) (slope: Figure 2.9.A; amplitude: Figure 2.9.C). For TG animals, there were 

significant differences for the slope output caused by current (F (4, 28) = 40.93, P<0.0001), 

HFS stimuli (F (1, 7) = 16.99, P=0.0045) and their interaction (F (4, 28) = 11.28, P<0.0001). 

Additionally, Šídák's multiple comparisons test showed significant increases of slope output 

after HFS in the 9-month-old TG animals at 200uA (P<0.0001) and 300uA (P<0.0001) (Figure 

2.9.B). However, for amplitude, two-way ANOVA showed no effect of the HFS stimuli (F (1, 7) 

= 0.7194, P=0.4244) or interaction between current and HFS stimuli (F (4, 28) = 0.7104, 

P=0.5917) on the post-HFS output in the TG animals, although current was again a significant 

factor, as expected (F (4, 28) = 41.29, P<0.0001) (Figure 2.9.D). Therefore, for the WT groups, 

there were no statistical changes of the output as a result of HFS, although their post-HFS I/O 

seemed to locate above the baseline I/O. And for the TG group, statistical changes of the 

output pre- and post-HFS were found in the slope but not amplitude measurement.  
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Figure 2.9. Hippocampal CA3-CA1 input/output (I/O) curves for 9-month-old WT and TG rats 
at the baseline and post-HFS. 

The pre- and post-HFS I/O curves of 9-month-old WT rats were presented as (A) slope and (C) 
amplitude measurements of the P1 fEPSPs, whereas the I/O curves of the 9-month-old TG rats 
were presented in (B) slope and (D) amplitude of P1 fEPSP. At the baseline, the I/O curves of 
the TG shifted upwardly compared to the WT controls. two-way or mixed model ANOVA was 
used with Sidak’s multiple comparison. *: compared within the group; @: compared between 
TG versus WT groups at the baseline; #: compared between TG versus WT groups at post-HFS. 
****P<0.0001, @P<0.05, @@P<0.01, ##P<0.01. Data were presented as mean±SEM. Baseline: 
n=8 per group, post-HFS: WT: n=7, TG: n=8. 

 

The Gompertz fit was used to calculate the maximum output as measured with slope and 

amplitude for individual subjects. Comparisons were made between and within groups by 

ANOVA to further analyse the difference in I/O maximum output.  

With the slope measurement, mixed-effect ANOVA showed significant effect of stimulation 

by HFS (F (1, 13) = 5.279, P=0.0388). No statistical effect was found that was caused by 
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genotype (F (1, 14) = 3.548, P=0.0806) or interaction (F (1, 13) = 0.02058, P=0.8881). The post 

hoc Šídák multiple comparisons did not detect any significant changes between or within WT 

and TG groups (Figure 2.10.A).  

However, using the amplitude measurement, a significant effect was found for genotype 

using the mixed-effect analysis (F (1, 14) = 7.138, P=0.0182); whereas stimulation did not 

cause significant effect (F (1, 13) = 0.9565, 0.3459), nor was interaction significant (F (1, 13) = 

0.5232, 0.4823). The Šídák's multiple comparisons showed that TG had remarkably larger 

maximum output compared to the WT controls at both the baseline (P= 0.0203) and post-HFS 

(P=0.0370) (Figure 2.10.B). Nevertheless, the maximum voltage output was not statistically 

different before or after HFS within the WT (P=0.4593) or the TG (P=0.9790) group.   

The current for providing 50% output under slope and amplitude measurement were 

determined using Gompertz fit for each subject, and statistical comparisons were made 

between and within WT and TG groups by ANOVA. The mixed-effect analysis showed no 

significant effect of any of the factors for slope (stimulation: F (1, 13) = 0.05314, P=0.8213; 

genotype: F (1, 14) = 2.889, P= 0.1113) (Figure 2.10.C) or amplitude (stimulation: F (1, 13) = 

4.144, P=0.0627; genotype: F (1, 14) = 0.7077, P=0.4143) (Figure 2.10.D) with no significant 

interaction (slope: F (1, 13) = 1.123, P= 0.3086; amplitude: F (1, 13) = 0.1366, P= 0.7176). With 

mixed-effect analysis, there was no statistical difference of the experimentally determined 

current for 50% output (stimulation: F (1, 13) = 4.314, P=0.0582; genotype: F (1, 14) = 0.1078, 

P=0.7476; stimulation x genotype: F (1, 13) = 0.05673, P=0.8155) (Figure 2.10.E).  



 
 

83 

 

Figure 2.10. Comparison of hippocampal CA3-CA1 input/output function of the 9-month-old 
WT and TG rats pre- and post-HFS. 

The maximum output was presented for WT and TG groups at 9 months of age as a measure 
of (A) slope and (B) amplitude of P1 fEPSP. The current required for 50% output was calculated 
using Gompertz fit for each animal with the measure of (C) slope, (D) amplitude, and (E) from 
the experimental measures on the oscilloscope. Baseline: n=8 per group, post-HFS: WT: n=7, 
TG: n=8.Data were presented as mean±SEM. *P<0.05.  
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In conclusion, there was no difference in terms of the current for 50% output between WT 

and TG animals at the baseline or after HFS. However, the maximum output tended to 

increase in the TG animals compared to the controls, with TG group showed a surprisingly 

upwardly-shifted I/O curve. 

 

2.3.2.2. Paired pulse facilitation in the 9-month-old WT and TG rats 

To study short-term plasticity of the CA3-CA1 synapse, PPF was tested at baseline and directly 

after HFS over a range of different paired-pulse intervals (IPIs). Figure 2.11 shows the amount 

of synaptic facilitation to the second response in a paired pulse, as calculated by either slope 

or amplitude. As IPI increased, there was a decreasing pattern of the degree of synaptic 

facilitation represented by paired-pulse index (PPI), especially at short IPIs (25ms, 50ms and 

100ms). No paired-pulse depression was observed.  

Three-way ANOVA was performed to determine statistical differences for the three factors, 

namely genotype, stimulation and IPI, singly or interacting with one another to generate 

effects. For slope measures a mixed-effect model of three-way ANOVA showed that genotype 

(P=0.0062, F (1, 14) = 10.35), IPI (P<0.0001, F (5, 70) = 46.82) and stimulation (P=0.0002, F (1, 

14) = 24.65) all significantly affected synaptic facilitation. The HFS stimulation interacted with 

genotype (P=0.0055, F (1, 14) = 10.75) and IPI (P=0.0002, F (5, 64) = 5.737), respectively, to 

cause these changes. The interaction between IPI and genotype was also significant (P<0.0001, 

F (5, 70) = 9.042). However, triple interaction within these three factors was not significant 

(P=0.0595, F (5, 64) = 2.254). A post hoc Tukey’s multiple comparison showed that TG rats had 

significantly smaller PPI at baseline and, therefore, less facilitation compared to WT when IPI 

was 25ms (P<0.0001) and 50ms (P<0.0001) (Figure 2.11.B). After HFS, synaptic facilitation was 
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also observed to be smaller in the TG animals at IPIs less than 200ms, with a significant 

reduction of PPI was found at 25ms IPI (P=0.0243) (Figure 2.11.B). Within the same genotype, 

the post-HFS PPI was markedly reduced in the WT animals at 25ms (P=0.0016), 50ms 

(P<0.0001) and 100ms (P=0.0008) IPIs. However, although PPI of TG animals tended to reduce 

after HFS at all the IPIs tested here, no statistical difference was found (Figure 2.11.B).  

The general pattern of PPI throughout different IPIs tended to be similar when calculated 

using amplitude (Figure 2.11.C). A mixed-effect model of three-way ANOVA showed that 

genotype (P=0.0013, F (1, 14) = 16.11), stimulation (P=0.0002, F (1, 14) = 25.83) and IPIs 

(P<0.0001, F (5, 70) = 69.44) could on their own caused significant changes in the magnitude 

of paired-pulse facilitation. Genotype could interact with HFS (P=0.0117, F (1, 14) = 8.393) and 

IPIs (P<0.0001, F (5, 70) = 14.01), respectively, to cause a significant effect. HFS and IPIs also 

interacted with each other (P<0.0001, F (5, 64) = 13.53). Additionally, these three factors 

interacted (P=0.0017, F (5, 64) = 4.401). Tukey’s multiple comparison test further showed that, 

at 25ms and 50ms, TG animals had significantly smaller PPI and less facilitation compared to 

WT controls, before (25ms: P<0.0001; 50ms: P<0.0001) and after HFS (25ms: P=0.0148; 50ms: 

P=0.0234). When IPI was 100ms, significant PPI reduction was observed in TG rats before HFS 

(P=0.0009) but not after (P=0.8035). Similar to the slope results, amplitude measurements 

also showed significantly decreased PPI magnitude to HFS only in the WT animals at short IPIs 

(Figure 2.11.C). The marked differences were observed at 25ms (P<0.0001), 50ms (P<0.0001) 

and 100ms (P<0.0001) for the WT. No significant reduction was found for the TG animals as 

an effect of HFS. 
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Figure 2.11. 9-month-old male TgF344-AD rats showed smaller paired-pulse facilitation. 

Paired pulses were delivered at a current that gives 50% output. fEPSPs were recorded at CA1 
of hippocampus by the stimulation of Schaffer collateral pathway. (A) Examples of fEPSP 
traces before and after HFS of a randomly selected rat from each group in CA1 at 9 months of 
age. (B) Slope and (C) amplitude of the fEPSPs were measured. Three-way ANOVA of mixed-
effect model was carried out, followed by Tukey's multiple comparisons test. pre-HFS: n=8 per 
group; post-HFS: WT: n=8, TG: n=7. Data were presented as mean ± SEM. *P<0.05, **P<0.01, 
***P<0.001, ****P<0.0001. 

 

2.3.2.3. Long-term potentiation and depotentiation in the 9-month-old WT and TG rats  

Long-term synaptic plasticity of CA3-CA1 circuit was measured in the 9-month-old animals. 

HFS containing 5 bursts of 20 pulses at 200Hz (3s inter-burst interval) was delivered after a 

stable 15min baseline was obtained. The CA3-evoked fEPSPs were recorded approximately 

10mins after HFS (after PP stimulation) for 30mins to observe LTP establishment.  

Two-way ANOVA showed that HFS caused significant increase of response size in both 

genotype groups (slope: F (1, 14) = 37.13, P<0.0001; amplitude: F (1, 14) = 25.32, P=0.0002). 

There was also a significant genotype effect (slope: F (1, 14) = 6.810, P=0.0206; amplitude: F 

(1, 14) = 6.201, P=0.0260). A significant interaction was found between stimulation and 

genotype (slope: F (1, 14) = 6.810, P=0.0206; amplitude: F (1, 14) = 6.201, P=0.0260).  

Bonferroni multiple comparisons showed that within WT animals, the LTP response was 

convincingly established after HFS (slope: P<0.0001; amplitude: P=0.0002); however, within 

the TG animals, the increase of post-HFS response magnitude was not significantly different 

to the baseline if the responses were averaged for the entire 30mins post-HFS, either 

measured as slope (P=0.0547) or amplitude (P=0.1877). The comparison of post-HFS response 

between WT and TG groups further revealed a significant reduction of LTP magnitude in the 

TG animals at the age of 9 months (slope: P=0.0019; amplitude: P=0.0030) (Figure 2.12).  
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To analyse and determine any nuanced change of evoked responses after HFS in the TG rats, 

post-HFS responses were averaged for every 10min segment. Interestingly, the statistical 

results suggested that LTP could be induced in the TG animals, but it had a late establishment: 

although the initial increase of magnitude was small, it gradually increased over time and then 

became stabilized (Figure 2.12.F). Contrarily, the magnitude of the LTP response was reduced 

throughout the recording time in the WT littermates, although it was still significantly higher 

throughout.  

According to two-way ANOVA, significant factors were genotype (slope: F (1, 14) = 6.810, 

P=0.0206; amplitude: F (1, 14) = 6.201, P=0.0260) and HFS (slope: F (1.184, 16.58) = 32.99, 

P<0.0001; amplitude: F (1.176, 16.46) = 22.83, P=0.0001) and these also interacted (slope: F 

(3, 42) = 7.233, P=0.0005; amplitude: F (3, 42) = 6.642, P=0.0009).  

The Bonferroni post hoc test showed that during the first 10mins (t10-t20) after HFS, WT 

animals had significantly larger values for slope (P<0.0001) and amplitude (P<0.0001). This 

was observed in TG animals for slope (P=0.0448) but not amplitude (P=0.2625) comparing the 

baseline response with the response during t10-t20. The increase of slope magnitude in TG rats 

was more significant during the second (t20-t30) and the last (t30-t40) 10mins post-HFS (TG(t20-

t30): P=0.0042, TG(t30-t40): P=0.0127) compared to their respective baseline, although that for 

amplitude measurement tend to be significant (TG(t20-t30): P= 0.1048; TG(t30-t40): P= 0.0727). 
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Figure 2.12. 9-month-old male TgF344-AD rats showed reduced long-term potentiation. 

Scatter plots of slope for CA1 evoked-excitatory post-synaptic potential during experimental 
time course as measured with (A) slope and (B) amplitude. LTP magnitude averaged in the 
entire 30mins post-HFS recording period measured with (C) slope and (D) amplitude. 
Comparison of LTP magnitude averaged in 10mins segments in the post-HFS recording period 
were made as a measure of (E) slope and (F) amplitude. The TG rats showed ‘late’ long-term 
potentiation. n=8 per group. Data were presented as mean ± SEM. *P<0.05 **P<0.01, 
****P<0.0001. #: TG compared to WT during the same time segment. #P<0.05, ##P<0.01. 
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Therefore, these results suggest that LTP might be established in the hippocampal CA3-CA1 

circuit in the 9-month-old TG rats, but it was a gradual process with largest potentiation later 

in the post-HFS period, although the magnitude was markedly smaller at all points compared 

to WT littermates.  

 

2.3.2.4. Hippocampal CA1 output excitability in the 9-month-old WT and TG rats 

The probability of evoking a population spike at high stimulation intensities was calculated as 

a measure of excitability in the CA1 region of animals at 9 months of age. Similar to the 

analyses in the 6-month-old rats, population spikes embedded in the fEPSPs at 100uA, 200uA 

and 300uA were identified during baseline and post-HFS I/O periods. The probability of a 

population spike during the response to pulse 1 (P1) or pulse 2 (P2) were calculated. Two-way 

repeated measures (RM) ANOVA was performed for each pulse in each condition in the 9-

month-old animals with Geisser-Greenhouse correction to maintain dataset sphericity (Figure 

2.13) and the results are summarised in Table 2.3.  

For P1, the current intensity had significant effect on the changes of population spike 

probability both at baseline (F (1.623, 27.58) = 3.644, P=0.0478, ε= 0.8113) (Figure 2.13.A) 

and post-HFS (F (1.443, 24.52) = 6.922, P=0.0080, ε= 0.7213) (Figure 2.13.B), but no significant 

effect for genotype was seen under either pre- or post-HFS. For P1 baseline, there was a 

significant interaction between genotype and current intensity (F (2, 34) = 3.766, P=0.0333). 

Most notably, for P2 post HFS, there was a significant effect of genotype (F (1, 17) = 6.325, 

P=0.0223) and current intensity (F (1.363, 23.18) = 4.831, P=0.0284, ε=0.6817), although their 

interaction was not significant (F (2, 34) = 0.5068, P=0.6069) (Figure 2.13.D). No ANOVA 

changes were found for P2 baseline, as shown in Table 2.3.  
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Figure 2.13. Probability of having population spikes (PS) in CA1 region of dorsal 
hippocampus at the age of 9 months. 

Probability of PS was calculated at high stimulating intensities for the 9-month-old WT and TG 
for (A) & (B) pulse 1 (P1) and (C) & (D) pulse 2 (P2) pre- and post- high frequency stimulation 
(HFS). Two-way ANOVA with Šídák's multiple comparisons test was performed for P1 and P2 
separately under each stimulating period. WT: n=8, TG: n=11; Data presented as mean ± SEM. 
*p<0.05; post hoc comparison within groups: #p<0.05, ##p<0.01.  
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Table 2.3. Two-way repeated-measures ANOVA results testing the effect of genotype and 
current intensity on the probability of evoked population spikes. 

 

To compare changes of population spike probability within each genotype group as an effect 

of changing current intensities, Tukey's multiple comparisons test was performed. For P1 

post-HFS, the 9-month-old TG rats showed a significantly higher probability of evoking 

population spikes in CA1 region at 300uA compared to 100uA (P=0.0422) (Figure 2.13.B). 

Although there was a significant ANOVA effect for P2 post-HFS by genotype and current 

intensity, the post hoc results were not statistically different either between two group at 

each current or within the groups to compare the difference due to the current changes 

(Table 2.4).  

 

 

 

 

 

 

 

Current x Genotype * F (2, 34) = 3.766, P=0.0333 Current x Genotype F (2, 34) = 0.8454, P=0.4382

Current *
F (1.623, 27.58) = 3.644, 

P=0.0478, ε=0.8113
Current 

F (1.280, 21.76) = 2.993, 

P=0.0895, ε=0.6401

Genotype F (1, 17) = 2.273, P=0.1500 Genotype F (1, 17) = 1.573, P=0.2268

Current x Genotype F (2, 34) = 2.009, P=0.1497 Current x Genotype F (2, 34) = 0.5068, P=0.6069

Current **
F (1.443, 24.52) = 6.922, 

P=0.0080, ε=0.7213
Current *

F (1.363, 23.18) = 4.831, 

P=0.0284, ε=0.6817

Genotype F (1, 17) = 4.238, P=0.0552 Genotype * F (1, 17) = 6.325, P=0.0223

post-HFS

Pulse 1 (P1) Pulse 2 (P2)

pre-HFS (baseline)
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Table 2.4. Post hoc test for statistical differences comparing changes in probability to have 
population spike between and within genotype groups. 

 

Taken together, after HFS, these data suggest that 9-month-old TG rats were more likely to 

exhibit CA1 population spikes, supporting a more excitable state in the CA1 region compared 

to age-matched WT controls, especially at higher stimulation intensity.  

 

2.4. Discussion 

Neural synaptic plasticity is one of the major components for hippocampal circuit function 

and the core to models of memory formation and consolidation that are relevant to AD. The 

present study investigated synaptic plasticity, as well as baseline connectivity, in the rat 

hippocampal CA3-CA1 circuit of TG and age-matched WT controls at the ages of 6 or 9 months. 

The in vivo fEPSPs in the Schaffer collateral pathway in the left hemisphere were recorded for 

I/O, PPF and LTP (and/or depotentiation) in the animals under urethane anaesthesia.  

pre HFS (baseline) post-HFS pre HFS (baseline) post-HFS

Šídák's Between groups

WT-TG

100uA P=0.9784 P=0.4659 P=0.4998 P=0.2867

200uA P=0.9995 P=0.2438 P=0.6956 P=0.0922

300uA P=0.0882 P=0.1648 P=0.3632 P=0.2702

Tukey's Within groups 

WT

100uA vs 200uA P=0.7091 P=0.7804 P=0.6443 P=0.5786

100uA vs 300uA P=0.8818 P=0.3461 P=0.6078 P=0.2513

200uA vs 300uA P=0.6977 P=0.365 P=0.7128 P=0.3559

TG

100uA vs 200uA P=0.3646 P=0.3127 P=0.2606 P=0.1716

100uA vs 300uA P=0.056 *P=0.0422 P=0.1952 P=0.1692

200uA vs 300uA P=0.1027 P=0.0723 P=0.9675 P=0.7327

Pulse 1 (P1) Pulse 2 (P2)
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2.3.1. Changes in baseline and post-HFS synaptic transmission 

For basal synaptic transmission, this study found that genotype differences of the I/O curve 

appeared at 9 months old at baseline, with TG showing increased responses compared to WT 

at the same current intensity. The upwardly shifted I/O curve at 9 months but not 6 months 

old indicates potential hyperexcitability at CA3-CA1 circuit at the later of these two ages in 

this model. Consistent with an in vitro study in the same model, basal synaptic transmission 

was not affected in the CA3-CA1 circuit at 6 months old (Smith and McMahon, 2018). 

However, the decrement in maximum slope at 9 months old in vitro was not replicated in this 

in vivo study. Moreover, maximum voltage output in our 9-month-old TG animals was 

significantly larger than WT, suggesting an increase of CA3-CA1 baseline synaptic excitability. 

The increment of maximum output seen in the 9-month-old TG rats is in contrast to several 

studies in other rodent models for Alzheimer’s research that showed reduction of I/O at this 

age. In 6-month-old 5xFAD mice, there was a reduction of maximum fEPSP slope output in 

the CA1 in vitro (Crouzin et al., 2013). However, in Tg2576 mice with human Aβ mutation, the 

I/O ratio was found to increase from the age of 6 months in CA1 in vitro and a similar increase 

was still observed in animals aged 14-15 months (Townsend et al., 2010). This inconsistency 

may be due to different experimental preparation, species and preclinical genetic 

modifications that could have differentially affected the rate of amyloidosis.  

Changes in synaptic transmission/plasticity were also investigated after HFS. At 6 months of 

age, TG rats exhibited a reduction of maximum output of the response post-HFS compared to 

WT controls. This finding is in parallel with the result of reduced LTP in the TG rats at this age, 

where they showed decreased post-HFS response size. Surprisingly, the changes of maximum 

output upon HFS were not statistically significant in 9-month-old animals, although TG 

animals showed a similar reduction in LTP compared to WT. However, the mixed-effect 
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ANOVA results for the effect of HFS was close to 0.05, indicating a potential reduction of 

maximum output.  

Additionally, baseline connectivity was studied as the current for 50% output. The smaller the 

current required for generating 50% of the maximum slope/voltage output, the stronger the 

synaptic connectivity should be. In this study, there was no change of the current for 50% 

output if the data were acquired from MATLAB measurements post hoc and fitted to a 

Gompertz function at 6- or 9- months of age. However, because this value was also used for 

the PPF and LTP/LTD experiment protocols, it was recorded and tested in the experiment as 

the voltage output using an oscilloscope. Using this method, the current for 50% output for 

the 6-month-old WT rats was reduced after HFS, which might be because HFS stimulation 

increased the synaptic connection. However, the 6-month-old TG rats did not show changes 

after HFS, although there was no genotype difference detected at baseline or after HFS. 

Interestingly, in the transgenic Tg4-42 mice that is a model for sporadic AD, the hippocampal 

hyperexcitability was detected as indicated by changes of I/O as early as 3 months old 

(Dietrich et al., 2018). Instead of a change in the maximum output, there was a reduction of 

current required for 50% output in the Tg4-42 model (Dietrich et al., 2018), which was 

unchanged in the TgF344-AD rats at 6 months. Similarly, at 9 months of age, no genotype 

difference or effect of HFS was found for the 50% output current, if the experimentally 

recorded data were used. However, high variance was seen in the calculated data, which 

increased the uncertainty to some extent. Therefore, the TgF344-AD model showed increased 

maximum fEPSP output at 9 months of age in the hippocampal Schaffer collateral-CA1 

synapse, but the synaptic connectivity strength was not affected.  

 



 
 

96 

2.3.2. Changes in short-term plasticity   

For STP, 9-month-old TG rats showed a significantly lower PPF ratio, whereas, in the 6-month-

old animals the PPF ratio of the TG rats was not different from WT controls. These results are 

contrary to the findings that both adult (4-6mo) and aged (17-18mo) 3xTg mice displayed 

increased PPF in the CA1 region of the hippocampus (Davis et al., 2014). The results of 

decreased PPF in the 9-month-old TG also differ to the observation in APP/PS1-21 mice in 

which their PPF was not affected at 8 months of age (Gengler et al., 2010).  

PPF is commonly seen at synapses whose initial release probability is low (Jackman and 

Regehr, 2017). In PPF, if the interpulse interval (IPI) is within tens to hundreds of milliseconds, 

the second response of the pair is generally greater than the first one, (McNaughton, 1982, 

Bliss and Collingridge, 2013, Jackman and Regehr, 2017). According to the residual calcium 

hypothesis, this is because Ca2+ remaining at the synaptic cleft after P1 is added to the pre-

synaptic Ca2+ signal of P2, causing an increased probability of release of neurotransmitter 

(McNaughton, 1982). Generally, the PPF ratio has an inversely proportional relationship with 

synaptic release probability, meaning that the smaller the ratio, the higher the chance of 

release (Bliss and Collingridge, 2013). The reduction of PPF ratio is commonly seen as a 

presynaptic effect after LTP induction due to increased glutamate release probability (Bliss 

and Collingridge, 2013, McNaughton, 1982). In this study of PPF in the TgF344-AD model, the 

PPF ratio was significantly reduced after HFS in the WT animals at both 6- and 9- months old 

at short IPIs. The PPF ratio in 6-month-old TG rats also exhibited this property. However, this 

feature was lost in the 9-month-old TG rats. More interestingly, the PPF ratio of TG rats at 9 

months old was even smaller compared to the WT under same IPIs, indicating potential pre-

synaptic impairment that leads to an increase of release probability at baseline (Bliss and 

Collingridge, 2013). In fact, acute administration of Aβ peptide was found to increase the 
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release probability pre-synaptically in hippocampal slices (Abramov et al., 2009). Levels of 

synaptic markers in the dorsal hippocampus will be measured in Chapter 4, Section 4.3.  

Additionally, other explanations of lower PPF are also feasible, for example, a reduced 

probability of post-synaptic neurotransmitter binding, or reduced Ca2+ clearance that could 

result from complex synaptic mechanisms (Jackman and Regehr, 2017, Zucker and Regehr, 

2002). In this study, taking into consideration the large fEPSP response in 9-month-old TG 

animals, the reduced PPF ratio could also be due to the observation that the P1 response was 

too big for further facilitation, leading to a possibility of synaptic disinhibition in the CA3→CA1 

circuitry (Bartholome et al., 2017, Wojcik et al., 2004).  

 

2.3.3. Changes in long-term plasticity  

This study also showed that LTP induced by Schaffer-collateral HFS was significantly reduced 

in the CA1 of TG rats at both 6- and 9- months of age. This is in contrast to the in vitro study 

of this same model where CA1 LTP was unchanged at 6 and 9 months of age (Smith and 

McMahon, 2018). Nevertheless, the blockade of LTP is consistent in many models involving 

elevation of Aβ, in acute models of soluble Aβ oligomers (Lambert et al., 1998, Ganesh et al., 

2008) as well as in vivo models before formation of Aβ plaques (Mucke et al., 2000). 

Observations in our study are in line with a decreased CA1 LTP reduction in Tg2576 APP mouse 

model (Chapman et al., 1999, Jung et al., 2011, Huh et al., 2016, Townsend et al., 2010) and 

a variety of APP/PS1 mouse models at this age in vivo (Mango et al., 2019, Richards et al., 

2003).  

In the Tg2576 mouse with human Aβ expression, LTP in vitro was reduced at about 6-7 months 

of age (Townsend et al., 2010, Huh et al., 2016) and could be rescued with a gamma-secretase 
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inhibitor (Townsend et al., 2010). 6-month-old 5xFAD mice also exhibited significantly 

reduced LTP in response to 100Hz tetanus stimuli (Seo et al., 2021). A decay of LTP was also 

found in APP/PS1-21 mice at 8 months in the CA1 region in vivo (Gengler et al., 2010). 

Interestingly, LTP in Tg2576 mice was abnormally restored at the age of about 14-19 months 

with elevated I/O ratio, indicating hippocampal hyperexcitability, perhaps due to 

homoeostatic reductions in synaptic inhibition in response to excitatory synaptic loss 

(Townsend et al., 2010). However, in the TgF344-AD model, the impaired LTP was 

continuingly observed to 9-month-old TG animals with I/O elevation, suggesting the age 

tested here is probably still young to generate abnormal LTP. Although higher LTP was 

reported in other models, for example, the 3xTg mice showed larger LTP (Zhu, 2019) and the 

5xFAD showed increased LTP at 11 months old in response to theta-burst stimulation after 

application of 100Hz tetani (Seo et al., 2021), the animals used in those studies were older 

with different stimulation protocols, indicating that aged AD animals might possess different 

mechanisms for LTP establishment.  

The induction of LTP is commonly seen as a post-synaptic process involving the insertion of 

AMPA or NMDA receptors (Harris et al., 1984). The establishment of LTP requires influx of 

Ca2+ via these excitatory glutamatergic ion channels to trigger cascades of events in the post-

synaptic terminal (Lynch et al., 1983, Grover and Teyler, 1990). One of the commonly 

accepted perspectives is that pathological levels of aberrant Aβ could impair LTP by indirectly 

blocking NMDARs (Palop and Mucke, 2010). Aβ may also affect the surface expression of 

NMDARs and their conductance to suppress NMDAR-dependent LTP (Li et al., 2009, Snyder 

et al., 2005, Raymond et al., 2003).  
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LTP could also be induced via routes other than glutamatergic receptors, depending on the 

employment of specific stimulating protocols. For LTP that is induced with intermediate 

stimulation frequencies (25-100Hz) application of the NMDA receptor antagonist D,L-2-

amino-5-phosphonovalerate (D,L-APV) could completely block LTP induction (Grover and 

Teyler, 1990). However, with a higher frequency of 200Hz, APV-resistant LTP could be induced, 

which acts independently from NMDA receptors and relies on activation of L-type voltage-

gated Ca2+channels located on the post-synaptic neuron (Grover and Teyler, 1990, Berridge, 

2011). The stimulating protocol of LTP in this study was 5 trains of 20 stimuli at 200Hz, leading 

to a possibility of an induction of APV-resistant LTP in this experiment. One of the important 

features of APV-resistant LTP is a slightly depressed post-HFS response before the 

establishment of LTP (Grover and Teyler, 1990). Intriguingly, the 9-month-old TG rats in this 

study appeared to display this feature, where at the first 10 mins of post-HFS recording, the 

LTP magnitude was not significantly different from the baseline, but it increased and stabilised 

from the second 10min of post-HFS recording. This observation is fascinating because it could 

suggest the possibility of a compensatory mechanism to support LTP bypassing the NMDA 

receptors in the 9-month-old TG rats at CA3-CA1 synapse.  

One of the routes for generating LTD phenomenon is by endocytosis of post-synaptic AMPA 

receptors via receptor trafficking and phosphorylation (Malenka and Bear, 2004). The 

activation of extrasynaptic NMDARs (NR2B-enriched NMDARs) is important for LTD induction 

(Taylor et al., 2021, Papouin et al., 2012). Levels of NMDAR subunits NR2A and NR2B in the 

dorsal hippocampus of the 6- and 9-month-old animals in this study will be measured in 

Chapter 4 Section 4.3.4. The changes of post-synaptic receptor function could be a result of 

Aβ (Palop and Mucke, 2010) as Aβ oligomers increase the probability of neurotransmitter 

release at the CA3-CA1 synapse (Taylor et al., 2021). LTD induction could also occur via 
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metabotropic glutamate receptors (mGluRs), depending on the choice of stimulation 

protocols (Taylor et al., 2021, Malenka and Bear, 2004, Liu et al., 2004, Li et al., 2009).  

In the 6-month-old animals in this study, 900 stimuli of 1Hz LFS was delivered to induce 

NMDAR-dependent LTD (or depotentiation) after the post-HFS recordings, and the TG animals 

showed a significantly smaller magnitude of post-LFS response than the WT. Although from 

one-sample t-test, the averaged 30-minute post-LFS response did not significantly differ from 

baseline in the WT animals, nor did it drop below baseline in the TG animals, the 6-month-old 

TG rats still exhibited increased LTD response compared to WT. This finding suggests stronger 

depotentiation in TG animals with elevated pathological Aβ levels and agrees with many other 

studies (Cohen et al., 2013, Mango et al., 2019). Opposite to LTP that is associated with spine 

formation and strengthening of learning and memory, LTD is associated with shrinkage of 

dendritic spines and thus being a model of forgetting (Li et al., 2009). Therefore, stronger 

depotentiation in TG rats may be consistent with increased forgetting in AD patients.  

Electrical-evoked LTD is enhanced in the CA1 region by soluble Aβ oligomers from various 

sources (Li et al., 2009). In acute hippocampal slices, NMDAR-dependent LTD was enhanced 

by 50nM Aβ oligomers (Taylor et al., 2021), where the concentration was reported to be 

sufficient to block CA1 LTP (Rammes et al., 2011). Although many reports claim enhanced LTD 

in the AD transgenic animals in hippocampal slides (Palop and Mucke, 2010), one report 

suggested that depotentiation was unchanged in CA1 in 14-month-old APP/PS1 mice (Faldini 

et al., 2019). However, in the THY-Tau22 model for tauopathy, LTD depotentiation was found 

to be facilitated in hippocampal slices, suggesting that enhanced NMDAR-dependent 

depotentiation might be facilitated by hyperphosphorylation of tau (Faldini et al., 2019). 

Indeed, experiments that induce LTD in vitro using chemicals and in vivo with optogenetic 
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method were found to increase hyperphosphorylated tau (Taylor et al., 2021). These findings 

bring together a possible link between Aβ oligomer and tauopathy via the mechanism 

underlying enhanced LTD (Taylor et al., 2021). Also, there could be regional differences, as in 

cerebellar brain slices where LTD failed to induce in 8-month-old APP/PS1 mice but not the 

wildtype controls (Kuwabara et al., 2014).  

Compared to hippocampal slices, LTD or LTD-like depotentiation has not been tested 

intensively in vivo. Yet interestingly, in vivo LTD could be robustly induced by a weak LFS 

protocol (300 pulses at 1 Hz at 95% maximum output) in hippocampal CA1 two weeks after 

the injection of synthetic soluble Aβ in the ventricle, which was not induced in the vehicle-

treated rats (Hu et al., 2022). Aβ was suggested to increase the amount of LTD by blocking 

synaptic glutamate uptake, leading to an overflow of glutamate and abnormal activation of 

NMDAR-2B receptors located extrasynaptically, as well as mGluRs (Kazim et al., 2021, Li et al., 

2009, Hsieh et al., 2006, Matos et al., 2008, Varga et al., 2014).  Notably, the selective mGluR5 

antagonist MTEP was found to rescue this pathologically facilitated LTD in the soluble Aβ-

injected animals, suggesting that even though LTD can be induced via different routes, their 

pathological mechanisms could be surprisingly converged (Hu et al., 2022).  

 

2.3.4. Calcium hypothesis of Alzheimer’s disease  

It is worth noticing that, apart from extracellular Ca2+ passing through dendritic NMDARs to 

trigger a serine-threonine protein phosphatase cascade for activating endocytosis of post-

synaptic receptors (Mulkey and Malenka, 1992, Malenka and Bear, 2004), intracellular Ca2+is 

also a crucial source for the signalling of LTD induction (Berridge, 2011). Importantly, 

pathological Aβ, particularly the oligomeric forms, could alter the action of intracellular 
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Ca2+signalling (Berridge, 2011). It is hypothesised that a prolonged increase of intraneuronal 

resting Ca2+ concentration that might result from amyloid pathology could lead to 

enhancement of LTD, which could negatively affect memory consolidation (Berridge, 2011, 

Berridge, 2010, Kuchibhotla et al., 2008). Indeed, the intraneuronal Ca2+concentration was 

significantly elevated in the 3xTg-AD mice compared to corresponding wild-type mice (Lopez 

et al., 2008) in young, adult and old mice along the lifespan (Stutzmann et al., 2006). Also 

surprisingly, the PS1 mutation, but not mutations in APP or Tau, may augment intracellular 

Ca2+concentration from the ER via the inositol trisphosphate (IP3) and ryanodine receptors 

(RYR) (Berridge, 2011, Stutzmann et al., 2006). Given that the TgF344-AD model also 

expresses human PS1 mutations, there might be a potential contribution of PS1 pathology 

through alteration of calcium homeostasis and failure of lysosomal acidification for synaptic 

dysfunction (McBrayer and Nixon, 2013, Berridge, 2011). Although from the current set of 

experiments it is rather difficult to confirm a direct contribution of intracellular Ca2+ levels to 

synaptic function (or direct contribution of Aβ on intracellular calcium), taking into 

consideration the LTP/LTD deficits and the 9-month-old PPF ratio, dysfunction in intracellular 

Ca2+ signalling may play a role in AD progression as an effect of amyloidosis in the early stage.  

 

2.3.5. Hippocampal hyperexcitability and GABAergic disinhibition  

Another major perspective to synaptic deficits at the early stage of AD is that of synaptic 

hyperexcitability and disinhibition of the GABAergic input (Hector and Brouillette, 2020, 

McGarrity et al., 2017). Rather than hypoactivity, more recent evidence has pointed to 

neuronal hyperactivity due to less inhibition instead of more glutamatergic excitation due to 

soluble Aβ oligomers (Hector and Brouillette, 2020, Zott et al., 2018). In the hippocampus, 
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CA1 pyramidal neurons receive excitatory input from CA3 principal cells via Schaffer collateral 

pathway and inhibitory modulation by the interneurons in the local microcircuitry in CA3 

(Varga et al., 2014).   

Direct hippocampal hyperexcitability evidence comes from brain imaging and clinical 

observations. Patients with amnestic mild cognitive impairment (aMCI), a prodromal stage of 

AD, frequently show excessive hippocampal DG/CA3 activity during memory tasks imaged by 

high resolution fMRI scans (Bakker et al., 2012, Setti et al., 2017). Additionally, many studies 

have suggested a link between AD and epilepsy, the abnormal increase of neuronal firing 

(Vossel et al., 2017, Friedman et al., 2012). Patients with severe AD appeared to be more 

vulnerable to epilepsy and more prone to develop epileptic-like symptoms, suggesting 

aberrant synaptic hyperexcitability in advanced AD brains (Pandis and Scarmeas, 2012). 

Moreover, AD patients with seizure or subclinical epileptiform activity could accelerate  in a 

decline of memory and cognition (Vossel et al., 2017). 

Hippocampal synaptic hyperexcitability has also been observed in a number of preclinical 

models of AD. For example, both young and old 3xTg mice displayed stronger in vivo PPF in 

the CA1 region of hippocampus (Davis et al., 2014). A significantly larger LTP response was 

equally observed in 3xTg mice (Zhu, 2019). Moreover, in old cognitively impaired Tg2576 mice 

aged from 14- to 19-month-old, the previously diminished in vivo LTP was found to re-emerge 

(Huh et al., 2016, Townsend et al., 2010). This observation suggests that abnormally increased 

LTP in the aged Tg2576 mice might cause a gradual decline of short-term recognition memory, 

instead of enhancing it. In sum, these findings supported the existence of abnormal 

hippocampal hyperexcitability in preclinical models for AD research, especially in older 

individuals, that has a strong concordance with fMRI data in patients.  
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However, although decreased PPF was found in the 9-month-old TG rats in this experiment, 

the reduced PPF ratio could be because the P1 response was too big for further facilitation. 

Considering the large fEPSP in the 9-month-old TG rats with their upwardly-shifted I/O curve, 

it is possible that there was an enhancement of the neurotransmitter release in these animals, 

probably via increased number of synaptic vesicles or dysfunction of releasing proteins in the 

presynaptic neuron (Bartholome et al., 2017, Wojcik et al., 2004). The massively increased 

fEPSP might also be a consequence of presynaptic disinhibition, where the pre-synaptic 

neurons could be less inhibited by GABAergic interneurons (McGarrity et al., 2017).  

The disinhibition of GABAergic interneurons has gradually become a popular explanation for 

synaptic dysfunction associated with Aβ-induced cognitive decline (McGarrity et al., 2017). 

Notably, Huh et al. (2016) suggested that aberrant LTP re-emerged in the aged Tg2576 mice 

and could be attributed to a loss of parvalbumin (PV) interneurons, which is a type of 

GABAergic inhibitory neuron preventing over-excitation of pyramidal cells in the hippocampal 

CA1 region and elsewhere (Huh et al., 2016, Palop and Mucke, 2010). Hence, it is possible that 

synaptic hyperexcitability in this study was a result of PV interneuron loss. In another study, 

direct application of Aβ also reduces the synaptic transmission of GABAergic neurons (Ulrich, 

2015). These studies support the idea that presynaptic disinhibition would trigger 

hyperexcitability in the 9-month-old TG rats, perhaps due to loss of PV GABAA receptors or 

even the inhibitory interneurons themselves where the proteins and receptors locate. PV 

protein levels and density in dorsal hippocampus of will be measured in Chapter 4, Section 

4.3.2.   
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2.3.6. Hippocampal hyperexcitability and population spikes  

While fEPSPs are considered as the input to the neural network, the spiking rate are 

recognised as the output of this network (Varga et al., 2014). To assess the output excitability 

of hippocampal CA1 pyramidal neurons, the probability of evoked population spikes was 

calculated under the I/O protocol in the 6- and 9-month-old animals. The more frequent the 

appearance of a population spike, the more excitable the CA1 neurons would be, due to 

increasing evoked spiking frequency in the CA3-CA1 circuit (EPSP to spike conversion).  

In this study, 6-month-old TG rats showed a tendency to be more likely to produce a 

population spike, especially to P2 post-HFS and post-LFS, under high current stimulations. The 

significant two-way RM ANOVA effect on genotype provided further evidence of an 

augmentation of hippocampal excitability in the 9-month-old TG animals, after HFS in P2. 

These results concur with those in mouse brain slices incubated with synthetic Aβ42 oligomers 

(BAM10 sequence specific positive and OC conformational specific positive antibodies) which 

showed increased spontaneous firing rate in hippocampal CA1 (Varga et al., 2014). Also, Aβ42 

has the effect of increasing neuronal firing rate by inducing in vitro and in vivo epileptiform 

activity and seizures in mice (Marc Aurel et al., 2012, Minkeviciene et al., 2009). Additionally, 

Ca2+ imaging revealed increased transient frequency hyperactivity of CA1 pyramidal neurons 

in McGill-R-Thy1-APP rats with amyloidosis at 6-9 months old (Sosulina et al., 2021). The 

evoked firing, or CA1 population spikes, involves the fast-actioning AMPARs  (Varga et al., 

2014, Wood and Tattersall, 2001). It is worth noting that the spontaneous neuronal firing rate 

in hippocampal CA1 region was not meditated by AMPARs, but rather NMDARs, especially 

extra-synaptic NR2Bs that has a higher affinity than synaptic NR2As (Varga et al., 2014).  
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Compared with other studies, it is difficult to confirm the origin of CA1 hyperexcitability 

observed in this study with a simple calculation of the probability to have population spikes. 

Whether CA1 hyperexcitability comes from changes in dorsal hippocampal CA1 microcircuitry, 

or upstream CA3 synaptic disinhibition, or intrinsic alterations of the receptors on CA1 

pyramidal cells, needs further investigation. Yet, it is still reasonably clear that the current 

results indicate hyperexcitable hippocampal CA1 pyramidal cells in 9-month-old TG animals, 

with enhanced evoked population spike firing at the CA3-CA1 synapse.  Further studies could 

be carried out on the features of these evoked population spikes for their amplitude, size, as 

well as frequency (whether there are and how many multiple population spikes embedded in 

one fEPSP).  

 

2.3.7. Limitations and improvements 

Notably, during the recording time, if the animals were in slow oscillation state, neuronal 

excitability could vary. Therefore, the depth of anaesthesia could also be monitored 

throughout the recording process including the usage of oximeter, which was lacking in this 

set of experiments.  

Next, one might notice that the statistical analysis results were varying if calculated with slope 

or amplitude measurement. For example, it is easily spotted that the maximum output at 6 

months of age measured with amplitude and slope gave rise to the same conclusion, whereas 

at 9-month-old time point, the maximum output was different if measured with slope but not 

amplitude, thus, giving rise to different conclusions. Similar variation could also be noticed in 

the current for 50% output (measured with slope or amplitude) that is calculated post hoc 

from Gompertz fit compared to the experimentally determined results. This variation in slope 
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and amplitude measurement could be one of the biggest sources of uncertainty. Admittedly, 

the maximum initial slope is usually favoured because it could to a large extent reflect the 

authentic fEPSP response, whereas the amplitude measurement is thought to be less reliable 

due to contamination of population spikes and feedforward inhibitory conductance. From the 

practical experience in this set of experiments, population spikes could be observed more 

frequently under currents exceeding 200uA and post-HFS. At low current input, especially 

25uA, fEPSPs were small as near threshold, making slope measurement less reliable than 

amplitude. Indeed, the MATLAB script used in this evoked response study displayed the 

original data from the Plexon software acquisition instead of filtered waveforms that are free 

from influence of spontaneous oscillations. Practically, if the displayed waveform fluctuated 

highly, the slope measurement from this MATLAB script could be more varying, potentially 

causing variations in statistical analysis and further calculations However, averaging across 20 

repeats for each measure may mitigate the influence of a few noisy responses.  

In terms of the experimental design, the LFS-induced depotentiation was only investigated in 

the 6-month-old animals. Whether the in vivo hippocampal LTD in experimental models could 

change in an age-dependent manner would be another question to answer. Therefore, 

investigating LTD-depotentiation in 9-month-old rats is an important next step.  

 

2.4. Conclusion 

This study has examined the in vivo short- and long-term synaptic functions and connectivity 

at the CA3-CA1 synapse in the dorsal hippocampus of the TgF344-AD model at 6 and 9 months 

of age. While long-term plasticity in TG was impaired at both ages, deficits of short-term 

plasticity appeared at 9 months old, with increased baseline connectivity in TG rats at this age. 
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One of the more important findings emerging from this study is that enhanced LTD appeared 

in the 6-month-old TG rats. Overall, these findings strongly indicate in vivo synaptic 

dysfunction at the Schaffer collateral in animals at early stage of AD. Not only was the input 

to CA1 pyramidal neurons impaired with CA3-CA1 synaptic dysfunction, the output from CA1 

pyramidal neurons was also hyperexcitable in the TG animals, especially at 9 months of age. 

Despite a further analysis to clarify whether corresponding LTD deficits also exist in older TG 

animals, post-mortem tissue analysis on synaptic markers and circuit modulators is required 

to understand a possible mechanism for the synaptic dysfunction in these TG animals 

associated with aberrant Aβ accumulation in dorsal hippocampus.    
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Chapter 3. In vivo electrophysiology – evoked responses in 

dentate gyrus in dorsal hippocampus 
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3.1. Introduction 

Dentate gyrus (DG) can be seen as the entrance to the hippocampus for information from 

entorhinal cortex (Scharfman, 2007). Thus, DG granule cells receive excitatory inputs from 

layer II of entorhinal cortex (EC) via the perforant path and DG output then flows to CA3 

principal cells via mossy fibres (Clark and Squire, 2013). As the entrance point to hippocampus, 

DG is important in spatial memory encoding or learning by converting grid-like firing of the EC 

to place-like firing (Rolls, 2013). DG plays a key role in supporting spatial pattern separation, 

which is the ability to distinguish two similar experience, which is impaired in patients with 

mild cognitive impairment (MCI) (Kesner and Rolls, 2015, Rolls, 2013, Yassa et al., 2010).  By 

receiving information from DG, CA3 principal cells are important in pattern completion and 

rapid learning (Rolls, 2013).   

Normally, DG granule cells contact CA3 stratum lucidum at their thorny excrescent spines with 

giant mossy fibre boutons, delivering monosynaptic excitatory postsynaptic inputs (Pan et al., 

2022). They also connect with CA3 neurons via a disynaptic inhibitory input by firstly 

innervating an interneuron with a filopodial extension on the mossy fibre to complete a 

feedforward inhibitory circuit (Pan et al., 2022, Zucca et al., 2017). However, it is suggested 

that CA3 principal cells ‘back-project’ to the DG and that CA3 might be a major gateway to 

hippocampus (Scharfman, 2007). Anatomically, CA3c cells are closely adjacent to DG, and 

robust back-projections between ventral hippocampus and CA3c cells have been found in 

adult rats (Scharfman, 2007). CA3 back-projection was found to innervate hilar neurons, 

although a direct physiological innervation of CA3 neurons to DG granule cells has not been 

found yet (Scharfman, 2007).The CA3 back-projection to DG is thought to be primarily 

inhibitory, which may subserve a key role in prevention of temporal lateral epilepsy where 

hilar GABAergic inhibitory cells are damaged (Scharfman, 2007). 
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In Chapter 2, the Schaffer collateral pathway from CA3 was activated and fEPSPs were 

recorded in the recipient CA1 region with multichannel electrodes. The electrodes used in 

these experiments were sufficiently long to cover the entire CA1 stratum radiatum. In some 

cases, the electrodes reached the DG, so simultaneous CA1 and DG recordings were possible. 

The CA3→CA1 responses were negative in CA1, whereas the responses recorded in the DG 

was positive, which is consistent with the current source of fEPSPs being often the most 

reliably-encountered response component across the laminar profile of CA1 and DG, for 

example, following perforant path activation.  

Therefore, to study whether changes in short- and long-term plasticity also happened in the 

CA3→DG circuit in the same TG animals that showed deficits in CA3→CA1 pathway (Chapter 

2), fEPSPs in DG were measured and analysed. Specifically, the 6-month-old PPF and LTP/LTD, 

as well as 9-month-old LTP in the TgF344-AD rats and age-matched wildtype animals were 

analysed for this pilot study.  

 

3.2. Methods and Materials 

Because the DG response were simultaneously acquired when obtaining the CA1 responses 

on the same recording electrode, the surgery, recording methods and stimulating protocols 

were the same as used in Chapter 2.2. DG responses had positive waveforms (Chapter 2, 

Figure 2.3), and the DG data were analysed for PPF, LTP/LTD in the 6-month-old rats, and LTP 

in the 9-month-old rats. Statistical analysis was the same as Chapter 2.2.3 for PPF and LTP/LTD. 

Note that the LTD (or depotentiation) was only recorded in the 6-month-old animals due to 

experimental progresses, and thus in the 9-month-old animals, only LTP data were presented.  
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3.3. Results  

The evoked CA3 response was simultaneously recorded in the DG of the same animals 

(Chapter 2, Figure 2.1). The biggest positive DG responses were selected for each animal for 

the analysis. Then changes in PPF, LTP/LTD in the 6-month-old rats and LTP in the 9-month-

old rats were analysed for this Chapter.  

 

3.3.1. No change in PPF in dentate gyrus of the 6-month-old rats 

To study short-term plasticity of the CA3→DG back-projection in the DG of 6-month-old WT 

and TG rats, paired pulses were delivered at 50% maximum output current with a range of 

inter-pulse intervals (IPIs) before and after HFS. Slope and amplitude of the paired responses 

were measured. Percentage of facilitation in P2 was calculated under the slope and amplitude 

measures. As the focus of the work was on CA3→CA1 plasticity, we chose the 50% current 

value for DG recordings from the CA3→CA1 baseline I/O analysis. 

Similar statistical results were found using the slope and amplitude measurements (Figure 

3.1). Three-way ANOVA showed no genotype differences (slope: P=0.4207; amplitude: 

P=0.4237) or interaction for genotype x HFS (slope: P=0.6373; amplitude: P=0.4171), or 

genotype x IPI (slope: P=0.1955; amplitude: P=0.2167). There were significant differences in 

the IPI (slope: P<0.0001; amplitude: P<0.0001) and HFS (slope: P<0.0001; amplitude: 

P<0.0001) revealed by three-way ANOVA, but no interaction was found for these three factors 

together (genotype x IPI x HFS: slope: P=0.5166; amplitude: P=0.2687). There was a general 

trend for PPF to be larger in TG rats for both slope and amplitude at short baseline IPIs (Figure 

3.1). 
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The post hoc Tukey’s multiple comparison showed that significant differences within each 

genotype appeared at short IPIs of 25ms, 50ms and 100ms for both slope and amplitude 

measures. For both WT and TG rats, the baseline PPF was significantly larger than that after 

HFS at 25ms (slope: WT: P=0.0003, TG: P<0.0001; amplitude: WT: P<0.0001, TG: P<0.0001), 

50ms (slope: WT: P=0.0003, TG: P<0.0001; amplitude: WT: P<0.0001, TG: P<0.0001) and 

100ms (slope: WT: P=0.0005, TG: P=0.0012; amplitude: WT: P<0.0001, TG: P<0.0001) (Figure 

3.1).  
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Figure 3.1. No genotype difference in paired-pulse facilitation in DG in 6-month-old rats. 

Paired pulses were delivered at a current that gave 50% output. fEPSPs were recorded at DG 
by the stimulation at CA3. (A) Examples of fEPSP traces before and after HFS of a randomly 
selected 6-month-old rat from each group in DG. (B) Slope and (C) amplitude of the paired 
responses were measured. Three-way ANOVA followed by Tukey's multiple comparisons test 
were carried out. WT: n=10, TG: n=11. Data presented as mean±SEM. **p<0.01, ***p<0.001, 
****p<0.0001.  
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3.3.2. 6-month-old rats showed no genotype difference in LTP/LTD in dentate gyrus  

To study the changes in long-term plasticity of the CA3→DG circuit, HFS-induced LTP and LFS-

induced depotentiation were recorded and measured in DG when stimulating CA3 neurons in 

the 6-month-old WT and TG rats (Figure 3.2.A, 3.2.B). Similar results were obtained with slope 

and amplitude measures. Two-way ANOVA showed significant effect of stimulation (HFS or 

LFS) (slope & amplitude: P<0.0001), but no effect of genotype (slope: P=0.0964; amplitude: 

P=0.1257) or interaction (slope: P=0.0863; amplitude: P=0.1314).   

Bonferroni multiple comparison further revealed that, in the 6-month-old WT animals, the 

post-HFS response was significantly greater compared to baseline (slope: P<0.0001; 

amplitude: P<0.0001) and post-LFS (slope: P=0.0033; amplitude: P<0.0001) (Figure 3.2). Also, 

the post-LFS response was statistically larger than baseline P1 fEPSPs in WT rats (slope: 

P=0.0130; amplitude: P=0.0440) (Figure 3.2). Within the TG group, the post-HFS responses 

were also significantly greater compared to that of the baseline (slope: P=0.0002; amplitude: 

P<0.0001) and post-LFS (slope: P=0.0002; amplitude: P<0.0001), as shown by the Bonferroni’s 

post hoc test (Figure 3.2). However, no difference between P1 fEPSP at post-LFS was found 

when comparing the P1 fEPSP at baseline (P>0.9999) in the TG animals, suggesting complete 

depotentiation of LTP. Additionally, although in the scatter plots that the post-LFS responses 

of the TG rats was below that of the WTs, there was no statistical differences between the 

genotypes, although p-value was close to 0.05 for slope (slope: P=0.0641; amplitude: 

P=0.0821).  
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Figure 3.2. No genotype changes in HFS-induced long-term potentiation or LFS-induced 
depotentiation in DG of 6-month-old rats. 

Scatter plots of CA3→DG evoked-excitatory post-synaptic potential (fEPSP) for (A) slope and 
(B) amplitude during experimental time course. Statistical comparisons were made for the 
averaged fEPSP at the baseline, after HFS and after LFS for (C) slope and (D) amplitude. WT: 
n=10, TG: n=11. Data presented as mean±SEM. *p<0.05, **p<0.01, ***p<0.001, 
****p<0.0001.  

 

3.3.3. 9-month-old rats showed no genotype difference in LTP at dentate gyrus 

To further investigate any age-related changes in long-term plasticity of the CA3→DG circuit, 

the in vivo HFS-induced LTP was recorded in the 9-month-old rats in the DG. The P1 fEPSPs 

were analysed with the measures of slope and amplitude (Figure 3.3).  The results with both 

slope and amplitude measurements were similar. Shown by two-way repeated-measures 

ANOVA, there was a significant effect of HFS (slope: P=0.0002; amplitude: P=0.0002), but no 

effect of genotype (slope: P= 0.8367; amplitude: P=0.9806) and no interaction (genotype x 

HFS: slope: P= 0.8367; amplitude:  P= 0.9806). Post hoc Bonferroni’s multiple comparison 

showed that the post-HFS response of both WT (slope: P=0.0070; amplitude: P=0.0050) and 
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TG (slope: P=0.0041; amplitude: P= 0.0054) rats were significantly higher compared to 

baseline (Figure 3.3.C, 3.3.D). However, there was no difference between genotype post-HFS 

measured with slope or amplitude (P>0.9999). 

 

Figure 3.3. No genotype difference in long-term potentiation in DG of 9-month-old rats. 

Scatter plots for CA3-evoked DG fEPSPs as measured with (A) slope and (B) amplitude. LTP 
magnitude averaged in the entire 30mins post-HFS recording period measured with (C) slope 
and (D) amplitude. n=7 per group. Data presented as mean±SEM. **p<0.01.  

 

3.4. Discussion 

To study changes in short- and long-term synaptic plasticity in the CA3→DG back-projection 

at the early-stages of AD-like pathology, DG responses that were simultaneously recorded 

alongside those in CA1 following CA3 stimulation were analysed. Briefly, there was no effect 

of genotype for PPF at 6 months of age, and no statistical differences were found in long-term 

plasticity between WT and TG rats at either 6 or 9 months old. The finding in 6-month-old PPF 
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was comparable to the observations in the CA1 of the same animals. However, this 

observation that long-term plasticity was not significantly impaired in the back-projection to 

DG but was changed in the Schaffer collateral pathway to CA1 at both ages (in the same 

animals at the same time) suggests that the impact of amyloid might differ across the 

hippocampus (Hyman et al., 1984, Reilly et al., 2003, Braak and Braak, 1996, Braak and Braak, 

1991). However, spontaneous oscillations in CA1 and DG should be analysed for changes to 

eliminate the effect of multiple connections into CA1 and DG. Nevertheless, the difference in 

CA1 and DG responses provides a reliable internal control where the changes in CA1 is 

because of the synaptic deficits instead of non-specific effect such as that of the anaesthesia. 

Yet notedly, the 6-month-old TG rats showed greater magnitude of depotentiation from the 

scatter plot, especially using the slope measurements (Figure 3.2.A), although no genotype 

differences were detected with the post hoc multiple comparison. This could suggest a 

potential enhancement of LTD in the 6-month-old TG rats at the CA3→DG circuit, too.  

Equally interestingly, the impaired LTP observed in CA1 of the TG animals at both ages 

(Chapter 2) was not reflected in the DG. Moreover, the magnitude of LTP induction in DG of 

the 9-month-old TG rats is highly similar to that of the WT, whereas the LTP magnitude of the 

6-month-old animals was below that of the WTs at trend level. These observations are in 

agreement with the findings in Tg2576 mice, where the impaired LTP in the hippocampal 

Schaffer collateral pathway at 6-7 months old re-emerged when they were aged (14-19mo) 

(Huh et al., 2016). The re-emerged LTP was not able to be suppressed by inhibitor of ErbB 

receptor due to loss of PV interneurons, where PV expression was significantly lower in the 

aged Tg2576 mice in CA1-3 region (Huh et al., 2016). In the TgF344-AD model in this study, 
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PV interneuron density was reduced in CA2/3 at 9 months of age but not 6 months, suggesting 

that the unimpaired CA3→DG LTP here might not be a normal one.  

As the DG receives direct excitatory input from layer II of EC (Clark and Squire, 2013), the 

activation of CA1 pyramidal cells by stimulating CA3 could also affect the transfer of synaptic 

signals to the downstream regions including EC (particularly at current intensities that 

produce populations spikes in CA1). Also, the CA3 back-projection to DG is more profound in 

ventral hippocampus (Scharfman, 2007), whereas here the recordings were in the dorsal 

hippocampus. Therefore, the responses in DG in this experiment could be a complex 

combination of signals from CA3 and EC when recording the field responses. A direct measure 

of CA3→DG plasticity should be made with more precise methods such as whole-cell patch 

clamp or silencing of EC layer II during CA3 stimulation (Tennant et al., 2018).  

Despite a limitation of the precision of the recording for a direct measure of CA3→DG circuit, 

these results provide the first in vivo evidence of the CA3→DG plasticity in the AD model at 

the early stage. More importantly, the DG fEPSPs were recorded in the same animals that 

have synaptic deficits in the CA3→CA1 circuits as well as the loss of PV interneurons 

(measured in Chapter 4, Section 4.3.2).  

 

3.5. Conclusion  

In summary, there were no significant changes by genotype in short- and long-term plasticity 

at the CA3→DG back-projection in the 6-month-old animals, and no alteration of long-term 

plasticity in the 9-month-old TG animals, which appeared to have synaptic dysfunction in the 

CA1 region in vivo.  However, further investigations should be done on the properties of this 
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circuit with pharmacological blockade using precise recording methods, in order to 

understand its role and function in early AD.  
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Chapter 4. Post-mortem tissue analysis 
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4.1. Introduction 

In the previous chapters, the in vivo electrophysiological properties were examined in the 6- 

and 9-month-old TG rats and their age-matched wild-type controls. Changes appeared in the 

TG animals predominantly at 9 months of age in terms of short- and long-term plasticity and 

baseline connectivity. Hyperactivation of the hippocampal CA1 was also revealed by the 

increased population spike probability post-HFS at P2. However, the underlying molecular 

causes of these observations remain unclear. Also, the levels of AD hallmarks, including 

soluble Aβ oligomers and neuroinflammation, are also unknown at the age tested here. 

Therefore, this chapter studies a range of pathologies regarding prodromal stages of AD, 

investigating changes in levels of synaptic, GABAergic and glutamatergic markers, as well as 

neuroinflammation.   

 

4.1.1. GABAergic inhibition by parvalbumin interneurons  

CA1 pyramidal neurons increase their firing rate to encode spatial information depending on 

the excitatory inputs (Oren and Kullmann, 2012). However, the input/output of hippocampal 

circuits can also be finely modulated by GABAergic inhibition via more than 20 types of 

interneurons (Oren and Kullmann, 2012, Nahar et al., 2021). They can be subclassified based 

on their expression of particular proteins, including parvalbumin (PV), somatostatin (SOM), 

vasoactive intestinal peptide (VIP), neuropeptide Y (NPY), and cholecystokinin (CCK) (Nahar 

et al., 2021).  

PV is a 12kDa calcium binding protein, also known as a Ca2+ buffer, to regulate intracellular 

Ca2+ concentration to protect mitochondria and other cytosolic functions from Ca2+ overload 

(Andrioli et al., 2007, Caccavano et al., 2020, Caillard et al., 2000). Other Ca2+ buffers include 
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calbindin D-28k, and calretinin (Caillard et al., 2000). Within these Ca2+ buffers, there is 

evidence for a loss of parvalbumin in AD (Mahar et al., 2016). Strong synapses, modulated by 

GABAergic inhibition can be formed between the basket and bistratified PV interneurons and 

the glutamatergic pyramidal cells via feedforward inhibition to prevent hypersynchronicity 

and hyperactivity in the hippocampus (Ruden et al., 2021, Keith and El-Husseini, 2008, 

Ferrante and Ascoli, 2015), whereby this connection could contribute to a variety of cognitive 

functions, depending on the regions that they are located (Olah et al., 2022, Yao et al., 2020).  

PV interneurons are a type of fast-spiking interneuron that are found in multiple regions of 

the brain, including the hippocampus and cortices (Nahar et al., 2021). In the hippocampus, 

PV interneurons only comprise a small percentage of the neuronal population, however, they 

control and maintain the balance of the microcircuitry with the glutamatergic pyramidal cells 

of hippocampal subregions, by stabilising communication between CA1 neurons, and through 

lateral inhibition of the granular cells in DG (Nahar et al., 2021). PV interneurons can be 

classified into basket, bistratified and axo-axonic (chandelier) cells, which are located around 

the stratum pyramidale (s.p) layer of the hippocampus and innervate the local pyramidal cells 

(Nahar et al., 2021, Pelkey et al., 2017). These subtypes may have different targets and 

functions and may contribute to events differently. For example, PV basket cells primarily 

activate the pyramidal neurons at soma and proximal dendrite, whereas chandelier cells 

innervate postsynaptic pyramidal neurons at the initial segment of axon (Pelkey et al., 2017). 

Also, in young 5xFAD mice, only basket cells showed a reduction of spike rate during sharp 

wave ripples (SWRs), with no change in the other PV types (Caccavano et al., 2020). 

PV interneurons play a pivotal role in many neurological diseases such as schizophrenia, 

autism spectrum disorders, epilepsy, and AD (Nahar et al., 2021). Failure in activation of PV 
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interneurons was found in schizophrenia and autism, leading to a reduction of GABAergic 

inhibitory function in these diseases (Nahar et al., 2021). Loss of PV interneurons has been 

observed in epileptic patients in the DG (Andrioli et al., 2007). Interestingly, many patients 

with AD at the early stage also appear to have epileptic-like activities and a shift of the E/I 

balance towards excitation. In the 5xFAD model at the early stage (2-3 months), the firing of 

action potentials in PV interneurons was reduced in both the cortex and in the hippocampal 

CA1 region prior to plaque formation (Olah et al., 2022, Caccavano et al., 2020). Furthermore, 

in the aged 3xTg mice, the density of PV interneurons was reduced in the hippocampal CA1 

region. The density of cells expressing the Ca2+ buffer calretinin was also reduced, indicating 

an impairment of calcium homeostasis when AD symptomatology progressed in the animals 

(Zallo et al., 2018).  

Because of its fast-spiking property, PV interneurons are known as a generator of gamma 

oscillations (20-100Hz) that are important for working memory, cognition, and information 

processing depending on the brain regions where they locate (Ruden et al., 2021). Reduction 

of slow gamma oscillation (20-50Hz) was found in the 5xFAD model for AD before the 

formation of plaques. Interestingly, activation of PV interneurons at 40Hz, using optogenetics, 

could not only diminish the production of Aβ40 and Aβ42 (12F4 antibody) in hippocampal CA1, 

but it could also recruit microglia and shift them to an activated phagocytic state (Iaccarino 

et al., 2016). These observations suggest gamma oscillations generated by PV interneurons 

could trigger the uptake of Aβ pathogens by recruiting microglia in CA1.   

Taken together, these studies highlight the importance of PV interneurons in health and 

disease.  
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4.1.2. Synaptic markers SNAP-25 and PSD-95 

AD is a disease with synaptic dysfunction and a general decrease of synaptic density has been 

previously reported in AD brains (Noor and Zahid, 2017, Clinton et al., 1994). Genetic 

transcripts for synaptic proteins are significantly downregulated in the patients in both MCI 

and AD (Counts et al., 2014). These transcripts include transcripts encoding for vesical 

trafficking and docking at the presynaptic neurons, and those regulating glutamatergic 

function post-synaptically (Counts et al., 2014). Therefore, two synaptic markers related to 

synaptic density, SNAP-25 and PSD-95 were selected to study as potential markers for 

changes in pre- and post-synaptic function respectively.  

Synaptosomal-associated protein 25kDa (SNAP-25) is a soluble t-SNARE (target - Soluble NSF 

(N-ethylmaleimide-sensitive factor) Attachment Receptor) molecule located in pre-synaptic 

terminals of neurons on the plasma membrane (Noor and Zahid, 2017, Antonucci et al., 2016). 

In combination with syntaxin, that is also on the plasma membrane, and vesicle associated 

membrane proteins (VAMP), on the synaptic vesicle membrane, it is involved in calcium-

dependent exocytosis of synaptic vesicles by interacting with regulatory proteins on the 

vesicle, such as synaptotagmin (Noor and Zahid, 2017, Mohrmann et al., 2013, Karmakar et 

al., 2019, Antonucci et al., 2016) (Figure 4.1.A). There are two SNARE binding sites of SNAP25, 

and they are responsible for vesicle docking and fusion, as well as triggering the release of 

neurotransmitters (Noor and Zahid, 2017, Mohrmann et al., 2013). SNAP-25 has the function 

of supporting memory formation by modifying its expression level at pre-synaptic terminals, 

where the amount of SNAP-25 was found to be directly proportional to neuronal activity 

(Noor and Zahid, 2017).  
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Figure 4.1. Relative locations and function of synaptic markers SNAP-25 and PSD-95. 

(A) SNAP-25 is a pre-synaptic marker in the SNARE complex for synaptic vesicle fusion and 
neurotransmitter release. The SNARE complex is formed among SNAP-25, Syntaxin and VAMP. 
Synaptobrevin is an example of a VAMP. Membrane fusion will occur, and neurotransmitter 
will release when regulatory proteins, such as synaptotagmin, on the synaptic vesicle receive 
Ca2+ signals. VAMP = vesicle associated membrane proteins; SNAP-25 = synaptosomal-
associated protein 25kDa; SNARE = soluble NSF (N-ethylmaleimide-sensitive factor) 
attachment receptor. Figure modified from Karmakar et al. (2019) and created with Biorender 
(B) Simplified connection of the scaffold protein PSD-95 in relation with receptors, ion channels 
and adhesion molecules on the post-synaptic compartment. PSD-95 = postsynaptic density 
protein 95; PDZ = PSD-95/Dlg/ ZO1 protiens; SH3 = Src-homology-3; GK = guanylate kinase; 
AMPAR = α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor; NMDAR = N-
methyl-D-aspartate receptor. Figure modified from Keith & El-Husseini (2008) and created 
with Biorender.  

 

SNAP-25 plays a role in a variety of neurological disorders, ranging from schizophrenia to AD, 

bipolar disorder and attention deficit hyperactivity disorder (Karmakar et al., 2019, Thompson 

et al., 2003). The levels of SNAP-25 in the cerebrospinal fluid (CSF) showed a correlation with 

synaptic degeneration and the severity of AD in patients, making it a potential biomarker for 

early AD diagnosis (Brinkmalm et al., 2014). In AD and other dementias, such as vascular and 

frontal temporal dementia, there is a significant reduction of the pre-synaptic proteins SNAP-

25, synaptophysin and synaptotagmin in both cortical and hippocampal tissues (Minger et al., 

2001, Sinclair et al., 2015, Furuya et al., 2012). Acute down-regulation of SNAP-25 was found 
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to impair LTP in the hippocampal CA1 region in vitro and in vivo by reducing the spine density 

(Fossati et al., 2015). No change in miniature excitatory post-synaptic currents (mEPSCs) was 

found in SNAP-25 ablated neurons (Fossati et al., 2015). However, in the CSF of AD patients, 

there was an increase of SNAP-25 fragments from early-stage to severe AD measured with 

mass spectrometry (Brinkmalm et al., 2014). Similarly, in MCI patients carrying the AD risk 

gene ApoE ε4, their SNAP-25 level in the CSF was also significantly higher than non-carriers; 

whereas in cognitively normal old subjects, the CSF SNAP-25 was not different between ApoE 

ε4 carriers and non-carriers (Wang et al., 2018). These observations suggest that changes in 

SNAP-25 could be detected at the prodromal stage of AD as a sign of cognition impairment 

(Wang et al., 2018).  

The post-synaptic marker, post-synaptic density 95 (PSD-95) is a crucial scaffold protein at all 

excitatory synapses in the brain and is in the downstream cascade after generation of LTP 

(Beique et al., 2006, Shao et al., 2011, Sultana et al., 2010). The key roles of PSD-95 at the 

post-synaptic site include regulating neurotransmitter receptors, ion channels and adhesion 

molecules, helping to maintain the E/I balance in the brain (Keith and El-Husseini, 2008). PSD-

95 represents synaptic strength as it is recruited in a use-dependent manner for N-methyl-D-

aspartate (NMDA) receptor clustering and manipulation of the amount of α-amino-3-

hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors (Fossati et al., 2015, Ehrlich 

and Malinow, 2004). The PSD-95 protein binds directly to subunits of NMDA receptors and 

indirectly to AMPA receptors via Stargazin (Figure 4.1.B) (Vickers et al., 2006).  

PSD-95 was shown to play a role in regulating the threshold of LTP induction and modulating 

synaptic spines that are central to synaptic plasticity (Vickers et al., 2006, El-Husseini et al., 

2000). Overexpression of PSD-95 in hippocampal neurons led to an increase in both the size 
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and number of synaptic spines, enhancing clustering and activity of post-synaptic 

glutamatergic receptors (Vickers et al., 2006, El-Husseini et al., 2000). Also, changes of PSD-

95 expression modulate synaptic strength by affecting AMPA receptor recruitment (Keith and 

El-Husseini, 2008, Schnell et al., 2002). Interestingly, overexpression of PSD-95 completely 

blocks LTP in hippocampal slices, probably due to receptor saturation, and enhances LTD, 

because more AMPA receptors are available for internalisation (Keith and El-Husseini, 2008, 

Stein et al., 2003). On the other hand, PSD-95 knock-out mice showed reduced AMPA 

receptor current (Beique et al., 2006). Taken together, these studies suggest that PSD-95 is 

an important post-synaptic protein contributing to synaptic plasticity, synaptic stabilisation 

and is of importance in learning and memory (El-Husseini et al., 2000, Broadhead et al., 2016).  

PSD-95 was found to regulate E/I balance, alteration of which is observed in many psychiatric 

and neurological diseases, due to synaptic imbalance (Keith and El-Husseini, 2008). For 

example, in epileptic patients there is an increase of PSD-95-NMDAR complexes in the cortices 

that lead to more excitation (Ying et al., 2004). However, in the brains of AD patients, 

reduction of PSD-95 fluorescent immunoreactivity was found in the synaptosomes of the 

human association neocortex in which the neurons degenerate in AD (Gylys et al., 2004). 

Another study also found reduction of PSD-95 protein levels in the grey matter of the 

temporal lobe in AD patients using Western blot (Yuki et al., 2014). In hippocampus of patients 

with MCI, the level of PSD-95 was significantly reduced, suggesting this protein might have 

altered function at pre-AD stages (Sultana et al., 2010). However, the level of PSD-95 in CSF 

was significantly elevated in patients with AD compared to MCI patients and healthy controls 

(Kivisakk et al., 2022). Interestingly, increased CSF PSD-95 was also found in other 

neurodegenerative diseases as well as inflammatory conditions such as neurosarcoidosis and 

meningitis (Kivisakk et al., 2022, Rao et al., 2012, Wippel et al., 2013).  
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SNAP-25 and PSD-95 can form a molecular complex connected by the adaptor protein 

p140Cap (Figure 4.1.B), indicating that SNAP-25 might control post-synaptic plasticity by 

reducing stabilisation of PSD-95 (Fossati et al., 2015, Tomasoni et al., 2013, Jaworski et al., 

2009). As PSD-95 plays essential roles in clustering NMDA receptors, AMPA receptors, K+ 

channels and signalling proteins during the formation and maintenance of dendritic spines 

(Kivisakk et al., 2022), reductions of SNAP-25 could make PSD-95 clustering more mobile to 

make receptor insertion unstable, impairing the synaptic strength post-synaptically (Fossati 

et al., 2015). In contrary, overexpression of SNAP-25 could lead to increased number of PSD-

95-containing spines (Tomasoni et al., 2013). Therefore, although SNAP-25 is a protein located 

at the pre-synaptic compartment (Kerti et al., 2012), it still modifies the post-synapse by 

changing the morphology of the dendritic spine (Antonucci et al., 2016).  

In general, for the traditional understanding of their functions, the pre-synaptic marker SNAP-

25 is in charge of exocytosis of synaptic vesicles and related more to short-term plasticity 

(Antonucci et al., 2016), whereas the post-synaptic marker PSD-95 is associated more to long-

term synaptic changes via recruitment of receptors (Keith and El-Husseini, 2008). SNAP-25 

and PSD-95 have been extensively studied in neurological disorders involving a change of E/I 

balance, such as schizophrenia and epilepsy. In the early stage of AD, the existence of 

hyperexcitability and change of E/I balance have been proposed. Therefore, it is undoubtedly 

important to investigate the levels of SNAP-25 and PSD-95 in the hippocampus of the TgF344-

AD rat model to elucidate molecular changes that play a role in synaptic strength and plasticity. 

Other presynaptic markers, like synaptic vesicle glycoprotein 2A (SV2A) and the vesicular 

glutamate transporter (VGLUT) are also of value for investigation of synaptic plasticity. These 

have also been found to be reduced in AD, thus impairing synaptic plasticity (Kong et al., 2021, 
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Chen et al., 2011). However, due to difficulties in available antibodies, they are not studied in 

this set of experiments.  

 

4.1.3. Glutamatergic dysfunction in Alzheimer’s disease via NMDA receptors 

Deficits in glutamate homeostasis could promote excitation of the neuronal circuit (Zott et al., 

2018). The glutamate tripartite synapse, involving communication between neurons and 

astrocytes, is essential for excitatory neurotransmission (Zhang et al., 2016). Briefly, the 

enzyme glutaminase transforms glutamine (Gln) into the neurotransmitter glutamate (Glu) 

(Zhang et al., 2016). Glutamate is transferred into synaptic vesicles via vesicular glutamate 

transporters (VGLUTs) and released into the synaptic cleft following Ca2+ influx-induced 

vesicle fusion (Zhang et al., 2016). Some of the released glutamate will bind to NMDARs at 

the post-synaptic spines and extrasynaptic NMDARs, while some will be transported into 

astrocytes by the excitatory amino acid transporters 1/2 (EAAT1/2) or back into the 

presynaptic neuron by EAAT2/5 (Zhang et al., 2016). Inside the astrocyte, glutamine 

synthetase will transform glutamate to glutamine, which goes to the presynaptic terminal to 

provide a production pool for the neurotransmitter glutamate (Figure 4.2) (Zhang et al., 2016).  
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Figure 4.2. Glutamatergic tripartite synapse. 

Glutamate is made from glutamine in the presynaptic and packed into vesicles via VGLUT. The 
excitatory neurotransmitter glutamate will release upon Ca2+ influx signaling and bind to 
activate NMDAR with the co-factor glycine D-serine. The unused glutamate in the synaptic 
cleft will be recollected by EAATs on the presynaptic terminal and astrocytes. The glutamate 
in astrocytes will become glutamine under action of the enzyme glutamine synthetase. 
Astrocytic glutamine is transferred back into the presynaptic terminal, and the tripartite circle 
starts again. NMDAR=N-methyl-D-aspartate receptor; VLUT=vesicular glutamate transporter; 
EAAT=excitatory amino acid transporters. Figure modified from Zhang et al. (2016) and 
created with Biorender. 

 

To activate NMDARs, glutamate needs to bind to the receptor in combination with the co-

factor glycine or D-serine (Zhang et al., 2016). The activated NMDARs will enable Ca2+ influx 

and elicit the downstream cascade, including induction of LTP, a cellular model for learning 

and memory (Yang et al., 2017, Rammes et al., 2011). Overactivation of NMDARs can cause 

excitotoxicity and oxidative stress resulting in cell death (Zhang et al., 2016). Aβ has also been 

shown to elicit excitotoxicity and disturbed Ca2+ homeostasis via NMDA-mediated Ca2+ influx 

(Yang et al., 2017, Bezprozvanny and Mattson, 2008, Ferreira et al., 2012). NMDARs in the 
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hippocampus are therefore essential for excitatory transmission, synaptic plasticity, and 

learning and memory (Zhang et al., 2016).  

NMDARs are composed of a heteromeric congregation of NR1, NR2 (A, B, C and D) and NR3 

(A, B) subunits, and the NR2 subunits decide most of the functions of NMDARs (Yang et al., 

2017, Zhang et al., 2016). The most common assembly of NMDARs is two NR1 subunits with 

either two NR2A or NR2B or a mixture of both (Zhang et al., 2016). NR2A increase their 

expression through development, whereas NR2B are the major subunits in early postnatal 

brains (Yashiro and Philpot, 2008). In the adult hippocampus, NR2A are predominantly 

located at the synapse of the membrane, whereas outside the synapse, NR2B are the 

dominant subtype (Varga et al., 2014, Yang et al., 2017). Both NR2A- and NR2B- containing 

NMDARs play an important role in LTP, with NR2A more related to LTP induction whereas 

activation of NR2B enhance LTD (Varga et al., 2014, Kazim et al., 2021, Palop et al., 2007, 

Palop and Mucke, 2010).  

In addition, soluble Aβ oligomers were found to act at extra-synaptic NR2B-containing 

NMDARs, increasing extra-synaptic NR2B-mediated NMDAR current (Li et al., 2011). Similar 

effects could be achieved following the administration of the glutamate reuptake inhibitor dl-

threo-β-benzyloxyaspartic acid (TBOA) (Li et al., 2011). The Aβ-induced increase of 

intracellular Ca2+ was also shown to be through the activation of NMDARs containing NR2B 

subunits, whereas blocking NR2A-containing NMDARs showed similar effects (Ferreira et al., 

2012). Moreover, NR2B-, but not NR2A-containing NMDARs, are linked with triggering 

apoptotic signals via the GSK-3β pathway (Varga et al., 2014). These studies would suggest 

the ratio of NR2A to NR2B plays a crucial role in regulating synaptic function.  
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4.1.4. GABAergic dysfunction in Alzheimer’s disease  

γ-Aminobutyric acid (GABA) is the major inhibitory neurotransmitter in the central nervous 

system (Govindpani et al., 2017). GABAergic inhibition plays an important role in preventing 

hyperactivity in AD. Reductions of GABAergic inhibition has been found in severe AD cases 

and was associated with cognitive symptoms seen in the patients (Solas et al., 2015). While 

the majority of excitatory glutamatergic synapses are located on spines, the inhibitory 

GABAergic synapses are found on the soma, dendritic shaft and proximal axons (Keith and El-

Husseini, 2008, Knott et al., 2002, Fujiyama et al., 2002).  

GABA is synthesised from a single irreversible enzyme reaction from L-glutamate in the 

cytoplasm of the pre-synaptic neuron (Figure 4.3) (Govindpani et al., 2017). The enzyme 

involved in this reaction is glutamic acid decarboxylase (GAD), which has two isoforms of 

65kDa (GAD65) and 67kDa (GAD67) (Govindpani et al., 2017). Although both isoforms of GAD 

are expressed in the neuronal cell body and terminal in many brain regions including the 

cerebral cortex and hippocampus, GAD67 immunoreactivity is more abundant in the cell body 

whereas immunoreactivity for GAD65 is found to be dominant at the axon terminal (Martin 

et al., 1991, Esclapez et al., 1994, Tavazzani et al., 2014). In patients with schizophrenia, 

reductions of GAD67 protein levels were found in the dorsolateral prefrontal cortex and in PV 

interneurons of the superior frontal gyrus, alongside cognitive symptoms in these patients 

(Curley et al., 2011, Nahar et al., 2021). In the case of AD, one study found that GAD65-

immunoreactive neurons were lost in the hippocampus and medial temporal gyrus of AD 

patients, and a similar reduction of GAD65 protein level was also found in the temporal gyrus 

using Western blot (Schwab et al., 2013). However, these changes were not found with 

GAD67 (Schwab et al., 2013). Nevertheless, in the mouse tissue inoculated with extracellular 

vesicles isolated from the brains of AD patients, the density of c-fos+/GAD67+ neurons and 



 
 

134 

the number of GAD67-immunoreactive puncta was reduced around the CA1 pyramidal cells 

where decreased spontaneous inhibitory current was recorded (Ruan et al., 2021). In sum, 

these observations suggest that deficits in GABA synthetisation might lead to AD progression. 

 

Figure 4.3. GABAergic tripartite synapse. 

GABAergic inhibitory neurotransmission also follows the tripartite circle. The inhibitory 
neurotransmitter GABA is made from glutamate with the enzyme GAD65 or GAD67. GABA 
molecules are packed into vesicles via VGAT and released upon Ca2+ influx signaling. GABA can 
bind to ionotropic GABAAR and/or metabotropic GABABR located on the post-synaptic terminal 
for downstream events and bind to extra synaptic GABA receptors. GABA at the synaptic cleft 
will be recollected via GAT, into the presynaptic neuron or astrocytes. The astrocytic GABA will 
become glutamate in mitochondria via metabolism (tricarboxylic acid cycle, or TCA cycle), and 
the tripartite circle starts over again when glutamine is transferred into the presynaptic 
terminal. GABA=γ-aminobutyric acid; GAD=glutamic acid decarboxylase; GAT=GABA 
transporter; VGAT= vesicular GABA transporter; GABA-T=GABA transaminase. Figure 
modified from Govindpani et al. (2017) and created with Biorender. 

 

Once GABA is synthetised, it is transferred into synaptic vesicles and released to the synaptic 

cleft (Figure 4.3) (Govindpani et al., 2017). GABA can bind to three types of GABA receptors 
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and activate them for the downstream events (Govindpani et al., 2017). GABAA/C receptors 

are ionotropic and GABAB receptors are metabotropic (Govindpani et al., 2017). The GABAA 

receptors have a pentameric structure with five subunits from eight subunit families 

surrounding a central Cl- channel (Govindpani et al., 2017, Nayeem et al., 1994). The most 

common form of GABAA receptors comprise of two α subunits, two β subunits and a γ subunit, 

although other combinations from other subunit families are also available (Govindpani et al., 

2017). It is also the case that many subunits have different subtypes, for example, the α 

subunit has 6 subtypes 1-6 (Govindpani et al., 2017). While α1 is the most expressed subunit 

of the GABAA receptors at the synapse, the α5 subunit is less common but abundant 

extrasynaptically in the hippocampus (Sieghart and Sperk, 2002, Govindpani et al., 2017, 

Glykys et al., 2008, Crestani et al., 2002). Due to the heterogenicity of GABAA receptors, the 

function, pharmacological properties, and sensitivities of different subunit composition may 

vary (Govindpani et al., 2017).  

Unlike GABAA receptors, GABAB receptors are G-protein coupled receptors with two subunits, 

GB1 and GB2, that possess distinct functionalities (Govindpani et al., 2017, Galvez et al., 2001). 

Because their activation involves recruitment of second messenger downstream, GABAB 

receptors can provide slow and prolonged inhibition, in contrary to the fast and transient 

action of GABAA receptors (Terunuma, 2018). GABAB receptors are also thought to influence 

synaptic plasticity and memory (Terunuma, 2018). However, augmentation of post-synaptic 

GABAB receptor activity impaired spatial memory consolidation, suggesting that in order to 

rescue memory deficits, GABAB receptor activity might need to be blocked (Terunuma et al., 

2014). GABAc receptors are highly expressed in retina and are considered a minor subgroup 

of GABAc receptors and less involved in cognitive function (Li et al., 2016).  
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There is growing evidence that normal GABAergic inhibition is affected in AD and as such 

could provide a promising approach for therapeutic intervention (Govindpani et al., 2017, Li 

et al., 2016). Decreased GABA protein levels was observed in the temporal cortex in AD 

patients (Li et al., 2016, Gueli and Taibi, 2013, Bareggi et al., 1982). In patients with AD and 

AD-like pathologies, a moderate reduction of GABA levels was indicated among many cortical 

areas, indicating a shift of E/I balance to excitation in the patients (Govindpani et al., 2017, 

Lowe et al., 1988, Rossor et al., 1984). An age-dependent decrease of GABA current was found 

in Xenopus oocytes that were transplanted with brains from AD patients (Limon et al., 2012). 

In the same study, GABA receptors were also found to be significantly less sensitive to GABA 

compared to Xenopus oocytes transplanted with brains from the control non-AD brains 

(Limon et al., 2012). If hyperactivation is happening in AD brains, enhancing inhibition could 

be of benefit for the prevention of AD progression. Indeed, pharmacological application of 

benzodiazepines, the positive allosteric GABAergic modulator, was shown to prevent 

hyperactivity, restore slow-wave oscillations, and restore E/I balance in both the APP23 x PS45 

and APP23 AD mouse models (Zott et al., 2018, Busche et al., 2015, Griffin et al., 2013).  

Different subunits of GABAA receptors are also subjected to relatively diverse functions. While 

α1 accounts for sedative effect of diazepam, α2 is generally known to prevent anxiolytic-like 

behaviour and is also involved in cognition and working memory by manipulating the GABA 

function in the cortex (Gabriella and Giovanna, 2010, Xu and Wong, 2018). For example, mice 

with downregulation of α2 subunit in the frontal cortex showed behavioural deficits in 

prepulse inhibition and impairments in working memory (Hines et al., 2013). Also, clinical 

trials showed that a selective GABAA α2/3 receptor agonist could improve cognition in 

schizophrenic patients (Lewis et al., 2008, Xu and Wong, 2018).  
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Importantly, the α5 subunit of the GABAA receptor is strongly associated with learning and 

memory (Li et al., 2016, Gabriella and Giovanna, 2010). Unlike most of the GABAA receptors 

expressed at the synapse, α5-containing GABAA (GABAα5) receptors are largely located 

extrasynaptically in brain regions including hippocampal CA fields (Crestani et al., 2002, Brunig 

et al., 2002, June et al., 2001). Extrasynaptically located GABAα5 receptors could modulate 

tonic inhibition of pyramidal cells in the hippocampus (Koh et al., 2020).  

Interestingly, it has been found that selective blockade of GABAα5 receptors using negative 

allosteric modulators (NAMs) could improve hippocampal dependent cognitive performance 

in young adult rodents (Koh et al., 2020, Koh et al., 2013). For example, α5 knock-out mice 

showed facilitated associative learning and trace fear conditioning behaviours that are 

dependent on the hippocampus (Crestani et al., 2002). The double α5 knock-out mice also 

showed significantly improved memory in the water maze (Collinson et al., 2002). 

Upregulation of α5 subunit containing GABAA receptors was observed alongside cognitive 

deficits in the 5xFAD mouse model (Li et al., 2016). This evidence strongly supports that 

inhibition of or a reduction in α5 subunit containing GABAA receptors could rescue memory, 

making it a potential therapeutic target for diseases associated with cognitive impairment 

such as AD (Petrache et al., 2020).  

Importantly, GABAα5 receptors were also found to be upregulated by soluble Aβ in mouse 

hippocampal cultures, which could be prevented by treatment of the inverse agonist of 

GABAA receptors α5 subunit (α5IA), a memory enhancer that selectively attenuates the effect 

of GABA (Vinnakota et al., 2020, Atack, 2010). In the same study, α5IA was also found to 

reduce Aβ-induced cell death in mouse hippocampal cultures (Vinnakota et al., 2020). 

Although the action of α5IA is paradoxically via disinhibition that causes hyperactivity which 
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would be thought to impair memory, oral administration of α5IA was found to increase cell 

firing rate of CA1 pyramidal cells during foraging behaviour and increase ripple size during 

wakeful movement in young adult wildtype rats (F344 strain) (Ratner et al., 2021). 

Nevertheless, the α5IA drug was stopped from clinical development due to renal toxicity in 

preclinical models and poor tolerability in elderly patients (Hipp et al., 2021). Meanwhile, 

other novel selective NAMs at GABAA-α5 (basmisanil) are ongoing in clinical trials with 

preclinical benefits for spatial learning and executive functions, suggesting the α5 subunit 

could still be an important target to improve cognitive functions (Hipp et al., 2021). 

In conclusion, maintaining a suitable dynamic E/I balance is essential and critical to normal 

function of the CNS (Li et al., 2016). Since altered synaptic balance is implicated in AD, it is 

necessary to also study the changes of GABAergic inhibition. In this study, GABA 

synthetisation and receptor function were investigated by measuring levels of GAD67 and 

GABAα5 in the dorsal hippocampal in post-mortem tissue homogenates.  

 

4.1.5. Neuroinflammation: microglia and interleukin-1β 

Neuroinflammation and microglial dysfunction has been implied in AD pathogenesis (Das et 

al., 2021). In this study, microglia and the proinflammatory cytokine interleukin-1β were 

specifically studied to investigate the neuroinflammatory involvement in early AD.  

Microglia activation is considered another important feature or biomarker of AD, alongside 

Aβ plaques and neurofibrillary tangles (NFTs) (Guo et al., 2022). Under physiological 

conditions, microglia in the resting state are continuously surveying the surrounding 

environment looking for potential dangers such as damage associated molecular patterns 

(DAMPs) (Guo et al., 2022). Resting microglia have a small cell body and long projections with 
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fine branches (Leyh et al., 2021, Daniels et al., 2016). However, once microglia detect DAMPs 

or changes of brain homeostasis (Guo et al., 2022), they will become activated with enlarged 

or rod-like cell body and shorter and thicker projections with fewer branches (Leyh et al., 2021, 

Daniels et al., 2016). The fully activated microglia display a round shape cell body without 

projection and can phagocytose neurotoxic debris (Leyh et al., 2021).  

The activated microglia can polarise into two phenotypes, the neurotoxic M1 and 

neuroprotective M2 (Guo et al., 2022, Colonna and Butovsky, 2017). M1 microglia are the 

classic type which induce neuroinflammation with the production of pro-inflammatory 

cytokines such as interleukin-1β (IL-1β), tumour necrosis factor α (TNF-α), and chemokine (C-

C motif) ligand 2 (CCL-2); whereas M2 microglia are neuroprotective, and able to produce 

anti-inflammatory cytokines such as IL-10 and transforming growth factor β (TGF-β) (Guo et 

al., 2022, Colonna and Butovsky, 2017). M2 microglia could also promote phagocytosis of, for 

example, Aβ deposits (Guo et al., 2022, Colonna and Butovsky, 2017). Therefore, the balance 

between M1 and M2 types of activated microglia is crucial for understanding damaging and 

protective effect of neuroinflammation (Guo et al., 2022). Inhibiting M1 and elevating M2 

microglia could be beneficial in treating neurodegenerative diseases like AD (Guo et al., 2022).  

Moreover, the disease-associated microglia (DAM) are a novel type of activated microglia 

with the protective effects by enhancing phagocytosis (Keren-Shaul et al., 2017, Guo et al., 

2022). The activation of DAM involves two steps: firstly, a triggering receptor expressed on 

myeloid cells 2 (TREM2)-independent pathway leads the resting microglia to an intermediate 

state with a reduction of homeostatic microglia checkpoint genes (e.g. Cx3cr1) and an 

increase of TREM2 adapter gene (Tyrobp); secondly, a TREM2-dependent mechanism causes 

the microglia at intermediate state to become phagocytic (Keren-Shaul et al., 2017, Guo et al., 
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2022). Interestingly, DAM are located at the close vicinity of Aβ plaques, suggesting their role 

in clearance of Aβ deposit (Keren-Shaul et al., 2017)  

In AD, Aβ acts as a DAMP that results in the activation of microglia, regulating the immune 

response in the brain by producing one of the most important cytokines, IL-1β (Lenart et al., 

2016). Utilising both positron emission tomography (PET) imaging and histological studies, it 

was demonstrated that activated microglia and astrocytes with high IL-1β expression are 

concentrated in sites near to Aβ42 plaques (White et al., 2017). Moreover, imaging studies 

showed the presence of inflammation in patients with MCI, suggesting that inflammation 

occurs early in the disorder and contributes to the clinical symptoms of AD (White et al., 2017, 

Yasuno et al., 2012). The APP/PS1 mouse model of AD  also showed high expression of IL-1β 

in microglia surrounding Aβ42 plaques; whereas mice lacking the IL-1 receptor showed 

microglia activation when injected with Aβ42 into the brain (White et al., 2017). IL-1β also 

contributes to the production of Aβ42 and APP when combined with another cytokine, 

interferon-γ (Blasko et al., 2000), and it can initiate phosphorylation of tau protein in 

astrocytes (Figure 4.4) (Liu et al., 2006, White et al., 2017). Therefore, Aβ42 could prolong the 

activation of immune cells by continuously recruiting inflammatory mediators, exacerbating 

the disease (Heppner et al., 2015). 
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Figure 4.4. Inflammatory contribution to Alzheimer’s disease. 

Aβ42 is pro-inflammatory and will induce an inflammatory response. Both Aβ42 and 
inflammation cause damage to neurones, whereas neuronal damage, in turn, leads to more 
inflammation via the production of cytokines such as IL-1β from microglia. Aβ42 is known to 
promote the production of hyperphosphorylated tau protein that form the neurofibrillary 
tangles (dotted line). Figure modified from White et al. (2017). 

 

Aβ42 activates inflammasomes that are upstream of IL-1β production in immune cells and 

neurones (White et al., 2017). Inflammasomes are large multi-protein complexes that activate 

caspase-1, which cleaves inactive pro-IL-1β to form IL-1β (White et al., 2017, Daniels et al., 

2016) (Daniels et al., 2016; White et al., 2017). Most of the inflammasomes currently being 

studied, namely NLRP3, NLRP1 (NLR family, pyrin domain containing 1 and 3), and NLRC4 

inflammasomes, respectively, comprise of three parts, an inflammatory sensor that 

recognises intracellular pathogen associated molecular patterns (PAMPs) and DAMPs, an 

adaptor protein called Apoptosis-associated Speck-like protein containing a C-terminal 

caspase-recruitment domain  (ASC), and caspase-1 (White et al., 2017). 
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Aβ42 can directly activate the sensor molecule of the NLRP3 inflammasome (Annett et al., 

2008). Full knockdown of the NLRP3 gene in APP/PS1 mice ameliorates inflammation in the 

brain by reducing amyloid plaques (Heneka et al., 2013). Nlrp3-/- and caspase-1-/- APP/PS1 

mice had a reduced formation of IL-1β and had enhanced clearance of Aβ42. Memory deficits 

were also prevented in the mice (Heneka et al., 2013). NLRP1 inflammasomes are commonly 

expressed in neurones and associated with pyroptotic cell death (White et al., 2017). They 

can be up-regulated by Aβ42 in vitro, whereas an in vivo study suggested that in 

APP/PS1/NLRP1-/- mice, pyroptosis of neurones was down-regulated in the hippocampus and 

the cognitive ability of these animals were better than the controls (Tan et al., 2014, White et 

al., 2017). This evidence suggests that Aβ42 and chronic inflammation are interconnected; it 

also implies that inhibition of the molecular pathways involved in the formation of IL-1β is a 

potential therapeutic target to treat AD more effectively (White et al., 2017). 

Drugs inhibiting the NLRP3 inflammasome can reduce IL-1β and down-regulate caspase-1 

activation, and were shown to be beneficial and protective to cognitive deficits in the 3xTgAD 

mouse model (Daniels et al., 2016). Reduction of IL-1β in the AD brain could lower the 

formation of amyloid plaques and the subsequent inflammatory response, preventing 

neuronal death in affected regions. Daniels et al. firstly showed in vitro that the fenamate 

subclass of non-steroidal anti-inflammatory drugs (NSAIDs) can effectively and selectively 

inhibit the NLRP3 inflammasome (Daniels et al., 2016, White et al., 2017). In vitro studies 

showed that the fenamate NSAIDs such as flufenamic acid and mefenamic acid specifically 

reduced IL-1β, indicating that they could also reduce the inflammatory response seen in AD 

(Daniels et al., 2016). Daniels et al. then provided in vivo evidence that chronic administration 

of mefenamic acid could preserve memory in both an Aβ42-injection rat model and in the 3xTg 

mouse model for AD (Daniels et al., 2016). Mefenamic acid was also effective in completely 
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abolishing IL-1β expression in the 3xTg transgenic mice that had over-activation of microglia 

expressing IL-1β (Daniels et al., 2016). Those 3xTg mice treated with mefenamic acid with a 

constant amount over 28 days had completely reversed memory deficits as compared to the 

wild-type controls (Daniels et al., 2016). 

Therefore, in this study, microglia activation and presence of IL-1β were analysed in the 6- 

and 9-month-old TG rats and WT controls to investigate early-stage pathologies in the TG rat 

model for AD.  

 

4.1.6. Aim and hypothesis  

The aim of this chapter is to study Aβ-related early changes on biomarkers for synaptic, 

GABAergic and glutamatergic transmission as well as neuroinflammation in the dorsal 

hippocampus of the TgF344-AD model. Specifically, the levels of SNAP-25, PSD-95, PV, 

GABAα5, GAD67, NR2A and NR2B were measured using simple Wes analysis in the dorsal 

hippocampus of the 6- and 9-month-old TG and age-matched WT rats. The PV+ cells were also 

investigated using immunohistochemistry and cell density was calculated in total dorsal 

hippocampus and its subregions (CA1, CA2/3, and DG) in rats at 6 and 9 months of age. 

Neuroinflammation was quantified using microglia activation and co-expression with IL-1β. 

Briefly, in the dorsal hippocampal CA1 region, the activation states of microglia were 

determined with calculations of activation scores in 6- and 9-month-old WT and TG rats. In 

the same animals, the percentage of IL-1β-expressing microglia was investigated in the CA1 

region of the hippocampus by co-staining microglia and IL-1β using an immunofluorescent 

method.  
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4.2. Methods and Materials 

4.2.1. Simple Western analysis  

4.2.1.1. Homogenisation  

Whole brain of the animal cohort from the behavioural tasks and electrophysiology 

recordings were taken  and dissected for frontal cortex (FCx), prefrontal cortex (PFC), dorsal 

hippocampus (DH) and ventral hippocampus (VH) according to the Paxinos and Watson rat 

atlas (Paxinos and Watson, 2007). In line with the electrophysiological studies the DH tissue 

was studied for protein analysis in this thesis. Homogenization buffer (1.21mg/ml Trizma base, 

0.11 mg/ml sucrose, and 0.74 mg/ml EDTA) was activated with 0.1M PMSF, 0.1M sodium 

orthovanadate and protease inhibitor and added to each sample for homogenisation at a 

concentration of 100mg/ml. Tissue samples were fully homogenised into solution, and then 

was centrifuged at 800g at 4°C for 15min. The resultant supernatant (S1) was centrifuged at 

11,700g at 4°C for 20min to obtain the S2 supernatant which is made up of most of the soluble 

proteins. The pellet after the second centrifugation was labelled as P2 which includes 

receptors on lipid membrane.  

 

4.2.1.2. Bradford Assay  

Total bovine serum albumin (BSA) concentration in supernatant two (S2, cytosolic fraction) 

or pellet two (P2, synaptic fraction) was determined using a Bradford Assay, which is a 

spectroscopic procedure to measure total protein concentration in a solution. This step was 

used for the dilution of samples to the same concentration of total soluble proteins for the 

western analysis. A small portion of the original S2 solution was taken and diluted fivefold 

with the homogenisation buffer. For P2 samples, 100ul 1X PBS was added for pellet 
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resuspension before the Bradford assay. Triplicates of 10ul samples were pipetted into a 96-

well plate. 200ul dye reagent (1X) was added into each sample and the plate was gently mixed 

and incubated for 5min in the dark. The absorbance reading at 595±5nm was taken from the 

spectrophotometer (Hidex Sense version 0.5.64.0, Finland) and blank reading correction was 

made with this software. A standard curve was plotted using the absorbance from known BSA 

concentrations, and the concentration of total soluble proteins in each of the homogenised 

samples were interpolated and calculated with the third order polynomial regression curve 

(GraphPad PRISM 9.3.1., GraphPad Software, Inc.).  

 

4.2.1.3. Protein level analysis by Wes 

Protein levels in the DH were analysed using the Wes system (ProteinSimple, Bio-Techne, 

USA), which is an automated Western blot with a capillary system separating proteins based 

on size. Levels of SNAP-25, PSD-95, PV, GAD67, and GABAα5 were measured in animals at 6 

and 9 months old in dorsal hippocampus S2. NR2A and NR2B levels were measured in 6-

month-old animals in P2. The protein level analysis was carried out using the process outlined 

below for each antibody - (1) optimisation of antibody and sample concentrations, (2) 

measure levels of protein of interest, and (3) measure total protein in each sample on Wes 

for normalisation of data.  

Samples and reagents for Wes analysis were prepared as per the manufactures protocol. 

Briefly, a biotinylated ladder was prepared with deionised water from the EZ Standard pack 

(ProteinSimple, Bio-Techne, USA). Samples were added with 1:5 fluorescent master mix 

(200mM dithiothreitol and 5X sample buffer) from the EZ Standard pack (ProteinSimple, Bio-

Techne, USA) before vortex mixing and denaturation. Specifically, S2 samples were denatured 
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at 95°C for 5mins, while P2 samples at 40°C for 30mins. Samples and reagents were kept on 

ice whenever needed. The ladder, denatured samples and reagents were loaded into a 25-

cartridge Wes well plate (12-230kDa) based on whether it was a total protein analysis or a 

protein level analysis (Figure 4.5) and then centrifuged for 5mins at 2500 rpm to ensure all 

liquids were at the bottom of each well. Compass software for Simple Western (version 6.1.0) 

was used alongside the Wes machine to control the incubation timing and reading of 

chemiluminescence values. The default settings were used to run the total protein plate and 

all antibodies, apart from for SNAP-25 and GAD67 whose blocking time was increased from 5 

to 30 minutes. Compass software (version 6.1.0) was used for acquisition of protein levels as 

a reading of area under the curve and chemiluminescence value at the peak of proteins of 

interest.  

 

 

Figure 4.5. 25-sized Wes well plate and loading instructions of samples and reagents. 

(A) Plate to load for total protein (TP) analysis. Total protein labelling reagent is made by 
mixing 150ul TP reagent 1 and 2 with silver lidded tube.  (B) Plate to load for optimisation and 
samples. The sample preparation was the same for TP analysis and protein level analysis. 4ul 
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samples at specific BSA concentration were mixed and vortexed with 1ul Wes fluorescent mix. 
The mixture was denatured at 95°C for 5min for S2 samples or 40°C for 30min for P2 samples. 
The resulting mixture was vortexed and flash spin, and then loaded into the plate. Luminol-
peroxide was used for chemiluminescence detection. Luminol and peroxide solutions were 
mixed at a ratio of 1:1.  

 

To optimise antibody and sample loading concentrations, the antibody of interest was diluted 

and S2 or P2 of each sample was lowered to the appropriate BSA concentration range. The 

chemiluminescence value and area under the curve for the protein of interest was extracted 

at the optimal exposure (64 seconds) in the Compass software (version 6.1.0). The saturation 

of luminescence signal was checked prior to any data extraction. A best-fit curve was plotted 

for the chemiluminescence value of the peak (protein of interest) against antibody dilution. 

The optimal antibody concentration was reached when it was saturated at the lowest 

background noise, i.e., at the beginning at the plateau of the best-fit curve as highlighted in 

Figure 4.6. At the optimal sample concentration, the plot of area under the curve against 

sample dilution should be linear (Figure 4.6.D).  
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Figure 4.6. Optimisation of an antibody for Wes. 

(A) An example of the chemiluminescence curve as detected by the Wes machine. The 
chemiluminescence value represents the detection signal strength. The area under the curve 
that is fitted automatically with a Gaussian function represents the level of protein of interest. 
(B) For optimisation, chemiluminescence value is plotted against the antibody dilution (log 2 
scale). The best concentration of antibody is the one at the beginning of the plateau (green), 
for the highest antibody binding and the lowest background. Red box: antibody binding is too 
low so that these dilution levels should be avoided; Orange box: antibody binding is increasing 
but should still be avoided because not all available sites are bound; Green box: optimal 
antibody dilution level; Pink box: antibody dilution at this level should be avoided due to high 
background noise (ref: ProteinSimple) (C) An example of the optimum antibody concentration 
in this study. When sample BSA concentration was 0.4mg/ml, the plot met the optimal at 1:50 
dilution for the optimal results. (D) The area under the curve was plotted against the sample 
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BSA concentration to optimise for the antibody dilution. At an appropriate antibody dilution, 
the area should grow linearly with the increase of sample BSA concentration. Optimisation of 
other antibodies tested in Wes studies was done with the same method. 

 

The optimal primary antibody and sample concentrations are summarised in Table 4.1. The 

data for protein levels in samples were extracted in Compass software (version 6.1.0) at the 

high dynamic range (HDR) exposure of each well plate.  

Table 4.1. Information of primary antibodies used in simple Wes analysis. 

Primary 
antibody 

Product code 
& supplier 

Secondary Fraction 
Sample BSA 

concentration 
(mg/ml) 

Antibody 
dilution 

PV 
LS-B14122; 

LSBio 
Anti-rabbit  S2 0.2 1:50 

PSD-95 
AB2723; 
Abcam 

Anti-mouse S2 0.4 1:50 

SNAP-25 
ab5666; 
Abcam 

Anti-rabbit S2 0.4 1:50 

GABAα5 
ab10098; 

Abcam 
Anti-rabbit S2 0.8 1:50 

GAD67 
MAB5406; 
Millipore 

Anti-mouse S2 0.8 1:50 

NR2A 
PPS012; R&D 

Systems 
Anti-rabbit  P2 0.02 1:100 

NR2B 
PPS013; R&D 

Systems 
Anti-rabbit P2 0.2 1:50 

 

The amount of target protein in each sample was normalised to its corresponding total 

protein levels measured with Wes, and then normalised to the average of that protein in the 

WT group, for data analysis.   
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4.2.2. Immunostaining 

4.2.2.1. Intracardiac perfusion and brain extraction 

Each animal was intracardiacally perfused with 200ml ice-cold 0.1M phosphate-buffered 

saline (PBS) and brains were collected and post-fixed in 4% paraformaldehyde for two days 

before being transferred to 30% sucrose. Once the brain fully sunk to the bottom of the vial 

containing 30% sucrose, it was washed with 0.1M PBS and flash frozen in isopentane on dry 

ice before being stored at -80°C. Brains were sectioned on a cryostat  and dorsal hippocampal 

sections (30µm) were collected and stored as free-floating sections in a cryoprotectant (30% 

v/v ethylene glycol, 30% v/v glycerol, 10% v/v 0.2M PBS) at -20°C.  

PV interneurons and microglia were stained using immunohistochemistry, and IL-1β 

expressing microglia were co-stained using immunofluorescence. Optimisations of primary 

antibodies were carried out at a range of dilutions. Positive controls (sections with only 

secondary antibody or no primary antibody) were used to check for background staining.  

 

4.2.2.2. Immunohistological staining  

For immunohistochemistry, dorsal hippocampal sections were washed 3 times in 0.1M PBS 

for 5 minutes. Antigen retrieval was conducted using sodium citrate buffer (10mM sodium 

citrate, 0.05% Tween 20, pH 6.0) for 30mins at 80°C and then sections were washed 3 times 

for 5mins. Sections were treated with hydrogen peroxide (1.5% H2O2, 10% methanol, 0.4% 

Triton x-100) to remove endogenous peroxidase activity and washed twice for 5mins. Sections 

were incubated in 5% normal horse serum (NHS, S-2000, Vector Laboratories, USA) with 0.4% 

Triton x-100 to inhibit non-specific binding following which they were incubated in primary 

antibody (PV: 1:5000, 235, Swant, Switzerland; Iba-1: 1:2000, ab5076, Abcam) with 5% NHS 
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overnight at 4°C. Sections were washed twice in 0.1M PBS and incubated for 2h in secondary 

antibody (1:200; PV: anti-mouse; Iba-1: anti-goat) in 5% NHS at room temperature. Samples 

were then treated with VECTASTAIN® ABC Kit for 45mins, followed by DAB Substrate 

treatment (peroxide HRP with Nickel) for about 15mins. Sections were washed in distilled 

water and stored in 0.1M PBS before being mounted on SuperFrost® Plus slides. Sections were 

then dehydrated in increasing concentrations of ethanol (70%, 90% and 100%). The 

dehydrated slides were immersed in Histo-Clear for 5mins and then covered with DPX 

Mountant (Sigma-Aldrich).  

 

4.2.2.3. Immunofluorescent staining  

To further assess neuroinflammation, the co-localisation of microglia and the 

proinflammatory cytokine IL-1β was studied in the hippocampal CA1 region with 

immunofluorescence. Briefly, dorsal hippocampal sections were washed 3 times in 0.1M PBS 

for 5mins. Antigen retrieval was conducted using sodium citrate buffer (10mM sodium citrate, 

0.05% Tween 20, pH 6.0) for 30mins at 80°C. After being washed 3 times for 5mins, sections 

were incubated in 5% normal chicken serum (NCS; S-3000-20, Vector) with 0.3% Triton x-100 

in 0.1M PBS for 90mins to inhibit non-specific binding. Sections were then incubated with Iba-

1 (1:500; ab5076, Abcam) and IL-1β (1:200; MAB501, R&D Systems) primary antibodies in 5% 

NCS in 0.3% PBST overnight at 4°C. Sections were then washed 3 times in 0.1M PBS and 

incubated with secondary antibodies conjugated with Alexa-488 (A21467, Thermo Fisher 

Invitrogen) for Iba-1 and Alexa-594 (A21201, Thermo Fisher Invitrogen) for IL-1β at 1:500 in 

5% NCS in 0.3% PBST for 2 hours. Sections were washed twice in PBS and rinsed in distilled 

water for less than 2mins before mounting. Stained free-floating sections were transferred 
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onto SuperFrost® Plus slides, left dry and mounted using DAPI-containing mounting media 

(florescent imaging: fluoroshield mounding medium with DAPI, ab104139, Abcam; confocal 

imaging: ProLong Gold Antifade Mountant with DAPI, Thermo Fisher).  Mounted slides were 

kept at 4°C before being imaged.  

 

4.2.2.4. Image acquisition and analysis 

Images were obtained on a 3D-Histech Pannoramic-250 microscope slide-scanner using a 

20x/0.8 Plan-Apochromat objective lens (Zeiss) for immunohistology slides, and acquired in 

combination with DAPI, FITC and Texas Red filter sets for immunofluorescent slides. 

Snapshots of the slide-scans were taken and analysed using Case Viewer software (3D-

Histech).  

Cell counting was performed with genotypes being blinded. The PV- positive stained cells for 

immunohistochemistry studies were manually counted in CA1, CA2/3, and DG of dorsal 

hippocampus from at least 6 sections per animal (Figure 4.7). The number of Iba-1-positive 

cells (Figure 4.8) in each subregion of dorsal hippocampus was counted using automatic cell 

detector with QuPath software (version 0.3.2) (Bankhead et al., 2017) from 6 sections per 

animal. Parameters for the recognition of the cell body were set as: detection image = optical 

density sum; maximum area = 100-150 um2; minimum area = 20-30um2 and threshold = 0.6-

1.1. Cell density was calculated as number of cells per unit mm2 of the dorsal hippocampus or 

dorsal hippocampal subregions. 
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Figure 4.7. An example of parvalbumin stain in the brain of a randomly selected animal. 

The red arrow is pointing to a PV positive stain. Number of PV+ interneurons were counted in 
the dorsal hippocampal subregions CA1, CA2/3 and DG.  

 

 

Figure 4.8. An example of Iba1 stain in the brain of a randomly selected animal. 
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The red arrow is pointing to the cell body of a microglia that is positively stained to Iba1. 

Number of Iba1+ microglia were counted in the dorsal hippocampal subregions CA1, CA2/3 

and DG, outlined in blue. 

 

For fluorescent co-staining, a minimum of 100 Iba-1-positive cells were labelled in the CA1 

region of dorsal hippocampus, the microglial morphology was scored (Cotel et al., 2015), and 

then the presence of IL-1β was determined on the labelled microglial cells to calculate the 

percentage of IL-1β-expressing microglia (Daniels et al., 2016). Briefly, the microglia at resting, 

intermediate, or activated state were identified and were given the score 0, 1 or 2 respectively 

for the numerical analysis (Daniels et al., 2016) (Figure 4.9.A). The scoring of microglia 

activation state was performed twice by a single examiner, who was blinded to the age and 

genotype of the animals. The selection of CA1 region was based on Daniels et al. (2016), 

where a random counting frame (about 0.6mm x 0.3mm) was drawn between the stratum 

radiatum (Rad) layer of CA1 region (Figure 4.9.B). Multiple dorsal hippocampal sections were 

employed to reach at least 100 microglia per animal.  

The snapshot widefield microscopes was used to visualise immunofluorescent slides for 

optimisation before going onto the slide scanner. Images were collected on a Zeiss 

Axioimager.D2 upright microscope using a 40x/0.75 Plan-neofluar objective (Zeiss) and 

captured using a Coolsnap HQ2 camera (Photometrics) through Micromanager software 

v1.4.23. Specific band pass filter sets for DAPI, FITC and Texas red were used to prevent bleed 

through from one channel to the next. Images were then processed using Fiji ImageJ 

(http://imagej.net/Fiji/Downloads). 

Co-localisation images were collected on a Leica TCS SP8 AOBS inverted confocal using a 63x 

/1.4 Plan Fluotar oil lens with 2x confocal zoom. The confocal was set as 1 airy unit pinhole, 

1000Hz unidirectional scan speed at 1024 x 1024 resolution. Images were collected using 

http://imagej.net/Fiji/Downloads
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hybrid detectors with the following detection mirror settings; FITC 504-554nm; Texas red 602-

691nm by the white light laser with 488nm (10%) and 594nm (10%) laser lines respectively. 

The 3D Z-stacked images were collected sequentially to eliminate crosstalk between channels. 

3D confocal images were stacked using Fiji ImageJ. 

 

 

Figure 4.9. Dorsal hippocampal CA1 region for analysis of immunofluorescence studies. 

(A) The activation states of each labelled microglia were scored. Microglia at different 
activation states in immunofluorescent sections. Images were 40x. Resting, intermediate and 
activated states were scored as 0,1 or 2 respectively. (B) A counting frame of about 0.6mm x 
0.3mm was placed in the stratum radiatum of CA1 region in dorsal hippocampus. Microglia 
were labelled in this frame with a mark when only the green channel was on. Picture shown 
here is a merge of green (microglia) and red (IL-1β) channels. Or=stratum oriens; Py=Stratum 
pyramicale; Rad=Stratum radiatum; Lmol=lacunosum moleculare layer of the hippocampus. 
CA=Cornu Ammonis; DG=dentate gyrus; (Paxinos & Watson, 2007) 
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4.2.3. Statistical analysis  

Clear outliers that were due to Wes machine artefact were excluded, and all data analyses 

were carried out using GraphPad PRISM 9.3.1, apart from tests for equal variance. Normality 

was checked with the D'Agostino & Pearson test and Shapiro-Wilk test. Fisher’s F test was 

performed to test for equal variance of two groups of data (GraphPad PRISM 9.3.1) while 

Levene’s test was used when there were more than two groups (Excel, GraphPad PRISM 9.3.1). 

Unpaired t-test was performed to compare between the two genotypes for the change of a 

single factor. Mann-Whitney test instead of unpaired t-test was carried out if the data was 

non-parametrically distributed. To compare difference between two factors (e.g., 

hippocampal subregions & genotype; genotype & age), two-way ANOVA or mixed-effect 

model of two-way ANOVA was used depending on data parametricity. If two-way ANOVA 

results appeared significant, then post hoc multiple comparisons were performed, including 

Tukey’s and Šídák's tests, based on recommendation.  

 

4.3. Results 

For all Wes analysis, the total protein did not differ between genotype at the same age.  

4.3.1. Simple Wes analysis for the levels of synaptic markers (SNAP-25 & PSD-95) 

Simple Wes analysis was applied to compare the amount of a pre-synaptic protein SNAP-25 

and a post-synaptic protein PSD-95 to assess synaptic function in the DH. The levels of each 

protein were expressed as a percentage of control (i.e., WT). All data passed D'Agostino & 

Pearson test for normality. Unpaired t-test was performed to compare the statistical 

differences.  
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At 6 months of age, we found no significant difference in the levels of SNAP-25 between WT 

and TG (108.3±15.77% of WT; P=0.6723, WT: n=10, TG: n=11) (Figure 4.10.A). At 6 months of 

age, we found a non-significant increase in the levels of PSD-95 between WT and TG 

(144.9±24.48% of WT; P=0.1157, WT & TG, n=10 per group) (Figure 4.10.B).  

At 9 months of age, we found no significant difference in the levels of SNAP-25 between WT 

and TG (95.50±8.14% of WT; P=0.6862, WT & TG, n=10 per group) (Figure 4.10.C). At 9 months 

of age, we found a non-significant increase in the levels of PSD-95 between WT and TG 

(90.65±4.74% of WT; P=0.2060, WT & TG, n=10 per group) (Figure 4.10.D).  
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Figure 4.10. Levels of synaptic markers SNAP-25, PSD-95 in the 6- and 9-month-old animals 
in the dorsal hippocampus. 

(A) 6mo SNAP-25, (B) 6mo PSD-95, (C) 9mo SNAP-25, and (D) 9mo PSD-95 levels in dorsal 
hippocampus was measured with Simple Wes. Levels of protein were normalised to total 
sample protein and expressed as the percentage increase of the control. Unpaired t-test was 
performed. Data presented as mean ± SEM. 6mo: WT: n=10, TG: n=11; 9mo: n=10 per group. 

 

4.3.2. Analysis of parvalbumin (PV) levels in dorsal hippocampus  

4.3.2.1. Simple Wes analysis of PV protein at 6 or 9 months old. 

Simple Wes analysis was used to compare the levels of PV proteins in the dorsal hippocampus 

of the TG and WT rats. The protein levels are presented as percentage of control (i.e., WT at 

each age). All data passed D'Agostino & Pearson test for normality. Unpaired t-test was 

performed to compare the statistical differences.  

At 6 months of age, we found no significant difference in the levels of PV between WT and TG 

(96.36±12.47% of WT; P=0.7229, WT: n=10, TG: n=11) (Figure 4.11.A).  

At 9 months of age, we found a non-significant decrease in the levels of PV between WT and 

TG (84.68±7.44% of WT; P=0.2500, WT & TG, n=10 per group) (Figure 4.11.B).  
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Figure 4.11. Levels of PV in the 6- and 9-month-old animals in the dorsal hippocampus. 

(A) 6mo and (B) 9mo PV levels in dorsal hippocampus was measured with Simple Wes. Levels 
of protein were normalised to total sample protein and expressed as the percentage increase 
of the control. Unpaired t-test was performed. Data presented as mean ± SEM. 6mo: WT: n=10, 
TG: n=11; 9mo: n=10 per group. 

 

 

4.3.2.2. Analysis of PV interneuron density in subregions of dorsal hippocampus. 

An immunohistochemistry (IHC) staining was conducted to compare the density of PV-

immunoreactive interneurons in sub-regions of the DH at 6- and 9- months of age. A two-way 

ANOVA was performed to analyse the effect of genotype and DH sub-regions (CA1, CA2/3 or 

DG) on the density of PV-immunoreactive interneurons.  

At 6 months old, we found a significant effect of subregion (F (2, 30) = 134.2, P<0.0001), but 

no genotype effect (F (1, 15) = 0.5977, P=0.4515) or interaction between subregions and 

genotypes (F (2, 30) = 0.2270, P=0.7983) (Figure 4.12.A).  

However, in the 9-month-old animals, we found a statistically significant interaction effect 

(F(2, 45)=11.49; P<0.0001), a significant genotype effect (F(1,45)=15.09; P<0.001) and 
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significant subregion effect (F(2,45)=167.8; P<0.0001). Post hoc analysis of Šídák's multiple 

comparisons showed that there was a significant reduction in the mean cell density of PV-

immunoreactive interneurons in the CA2/3 region of the DH in TG animals compared to WT 

(P<0.0001; WT: n=8, TG: n=9) (Figure 4.12.B). There were no significant differences in PV-

immunoreactive interneuron mean cell density in the CA1 (P=0.9994) and DG (P=0.9534) 

regions when comparing WT and TG animals. 
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Figure 4.12. Post-mortem analysis of PV interneuron density in dorsal hippocampal regions 
at 6mo & 9mo. 

Density of PV-immunoreactive interneurons was calculated in hippocampal subregions (CA1, 
CA2/3 and DG) in (A) 6mo and (B) 9mo animals. Two-way ANOVA followed by Šídák's multiple 
comparisons test was performed. Data were presented as mean ± SEM. WT: n=8, TG: n=9 for 
both ages. ****p<0.0001.  
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4.3.3. Simple Wes analysis for the levels of GABAerigc markers (GAD67 & GABAα5) 

Simple Wes analysis was applied to compare the amount of GABAergic markers GAD67 and 

GABAα5 to assess GABAergic transmission in the DH. The levels of each protein were 

expressed as a percentage of control (i.e., WT). All data passed D'Agostino & Pearson test for 

normality. Unpaired t-test was performed to compare the statistical differences.  

At 6 months of age, we found no significant difference in the levels of GAD67 between WT 

and TG (106.8±12.63% of WT; P=0.6731; WT: n=10, TG: n=11) (Figure 4.13.A). At 6 months of 

age, we found no significant difference in the levels of GABAα5 between WT and TG 

(92.16±12.90% of WT; P=0.6165; WT&TG, n=9 per group) (Figure 4.13.B).  

At 9 months of age, we found no significant difference in the levels of GABAα5 between WT 

and TG (109.5±7.05% of WT; P=0.3172, WT & TG, n=10 per group) (Figure 4.13.C). At 9 months 

of age, we found a non-significant increase in the levels of GABAα5 between WT and TG 

(96.27±9.24% of WT; P=0.7891, WT & TG, n=10 per group) (Figure 4.13.D).  
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Figure 4.13. Levels of GABAergic markers GAD67, GABAα5 in the 6- and 9-month-old 
animals in the dorsal hippocampus. 

(A) 6mo GAD67, (B) 6mo GABAα5, (C) 9mo GAD67, and (D) 9mo GABAα5 levels in dorsal 
hippocampus was measured with Simple Wes. Levels of protein were normalised to total 
sample protein and expressed as the percentage increase of the control. Unpaired t-test was 
performed. Data presented as mean ± SEM. WT&TG n=10 per group. 

 

 

4.3.4. Simple Wes analysis for the levels of glutamatergic markers (NR2A & NR2B) 

Simple Wes analysis was applied to compare the amount of NMDA receptor 2A (NR2A) and 

NMDA receptor 2B (NR2B) to compare changes in the amount of glutamatergic NMDA 

receptor subunit in the DH in the 6-month-old animals. The levels of each protein were 
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expressed as a percentage of control (i.e., WT). All data passed D'Agostino & Pearson test for 

normality. Unpaired t-test was performed to compare the statistical differences.  

At 6 months of age, we found no significant difference in the levels of NR2A between WT and 

TG (112.2±7.46% of WT; P=0.2928; WT: n=10, TG: n=11) (Figure 4.14.A). Similarly, we found 

no significant difference in the levels of NR2B between WT and TG (93.55±8.05% of WT; 

P=0.5321; WT: n=10, TG: n=11) (Figure 4.14.B).  

 

Figure 4.14. Levels of NR2A and NR2B in the 6-month-old animals in the dorsal hippocampus. 

(A) 6mo NR2A and (B) 6mo NR2B levels in dorsal hippocampus was measured with Simple 
Wes. Levels of protein were normalised to total sample protein and expressed as the 
percentage increase of the control. Unpaired t-test was performed. Data presented as mean 
± SEM. WT: n=10, TG: n=11. 

 

The ratio of NR2A to NR2B was calculated and compared between the genotypes at 6 months 

old. The data did not pass D'Agostino & Pearson test for normality, so Mann-Whitney U test 

was performed to compare the statistical differences. At 6 months of age, we found no 
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significant difference in the ratio of NR2A:NR2B between WT and TG (P=0.2512; WT: n=10, 

TG: n=11) (Figure 4.15). 

 

Figure 4.15. Ratio of NR2A to NR2B in the 6-month-old animals in the dorsal hippocampus. 

Levels of N2RA and NR2B in dorsal hippocampus of the 6mo animals was measured with 
Simple Wes, and the NR2A:NR2B ratio was calculated. Mann-Whitney U test was performed. 
Data presented as mean ± SEM. WT: n=10, TG: n=11. 

 

 

4.3.5. Analysis on the degree of neuroinflammation  

4.3.5.1. Microglia density in the dorsal hippocampus 

An IHC staining was conducted to compare the density of microglia (Iba1+) in sub-regions of 

the DH at 6- and 9- months of age. A two-way ANOVA was performed to analyse the effect of 

genotype and DH sub-regions (CA1, CA2/3 or DG) on the density of Iba-1-immunoreactive 

cells.  

At 6 months old, we found a significant effect of subregion (F (2, 36) = 4.840, P=0.0137), but 

no genotype effect (F (1, 18) = 0.1346, P=0.7180) or interaction between subregions and 

genotypes (F (2, 36) = 1.439, P=0.2504). Post hoc analysis of Šídák's multiple comparisons 
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showed that in TG animals, the microglia density in CA2/3 region was significantly higher than 

in DG (P=0.0341) (Figure 4.16.A).  

However, in the 9-month-old animals, we found no statistical effect of subregion (F (2, 34) = 

0.6147, P=0.5467), genotype (F (1, 17) = 0.09531, P=0.7613) or the interaction between two 

factors (F (2, 34) = 1.500, P=0.2376) using two-way ANOVA (Figure 4.16.B).  
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Figure 4.16. Post-mortem analysis of microglia (Iba1+) density in dorsal hippocampal 
regions at 6mo & 9mo. 

Density of microglia was calculated in hippocampal subregions (CA1, CA2/3 and DG) in (A) 
6mo and (B) 9mo animals. Two-way ANOVA followed by Šídák's multiple comparisons test 
was performed. Data were presented as mean ± SEM. 6mo: WT: n=9, TG: n=11; 9mo: WT: 
n=10, TG: n=9. *p<0.05.  
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Additionally, total microglia density was calculated for dorsal hippocampus (DH) in the 6- and 

9-month-old animals. Two-way ANOVA was conducted to compare the effect of genotype and 

age. We found a significant effect of age (F (1, 35) = 13.19, P=0.0009), but no statistical effect 

of genotype (F (1, 35) = 0.01177, P=0.9142) or an interaction between these two factors (F (1, 

35) = 0.2496, P=0.6205). Post hoc test of Šídák's multiple comparisons showed that in the WT 

group, total microglia density in DH was significantly higher in the 9-month-old animals 

compared to the 6-month (P=0.0131). The increase of total microglia density in the TG groups 

was not significantly different between age of 6mo and 9mo (P=0.0621) (Figure 4.17).  

 

 

Figure 4.17. Total microglia (Iba1+) density in dorsal hippocampal (DH) at 6mo & 9mo. 

Two-way ANOVA followed by Šídák's multiple comparisons test was performed. Data were 
presented as mean ± SEM. 6mo: WT: n=9, TG: n=11; 9mo: WT: n=10, TG: n=9. *p<0.05.  
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4.3.5.2. Measurements of microglia activation in dorsal hippocampal CA1 

Using the immunofluorescence slides, a minimum of 100 microglia cells were identified and 

selected in the CA1 region of DH, and their activation state was assessed (i.e., resting, 

intermediate and activated; see Figure 4.9). The percentage of microglia at each activation 

state was calculated. 

At the age of 6 months, two-way ANOVA showed that there was significantly different of 

percentage of microglia under different activation states (F (2, 20) = 114.4, P<0.0001), but 

there was no effect of genotype (F (1, 10) = 0.3685, P=0.5574). However, the interaction 

between activation state and genotype was significant (F (2, 20) = 4.651, P=0.0219). Tukey's 

multiple comparisons test showed that there were more microglia at resting or intermediate 

state compared to the activated state for both genotype (P<0.0001).  

As shown by Tukey’s test, there were more microglia at resting state than intermediate state 

in WT rats (P=0.0114); whereas in TG rats, no statistical difference was found between 

percentage of resting microglia and those at intermediate state (P=0.7127). Šídák's multiple 

comparisons test was used to compare differences between the genotype groups. As a result, 

TG rats had significantly lower percentage of resting microglia compared to the WT controls 

(P=0.0197), while no post hoc genotype difference was found for the percentage of microglia 

at other activation states (WT vs. TG: intermediate: P=0.0976; activated: P=0.8706) (Figure 

4.18).  
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Figure 4.18. Microglia activation states in dorsal hippocampal CA1 of 6-month-old animals. 

Percentages of microglia at resting, intermediate or activated state in dorsal hippocampal CA1 
region were plotted for animals at 6 months of age. Two-way repeated measure ANOVA was 
performed followed by Šídák's multiple comparisons test. Data presented as mean ± SEM.   WT: 
n=5, TG: n=7. *P<0.05. 

 

In the 9-month-old animals as shown in Figure 4.19, two-way ANOVA showed significant 

changes in activation state (F (2, 18) = 74.41, P<0.0001) and the interaction of activation state 

and genotype (F (2, 18) = 23.50, P<0.0001), but there was no ANOVA difference for the 

genotype factor itself (F (1, 9) = 0.07746, P=0.7871). For WT rats, Tukey’s multiple comparison 

showed that the percentage of resting microglia was significantly higher than that at the 

intermediate (P<0.0001) or activated state (P<0.0001). Also, there were more microglia at 

intermediate state compared to at the activated state in the WT controls (P=0.0001), as 

shown by Tukey’s test. For TG rats, significantly more microglia were found to be at 

intermediate state compared to at resting (P=0.0122) or activated state (P<0.0001) using 

Tukey’s test. However, the percentage of microglia at activated state was shown to be 

markedly less than that of resting microglia (P=0.0005). Interestingly, the post hoc of Šídák's 
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multiple comparisons test showed that in the TG rats, there were significantly more microglia 

at the intermediate state compared to the WT controls (P<0.0001), whereas the percentage 

of resting microglia in the TG animals were significantly lower than the WTs (P<0.0001) (Figure 

4.19). No difference was found in terms of percentage of microglia under the activated state 

between genotype groups (P=0.5627).  

 

Figure 4.19. Microglia activation states in dorsal hippocampal CA1 of 9-month-old animals. 

Percentages of microglia at resting, intermediate or activated state in dorsal hippocampal CA1 
region were plotted for animals at 9 months of age. Two-way repeated measure ANOVA was 
performed followed by Šídák's multiple comparisons test. Data presented as mean ± SEM.   WT: 
n=6, TG: n=5. ****P<0.0001. 

 

For each genotype group at each age, the average activation score of the microglia in 

hippocampal CA1 region was calculated, as displayed in Figure 4.20. two-way ANOVA showed 

that there was significant effect of genotype (F (1, 19) = 26.06, P<0.0001) and age (F (1, 19) = 

26.06, P=0.0494), but no significant interaction between these two factors was found (F (1, 

19) = 3.272, P=0.0863). As suggested by Šídák's multiple comparisons test, the origin of the 

genotype effect came from the 9-month-old TG rats, who demonstrated significantly higher 



 
 

172 

scores and hence more inflammation than the age-matching WT controls (P=0.0002) (Figure 

4.20). In contrast, the 6-month-old animals show statistical differences between genotypes 

(P=0.0562). Moreover, Šídák's multiple comparisons test showed that the significant age 

effect came from the TG rats, where they scored markedly higher at the age of 9 months than 

6 months (P=0.0222) (Figure 4.20). However, in the WT controls, no difference of age was 

found for mean microglia activation score (P=0.9751). 

 

Figure 4.20. Comparison of the average microglia activation score in dorsal CA1 in 6- and 
9-month-old animals. 

Two-way ANOVA was performed followed by Šídák's multiple comparisons test. Data 
presented as mean ± SEM. 6mo: WT: n=5, TG: n=7; 9mo: WT: n=6, TG: n=5. *P<0.05, 
***P<0.001. 
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4.3.5.3. Microglia expressing IL-1β in dorsal hippocampal CA1  

The proinflammatory cytokine IL-1β was co-stained with microglia in dorsal hippocampus in 

the 6- and 9-month-old animals and analysed in the CA1 region for the percentage of IL-1β 

expressing microglia.  

Figure 4.21 shows the confocal images of the co-staining from four randomly selected animals. 

Notably, in 6 month and 9-month-old WT rats, the microglia had small cell bodies with long 

branches, indicating being at the resting state. However, in the 9-month-old TG rats, the 

microglia in CA1 region were more likely to have big spherical cell body with short and less 

projections, with IL-1β located inside of the cell body, suggested by the 3D confocal image in 

Figure 4.21.   
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Figure 4.21. Confocal images of microglia expressing interleukin-1β (IL-1β) in dorsal 
hippocampal CA1 in animals at both ages. 

Iba1 antibody for microglia (green) co-stained with IL-1β (red) (63x confocal, 2x zoom-in). The 
co-expressions are shown in the merged pictures (yellow).   

 

The percentage of IL-1β-expressing microglia was counted in a minimum of 100 labelled 

microglia in the CA1 region of dorsal hippocampus. Statistical analysis was performed to 

investigate effects of genotype and age.  
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A two-way ANOVA revealed that both genotype (F (1, 19) = 11.34, P=0.0032) and age (F (1, 

19) = 10.37, P=0.0045) significantly affected the number of IL-1β-expressing microglia in CA1, 

but there was no interaction of these two factors (F (1, 19) = 0.0006230, P=0.9803).  

Further comparisons were made by Šídák's test, where there were statistically more microglia 

expressing IL-1β in the 6-month-old TG rats compared to the age-matching WT controls 

(P=0.0487).  

 9-month-old TG rats also displayed more IL-1β-expressing microglia in CA1 region than WT 

rats as shown in Figure 4.22.A, yet the statistical comparison was not significant by Šídák's 

test (P=0.0617). As for the post hoc comparison for the ageing effect, there was no age 

difference in either genotype group by Šídák's multiple comparison (WT: P=0.0706; TG: 

P=0.0650).  

Overall, there was a shift of microglial activation from resting to the transition state and 

increase of expression of the proinflammatory cytokine IL-1β in the CA1 region with 

increasing age which is more obvious in the TG animals (Figure 4.22.B).  
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Figure 4.22. Percentage of microglia expressing interleukin-1β (IL-1β) in dorsal hippocampal 
CA1. 

(A) Comparison of percentages of IL-1β-expressing microglia in CA1 region at 6mo and 9mo in 
WT and TG rats. Two-way ANOVA with Šídák's multiple comparisons test was performed. (B) 
A summary of percentage of IL-1β-expressing microglia under resting, intermediate and 
activated states at 6mo and 9mo in WT and TG rats. Data presented as mean ± SEM. 6mo: 
WT: n=5, TG: n=7; 9mo: WT: n=6, TG: n=5.  *P<0.05, **P<0.01. 
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4.3.6. Microglia clustered in hippocampus of 9-month-old TG rats  

Clusters of Iba-1-positive microglia was found in the IHC sections (Figure 4.23) and IF sections 

of the 9mo TG rats in the dorsal hippocampus. The clusters were round shaped, with a darker 

colour compared to the non-clustered regions. Microglia were bundled together, and more 

densely contacted with one another compared to non-clustered regions. Microglia in the 

clusters were more activated at the intermediate and activated ameboid states. No resting 

microglia was observed in the clustered regions. On contrary, microglia clusters were not 

observed in the 6-month-old animals (WT & TG), or WT rats at 9 months of age.  
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Figure 4.23. 9-month-old TG showed microglia clustering in the dorsal hippocampus. 

Iba-1 stain for microglia in dorsal hippocampus from a randomly selected 9-month-old TG 
animal at the magnification of (A) 2x, (B) 5x, and (C) 20x. This 9mo TG sections showed clusters 
of microglia at intermediate to activated states, and this phenomenon was also found in other 
9mo TG rats. No cluster was observed at 6mo old or in WT animals.  
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These microglia clusters were also found in the cortex above the hippocampus in the same 

anterior-posterior (A-P) plane where dorsal hippocampi locate, particularly in the perirhinal 

cortex, dorsolateral entorhinal cortex, piriform cortex, and basolateral amygdala (Figure 4.24). 

Again, no microglia cluster was found in the cortices of younger animals or in WT rats.  

 

Figure 4.24. 9-month-old TG showed microglia clustering in the cortex. 

Iba-1 stain for microglia from a randomly selected TG animal. 9mo TG rats showed clusters of 
microglia at the cortex, especially concentrated at perirenal cortex, dorsolateral entorhinal 
cortex, piriform cortex, and basolateral amygdala. No cluster was observed at 6mo old or in 
WT animals. 
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4.4. Discussion 

To figure out the molecular mechanisms underlying the changes seen in the evoked responses, 

the dorsal hippocampus was taken out from the WT and TG rats at 6 and 9 months of age for 

post-mortem analysis. Pre- and post-synaptic proteins and markers involved in E/I balance 

were analysed using immunohistochemical methods. Since neuroinflammation has been 

recently recognised as another pathological hallmark for AD, the amount of 

neuroinflammation was also analysed with microglia activation as well as its co-expression 

with the proinflammatory cytokine IL-1β.  

 

4.4.1.  GABAergic disinhibition in hippocampal CA2/3 in 9-month-old TG rats.  

In this study, simple Wes’s analysis showed no statistical difference in PV protein levels in the 

dorsal hippocampal in either 6- or 9-months old TG animals. However, immunohistochemical 

staining showed that, in the 9-month-old TG rats, there was a reduction in the density of PV 

interneurons in the subregion of dorsal hippocampus, with no changes in the CA1 or DG. This 

result implies a reduction of GABAergic inhibition upstream of the CA1 region of the 

hippocampal Schaffer collateral in the 9-month-old TG rats. In contrast, PV interneuron 

density was unchanged in all subregions in 6-month-old TG animals.  

A general reduction of PV interneuron density in the hippocampus is in line with a number of 

studies in AD mouse models. In Tg2576 mice expressing human Aβ, the hippocampal CA1-3 

PV density was unchanged at the age of 6-7 months, but markedly reduced at 14-19 months 

(Huh et al., 2016). In addition, in APP/PS1 KI mice, there was a reduction of PV interneuron 

density in the CA1/2 region at 10 months old (Takahashi et al., 2010). Loss of PV interneuron 

density was also found in all hippocampal subregions in the 12-month-old 5xFAD mice with 
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Aβ plaques, but unchanged in the hippocampus of age-matching Tg4-42 mice without plaque, 

suggesting loss of PV interneuron could be associated with Aβ burden (Giesers and Wirths, 

2020). Interestingly, a loss of PV interneurons was also observed in the CA1/2 and subiculum 

at 1-month in the TgCRND8 mouse model of AD (Mahar et al., 2016). These animals also had 

increased APP production (Mahar et al., 2016). However, the study of PV expression in AD 

models have also found other changes. For example, in a study in APPsw/PS1ΔE9 mice, there 

was an increase in PV cell density at 3 and 12 months in the hippocampal CA1 and CA3 regions 

and increased in DG at 12 months old (Verdaguer et al., 2015).  

In the current study we found a reduction in the density of PV interneurons while PV protein 

levels were unchanged in the dorsal hippocampus. This could imply a compensatory increase 

of PV protein expression in individual interneurons in the dorsal hippocampus to balance out 

a potential reduction of PV interneuron function.  However, in 9-month-old animals, although 

PV levels in TG rats were not significantly different from WT, there was a tendency of a 

reduction of PV protein in the TGs, which could link with the decrease in PV interneuron 

density in the dorsal hippocampus at this age. Also, the in vivo evoked response recordings 

(Chapter 2, Section 2.3.2.1) showed changes with an increased I/O, which could result from 

GABAergic disinhibition upstream of the CA3-CA1 circuit through a reduction of PV 

interneuron density in the CA2/3 region. To further clarify a direct role of PV interneurons in 

the hyperexcitability in the CA3-CA1 circuit, further investigations could be undertaken using 

pharmacological blockade or gain of functions, or selectively increase or decrease the activity 

of CA2/3 PV interneurons, by viral infection or optogenetic methods.    

Albeit PV interneurons being an important class of GABAergic inhibitory interneurons that are 

also critical in generating gamma oscillations for cognitive processes, inhibitory interneurons 
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expressing other proteins are also resident in hippocampus and have been investigated in AD 

models. NYP- and SOM- expressing interneurons are generators of theta oscillation (4-10Hz) 

(Klausberger et al., 2003).The density NPY- and SOM- expressing interneurons were both 

decreased in CA1/2 and CA3 regions in 6-month-old TgCRND8 mice (Albuquerque et al., 2015). 

NYP-expressing interneurons were also reduced in the DG (Albuquerque et al., 2015). A study 

of 22 different pre- and post- synaptic, GABAergic and glutamatergic markers in 6-month-old 

PS1xAPP AD mice found a decrease in the expression of NPY and SOM interneurons with no 

changes in other markers including PV (Ramos et al., 2006).  This also suggests a need to assess 

the changes in other types of GABAergic interneurons alongside PV.  

 

4.4.2. Synaptic, glutamatergic and GABAergic markers were not found to be affected in the 

TG rats. 

AD is characterised as a synaptic disease due to depression of synaptic plasticity that 

interferes with learning and memory. To study whether the pre-synaptic compartment or the 

post-synaptic compartment or both contribute to the synaptic deficits seen in the in vivo 

electrophysiology recordings, the levels of a pre-synaptic marker, SNAP-25, and a post-

synaptic marker, PSD-95, were measured in the dorsal hippocampus. Using simple Wes 

analysis, there was no change of SNAP-25 or PSD-95 levels between TG and WT rats at either 

6 or 9 months of age. This is contradictory to reports in other AD models, for example, in the 

hippocampus of APP/PS1 mice, the expression levels of SNAP-25, PSD-95, and NMDAR 

subunits were all reduced at age of 8 months, when Aβ deposits and cognitive deficits were 

developed (Xu et al., 2021). 
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Additionally, since LTP is related with NR2A-enriched NMDARs and LTD with NR2B-enriched 

NMDARs, the levels of NR2A and NR2B were measured in the 6-month-old animals using the 

P2 pellet. The results also turned out to be insignificant between genotypes for NR2A or NR2B 

levels. Also, no genotype difference for the NR2A to NR2B ratio was detected. These 

observations were in contrary to some literatures, where in the 8-month-old APP/PS1 mice, 

the NMDAR subunits were also found to reduce in the hippocampus (Xu et al., 2021).  

Moreover, in an AD-like rat model expressing cognitive deficits in water maze, there was a 

significant increase of immunoreactivity intensity of NR2B-containing NMDARs in the 

hippocampus, with no change in the intensity of NR2A-containing NMDARs  (Liu et al., 2012). 

These AD-like rats also showed significantly more neurodegeneration in hippocampus 

especially in the CA1 region using Terminal deoxynucleotidyl transferase dUTP nick end 

labelling (TUNEL) (Liu et al., 2012). Although this AD-like rat model was an acute model built 

by intracerebroventricular injection of Aβ1-40 and continuous intraperitoneal injection of AlCl3, 

making the results unconvincing, there is still a possibility that it is still early at 6-month-old 

in the TgF344-AD model as they don’t have major neuronal loss at this age  (Cohen et al., 

2013). It is thus interesting to know the changes of LTD and levels of NR2B-containing 

NMDARs in the older animals, too. However, due to loss of the 9-month-old tissue, the 

analysis of NR2A and NR2B are not presented in this thesis.  

Moreover, to investigate the deficit in GABAergic inhibition, there was no difference in 

GABAα5 or GAD67 levels between genotypes in ages tested here. This observation is  

consistent with another group using the same TgF344-AD model, where they found no change 

in GABAA receptor subunits α1, α5, and δ, or the enzymes GAD65 and GAD67 in total 

hippocampus by western blot in 9-month-old animals (Bazzigaluppi et al., 2018). However, 
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very interestingly, 9-month-old TgF344-AD rats showed a significant reduction in the density 

of GAD67-postive cells in the CA1 region, and a non-significant reduced density in the CA3 

region (Bazzigaluppi et al., 2018). These observations could suggest that at 9 months of age, 

the remaining GAD67-positive cells might produce more GAD67 protein than before to 

maintain its normal level in dorsal hippocampus. Studies also found that in vivo ripple 

oscillations in the TgF344-AD rats was irresponsive to α5IA, a selective negative allosteric 

modulator to GABAA receptors, by the age of 9 months (Ratner et al., 2021). This finding 

indicates that the changes of GABAA receptors could be functional instead of a change in the 

amount.  Additionally, there might be a possibility of functional remodelling between subunits 

of GABAA receptors due to variants of subunits but might not be a change in the numbers of 

total GABA receptors. In a particular study using an in vitro model of AD, the α1 and γ1 subunit 

were down-regulated whereas α2, β1 and γ1 transcripts were up-regulated (Limon et al., 2012).  

The measurement of GABA and GAD levels in post-mortem tissue could be affected with 

factors like the post-mortem interval and the age of measurement.  In patients with dementia 

(AD and other types of dementia), there was a reduction in GAD enzymatic activity in post-

mortem homogenates from all cortices (Perry et al., 1978, Govindpani et al., 2017). However, 

it was only observed in the late stage of the disease, and it is doubted that it was likely the 

effect of the conditions at the perimortem agonal state instead of the AD pathologies (Bowen 

et al., 1977, Govindpani et al., 2017). Therefore, the post-mortem interval could affect to 

some extent the measurement of GAD activity, and levels of other biomarkers in the post-

mortem tissues. Moreover, PV-, SOM- and NPY-expressing GABAergic interneurons were 

found to be lost in the hippocampus of AD models at 6 months of age that have increased 

production of APP, such as the TgCRND8 (Albuquerque et al., 2015) and PS1xAPP mice (Ramos 

et al., 2006). The 6-month-old TgCRND8 mice also showed reduced GAD67-expressing neuron 
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immunoreactivity (Krantic et al., 2012). However, in this mouse model, 6 months of age is 

already way after the overproduction of soluble Aβ, and the Aβ plaques load at this age was 

already enormous (Krantic et al., 2012), whereas our TG rats had more soluble forms of Aβ at 

6 months old (Cohen et al., 2013). It is therefore possible that the loss of GAD67-expressing 

neurons would be found in the later stage of our TG rats here.  

At the first glance, this result firstly indicates that these markers were not affected, at least 

at the ages tested here. However, as there were changes in the in vivo evoked responses, 

there should be changes of biomarkers where other molecular mechanism is involved. Firstly, 

to look at the hippocampus as a whole is insufficient especially using Wes analysis (Maruszak 

and Thuret, 2014). In these set of Wes analysis, the entire dorsal hippocampus was used. As 

seen with the PV results in this study, there could be changes in subregions whereas the 

protein levels in the whole area may not be necessarily altered. A decrease of protein levels 

in a particular subregion could be masked by an increase of the same protein in other 

subregions. Also, as the function of subregions might not necessarily be the same, it will be 

of interest to test these protein levels in other regions like the ventral hippocampus, frontal 

and prefrontal cortices, to figure out how the pathologies progress globally.  

 

4.4.3. Factors that affect neuroinflammation measurements 

Neuroinflammation is recognised as another critical biological hallmark for AD at the early 

stage (Heneka, 2017). To assess the degree of neuroinflammation, microglia activation and 

co-expression with the proinflammatory cytokine of IL-1β was studied. TG rats at both 6 and 

9 months of age had fewer percentage of resting microglia in hippocampal CA1 region, 

whereas the 9-month-old TG rats showed significantly more microglia at the intermediate 
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state in transit to the activated ones. The activation score in the 9-month-old TG rats was 

significantly higher compared to the age-match WT controls, and higher than the younger TG 

rats. This result suggests that neuroinflammation appeared in the TG animals at the 

prodromal stage and became progressively more severe as animals aged. APP/PS1 mice and 

3xTg mice at about 12 months of age showed more substantial degree of microglia activation 

than the age-matching and older wild-type controls (Cao et al., 2021, Daniels et al., 2016). 

Additionally, positron emission tomography (PET) using [18F]DPA-714 for microglia activation 

showed increased neuroinflammation in the hippocampus of 12-month-old TgF344-AD rats 

compared to the controls (Chaney et al., 2021). [18F]DPA-714 PET did not show genotype 

differences in the TgF344-AD model at 6 months of age (Chaney et al., 2021).  

Also, in CA1 region, there was an increase of the percentage of IL-1β-expressing microglia in 

the TG animals, suggesting that there were more activated microglia detecting inflammatory 

responses, acting as a sign of increased neuroinflammation. Interestingly, in the current study, 

IL-1β were mostly in the amoeboid microglia that are fully activated, although this class of 

microglia comprised the lowest percentage among total microglia in the CA1 of hippocampus. 

This piece of finding is consistent with the observations of increased IL-1β in 

activated/amoeboid microglia in an acute Aβ42-injection model as well as old 3xTg mice(13-

14 months old) (Daniels et al., 2016).   

Moreover, albeit the numerical amount was low, 6-month-old TG rats had a higher 

percentage of microglia with IL-1β. The 9-month-old TG rats had higher mean percentage of 

IL-1β-expressing microglia but was not statistically different from the WT rats. Firstly, these 

observations might suggest neuroinflammation could happen in the TG animals at the early 

stage of AD, but secondly, this could be possibly due to small sample size for ANOVA tests or 
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the fact that there was an increased amount of microglia expressing IL-1β in the WT animals 

at older age.  As suggested by the ageing effect revealed by two-way ANOVA in this study, an 

age-dependent background increase of neuroinflammation in the WT animals might be 

possible.  

Also, there are other factors associated with increased neuroinflammation. Albeit Aβ 

oligomers be one of the DAMPs, stress could also induce neuroinflammation (Grippo and 

Scotti, 2013). Therefore, it is arguable that whether the neuroinflammation is resulted from 

APP/PS1 transgenes or is it a result of ageing itself or the stress levels. In fact, at the age of 6 

months old, both male and female TgF344-AD rats showed enhanced anxiety related 

behaviour in the elevate plus-maze without deficits in spatial memory (Pentkowski et al., 

2018). Moreover, anxiety-like behaviour was observed in the 9-month-old TgF344-AD rats as 

seen with a reduced sniffing time and lower interaction with conspecific rats compared to the 

wildtype controls in social interaction test (Chaney et al., 2021). These findings suggest that 

anxiety could be a factor contributing to enhanced neuroinflammation.  

For limitations of the neuroinflammation study, one of the limitations would be that scoring 

for activation states involves objective bias. Hence, markers to indicate phagocytosis such as 

CD68 could be used in combination to ensure counting of fully activated microglia (Waller et 

al., 2019). It is worth noticing that the amount of microglia in these animals’ majority of them 

are at resting and intermediate state, where the fully activated ones or the ameboid one’s 

percentage was very low compared to the other two states. Yet the co-expression of the 

proinflammatory cytokine is mostly in the ameboid ones, instead of the ones that are 

becoming activated (at the early phase of activation). Also, the coextension from the confocal 
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imaging showed clearly the IL-1β is inside the ameboid shape microglia, whereas at the other 

two states, IL-1β were at the adjacent space attaching to the microglia.  

Another limitation could be resulted from the number of microglia being analysed for 

microglia activation and co-expression with IL-1β, in which about 100 microglia were counted 

and analysed in CA1. In this current study, about 100 microglia in a randomly fixed counting 

frame in the CA1 region were counted to represent the entire CA1 region, which might 

diminish some accuracy. However, Harte lab found that there was no difference between the 

analysis using 100 microglia and full microglia counting in the entire hippocampal region, 

making the analysis method in this study approvable (Rebecca Woods, unpublished).  

Additionally, for a better understanding of the full amount of IL-1β in dorsal hippocampus, 

other methods could be used for measurement, such as enzyme-linked immunoassay (ELISA). 

However, due to a lack of tissue and the number of homogenates and high concentration of 

sample required, it was not feasible to the analysis of this study. Indeed, rat ELISA for IL-1β 

was tested, but the low amount of sample concentration brought about huge variability.  

 

4.4.4. Amyloid load of TgF344-AD model 

In this study, in order to investigate the load of soluble Aβ oligomers, we attempted to do IHC 

and IF staining with the conformational antibody for prefibrillar oligomers A11 (SPC-506, 

StressMarq Biosciences, Canada) (Kayed et al., 2007, Glabe, 2008). Also, a novel 

conformation-specific antibody DesAb-O was tried in combination with a novel ELISA method 

to detect and quantify early appearance of soluble Aβ oligomers in our animals (Aprile et al., 

2020). However, none of them lead to successful assessment due to a lack inappropriate 

tissue preparation and antibody selection.  
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Nevertheless, from other literatures, it is known that at the age of 6 months, the soluble 

oligomers sensitive to A11 and OC antibodies are already detectable in the hippocampus of 

this AD model (Cohen et al., 2013). The TG rats already express excessive amount of soluble 

Aβ40 at the age of 6 months, and the ratio of detergent soluble Aβ42 to Aβ40 oligomers 

progressively increase with age (Cohen et al., 2013). More importantly, direct measure of Aβ 

plaques comes from a study using the 6F3D antibody to label Aβ plaques. The 9-month-old 

TgF344-AD rats was shown to have 10.7±1.3 plaques/mm2 in the whole hippocampus and 

4.6±0.7 plaques/mm2 in mPFC (Bazzigaluppi et al., 2018).  However, there was no data related 

to the amount of soluble Aβ oligomers in 9-month-old animals.  

Based on the original literature on the TgF344-AD model in terms of the age-dependent 

increase of soluble Aβ oligomers especially the Aβ42 proportions, it could estimate that at 9 

months old the TG animals should express more Aβ pathologies than at 6 months.  

 

4.4.5. Microglia clusters in the dorsal hippocampus of 9-month-old TG rats  

Interestingly, plaque-like clusters of microglia were found in the slices of the TG rats at 9 

months of age in the dorsal hippocampus. The clusters were round shape, rich in microglia at 

the intermediate and activated states, with almost 100% of expression of IL-1β, suggesting 

this area could be highly inflamed. Not only in dorsal hippocampus had these clusters 

appeared, the clusters or plaque-like substance also appeared in the cortex on the same 

anterior-posterior plane where dorsal hippocampi locate, especially perirhinal cortex, 

dorsolateral entorhinal cortex, piriform cortex, and basolateral amygdala. Therefore, based 

on reasonable speculation, at 9 months old, the TG animals was possible to express more Aβ 

pathologies with the appearance of Aβ plaques. Also, Aβ plaques might not be present in the 
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TG animals at 6 months of age. In fact, direct measure of Aβ plaques from another study 

showed that plaque area was very low at the age of 4-6 months but increased 82-fold in 

hippocampus when they reached 24-25 months old (Saré et al., 2020). Huge augmentation of 

Aβ plaques area were also found in perirhinal cortex (63-fold), and piriform cortex (73-fold) 

at 24-25 months old (Saré et al., 2020). Taking consideration of measurements from the 

literature, soluble Aβ oligomers should be of dominance in the 6-month-old TG rats. 

In addition, noted that the perirhinal and entorhinal cortices are important for olfactory 

processing (Li et al., 2010, Saiz-Sanchez et al., 2015). Olfaction seems to do nothing with 

memory and what we normally know about AD. However, it might be the first few signs of 

the disease (Saiz-Sanchez et al., 2015). Early-stage AD patients showed deficits in odour 

detection, frequently preceding cognitive impairment, and memory loss (Li et al., 2010). The 

observation of microglia clusters in these regions of the TG animals suggests that these 

regions could be vulnerable to Aβ pathologies as well as neuroinflammation. And 

neuroinflammation could be an important hallmark leading to memory loss.  

 

4.5. Conclusion 

In summary, there was a decrease in the density of PV interneurons in CA2/3 and hence 

GABAergic disinhibition upstream of the Schaffer collateral pathway in TG rats only when they 

were 9 months old.  There was also no PV interneuron density change in other subregions of 

dorsal hippocampus, nor in the younger animals at 6 months old. There were no changes in 

synaptic (SNAP-25, PSD-95), or GABAergic (GABAα5, GAD67) transmission in the TG animals 

at either age, while no difference in the glutamatergic markers (NR2A, NR2B) that are 

associated with LTP and LTD synaptic plasticity, in the 6-month-old animals. However, 
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increased proinflammatory cytokine IL-1β was observed in TG rats in both ages compared to 

the age-match WT rats. There was also a progressing neuroinflammation as a measure of 

microglia activation in the TG animals in hippocampal CA1, from 6 months to 9 months of age. 

Although more studies need to be carried out to complete observations in the 9-month-old 

animals for NR2A and NR2B levels, and other potential transmission markers needs to be 

investigated, the current results suggest there were GABAergic disinhibition in the 9-month-

old animals accompanied with increased neuroinflammation.  

Although there is an urgent need to directly measure Aβ load for both soluble oligomers and 

insoluble plaques in these animals in the dorsal hippocampus, 9 months of age might be an 

important transition point for development of pathologies compared to 6 months of age in 

this animal model, thus being a valuable check point for future investigations on 

pharmacological interventions for early AD.   
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In this thesis, hippocampal synaptic strength and plasticity as well as the putative pathologies 

involved in the early stages of AD were investigated at two different timepoints using the 

TgF344-AD rat model. Based on the outcomes from the experiments in this thesis a hypothesis 

underlying hippocampal hyperexcitability in early AD will be firstly discussed. This thesis 

focused on electrophysiological and pathological studies in this animal model, as no 

behavioural readouts were collected due to a number of issues related to the background 

strain and their ability to conduct consistent behavioural studies in different cohorts of 

animals. As such no behaviour is reported directly but this chapter will also include a summary 

of behavioural assessments in this animal model from other laboratories. Their qualities and 

implications will be discussed alongside my data in a discussion focusing on the validity of the 

TgF344 rat model for AD research. Outcomes, limitations and implications of these studies 

along with future direction will also be discussed.  

 

5.1. Disease mechanisms at the early stage of Alzheimer’s disease  

AD progression is multifactorial involving the interplays of many pathways including Aβ-

induced synaptic dysfunction and neuroinflammation. Hippocampal network abnormalities 

including hypersynchrony, changes in rhythmic oscillatory properties, synaptic depression, 

interneuron dysfunction, and hyperexcitability are all important factors contributing to the 

progressive cognitive impairment in AD (Kazim et al., 2021). Alongside these abnormalities 

and other mediators (e.g., soluble Aβ oligomers, NFTs), neuroinflammation is emerging as a 

key regulator driving disease progression. It is likely that these network abnormalities, 

changes in neuronal function and neuroinflammation will play a different role at certain 

stages of the disease and is a rationale as to why looking at disease progression in 6- and 9-
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month-old TgF344-AD rats can help elucidate these changes and how they may relate to each 

other. 

 

5.1.1. Hippocampal hyperexcitability in the TgF344-AD model  

In the TgF344-AD rats at 9 months of age, there was an enhanced input strength to CA1 as for 

an upwardly shifted I/O curve, and also an increased output from CA1 as shown by the higher 

chance of having population spikes (Chapter 2, Section 2.3.1.4 and Section 2.3.2.4). These 

observations suggest a potential hyperexcitability at the dorsal hippocampal CA1 region at 

the age of 9 months.  

The increased fEPSP might be a consequence of presynaptic disinhibition, where the 

presynaptic neurons are less inhibited by the inhibitory interneurons (McGarrity et al., 2017). 

Indeed, the disinhibition of GABAergic interneurons has gradually become a popular 

explanation for synaptic dysfunction associated with Aβ-induced cognitive decline (McGarrity 

et al., 2017). PV positive interneurons are an important subset of GABAergic interneurons 

that are critical in maintaining the neuronal network balance in the brain and are vulnerable 

to AD-related pathologies (Ruden et al., 2021, Park et al., 2020, Hijazi et al., 2020a, Hijazi et 

al., 2020b). Notably, Huh et al. (2016) suggested that the aberrant LTP that re-emerged in  

aged Tg2576 mice was attributable to the loss of PV interneurons in hippocampal CA1-3 

region, which prevent over-excitation of pyramidal cells by providing GABAergic inhibitory 

input in the CA1 region (Huh et al., 2016, Palop and Mucke, 2010). Hence, it is possible that 

synaptic hyperexcitability in this study was a result of PV interneuron loss.   

In our study, we found 9-month-old TG rats tended to have less PV protein expression in the 

total dorsal hippocampus using simple Wes’s analysis. Region specific changes investigated 
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using immunohistochemical techniques revealed that we have a significant reduction of PV 

cell density in CA2/3 region, but not CA1 or DG. 

Firstly, our result is comparable to the reduction of PV-expressing interneurons in the 

hippocampus of 5xFAD mouse at 11 months of age (Seo et al., 2021), that GABAergic 

disinhibition might appear at the mid-adult age. In another study, direct application of Aβ42 

reduced the amplitude of inhibitory postsynaptic current mediated by monosynaptic GABAA 

receptor in the somatosensory cortex layer V in vitro (Ulrich, 2015). Intracerebroventricular 

injection of soluble Aβ oligomers in Lister hooded rats also showed a decrease of the PV-

expressing interneurons in the frontal cortex (Watremez et al., 2018). In sum, these studies 

support the idea that presynaptic disinhibition could trigger synaptic hyperexcitability. 

Secondly, it is interesting that CA2/3 is upstream of Schaffer collateral pathway where the 

stimulation was exerted on the presynaptic neuron. From these data, it seems very plausible 

that the loss of PV inhibition contributes to the increased baseline connectivity in this study. 

In the 9-month-old TG rats, a loss of PV inhibition, upstream of Schaffer collateral pathway, 

might lead to enhanced baseline fEPSPs recorded at CA1. Reduction of PV interneurons in the 

TgF344-AD model highlights them as a potential target for early stage-AD detection and 

treatment. 

Furthermore, taking into consideration the Ca2+ hypothesis of AD (Chapter 1, Section 1.1.3.4), 

hyperactivity could also emerge as a result of a disturbance with Ca2+ homeostasis due to 

more intracellular Ca2+. PV is a slow Ca2+ buffer and can remove excessive intracellular Ca2+, 

protecting the presynaptic cell from overflow of Ca2+ (Caillard et al., 2000). PV can also 

maintain synaptic strength near its resting level by preventing collective facilitation, therefore 

information could process steadily to the postsynaptic neuron (Caillard et al., 2000). Thus, 
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besides contributing to synaptic disinhibition as seen by enhanced I/O, a lack of PV 

interneuron might also contribute to deficits in short-term synaptic plasticity.  

However, there are over 20 different subsets of GABAergic interneurons in the CA1 region of 

the hippocampus, and the CCK- and SOM-expressing interneurons are also play a role in 

feedforward inhibition to prevent overexcitation of the hippocampal circuits (Klausberger and 

Somogyi, 2008). In fact, CCK-expressing interneurons are found to play a role in the 

feedforward inhibition in the CA1 region via projections from the EC to the CA1 circuit (Basu 

et al., 2013). Therefore, experiments looking beyond PV interneurons could also be conducted 

to investigate other contributing factors to the hyperactivity observed in the hippocampal 

CA1 region in 9-month-old TgF344-AD animals.    

There is also an argument that hippocampal hyperexcitability will show increased LTP and 

decreased LTD, which is not what is reported in this study, where both short- and long-term 

synaptic plasticity seemed to be depressed (Chapter 2, Section 2.3). However, as evidenced 

by the finding that glutamate reuptake inhibitor threo-β-benzyloxyaspartate (TBOA) could 

induce LTD and epileptiform activities at the same time (Campbell et al., 2014), it is highly 

possible that the hippocampal network hyperexcitability and CA1 synaptic dysfunction could 

share a similar pathway that is mediated by an increased amount of soluble Aβ oligomers 

(Kazim et al., 2021). Previous studies have also demonstrated that chronic induction of LTD 

using chemical manipulations drives hyperphosphorylation of tau (Taylor et al., 2021), 

suggesting that the synaptic dysfunction in long-term plasticity could further exacerbate the 

AD pathologies.  
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5.1.2. Epilepsy and AD 

Another piece of evidence to support the hypothesis of hippocampal hyperexcitability is from 

the observation in AD patients with genetic mutations that overproduce Aβ-related species. 

In AD patients who carried mutations of the APP, PS1 or PS2 genes, the chance of having 

seizures is 87-fold to those who do not carry the mutations (Amatniek et al., 2006); while in 

patients with sporadic AD, the seizure risk is only 3-fold higher (Cloyd et al., 2006, Kazim et 

al., 2021). Many of these patients experienced seizure and epileptic-like brain activities before 

the formation of Aβ plaques (Kazim et al., 2021). In our animal model, the hippocampal 

hyperactivity was observed as an increased chance of having population spikes in CA1 region 

in the 9-month-old TG rats, which is related to the mechanism of having epileptiform activities.  

Seizure or epileptiform activities were found to cause cognitive decline and learning and 

memory impairment (Kazim et al., 2021). AD patients with comorbidities of seizure were 

found to be diagnosed with cognitive decline more than 5 years earlier compared to those 

who had not experienced seizures (Kazim et al., 2021, Vossel et al., 2017, Bakker et al., 2012).  

In fact, treatment with low dose of the antiepileptic drug levetiracetam can reverse memory 

loss in MCI patients (Bakker et al., 2012). Levetiracetam modulate exocytosis by binding to 

SV2A, which is an abundant synaptic vesical protein at the presynaptic neuron  (Lynch et al., 

2004, Lam et al., 2017). Absence of SV2A leads to increased epileptic activities by increasing 

presynaptic accumulation of Ca2+ and thus more release of neurotransmitters (Janz et al., 

1999). Also interestingly, PV-immunoreactive cell density was reduced in the subiculum, DG 

and all CA fields especially the superficial aspect of hippocampal CA1 of epileptic patients, 

suggesting loss of GABAergic inhibition is associated with hyperactivity (Andrioli et al., 2007). 
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This evidence suggests that neuronal hyperexcitability could share a common pathway 

between epilepsy and progression of AD that leads to cognitive dysfunctions.  

 

5.1.3. Association between neuroinflammation and Alzheimer’s disease  

Neuroinflammation is a crucial marker for AD that arouses increasingly more attention. 

Whether it is a result or has a causative role in the development of AD is a hotly debated topic 

(Weaver, 2021, Weaver, 2022). On one hand, patients with MCI and AD show increased 

activated microglia in brain regions important for cognition, including entorhinal, 

temporoparietal, and cingulate cortices (Kinney et al., 2018, Cagnin et al., 2001, Fan et al., 

2017). On the other hand, including subjects with neuroinflammation as seen enhanced 

microglia activation are more prone to have cognitive impairment or loss of memory (Cherry 

et al., 2016, Aungst et al., 2014).  

In fact, repetitive head impact (RHI) was found to cause prolonged activation of microglia with 

increased density of the CD68-positive cells in the dorsolateral frontal cortex. More 

interestingly, the activation of microglia was found to be partially mediated by an increased 

production of phosphor-tau (p-tau) induced by RHI (Cherry et al., 2016). Also, repetitive mild 

traumatic brain injury in rats caused significantly increased numbers of activated microglia in 

both hippocampi, corresponding with an attenuated response of in vitro NMDAR-mediated 

fEPSP and impaired cognitive function in both the Morris water maze and novel object 

recognition (NOR) paradigm (Aungst et al., 2014). Although it is unclear about the existence 

of Aβ species in these patients and animals, neuroinflammation itself could contribute to 

memory loss and cognitive impairment.  
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Enhanced neuroinflammation has been found to cause synaptic deficits by releasing 

glutamate and proinflammatory cytokines to create excitotoxicity and reduce the expression 

synaptic markers (Kivisakk et al., 2022, Rao et al., 2012). For example, in bacterial meningitis 

induced by Streptococcus pneumoniae, the neurotoxin pneumolysin was found to be 

sufficient to induce loss of PSD-95 immunoreactivity in the superficial layers of neocortex 

tissue via binding to astrocytes to initiate Ca2+ influx and release of glutamate (Wippel et al., 

2013). More relevantly, activated microglia can release nitric oxide which inhibits glutamate 

reuptake at the presynaptic site to induce activation of NMDA receptors (Rao et al., 2012). In 

fact, chronic activation of NMDA receptor would upregulate levels of proinflammatory 

cytokines IL-1β and TNF-α in the rat frontal cortex (Chang et al., 2008).  

In this study, we found evidence of increased microglia activation in 9-month-old TG rats 

compared to age-matched WT and younger TG rats. 9-month-old TG animals also showed 

synaptic dysfunctions such as impaired short-term plasticity and enhanced I/O. However, it 

was difficult to statistically correlate the degree of neuroinflammation with in vivo changes in 

evoked synaptic responses, because of the employment of different tissues.  

Another approach to examine this relationship would be to utilise animal models of 

neuroinflammation, such as injection of lipopolysaccharide into the brain, to investigate 

association with changes of in vivo synaptic plasticity, pathologies and behaviours. Levels of 

excitotoxicity, as measured by inducible nitric oxide synthase, could be measured in the 

TgF344-AD rats in this study tested for correlations with neuroinflammation and synaptic 

dysfunctions (Rao et al., 2012). In conclusion, neuroinflammation and synaptic dysfunction 

may exacerbate each other in a continuous feedback loop. Both neuroinflammation and 
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synaptic dysfunction are evident at the early stage of the disease where both play a role in 

progression of the disease and the resultant cognitive dysfunction.   

 

5.2. Behavioural studies in the TgF344-AD model 

Although no behavioural studies were reported in this thesis, other groups used the TgF344-

AD model to investigate changes in cognitive and other behavioural phenotypes (Saré et al., 

2020). For example, female TgF344-AD rats were found to be hypoactive in the open field test 

at 6 and 12 months of age, but not at 18 months old, whereas male TgF344-AD rats showed 

hyposmia regardless of age (Saré et al., 2020).  

In the original study by Cohen et al., TgF344-AD rats showed cognitive deficits in reversal 

learning in the Morris water maze (MWM) at 6 months of age (Cohen et al., 2013). In another 

study, several spatial learning and memory tasks were performed to access working and 

reference memory in the female TgF344-AD model at 6, 9 and 12 months of age (Bernaud et 

al., 2022). The female TgF344-AD rats showed deficits in MWM with greater swim distance to 

the platform at all three age points (Bernaud et al., 2022). In the water radial-arm maze that 

requires both working and reference memory, the deficits were only observed in 6- and 12-

month-old TgF344-AD rats, but not at 9 months of age (Bernaud et al., 2022). Another group 

also found deficits in spatial navigation emerged at 7-8 months old, and more profound at 10-

11 months old using MWM task in the TgF344-AD rats counterbalanced for gender (Berkowitz 

et al., 2018). These data suggest that 6-9 months old might be an early start point of the 

cognitive deficits in the TgF344-AD model.  

We tried to investigate cognitive function of the TgF344-AD model in the lab and in 

collaboration with collaborators at the University of Nottingham. Preliminary behaviour 
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studies were carried out for paired novel object recognition (pNOR) test. However, the 

exploration rate of the animals, even the WT rats, was too low compared to other strains of 

rats doing this experiment. Another example of the effect of low exploration in these animals 

was evident in the delayed match to place (DMP) water maze tested by our collaborators in 

the University of Nottingham (unpublished). This test is highly sensitive to hippocampal 

dysfunction, including hyperexcitability/GABA dysfunction (McGarrity et al., 2017). We found 

a reduction in both exploration and performance in behaviour in both WT and TG rats, with 

no clear genotype or gender difference found in the watermaze DMP tasks at different ages 

(unpublished).  

 

5.3. Validity of the TgF344-AD model   

Animal models are essential and necessary for understanding the disease symptoms, 

underlying mechanisms and for the identification of novel targets and testing of novel 

medications. An ideal animal model for AD should present with both behavioural and 

pathological features of AD patients (Goodarzi et al., 2019).  

In general, the transgenic TgF344-AD rat model provides a better understanding of the 

fundamental biology of AD compared to an acute animal model injected with Aβ (Goodarzi et 

al., 2019). According to Willner’s criteria, the face, construct and predictive validities are the 

three aspects to consider when validating an animal model for neuropsychiatric and 

neurodegenerative diseases (Goodarzi et al., 2019).  

The predictive validity is to do with assessing the effects of therapeutic treatment (Belzung 

and Lemoine, 2011). The construct validity focused on the similarity of the animal model with 

human patients in relation to aetiology and pathology that are corresponding to the 
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mechanism of the disease (Belzung and Lemoine, 2011). The TgF344-AD model show good 

construct validity as they have the mutated genes commonly seen in familial cases of AD 

(Benilova et al., 2012). The face validity corresponds to the similarity of the behavioural 

symptoms and biomarkers of the model and patients (Belzung and Lemoine, 2011, Goodarzi 

et al., 2019). This section will focus on the face validity and discuss for electrophysiological, 

pathological and behavioural aspects.  

For the TgF344-AD model, most of the changes in the TG rats comes from the in vivo 

electrophysiological recordings of evoked synaptic response. Indeed, the in vivo 

electrophysiology measurement is powerful to improve the translational validity of AD animal 

models for reliable biomarkers. Nevertheless, it is difficult to measure with human biomarkers 

at the synaptic level at the moment, and thus impossible to compare the changes in short- 

and long-term plasticity between the animal and human. Measuring change of rhythmic 

oscillations (theta and gamma power) and coherence (theta-gamma coupling) is feasible with 

human electroencephalogram (EEG), yet the spontaneous activity of this animal model needs 

to be analysed.  

For pathological symptoms, a reduction of PV cell density was found in the subregion of 

hippocampus, which is comparable to reduction of PV levels in temporal cortex of AD patients 

and hippocampus in animal models when they are aged (Ruden et al., 2021, Ali et al., 2019). 

However, no changes were found in synaptic markers like SNAP-25 and PSD-95, or GABAergic 

neuronal markers like GAD67, as observed in patients with AD (Yuki et al., 2014, Sinclair et al., 

2015). Nevertheless, the age of the animal must be considered, because this set of studies 

focused on the early changes in these markers before the abundant accumulation of Aβ 

plaques.   
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More importantly for the face validity, one of the advantages of using animal models for 

research is the benefit of doing behavioural tests. Although several groups have successfully 

measured deficits in spatial learning and memory in the TgF344-AD model (Section 5.2), the 

exploration rate of these animals reduced with age and 6-month-old animals were more 

active to the new environment (Saré et al., 2020). Moreover, we observed low exploration 

rate in these animals regardless of the gender at the ages tested here. Similar low exploration 

in novel object recognition was also found in the TgF344-AD and age-matched wildtype 

controls after age of 6 months, in which both genotypes were incapable of completing the 

NOR task (Chaney et al., 2021). Also, low locomotor activity was observed in both transgenic 

and wildtype animals of this model at 12 months of age (Chaney et al., 2021), and reduced 

locomotion was previously reported in male rats of the Fisher strain compared to other strains 

(Rex et al., 1999). The low exploration rate and reduced locomotor activity makes the TgF344-

AD model incompetent for behavioural tests for preclinical studies compared to, for example, 

Wistar or Lister hooded rats (Chaney et al., 2021). 

To conclude, a valid animal model should be similar to human in terms of aetiology, 

pathophysiology, symptoms and responses to treatment  (Goodarzi et al., 2019). The TgF344-

AD rat model has advantages in relation to construct validity and for understanding the 

underlying mechanism of AD progression, with 9-month-old being an interesting age here for 

assessing changes in AD pathologies. However, this model has poor face validity due to its 

cohort-to-cohort variability in relation to behavioural tests related to assessing cognitive 

function, a key feature of AD.  
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5.4. Future studies 

5.4.1. Sexual dimorphism  

One of the limitations of these sets of experiments is the observations were all from male 

animals. It is therefore difficult to conclude whether a sexual dimorphism exists in this AD 

model. Although no gender difference in levels of Aβ or tau were reported in the original 

study (Cohen et al., 2013), gender differences were observed in the open field behavioural 

test (Saré et al., 2020). Also, AD is known to be more prevalent in female patients than males 

where two-thirds of all AD patients are females according to US and European reports (Beam 

et al., 2018, Rajan et al., 2021). Moreover, the sexual dimorphism is indeed seen in 

pathologies like PV deficits, where it is more frequently seen in the males patients with 

schizophrenia who are more prone to the disease (Nahar et al., 2021). It is therefore 

important to also investigate the corresponding changes in female rats in this AD model. 

However, female TG rats especially at 9 months of age were vulnerable to the anaesthetic 

with more frequent deaths observed. The difficulty in experimental procedures must also be 

considered.  

 

5.4.2. Future – theta gamma oscillation and coherence 

In this study, the spontaneous oscillations in hippocampal CA1 and DG were recorded in the 

same animal simultaneously, creating an abundant resource to examine oscillatory activities 

and coherence between and within hippocampal subregions.  

Both alpha and theta frequency were reduced in urethane-anaesthetised and freely moving 

TgF344-AD rats (Cope et al., 2022, Stoiljkovic et al., 2019). In the TgF344-AD model, evoked 

hippocampal theta activity was significantly decreased with reduced theta-gamma coupling 
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(TGC) when the animals were anaesthetised with urethane at age of 12 months (Stoiljkovic et 

al., 2019).  

GABAergic interneurons in the hippocampus govern network synchronicity and oscillations 

(Buzsaki and Draguhn, 2004, Kazim et al., 2021). Because a reduction of PV interneuron 

density was found in the 9-month-old TG rats in this study, it will be interesting to check 

whether there is a change of rhythmic activities and TGC at the same age in the hippocampus.  
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In conclusion, as summarised in Table 6.1 and Figure 6.1, this set of studies showed that the 

synaptic deficits in TG rats at 9 months were accompanied with CA1 hyperexcitability and a 

reduction of PV inhibition upstream of the CA3-CA1 circuity. The reduced inhibition upstream 

of this CA3→CA1 synapse could account for abnormal changes in synaptic plasticity at 9 

months of age. Interestingly, the upwardly shifted I/O curve at baseline might indicate 

synaptic disinhibition, again potentially related to the reduction in PV interneuron density in 

the hippocampal CA2/3 region in the TG animals at this age. Although lacking pathological 

changes in general synaptic, glutamatergic, and other GABAergic markers, the TG rats at both 

ages showed hippocampal neuroinflammation, with 9-month-old TGs possessing more 

proinflammatory cytokine in microglia and a shift of microglial morphology towards the 

activated state. These results highlight mechanisms underlying progression of pathology in 

the TG model.  

Table 6.1. Summary of changes in electrophysiology and post-mortem tissue analysis of 
the 6- and 9-month-old male TgF344-AD rats. 
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Additionally, it is still interesting to understand how the local field potential changed in CA1 

region since theta-gamma coupling and oscillations also affected in AD that is related to PV 

interneurons. Therefore, power of theta and gamma oscillations as well as their coherence 

will be investigated for the add-on analysis. Although poor cognitive performance in 

behavioural tasks may limit the suitability of the TgF344-AD model for testing clinically 

relevant memory deficits, the current study still showed significant electrophysiological and 

pathological changes in the early stage of AD, especially at 9 months of age, indicating that 

this might be a transition state for AD progression.  

 

Figure 6.1. Schematic summary of the findings in 6- and 9-month-old TgF344-AD model. 

Briefly, PV density was only reduced in CA2/3 region that is upstream of the Schaffer collateral 
pathway in the 9-month-old TG rats that had enhanced CA1 activity measured with I/O, PPF 
and population spikes. These observations were not seen in the 6-month-old animals, 
suggesting synaptic disinhibition at 9 months of age. Also, 9-month-old TG rats exhibited more 
neuroinflammation in CA1 as measured with microglia activation and co-expression with IL-
1β. Taken together, long-term synaptic plasticity was impaired at as early as 6 months old of 
the TG rats, but 9 months of age could be an important changing point as a result of Aβ 
pathologies in the TgF344-AD model at the early state of AD. Figure created with Biorender. 
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