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Abstract 

Alzheimer’s disease (AD) is an age-related neurodegenerative disorder characterised by 

progressive cognitive decline and severe memory loss. Currently, AD presents as a major 

global health concern due to the lack of efficacious treatments and a growing aging population. 

While considerable research effort has focused on the dysfunction of excitatory 

neurotransmitter systems in the progression of AD, increasing evidence now delineates a 

reciprocal role of inhibitory neurotransmitter dysfunction in the disease pathogenesis. GABA 

comprises the primary inhibitory neurotransmitter of the brain that is essential in the regulation 

of brain network activity and the maintenance of the excitatory-inhibitory (E/I) balance of 

neural systems. In AD, this GABA signalling system has been shown to undergo significant 

remodelling and dysfunction leading to an E/I imbalance in the hippocampus, further inducing 

cognitive deficits. Optogenetics provides a spatiotemporally precise mechanism for the 

selective modulation of GABAergic activity, potentially providing therapeutic benefits to the 

AD brain. This study aimed to investigate the behavioural and cellular effects induced by 

optogenetic activation of GABA cells in the CA1 hippocampal region in an Aβ1-42-injected in 

vivo model of AD. To evaluate these effects, mice expressing channelrhodopsin-2 (ChR2) in 

GABAergic cells in the CA1 hippocampal region received optogenetic stimulation (470 nm) 

prior to the onset of Aβ1-42-induced neuropathology and further behavioural testing 7 days post-

stimulation to examine hippocampal function. We observed that this stimulation of GABAergic 

cells in the CA1 region partially attenuated Aβ1-42-induced spatial memory deficits. 

Additionally, the optogenetic stimulation of GABAergic cells attenuated Aβ1-42-induced 

pyramidal cell loss in the CA1 and modulated Aβ1-42-induced alterations in a2, a5 and g2 

expression in the CA1 hippocampal region. Moreover, the current study employed FluoVolt 

and GCaMP membrane potential fluorescent probes in an in vitro primary culture model to 

characterise the Aβ1-42-induced alterations in neuronal activity that occur in AD. Our data 

provides further insight into the GABAergic remodelling that occurs in AD and demonstrates 

the neuroprotective and cognition-enhancing effects of optogenetic activation of GABAergic 

cells prior to the onset of Aβ neuropathology, potentially by restoration of the hippocampal E/I 

balance in the AD brain. Furthermore, this study demonstrates the therapeutic potential of 

optogenetic neuronal modulation for the treatment of AD.  
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1 Introduction 

1.1 Alzheimer’s disease overview 

Alzheimer’s disease (AD) is a chronic neurodegenerative disorder and the most prevalent cause 

of dementia, accounting for approximately 50-80% of all cases (Lynch, 2020). In 2019 it was 

estimated that over 50 million people worldwide were afflicted with dementia and this number 

is expected to more than triple to 152 million people by the year 2050 (Lynch, 2020). Early 

stages of AD may be characterized by a long asymptomatic preclinical phase followed by the 

presentation of some mild symptoms including modest memory deficits and some minor 

alterations in mood and personality. However, due to the progressive nature of the disease, 

more advanced AD is typically associated with more severe symptoms such as profound 

memory and cognitive decline, impaired communication and judgement, and significant 

behavioural changes. Eventually, an AD-afflicted individual will experience difficulties in 

performing routine tasks such as swallowing, speaking, and walking, often rendering the 

individual incapacitated and dependent on additional aid to carry out day-to-day tasks 

(Alzheimer's, 2019).  

 

AD may be further classified into two subtypes based on the age of disease onset: early-onset 

AD (EAOD) and late-onset AD (LOAD). EOAD typically arises between 30-60 years of age 

and accounts for approximately 1 to 6% of all AD cases (Bagyinszky, Youn, An, & Kim, 2014). 

Autosomal dominant mutations such as those in genes encoding presenilin-1 (PSEN1), 

presenilin-2 (PSEN2) and amyloid precursor protein (APP) – vital genes involved in the 

production and breakdown of Ab have been identified as the major cause of EAOD 

(Alzheimer's, 2019). In contrast, more than 90% of AD patients present with LOAD at the age 

of >60 years (Bekris, Yu, Bird, & Tsuang, 2010). While the aetiology of LOAD remains 

relatively unclear, the marked increase in the incidence of disease with increasing age places 

ageing as the most influential risk factor. Nonetheless, this form of AD is likely to be 

multifactorial, arising from a complex interplay between both polygenic and environmental 

factors which act to induce neuronal dysfunction and death (Bagyinszky et al., 2014).  

 

When compared to clinically normal brains, the AD-afflicted brain does not typically exhibit 

any grossly visible lesions except significant atrophy of the hippocampus, often accompanied 

by limited atrophy of the amygdala in combination with mild enlargement of the temporal horn 
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(DeTure & Dickson, 2019). The cardinal neuropathological hallmarks of AD include 

extracellular amyloid-beta (Ab) plaques and intraneuronal aggregations of 

hyperphosphorylated tau protein, termed neurofibrillary tangles (NFTs). These microscopic 

lesions are primarily localised to the hippocampus as well as other medial temporal lobe 

structures including the amygdala and the entorhinal cortex, in turn leading to the clinical 

manifestation of cognitive and memory deficits which characterize AD (A. Serrano-Pozo, M. 

P. Frosch, E. Masliah, & B. T. Hyman, 2011). Beyond these major neuropathological 

hallmarks, the AD brain also exhibits gross disruption of its essential neurotransmitter systems, 

ultimately resulting in significant perturbation of the homeostatic excitatory and inhibitory 

(E/I) synaptic balance (Vico Varela, Etter, & Williams, 2019). This fine-tuned E/I balance is 

ubiquitous across cortical circuits and is essential for normal brain function. More specific to 

the hippocampus, the E/I balance plays a pivotal role in memory and learning processes, such 

as through its regulation of neural coding and synaptic plasticity (Froemke, 2015; Zhou & Yu, 

2018). Maladaptive alterations in the glutamatergic and cholinergic systems have long been 

implicated in the E/I imbalance in AD, however increasing evidence now indicates that AD 

brains exhibit profound remodelling of the inhibitory g-aminobutyric acidergic (GABAergic) 

system, which may significantly contribute to AD pathogenesis (K. Govindpani et al., 2017).  

 

While the exact mechanism by which AD arises and progresses is yet to be fully elucidated, 

the prevailing hypothesis of disease – the amyloid cascade hypothesis – suggests that Ab serves 

as the major causative agent of AD (Hardy & Higgins, 1992). More specifically, the hypothesis 

posits that aberrant processing of Ab in turn initiates a cascade of neurotoxic cellular events 

including NFT formation, oxidative stress, neuroinflammatory processes, vascular damage, 

and synaptic dysfunction, ultimately resulting in extensive cell death and cognitive decline 

(Hardy & Higgins, 1992; Karran, Mercken, & Strooper, 2011). Despite the widespread 

acceptance of this hypothesis, increasing evidence continues to contradict Ab as the primary 

causative agent in AD pathogenesis. For example, it has been reported that a correlation exists 

between the Ab plaque burden and the degree of AD severity (Shastry & Giblin, 1999). 

Moreover, Ab plaques have been shown to occur in normal functioning, non-demented patients 

as a result of normal aging processes (Dickson et al., 1992; Shastry & Giblin, 1999). Although 

not specific to AD, NFT formation has been more closely linked to disease severity than 

measurements of plaque burden. For example, a study by Arriagada et al., examined the 

accumulation of both NFTs and senile Ab plaques in AD patients and found that the number 
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of NFTs was positively related to dementia severity, while senile plaque deposition showed no 

such correlation (Arriagada, Growdon, Hedley-Whyte, & Hyman, 1992). Nonetheless, the role 

of Ab in AD must not be disregarded as the neurotoxic responses to Ab have been 

demonstrated both in vivo (Mucke et al., 2000; Oddo et al., 2006) and in vitro (Deng et al., 

2020; Yankner, Duffy, & Kirschner, 1990).  

 

Currently, the five AD drugs approved by the US Food and Drug Administration (FDA), 

including cholinesterase inhibitors (CIs), N-methyl-D-aspartate (NMDA)-receptor antagonists, 

and a combination of the two, target the cholinergic and glutamatergic excitatory systems and 

provide, at best, marginal symptomatic relief to only a subset of AD patients (K. Govindpani 

et al., 2017). This lack of disease-modifying outcomes with current treatments highlights the 

necessity for the exploration of alternative therapeutic targets that more effectively ameliorate 

the cognitive decline experienced in AD. The GABAergic system provides an intriguing novel 

therapeutic target for the treatment of AD due to its recent establishment as a contributor to 

disease progression through its molecular disruption and implication in perturbation of the 

essential hippocampal E/I balance (K. Govindpani et al., 2017). Such novel therapies may 

entail the development of GABAergic modulators which target components of the inhibitory 

system that are altered in AD, ultimately restoring normal GABAergic function and the 

hippocampal E/I balance.  

 

This thesis aims to outline current knowledge regarding the remodelling of the hippocampal 

GABAergic signalling system which occurs in AD and to further explore the therapeutic 

potential of GABAergic modulation through the use of optogenetic treatment in both an in vitro 

and in vivo AD mouse model.  

1.2 Neuropathology of Alzheimer’s disease 

AD is a gradual neurodegenerative disorder in which neuropathology appears and 

progressively worsens throughout the disease. As aforementioned, extracellular Ab plaques 

and intracellular NFTs comprise the cardinal lesions associated with the disease (Alberto 

Serrano-Pozo, Matthew P. Frosch, Eliezer Masliah, & Bradley T. Hyman, 2011). The former 

consists of Ab organized primarily into fibrils which are shown to precede NFT formation, 

which in turn results from the abnormal intracellular accumulation of a dysfunctional 

microtubule-binding protein termed tau. Beyond gross plaque and NFT formation, the AD 
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brain also exhibits marked cellular alterations including extensive synaptic damage and 

remodelling, upregulation of neuroinflammatory processes, neurovascular alterations, and E/I 

imbalance, all contributing to substantial neuronal loss (Perl, 2010; Alberto Serrano-Pozo et 

al., 2011). These lesions are primarily localised to the hippocampus, but also extend to 

structures such as the entorhinal cortex, amygdala, and the neocortex, thereby giving rise to the 

cognitive deficits which characterize AD.  

1.2.1 Amyloid-beta  

The deposition of Ab is the most prominent neuropathological feature of AD and is classically 

regarded as the central driving force of pathogenesis. Ab is a 4 kDa peptide generated from 

proteolysis of the amyloid precursor protein (APP) that occurs in a wide range of cells including 

neurons, vascular cells, and astrocytes. Ab is generated via the sequential proteolytic cleavage 

of the larger APP, a 110-130 kDa type I transmembrane protein abundantly expressed in the 

mammalian brain (Minelli, Brecha, Karschin, DeBiasi, & Conti, 1995; Zheng & Koo, 2011). 

The APP gene, located on chromosome 21, undergoes alternative splicing to produce one of 

eight isoforms ranging from 365 to 770 amino acid residues, of which APP695, APP751 and 

APP770 comprise the major species expressed in humans (Y. W. Zhang, Thompson, Zhang, & 

Xu, 2011). Unlike its proteolytically processed counterpart, the physiological function of full-

length APP has been implicated in the regulation of synaptic activity as well as synapse and 

dendritic spine formation, thereby playing a significant role in the maintenance of neuronal 

integrity (Hoe, Lee, & Pak, 2012). 

 

APP processing occurs via sequential proteolytic cleavage mediated by at least three proteases 

including a-, b- and g-secretases. Initial cleavage of the full-length APP protein is carried out 

by either a- or b-secretases, ultimately delineating the non-amyloidogenic and amyloidogenic 

APP processing pathways, respectively (Y. W. Zhang et al., 2011). α-secretase activity is 

mediated by members of the disintegrin and metalloproteinase domain (ADAM) family of 

proteins, of which ADAM 10 is reported to be the most physiologically important α-secretase 

involved in APP processing  (Kuhn et al., 2010). Cleavage of APP by α-secretase generates the 

large secreted derivative sAPPa, as well as the membrane-bound carboxyterminal fragment 83 

(CTF83). In contrast, the amyloidogenic pathway consists of initial APP cleavage by b-

secretase, in turn liberating secreted APPb (sAPPb) from carboxyterminal fragment 99 

(CTF99). The major neuronal form of b-secretase was identified in 1999 as the beta-site APP-



 

9 

cleaving enzyme 1 (BACE-1), wherein overexpression or downregulation of the membrane-

bound aspartyl protease was found to directly increase and decrease the amount of relevant b-

secretase cleavage products (Vassar et al., 1999). The CTFs generated via α- and b-secretase 

activity are further cleaved by g-secretase to generate an identical amino-terminal APP 

intracellular domain (AICD50) fragment and either p3 or Ab within the non-amyloidogenic 

and amyloidogenic pathways, respectively. Neuronal g-secretase is a horseshoe-shaped 

transmembrane complex comprised of at least four obligatory proteins including presenilin 1 

(PSEN1) or presenilin 2 (PSEN2), anterior pharynx-defective-1 (Aph-1), nicastrin (Nct) and 

presenilin enhancer-2 (Pen2), which together facilitate substrate recognition and subsequent 

proteolytic cleavage of APP (Wolfe, 2008).  

 
Figure 1. Proteolytic processing of APP. 
APP may be proteolytically cleaved by either α-secretase or b-secretase leading to the generation of 
non-amyloidogenic and amyloidogenic products, respectively. Figure prepared by Isabella Lavas  
 

Due to the imprecise nature of g-secretase, the resultant Ab fragment generated from CTF 

cleavage may range from 37 to 49 amino acid residues, of which Ab40 and Ab42 are the two 

major isoforms generated in humans (G. F. Chen et al., 2017; Gravina et al., 1995). Ab40 is 

the most abundant isoform generated in both healthy and AD brains however, Ab42 is 

considered predominantly more pathogenic in AD as it possesses a greater propensity for 
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aggregation due to reduced solubility and enhanced fibrillation, thereby incurring an elevated 

toxicity profile (Qiu, Liu, Chen, Zhao, & Li, 2015).  

 

Rare mutations in the genes encoding APP, PSEN1 and PSEN2 proteins are well-established 

causative agents of familial EOAD which act to enhance Ab generation via the amyloidogenic 

pathway, often increasing the ratio of Ab1-42 to Ab1-40 (Bekris et al., 2010). In contrast, the 

mechanisms of increased amyloidogenesis and Ab-induced toxicity which occur in LOAD 

remain relatively unclear, although increasing evidence suggests that defective production and 

clearance of Ab may directly contribute to Ab accumulation and toxicity (Mawuenyega et al., 

2010; Yepes et al., 2003). Following their generation, soluble Ab monomers undergo a process 

of progressive aggregation and spontaneous oligomerization forming Ab oligomers, which in 

turn aggregate into protofibrils, and subsequently into mature, insoluble fibrils and plaques 

within the neuronal extracellular space  (G. F. Chen et al., 2017; S. J. Lee, Nam, Lee, Savelieff, 

& Lim, 2017). The aggregation pathway of the resultant Ab species is ultimately dependent on 

specific properties of the protein such as its concentration and solubility, the amino acid 

composition, and its location in relation to other Ab species. Moreover, due to the inherently 

disordered nature of the Ab protein, genetic and/or microenvironmental pressures may induce 

conformational interconversions between aggregation intermediates, a process which has 

additionally been implicated in the pathogenesis of AD (Gruning et al., 2013) 

While the aggregation of Ab peptides into plaques is classically implicated as a major 

pathogenic feature of AD, increasing evidence delineates that soluble Ab oligomers (AbOs) 

may more significantly contribute to pathogenesis (Qiu et al., 2015). This ‘Aβ oligomer 

hypothesis’ was initially proposed by Ferreria and Klein in 2011 due to the correlation between 

disease burden and AbOs, and the lack thereof with Ab plaque burden (Sergio T. Ferreira & 

Klein, 2011). Studies have reported an increase in AbOs within the cerebrospinal fluid (CSF) 

of AD-afflicted individuals, which were in turn linked to impaired cognition as defined by the 

Mini-Mental State Examination (Fukumoto et al., 2010; Gao et al., 2011). Moreover, the 

appearance of AbOs has been shown to precede alternative neuropathological hallmarks 

including plaque formation and the synaptic phosphorylation of tau, suggesting a central role 

in AD pathogenesis (Bilousova et al., 2016; Lesné et al., 2013).  
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1.2.2 Tau hyperphosphorylation and neurofibrillary tangles 

Beyond Ab, AD is pathologically defined by the intracellular accumulation of NFTs comprised 

of abnormally hyperphosphorylated tau protein (Brion, Couck, Passareiro, & Flament-Durand, 

1985). Human tau protein is encoded by the microtubule-associated protein tau (MAPT) gene, 

located on chromosome 17q21, where alternative splicing generates 6 tau isoforms (Andreadis, 

2006). Tau protein is enriched in the axons of mature neurons where it promotes the 

stabilisation of cytoskeletal structures, thereby regulating axonal transport and neuronal 

signalling (Aamodt & Williams, 1984; Barbier et al., 2019). Intracellularly, tau undergoes 

several post-translational modifications however, phosphorylation by protein kinases 

constitutes the primary regulator of tau function by its modulation of tau affinity to the protein 

tubulin (Iqbal, Liu, Gong, & Grundke-Iqbal, 2010). In AD, the deregulated activity of protein 

kinases such as glycogen synthase kinase-3 b (GSK3b) and cyclin-dependent kinase-5 (CDK5) 

induces abnormally high levels of tau phosphorylation (p-tau), leading to the reduced affinity 

of p-tau for tubulin and further detachment from microtubules. Under such pathological 

conditions, insoluble p-tau begins to accumulate in the cytosol where it undergoes progressive 

aggregation into paired helical filaments (PHF) and ultimately forms NFTs (Stoothoff & 

Johnson, 2005). In addition to its abnormal phosphorylation, conformational changes in tau 

structure such as its truncation have also been shown to drive the generation of p-tau, further 

contributing to AD pathogenesis (Zilka et al., 2006).  

 

Although early studies implicated Ab as the primary driver of AD pathogenesis, increasing 

evidence now suggests that tauopathy plays a key role in pathogenic mechanisms including 

excitotoxicity, synaptic dysfunction and loss, ultimately leading to cell death (Frost, Jacks, & 

Diamond, 2009; Mairet-Coello et al., 2013). Moreover, the progression of AD is associated 

with the propagation of tau along neuro-anatomically connected brain regions (Braak & Braak, 

1991). In AD, NFTs first appear in the transentorhinal cortex and the medial temporal lobe and 

progressively spread to the hippocampal areas and the cerebral cortex (Braak & Braak, 1991). 

While the intricate details of tau propagation are unknown, it is postulated that tau-mediated 

cell death causes passive leakage of p-tau aggregates into the extracellular space where they 

associate with astrocytes, microglia and additional extracellular proteins leading to the 

generation of ‘ghost tangles’ (Hu et al., 2016). It is believed that these ghost tangles act as tau 

seeds wherein extracellular tau uptake by neighbouring cells induces tau aggregation in the 

respective cell, propagating tauopathy by interneuron transfer (Takeda, 2019).  
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Importantly, increasing evidence now suggests that Ab and p-tau act synergistically in AD, 

independently of their deposition into plaques and tangles (Bloom, 2014). Experimental 

support for this hypothesis comes from several studies which confirm that Ab pathology in 

turn induces tau pathology (Choi et al., 2014; Hurtado et al., 2010; Ittner et al., 2010). Similarly, 

in vitro studies demonstrate that the blocking of Ab production in cultures prevents the 

generation of tau pathology (Israel et al., 2012; H. K. Lee et al., 2016). Moreover, tau has been 

shown to reciprocally enhance Ab pathology and synaptic dysfunction, wherein reductions in 

endogenous tau blocked Ab-induced neurotoxicity and additionally improved memory deficits 

(Ittner et al., 2010; Vargas-Caballero et al., 2017). Collectively, these findings confirm that the 

two major pathological hallmarks of AD play central roles in the disease pathogenesis in both 

an independent and a dependent manner, suggesting a complex interplay exists between 

Ab and tau pathology in AD.  

1.2.3 Neuroinflammation in Alzheimer’s disease 

Early studies of AD postulated that the observed neuroinflammation was a resultant effect of 

Ab and tau pathology, however a substantial body of evidence demonstrates that inflammation 

acts as a core pathogenic mechanism in the disease (B. Zhang et al., 2013). Indeed, an abnormal 

inflammatory response has been consistently observed in the post-mortem brain tissue of AD 

patients and AD has been associated with a number of inflammatory markers, including 

triggering receptor expressed on myeloid cells 2 (TREM2) and  cluster of differentiation-33 

(CD33) (Bradshaw et al., 2013; Cribbs et al., 2012; Griffin, Sheng, Roberts, & Mrak, 1995; 

Guerreiro et al., 2013). Moreover, the AD brain exhibits early-stage elevated inflammation 

which occurs prior to neuronal death and is associated with enhanced cognitive decline, 

suggesting a primary role for neuroinflammation in the disease pathogenesis (Jack et al., 2010; 

A. Serrano-Pozo, M. L. Mielke, et al., 2011). In the brain, microglia and astrocytes comprise 

the primary immune effector cells which under normal physiological conditions elicit 

controlled immune reactions in response to cellular insults such as cell damage or infection 

(Chaplin, 2010). However, in AD the normal inflammatory response elicited by microglia and 

astrocytes becomes chronic and dysregulated, leading to an imbalance between pro-

inflammatory and anti-inflammatory agent release and ultimately inducing a state of chronic 

neuroinflammation (S. T. Ferreira, Clarke, Bomfim, & De Felice, 2014).  
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Microglia are the resident innate immune cells of the CNS which primarily exist in a ‘resting’ 

anti-inflammatory state where they maintain brain homeostasis through the phagocytosis of 

cellular debris and infectious pathogens (Wolf, Boddeke, & Kettenmann, 2017). Alternatively, 

astrocytes are specialised glial cells that play a critical role in the immune signalling and the 

structural integrity of the brain (Sofroniew & Vinters, 2010). In AD, neuropathological agents 

such as APP, Ab and NFTs bind to and activate a range of inflammatory receptors including 

toll-like receptors (TLRs) (Carty & Bowie, 2011), receptors for advanced glycation 

endproducts (RAGE) (Arancio et al., 2004) and CD36 (Bamberger, Harris, McDonald, 

Husemann, & Landreth, 2003), thereby stimulating microglia and astrocytes. In the early stages 

of the disease, the activation of these cells plays a beneficial role in the clearance of Ab and 

(Zilka et al., 2012). However, the sustained activation of immune receptors due to the 

accumulation of neuropathology induces a state of reactive microgliosis and astrogliosis and 

significant proliferation of immune cells localised at site of Ab plaques and NFTs (Sastre, 

Klockgether, & Heneka, 2006). Reactive microglia exhibit a switch from a ramified to an 

amoeboid morphological state accompanied by enhanced motility (Graeber & Streit, 2010). In 

contrast, reactive astrogliosis is characterised by increased ramification of cellular processes as 

well as a significant upregulation of glial fibrillary acidic protein (GFAP) (Sofroniew & 

Vinters, 2010). Such chronic activation of immune cells leads to the sustained release of pro-

inflammatory cytokines and chemokines, reactive oxygen species (ROS) and proteases, further 

exacerbating neuronal damage and death in AD (Sheng, Zhou, Mrak, & Griffin, 1998).  

1.3 The hippocampus in Alzheimer’s disease 

The hippocampus is a complex brain structure that is highly regarded for its critical role in a 

range of cortical functions including learning and memory processing (Schumacher et al., 

2018). In AD, symptoms of memory loss and cognitive decline can be primarily attributed to 

the marked vulnerability of the hippocampus to AD lesions, in turn promoting widespread 

neurodegeneration (Pini et al., 2016). Indeed, hippocampal atrophy constitutes the most 

prominent feature of AD, and rates of atrophy are reliably used as both diagnostic and 

prognostic tools of the disease (Falgàs et al., 2019). Of note, the hippocampus is the 

predominant brain region implicated in synaptic plasticity - the neural process which underlies 

learning and memory. Therefore, the deficits in memory and cognitive function observed in 

AD may be directly linked to the disruption of hippocampal oscillations (Pelkey et al., 2017).  
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1.3.1 The anatomy and interconnectivity of the hippocampus 

The hippocampus is a c-shaped structure located deep within the middle temporal lobe. The 

term ‘hippocampus proper’ or Cornu Ammonis (CA) can be further subdivided into four 

distinct regions - CA1, CA2, CA3 and CA4, which are comprised of three-to-five layers 

including the stratum (str.) oriens, str. pyramidale, str. radiatum, str. lacunosum and str. 

moleculare (Lorente De Nó, 1934). In turn, the term ‘hippocampal formation’ refers 

collectively to the hippocampus proper in close association with other limbic system structures 

including the dentate gyrus (DG), the entorhinal cortex (EC), and the subiculum which possess 

extensive interconnectivity that is essential for the processing and encoding of memory 

information (Mai & Paxinos, 2011). For this thesis, the term ‘hippocampus’ will be used to 

describe the hippocampus proper including the CA regions alone. 

 

The hippocampal cytoarchitecture has been extensively studied and characterised through the 

early use of Golgi impregnation (Lorente De Nó, 1934; Ramon y Cajal, 1995). The primary 

cells of the hippocampus are glutamatergic pyramidal neurons which comprise approximately 

85% of hippocampal neurons (Amaral & Witter, 1989). The CA regions exhibit a three-to-five 

layer deep laminar arrangement which includes the str. oriens, str. pyramidale, str. radiatum, 

str. lacunosum and the str. moleculare. Pyramidal cell bodies are organised within the str. 

pyramidale of the CA regions and their cell projections span different hippocampal layers 

enabling the reception of afferent input from a range of intrinsic and extrinsic sources (Pelkey 

et al., 2017). In comparison to glutamatergic neurons, GABAergic interneurons comprise only 

approximately 15% of the hippocampal neuronal population however, their vast anatomical 

and functional heterogeneity enables efficacious regulation of neuronal and hippocampal 

network activity (Booker & Vida, 2018). The cell bodies of inhibitory interneurons can be 

found scattered throughout the hippocampus while their axons may project locally or extend to 

innervate distant structures, thereby delineating extensive inhibitory influence (Lorente De Nó, 

1934). Moreover, interneurons may exert their inhibitory action at the level of the soma or at 

the dendrites (Pelkey et al., 2017). This intricate network of GABAergic innervation generates 

distinct inhibitory pathways including the feedforward inhibition of excitatory pyramidal cells 

through direct projections as well as feedback paths of indirect disinhibition projections via 

other interneurons (Isaacson & Scanziani, 2011). In the hippocampus, interneurons may be 
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further classified by their expression of neurochemical markers. At least 8 distinct 

neurochemical signatures have been described in rats and mice including calcium-binding 

proteins: parvalbumin (PV), calretinin (CR) and calbindin (CB) and the neuropeptides: 

neuropeptide Y (NPY), somatostatin (SST),  cholecystokinin (CCK) (Pelkey et al., 2017; 

Tricoire et al., 2011).  

 

Indeed, the hippocampal formation possesses an intricate intrinsic circuitry which enables the 

transfer and processing of memory information. For example, the EC has been shown to 

innervate the CA1 directly via the temporoammonic pathway and indirectly through the DG-

CA3-CA1, termed the trisynaptic loop (Amaral & Witter, 1989). In brief, projections from the 

EC superficial layer II (LCII) extend to the DG str. moleculare and the str. lacunosum of the 

CA3, and projections from LCIII to the CA1 and the subiculum. Alternatively, the indirect 

trisynaptic circuit includes projection from the EC to the DG via the perforant path (Menno P. 

Witter, 2007). Further projection of the DG granule cells extends via of the mossy fibres to the 

CA3 hippocampal region where they project through the str. lucidum and synapse on the 

pyramidal cells of the str pyramidale layer. In turn, pyramidal cells of the CA3 and CA2 project 

via the Schaffer Collateral pathway and terminate at the str. radiatum and the str. oriens of the 

CA1. Finally, the pyramidal cells of the CA1 project to the subiculum enabling the higher 

processing of memory information (Sun et al., 2019). Of note, AD patients have been shown 

to experience significant degeneration of the perforant pathway that is accompanied by learning 

and memory impairments (Ginsberg, 2010). 

 

 
Figure 2. The anatomy and interconnectivity of the hippocampal formation.  
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Schematic diagram displaying the major hippocampal formation circuitry. Figure modified from Deng 
et al., (2010).  
 

1.4 The GABAergic signalling system 

GABA is the primary inhibitory neurotransmitter of the brain which is essential in maintaining 

the normal homeostatic function of the central nervous system through its modulation of the 

excitability and synchronization of neuronal networks (Cobb, Buhl, Halasy, Paulsen, & 

Somogyi, 1995). Within the hippocampus, GABAergic neurons account for approximately 10-

15% of the total neuronal cell population, where they play a central role in the regulation of 

hippocampal-dependent memory and learning processes (Paulsen & Moser, 1998; Pelkey et 

al., 2017). The GABAergic neurotransmitter system is highly heterogeneous, consisting of a 

range of proteins and enzymes that facilitate GABA synthesis, transport, and metabolism. 

Moreover, GABAergic synapses exhibit considerable functional heterogeneity further 

delineating the intricacy of GABAergic involvement in a diverse range of cortical processes 

(Campbell & Tyagarajan, 2019).  

1.4.1 GABA synthesis 

GABA biosynthesis occurs within the cytoplasm of presynaptic neurons and utilizes glutamine 

as the primary precursor, which is in turn converted to glutamate by the action of phosphate-

activated glutaminase (PAG) (Behar & Rothman, 2001). Glutamate is further decarboxylated 

to produce GABA in a reaction catalyzed by glutamic acid decarboxylase (GAD), expressed 

in GABAergic neurons. GAD exists in two major isoforms, GAD65 and GAD67 which both 

require pyridoxal phosphate (PLP) as a cofactor for activity yet are encoded by two distinct 

genes and differ in both cellular localization and regulation of activation. While GAD65 and 

GAD67 are co-expressed in most GABAergic neurons, studies show the intracellular 

distribution of the two isoforms is heterogeneous (Soghomonian & Martin, 1998). GAD65 

majorly exhibits localization to GABAergic synaptic terminals, whereas GAD67 appears to be 

evenly distributed throughout the cytosol, thus suggesting their predominant roles in vesicular 

and metabolic GABA biosynthesis, respectively (Kaufman, Houser, & Tobin, 1991). 

1.4.2 GABAergic transport system 

Proper function of the GABAergic transport system is essential in maintaining the appropriate 

level and timing of subsequent receptor stimulation, in turn facilitating fine control of neuronal 
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activity. GABA transport is mediated by the action of specific, high-affinity transporters 

termed vGAT, GAT-1-GAT-3 and BGT-1. After synthesis, GABA is packaged into synaptic 

vesicles via the action of the vesicular GABA transporter (vGAT) (McIntire, Reimer, Schuske, 

Edwards, & Jorgensen, 1997). vGAT is a vesicular membrane-embedded GABA transporter 

that utilises the electrochemical gradient generated by vacuolar-type H+ ATPase to facilitate 

the transport of GABA into vesicles in exchange for protons (McIntire et al., 1997). GABA 

clearance from the synaptic cleft is mediated by four specific, GABA/Na+/Cl- symporters 

belonging to the solute carrier 6 (SLC6) family. These transporters termed GABA transporter 

1, 2, 3 (GAT-1, -2, & -3), and betaine-GABA transporter 1 (BGT-1) in humans, are widely 

distributed throughout the CNS where they exhibit varying regional distributions, substrate 

affinities and functionalities (Nelson, 1998).  

 

Of all GABA transporters, GAT-1 is the most copiously expressed in the mammalian cerebral 

cortex where it is found within the cerebellum, basal ganglia, retina, interpeduncular nucleus, 

olfactory bulb and also the hippocampus (Scimemi, 2014). GAT-1 is most commonly 

expressed at the presynaptic terminals of neurons where it is considered the primary 

presynaptic GAT, as well as within the plasma membranes of astrocytes situated at GABAergic 

synapses reflecting their potential role in modulating the paracrine signalling of GABA 

(Minelli et al., 1995). Alternatively, GAT-2 is predominantly found within non-neuronal 

tissues including the kidney, heart, and liver hepatocytes. However, GAT-2 also exhibits 

limited cerebral expression in the leptomeninges, ependymal cells and few retinal structures 

(L. A. Borden, Smith, Hartig, Branchek, & Weinshank, 1992; Liu, López-Corcuera, Mandiyan, 

Nelson, & Nelson, 1993). Similarly, BGT-1 is predominantly expressed in various tissues 

outside of the CNS such as the kidney, where it plays a major role in the transport of betaine 

(Laurence A. Borden, 1996). BGT-1 expression within the mammalian brain remains 

contentious however, studies report high immunoreactivity within all hippocampal regions, as 

well as astrocytic expression within the human hippocampus, entorhinal cortex, subiculum and 

STG (Laurence A. Borden, 1996). Like GAT-1, GAT-3 is ubiquitously expressed throughout 

the brain and exhibits the strongest expression levels in regions such as the olfactory bulb, 

hypothalamus, thalamus, pons, medulla, and basal ganglia. Within these regions, GAT-3 is 

primarily localized to astrocytes where it is exclusive to the distal astrocytic processes, 

indicating its role in the astrocytic uptake of GABA (Minelli, DeBiasi, Brecha, Zuccarello, & 

Conti, 1996; Scimemi, 2014).  
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1.4.3 GABA metabolism 

Following synaptic release, the extracellular concentration of GABA is primarily modulated 

by the action of a neuronal-astrocytic interaction termed the GABA-glutamine cycle, wherein 

released GABA is taken up into surrounding astrocytes and subsequently catabolized to 

succinate to be utilized in the tricarboxylic acid (TCA) cycle (Bak, Schousboe, & 

Waagepetersen, 2006). GABA is primarily metabolized via a pathway termed the GABA shunt. 

The initial step of this route involves the conversion to succinic semialdehyde (SSA) via the 

action of GABA-transaminase (GABA-T) which is present within the mitochondria of glial 

cells and neurons (Watanabe, Maemura, Kanbara, Tamayama, & Hayasaki, 2002). SSA is 

subsequently oxidized by succinic semialdehyde dehydrogenase (SSADH) to produce 

succinate, which feeds into the TCA cycle and is ultimately converted to glutamine (Gln) in a 

reaction catalyzed by astrocyte-specific enzyme glutamine synthetase (GS) (Tillakaratne, 

Medina-Kauwe, & Gibson, 1995). Generated Gln is then released into the extracellular space 

and further transported into neurons within close proximity, where it is transformed back to 

glutamate by PAG (Bak et al., 2006). 

1.4.4 GABA receptors 

Within the mature CNS, GABA induces neuronal hyperpolarisation and inhibition via 

interaction with two major classes of receptors - ionotropic GABAA and metabotropic GABAB 

receptors. GABAA receptors (GABAARs) are ligand-gated Cl- channels that mediate most of 

the fast inhibition in the brain. In contrast, GABAB receptors (GABABRs) are metabotropic 

and thus facilitate slow and prolonged inhibition via the action of G proteins and second 

messengers. GABAARs are pentameric in structure, comprised of five protein subunits 

assembled around a central Cl- channel in a quasisymmetric manner (Nayeem, Green, Martin, 

& Barnard, 1994). Upon GABA binding, these ionotropic receptors trigger the opening of the 

central channel in turn facilitating an influx of Cl- ions into the neuron, further leading to 

hyperpolarisation of the membrane and depression of neuronal excitability. GABAARs are 

located at both postsynaptic and extrasynaptic sites where they mediate phasic and tonic 

inhibition, respectively. GABAARs exhibit considerable heterogeneity in that they are 

composed of five subunits that belong to one of eight distinct subunit classes. Moreover, there 

are over 20 genes encoding 18 GABAAR (a1-6, b1-4, g1-4, e, p, d, q) and three rho (r1-3) 

subunits.  
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Heterologous expression systems have shown that the specific subunit composition of 

GABAARs in turn determines the pharmacological profile of that receptor, wherein functional 

GABAARs receptors contain at least one a, one b and one g subunit (Levitan et al., 1988; 

Malherbe et al., 1990). GABAAR subunits additionally display differential regional distribution 

throughout the CNS. Through the use of immunoprecipitation studies, it has been concluded 

that the α1 subunit is the most abundant in the mammalian brain, being present in ~70-90% of 

GABAARs (Sieghart & Sperk, 2002). Moreover, receptor subtypes comprising the combination 

of α1β2γ2 are the most widely expressed heteropentamer in the brain, comprising ~60% of 

GABAARs, with α2β3γ2 and α3βnγ2 being the other two major GABAAR subtypes (Mohler, 

Fritschy, & Rudolph, 2002; Möhler, 2006; Olsen & Sieghart, 2009). The α5 subunit is 

relatively rare, being expressed in only ~7-8% of all GABAARs however, these subunits exhibit 

specific enrichment within the hippocampus where they may be present in up to ~31% of 

GABAARs reflecting a crucial role in memory and cognition processes (Sieghart & Sperk, 

2002). Additionally, within the hippocampus, neurons express GABAARs in a region-specific 

manner wherein a1, a2 and g2 subunits are typically clustered at the synapse, while 

a4, a5, a6, and d are located extrasynaptically (Fritschy & Mohler, 1995). 

 

GABABRs are located both presynaptically and postsynaptically where they modulate effector 

channels through the utilisation of different signal transduction systems (Bettler, Kaupmann, 

Mosbacher, & Gassmann, 2004). Upon GABA binding to GABABRs, coupled G proteins 

undergo dissociation into their respective Gai/o and Gbg subunits wherein the former acts to 

inhibit adenylyl cyclase, thus attenuating the production of cAMP, whereas the latter serves as 

the primary messenger system. Following stimulation, presynaptic receptors mediate the 

inhibition of voltage-gated Ca2+ channels (CaV) via Gbg subunits, in turn leading to the 

suppression of neurotransmitter release at GABAergic nerve terminals (autoreceptors) or at the 

terminals of alternative neuronal populations (heteroreceptors). Alternatively, activation of 

postsynaptic GABABRs and Gbg subunit promotes activation of G protein-activated inwardly 

rectifying K+ (GIRK) channels, further increasing K+ efflux and inducing hyperpolarisation of 

the membrane  (Terunuma, 2018).  GABABRs incorporate two distinct subunits – GABAB1 and 

GABAB2 (GB1 and GB2). Due to the functional heterogeneity of these two subunits, 

GABABRs are rendered obligatory heterodimers, wherein the GB1 subunit is necessary for 

substrate recognition and binding, while GB2 facilitates trafficking to the cell surface (Galvez 

et al., 2001). Moreover, GABABRs may incorporate one of two GB1 isoforms – GB1a or 
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GB1b. Due to the expression of sushi repeats that is unique to GB1a, the two isoforms exhibit 

differential distributions throughout the neuron wherein GB1a are targeted to the axons of 

glutamatergic neurons while both GB1a and GB1b traffic into the dendrites of GABAergic 

neurons (Biermann et al., 2010; Vigot et al., 2006). 

1.5 GABAergic dysfunction in Alzheimer’s disease 

Given the ubiquity of GABA across a wide range of neurological processes, it comes as no 

surprise that dysfunction of the GABAergic system has been implicated in the pathogenesis of 

a number of neurological disorders including epilepsy, major depressive disorder, bipolar 

disorder, and more recently AD (Ting Wong, Bottiglieri, & Snead Iii, 2003). Although 

disruption of the GABAergic system in AD is now well established, the exact mechanism of 

its maladaptation and further contribution to disease is yet to be fully elucidated. While the 

GABAergic system appears grossly spared throughout AD, increasing evidence demonstrates 

that a more subtle mode of dysfunction occurs wherein essential signalling components 

undergo significant remodelling, in turn contributing to perturbation of hippocampal 

neurotransmission and facilitating disease progression. Maladaptive alterations have been 

reported across all major functional GABA signalling components in the AD brain including 

changes in GABA synthesis, metabolism, and transport, as well as alteration at the level of the 

GABAergic synapse and receptor subunit composition. However, findings regarding these 

alterations within the GABAergic signalling system in AD are contentious, likely due to a lack 

of consistency in study parameters such as the brain region examined, the disease model and 

stage, and finally the technique used for investigation.  
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Figure 3. The GABAergic signalling system 
Schematic diagram illustrating a GABAergic synapse and its key elements which are essential for 
proper GABAergic function. GABA is synthesised in the presynaptic neuron by the action of glutamate 
decarboxylase (GAD) enzymes and packaged into vesicles by vesicular GABA transports (vGATs). 
Depolarisation of the presynaptic cell induces GABA release into the synapse which further binds 
GABA receptors on the postsynaptic membrane inducing hyperpolarisation in the respective cell. 
Released GABA is cleared from the synapse by membrane-bound GABA transporters (GATs) located 
on neurons and local astrocytes. GABA is then recycled into synaptic vesicles or converted to glutamine 
by the action of GABA transaminase (GABA-T). Figure obtained from Govindpani et al., (2017).  

1.5.1 GABAergic neuronal and synaptic changes 

Early studies in post-mortem human brains indicated that GABAergic neurons were relatively 

spared throughout the pathogenesis of AD (Pike & Cotman, 1993; Rossor et al., 1982). 

Increasing evidence, however, contradicts these findings, demonstrating that GABAergic 

neuronal populations exhibit some vulnerability to neurotoxicity in AD. In particular, 

somatostatin-positive GABAergic interneurons are reduced in the frontal and temporal cortices 

of post-mortem AD brains, when compared to those of non-demented patients (J. M. Candy et 

al., 1985). Moreover, Grouselle and colleagues in turn associated a more severe reduction of 
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somatostatin concentration in the frontal lobe with the presence of the apolipoprotein epsilon 

4 (apoE4)  gene in AD patients (Grouselle et al., 1998).  

 

In line with these findings, studies performed in animal models of AD consistently report 

GABAergic neuronal loss with the disease, although the degree of neurotoxicity and the 

GABAergic subpopulation affected is variable between studies. Consistent with the findings 

aforementioned, animal models of AD frequently present with reductions in somatostatin-

positive GABAergic interneurons located within the hippocampus, as well as extra-

hippocampal areas commonly implicated in AD pathogenesis such as the olfactory and 

perirhinal cortices (Blanca Ramos et al., 2006; Saiz-Sanchez, Ubeda-Bañon, De la Rosa-Prieto, 

& Martinez-Marcos, 2012; Sanchez-Mejias et al., 2020). Alternatively, a study by Zallo et al., 

reported reductions in parvalbumin- and calretinin-positive interneurons within the 

hippocampus of aged 3xTg AD mice, with the most substantial loss observed in the CA1 region 

(Zallo, Gardenal, Verkhratsky, & Rodriguez, 2018). Similar findings of an early reduction of 

parvalbumin-positive neurons were also reported by Cattaud et al., in the CA1, CA2 and CA3 

hippocampal regions of transgenic line Tg2576 AD mice (Cattaud et al., 2018). 

 

Beyond neuronal loss, the AD brain exhibits remodelling at the structural level of the 

GABAergic synapse further contributing to the gross disruption of the balance between 

excitatory and inhibitory neurotransmission. A recent study by Li et al., revealed a significant 

increase in protocadherin-gC5 at the presynaptic terminals of GABAergic neurons in both an 

APP/PS1 AD mouse model as well as upon Ab treatment of cortical neurons in vivo (Li et al., 

2017). Moreover, the group reported an increase in mRNA and protein levels of GAD65, GAD67 

and vGAT, suggesting enhanced GABAergic synaptic function. Interestingly, the observed 

alterations in protocadherin-gC5 and GABAergic synaptic markers were found to be induced 

by neuronal hyperexcitation, ultimately delineating the compensatory GABAergic remodelling 

that occurs with AD (Li et al., 2017). Utilizing the same APP/PS1 AD mouse model, Kiss et 

al., reported biphasic alteration in the expression of gephyrin, a scaffolding molecule that plays 

a central role in the organization and stabilization of the GABAergic postsynaptic density and 

clustering of GABAARs (Choii & Ko, 2015). In pre-symptomatic stage (1 and 3-month-old) 

mice, gephyrin exhibited increased expression which was in turn correlated with an increased 

expression of the g2 GABAAR subunit (Kiss et al., 2016). A subsequent reduction in both 

gephyrin and g2 GABAAR subunit expression was observed in aged (12-month-old) mice, 
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further outlining fine structural alteration which in turn directly influences GABAergic 

function throughout AD.  

1.5.2 Alterations in GABA synthesis and metabolism 

Although findings regarding alterations in GABA concentration with AD remain relatively 

contentious, sufficient evidence remains to indicate a significant degree of dysfunction occurs 

within the GABAergic metabolic system of AD patients. In general, post-mortem studies 

performed on tissue from patients with AD report significant reductions in GABA levels in 

numerous cortical areas such as the temporal, frontal and parietal cortices, as well as the 

hippocampus and cerebellum (Perry, Yong, Bergeron, Hansen, & Jones, 1987; Seidl, Cairns, 

Singewald, Kaehler, & Lubec, 2001). These observations of perturbed GABA levels in specific 

brain regions may in turn reflect the localization of AD vulnerability and neurodegeneration to 

cortical and limbic structures which are heavily implicated in cognition and memory processes.  

 

Potential alterations in the activity of GABA-related metabolic enzymes such as GAD and 

GABA-T may directly induce these reported reductions in GABA concentrations within the 

AD brain. Despite the utilization of differing methods, early studies consistently reported a 

reduction in GAD activity in the AD brain (Nakamura, 1990; E. K. Perry et al., 1978). 

However, this reduction was later shown to be a likely result of perimortem agonal state 

conditions wherein detrimental cellular events at or near the time of death reduce GAD activity 

independent of AD-related disease processes, rendering these findings unreliable indices of 

measurement (Bowen et al., 1977). Alternatively, GAD expression levels are shown to be 

relatively insensitive to agonal state-related alterations and thus may serve as a more valid 

indication of the changes in GAD that occur in AD (Levy et al., 1995). An in situ hybridization 

study performed in post-mortem tissues reported an increase in GAD67 mRNA within the 

caudate nucleus and putamen of patients with AD when compared to their matched control 

counterparts (Boissiere et al., 1998). A more recent study by Schwab et al., reported a marked 

reduction in GAD65 immunoreactivity within the medial temporal gyrus (MTG), hippocampus 

and putamen of human AD cases when compared to controls (Schwab, Yu, Wong, McGeer, & 

McGeer, 2013). In line with these findings, Burbaeva et al., additionally demonstrated a 

significant reduction in both GAD65 and GAD67 within autopsied cerebellum samples from AD 

patients, wherein GAD65 exhibited a more profound (~4-fold) reduction than GAD67 (~2-fold) 

when compared to matched controls (Burbaeva et al., 2014).  
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Findings regarding alterations in the activity of GABA-T that occur with AD remain scarce 

and ambiguous. For example, Aoyagi et al., examined the activities of various enzymes in the 

post-mortem brains of AD patients, wherein the authors reported a significant increase in 

GABA-T activity (Aoyagi et al., 1990). In contradiction to these findings, GABA-T activity in 

the frontal, parietal, temporal and occipital cortices, as well as the caudate nucleus was found 

to be reduced in the post-mortem brains of AD patients (Sherif, Gottfries, Alafuzoff, & 

Oreland, 1992). Nonetheless, it is crucial to recognize that these studies have not accounted for 

the likely influence of the perimortem agonal state, ultimately underpinning the need for more 

reliable studies on GABA-T activity and expression in AD.  

1.5.3 Alterations in GABA transport 

Early studies investigating alterations in GABAergic transport often utilised radioligand 

binding techniques to determine the remodelling of essential GABA transporters within the 

AD brain. Simpson et al., reported reductions in [3H]nipecotic acid binding sites within the 

temporal cortex of post-mortem AD brains (Simpson, Cross, Slater, & Deakin, 1988). 

[3H]Nipecotic acid is a non-specific inhibitor of all GABA transporters except BGT-1, thus the 

authors speculated that the observed reduction in binding sites may suggest a depletion of 

GABAergic nerve terminals however, an alternative downregulation of transcription and 

expression may also account for this reduction. Moreover, Nägga et al., studied the GAT-1 

transporter through the utilisation of the selective radiolabel - [3H]tiagabine, in the post-mortem 

frontal and temporal cortices, and caudate nucleus of AD patients. Within this study, no 

significant differences in the total number of presynaptic GAT-1 transporters and their binding 

affinity to GABA were identified between the AD and matched control tissues (Nagga, 

Bogdanovic, & Marcusson, 1999). A study by Wu et al., reported increased GABA 

concentrations in both human AD brains and a 5xFAD mouse model of AD, which was further 

linked to a significant increase in GAT-3/-4 expression within reactive astrocytes of the dentate 

gyrus (Wu, Guo, Gearing, & Chen, 2014).  

 

A more recent study by Fuhrer et al., was the first to extensively characterize alterations in the 

expression of the three most common GABA transporters within the post-mortem brains of 

human AD patients. Within this study, they observed a significant increase in BGT-1 

expression within the superior temporal gyrus (STG) as well as several hippocampal 
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subregions including the str. oriens, CA2, CA3 and entire DG (Fuhrer et al., 2017). In contrast, 

the str. pyramidale, CA1, CA3 and subiculum of the hippocampus and also the entorhinal 

cortex displayed significant reductions in GAT-3 expression, while GAT-1 transporter 

expression was also decreased within the entorhinal cortex and STG (Fuhrer et al., 2017). 

Beyond the hippocampus, the mRNA expression of GAT-1 and GAT-3 were found to be 

unaltered within the MTG of post-mortem AD brains, while both GAT-2 and BGT-1 exhibited 

transcriptional upregulation within the MTG tissue (Govindpani, Turner, Waldvogel, Faull, & 

Kwakowsky, 2020).  

1.5.4 Changes in GABA receptor composition and expression   

While numerous studies have documented changes in the expression of GABA receptors that 

occur due to normal age-related processes, increasing evidence demonstrates that the 

development and progression of AD are associated with distinct perturbation of the regional 

distribution of both GABAARs and GABABRs, in turn leading to the generation of maladaptive 

function in a region-specific manner. Findings regarding the regional distribution of GABAARs 

appear controversial and convoluted, with some subunits exhibiting marked alterations in 

expression, while others display good preservation within the AD brain. For example, a 2012 

study by Limon et al., reported a significant reduction in the mRNA expression of a1, a2, a5, 

b2, b3, g2 and d within the temporal cortex of the AD brain, while b1, g1 and r1 displayed 

similar mRNA levels to control brains (Limon, Reyes-Ruiz, & Miledi, 2012).  
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Figure 4. GABAAR subunit expression changes in the human Alzheimer’s disease hippocampus, 
subiculum, entorhinal cortex and superior temporal gyrus. 
Figure obtained with permission from Kwakowsky et al., (2018).  
 

Kwakowsky et al., conducted the first comprehensive study of brain region- and layer-specific 

GABAAR subunit changes within the human AD hippocampus, entorhinal cortex, and STG. 

Within this study, they reported significant alterations in the expression of a1, a2, a5, b2, b3 

and g2, while a3 and b1 remained relatively well preserved throughout the AD hippocampus 

(Kwakowsky et al., 2018). More specifically, GABAAR a1 expression exhibited a significant 

reduction in all layers of the CA3 as well as in the str. granulare and hilus of the DG. 

Alternatively, a2 expression was significantly increased within the str. oriens of the CA3, str. 

radiatum of the CA2 and a decrease in expression in the str. pyramidale of the CA1. The 

GABAAR a5 subunits displayed a significant increase within the str. pyramidale and str. oriens 

of the CA1, as well as a decrease in the STG. Finally, the study also reported a significant 

reduction in b3 immunoreactivity within the str. oriens of the CA2, as well as in the str. 

granulare and str. moleculare of the DG (Kwakowsky et al., 2018).  

 

In addition to GABAAR remodelling, the AD brain also exhibits significant perturbation of the 

normal GABABR distribution. An early evaluation of receptor binding sites within the superior 

frontal gyrus of AD patients reported a marked reduction in measured GABABR density in the 

absence of significant change GABABR binding affinity (Chu, Penney, & Young, 1987). High-
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resolution immunoelectron microscopy revealed a reduction in plasma membrane expression 

of the GABAB1 subunit within the CA1 of an APP/PS1 AD mouse model (Martín-Belmonte, 

Aguado, Alfaro-Ruíz, Moreno-Martínez, de la Ossa, Martínez-Hernández, Buisson, Früh, et 

al., 2020). Martìn-Belmonte et al., further extended these studies to the DG wherein they 

additionally found a significant reduction in the overall density of post- and presynaptic 

GABABRs at the neuronal surface of DG granule cells within the hippocampus of APP/PS1 

AD mice (Martín-Belmonte, Aguado, Alfaro-Ruíz, Moreno-Martínez, de la Ossa, Martínez-

Hernández, Buisson, Shigemoto, et al., 2020). Moreover, the study reported a significant 

increase in intracellular localization of the GABAB1 subunit to cytoplasmic sites within the 

dendrites and spines of granule cells, suggesting disruption of receptor trafficking with AD 

(Martín-Belmonte, Aguado, Alfaro-Ruíz, Moreno-Martínez, de la Ossa, Martínez-Hernández, 

Buisson, Shigemoto, et al., 2020).  

 

1.6 The excitatory-inhibitory imbalance of Alzheimer’s disease 

The fine balance between E/I neurotransmission is critical in the maintenance of optimal 

cortical function. Under physiological conditions glutamatergic and GABAergic neurons act 

to modulate cell excitability, inducing synchronized neuronal activity across the hippocampus 

which underlies learning and memory processes (Izquierdo & Medina, 1997; Zhou & Yu, 

2018). Indeed, extensive evidence delineates that significant network dysfunction in AD 

presents as neuronal hyperactivity which appears relatively early in the disease progression, 

suggesting its likely role in memory impairment (Vossel et al., 2013). For example, up to 22% 

of AD patients experience unprovoked seizures, which further increases up to 58% in familial 

forms (Amatniek et al., 2006; Friedman, Honig, & Scarmeas, 2012). Moreover, increasing 

evidence now demonstrates a compensatory mechanism of GABAergic dysfunction in 

response to hyperexcitability, which ultimately augments E/I imbalance in AD (K. Govindpani 

et al., 2017).  

 

Considerable focus of AD research has been primarily placed on the dysfunction of excitatory 

neurotransmission, wherein  significant perturbation of glutamatergic signalling in turn results 

in neuronal hyperexcitability and excitotoxicity (Francis, 2003). Excitotoxic mechanisms in 

AD implicate the involvement of NMDA receptors (NMDARs) which modulate synaptic 

transmission and signalling in relation to the magnitude of the calcium transient that occurs 

with glutamate binding (Mota, Ferreira, & Rego, 2014). Numerous studies have reported that 
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Ab oligomers disrupt hippocampal calcium homeostasis and inhibit long-term potentiation via 

direct overactivation of NMDARs containing the GluN2B subunit, ultimately increasing 

intracellular calcium concentrations and promoting neuronal excitotoxicity (Ferreira et al., 

2012; Rammes et al., 2017; Šišková et al., 2014). Moreover, soluble Ab oligomers have been 

shown to contribute to neuronal excitotoxicity by inhibiting glutamate uptake in both neuronal 

and astrocytic cultures, the effect of which was more pronounced in the latter (Fernández-

Tomé, Brera, Arévalo, & de Ceballos, 2004). In line with these findings, Li et al., reported that 

Ab oligomers obtained from various sources similarly disrupted neuronal glutamate uptake by 

synaptosomes, thus increasing the concentration of synaptic glutamate (Li et al., 2009). This 

reduction in recycling of synaptic glutamate was further implicated in the induction of long-

term depression (LTD) in the hippocampal CA1 region, which was in turn rescued by the 

application of an extracellular glutamate scavenger system.  

 

In contrast, inhibitory neurotransmission has been long neglected in AD research due to early 

studies which reported preservation and resilience of GABAergic cells throughout the disease 

progression (Perry, Gibson, Blessed, Perry, & Tomlinson, 1977; Rossor et al., 1982). 

Nonetheless, increasing evidence demonstrates that the GABAergic signalling system 

experiences significant perturbation and remodelling (section 1.5), further increasing the 

severity of E/I imbalance and AD (Govindpani et al., 2017). It has been speculated that this 

GABAergic remodelling likely occurs in part as a neuronal defence mechanism to compensate 

for dysregulated excitatory neurotransmission and minimise further damage (Govindpani et al., 

2017). However, evidence suggests such a compensation ultimately perpetuates circuit 

dysfunction in AD, leading to hippocampal dysfunction and impaired learning and memory 

functions (Calvo-Flores Guzmán et al., 2018; K. Govindpani et al., 2017).  

1.7 Optogenetics overview 

The lack of efficacious disease-modifying effects achieved by current AD treatments 

encourages the investigation of therapeutic targets, beyond excitatory neurotransmitter 

systems, to alleviate the hippocampal excitatory-inhibitory imbalance and improve AD-

associated cognitive decline. The accumulating evidence which implicates GABAergic system 

dysfunction as a major contributor to AD pathogenesis suggests an alternative therapeutic 

target wherein modulation of maladaptive GABAergic tone and activity may serve as a 

promising treatment for AD. Specific modulation of GABAergic activity with high spatio-
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temporal control can be achieved through the application of optogenetics, a novel technology 

that employs both optical and genetic techniques to achieve precise gain- or loss-of-function in 

a specific cell population via the application of a light stimulus. More specifically, the 

technique involves the genetic delivery and expression of light-activated proteins, termed 

opsins, in a specific cell population followed by precise cell stimulation with an appropriate 

light source and further detection of neuronal outputs.  

 

The discovery of photosensitive proteins which possess the ability to modulate ion flow across 

the plasma membrane can be dated back as far as approximately 40 years ago to the 1971 

identification of bacteriorhodopsin by Oesterhelt and Stoeckenius (1971), however it wasn’t 

until 1979 when the concept of precise neuronal modulation via light stimulation was 

conceived by Francis Crick (Crick, 1979; Oesterhelt & Stoeckenius, 1971). In 2005, Boyden 

et al., undertook a pioneering study and were the first to demonstrate the efficacy of optogenetic 

control of neuronal populations with millisecond-timescale temporal precision through the 

utilisation of channelrhodopsin-2 (ChR2) (Boyden, Zhang, Bamberg, Nagel, & Deisseroth, 

2005). In recent years, the field termed ‘optogenetics’ has been elegantly optimised and the 

photosensitisation of specific cell types is now ubiquitously utilised across the field of 

neuroscience, as well as a predominance in cardiovascular research (Joshi, Rubart, & Zhu, 

2020).  

 

For over a decade, the development of the optogenetic-neural interface tool has revolutionised 

the field of neuroscience by enabling enhanced neuromodulatory capabilities when compared 

to standardised methods such as electrical stimulation and pharmacological applications. 

Electrical stimulation involves the injection of current, such as through the use of electrodes, 

to induce cellular depolarisation. While electrical stimulation provides high temporal 

resolution, the method lacks specificity through its inability to target individual neurons and 

frequent induction of depolarisation in cells surrounding those of target populations (Williams 

& Entcheva, 2015). Moreover, in its applications to in vivo targets such as deep brain 

stimulation, electrical manipulation may be relatively invasive, inducing variations in sensory 

and motor therapeutic outcomes (Perlmutter & Mink, 2006). Alternatively, pharmacological 

stimulation provides a non-invasive method of neuromodulation and offers higher levels of 

target-specificity when compared to that of electrical manipulations. Nonetheless, 

pharmacological neuromodulation does not provide absolute cell specificity, with a prevalence 

in off-target pharmacological activity resulting in unfavourable side effects. Furthermore, 



 

30 

neuromodulation via pharmacological agents incurs poor time resolution due to the 

requirement of pharmacological agents to cross the blood-brain barrier as well as the wash-out 

period of the drug, leading to prolonged onset and termination of modulatory effects 

(Pardridge, 2012). Optogenetics serves as the elite mode of neuromodulation as it overcomes 

specificity limitations experienced with alternative methods in its ability to manipulate cell 

activity in a cell type-specific manner, with the capacity for excitation intensity-tuning. 

Additionally, optogenetics is minimally invasive, physiologically relevant and temporally 

precise acting on a millisecond timescale which is essential for neuromodulation (Boyden et 

al., 2005; Deisseroth, 2011). 

1.7.1 Photosensitive proteins – opsins 

The proteins utilised in optogenetic techniques – opsins, are a large group of light-sensitive 

proteins which facilitate either depolarisation or hyperpolarisation of the respective transduced 

neuronal cell population. All opsin proteins are covalently linked to their nonprotein vitamin 

A-related counterpart, retinal, ultimately forming the functional photosensitive opsin-retinal 

complex termed rhodopsin (Guru, Post, Ho, & Warden, 2015). Opsins comprise two distinct 

protein families, called type I and type II opsins. Type I opsins are protein products of genes 

expressed in prokaryotic and eukaryotic microbial organisms including bacteria, algae, fungi 

and archaea (Yizhar, Fenno, Zhang, Hegemann, & Diesseroth, 2011). These microorganisms 

have evolved to utilise opsins in a variety of critical processes such as bacterial photosynthesis, 

phototaxis and energy storage. Type II opsins are found in higher eukaryote species. These 

animal opsins belong to the superfamily of G protein-coupled receptors (GPCRs) and are 

primarily involved in the regeneration of converted chromophores for vision, yet have also 

been implicated in circadian rhythm and pigment regulation (Larusso, Ruttenberg, Singh, & 

Oakley, 2008; Plachetzki, Degnan, & Oakley, 2007).  

 

Despite exhibiting minimal sequence homology, type I and II opsin families share a common 

architectural structure of a seven-transmembrane a-helix, with the N- and C-termini facing the 

outside and inside of the cell, respectively. The obligatory retinal molecule covalently attaches 

to opsins at the site of an e-amino group of a conserved lysine residue on helix 7, via a 

protonated retinal Schiff base (RSBH+) linkage (Zhang et al., 2011). The spectral properties of 

each rhodopsin are primarily dictated by the length of the p-conjugated polyene chain, the 

composition of residues lining the binding pocket which in turn influence the protonation state 
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of the retinal Schiff base and the interaction between the RBSH+ and its counterion(s) (Ernst 

et al., 2014). Ultimately, variation in these properties directly influences the resultant colour 

tuning, thus giving rise to variation within the absorption and emission spectra of different 

rhodopsins.  

 

Upon light exposure, photon absorption induces retinal isomerisation in turn triggering 

conformational changes in the covalently linked opsin and promoting conversion into an 

electrically excited state. Retinal isomerisation and subsequent recycling mechanisms differ 

between type I and II opsins. Type I opsins utilise all-trans retinal which isomerises to 13-cis 

retinal upon illumination, and subsequently thermally reverts to its all-trans state while 

maintaining its covalent linkage to the opsin protein. In contrast, type II opsins are initially 

bound to 11-cis retinal which photoisomerises to all-trans retinal, further triggering specific 

conformational changes which activate subsequent second messenger systems. Following 

photoisomerisation, the opsin-retinal linkage is hydrolysed, facilitating the release of all-trans 

retinal and further replacement with fresh 11-cis retinal. The liberated all-trans retinal is then 

reduced to retinol via the action of retinol dehydrogenase and is further transported out of the 

cell for the regeneration of 11-cis retinal (Ernst et al., 2014).  

 

Type I opsins are predominantly utilised in optogenetics due to their fast kinetics which confers 

enhanced temporal precision in neuronal populations when compared to that of type II opsins 

(Guru et al., 2015). A wide range of type I opsins exist which encode distinct protein functions 

however, ChR2 and halorhodopsin (NpHR) comprise the two single-component systems most 

commonly used in the photomanipulation of neural tissue. ChR2 is a light-activated, non-

specific cation channel derived from the species of green algae, Chlamydomonas reinhardtii 

(Nagel et al., 2003).  Upon illumination with ~470 nm blue light, retinal isomerization triggers 

a conformational change within the ChR2 protein leading to the opening of the channel pore 

and an influx of positively charged ions which induces cellular depolarisation (Figure 5). 

NpHR is a light-activated Cl- pump derived from the archaeal species - Natronomonas 

pharaonic, where it is used to maintain osmotic balance and thus reduce energy expenditure 

(Lanyi, Duschl, Hatfield, May, & Oesterhelt, 1990). The excitation spectrum for NpHR falls 

within the yellow range at ~580nm, wherein photoexcitation induces pump activation and the 

transfer of Cl- ions into the cell, resulting in membrane hyperpolarisation (Figure 5)  (Gruia, 

Bondar, Smith, & Fischer, 2005; X. Han & Boyden, 2007).  
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Figure 5. Actions of channelrhodopsin and halorhodopsin. 
Channelrhodopsin is a non-specific cation channel wherein illumination with ~470 nm light stimulus 
induces depolarisation of the respective cell. Halorhodopsin is a chloride pump, therefore illumination 
with ~589 nm light stimulus induces the hyperpolarisation of the respective cell. Figure prepared by 
Isabella Lavas.  

1.7.2 Viral vector-mediated gene delivery in optogenetics  

The expression of light-sensitive opsins in target cell populations requires precise genetic 

engineering of target cells which may be achieved through a variety of gene delivery methods. 

Viral vector-mediated expression is one of the most widely employed methods for the synthetic 

regulation of opsin expression in optogenetics, wherein a viral vector construct containing the 

opsin gene is injected locally to the brain region of interest, inducing opsin expression in target 

cells (Deisseroth, 2011). Structurally, viral vector constructs are typically composed of a 

promoter that drives gene expression in a cell-type-specific manner, the opsin gene of choice 

and a fluorescent reporter for verification of opsin expression within the target cell population. 

Viral vectors provide a versatile vehicle for gene delivery in optogenetics as they possess the 

ability to rapidly invade and replicate in a wide range of cells, thus conferring robust gene 

transduction (Edry, Lamprecht, Wagner, & Rosenblum, 2011). However, one major limitation 

of viral vector-mediated gene delivery is its restriction to a limited number of promoter genes 

that may be used due to the packaging capacity of vectors. 

 

Various viral vectors may be used for gene delivery in optogenetics however, those from 

adeno-associated viruses (AAV) and lentiviruses (LV) comprise the most widely employed 

due to their reliability to induce stable, long-term expression of high transgene levels (Davidson 
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& Breakefield, 2003). AAVs are non-enveloped, single-strand DNA viruses belonging to the 

viral family of Piroviridae. The virion consists of a protein capsid surrounding the inner ~4.7 

kb viral genome containing the viral genes – rep and cap, which are flanked by 5’ and 3’ 

inverted terminal repeats (ITR) (Schaffer, Koerber, & Lim, 2008). In the manufacturing of 

AAV systems for gene delivery in optogenetics, the entire genome of the parent virus may be 

removed and replaced with the transgene of interest, except for the ITRs which are essential in 

the replication and packaging of the viral genome. Currently, more than 100 AAV genomic 

isolates have been identified that exhibit distinct native tropism profiles which may be 

manipulated for optimal CNS targeting (Castle, Turunen, Vandenberghe, & Wolfe, 2016; 

Tseng & Agbandje-McKenna, 2014). In contrast, lentiviruses are single-stranded RNA 

retroviruses, derived from the Retroviridae family. Like AAVs, the LV virion consists of a 

central genome surrounded by a protein capsid however in addition to this typical virion 

structure, LVs possess a phospholipid envelope which is acquired upon budding from the host 

cell plasma membrane (Vogt, 1997). The LV genome consists of gag, pol and env genes, 

flanked by long terminal repeats (LTR) which are required for viral genome replication and 

integration, thereby being the only obligatory lentiviral component required in a recombinant 

vector (Parr-Brownlie et al., 2015).  

 

Of note, both adenoviral and lentiviral systems facilitate long-term, stable expression of high 

transgene levels into both non-dividing and dividing cells, thus providing somewhat 

customisable modes of gene delivery (Yizhar, Fenno, Davidson, Mogri, & Deisseroth, 2011). 

Nevertheless, key differences exist in the actions and safety profiles of AAV and LV vectors 

which may influence their application to in vitro and in in vivo systems, respectively. For 

example, AAVs exhibit reduced immunogenicity and pathogenicity, making their use in the 

study of in vitro neural systems such as primary cell cultures more favourable as such systems 

display increased sensitivities to cell death by changes in the microenvironment (Beaudoin et 

al., 2012; Murlidharan, Samulski, & Asokan, 2014). Lentiviral vectors are advantageous in that 

they have an increased packaging capacity of 9 kb in comparison to alternative vector systems, 

such as AAVs, thus allowing a more extensive variety of cells to be targeted through the 

utilisation of larger promoters (Kumar, Keller, Makalou, & Sutton, 2001). In comparison to 

AAVs, LV vectors exhibit enhanced transduction of terminally differentiated neuronal tissues 

and restricted diffusion in vivo, thereby placing LVs as a prime candidate for expression in 

small brain regions such as the CA1 region of the hippocampus (Yizhar et al., 2011).  
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1.7.3 Light delivery in optogenetics  

The final input component of an optogenetic system is the application of a light stimulus which 

provides high spatiotemporal precision and wavelength specificity for peak photocurrent 

activation. In the application of optogenetic techniques to neural systems, the mode of light 

delivery is dictated by the specific tissue preparation and the experimental question. In order 

to activate a sufficient portion of the target opsin population, optimal light stimulus area, 

frequency and intensity must be achieved while also avoiding thermal damage to the tissue. It 

is also important to account for the scattering properties of neural tissue, which varies across 

brain regions, as well as between white and grey matter (Tuchin, 1997).  

 

For optogenetics studies performed in vivo, careful consideration must be given to the method 

of light delivery chosen, providing sufficient opsin stimulation while also ensuring that the 

animal remains freely moving without disruption of natural behaviour or safety. The 

optogenetic control of deep brain structures, such as the hippocampus, most often employs 

wired optic fibre-based implants wherein the fibre is coupled to a light source, most often a 

laser, and stereotaxically inserted into the brain region of interest (Sparta et al., 2012). Optic 

fibres are relatively versatile, allowing for customisation of brain region location and depth of 

penetration; however, the use of optic fibres requires that the animal remains tethered to optic 

cables during stimulation which may influence behaviour and limit the variety of behavioural 

tests that may be performed due to physical restrictions encountered with fibres.  

 

Refinements in optogenetic science and its combined electrical engineering have led to the 

generation of wireless systems consisting of either a fully implantable device or a head-

mounted apparatus that is remotely controlled (Han & Shin, 2020). These are a series of 

wireless, ultraminiaturised implantable LED-based optogenetic devices, which are 

biocompatible and weigh less than 30 mg, enabling subdermal implantation without hindering 

the animal’s activity (Shin et al., 2017). These fully implantable devices have specialised 

architectures, relying on the magnetic coupling to radiofrequency for power and control, 

thereby enabling the wireless control of light frequency, intensity and duration (Qazi, Kim, 

Byun, & Jeong, 2018). Ultimately, the development of such devices bypasses the restrictions 

of animal movement encountered with standard optic fibre interfaces and further enables a 

more complex variety of behavioural testing to be conducted. Even with significant 

advancements, these optogenetic devices are not without limitations. Specifically, wireless 



 

35 

operation via radiofrequency renders the signal susceptible to reflection, absorption and 

interference by metallic objects, water features and other significant physical obstructions 

within the area of interest (Shin et al., 2017). Additionally, those devices which are battery-

powered have limited lifespans and thus may require battery charging or replacement, leading 

to the hindrance of accessibility and increased cost of the model.   

 

Due to the accessibility of light to in vitro preparations, the mode of delivery may be relatively 

flexible with the potential for illumination through a variety of methods including mercury arc 

lamps, LEDs and lasers. Most commonly, LED and laser sources are coupled to microscope 

paths, passing through the objective lens and illuminating within the field of view. Lasers are 

highly regarded in optogenetic systems due to their high power, low divergence and narrow 

spectral bandwidth enabling the user to gain focused, high-intensity light at a fine-tuned 

wavelength (Yizhar et al., 2011). In comparison, LEDs exhibit a higher divergence, reduced 

light intensity and a wider spectral bandwidth resulting in reduced wavelength specificity and 

the spread of power across the field of view, leading to reduced light penetration (Yizhar et al., 

2011). Nonetheless, the use of LED systems provides several key advantages over their laser 

counterparts including their availability in a larger range of wavelengths, faster light-switching 

ability, reduced cost, and reduced power consumption (Mohanty & Lakshminarayananan, 

2015). Ultimately, the choice between the utilisation of lasers versus LEDs is subjective and 

should be determined based on considerations of the physiological aim, the in vitro preparation 

type and the spectral properties required for sufficient opsin stimulation.  

1.8 Alzheimer’s disease models 

Choosing an effective AD model is critical in gaining a more in-depth and accurate 

understanding of the disease pathogenesis, as well as the therapeutic potential of novel 

treatments, such as optogenetic stimulation. When designing an AD-related study, the selection 

of an appropriate model requires both pathological and practical considerations. Firstly, it is 

essential that the chosen model successfully recapitulates key pathological and symptomatic 

hallmarks of AD, especially those which are most relevant to the experimental question. 

Moreover, the rate of disease onset and the lethality of the model must be physiologically 

relevant. Finally, practical considerations such as those regarding the cost and accessibility of 

the model concerning the experimental protocol must all be accounted for when selecting an 

appropriate AD model.   
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To date, an extensive variety of AD models have been established, the majority of which are 

in vivo animal models, primarily utilising rodents such as mice or rats. Most often, transgenic 

lines and knock-in models are utilised for in vivo modelling, wherein AD-related human genes 

are incorporated into the host genome, inducing expression or overexpression of the mutated 

gene and driving AD pathologies in the respective animal (Drummond & Wisniewski, 2017). 

Both models are generated by the deliberate insertion of a gene into the host genome however, 

key differences exist between the mode of gene insertion and the resultant pattern of 

expression. Transgenic lines are generated via random chromosomal integration of the desired 

transgene into the host genome (Elder, Gama Sosa, & De Gasperi, 2010). This mode of 

insertion induces great variability in both temporal and spatial expression patterns, ultimately 

minimising expression fidelity and potentially confounding phenotypic outcomes. Unlike 

transgenic lines, knock-in models preserve the native expression pattern of the targeted gene 

and instead introduce a transgene at a specific locus  (Jankowsky & Zheng, 2017). This use of 

precise genetic engineering to a targeted promoter typically results in greater stability and 

control of transgene expression, thus inducing a more accurate phenotype.  

 

Due to the prevailing theory of the Ab hypothesis and the established neurotoxicity of Ab 

isoforms, experimental studies often aim to induce Ab pathology such as through the 

overexpression of APP or fragments of APP under neuron-specific promoters (Spires & 

Hyman, 2005). Most commonly, the former method is chosen wherein human APP containing 

one or more point mutations is introduced into the animal via transgenesis. The Swedish 

mutation containing two amino acid-base substitutions (K670N/M671L), is most commonly 

used to enhance APP processing via b-secretase, thereby increasing levels of Ab (Hsiao et al., 

1996). Familial AD-associated PSEN mutations are also frequently utilised to generate Ab 

pathology in animal models of AD. For example, overexpression of mutations in PSEN1 such 

as M146L and M146V increase Ab1-42 production relative to that achieved by overexpression 

of wildtype PSEN1, via alteration of the g-secretase-processing C-terminus of Ab (Duff, 

Eckman, Zehr, Yu, & et al., 1996). Similarly, the replication of NFTs and tauopathies typically 

involves transgenic lines such as the transgenic mice line expressing the P301L mutation within 

the MAPT gene which induces extensive tauopathy and NFT formation accompanied by 

neuronal degeneration and gliosis (Murakami et al., 2006). 
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Beyond the use of genetically engineered animal AD models, alternative methods such as the 

infusion or injection of Ab have also been shown to induce AD-related cellular pathologies in 

vitro as well as behavioural changes in vivo (Badshah, Kim, & Kim, 2015; H. Y. Kim, Lee, 

Chung, Kim, & Kim, 2016; Koh, Yang, & Cotman, 1990). These models were developed on 

the basis that oligomeric forms of Ab were typically more neurotoxic than their plaque 

counterparts, associated with increased levels of neuroinflammation, maladaptation of receptor 

function and ionic homeostasis, and oxidative stress (Zhao, Long, Mu, & Chew, 2012). The 

intrahippocampal injection Ab1-42 has been well-established and shown to induce synaptic and 

neuronal loss, as well as hippocampal microgliosis (Moon et al., 2011). More recent studies 

have also reported significant CA1 pyramidal cell loss and significant cognitive deficits in mice 

as early as 7 days post-intrahippocampal injection of Ab1-42, as well as significant upregulation 

of localised inflammation, tau phosphorylation and vascular changes at 30 days post-injection  

(Calvo-Flores Guzmán, Elizabeth Chaffey, et al., 2020; Calvo-Flores Guzmán, Kim, et al., 

2020). Moreover, the intrahippocampal injection of Ab1-42 effectively induces perturbations in 

both glutamatergic and GABAergic neurotransmission, thereby recapitulating AD-related 

mechanisms of E/I imbalance (Calvo-Flores Guzman et al., 2020; Yeung et al., 2020). 

Ultimately, non-transgenic models such as Ab1-42 injection serve as a relatively inexpensive 

and rapid mode of inducing AD in animals which sufficiently recapitulates related cellular 

pathologies and cognitive decline phenotypes. Furthermore, the injection of Ab1-42 enables 

investigation of both acute and chronic Ab1-42-induced brain changes, thereby enabling the 

evaluation of the efficacy of potential therapeutic treatments, such as optogenetic stimulation 

at different stages of the disease. 
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2 Aims 

The aim of this study was to investigate the effect of optogenetic activation of GABAergic 

cells on Ab1-42-induced alterations in the mouse CA1 hippocampal regions in vivo and to further 

characterise Ab1-42-induced synaptic changes of in vitro primary hippocampal cultured 

neurons. This included the investigation of: 

 

1. the effect of optogenetic activation of GABAergic cells on Ab1-42-induced alterations 

in hippocampal-dependent spatial memory tasks 

 

2. the effect of optogenetic activation of GABAergic cells on Ab1-42-induced pyramidal 

cell loss in the CA1 hippocampal region 

 
3. the effect of optogenetic activation of GABAergic cells on Ab1-42-induced alterations 

of GABAAR subunit expression in the CA1 hippocampal region 

 

4. the effect of optogenetic activation of GABAergic cells on Ab1-42-induced alterations 

of inflammatory markers in the CA1 hippocampal region 

 

5. the effect of AD-related pathogenic neuromodulators on the membrane potential of 

primary hippocampal cultured neurons 

 

 

 

 

 

 

 

 

 

 



 

39 

3 Methods 

3.1 In vivo mouse model of Alzheimer’s disease overview and experimental 
timeline 

The current study employed an in vivo mouse model of AD to determine the behavioural and 

cellular effects induced by optogenetic activation of GABAergic neurons within the CA1 

region of the hippocampus, thus evaluating the potential therapeutic value of optogenetics in 

AD treatment. To achieve selective activation of GABAergic neurons within the CA1, mice 

were first bilaterally injected with a viral vector construct containing the depolarising opsin - 

ChR2 tagged with mCherry, expressed under the GABAergic neuron-specific promoter 

GAD67 (LV.GAD67.ChR2.mCherry). Two weeks before the commencement of Ab1-42 

injection and optogenetic device implantation surgeries, all animals were transferred to a dark 

room to reverse the day-night cycle for behavioural testing. When vector expression levels 

peaked (40 days post-injection), animals then received bilateral injections of Ab1-42, 

immediately followed by implantation with the optogenetic device and further application of 

continuous 30 min blue light (470 nm) stimulation in the appropriate experimental groups. 7 

days following these procedures, animals were subjected to behavioural testing to evaluate 

hippocampal function. Upon completion of behavioural tests, animals were sacrificed, and their 

brains were processed and sectioned for immunohistochemical analysis, this was followed by 

imaging and statistical analysis (Figure 6). In the current study, all in vivo experimental 

procedures including lentiviral vector and Ab1-42 preparation and stereotaxic injection, 

optogenetic device implantation and stimulation, behavioural testing, tissue collection, and 

neuronal cell counts were performed by Laura McNamara and Soo Kim. Immunohistochemical 

images of c-fos, as well as inflammatory-related (GFAP and Iba-1) controls were provided by 

Soo and those of experimental animals were provided by Laura. Further analysis of these 

markers was performed by myself (c-fos integrated density analysis and GFAP and Iba-1 

particle counts). Additionally, all immunohistochemical images of GABAAR subunits (a1, a2, 

a5, b3 and g2) in control groups were provided by Soo and immunohistochemistry of 

GABAAR subunits (a1, a2, a5, b3 and g2) on experimental animal sections provided by Laura 

were performed by myself, as well as the related imaging and analysis.  
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3.1.1 Animals 

All experimental procedures were approved by and conducted in accordance with the 

regulatory requirements of the National Animal Ethics Advisory Committee and the 

institutional animal ethics committee of the University of Auckland (ref: 001655). For in vivo 

experimentation, C57BL/6 male mice (RRID:IMSR_JAX:000664) aged 12 weeks were 

utilised. Animals were housed at the Vernon Jensen Unit under a reversed 12-hour dark/light 

cycle conditions (lights on at 7:00 P.M.). Mice were housed in groups of 3-4 mice per cage and 

were able to eat and drink ad libitum. Animals were handled daily for a week prior to the 

commencement of experimental procedures and during intervening periods to minimise stress 

and anxiety. In vivo experimental protocols were performed over a period of approximately 2 

months.   

 

Experimental procedures were performed on 81 mice, across 7 distinct experimental groups 

(Table 1). Animals that received no treatment were used as controls (Naïve; n = 15), while 

those which received Aβ1-42-injection alone (Aβ; n = 12) were used to observe the isolated 

cellular and behavioural alterations induced by Aβ1-42. Animals with the dummy implant alone 

(Implant; n = 10) were used as a control group for examining the effect of mechanical damage 

with implantation. Animals that received stimulation alone (STIM; n = 6) were used as a 

control group for examining the effects of optogenetic device implantation and stimulation 

without lentiviral vector injection. Animals injected with the lentiviral vector alone 

(LV.GAD67.ChR2.mCherry; n = 12) were used to evaluate the effects of viral vector injection. 

Figure 6. Timeline overview of the experimental protocols of the in vivo study 
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Finally, animals that received the lentiviral vector and the optogenetic stimulus 

(LV.GAD67.ChR2.mCherry + STIM; n = 13), and those which received lentiviral vector and Aβ1-

42 injection, as well as optogenetic stimulation (Ab + LV.GAD67.ChR2.mCherry + STIM; n = 13) 

were compared to determine the effects of optogenetic activation of GABAergic neurons in the 

CA1. Experiments investigating the effects of the vehicle injection were previously conducted 

by the lab and were found to have negligible effects on behavioural and histological findings 

(Calvo-Flores Guzmán, Elizabeth Chaffey, et al., 2020; Yeung et al., 2020).  
 
Table 1. Experimental groups used in the in vivo study 

Group Name Group Treatment 
Number of Mice 

Behavioural 
Tests 

Immunohistochemistry 

Naïve No Treatment 15 6 
Ab AB1-42-Injection 12 6 

Implant Optogenetic Device 
Implantation 10 6 

STIM 
Inhibitory 

Optogenetic 
Stimulus 

6 6 

LV.GAD67.ChR2.mCherry Lentiviral Vector-
Injection Only 12 6 

LV.GAD67.ChR2.mCherry 
+ STIM 

Lentiviral Vector-
Injection + 
Inhibitory 

Optogenetic 
Stimulus 

13 6 

Ab + 
LV.GAD67.ChR2.mCherry 

+ STIM 

Ab1-42-Injection + 
Lentiviral Vector-

Injection + 
Inhibitory 

Optogenetic 
Stimulus 

13 6 

TOTAL 81 42 
 

3.1.2 Stereotaxic injection surgery 

Stereotaxic surgery was performed for the microinjection of the viral vector and Ab1-42, as well 

as for the implantation of the optogenetic device. First, animals were anaesthetised by 

subcutaneous injection of ketamine (75 mg/kg) and domitor (1 mg/kg) and the second injection 

of rimadyl (5 mg/kg) was administered for analgesic purposes. The efficacy of anaesthesia was 

tested prior to any invasive procedures by reaction to a pinch stimulus, and mice were kept on 

a heating pad for the duration of each surgery to maintain homeostatic body temperatures. All 
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stereotaxic procedures were performed under a microscope (Leica M50, Wetzlar, Germany), 

with the animals head fixed in a Model 900 Small Animal Stereotaxic Instrument (David Kopf 

Instruments, Tujunga, CA, USA). Once secure in the frame, poly gel eye drops (Alcon, Geneva, 

Switzerland) were then applied generously to the animal’s eyes to prevent corneal desiccation 

during surgery, and the animal's head was cleaned with 70% ethanol followed by 

polyvinylpyrrolidone iodine using sterile cotton swabs. A single incision was made along the 

midline overlying the bregma to expose the animal’s skull. The field of view of the exposed 

skull was secured by clamping skin flaps with micro bulldog clamps (Coherent Scientific, 

Australia). The skull was gently swabbed with 30% hydrogen peroxide (H2O2) to both sterilize 

and further expose the bregma, and the animal’s skull was dried with a cotton swab. The 

anteroposterior (AP) and mediolateral (ML) coordinates of the bregma were determined using 

the stereotaxic apparatus and utilised to calculate the respective coordinates of the bilateral 

CA1 hippocampal injection sites (AP = -2.0 mm; ML = ±1.3 mm). Stereotaxic coordinates for 

hippocampal CA1 injection were determined by a series of calibration experiments wherein 

methylene blue dye was injected in lieu of the lentiviral vector or Ab1-42. Subsequently, 

injection coordinates were marked on the animal’s skull with a permanent marker and bilateral 

3 mm burr holes were drilled carefully into the respective locations. Once all holes were drilled, 

the surrounding skull was subsequently cleaned off with saline (0.9% wt/vol; NaCl in distilled 

water) to remove any debris. The dura was perforated with a 26-gauge needle through these 

holes to relieve pressure build-up from the ensuing injection. Following surgery procedures, 

microinjection of lentiviral vector (section 3.1.2.2) and Ab1-42 (section 3.1.3.2), as well as 

optogenetic device implantation (section 3.1.4.1), were performed.  

 

Following completion of all experimental protocols, mice were subcutaneously injected with 

antisedan (1 mg/kg dissolved in saline) to reverse anaesthesia, and the skin was closed off with 

a surgical clip. Animals were then removed from the stereotaxic frame and allowed to recover 

for 30 minutes in a temperature-controlled cage. Up to a week following the procedures, 

animals were monitored daily using the animal welfare sheets, assessing health criteria 

including changes in body weight, respiration rate, signs of pain and wound healing. 

3.1.2.1 Lentiviral vector preparation 

The lentiviral vector used in this study (LV.GAD67.ChR2.mCherry) was provided by Dr 

Stephanie Hughes of the University of Otago, co-director of Mārama, a viral vector and 
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optogenetics platform funded and operated through Brain Research New Zealand (Figure 7). 

Generation of the LV.GAD67.ChR2.mCherry was as described previously by (Linterman et 

al., 2011). More specifically, HIV-1-derived lentiviral plasmids expressing the ChR2 opsin in 

conjunction with the mCherry red fluorescent protein under transcriptional control of the 

GAD67 promoter were packaged via a third-generation packaging system. 5 x 106 293FT cells 

(Invitrogen, US) were transfected with the generated lentiviral vector in OptiMEM containing 

Lipofectamine-2000 (Invitrogen, US). Medium containing the lentiviral vector was harvested 

at 48- and 72-hr post-transfection and concentrated via ultracentrifugation at 112,500 gmax for 

90 min at 4°C, resuspended in phosphate-buffered saline (PBS) containing 40 g/L lactose, and 

stored at -80°C. Functional viral titres were determined via serial dilution ranging from 1 x 109 

to 1.3 x 1010 transducing units (TU)/ml. In vivo injections and immunostaining experiments 

were performed to confirm lentiviral vector specificity to GABAergic neurons.  

 

3.1.2.2 Lentiviral vector injection 

Lentiviral vectors were bilaterally injected into the hippocampal CA1 region of all three 

experimental groups. Following the general stereotaxic surgery procedures described in section 

Figure 7. Plasmid map of the LV.GAD67.ChR2.mCherry viral vector used in the in vivo study. 
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3.1.2, the lentiviral vector was drawn up into a 10 µL NanoFil syringe (World Precision 

Instruments, FL, USA) which was fitted with a 35-gauge blunt needle (NF35BL-2, World 

Precision Instruments, FL, USA), and secured to the stereotaxic frame. A programmable 

UlraMicroPump III (UMP3 with Micro4 controller; World Precision Instruments, FL, USA) 

was used to administer 0.5 µL of lentiviral vector per hemisphere at a rate of 0.1 µL/min across 

three different dorsoventral (DV) coordinates from the bregma (DV = -1.0mm, -1.25 mm, -1.5 

mm) into the CA1 of the hippocampus. For each hemisphere, the Hamilton syringe was 

withdrawn from the brain 5 minutes following infusion at the third DV coordinate. Once both 

hemispheres were injected, animals were subcutaneously injected with antisedan (1 mg/kg 

dissolved in saline) to reverse anaesthesia, and the skin was closed off with a surgical clip. 

Animals were then removed from the stereotaxic frame.  

3.1.3 Amyloid-beta 

In the current study, the effects of optogenetic activation of GABAergic CA1 neurons on AD 

were assessed through the use of an in vivo mouse model wherein AD-like neuropathologies 

were induced via bilateral intra-hippocampal injection of Ab1-42. The injection of highly toxic 

Ab1-42 oligomers leads to the generation of neuropathological changes such as neuronal loss, 

increased tau phosphorylation and neuroinflammation, in turn inducing learning and memory 

deficits merely 7 days post-injection in the respective animal (Calvo-Flores Guzmán, Kim, et 

al., 2020). This Ab1-42-induced AD mouse model has been well-established and used in 

previous studies from our lab (Calvo-Flores Guzmán, Elizabeth Chaffey, et al., 2020; Calvo-

Flores Guzmán, Kim, et al., 2020; Yeung et al., 2020).  

3.1.3.1 Amyloid-beta preparation  

Ab1-42 was supplied by Professor Warren Tate of the University of Otago and was prepared by 

way of the protocol described in (Kwakowsky et al., 2016). Ab1-42 is produced as a recombinant 

protein fused to maltose-binding protein (MBP), with a proteolytic cleavage site for Factor X 

protease between the two segments. The soluble recombinant fusion protein was further 

expressed at high concentrations in Escherichia coli and purified on an amylose resin column, 

to which the MBP segment of the fusion protein binds. Subsequently, the affinity-selected 

fusion protein was eluted from the resin with maltose and concentrated by ammonium sulphate 

precipitation. Next, Factor X protease was applied to cleave the carrier MBP from the fusion 
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protein, and the released Ab1-42 was further isolated and purified by hydrophobic 

chromatography with 0-50% v/v acetonitrile/0.1 v/v trifluoroacetic acid (TFA), using fast 

protein liquid chromatography (FPLC). The fractions containing pure Ab1-42 were detected 

through the use of an antibody against residues 17-24 of Ab1-42 and lyophilised to remove the 

solvent. Mass spectrometry was then used to confirm the expected molecular ion for the desired 

product, and the concentration of the protein fragment was determined by a bicinchoninic acid 

assay at 60 °C for 30 min. Before the stereotaxic injection of Ab1-42, the product was dissolved 

in artificial cerebrospinal fluid (ACSF: 147 mM Na+, 3.5 mM K+, 2 mM Ca2+, 1 mM Mg2+, pH 

7.3) and ‘aged’ through incubation of the solution at 37 °C for 48 h to facilitate the formation 

of toxic soluble aggregates of misfolded Ab1-42, which were confirmed by SDS/PAGE (Yeung 

et al., 2020). The optimal incubation period for the production of highly toxic Ab1-42 oligomers 

is 48-120 hours (Kwakowsky et al., 2016). Ab1-42 oligomers produced in accordance with this 

method were utilised in both the in vivo and in vitro components of the current study.  

3.1.3.2 Amyloid-beta-injection 

Stereotaxic injection of ‘aged’ Ab1-42 was performed 40 days post-lentiviral vector injection, 

in line with the peak expression levels of the ChR2 opsin. Following the general stereotaxic 

surgery procedures described in section 3.1.2,  Ab1-42 was drawn into a 10 µL NanoFil syringe 

(World Precision Instruments, FL, USA) fitted with a 35-gauge blunt needle (NF35BL-2, 

World Precision Instruments, US), and further secured to the stereotaxic frame. The UMP III 

injector pump was used to administer 1 µL of Ab1-42 per hemisphere at a rate of 0.2 µL/min 

across three dorsoventral coordinates from the bregma (DV = -1.9 mm, -2.4 mm, -2.9 mm). 

For each hemisphere, the syringe was withdrawn from the brain 5 minutes following infusion 

at the third DV coordinate for both hemispheres. Following completion of injection within both 

hemispheres optogenetic device implantation began immediately in the relevant groups. In 

Ab1-42 microinjection surgeries wherein optogenetic device implantation was not conducted, 

the surgery site was closed off by clamping the adjacent flaps of skin with wound closure clips 

(Stoelting, US). 

3.1.4 Optogenetic device 

Optogenetic modulation of transduced GABAergic neurons was achieved through the 

implantation of an ultraminiaturised, wireless optogenetic device developed and produced by 
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NeuroLux (Figure 8). The implant has a circularised (9.8 mm diameter) planar component 

comprised of the copper transmission coil, capacitors, a rectifier, and a red indicator LED. Each 

device additionally has two bilateral probes with µ-ILEDs situated at the tip of each probe, 

connected to the circular body via a flexible serpentine connection to enable easy manipulation 

of the attached probe upon implantation. Here, the µ-ILEDs sit adjacent to the target tissue, 

facilitating bilateral optogenetic stimulation of GABAergic neurons within the hippocampal 

CA1 via emission of a blue light (470 nm) stimulus. The device has been customised for the 

current study so that the circular body, measuring 11.5 x 10.5 x 13 mm (length x width x 

thickness), implants subdermally to the top of the animal’s skull, while the bilateral probes, set 

at a length of 4 mm, penetrate depth into the hippocampus from the skull. The wireless function 

is achieved by surface-mounted chips on the coil which facilitate power transfer and external 

control of the optogenetic device via magnetic coupling to a radio frequency (RF) transmission 

loop antenna operating at 13.56 MHz. Here a capacitor provides impedance matching to 

maximise power transfer and minimise signal reflection. The device was fabricated on a 

polyimide substrate for conduction and the rectifier acted to convert the RF signal received into 

currents for the µ-ILEDs. The red light-emitting LED (650 nm) sitting adjacent to the coil 

served as an external indicator of device activation through the animal’s skin. Additionally, the 

device incorporated barrier films composed of parylene and poly(dimethylsiloxane), protecting 

the active device components upon immersion in physiological settings following implantation 

into the animal’s brain (Shin et al., 2017).  

Figure provided by Laura McNamara (McNamara, 2021).  
 

Figure 8. Image of customised bilateral optogenetic device (NeuroLux).  
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3.1.4.1 Surgical implantation of the optogenetic device  

Optogenetic device implantation was performed immediately following Ab1-42 injection for the 

LV.GAD67.ChR2.mCherry + Ab  + STIM group. Alternatively, mice in the 

LV.GAD67.ChR2.mCherry + STIM did not receive Ab1-42 injection and instead were anaesthetised 

and affixed to the stereotaxic frame as described in section 3.1.2. The optogenetic device was 

secured to a needle adaptor attached to the stereotaxic frame by a customised mounting fixture. 

This adaptor holds the optogenetic device so that the probe is positioned perpendicular to the 

skull, enabling precise insertion into the brain via the stereotaxic frame. Once hippocampal 

coordinates were determined from the bregma (AP = -2.0 mm; ML = ±1.3 mm; DV = -1.05 

mm), bilateral holes were drilled, and the surrounding skull was swabbed with saline (0.9% 

w/vol sodium chloride) to clean away debris, and pressure was relieved via perforation of the 

dura with a 26-gauge needle. Next, one probe of the optogenetic device was lowered into the 

hippocampus and further fixed with a small amount of cyanoacrylate gel (3M Company, MN, 

USA) in combination with an accelerant (Insta-Set™, BSI, CA USA). Once the fixative had 

set, the inserted probe was then released from the adaptor, and the insertion process was 

repeated as aforementioned for the opposite hemisphere. Once both probes were fixed in 

position, the pin was removed from the adaptor, liberating the optogenetic device which was 

then affixed to the skull with additional cyanoacrylate gel and accelerant. Upon completion of 

optogenetic device implantation, animals were removed from the stereotaxic frame, their skin 

closed off with sutures and cyanoacrylate surgical glue (72541-00, BSN Medical), and finally 

injected with antisedan (1 mg/kg) for reversal of anaesthesia.  
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Representative images of (a) the optogenetic device secured in the needle adaptor attached to the 
stereotaxic frame, (b) mouse following successful implantation of device probes into the correct 
position, (c) of mouse receiving sutures following fixture of the device transmission coil to the animal's 
skull, (d) the optogenetic system components, including (di) laptop with NeuroLux software, (dii) 
power distribution control box, (diii) antenna tuner box and (div) animal stimulation cage. (e) Image of 
the mouse receiving optogenetic stimulus in the cage. Figure provided by Laura McNamara 
(McNamara, 2021).   

Figure 9. Illustration of surgical procedures for implantation of the bilateral optogenetic device. 
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3.1.4.2 Wireless field installation 

Following implantation of the optogenetic device, animals recovered from anaesthesia in a 

temperature-controlled cage for 30 min post-antisedan injection. The animal was then 

transferred to a 30x30x30 cm cage for the administration of the optogenetic stimulus. This cage 

utilised a double transmission loop antenna which turns at heights of 4 cm and 11 cm from the 

bottom of the apparatus. This optimised configuration acts to improve out-of-plane signal 

coverage and efficient power transfer to the receiving coil of the optogenetic device (Shin et 

al., 2017). The loops around the apparatus in turn interfaced to the RF generators: power 

distribution box and antenna tuner box to generate a maximum power output of 12 W, and a 

laptop with a graphical user interface (GUI), allowing control of light stimulus parameters 

including stimulus period, pulse duration, burst mode and output power. To further ensure 

optimal functionality, the transmission antenna loop was tuned through adjustment of the 

jumper strips located on the antenna tuner box which correspond with capacitance, and through 

the use of the antenna analyser to match the parameters. Using guidelines provided by 

NeuroLux, the antenna was tuned as closely as possible to a standing wave ratio (SWR) of 

<1.3, and an impedance (Z) and resistance (R) of 50 Ω.  

3.1.4.3 Optogenetic stimulation protocol 

Each animal in the LV.GAD67.ChR2.mCherry + Ab + STIM (n = 13) and the 

LV.GAD67.ChR2.mCherry  + STIM (n = 13) groups received the blue light (470 nm) 

optogenetic stimulus protocol. The stimulation protocol consisted of administration of the blue 

light stimulus for 30 min as 20 Hz, 1 s light pulses at 3 mW, with interstimulus intervals of 15 

s (Figure 10). This stimulation protocol was formulated based on the kinetic profile of the ChR2 

protein and reports of its application in comparable optogenetic experiments. One major issue 

reported in the optogenetic stimulation of ChR2 in many cell types is its inability to reliably 

evoke spikes at stimulation frequencies greater than the gamma range (40 Hz), with 

approximately 50% of light pulses resulting in spike failures (Gunaydin et al., 2010). A study 

by Mattis et al., provides a comprehensive characterisation of ChR2 protein kinetics, wherein 

a range of depolarising channelrhodopsin genetic variants was tested under voltage-clamp 

conditions and the observed photocurrent profiles were compared (Mattis et al., 2011). Opsin 

genes were packaged into a lentiviral vector with expression driven by the CaMKIIa promoter, 

further transfected into cultured hippocampal pyramidal neurons, and finally excited at an 

irradiance of 5 mW mm-2. The authors reported the ChR2 opsin to have a low steady-state/peak 
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ratio, reflecting a fast time to photocurrent peak (< 10 ms) upon light stimulation, in 

combination with a fast time to desensitisation with continuous light exposure (~25 ms). 

Furthermore, recovery of ChR2 from desensitisation in darkness following stimulation for 1 s 

was reported as 10-15 s for a full recovery. Finally, Mattis et al., measured the off kinetics of 

ChR2, which describes the rate of channel closure at the end of light exposure, which was 

found to be approximately 11.6 ms following stimulation with a 3 ms light pulse. Fast-off 

kinetics are essential for preventing sustained depolarisation between light stimulations, in turn 

maintaining consistent spiking with stimulation. Moreover, ChR2-induced rapid frequency 

spike trains result in the induction of plateau potentials of at least 10 mV which is thought to 

relate to the opsin closing rate (12 ms) (Gunaydin et al., 2010).  

 
Based on these findings of ChR2 kinetics, a pulse width of 5 ms was chosen to ensure 

photocurrent peak was reached while avoiding immediate desensitisation of ChR2. A 

frequency of 20 Hz was selected to ensure stimulation consistently evokes spikes while also 

minimising the risk of spike failures. The off-rate of 5 ms pulses at a frequency of 20 Hz is 45 

ms, ultimately exceeding the closing rate of ChR2 and avoiding the induction of a plateau 

potential. A 15 ms interstimulus interval was chosen as Mattis et al., established that 

stimulation with 1 s light pulses at similar frequencies evoked a 10-15 s recovery from 

desensitisation. Finally, the 3 mW light output was previously optimised in similar experiments 

within our lab.  

Figure 10.  Schematic diagram illustrating optogenetic stimulus protocol. 
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3.1.5 Behavioural testing  

Behavioural testing was conducted to examine the health and function of hippocampal regions 

involved in memory, and to further elucidate the functional consequences of optogenetic 

activation of GABAergic hippocampal neurons on Ab1-42-induced brain network changes. The 

current study used two types of behavioural tests: novel object alteration (NOA) and novel 

object recognition (NOR) which evaluate hippocampal-dependent long-term spatial memory 

and recognition memory, respectively. Both tests are based on a mouse’s innate tendency to 

spend more time exploring novelty objects rather than familiar ones. These behavioural tests 

are performed in an open-field apparatus consisting of a square arena (30 cm (depth) x 30 cm 

(width) x 30 cm (length)) made of non-transparent plexiglass, and utilised objects of equivalent 

intrinsic value however, a different set of objects was used for NOA and NOR. Additionally, 

to prevent odour-induced behaviour variations, the testing cage and objects were cleaned with 

3% acetic acid between trials. All behavioural testing protocols were adapted from 

(Kwakowsky et al., 2016).  

3.1.5.1 Novel object alteration 

The NOA test is used to measure long-term spatial memory function and was conducted 7 days 

post-optogenetic stimulus at the beginning of the dark cycle. Mice were first acclimated to the 

red light-illuminated testing arena for one hour prior to the commencement of behavioural 

experimentation. Testing began with the habituation phases wherein the animal was released 

into the arena at a consistent entry point and was further able to explore the arena for 10 

minutes. Subsequently, animals undertook the acquisition phase in which each mouse was left 

to explore two identical objects situated in two corners of one half of the arena, for 5 minutes. 

24 hrs later, animals began the recall phase wherein each animal explored the same pair of 

objects for 5 minutes however, one of the two objects was relocated to a different corner of the 

testing arena (Figure 11).  
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Figure 11. Schematic representation illustrating the novel object alteration (NOA) test. 
On day 1, animals underwent habituation in the arena for 10 min followed by an acquisition phase 
consisting of 5 min where the animal explores two identical objects. On day 2, one of the objects is 
relocated to a novel corner of the testing arena and animals undergo a recall phase, exploring the objects 
for 5 min.   

3.1.5.2 Novel object recognition  

The NOR test is used to measure long-term recognition memory and was conducted 9 days 

post-optogenetic stimulus, at the beginning of the dark cycle. The test apparatus consists of a 

square arena surrounded by non-transparent plexiglass walls (25 cm x 29 cm x 25 cm). The 

animals began with a habituation phase wherein the animal is free to roam and explore the 

arena for 10 minutes. Subsequently, on the same day, the animals undertook an acquisition 

phase in which the animal explored two identical objects situated in two corners of one half of 

the arena. 24 hr later, the recall phase began wherein the animal was reintroduced into the arena 

in which one of the identical objects was replaced by a novel, unfamiliar object. The animal 

was left to explore the arena for 5 minutes (Figure 12).  
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Figure 12.  Schematic representation illustrating the novel object recognition (NOR) test. 
On day 1, animals underwent habituation in the arena for 10 min followed by an acquisition phase 
consisting of 5 min where the animal explores two identical objects. On day 2, one of the objects is 
replaced by a novel object and animals undergo a recall phase, exploring the objects for 5 min.   
 

3.1.5.3 Data analysis 

Behavioural testing experiments were recorded and further analysed using the EthoVision XT 

Version 12.0 (Noldus) video tracking and motion analyser and manual online stopwatches. The 

size of the behavioural arena was calibrated on the software to convert the motion of the animal 

from pixels shifted to distance moved, and the centre-point of the mouse was defined and 

tracked. Analysis was conducted by an experimenter blind to the experimental groups.  

 

On day 1 of the NOA and NOR tests, the total distance travelled and the velocity of each animal 

during the 10 min habituation period was measured and averaged for each experimental group 

to determine the normal locomotion and activity level of each animal. On day 2, the total 

interaction time with both the familiar object and novel location/object was measured for each 

animal within the 5 min recall period. In both tests, object interactions were defined as any 

instance where the animal’s head was within 1 cm of the object and directed towards it. Data 

were presented as the discrimination ratio (DR) that was calculated using the following 

equation:  

 

𝐷𝑅 =
$ 𝐼𝑛𝑡𝑒𝑟𝑎𝑐𝑡𝑖𝑜𝑛	𝑡𝑖𝑚𝑒	𝑤𝑖𝑡ℎ𝑛𝑜𝑣𝑒𝑙	𝑙𝑜𝑐𝑎𝑡𝑖𝑜𝑛	𝑜𝑟	𝑜𝑏𝑗𝑒𝑐𝑡6 − $

𝐼𝑛𝑡𝑒𝑟𝑎𝑐𝑡𝑖𝑜𝑛	𝑡𝑖𝑚𝑒	𝑤𝑖𝑡ℎ
𝑓𝑎𝑚𝑖𝑙𝑖𝑎𝑟	𝑙𝑜𝑐𝑎𝑡𝑖𝑜𝑛	𝑜𝑟	𝑜𝑏𝑗𝑒𝑐𝑡6

𝑇𝑜𝑡𝑎𝑙	𝑖𝑛𝑡𝑒𝑟𝑎𝑐𝑡𝑖𝑜𝑛	𝑡𝑖𝑚𝑒	𝑤𝑖𝑡ℎ	𝑜𝑏𝑗𝑒𝑐𝑡𝑠  

 
The DR serves as an index to quantify the degree of preference an animal has for one object 

over the other.  A positive DR value indicates more time spent investigating the novel location 
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or object, while a negative DR value indicates more time spent investigating the familiar 

location or object. A DR value of zero indicates equal time spent with both locations or objects.  

3.1.6 Tissue collection 

Following behavioural testing, animals were immediately sacrificed by overdose with 12.5 

mL/kg of ketamine and domitor. For c-fos experimentation, animals were sacrificed 90 min 

after light stimulation. For the RNAscope experiment, animals were sacrificed 40 days after 

bilateral LV.GAD67.ChR2.mCherry injection.  Animals were transcardially perfused with ice-

cold 4% paraformaldehyde (PFA) in 0.1 M phosphate buffer (pH 7.6). Brains were removed 

and immediately post-fixed in 4% PFA for 2 hr at RT, transferred to a 30% sucrose-Tris-

buffered saline (TBS) solution and left to incubate for 24 hrs at 4°C.  Subsequently, 30 µm 

thick coronal sections were cut using a freezing microtome (Microm,  Walldord, Germany) and 

collected in TBS solution. Sections were subsequently moved to antifreeze solution and stored 

at -20°C until use. Alternatively, for RNAscope staining, 15  µm thick sections were cut in the 

coronal plane on a cryostat (Leica Biosystems, US), mounted on SuperFrost Plus glass slides 

(Fisher Scientific) and stored at -80°C.  

3.1.7 Free-floating immunohistochemistry 

Free-floating fluorescent immunohistochemistry (f-IHC) was performed to examine the 

cellular effects of optogenetic activation of CA1 GABAergic cells on Ab1-42-induced brain 

network changes in this AD mouse model. Additionally, an earlier f-IHC experiment was 

conducted by Soo Kim in which lentiviral vector-injected hippocampi were stained for 

mCherry (Anti-mCherry, Abcam, ab205402) to confirm successful protein expression within 

target cells. f-IHC was conducted as described in (Kwakowsky et al., 2016).  

 

Sections were washed in TBS solution for 3 x 10 min to remove cryoprotectant and 

subsequently incubated in TTB (0.05M TBS, 0.3% Triton X-100, 0.25% bovine serum albumin 

(BSA) + 1% donkey or goat serum) for 1 hr at RT to block non-specific binding sites. Sections 

were again washed in TBS solution for 3 x 10 min washes and further incubated with primary 

antibodies (Table 2) diluted in TTB for 48 hr at 4 °C. Primary antibodies included NeuN 

(neuronal marker), hyperphosphorylated tau (p-Tau), neuroinflammatory markers including 

ionized calcium-binding adaptor protein-1 (Iba1; microglial activation) and glial fibrillary 
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acidic protein (GFAP; astrocytic activation), and GABAAR subunits (a1, a2, a5, b3, g2). The 

efficacy of optogenetic stimulation was determined through the application of the c-fos 

antibody, which serves as a neuronal activation marker.  

 
Following incubation in primary antibodies, sections were again washed in TBS 3 x 10 min 

and further incubated in Alexa Fluor-conjugated secondary antibodies diluted in TTB (1:500) 

for 1 hr at RT. Sections were washed in TBS 3 x 10 min and next incubated in Hoechst nuclear 

counterstain diluted in TTB (1:10,000; H3570 Invitrogen) for 30 min at RT. Following 

completion of all f-IHC procedures, sections were mounted onto gelatin-coated, air-dried 

overnight, coverslipped with Mowiol mounting medium and finally sealed with nail polish. 
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Table 2. Primary antibodies utilised in fluorescence immunohistochemistry experiments. 

 
 

Antigen Immunogen Source, 
Host Species, 
Catalogue No. 

Dilution Detection 

NeuN GST-tagged recombinant 
mouse NeuN N-terminal 

fragment 
 

Millipore, 
polyclonal 

rabbit, ABN78 

1:1000 Donkey anti-
rabbit Alexa 

Fluor 488 
(A21206) 

GFAP Cocktail of monoclonal 
anti-GFAP antibodies 

(4A11, IB4, 2E1) in equal 
concentrations 

BD Biosciences, 
monoclonal 

mouse, 556330 

1:5000 Donkey anti-
mouse Alexa 

(A21203) 

Iba-1 Synthetic peptide 
corresponding to amino 
acids 135-147 of human 

Iba-1 (C terminal) 
 

Abcam, 
polyclonal goat, 

ab5076 

1:1000 Donkey anti-goat 
Alexa Fluor 647 

(A21447) 

GABAAR a1 Peptide corresponding to 
amino acid residues 28-43 

of rat GABRA1 
(Accession P62813) 

Extracellular, N-terminus 
 

Alomone, 
rabbit 

polyclonal, 
AGA-001 

1:1000 Donkey anti-
rabbit Alexa 488 

(A21206) 

GABAAR a2 
 
 

Peptide corresponding to 
amino acid residues 393-

405 of rat GABRA2 
(Accession P23576). 2nd 

intracellular loop 

 
Alomone, 

rabbit 
polyclonal, 
AGA-002 

 

 
1:1000 

Goat anti-rabbit 
Alexa 488 
(A11034) 

GABAAR a5 
 

Recombinant fragment 
corresponding to amino 
acid residues 142-379 of 

human GABAAR a5 

Thermo Fisher 
Scientific, 

rabbit 
polyclonal, 
PA-531163 

1:1000 Goat anti-rabbit 
Alexa 488 
(A11034) 

GABAAR b3 Fusion protein amino 
acids 370-433 of mouse 

GABAAR β3 
 

Novus, 
mouse 

monoclonal, 
NBP1-47613 

 

1:500 Donkey anti-
mouse Alexa 647 

(A21203) 

 
GABAAR g2 

 

Peptide corresponding to 
amino acid 39-67 from 
mouse GABAAR g2 

Synaptic 
Systems, 

rabbit 
polyclonal, 

224003 

1:1000 Goat anti-rabbit 
Alexa 488 
(A11034) 

c-fos Recombinant full-length 
protein corresponding to 
Human c-Fos aa 1 to the 

C-terminus 

Abcam, 
rabbit 

polyclonal, 
AB190289 

1:1500 Goat anti-rabbit 
Alexa 647 
(A21236) 
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3.1.8 In situ RNA hybridisation using RNAscope  

To validate the targeted expression of LV.GAD67.ChR2.mCherry specifically to GABAergic 

neurons of the hippocampal CA1 region, the co-expression of ChR2 and GAD67 was assessed 

via fluorescent in situ hybridisation using RNAscope technology for GAD67 (GAD1) 

combined with an immunofluorescence assay for amplification of the mCherry signal. First, 

slides with 15 µm fixed frozen tissue sections were treated with RNAscope Multiplex 

Fluorescent Assay (Catalog no. 320850, Advanced Cell Diagnostics) in accordance with the 

manufacturer’s protocol. In brief, the slides were air-dried for 1 hr at -20 °C and subsequently 

baked for 1 hr at 60 °C, and finally dehydrated for 5 min each in 50%, 70%, and twice in 100% 

ethanol (EtOH). Next, slides were treated with the target retrieval antigen at 99-100 °C for 5 

min, followed by protease III digestion for 30 min at 40 °C in a HybEZ hybridisation oven 

(Advanced Cell Diagnostics). Following digestion, slides were then washed twice in distilled 

water and once with 100% EtOH. Slides were further incubated at 40 °C with a mouse-GAD1 

target probe (catalogue no. 400951; Probe channel (C1)) in the hybridisation buffer for 2 hr, 

Amplifier (AMP) 1-FL in the hybridisation buffer for 30 min, and AMP 2-FL in the 

hybridisation buffer for 30 min, AMP 3-FL in the hybridisation buffer for 30 min, and AMP 

4-FL Alt B in the hybridisation buffer for 15 min, and slides were washed twice with RT wash 

buffer following each hybridisation step. Following hybridisation, slides next underwent the 

immunofluorescence assay wherein slides were initially washed with PBT (phosphate-buffered 

saline (PBS; in mM: 136.89 NaCl/2.68 KCl/10.15 NaH2PO4/1.76 KH2PO4)/0.05% Tween 20) 

solution twice for 5 min per wash. Next slides were incubated for 1 hr in 10% goat serum in 

PBTB (PBT/1% BSA) solution at RT, followed by a 24 hr incubation in polyclonal rabbit anti-

mCherry antibody (1:500; Abcam, US) at 4 °C. The slides were again washed twice with PBT 

for 5 min and further incubated in anti-rabbit Alexa Fluor 488 (1:500, Thermo Fisher Scientific, 

US) for 1 hr at RT. Following incubation, the sections were washed, incubated in Hoechst 

nuclear counterstain (1:10,000: H3570 Invitrogen) in PBTB for 30 min at RT and finally 

coverslipped with ProLong Gold antifade mounting medium (Thermo Fisher Scientific, US).  

3.1.9 Imaging and analysis 

Fluorescently labelled sections were imaged using a Zeiss 710 confocal laser-scanning 

microscope (Carl Zeiss, Jena, Germany) under a 20x magnification (0.8 NA) Plan-Apochromat 

objective lens. Imaging parameters were optimised for each antibody and kept constant for all 
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experimental groups using the ZEN 2009 light edition software (Carl Zeiss). Two sections were 

selected per animal (n = 6) and three images were taken in the CA1 region of the hippocampal 

region per hemisphere, including imaging of the injection and implantation tract as well as 

regions to the left and right of the site totalling 6 images per section and 12 images per animal. 

Alexa Fluor 647 was visualised with a helium-neon laser (633 nm), Alexa Fluor 594-labelled 

immunostaining was visualised using a diode-pumped solid-state laser (561 nm), Alexa Fluor 

488 was visualised through the use of the argon laser (488 nm) and Hoechst was visualised via 

a diode laser (405 nm). The experimenter was blinded to the experimental groups to eliminate 

any bias during image acquisition and analysis protocols.  

3.1.9.1 Neuronal cell counting  

The extent of neuronal cell loss within the hippocampal CA1 region was determined across all 

experimental groups by counting the number of NeuN/Hoechst-positive pyramidal cells in the 

str. pyramidale. Using Paxinos and Franklin's (2001) mouse brain atlas appropriate sections 

containing the CA1 region with the injection and implantation tract were selected. Two sections 

were selected per animal (n = 6) and the number of NeuN/Hoechst-positive cells was counted 

within a defined ROI of 26,400 µm2 in the str. pyramidale from both hemispheres, and 

subsequently averaged (Figure 13). The two calculated section values were, in turn, averaged 

for each animal, and individual neuronal cell counts were compared across all experimental 

groups. Data were presented as the raw number of NeuN/Hoechst-positive cells.  

 

 
Figure 13. Representative confocal image of the CA1 hippocampal region in a naïve mouse. 
The photomicrographs display the stratum oriens (str. oriens), stratum pyramidale (str. pyr.) and the 
stratum radiatum (str. rad.) layers of the CA1 hippocampal region, immunolabelled with NeuN (green), 
Hoechst (blue) and NeuN and Hoechst immunolabelling combined. The region of interest box was 
drawn in the str. pyr and the NeuN/Hoechst-positive cells were counted. Scale bar = 50 μm. Figure 
provided by Soo Kim (Kim, 2022).  
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3.1.9.2 Integrated density measurements 

Integrated density analyses were conducted through the utilisation of the ImageJ software 

(National Institute of Health, US) to quantify the expression of GABAAR a1, a2, a5, b3 and 

g2 subunits, as well as c-fos immunostainings. Analysis was conducted across all layers of the 

CA1 and was performed on two sections per animal (n = 6) across all experimental groups. 

Obtained RGB images were converted to greyscale images (8-bit) and were subsequently 

subjected to grey scale threshold determination and background subtraction. Analysis 

parameters were optimised for each marker and kept constant throughout the analysis of all 

sections across all experimental groups. Measurements were taken from a defined ROI, 

measuring 60,000 µm2 for the CA1 (str. oriens, str. pyramidale, and str. radiatum). For all 

markers, two density measurements were obtained per layer of each CA1 and averaged by 

layer, and again averaged between sections resulting in a single averaged value per layer, per 

animal (Figure 14)13. Any images with damage or non-specific unusually high staining levels 

were excluded from the analysis. 

 

    
Figure 14. Representative image of the CA1 hippocampal regions of a naïve mouse, 
immunohistochemically stained with g2 and Hoechst. 
The photomicrograph displays a representative image of integrated density measurements for the 
combined immunohistochemical staining of g2 (green) and Hoechst (blue) of the CA1 hippocampal 
region. Boxes are used to illustrate regions where integrated density measurements were taken from 



 

60 

within the stratum oriens (str. oriens), stratum pyramidale (str. pyr.) and the stratum radiatum (str. rad.) 
layers of the CA1. Scale bar = 50 µm.  

3.1.10 GAD67 and ChR2 co-localisation 

The co-localisation of GAD67-positive ChR2-positive cells in the hippocampal CA1 region 

was evaluated through the use of a conventional epifluorescence microscope (Nikon Ni-E) at 

20x magnification. All qualitative images were taken at 40x magnification on a confocal laser-

scanning microscope (Zeiss LSM 710 Jena, Carl Zeiss). For the analysis, three sections from a 

LV.GAD67.ChR2.mCherry-treated animal were used and all CA1 regions were used, totalling 

6 CA1 regions. Within these CA1 regions, the number of GAD67- and ChR2-positive cells 

within a defined ROI that contained all layers of the CA1 were counted. The co-localisation 

was expressed as a percentage of the total number of GAD67-positive cells expressing ChR2. 

GAD67-positive cells were classified as ChR2 expressing if the cell displayed a uniform 

immunoreactivity product within the cell body.  

3.1.11 Particle analysis 

Fluorescently labelled sections were imaged using a Zeiss 710 confocal laser-scanning 

microscope (Carl Zeiss, Jena, Germany) under a 20x magnification (0.8 NA) Plan-Apochromat 

objective lens. Imaging parameters were optimised for each antibody and kept constant for all 

experimental groups using the ZEN 2009 light edition software (Carl Zeiss). Two sections were 

selected per animal (n = 6) and three images were taken of the hippocampal CA1 region per 

hemisphere, totalling 6 images per section and 12 images per animal. Obtained RGB images 

were converted to greyscale images (8-bit) and were subsequently subjected to grey scale 

threshold determination and background subtraction. Analysis parameters were optimised for 

each marker and kept constant throughout the analysis of all sections across all experimental 

groups. Measurements were taken from the entire imaging area of the CA1 (1024 x 1024 pixels) 

wherein small particle size was defined as 0-699 pixels and large particle size as 700-20,000 

pixels (Figure 15). For both Iba-1 and GFAP, one set of small and large particle analysis values 

was obtained from the CA1 region in both the left and right hemispheres and further averaged 

to give a section value. Two sections were analysed per animal, and section values were 

averaged to give one particle count per animal for both small and large particle analyses. Any 

images with damage or unusually high staining were excluded from the analysis. Small 

particles reflect neuroinflammatory cells undergoing an ant-inflammatory to pro-inflammatory 

state and measures changes in the  morphology of cells including the ramification or lack 
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thereof of cellular processes. Alternatively, an increase in large particle expression reflects an 

elevated number of reactive inflammatory cells  

The photomicrographs display immunohistochemical staining of GFAP (yellow) and Hoechst (blue) in 
the CA1 region with the stratum oriens (str. ori), stratum pyramidale (str. pyr) and stratum radiatum 
(str. rad). Additional representative images display the small particle and large particle analyses 
conducted on both GFAP and Iba-1 immunohistochemical studies.   

3.1.11.1 Statistical Analysis 

All statistical analyses were conducted through the use of GraphPad Prism Version 8 

(GraphPad Software, San Diego, CA; RRID: SCR_002798). All data were analysed via one-

way ANOVA followed by Tukey’s posthoc test and presented as mean ± standard error of the 

mean (SEM), with p < 0.05 conferring statistical significance. Statistical analyses comparing 

only two experimental groups alternatively utilised unpaired t-tests with p < 0.05 conferring 

statistical significance. Significant results were marked with * = p < 0.05, ** = p < 0.01, *** 

Figure 15. Representative image of the CA1 hippocampal region of an Ab-injected animal. 
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= p < 0.001, **** = p < 0.0001. The specific methods of statistical analysis for each data set 

are provided in the figure legends of the results section. Analyses were performed with blinding 

to treatment groups to prevent experimenter bias.  

3.2 In vitro mouse model of Alzheimer’s disease overview and experimental 
design 

The current study utilised an in vitro mouse model to better define the cellular mechanisms of 

synaptic and neuronal maladaptation that occur with AD. Due to the role of aberrant electrical 

activity in AD pathogenesis, this in vitro study aimed to characterise changes in the membrane 

potential of GABAergic and glutamatergic cells which occur in AD. For this, primary cell 

cultures of hippocampal neurons obtained from postnatal day 0 (P0) male mice were exposed 

to various neurotransmitters and chemicals which become deregulated in AD. Two distinct 

methods were utilised within this study to determine changes in membrane potentials – the 

FluoVolt Membrane Potential assay and the viral transduction of neurons to express GCaMP, 

both of which utilise increases and/or decreases in fluorescence as a direct proxy for increments 

and decrements in membrane potential. The former protocol comprised of the application of 

the FluoVolt Assay kit to neurons at 14 days in vitro (DIV), wherein neurons were loaded with 

the FluoVolt dye and subsequently administered a range of drugs including KCl, GABA, Ab1-

42 and NMDA. Alternatively, the genetic manipulation of neurons consisted of their 

transduction at 9 DIV with viral vectors containing the calcium sensor – GCaMP, tagged with 

dTomato and expressed under the GABAergic- and glutamatergic-specific promoters – Dlx 

and CaMKIIa, respectively. At the peak of gene expression (14 DIV), neurons were similarly 

administered KCl. All cells were imaged via time-lapse imaging using a Zeiss 710 confocal 

laser-scanning microscope (Carl Zeiss, Jena, Germany) and further analysed for changes in 

fluorescence with each drug (Figure 16) 
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Figure 16. Timeline overview of the protocols used in the in vitro study. 

3.2.1 Animals  

All experimental procedures were approved by and conducted in accordance with the 

regulatory requirements of the National Animal Ethics Advisory Committee and the 

institutional animal ethics committee of the University of Auckland (ref: 003281). For the 

current in vitro experimentation, C57BL/6 male mice (RRID:IMSR_JAX:000664) were 

utilised at postnatal day 0 (P0). On P0, animals were retrieved from the Vernon Jensen Unit 

and further delivered to the laboratory in a styrofoam transportation box filled with paper mesh 

and warm water bottles to ensure animal comfort. All animals were terminated on the day of 

birth; thus, no additional animal care was required. Throughout this in vitro study, a total of 30 

fanimals were used and all experimental procedures were performed by myself over a period 

of approximately 5 months (excluding analysis).  

3.2.2 Primary hippocampal neuron culture 

Primary cell cultures of hippocampal and cortical neurons were utilised as the basis of the in 

vitro AD mouse model. The cell culture protocol used was adapted from (Beaudoin et al., 2012) 

with minor adjustments (Lam et al., 2022; Vinnakota et al., 2020). All cell culture protocols 
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were conducted in a Class II Biological Safety Cabinet (Haraeus) and under sterile conditions 

to minimise the risk of culture contamination.  

 

Prior to the commencement of hippocampal and cortical cell culture procedures, dissection, 

plating and maintenance media were made in accordance with that described in Table 3 and 

stored at 4°C until use. Nunc™ Lab-Tek™ II CC2™ 8-well chamber slides (ThermoFisher 

Scientific, 154453) and 24-well plates (Falcon 353047) were used for both hippocampal and 

cortical primary cell cultures, wherein each well was coated with poly-D-lysine (PDL) solution, 

and slides/plates were subsequently wrapped with foil and left to incubate at RT overnight.  

 
Table 3. Primary Cell Culture Media Components. 

Dissection Media 
Component Concentration Final Volume  

(Total = 100 mL) 
Source/Catalogue 

Number 
HBSS Ca2+, Mg2+ free 
(Hank’s Balanced Salt 

solution) 

97.5% 97.5 mL Invitrogen/14175095 

Sodium pyruvate 
 

1x 1 mL Invitrogen/11360070 

Glucose 0.1% 0.5 mL Sigma-Aldrich/G-
6152 

HEPES 
(pH 7.3) 

10 mM 1 mL Sigma-Aldrich/H-
4034 

Plating Media 
Component Concentration Final Volume 

(Total = 100 mL) 
Source/Catalogue 

Number 
MEM Eagle’s with 
Earle’s BSS (BME) 

86.55% 86.55 mL Invitrogen/21010046 

FBS (re-filtered, heat-
inactivated, NZ origin) 

10% 10 mL Invitrogen/10091148 
 

Glucose 0.09% 0.45 mL Sigma-Aldrich/G-
6152 

Sodium pyruvate 1x 1 mL Invitrogen/11360070 
Glutamine 1x 1 mL Invitrogen/25030081 
Gentamicin 2 µg/mL 1 mL Invitrogen/15140122 

Maintenance Media 
Component Concentration Final Volume 

(Total = 100 mL) 
Source/Catalogue 

Number 
Neurobasal medium 96% 96 mL Invitrogen/21103049 

B27 1x 2 mL Invitrogen/17504044 
Glutamine 1x 1 mL Invitrogen/25030081 
Gentamicin 

 
2 µg/mL 1 mL Invitrogen/15140122 
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3.2.2.1 Mouse dissection and primary cell culture protocols 

On the day of culture, the dissection media was kept cool at 4°C while maintenance and plating 

media were placed into a 37°C water bath for at least 30 min before use. The laminar flow hood 

was turned on, sterilised with 75% ethanol, and further prepared with the necessary equipment 

to reduce the requirement to exit the sterility of the hood throughout experimentation. Inside 

the hood, slides and plates were unwrapped and PDL was carefully aspirated. Next, all wells 

were washed with 3 x 1 mL sterile Milli-Q water, filled with 500 µL of maintenance media per 

well and further placed in the sterile incubator at 37°C until further use.  

 

For the mouse dissection, all surgical tools were placed in 100% ethanol for sterilisation and 

the dissection area was sterilised with 75% ethanol. New-born P0 C57/BL6 male mouse pups 

were euthanised by decapitation using large scissors and the head was separated from the body 

according to the University of Auckland AEC guidelines. A midline incision was made at the 

skin surface, originating from the animal’s hindbrain through to the extreme rostral region. 

Next, an incision in the skull was carefully made at the base of the brain and the skull was 

further cut in half and removed. Using forceps, the animal’s brain was pinched off from the 

base and transferred to a petri dish containing dissection media. The brain was next separated 

into two hemispheres via a sagittal cut along the midline, and the cerebellum was discarded. 

Under a dissecting microscope, each hemisphere was manoeuvred within the petri dish such 

that the outer surface of the hemisphere faced the bottom of the dish. The midbrain and thalamic 

tissue were removed, leaving behind an intact hemisphere containing the cortex and 

hippocampus. Using forceps, the meninges were then gently peeled off, and the hippocampus 

and cortical regions were separated and placed into individual 1.5 mL tubes (Eppendorf) 

containing 1 mL of cold dissection media. All dissections were performed by Dr Andrea 

Kwakowsky.  

 

Once the tissue was settled at the bottom of the Eppendorf tube, all but 5-10% of the dissecting 

medium was aspirated. The tissue was washed with 2 x 1 mL of cold dissection medium then 

resuspended in 450 µL of dissection media and 50 µL of trypsin (0.25%) and incubated at 37°C 

in a water bath for 20 min to dissociate the tissue. Following incubation, each Eppendorf tube 

was removed from the bath, sterilised, and transferred back to the sterile laminar flow hood 

where 20 µL of DNase solution (0.04% - diluted in sterile Milli-Q water) was added and 

incubated for 2-5 min at RT. The medium was then aspirated, and the tissue washed 2 x 1 mL 
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cold dissection medium followed by one wash with 1 mL of temperature-equilibrated plating 

medium, and resuspension in 500 µL plating medium per Eppendorf tube.  

 

Next, a 100 mm bacteriological-grade petri dish was prepared for tissue dissociation wherein 

the lid was inverted on the floor of the hood and the base of the dish placed resting on the top 

of the lid and the floor of the hood, such that the base is at approximately 30°. The solution 

containing tissue was carefully poured into the base of the petri dish such that it occupied the 

volume at the bottom of the dish. Using a fire-polished glass Pasteur pipette, the tissue was 

slowly and carefully triturated eight to ten times to dissociate cells and obtain a homogenous 

cell suspension. Following trituration, 5.5 mL of plating medium was added to the base of the 

petri dish, carefully mixed and further aliquoted in 500 µL per well. Slides and plates were then 

incubated at 37°C for approximately 4 hr in a HERAcell 240 incubator (Kendro, Germany) 

(Figure 17). Upon determination of adequate cell settlement on the substrate through the use 

of a light microscope, the medium was aspirated from each well and further replaced with 500 

µL of fresh maintenance media warmed to 37°C. 72 hr after plating 5 µL of cytosine 

arabinoside (AraC) was added to each well to inhibit the growth of glial cells, whilst leaving 

neurons unaffected (Kaech & Banker, 2006). While this method does not entirely eradicate 

glial cells, partial inhibition of glial growth may more closely mimic a native homeostatic 

neuroinflammatory microenvironment. Finally, a full media change was performed 24 hr post-

AraC addition wherein the medium was aspirated from each well and replaced with 500 µL of 

maintenance media to prevent neuronal toxicity caused by prolonged AraC exposure.  

 

Neurons were stored in a HERAcell 240 incubator (Kendro, Germany) at 37°C, 5% CO2/95% 

O2. Neurons were monitored 2-3 times per week wherein wells containing cells were examined 

under a light microscope to assess neuronal growth, contamination, and media state. Media 

changes were performed every 3-4 days by removing half (approximately 250 µL) of the media 

from each well and replacing it with 250 µL of fresh maintenance media warmed to 37°C. 

These neurons could be maintained in culture for up to 28 days in vitro.  
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Figure 17. Schematic representation illustrating the major steps of primary cell culture protocol. 

3.2.3 Membrane potential monitoring with FluoVolt assay kit  

In the current study, protocol 1 utilised the FluoVolt voltage-sensitive probe to monitor changes 

in membrane potential with drug application. The FluoVolt membrane potential kit (Invitrogen, 

US, F10488) comprises a voltage-sensitive fluorescent probe, facilitating the visualisation of 

membrane potential alterations in the sub-millisecond time range. An increase in membrane 

potential will correspond to an increase in fluorescence, while a reduction in membrane 

potential will induce a reduction in fluorescence.  

 

In preparation for the FluoVolt assay, the cell medium was first removed from each well and 

cells were washed 2 x 300 µL recording buffer (Table 4). Cells were then loaded with the 

FluoVolt loading solution consisting of the FluoVolt dye and PowerLoad concentrate added at 

1:1000 and 1:100, respectively into the recording buffer (Table 4), covered with foil and 
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incubated at RT for 15-30 min. The PowerLoad concentrate provided in the kit is an optimised 

formulation of nonionic, pluronic surfactant polyols, facilitating the solubilisation and dispersal 

of the FluoVolt dye for maximal loading. Following incubation, the loading solution was 

aspirated, and the cells were again washed 2 x 300 µL recording buffer. Next, 24-well plates/8-

well chamber slides were loaded with recording buffer (Table 4) and placed on the stage of a 

Zeiss confocal laser-scanning microscope (Zeiss LSM 710 Jena, Carl Zeiss) and live-cell 

imaging was begun.  

 
Table 4. FluoVolt solution components. 

 

3.2.4 Recombinant AAV vector preparation 

Viral-mediated gene transfer was used in the current study to express the genetically encoded 

calcium indicator – GCaMP6, in both GABAergic and glutamatergic neuronal cultures. The 

AAV.mDlx.GCaMP6f.Fishell.2 plasmid  (Addgene plasmid #83899) was a gift from Gordon 

Fishell (Dimidschstein et al., 2016). The AAV.CaMKIIa.GCaMP6s.P2A.nls.dTomato plasmid 

(Addgene plasmid #51086) was a gift from Jonathan Ting (unpublished). Both plasmids were 

sourced from Addgene and further modifications were performed by Dr Alexandre Mouravlev 

of the University of Auckland.  

 

In brief, the AAV.CaMKIIa.GCaMP6s.P2A.nls.dTomato plasmid underwent double digestion 

by HpaI and AscI restriction enzymes (New England Biolabs, USA), to liberate the 3’ end of 

Recording Solution 
Component Concentration Final Volume 

(Total = 50 mL in MilliQ 
Water) 

NaCl 154 mM 0.4499 g 
KCl 5.6 mM 0.0209 g 

CaCl2 2.3 mM 0.1276 g 
Glucose 5.6 mM 0.0504 g 
HEPES 10 mM 0.1192 g 

Loading Solution 
Component Concentration Final Volume 

(Total = 1000 µL in 
Recording Solution) 

Powerload Concentrate 1:100 10 µL 
FluoVolt Dye 1:1000 1 µL 
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the GCaMP6s gene plus the P2A.nls.dTomato sequence. Similar digestion of the 

AAV.mDlx.GCaMP6f.Fishell.2 plasmid was performed by HpaI and AscI thereby excising the 

Fishell.2 sequence. Subsequently the excised P2A.nls.dTomato sequence was cloned into the 

remaining AAV.mDlx.GCaMP6f backbone to generate the 

AAV.mDlx.GCaMP6f.P2A.nls.dTomato construct and 

AAV.CaMKIIa.GCaMP6s.P2A.nls.dTomato was used as-is.  

 

In addition, two negative control plasmids were generated. GCaMP6s and GCaMP6f gene 

inserts were subjected to a double digest using BamHI and HpaI restriction enzymes (New 

England Biolabs, USA), the ends blunted with DNA polymerase I, Large (Klenow) Fragment 

(New England Biolabs, USA) and ends of each fragment were self-ligated resulting in the 

generation of AAV.mDlx.P2A.nls.dTomato and AAV.CaMKIIa.P2A.nls.dTomato plasmids.  

 
Recombinant AAV vector packaging 
 
All packaging and purification of rAAVs were conducted by Dr Alexandre Mouravlev. In brief, 

rAAV vector particles were generated via a standard rAAV crude lysate protocol wherein 

Human Embryonic Kidney (HEK) 293 cells were co-transfected in a 6-well plate with three 

plasmids – AAV serotype plasmid (0.75 µg/well), the expression plasmid encoding the ITR-

flanked transgenic cassette (pAM/CBA-Trasngene-WPRE-bGHpA; 0.75 µg/well), and a pF∆s 

helper plasmid encoding the rep and cap genes as well as Ad helper functions (1.5 µg/well). 

70 hr post-transfection 0.8 mL of the cell medium was aspirated from each well. The cells were 

then resuspended in the remaining 0.8 mL of medium and subsequently transferred to 1.5 ml 

tubes (Eppendorf). Next, each tube was placed in a centrifuge (Thermo Fisher Scientific, US) 

on a spin cycle of 1000 g for 1 min. Upon completion of the cycle, the supernatant was 

discarded, and the remaining pellet of cells was resuspended in 0.3 mL of 10 mM Tris-HCl 

(pH 8.8). Next, the cells underwent 2 x freeze/thaw cycles consisting of freezing at -80°C and 

subsequent thawing at RT. The cell lysate was then placed in the centrifuge on a spin cycle of 

17,000 g for 1 min and the supernatant containing rAAVs was filtered through a 0.22 µm filter. 

Finally, the filtered supernatant was aliquoted (7 µL) and stored at -80°C until further use. 
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Table 5. Recombinant rAAV constructs used in the in vitro study. 

 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

rAAV No. Vector Construct Titer (vg/mL) 

1 AAV1/2.CaMKIIa.GCaMP6s.dTomato 4.61 x 1010 

2 AAV1/2.CaMKIIa.dTomato 5.75 x 1010 

3 pBS.CaMKIIa.GCaMP6s 2.93 x 107 

4 AAV1/2.Dlx.GCaMP6s.dTomato 4.61 x 1010 

5 AAV1/2.Dlx.dTomato 5.17 x 1010 

6 pBS.Dlx.GCaMP6s 3.26 x 107 
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Figure 19. Plasmid map for the AAV.CaMKIIa.GCaMP6s.P2A.nls.dTomato vector. 

Figure 18. Plasmid map for the AAV.mDlx.GCaMP6f.P2A.nls.dTomato vector. 
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Figure 20. Plasmid map for the AAV.CaMKIIa.P2A.nls.dTomato vector. 

Figure 21. Plasmid map for the AAV.mDlx.P2A.nls.dTomato vector. 
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3.2.4.1 rAAV vector transduction of primary hippocampal neurons 

Following optimisation, primary mouse neuronal cultures were transduced with rAAV viral 

vectors. Firstly, plates and chamber slides containing the neuronal cultures were removed from 

the HERAcell 240 incubator (Kendro, Germany) and transferred to the sterile laminar flow 

hood. Within the hood, a half media change was performed as aforementioned in section 2.2.2.3 

to avoid the need for premature aspiration of media containing viral vectors. Optimisation of 

rAAV transduction consisted of the initial addition of 0.5 µL and 1 µL of each rAAV construct 

which indicated that 1 µL provided higher rates of GCaMP expression in hippocampal cultures. 

1 µL of each rAAV was drawn up into a pipette and further dispensed directly into the cell 

media as displayed in Figure 22. Subsequently, plates and chamber slides containing cells were 

transferred back to the incubator for storage at 37°C, 5% CO2/95% for three days prior to 

further media changes.         

3.2.4.2 Live cell imaging and drug application 

All fluorescently labelled cells from protocols 1 and 2 were imaged using a Zeiss 710 confocal 

laser-scanning microscope (Carl Zeiss, Jena, Germany) using the ZEN 2009 light edition 

software. Under the 10x magnification (0.45NA) Plan-Apochromat objective lens using an 

argon laser an initial live scan was taken and appropriate adjustments were made to ensure 

adequate focus on the cell layer inside the 24-well plate or 8-well chamber slide. The pinhole 

was adjusted to 495 µm, thereby achieving a widefield microscopy technique. Imaging 

parameters were optimised for both the FluoVolt dye and the AAV viral vector and kept 

constant for all experimental groups. Time-lapse recordings were taken at a frequency of 1 

frame/0.785 s and totalled 1 time-lapse series per well.  

Figure 22. Illustration of typical 24-well plate transduction pattern of primary hippocampal 
neuron cultures, including both active rAAVs and negative control rAAV vectors. 
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For each time-lapse, a baseline recording of 30 s was taken to acquire a stable baseline 

fluorescence reading. All subsequent drug applications were conducted in accordance with the 

timelines presented in Table 6 and Table 7 for the FluoVolt and GCaMP experiments, 

respectively. Each drug was drawn up into a pipette and further administered directly into the 

target well at their respective time points. During the FluoVolt protocols, at the designated time 

points (Table 6 and 7), the recording solution was spiked with GABA (Sigma-Aldrich, A2129) 

at final concentrations of 1 – 4 mM as well as KCl (Sigma-Aldrich, P9541) at final 

concentrations of  350 – 650 mM. At the designated time points of the GCaMP protocol, the 

recording solution was spiked with 1 nM, 10 nM and 100 nM Ab1-42, 100 mM NMDA and 0.5 

mM KCl. KCl application throughout the FluoVolt and GCaMP experiments was used as a 

positive control due to its ability to induce depolarisation via a large K+ influx. Following the 

addition of the final drug in all protocols, each recording progressed for a further 30 – 60 s 

before being terminated.   

 



 

75 

Table 6. Drug application protocols used for FluoVolt-mediated membrane potential 
imaging. 

 

Protocol # 

Time Point  
30 s 60 s 90 s 120 s 150 s 180 s 

1 GABA 
(1 mM) 

KCl 
(450 mM) 

KCl 
(400 mM) 

END   

2 GABA 
(1 mM) 

KCl 
(450 mM) 

END    

3 GABA 
(2 mM) 

KCl 
(450 mM) 

END    

4 GABA 
(2 mM) 

GABA 
(1.39mM) 

KCl 
(350 mM) 

END   

5 GABA 
(4 mM) 

KCl 
(350 mM) 

END    

6 GABA 
(4 mM) 

KCl 
(2 mM) 

END 
 

   

7 KCl 
(500 mM) 

GABA 
(3.5 mM) 

END    

8 KCl 
(650 mM) 

KCl 
(500 mM) 

END    

9 KCl 
(500 mM) 

END     

10 AB 
(1 nM) 

AB 
(10 nM) 

AB 
(100 nM) 

NMDA 
(100 mM) 

KCl 
(0.5 mM) 

END 

 
 
Table 7. Drug application protocol used for GCaMP-mediated membrane potential 
imaging. 

 
Protocol # 

Time Point 
30 s 60 s 

1 KCl 
(900 mM) 

END 

 

3.2.5 Statistical analysis 

Using the ZEN software (Carl Zeiss, Jena, Germany), each cell body in each time-lapse 

recording was demarcated as an individual ROI, and an average fluorescence reading was 

obtained for each ROI at every time point throughout the recording (Figure 23). A baseline 

average value was first determined by averaging the fluorescence values corresponding to the 

first 0-30 s of the time-lapse recording for each ROI, prior to any drug application. Positive 

and negative fluctuations in baseline signal were also calculated per ROI through the use of the 

following equations: 
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 D𝐹 =
𝑀𝑎𝑥./𝑀𝑖𝑛. 𝐵𝑎𝑠𝑒𝑙𝑖𝑛𝑒	𝐹	𝐴𝑚𝑝𝑙𝑖𝑡𝑢𝑑𝑒

𝐴𝑣𝑒𝑟𝑎𝑔𝑒	𝐹	𝐴𝑚𝑝𝑙𝑖𝑡𝑢𝑑𝑒 	 

 

%	𝑜𝑓	𝐵𝑎𝑠𝑒𝑙𝑖𝑛𝑒 = 	
D𝐹

𝐵𝑎𝑠𝑒𝑙𝑖𝑛𝑒	𝐴𝑣𝑒𝑟𝑎𝑔𝑒	𝐹	𝐴𝑚𝑝𝑙𝑖𝑡𝑢𝑑𝑒 

 
The calculated % of baseline values per ROI were then averaged per recording and again 

against all recordings to give a final positive and negative % of the baseline value. These values 

were used as the threshold for response and any percentage change above these was considered 

a response to the applied drug. To determine whether the subsequently applied drugs induced 

a significant change in fluorescence, the maximum and minimum fluorescence amplitudes for 

each ROI achieved in the 30 s following drug application was recorded, and the baseline value 

was subtracted from this value to give the change in fluorescence value per ROI (∆F).  

 

Further statistical analysis of the final ∆F values was conducted on GraphPad Prism Version 8 

(GraphPad Software, San Diego, CA; RRID: SCR_002798). All data were analysed via 

Kruskal-Wallis tests followed by Tukey’s posthoc test and presented as mean ± standard error 

of the mean (SEM), with p < 0.05 conferring statistical significance. Statistical analyses 

comparing only two experimental groups alternatively utilised Mann-Whitney tests with p < 

0.05 conferring statistical significance. Significant results were marked with * = p < 0.05, ** 

= p < 0.01, *** = p < 0.001, **** = p < 0.0001. The specific methods of statistical analysis for 

each data set are provided in the figure legends of the results section.  
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(A) Photomicrographs displaying FluoVolt dye-stained primary mouse hippocampal neurons 
visualised under visualised through a Zeiss 710 confocal laser-scanning microscope (Carl 
Zeiss, Jena, Germany). (B) Representative images of live cell imaging and analysis procedures 
including mean ROI traces (left) of corresponding demarcated ROIs (right). Scale bar = 100 
µm. 
 

Figure 23.  Representative image of ZEN software live cell imaging and analysis procedures. 
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4 Results  

4.1 Validation of ChR2 expression in hippocampal GABAergic neurons 

Prior to the commencement of behavioural experimentation, GABAergic-specific expression 

of ChR2 under the transcriptional control of the GAD67 promoter was first confirmed via 

fluorescent in situ hybridisation through use of a RNAscope probe for GAD67, combined with 

fluorescent immunohistochemistry in order to amplify the mCherry signal within 

LV.GAD67.ChR2.mCherry-transduced animals 40 days post-injection of the viral vector. 

Expression of ChR2 in GABAergic cells was confirmed via histological analysis wherein co-

localisation of ChR2 (LV.GAD67.ChR2.mCherry-injected animals) and GAD67 mRNA 

immunoreactivity was observed within the hippocampal CA1 region of 

LV.GAD67.ChR2.mCherry-injected animals (Figure 24).  

4.2 Validation of optogenetic activation of ChR2 

In order to confirm and quantify the degree of neuronal activation achieved by optical 

activation of ChR2 with a relevant light stimulus, a c-fos immunohistochemistrry was next 

employed to measure neuronal activation within the CA1 region of both wild-type (control 

group) and LV.GAD67.ChR2.mCherry (stimulated group) animals (Figure 25A). For this, the 

CA1 region was bilaterally stimulated continuously for 10 min and resultant c-fos expression 

was evaluated and compared between groups. When compared to wild-type controls, optical 

stimulation of LV.GAD67.ChR2.mCherry animals induced a significant increase in c-fos 

expression across all layers of the CA1 region including the str. ori (Figure 25B, p = 0.0022), 

Figure 24. ChR2 expression in GABAergic neurons within the hippocampal CA1 region. 
Photomicrographs showing representative images of ChR2 (green), GAD67 mRNA-positive (yellow) 
cells and overlaid immunoreactivity of both in the CA1 of LV.GAD67.ChR2.mCherry-injected 
animals. Scale bar = 10 µm. 

ChR2 GAD67 Merged 
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str. pyr (Figure 25C, p = 0.0260) and the str. rad (Figure 25D, p = 0.0043). These results suggest 

that optogenetic activation of GABAergic cells significantly increased the activity of cells 

within the CA1 region, thereby validating the optical activation of ChR2.  

 

 
Figure 25. Optogenetic stimulation of ChR2-expressing GABAergic neurons in the CA1 region 
induced upregulation of c-fos expression in the CA1 hippocampal region. 
Representative photomicrographs (A) showing c-fos expression (red) within the CA1 region of wild-
type mice (control group) and LV.GAD67.ChR2.mCherry-injected mice (stimulated group; STIM) 
following 10 min optogenetic stimulation. Scale bar = 50 µm. Scatter plots displaying average 
integrated density measurements as quantification of c-fos immunoreactivity in the (B) stratum oriens 
(str. ori), (C) stratum pyramidale (str. pyr) and (D) stratum radiatum (str. rad) of the CA1 hippocampal 
region of control (black dot) and stimulated (open dots) animals. Values are expressed as mean ± SEM 
(** p < 0.01, * p < 0.05) and analysed via Mann-Whitney test (n = 6 per group).  

4.3 Optogenetic activation of GABAergic hippocampal CA1 neurons rescues 
long-term recognition memory, but not long-term spatial memory in Ab1-
42-injected mice.  

Following validation of the optogenetic activation of GABAergic cells in the CA1 hippocampal 

region, we next evaluated the therapeutic potential of GABAergic-specific optogenetic 

activation, and more specifically its ability to ameliorate Ab1-42-induced impairments in long-

term spatial memory assessed via novel object alteration (NOA) and novel object recognition 

(NOR) testing (Figure 26). This well-established AD model has been shown to reliably induce 

significant cognitive deficits in long-term spatial memory from as early as day 3 following 
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Ab1-42 injection (Calvo-Flores Guzmán, Chaffey, et al., 2020). To examine the short-term 

effect of preventative optogenetic activation, NOA and NOR behavioural tests were conducted 

7 days post-Ab1-42 injection and long-term spatial memory was quantified by measuring the 

time which the animal spent interacting with both familiar and novel objects, and further 

calculation of the DR value. A positive DR value indicates more time spent investigating the 

novel location or object. A negative DR value indicates more time spent investigating the 

familiar location or object. A DR value of zero indicates equal time spent with both locations 

or objects. The latter two DR values suggest an animal’s inability to discriminate between 

familiar and novel objects.  

 
Novel object alteration (NOA) test was conducted to assess hippocampal-dependent long-term 

spatial memory across all experimental groups utilised in the current study (Figure 26A). Ab1-

42-injected (Ab) animals exhibited a significant reduction in NOA DR score of -0.09 ± 0.04 

when compared to that of the naïve group of 0.20 ± 0.04 (p = 0.0021), suggesting a notable 

impairment in long-term spatial memory. Alternatively, no significant difference in DR score 

was observed between the naïve group and either the implant and STIM control groups, 

indicating any implantation-related mechanical damage and further stimulation did not affect 

long-term spatial memory. Interestingly, when compared to naïve animals, significant deficits 

in long-term spatial alteration memory were found in LV.GAD67ChR2.mCherry (p = 0.0471) 

and Ab+LV.GAD67.ChR2.mCherry+STIM (p = 0.0035) animals, while no significant 

difference in test performance was observed in either group when compared to Ab animals. 

Additionally, a similar trend towards decreased NOA performance was observed in 

LV.GAD67.ChR2.mCherry+STIM animals relative to that of naïve animals. These findings 

indicate that the optogenetic activation of GABAergic cells within the CA1 hippocampal 

region did not improve the spatial memory deficit observed in Ab1-42-injected animals and 

further implicate a role of spatial memory deficits by lentiviral vector injection alone.  

 

 
The novel object recognition (NOR) test was used to evaluate hippocampal-dependent long-

term recognition memory across all experimental groups (Figure 26B). Similar to the NOA 

test, Ab1-42-injected animals displayed a significant reduction in NOR DR scores when 

compared to naïve animals (p < 0.0001): naïve = 0.33 ± 0.03 and Ab = -0.49 ± 0.08, reflecting 

Ab1-42-induced impairments in long-term recognition memory. Additionally, Ab1-42-injected 

animals also showed a significant cognitive impairment compared to other control 
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manipulation groups: implant (p = 0.0038), STIM (p = 0.0003) and LV.GAD67.ChR2.mCherry 

(p = 0.0095). Importantly, a significant improvement in NOR test performance was observed 

in the Ab+LV.GAD67.ChR2.mCherry+STIM group when compared to Ab1-42-injected 

animals (p = 0.0034). Furthermore, no significant difference was observed between the long-

term recognition memory of Ab+LV.GAD67.ChR2.mCherry+STIM and naïve animals, as 

both groups displayed similar positive NOR DR values. Together these findings suggest that 

the optogenetic activation of GABAergic cells within the CA1 region of the hippocampus was 

able to ameliorate the long-term memory deficit induced by Ab1-42 injection.  

 

 
Figure 26. Discrimination ratio scores of individual animals achieved in novel object alteration 
and novel object recognition behavioural tests.  
Scatter plots displaying the calculated discrimination ratios (DR) for the (A) Novel Object Alteration 
and (B) Novel Object Recognition naïve (NOA: n = 15, NOR: n = 12), Aβ1-42-injected (Aβ: n = 12), 
implant only (Implant: n = 10), optogenetic stimulation only (STIM: n = 6), lentiviral vector-injected 
(LV.GAD67.ChR2.mCherry: n = 12), lentiviral vector-injected + optogenetic stimulation 
(LV.GAD67.ChR2.mCherry+STIM: n = 13) and lentiviral vector-injected + optogenetic stimulation + 
amyloid beta-injected (Aβ+LV.GAD67.ChR2.mCherry+STIM: n = 13). A positive DR value indicates 
more time spent investigating the novel object while a negative DR value indicates more time spent 
investigating the familiar object. A DR value of 0 is indicative of equal time spent investigating both 
the novel and familiar objects. Values are expressed as mean ± SEM (**** p < 0.0001, *** p <0.001, 
** p < 0.01, * p < 0.05) and analysed via One-way ANOVA and Tukey’s post-hoc test. 

4.4 Optogenetic activation of GABAergic Hippocampal CA1 neurons inhibits 
Aβ-induced cell death in the CA1 pyramidal layer 

To determine the effect of optogenetic activation of ChR2-expressing GABAergic cells on Aβ1-

42-induced neuronal cell death within the hippocampal CA1 region, fluorescence 

immunohistochemistry was conducted to quantify the number of NeuN-positive cells within 

the str. pyr of the CA1 of control (naïve), Aβ1-42-injected (Aβ) and viral vector- and Aβ1-42-

injected animals (Ab+LV.GAD67.ChR2.mCherry+STIM) which were also treated with 30 min 
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blue light (470 nm) optogenetic stimulation (20 Hz, 1 s light pulses, 15 s interstimulus intervals) 

(Figure 27A).  

 

A significant reduction in the mean number of NeuN-positive cells within the str. pyr was found 

in Ab1-42-injected when compared to naïve animals (p = 0.0015), illustrating significant 

neuronal cell death occurs with Aβ1-42 injection (Figure 27B). Similarly, Ab1-42-injected 

showed significant neuronal cell loss in comparison to implant (p = 0.0005), STIM (p = 0.0004) 

and LV.GAD67.ChR2.mCherry (p = 0.0024) control groups, as well as the  

LV.GAD67.ChR2.mCherry+STIM group (p = < 0.0001), confirming that components of the 

optogenetic system and optogenetic activation of ChR2-expressing cells do not contribute to 

neuronal death within the strr pyr. Finally, Ab+LV.GAD67.ChR2.mCherry+STIM animals 

displayed a significantly higher number of NeuN-positive cells in comparison to Ab1-42-

injected (p = < 0.0001), suggesting that optogenetic activation of GABAergic cells induces 

significant attenuation of neuronal cell death within the str. pyr of the CA1.  

 
Figure 27.  Quantification of live neurons within the hippocampal CA1 stratum pyramidale.  
Scatter plot displaying the quantification of NeuN-positive cells in the str. pyr per region of interest 
(ROI) in the CA1 of Aβ1-42-injected (Aβ: n = 6), implant only (Implant: n = 5), lentiviral vector-injected 
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(LV.GAD67.ChR2.mCherry: n = 5), lentiviral vector-injected and optogenetic stimulation 
(LV.GAD67.ChR2.mCherry+STIM: n = 6) and lentiviral vector- and Aβ1-42- injected with optogenetic 
stimulation (Aβ+LV.GAD67.ChR2.mCherry+STIM: n = 6). Values are expressed as mean ± SEM 
(**** p < 0.0001, *** p < 0.001 ** p < 0.01) and analysed via One-way ANOVA and Tukey’s post-
hoc test. 

4.5 The effect of optogenetic GABAergic activation on GABAAR a1 subunit 
expression in the CA1 region of the mouse hippocampus 

Due to the role of Aβ1-42 in GABAergic remodelling in AD, we next conducted fluorescent 

immunohistochemistry on hippocampal sections to assess the effect of 30 min optogenetic 

GABAergic activation on Aβ1-42-induced alterations in GABAAR a1 subunit expression in the 

CA1 region (Kwakowsky et al., 2018). a1 subunit expression was quantified as integrated 

density measurements across all three layers of the CA1 hippocampal region and the mean 

values compared across all experimental groups (Figure 28). The immunoreactivity patterns of 

a1 revealed diffuse subunit expression primarily localised to the neuropil with some staining 

of the soma and possibly the initial axonal segment of pyramidal cells in the CA1 of naïve 

animals (Figure 28A). a1 expression appears to remain relatively stable in the neuropil of the 

CA1 as well as in the soma of pyramidal cells in Aβ1-42-injected (Figure 28B) and 

Aβ+LV.GAD67.ChR2.mCherry (Figure 28C) animals, however both groups show a subtle 

trend of increased a1 expression in the proximal dendrites of pyramidal neurons relative to 

naïve animals. 

 

Throughout the CA1 hippocampal region, no significant changes in a1 expression were 

observed between naïve and Aβ1-42-injected animals (Figure 29A, B, C). Although not 

significant, the Aβ+LV.GAD67.ChR2.mCherry+STIM group displayed a trend of elevated a1 

expression across all layers of the CA1 when compared to Aβ1-42-injected animals. This 

heightened expression was observed at a level similar to that of naïve animals, suggesting that 

optogenetic activation of hippocampal GABAergic neurons prevents the subtle Aβ1-42-induced 

reduction in a1 expression.  

 

Interestingly, a significant reduction in a1 expression was observed between naïve animals and 

implant animals in the str. ori (p = < 0.0001; Figure 29A) and the str. pyr (p = 0.0002; Figure 

29B), as well as a trend of reduced expression in the str. rad (Figure 29C). Compared to naive 

animals, the STIM group also showed a similar reduction in  a1 expression across all three 

layers of the CA1: str. ori (p = 0.0032; Figure 29A), str. pyr  (p = 0.0026; Figure 29B) and str. 
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rad (p = 0.0118; Figure 29C). No significant change in a1 expression was found in the 

LV.GAD67.ChR2.mCherry group relative to the naïve group, however 

LV.GAD67.ChR2.mCherry+STIM animals consistently displayed an increase in a1 

expression across all layers of the CA1 region when compared to naïve animals – str. ori (p = 

0.0061; Figure 29A), str. pyr (p = 0.0033; Figure 29B), str. rad (p = 0.0061; Figure 29C). 

Moreover, the expression of a1 was found to be increased in 

LV.GAD67.ChR2.mCherry+STIM animals relative to Aβ1-42-injected animals across all layers 

of the CA1: str. ori (p = < 0.0001; Figure 29A, B, C). A similar elevation in a1 expression was 

observed in LV.GAD67.ChR2.mCherry+STIM animals when compared to other control 

manipulations - implant: str. ori, str. pyr and str. rad (p = < 0.0001; Figure 29A, B, C), STIM: 

str. ori, str. pyr and str. rad (p = < 0.0001; Figure 29A, B, C), yet no significant difference was 

found between LV.GAD67.ChR2.mCherry+STIM and LV.GAD67.ChR2.mCherry animals. 

These findings suggest a reduction in a1 expression potentially induced by mechanical damage 

that accompanies implantation of the optogenetic device throughout the CA1 region, as well as 

the attenuation and  additional enhancement of a1 expression achieved by application of the 

excitatory GABAergic optogenetic stimulus.  
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Figure 28. Changes in GABAAR a1 subunit expression within the CA1 hippocampal region. 
Representative photomicrographs showing GABAAR a1 subunit expression (green) and a1 
immunoreactivity overlaid with Hoechst (blue) within the stratum oriens (str. ori), stratum pyramidale 
(str. pyr) and stratum radiatum (str. rad) of the CA1 region, of representative (A) naïve, (B) Aβ1-42-
injected (Aβ) and (C) Aβ- and lentiviral vector-injected, and optogenetically stimulated 
(Aβ+LV.GAD67.ChR2.mCherry) animals (n = 6 per group). Scale bar = 50 µm.  
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Figure 29. Effect of optogenetic activation of GABAergic cells on GABAAR a1 subunit expression 
in the CA1 hippocampal region. 
Scatter plots displaying the quantification of GABAAR a1 subunit expression as immunofluorescence 
integrated density measurements in the (A) stratum oriens (str. ori), (B) stratum pyramidale (str. pyr) 
and (C) stratum radiatum (str. rad) of Aβ1-42-injected (Aβ), implant only (Implant), lentiviral vector-
injected (LV.GAD67.ChR2.mCherry), lentiviral vector-injected and optogenetically stimulated 
(LV.GAD67.ChR2.mCherry+STIM) and lentiviral vector- and Aβ1-42- injected with optogenetically 
stimulated  (LV.GAD67.ChR2.mCherry + STIM + Aβ) animals. Each value represents an individual 
values and values are expressed as mean ± SEM (**** p < 0.0001, *** p = < 0.001 ** p < 0.01, * p = 
0.05) and analysed via One-way ANOVA and Tukey’s post-hoc test (n = 6 per group).  
 

4.6 The effect of optogenetic GABAergic activation on GABAAR a2 subunit 
expression in the CA1 region of the mouse hippocampus 

The immunohistochemical staining of a2 in the CA1 revealed strong immunoreactivity around 

the soma, proximal dendrites and possibly the axon-initial segment of pyramidal cells in naïve 

animals (Figure 30A). While Aβ1-42-injected animals appear to maintain this same staining 

pattern of pyramidal neurons, immunoreactivity localised to the soma and proximal dendrites 

appears at a slightly weaker intensity than that of naïve animals (Figure 30B). In contrast 

Aβ+LV.GAGD67.ChR2.mCherry+STIM animals exhibit almost complete loss of a2 

immunoreactivity in pyramidal cells (Figure 30C).  

 

Quantification of GABAAR a2 immunoreactivity revealed no significant difference in a2 

expression between naïve and Aβ1-42-injected throughout the CA1 region (Figure 31A, B, C). 

However, Aβ+LV.GAD67.ChR2.mCherry+STIM animals displayed significantly reduced 

levels of a2 in the str. pyr  (p = 0.0137; Figure 31B), as well as notable trend towards reduction 

in the str. ori (Figure 31A) and str. rad (Figure 31C) relative to Aβ1-42-injected. These findings 
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illustrate the stability of a2 expression in the CA1 hippocampal region with Aβ1-42 injection 

and in turn suggest a potential effect of increased GABAergic activity caused by optogenetic 

stimulation in Aβ1-42-injected mice.  

 

While no significant changes in a2 expression were observed between naïve, STIM and 

LV.GAD67.ChR2.mCherry controls groups, the implant group displayed significantly elevated 

a2 expression compared to all control groups in the str. ori – naïve (p = 0.0142; Figure 31A), 

STIM (p = 0.0006; Figure 31A), and LV.GAD67.ChR2.mCherry (p = 0.0005; Figure 31A) 

groups, as well as in the str. pyr when compared to the LV.GAD67.ChR2.mCherry (p = 0.0122; 

Figure 31B) group. In comparison to the  heightened a2 expression found in the implant group, 

Aβ+LV.GAD67.ChR2.mCherry+STIM animals exhibited a significant reduction in a2 

expression in the str. ori (p = <0.0001; Figure 31A), str. pyr (p = 0.0007; Figure 31B) and str. 

rad (p = 0.0020; Figure 31C) of the CA1. These findings suggest a potential mechanism of 

increase in a2 expression induced by device implantation and its associated tissue damage. 

Interestingly, this significant elevation in a2 expression from naïve levels is absent across all 

CA1 layers of STIM and LV.GAD67.ChR2.mCherry+STIM animals illustrating the vast 

variability in GABAergic a2 subunit remodelling that occurs with implantation of the 

optogenetic device and other experimental procedures. 
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Figure 30.  Changes in GABAAR a2 subunit expression within the CA1 hippocampal region. 
Representative photomicrographs showing GABAAR a2 subunit expression (green) and a2 
immunoreactivity overlaid with Hoechst (blue) within the stratum oriens (str. ori), stratum pyramidale 
(str. pyr) and stratum radiatum (str. rad) of the CA1 region, of representative (A) naïve, (B) Aβ1-42-
injected (Aβ) and (C) Aβ- and lentiviral vector-injected, and optogenetically stimulated 
(Aβ+LV.GAD67.ChR2.mCherry) animals. n = 6 per group. Scale bar = 50 µm.  
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Figure 31. Effect of optogenetic activation of GABAergic cells on GABAAR a2 subunit expression 
in the CA1 hippocampal region. 
Scatter plots displaying the quantification of GABAAR a2 subunit expression as immunofluorescence 
integrated density measurements in the (A) stratum oriens (str. ori), (B) stratum pyramidale (str. pyr) 
and (C) stratum radiatum (str. rad) of amyloid beta-injected (Aβ), implant only (Implant), lentiviral 
vector-injected (LV.GAD67.ChR2.mCherry), lentiviral vector-injected and optogenetically stimulated 
(LV.GAD67.ChR2.mCherry+STIM) and lentiviral vector- and Aβ1-42- injected with optogenetically 
stimulated  (LV.GAD67.ChR2.mCherry + STIM + Aβ) animals. Each value represents an individual 
values and values are expressed as mean ± SEM (**** p < 0.0001, *** p = <0.001 ** p < 0.01, * p = 
0.05) and analysed via One-way ANOVA and Tukey’s post-hoc test (n = 6 per group).  

4.7 The effect of optogenetic GABAergic activation on GABAAR a5 subunit 
expression in the CA1 of the mouse hippocampus 

Examination of a5 staining within the CA1 hippocampal region of naïve animals revealed 

strong immunoreactivity around the soma in combination with irregular, weak 

immunoreactivity in the proximal dendrites of pyramidal cells (Figure 32A). Aβ1-42-injected 

animals exhibited identical staining patterns to that of naïve animals, however an increased 

frequency of somatic staining was evident (Figure 32B). A clear reduction in the intensity of 

a5 immunoreactivity is observed across the CA1 of Aβ+LV.GAD67.ChR2.mCherry+STIM, 

nevertheless these animals exhibit homogeneous expression at the level of the soma (Figure 

32C).  

 

Compared to naïve animals, Aβ1-42-injected displayed considerable increments in GABAAR a5 

expression in the str. ori (p = 0.0002; Figure 33A) and str. rad (p = <0.0001; Figure 33C). 

Although not significant, a trend towards increased a5 expression was observed in the str. pyr 

of Aβ1-42-injected, relative to naïve animals (Figure 33B). Furthermore, optogenetic activation 

of GABAergic neurons appeared to attenuate the Aβ1-42-induced increase in a5 expression as 

shown by a significant reduction in subunit expression within the str. ori, str. pyr and  str. rad 
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(p = < 0.0001; Figure 33A, B, C) of  Aβ+LV.GAD67.ChR2.mCherry+STIM animals. 

However, it is important to note that a similar reduction in a5 expression was observed across 

the str. ori, str. pyr and str. rad (p = < 0.0001; Figure 33A, B, C) of 

Aβ+LV.GAD67.ChR2.mCherry+STIM group when compared to the naïve group. While these 

results may indicate a partially restorative effect of excitatory GABAergic optogenetic 

activation on a5 expression, they may also allude to perturbation of GABAergic signalling due 

to an excessive reduction in the expression of a5 throughout the CA1.   

 

Both implant and STIM control manipulations displayed no significant difference in a5 

expression throughout the CA1 hippocampal region when compared to naïve animals. In 

contrast, LV.GAD67.ChR2.mCherry animals exhibited a significant reduction in a5 

expression across all layers of the CA1 when compared to other control groups – naïve: str. ori, 

str. pyr, str. rad (p= < 0.0001; Figure 33A, B, C), implant: str. ori (p = 0.0044; Figure 33A), 

str. pyr and str. rad (p = < 0.0001; Figure 33B, C), STIM:  str. ori, str. pyr and str. rad (p = < 

0.0001; Figure 33A, B, C). This effect of significantly reduced a5 expression from that of naïve 

levels was similarly observed in the other viral vector-injected experimental group – 

LV.GAD67.ChR2.mCherry+STIM, throughout the str. ori (p = 0.0051; Figure 33A) str. pyr 

and str. rad (p = < 0.0001; Figure 33B, C) of the CA1 hippocampal region. In combination, 

these findings display a consistent trend of low a5 expression in all variations of lentiviral 

vector-injected experimental groups suggesting that the reduced a5 expression achieved with 

lentiviral vector-injection and stimulation may be a result of viral vector-induced remodelling 

and not that of optogenetic GABAergic activation itself.  
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Figure 32. Changes in GABAAR a5 subunit expression within the CA1 hippocampa region. 
Representative photomicrographs showing GABAAR a5 subunit expression (green) and a5 
immunoreactivity overlaid with Hoechst (blue) within the stratum oriens (str. ori), stratum pyramidale 
(str. pyr) and stratum radiatum (str. rad) of the CA1 region, of representative (A) naïve, (B) Aβ1-42-
injected (Aβ) and (C) Aβ- and lentiviral vector-injected, and optogenetically stimulated 
(Aβ+LV.GAD67.ChR2.mCherry) animals (n = 6 per group). Scale bar = 50 µm.  
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Figure 33. Effect of optogenetic activation of GABAergic cells on GABAAR a5 subunit expression 
in the CA1 hippocampal region. 
Scatter plots displaying the quantification of GABAAR a5 subunit expression as immunofluorescence 
integrated density measurements in the (A) stratum oriens (str. ori), (B) stratum pyramidale (str. pyr) 
and (C) stratum radiatum (str. rad) of amyloid beta-injected (Aβ), implant only (Implant), lentiviral 
vector-injected (LV.GAD67.ChR2.mCherry), lentiviral vector-injected and optogenetically stimulated 
(LV.GAD67.ChR2.mCherry+STIM) and lentiviral vector- and Aβ1-42- injected with optogenetically 
stimulated  (LV.GAD67.ChR2.mCherry + STIM + Aβ) animals. Each value represents an individual 
values and values are expressed as mean ± SEM (**** p < 0.0001, *** p = <0.001 ** p < 0.01) and 
analysed via One-way ANOVA and Tukey’s post-hoc test (n = 6 per group).  

4.8 The effect of optogenetic GABAergic activation on GABAAR b3 subunit 
expression in the CA1 region of the mouse hippocampus 

The GABAAR b3 subunit exhibited the greatest stability in expression levels of all subunits 

examined in the current study (Figure 34). Interestingly, naïve animals display b3 

immunoreactivity which appears to be strongly localised to the soma of pyramidal and 

GABAergic cells (Figure 34A). Aβ1-42-injected and Ab+LV.GAD67.ChR2.mCherry+STIM-

treated animals display strong diffuse immunoreactivity of b3 throughout the neuropil and the 

cell membrane with minimal labelling within the soma (Figure 34B, C).  

 

No significant changes in expression were observed between Aβ1-42-injected and naïve groups 

or between Aβ1-42-injected and Aβ+LV.GAD67.ChR2.mCherry groups across all three layers 

of the CA1 (Figure 35A, B, C). Moreover, no significant alterations in b3 expression were 

found with any control manipulation including between the naïve group and implant, STIM 

and LV.GAD67.ChR2.mCherry groups. Of note, LV.GAD67.ChR2.mCherry+STIM animals 

displayed a significant increase in b3 expression relative to naïve animals in the str. ori (p = 

0.0014; Figure 35A) and the str. rad (p = 0.0075; Figure 35C). A comparable increase in b3 

expression was found in LV.GAD67.ChR2.mCherry+STIM animals relative to implant 

animals across all layers of the CA1 – str. ori (p = 0.0065; Figure 35A), str. pyr  (p = 0.0346;  
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Figure 34.  Changes in GABAAR b3 subunit expression within the CA1 hippocampal region. 
Representative photomicrographs showing GABAAR b3 subunit expression (red) and b3 
immunoreactivity overlaid with Hoechst (blue) within the stratum oriens (str. ori), stratum pyramidale 
(str. pyr) and stratum radiatum (str. rad) of the CA1 region, of representative (A) naïve, (B) Aβ1-42-
injected (Aβ) and (C) Aβ- and lentiviral vector-injected, and optogenetically stimulated 
(Aβ+LV.GAD67.ChR2.mCherry) animals (n = 6 per group). Scale bar = 50 µm.  
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Figure 35B), str. rad (p = 0.0153; Figure 35C). Moreover, no significant difference was found 

in the expression of b3 between STIM and LV.GAD67.ChR2.mCherry+STIM groups, 

suggesting that the significant increase in b3 expression occurs as a result of optogenetic 

GABAergic activation alone. 

 

 
Figure 35. Effect of optogenetic activation of GABAergic cells on GABAAR b3 subunit expression 
in the CA1 hippocampal region. 
Scatter plots displaying the quantification of GABAAR b3 subunit expression as immunofluorescence 
integrated density measurements in the (A) stratum oriens (str. ori), (B) stratum pyramidale (str. pyr) 
and (C) stratum radiatum (str. rad) of amyloid beta-injected (Aβ), implant only (Implant), lentiviral 
vector-injected (LV.GAD67.ChR2.mCherry), lentiviral vector-injected and optogenetically stimulated 
(LV.GAD67.ChR2.mCherry+STIM) and lentiviral vector- and Aβ1-42- injected with optogenetically 
stimulated  (Aβ+LV.GAD67.ChR2.mCherry+STIM) animals. Each value represents an individual 
values and values are expressed as mean ± SEM (** p < 0.01, * p = < 0.05) and analysed via One-way 
ANOVA and Tukey’s post-hoc test (n = 6 per group). 
 
 

4.9 The effect of optogenetic GABAergic activation on GABAAR g2 subunit 
expression in the CA1 region of the mouse hippocampus 

The immunohistochemical staining of the g2 GABAAR subunit in the CA1 exhibited 

consistently strong immunoreactivity around the soma of pyramidal cells in both naïve and 

Aβ1-42-injected groups (Figure 36A, B). Similarly, Aβ+LV.GAD67.ChR2.mCherry+STIM 

animals displayed localisation of g2 expression at the level of the soma, however these animals 

displayed a reduced strength of immunoreactivity (Figure 36C). 

 

In comparison to naïve animals, Aβ1-42-injected animals displayed a significant increase in g2 

subunit expression in the str. pyr (p = 0.0295; Figure 37B), as well as a trend of increased 

expression in the str. ori and str. rad (Figure 37A, C). Optogenetic activation of GABAergic 

neurons was shown to consistently attenuate the Aβ1-42-induced increase in g2 expression as 
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delineated by a significant reduction in g2 levels in the Aβ+LV.GAD67.ChR2.mCherry+STIM 

group when  compared to the Aβ1-42-injected group– str. ori, str. pyr, str. rad (p = < 0.0001; 

Figure 37A, B, C). Likewise, Aβ+LV.GAD67.ChR2.mCherry+STIM animals also showed a 

significant reduction in g2 expression relative to that of naïve animals in the str. pyr (p = 0.0295; 

Figure 37B), and a trend of reduced expression in the str. ori and str. rad (Figure 37A, C). These 

results indicate that while the optogenetic activation of GABAergic cells in the CA1 region 

inhibits the Aβ1-42-induced increase in g2 expression, significant reductions in the g2 levels of 

the CA1 may reciprocally perturb hippocampal GABAergic signalling.  

 

The str. pyr of the CA1 hippocampal region exhibited significant variation in g2 expression 

between naïve and STIM (p = 0.0488; Figure 37B), as well as naïve and 

LV.GAD67.ChR2.mCherry (p = 0.0327; Figure 37B) control groups, whereas no significant 

difference was observed between any control manipulation in the str. ori and str. rad (Figure 

37A, C). Although not significant, the LV.GAD67.ChR2.mCherry control group displayed a 

trend of reduced g2 expression in the str. ori and str. pyr relative to naïve group, as well as a 

significant reduction across all three layers of the CA1 when compared to implant and STIM 

controls: Implant: str. ori (p = 0.0024; Figure 37A), str. pyr (p = <0.0001; Figure 37B), str. rad 

(p = 0.0048; Figure 37C), STIM: str. ori (p = 0.0002; Figure 37A), str. pyr (p = <0.0001; Figure 

37B), str. rad (p = 0.0009; Figure 37C). A similar reduction in the expression of g2 was 

observed with optogenetic GABAergic activation as delineated by a significantly reduced level 

of expression in the LV.GAD67.ChR2.mCherry+STIM groups  relative to implant: str. ori (p 

= 0.0077; Figure 37A), str. pyr (p = 0.0003; Figure 37B), str. rad (p = 0.0262; Figure 37C) and 

STIM: str. ori (p = 0.0006; Figure 37A), str. pyr (p = <0.0001; Figure 37B), str. rad (p = 0.0055; 

Figure 37C) groups. These consistent findings of immensely reduced g2 expression throughout 

all layers of the CA1 in animals treated with optogenetic GABAergic stimulation suggests a 

degree of maladaptive g2 remodelling which may occur as a viral vector-dependent or 

GABAergic-dependent effect, further leading to dysregulated GABA signalling in the CA1 

hippocampal region.  
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Figure 36. Changes in GABAAR g2 subunit expression within the CA1 hippocampal region.  
Representative photomicrographs showing GABAAR g2 subunit expression (green) and 
g2 immunoreactivity overlaid with Hoechst (blue) within the stratum oriens (str. ori), stratum 
pyramidale (str. pyr) and stratum radiatum (str. rad) of the CA1 region, of representative (A) naïve, (B) 
Aβ1-42-injected (Aβ) and (C) Aβ- and lentiviral vector-injected, and optogenetically stimulated 
(Aβ+LV.GAD67.ChR2.mCherry)  animals (n = 6 per group). Scale bar = 50 µm.  
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Figure 37. Effect of optogenetic activation of GABAergic cells on GABAAR g2 subunit expression 
in the CA1 hippocampal region. 
Scatter plots displaying the quantification of GABAAR g2 subunit expression as immunofluorescence 
integrated density measurements in the (A) stratum oriens (str. ori), (B) stratum pyramidale (str. pyr) 
and (C) stratum radiatum (str. rad) of Aβ1-42-injected Aβ), implant only (Implant), lentiviral vector-
injected (LV.GAD67.ChR2.mCherry), lentiviral vector-injected and optogenetically stimulated 
(LV.GAD67.ChR2.mCherry+STIM) and lentiviral vector- and Aβ1-42- injected with optogenetically 
stimulated  (LV.GAD67.ChR2.mCherry + STIM + Aβ) animals. Each value represents an individual 
values and values are expressed as mean ± SEM (**** p < 0.0001, *** p = < 0.001 ** p < 0.01, * p = 
< 0.05) and analysed via One-way ANOVA and Tukey’s post-hoc test (n = 6 per group).  
 

4.10 The effect of optogenetic GABAergic activation on GFAP expression in 
the CA1 region of the mouse hippocampus 

Immunohistochemical staining and further quantitative analysis via particle analysis was also 

used to investigate the expression of the inflammatory marker glial fibrillary acidic protein 

(GFAP) in order to determine the effect of 30 min optogenetic activation of ChR2-expressing 

GABAergic neurons on astrocytic activation in the CA1 hippocampal region (Figure 38). A 

progressive increase in astrogliosis can be observed from naïve (Figure 38A) to Aβ1-42-injected 

(Figure 38B) groups, and that Aβ to that Aβ+LV.GAD67.ChR2.mCherry+STIM (Figure 38C) 

groups as reflected by an increase in astrocytic area, as well as upregulation of GFAP staining 

and number of primary processes extending from the soma, indicative of increased astrogliosis.  

 

No significant difference in GFAP expression was observed in Aβ1-42-injected animals when 

compared to naïve animals for either large or small particle analyses, however a subtle trend of 

increased expression can be observed in both large and small GFAP-expressing particle 

numbers suggesting that Aβ1-42 injection may partially induce astrogliosis within the CA1 

hippocampal region (Figure 39A, B). Interestingly, a statistically significant increase in GFAP 

expressing large (p = 0.0022; Figure 39A) and small (p = 0.0001; Figure 39B) particle number 
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was found in Aβ+LV.GAD67.ChR2.mCherry+STIM animals relative to that of Aβ1-42-injected 

animals, revealing an additive effect of enhanced astrogliosis as a result of the combined 

treatment of Aβ1-42-injection, implant and optogenetic stimulation of GABAergic neurons in 

the CA1.  

 

A significant increase in GFAP-expressing small and large particles was found in all groups 

which received optogenetic activation of GABAergic neurons in the CA1 relative to naïve 

animals – LV.GAD67.ChR2.mCherry+STIM: large (p = 0.0002; Figure 39A) and small (p = < 

0.0001; Figure 39B), Aβ+LV.GAD67.ChR2.mCherry+STIM: large and small (p = < 0.0001; 

Figure 39A, B). Interestingly, both large and small particle analyses display no significant 

difference in the number of GFAP-expressing particles between naïve and 

LV.GAD67.ChR2.mCherry groups, indicating that viral vector injection alone does not induce 

astrogliosis within the CA1. Of note, both implant and STIM control groups also exhibited a 

significant increase in the number of GFAP-expressing large particles relative to naïve animals 

– implant: (p = 0.0152; Figure 39A), STIM: (p = < 0.0001; Figure 39A). Moreover, this 

elevation in the level of GFAP-expressing large particles found in implant and STIM groups 

was shown to be similar to that of LV.GAD67.ChR2.mCherry+STIM animals, although 

animals which received the optogenetic implant only display a slight reduction in comparison 

to viral vector-injected animals which were treated with optogenetic stimulation. While no 

significant difference was observed between the naïve and either implant or STIM groups, 

these animals in turn display a trend of slight increase in the number of GFAP-expressing large 

and small particles. 

 

Together these findings reveal a likely role of both implant only and stimulation only 

manipulations in the induction of astrogliosis within the CA1 as indicated by increments in 

GFAP-expressing particles within both control manipulations, as well as with lentiviral vector 

manipulations and  the optogenetic stimulation of ChR2-expressing cells. Although not 

significant, optogenetic stimulation appears to have a more profound effect on astrogliosis 

compared to than that induced by implantation of the optogenetic apparatus, however more 

studies and a greater N are required to determine the individual effects of treatments more 

accurately.    
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Figure 38. Changes in GFAP expression in the CA1 hippocampal region. 
Representative photomicrographs showing GFAP expression (yellow) and GFAP immunoreactivity 
overlaid with Hoechst (blue) within the stratum oriens (str. ori), stratum pyramidale (str. pyr) and 
stratum radiatum (str. rad) of the CA1 region, of representative (A) naïve, (B) Aβ1-42-injected (Aβ) and 
(C) Aβ- and lentiviral vector-injected, and optogenetically stimulated 
(Aβ+LV.GAD67.ChR2.mCherry) animals (n = 6 per group). Scale bar = 50 µm.  
 
 



 

100 

 
Figure 39. Effect of optogenetic activation of GABAergic cells on GFAP expression in the CA1 
hippocampal region. 
Scatter plots displaying the quantification of microglial expression of GFAP as immunofluorescence 
integrated density measurements from (A) large particles and (B) small particles in the CA1 of amyloid 
beta-injected (Aβ), implant only (Implant), lentiviral vector-injected (LV.GAD67.ChR2.mCherry), 
lentiviral vector-injected and optogenetically stimulated (LV.GAD67.ChR2.mCherry+STIM) and 
lentiviral vector- and Aβ1-42- injected with optogenetically stimulated  (LV.GAD67.ChR2.mCherry + 
STIM + Aβ) animals. Each value represents an individual values and values are expressed as mean ± 
SEM (**** p < 0.0001, *** p = < 0.001 ** p < 0.01, * p = < 0.05) and analysed via One-way ANOVA 
and Tukey’s post-hoc test (n = 6 per group).  

4.11 The effect of optogenetic GABAergic activation on Iba-1 expression in the 
CA1 region of the mouse hippocampus 

We next examined the degree of microglial activation via immunohistochemical particle 

analyses of Iba-1-expressing cells in the CA1 hippocampal region following 30 min 

optogenetic stimulation of GABAergic cells (Figure 40). Such staining revealed diffuse Iba-1 

immunoreactivity throughout the neuropil in the CA1of naïve animals (Figure 40A), reflecting 

the typical surveillant state of microglia. While Aβ1-42-injected animals displayed similar levels 

of Iba-1 immunoreactivity to that seen in naïve animals (Figure 40B), the 

Aβ+LV.GAD67.ChR2.mCherry+STIM group exhibited increased Iba-1 immunoreactivity 

throughout the neuropil, accompanied by a shift in the ramified morphology observed in the 

naïve and Aβ1-42-injected groups to a bushier morphological state (Figure 40C).  

 

Aβ1-42 injection did not appear to induce microgliosis within the CA1 as indicated by an 

absence of a significant difference in the number of large and small Iba-1-positive particles 

between naïve and Aβ1-42-injected groups (Figure 41A, B). Although lacking statistical 
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significance, Aβ1-42-injected animals exhibited a trend of slightly elevated number of Iba-1-

expressing small particles, potentially reflecting some low-grade microgliosis induced by Aβ1-

42 injection (Figure 41A). A significant increase in the number of Iba-1-expressing particles 

was consistently observed in all particle counts of Aβ+LVGAD67.ChR2.mCherry+STIM 

animals relative to Aβ1-42-injected: large (p = 0.0004; Figure 41A), small (p = < 0.0001; Figure 

41B) and naïve: large (p = 0.0001; Figure 41A) and small (p = < 0.0001; Figure 41B) animals, 

reflecting significantly elevated levels of microgliosis likely accompany the optogenetic 

activation of GABAergic cells in the CA1.  

 

Quantitative analysis of Iba-1 also revealed that implantation and stimulation of the optogenetic 

device induced microgliosis within the CA1 as illustrated by a significant increase in the Iba-

1-expressing particle number in the STIM control group relative to naïve animals: large (p = 

0.0285; Figure 41A), small (p = 0.0045; Figure 41B). A similar increase in small Iba-1 

expressing particles was observed in implant only animals relative to that of naïve animals (p 

= 0.0010; Figure 41B). Importantly, the implant group exhibited a mean number of large Iba-

1-expressing particles similar to that of the STIM group – Implant: 36.15 ± 7.68, STIM: 39.50 

± 9.46, suggesting a strong trend of increased microgliosis with optogenetic device 

implantation alone (Figure 41A).  

 

The viral vector control group – LV.GAD67.ChR2.mCherry, also displayed significant 

increments in Iba-1-expressing small particles relative to naïve (p = < 0.0001, Figure 41B) 

animals yet showed no such differences the number of small or large particles in comparison 

to implant and STIM controls, thereby reflecting a similar level of microglial inflammation 

between controls. LV.GAD67.ChR2.mCherry+STIM animals exhibited a significant increase 

in small particle number relative to naïve (p = < 0.0001; Figure 41B) and STIM (p = 0.0322; 

Figure 41B) controls. Although lacking statistical significance, the mean number of large Iba-

1-expressing particles of the LV.GAD67.ChR2.mCherry+STIM group (50.27 ± 12.51) is 

slightly larger than that of either implant or STIM controls (Figure 41A). However, it appears 

that this elevated mean is skewed by one potential outlier animal within the group, suggesting 

that exclusion of this value may reduce the calculated mean to a level similar to that seen in 

implant and STIM animals. Together these results suggest that the elevated level of 

microgliosis in the CA1 is largely a result of implantation of the optogenetic device, which 

likely due to significant tissue damage and mechanical stress.   
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Figure 40.  Changes in Iba-1 expression in the CA1 hippocampal region. 
Representative photomicrographs showing Iba-1 expression (red) and Iba-1 immunoreactivity overlaid 
with Hoechst (blue) within the stratum oriens (str. ori), stratum pyramidale (str. pyr) and stratum 
radiatum (str. rad) of the CA1 region, of representative (A) naïve, (B) Aβ1-42-injected (Aβ) and (C) Aβ- 
and lentiviral vector-injected, and optogenetically stimulated (Aβ+LV.GAD67.ChR2.mCherry) 
animals (n = 6 per group). Scale bar = 50 µm.  
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Figure 41. Effect of optogenetic activation of GABAergic cells on Iba-1 expression in the CA1 
hippocampal region. 
Scatter plots displaying the quantification of astrocytic expression of Iba-1 as immunofluorescence 
integrated density measurements from (A) large particles and (B) small particles in the CA1 of Aβ1-42-
injected (Aβ), implant only (Implant), lentiviral vector-injected (LV.GAD67.ChR2.mCherry), lentiviral 
vector-injected and optogenetically stimulated (LV.GAD67.ChR2.mCherry+STIM) and lentiviral 
vector- and Aβ1-42- injected with optogenetically stimulated  (LV.GAD67.ChR2.mCherry + STIM + 
Aβ) animals. Each value represents an individual values and values are expressed as mean ± SEM (**** 
p < 0.0001, *** p = < 0.001 ** p < 0.01, * p = < 0.05) and analysed via One-way ANOVA and Tukey’s 
post-hoc test (n = 6 per group).  

4.12 FluoVolt assay facilitates quantification of KCl-induced changes in 
membrane potential  

We next aimed to examine the specific changes in the functional activity of neurons which may 

occur in AD. More specifically we aimed to characterise Aβ1-42-induced alterations in neuronal 

activity, further expanding our understanding of the potential therapeutic mechanisms and 

effect of optogenetic modulation of hippocampal cells in AD. While electrophysiological 

protocols are the gold-standard for the investigation of changes in neuronal excitability, they 

prove time consuming and require extensive training making their use in a research thesis 

impractical. Alternatively, we employed a FluoVolt dye to detect and quantify changes in 

membrane potential of cultures loaded with numerous drugs including KCl, GABA, Aβ1-42 and 

NMDA. Throughout all experiments KCl was used in this experiment as a positive control for 

a significantly increased membrane potential (positive response) due to the innate permeability 

of the neuronal membrane to K+, thereby inducing reliable cell depolarisations.  

 

Cells treated with KCl exhibited a trend of consistently high response rate as delineated by the 

< 90% mean of total cells responding to KCl at concentrations of - 0.5 mM: 100.00% ± 0.00, 
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350mM: 94.25% ± 2.46 , 400 mM: 91.00% ± 9.00 and 450 mM: 96.33% ± 2.38 (Figure 42A). 

KCl concentrations of 500 mM and 650 mM induced lower response rates as indicated by mean 

% of total cells responding of 52.00% ± 26.03 and 0.00% ± 0.00, respectively (Figure 42A). 

Neuronal cultures displayed a clearly increased frequency of positive responses relative to 

either negative responses alone or positive and negative responses combined, depicted by a 

larger proportion of the % of total cells responding exhibiting positive responses alone - 0.5 

mM: 88.0% ± 8.0, 350 mM: 90.0% ± 2.5, 400 mM: 88.0% ± 12.0, 450 mM: 94.0% ± 4.0, 500 

mM: 52.0% ± 26.0 (Figure 42A). In contrast, both negative responses alone as well as both 

positive and negative responses combined were shown to occur at a relatively low rate across 

all applied KCl concentrations - 0.5 mM – Negative Response: 10.0% ± 7.8, Positive & 

Negative Response: 2.0% ± 2.0; 350 mM – Negative Response: 1.25% ± 1.3, Positive & 

Negative Response: 0.0%, 400 mM - Negative Response: 1.67% ± 1.7, Positive & Negative 

Response: 1.67% ± 1.7, 450 mM - Negative Response: 1.50% ± 1.5, Positive & Negative 

Response: 0.83% ± 0.8 (Figure 42A). 

 

When compared to 0.5 mM, all other concentrations of applied KCl displayed a significant 

increase in the calculated change ∆F value relative to 350 mM (p = 0.0060; Figure 42B), 400 

mM (p = 0.0022; Figure 42B), 450 mM (p = 0.0026; Figure 42B), 500 mM (p = < 0.0001; 

Figure 42B) KCl concentrations. No statistically significant difference was found in the 

calculated mean of ∆F between groups treated with 350 mM, 400 mM, 450 mM and 500 mM 

KCl concentrations, however a trend towards a slight increase in ∆F value with increasing KCl 

concentration is evident in the mean values of each group – 350: mM 151.7 ± 13.83, 400: mM 

138.5 ± 12.88, 450: mM 147.8 ± 12.98 and 500: mM 190.4 ± 23.02 (Figure 42B).  

 

A negative response was observed only in cells treated with KCl concentrations of 400 mM 

and 450 mM in a total of 1 and 2 cells, respectively per group (Figure 42C). This low frequency 

of negative responses observed in KCl-treated cells suggests that the observed negative 

responses are more than likely a result of sporadic neuronal hyperpolarisations or an artefact 

in the FluoVolt fluorescence recording. No significant differences were observed between 

baseline minimum fluorescence amplitudes and that of cells which exhibited a negative 

response with either 400 mM or 450 mM KCl concentrations. Moreover, no statistically 

significant difference was found between the minimum amplitudes of cells treated with 400 

mM and 450 mM KCl applications. FluoVolt analysis of membrane potential revealed 
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successful positive responses were observed in with all applied concentrations of KCl (Figure 

42D).  

 

When compared to baseline recordings, cells treated with 0.5 mM KCl displayed a significantly 

lower mean maximum amplitude (p = 0.0001; Figure 42D). All other concentrations of applied 

KCl displayed no such difference in mean maximum amplitude when compared to baseline, 

however all additional KCl concentrations exhibited a significant increase in mean maximum 

amplitude when compared to that of 0.5 mM KCl: 350 mM, 400 mM, 450 mM and 500 mM 

(p = < 0.0001; Figure 42D). Fluorescence quantification of FluoVolt dye emission also 

revealed a significant increase in the mean maximum amplitude of cells treated with 500 mM 

KCl relative to those treated with 350 mM KCl (p = 0.0105; Figure 42D). Although not 

significant, a trend of increasing maximum amplitude corresponding to increasing KCl 

concentration can be observed in the progressive increments in mean maximum amplitudes 

achieved with KCl applications – 0.5 mM: 431.1 ± 18.01, 350: mM 794.8 ± 43.86, 400: mM 

871.2 ± 49.35, 450: mM 882.4 ± 46.22 and 500: mM 1056.0 ± 66.01 (Figure 42D). 

 

Indeed, it is important that we observe higher frequencies of positive responses to KCl relative 

to negative responses to KCl as this reflects the physiological properties of KCl and further 

confirms the efficacy of the FluoVolt dye for the monitoring of membrane potential changes. 

These findings of a trend of increased ∆F and increased maximum amplitude corresponding to 

increased KCl concentrations potentially illustrate a progressive elevation in membrane 

potential voltage induced by increasing the concentration gradient of K+ and further promoting 

influx. Ultimately, these results convey the reliability of KCl in its utilisation as a positive 

control. Importantly, this was not true for KCl applied at a concentration of 650 mM, although 

the n of this group was statistically insufficient and was not increased as cell health appeared 

to be compromised. It is important to note the sequence of KCl loading into the cell recording 

buffer (Table 6), as preceding applications of either GABA or KCl have likely skewed 

membrane potential changes induced by subsequent KCl treatment. 
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Figure 42. KCl-induced membrane potential changes in primary hippocampal mouse cultures 
loaded with FluoVolt dye. 
(A) Bar graph illustrating the average % of total cells exhibiting a significant change in membrane 
potential (Total Cells Responding), the average % of total cells which only showed a significant increase 
in membrane potential (Positive Response - ≤ 10% increase from average baseline), the average % of 
total cells which only showed a significant reduction in membrane potential (Negative Response - ≤9% 
decrease from baseline average) and the average % of total cells which showed both a significant 
increase and decrease in membrane potential (Positive & Negative Response) to KCl at varying 
concentrations. Scatter plots with bars illustrating (B) the average change in fluorescence from average 
baseline values (∆F) in arbitrary units, (C) the average minimum fluorescence value obtained from cells 
which displayed a negative response in arbitrary units and (D) the maximum fluorescence value 
obtained from cells which displayed a positive response in arbitrary units (D) in response to KCl applied 
at varying concentrations. Values are expressed as mean ± SEM (**** p < 0.0001, *** p < 0.001, ** p  
< 0.01, * p < 0.05) and analysed via Kruskal-Wallis and Dunn’s post-hoc tests.  
 
 

4.13 FluoVolt assay facilitates quantification of GABA-induced changes in 
membrane potential  

Application of GABA at differing concentrations was shown to induce variable response rates 

in cultured neurons (Figure 43A). The highest response rate was observed in cells loaded with 

3.5 mM GABA: 82.0% ± 0.00. A similar % of total cells responding was observed in cells 

loaded with 1 mM GABA: 77.5% ± 13.6 (Figure 43A). On the other hand, the treatment of 
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cells with GABA at concentrations of 1.5 mM, 2 mM and 4 mM GABA resulted in relatively 

reduced means of % of total cells responding - 1.5 mM: 25.0% ± 0.00 2 mM: 25.7% ± 8.11, 4 

mM: 36.7% ± 10.5 (Figure 43). Interestingly, almost all concentrations of GABA exclusively 

induced positive responses in treated cells with the exception of 1 mM and 4 mM treatment 

which additionally displayed low rates of negatives responses – 1 mM: 2.25% ± 2.3, 4 mM: 

2.00% ± 2.0, and positive and negative responses combined – 1 mM: 1.25% ± 1.3 (Figure 43A). 

 

A statistically significant difference in the mean ∆F was found between cells treated with 1 

mM GABA and those treated with both 2 mM (p = 0.0432; Figure 43B) and 4 mM (p = 0.250; 

Figure 43B) GABA concentrations, wherein application of 1 mM GABA concentration 

appeared to induce a larger change in fluorescence relative to baseline as defined by a larger 

mean ∆F value – 1 mM: 160.8 ± 21.52, 2 mM: 76.98 ± 17.17, 4 mM: 85.35 ± 11.68 (Figure 

43B). The application of 3.5 mM GABA to neuronal cultures induced a similar mean ∆F of 

189.7 ± 39.44, which was found to be significantly larger than that of cells treated with 2 mM 

(p = 0.0472; Figure 43B) and 4 mM (p = 0.0342; Figure 43B) GABA concentrations.  

 

Of all examined GABA treatments, only 1 mM GABA application induced negative responses 

in the membrane potential of cultured primary neurons, with a total of 2 cells exhibiting 

significant minimum amplitudes (Figure 43C). In contrast, all concentrations of GABA 

application induced significant increments in membrane potential thereby reflecting 

depolarising responses to GABA in neuronal cultures (Figure 43D). Application of 1 mM 

GABA was shown to induce the largest mean of maximum fluorescence amplitude (1153 ± 

87.37), which was in turn found to be significantly larger than that of cells treated with 2 mM 

(p = 0.0146; Figure 43D) and 4 mM (p = 0.00015; Figure 43D) GABA concentrations.  

 

Ultimately,  the consistent lack of a clear trend in all parameters of membrane potential 

indicates that neuronal responses to GABA function independently of GABA concentration. 

Nonetheless it is important to note the sequence of GABA loading into the cell recording buffer 

(Table 6), as preceding applications of either GABA or KCl have likely influenced the 

membrane potential outcomes achieved by succeeding GABA infusions.  
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Figure 43. GABA-induced membrane potential changes in primary hippocampal mouse cultures 
loaded with FluoVolt dye. 
(A) Bar graph illustrating the average % of total cells exhibiting a significant change in membrane 
potential (Total Cells Responding), the average % of total cells which only showed a significant increase 
in membrane potential (Positive Response - ≤10% increase from average baseline), the average % of 
total cells which only showed a significant reduction in membrane potential (Negative Response - ≤9% 
decrease from baseline average) and the average % of total cells which showed both a significant 
increase and decrease in membrane potential (Positive & Negative Response) to GABA at varying 
concentrations. Scatter plots with bars illustrating (B) the average change in fluorescence from average 
baseline values (∆F) in arbitrary units, (C) the average minimum fluorescence value obtained from cells 
which displayed a negative response in arbitrary units and (D) the maximum fluorescence value 
obtained from cells which displayed a positive response in arbitrary units (D) in response to GABA 
applied at varying concentrations. Values are expressed as mean ± SEM (** p  <0.01, * p <0.05) and 
analysed via Kruskal-Wallis and Dunn’s post-hoc tests. Statistical analyses of only two groups were 
analysed via Mann-Whitney tests.  
 

4.14 FluoVolt assay facilitates quantification of Aβ-induced changes in 
membrane potential  

Responses in neuronal membrane potential to Aβ were successfully quantified through the use 

of the FluoVolt fluorescent dye (Figure 44). In general, all concentrations of applied Aβ 

induced consistently high response rates in neuronal cultures with only slight differences in the 

calculated average % of total cells responding – 1 nM: 79.2% ± 9.86, 10 nM: 75.4%  ± 7.28, 
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100 nM: 80.00%  ± 7.37 (Figure 44A). Applications of both 1 nM and 10 nM Aβ were shown 

to induce a greater % cells exhibiting negative as well as both positive and negative responses, 

relative those which exhibited positive responses alone – 1 nM: Negative Response: 34.20% ± 

14.0, Positive & Negative Response: 29.40% ± 7.1, Positive Response: 15.80% ± 5.2 , 10 nM: 

Negative Response: 30.40% ± 10.2, Positive & Negative Response: 29.40% ± 7.1, Positive 

Response: 10.80% ± 4.0 (Figure 44A). Alternatively, cells treated with 100 nM Aβ displayed 

a similar average % of cells exhibiting positive responses alone as well as both positive and 

negative response, while the % of cells exhibiting negative responses alone were reduced 

relative to the former two groups: Positive Response: 27.60% ± 7.1, Positive & Negative 

Response: 35.20% ± 5.2, Negative Response: 17.00% ± 8.9 (Figure 44A).   

 

Addition of 1 nM and 10 nM Aβ were shown to induce similar mean ∆F values – 1 nM: 4.26 

± 6.0, 10 nM: 7.38 ± 6.0 (Figure 44B). Application of 100 nM Aβ was shown to induce a 

significant increase in ∆F value relative to that of cells treated with 1 nM Aβ (p = 0.0348; 

Figure 44B), as well as an evident trend of increased ∆F when compared to cells treated with 

10 nM, although this difference was found to be statistically insignificant. Importantly, this 

significantly elevated  ∆F value observed with 100 nM Aβ was shown to occur in both positive 

and negative directions when compared to 1 nM, as well as a similar trend relative to bi-

directional increments relative to 10 nM Aβ treatment.  

 

Negative membrane potential responses were consistently observed across all applied 

concentrations of Aβ (Figure 44C). Interestingly, no significant differences were observed 

between baseline minimum fluorescence amplitudes and those of either 1 nM, 10 nM or 100 

nM Aβ treatment. Similarly, no statistically significant difference was found between the 

minimum amplitude of cells which exhibited a negative response of 1 nM, 10 nM and 100 nM 

Aβ concentrations Figure 44C). A similar trend of consistent successful positive responses was 

observed across all applied concentrations of Aβ (Figure 44D). The addition of Aβ at 

concentrations of 1 nM, 10 nM and 100 nM was shown to induce similar maximum 

fluorescence amplitudes between differing concentrations, as well as in comparison to 

maximum amplitudes observed throughout baseline recordings as illustrated by the lack of 

statistical significance between all groups (Figure 44D). Together these findings suggest 

consistently similar reductions and increments in neuronal membrane potential occur despite 

the application of increasing Aβ concentration, rendering these parameters independent of Aβ 

concentration. Again, it is important to note the sequential application of increasing Aβ 
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concentrations, which may partially reduce the minimum and maximum fluorescence 

amplitudes induced by subsequent Aβ infusions. 

 

 

 
Figure 44. Aβ-induced membrane potential changes in primary hippocampal mouse cultures 
loaded with FluoVolt dye. 
(A) Bar graph illustrating the average % of total cells exhibiting a significant change in membrane 
potential (Total Cells Responding), the average % of total cells which only showed a significant increase 
in membrane potential (Positive Response - ≤10% increase from average baseline), the average % of 
total cells which only showed a significant reduction in membrane potential (Negative Response - ≤9% 
decrease from baseline average) and the average % of total cells which showed both a significant 
increase and decrease in membrane potential (Positive & Negative Response) to Aβ at varying 
concentrations. Scatter plots with bars illustrating (B) the average change in fluorescence from average 
baseline values (∆F) in arbitrary units, (C) the average minimum fluorescence value obtained from cells 
which displayed a negative response in arbitrary units and (D) the maximum fluorescence value 
obtained from cells which displayed a positive response in arbitrary units (D) in response to Aβ applied 
at varying concentrations. Values are expressed as mean ± SEM (* p <0.05) and analysed via Kruskal-
Wallis and Dunn’s post-hoc tests.  
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4.15 FluoVolt assay facilitates quantification of NMDA-induced changes in 
membrane potential 

Next, the effects of 100 µM NMDA treatment were assessed as in accordance with other studies 

investigating changes in neuronal activity (Hablitz, 1985; T. Wang, O'Connor, Ungerstedt, & 

French, 1994). FluoVolt assay quantification of changes in fluorescent amplitude with 100 µM 

NMDA infusion was shown to induce a high neuronal response rate as delineated by an average 

of 84.20% ± 0.0 of total cells responding (Figure 45A). The distribution of the % of total cells 

responding to NMDA application was shown to favour depolarising responses as indicated by 

an average of 39.40% ± 0.0 cells exhibiting positive responses compared to 26.60% ± 0.0 and 

18.20% ± 0.0 of cells displaying negative responses alone and positive and negative responses, 

respectively (Figure 45A). Cultured neurons displayed an average ∆F value of 120.00 ± 19.1 

induced by 100 µM NMDA infusion into the cell media (Figure 45B). Significant negative 

responses to NMDA application were observed in a total of 9 cells, wherein the average 

minimum amplitude induced by 100 µM NMDA infusion was found to be slightly lower than 

that of baseline recordings - baseline: 309.2 ± 31.6, 100 µM NMDA: 272.2 ± 21.1, however 

these results were found to be statistically insignificant (Figure 45C). In contrast, the average 

maximum fluorescence amplitude induced by 100 µM NMDA application was found to be 

slightly larger than that of the baseline average - baseline: 377.7 ± 40.9, 100 µM NMDA: 426.0 

± 25.6, although these findings were again insignificant (Figure 45D). Importantly, both 

baseline and 100 µM NMDA groups have a low n of cells showing a ‘response’ which likely 

increases variability in the observed findings and may skew membrane potential responses.   
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Figure 45. NMDA-induced membrane potential changes in primary hippocampal mouse cultures 
loaded with FluoVolt dye. 
(A) Bar graph illustrating the average % of total cells exhibiting a significant change in membrane 
potential (Total Cells Responding), the average % of total cells which only showed a significant increase 
in membrane potential (Positive Response - ≤10% increase from average baseline), the average % of 
total cells which only showed a significant reduction in membrane potential (Negative Response - ≤9% 
decrease from baseline average) and the average % of total cells which showed both a significant 
increase and decrease in membrane potential (Positive & Negative Response) to 100 µM NMDA. 
Scatter plots with bars illustrating (B) the average change in fluorescence from average baseline values 
(∆F) in arbitrary units, (C) the average minimum fluorescence value obtained from cells which 
displayed a negative response in arbitrary units and (D) the maximum fluorescence value obtained from 
cells which displayed a positive response in arbitrary units (D) in response to 100 µM NMDA. Values 
are expressed as mean ± SEM and analysed via Kruskal-Wallis and Dunn’s post-hoc tests. Statistical 
analyses of only two groups were analysed via Mann-Whitney tests.  
 

4.16 rAAV transduction of primary hippocampal cultures induces neuronal 
toxicity 

The rAAV-mediated gene transfer of GCaMP for expression in glutamatergic and GABAergic 

neurons was utilised in the current study to evaluate the efficacy and sensitivity of the GCaMP 

reporter to changes in membrane potential, and further its comparison to that of the FluoVolt 

dye approach. Interestingly, significant neuronal toxicity was observed with 1 µL infusion of 
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each rAAV construct applied into 500 µL of cell media, becoming evident at approximately 

13–14 DIV or 4-5 post-viral vector application (Figure 46D). Initial optimisation experiments 

utilised 0.5 µL infusion of each rAAV construct into 500 µL of cell media, however low 

transduction rates and maintained cell viability indicated that increasing infusion amount would 

be more efficacious for GCaMP expression. Neuronal plating and subsequent growth 

progression were found to be normal in all cultures with neurons displaying adequate density 

upon plating (Figure 46A), axonal and dendritic outgrowth at 4 DIV (Figure 46B), and further 

neuronal maturation at 9 DIV (Figure 46C). However, following rAAV vector infusion into 

the cell media at 9 DIV, excessive neuroapoptosis was observed as indicated by the appearance 

of blebbing and apoptotic bodies at 14 DIV (Figure 46D).  

Figure 46. Neuronal death induced by viral vector injection. 
Representative images illustrating neuronal culture growth and death induced by rAAV vector infusion 
at 9 DIV. Primary hippocampal neuron cultures were imaged on a Nikon NiE EVOS microscope 
(Thermo Fisher Scientific, US, M5000) under a 10x magnification (0.25 NA) Plan-Apochromat 
objective lens with transmitted light. Images display neurons at (A) 4 hr in vitro, (B) 4 DIV, (C) 9 DIV 
prior to viral vector application and (D) 14 DIV - 5 days post-viral vector application.  
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4.17 rAAV-mediated gene transfer of GCaMP for the quantification of KCl-
induced changes in membrane potential in glutamatergic neurons 

As a result of the significant cell death and damage observed with rAAV infusion, membrane 

potential experiments included the application of high concentration (900 mM) KCl alone as a 

positive control to determine the viability of remaining neurons in culture (Figure 47).  

 

Despite the rAAV-induced toxicity of neuronal cultures, glutamatergic neurons displayed a 

relatively high mean response rate of 85.5% ± 14.5 of total cells responding with 900 mM KCl 

application (Figure 47A). Importantly, GCaMP-mediated membrane potential monitoring 

revealed 900 mM KCl majorly induced hyperpolarising responses as delineated by a larger 

proportion of neurons exhibiting a negative response when compared to positive responses 

alone or both positive and negative responses – Negative Response: 73.0% ± 19.0, Positive 

Response: 4.0% ± 4.0, Positive & Negative Response: 23.0% ± 15.0 (Figure 47A). 

Interestingly, glutamatergic neurons treated with rAAV-mediated gene transfer displayed a 

negative ∆F average value of -22.68 ± 4.7 with 900 mM KCl addition, further illustrating a 

greater incidence of hyperpolarising responses (Figure 47B). When compared to baseline 

recordings, 900 mM KCl application significantly reduced the average minimum fluorescence 

amplitude (p = 0.0189; Figure 47C), illustrating a reduction from baseline membrane potential 

with KCl application. Similarly, glutamatergic neurons exhibited a significant reduction in the 

maximum fluorescence amplitude induced by 900 mM KCl application when compared to that 

of baseline recordings (p = 0.0061; Figure 47D). Together these findings consistently display 

a trend of glutamatergic neuronal hyperpolarisation with KCl application, ultimately indicating 

significant neuronal dysfunction likely caused by rAAV-induced neuronal damage.  
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Figure 47. KCl-induced membrane potential changes in primary hippocampal glutamatergic 
neurons. 
(A) Bar graph illustrating the average % of total cells exhibiting a significant change in membrane 
potential (Total Cells Responding), the average % of total cells which only showed a significant increase 
in membrane potential (Positive Response - ≤20% increase from average baseline), the average % of 
total cells which only showed a significant reduction in membrane potential (Negative Response - ≤21% 
decrease from baseline average) and the average % of total cells which showed both a significant 
increase and decrease in membrane potential (Positive & Negative Response) to 900 mM KCl. Scatter 
plots with bars illustrating (B) the average change in fluorescence from average baseline values (∆F) in 
arbitrary units, (C) the average minimum fluorescence value obtained from cells which displayed a 
negative response in arbitrary units and (D) the maximum fluorescence value obtained from cells which 
displayed a positive response in arbitrary units (D) in response to 900 mM KCl. Values are expressed 
as mean ± SEM and analysed via Mann-Whitney tests.  
 

4.18 rAAV-mediated gene transfer of GCaMP for the quantification of KCl-
induced changes in membrane potential in GABAergic neurons 

GCaMP-mediated fluorescence intensity analysis revealed a significant response in an average 

of 73.5% ± 26.5 of total examined cells with 900 mM KCl application (Figure 48A). Similar 

to that seen in glutamatergic neurons, the majority of responding GABAergic cells exhibited 

negative membrane potential responses to KCl as indicated by an elevated average of 48.5% ± 

36.5, relative to the observed 13.0% ± 5.0 and 13.0% ± 5.0 of cells displaying positive 
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responses alone and both positive and negative responses, respectively (Figure 48A). The 

treatment of neurons with 900 mM KCl was also shown to induce a negative average ∆F value 

of -15.0 ± 12.2, emphasising reductions in membrane potential with KCl infusion (Figure 48B). 

Finally, no significant difference was found between either the minimum or maximum 

fluorescence amplitudes induced by 900 mM KCl when compared to baseline recordings, 

however a subtle trend towards reduction in average fluorescence amplitude with KCl 

application can be observed for both minimum and maximum amplitudes (Figure 48C, D). 

Again, these findings collectively illustrate hyperpolarising responses to KCl via significant 

reductions in GCaMP fluorescence, in turn alluding to maladaptive neuronal channel functions 

and general GABAergic dysfunction which occurs with the rAAV-mediated gene transfer of 

GCaMP.  

 

 
Figure 48. KCl-induced membrane potential changes in primary hippocampal GABAergic 
neurons. 
(A) Bar graph illustrating the average % of total cells exhibiting a significant change in membrane 
potential (Total Cells Responding), the average % of total cells which only showed a significant increase 
in membrane potential (Positive Response - ≤20% increase from average baseline), the average % of 
total cells which only showed a significant reduction in membrane potential (Negative Response - ≤21% 
decrease from baseline average) and the average % of total cells which showed both a significant 
increase and decrease in membrane potential (Positive & Negative Response) to 900mM KCl. Scatter 
plots with bars illustrating (B) the average change in fluorescence from average baseline values (∆F) in 
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arbitrary units, (C) the average minimum fluorescence value obtained from cells which displayed a 
negative response in arbitrary units and (D) the maximum fluorescence value obtained from cells which 
displayed a positive response in arbitrary units (D) in response to 900 mM KCl. Values are expressed 
as mean ± SEM and analysed via Mann-Whitney tests. 
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5 Discussion 

5.1 Overview 

AD is the most prevalent neurodegenerative disease, characterised by extensive neuronal loss, 

perturbed neurotransmission and progressive cognitive impairments (Palop & Mucke, 2010). 

While considerable efforts have been directed towards the treatment of AD, currently approved 

drugs prove unsuccessful, providing only a partial symptomatic relief to AD patients. This 

failure in the development of efficacious therapies reflects the long, misconceived research 

dedicated to the investigation of the cholinergic and glutamatergic systems alone, as opposed 

to a holistic perception of brain function in AD. Indeed, extensive evidence now implicates a 

maladaptive GABAergic system as a primary contributor to AD pathogenesis, however, the 

specific alterations in GABAergic signalling which induce such dysfunction and their 

progression with the disease remain relatively contentious and poorly understood. Nonetheless, 

AD interventions including GABA agonists, antagonists and inverse agonists show promising 

improvements in cognitive deficits in preclinical and clinical trials however, none have 

emerged as certified pharmaceutical agents, suggesting further research is required to 

determine the therapeutic potential of GABAergic system modulation with AD (Calvo-Flores 

Guzmán et al., 2018). The current study further contributes to our understanding of the 

systematic and cellular dysfunction of the GABAergic system and further provides insight into 

the therapeutic efficacy of GABAergic modulation in AD.  

 

In the current study, we provide experimental evidence that optogenetic activation of 

hippocampal GABAergic neurons to increase GABA release in the CA1 hippocampal region 

partially attenuates Ab1-42-induced memory deficits in an AD mouse model. We showed that 

acute optogenetic activation of GABAergic neurons was able to attenuate Ab1-42-induced 

neuronal death in the CA1 pyramidal layer as well as Ab1-42-induced impairments in spatial 

recognition memory. Immunohistochemical studies revealed that the acute optogenetic 

activation of GABAergic neurons attenuated alterations in the expression of the GABAAR a1 

subunit in the CA1 of AD mice, as well as inducing significant alterations in the expression of 

a2, a5, b3 and g2 GABAAR subunits providing insightful evidence of the implications of 

increased GABA release in the CA1. Moreover, we present in vitro evidence which illustrates 

a potential depolarising effect of GABA as well as an Ab1-42-induced bidirectional change in 

membrane potential in primary neuronal hippocampal cultures.  
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5.2 Enhancing GABAergic release via optogenetic activation of GAD67-
positive cells in the mouse hippocampal CA1 region 

Previous studies report a significant reduction in GABA levels in the AD-afflicted brain, likely 

contributing to hippocampal hyperactivity and dysfunction (Ellison, Beal, Mazurek, Bird, & 

Martin, 1986; Levenga et al., 2013; B. Ramos et al., 2006; Rossor, Iversen, Reynolds, 

Mountjoy, & Roth, 1984; Seidl et al., 2001). Based on these findings, the current study aimed 

to enhance GABA release from hippocampal GABAergic interneurons via the optogenetic 

activation of GAD67-positive cells in an Ab1-42-injected mouse model of AD and to further 

evaluate the efficacy of this therapeutic approach in the restoration of the E/I imbalance in AD. 

We found that optogenetic activation of GAD67-positive cells in the CA1 hippocampal region 

attenuated pyramidal cell loss, improved cognitive deficits and partially prevented maladaptive 

remodelling of GABAAR subunits in the CA1. Together these findings illustrate the therapeutic 

potential of hippocampal GABAergic cell stimulation in AD, which may provide 

neuroprotective and cognitive benefits.  

 

Long-term potentiation (LTP) and long-term depression (LTD) comprise the principal cellular 

correlates of learning and memory which govern synaptic plasticity of the hippocampus, 

thereby playing essential roles in spatial memory processing and consolidation (Alger & 

Teyler, 1976; Ge et al., 2010; Okada et al., 2003). While both processes exhibit similar modes 

of induction triggered by the influx of calcium via NMDA receptors (NMDARs), significant 

differences exist between the outputs of LTP and LTD, as well as in their contribution to spatial 

memory (Ge et al., 2010). For example, hippocampal LTP is implicated in the acquisition of 

novel space information as well as the acquisition of knowledge about the allocentric context 

of a given environment (Kemp & Manahan-Vaughan, 2004; Straube, Korz, & Frey, 2003). In 

contrast, LTD induction has been shown to play a central role in the formation and maintenance 

of novel spatial information (Ashby et al., 2021; Manahan-Vaughan & Braunewell, 1999).  

 

In turn, hippocampal synaptic plasticity is supported by neuronal oscillations that are 

temporally and spatially encoded to specific hippocampal-dependent spatial learning events 

(Fries, 2015). More specifically, gamma (30 – 90 Hz) and theta (4 – 12 Hz) oscillations 

comprise the most prominent hippocampal rhythms which are critically important in spatial 

memory function. Ultimately these processes are shown to be tightly linked to synaptic 

plasticity wherein theta oscillations induce LTP, while gamma frequencies are associated with 
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LTD induction (Bliss & Lomo, 1973; G. Lynch, Larson, Kelso, Barrionuevo, & Schottler, 

1983; Stanton & Sejnowski, 1989). Furthermore, cross-frequency coupling of theta and gamma 

oscillations (theta-nested gamma oscillations), such that high theta power is often accompanied 

by low gamma power and vice versa, reflects interlinking of physiological functions which 

occurs during spatial memory processing and retrieval (Buzsaki, Leung, & Vanderwolf, 1983; 

Herman, Lundqvist, & Lansner, 2013). In the mammalian CNS, the generation of oscillations 

is largely regulated by the controlled activity of GABAergic microcircuits (Buzsaki & 

Draguhn, 2004). Due to the divergent inhibitory output of GABAergic cells, hippocampal 

interneurons are perfectly positioned to synchronise network activity via the activation of fast-

acting GABAARs or slow-acting GABABRs, generating inhibitory patterns which ultimately 

dictate the frequency of the resultant hippocampal oscillation (Allen & Monyer, 2015).  

 

Importantly, primary hippocampal oscillatory gamma (30–90 Hz) and theta (4–12 Hz) rhythms 

are shown to be disrupted in several mouse models of AD (Mondragón-Rodríguez et al., 2018; 

Villette et al., 2010; J. Wang, Ikonen, Gurevicius, van Groen, & Tanila, 2002). Significant 

hippocampal loss of GABAergic interneurons may constitute a primary mechanism of impaired 

oscillatory activity in the AD brain. For example, transgenic mouse models of AD which 

enhance amyloidogenesis consistently report significant reductions in SST, PV and CR 

interneurons, known to be essential in the generation of gamma and theta oscillations (B. 

Ramos et al., 2006; Blanca Ramos et al., 2006; Takahashi et al., 2010; Zallo et al., 2018). 

Similarly, this vulnerability of the GABAergic system has been observed in human AD patients 

which display a significant reduction in SST-positive interneurons in the frontal and temporal 

lobes as revealed by immunohistochemical and high-performance liquid chromatography 

(HPLC) analyses (Beal et al., 1985; John M. Candy et al., 1985). Beyond the loss of 

interneurons, such alterations in hippocampal oscillations may arise from significant 

GABAergic remodelling which occurs in AD. For example, Palop et al., demonstrated 

compensatory ectopic sprouting of GABAergic interneurons within the DG which resulted in 

hyperexcitability and epileptic episodes in mice (Palop et al., 2007). 

 

A study by Villette et al., was among the first to link Ab neuropathology in the hippocampus 

to GABAergic dysfunction, aberrant network excitability and spatial memory impairments, in 

rats seeded with Ab1-42 (Villette et al., 2010). More recently, optogenetic studies have further 

characterised the Ab1-42-induced disruption of CA1 inhibitory interneurons and network 
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oscillations. More specifically, whole-cell patch-clamp recordings revealed that the in vitro 

treatment of mouse hippocampal slices with Ab1-42 was shown to selectively disrupt theta-

nested gamma oscillations at the synapses of CA1 pyramidal cells-to-PV interneurons and PV-

to-pyramidal cell synapses (Park et al., 2020). Furthermore, Ab1-42 treatment was shown to 

impair SST interneuron-mediated disinhibition of CA1 pyramidal cells, further disrupting 

theta-nested gamma oscillation-induced spike-timing-dependent LTP (tLTP). In turn, selective 

optogenetic activation of PV and SST interneurons induced complete restoration of oscillation-

induced tLTP (Park et al., 2020). Additional studies by Chung et al., revealed that Ab1-42 

treatment led to the desynchronisation of  CA1 pyramidal cell spikes as a result of reduced 

theta and gamma oscillations in SST and PT interneurons respectively (Chung, Park, Jang, 

Kohl, & Kwag, 2020). In turn, ChR2-mediated optogenetic activation of SST and PV 

interneurons was shown to resynchronise these Ab1-42-induced alterations in interneuron theta 

and gamma oscillations, ultimately rectifying spike activity in CA1 pyramidal cells.  

 

Together, these studies provide experimental evidence which demonstrates Ab1-42-induced 

disruptions of GABAergic interneuron circuitry which in turn lead to aberrant network activity 

and impaired LTP. Furthermore, these findings suggest a direct mechanism of improvements 

in Ab1-42-induced cognitive impairments by the selective upregulation of hippocampal 

GABAergic activity, thereby providing the basis for GABAergic activation in the current 

study.  

5.3 Partial attenuation of Ab-induced memory deficits through the 
application of optogenetic GABAergic activation 

The current study utilised optogenetic activation of GAD67-positive cells to evaluate the 

therapeutic effect of increasing GABAergic neuronal activity on Ab1-42-induced deficits in 

long-term spatial memory in the CA1 hippocampal region. Our results indicate that 

optogenetically-induced increments in GABAergic activity in the CA1 attenuated Ab1-42-

induced impairments in long-term spatial recognition memory, but not those in long-term 

spatial object location memory. These findings suggest that optogenetic activation of 

GABAergic cells in the CA1 prior to the appearance of Ab pathology may have a 

neuroprotective effect against Ab1-42-induced alterations in the primary regions responsible for 

long-term spatial recognition memory, thereby attenuating further E/I disruption and 

improving cognitive function.  
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Indeed, impairments in long-term spatial memory have been well-established as the earliest 

clinical manifestation of AD in humans, wherein AD patients experience severe spatial 

disorientation even in familiar surroundings (Coughlan, Laczo, Hort, Minihane, & Hornberger, 

2018; DeIpolyi, Rankin, Mucke, Miller, & Gorno-Tempini, 2007). Moreover, deficits in spatial 

memory are consistently induced following Ab1-42 injection in the hippocampus of AD mouse 

models (Calvo-Flores Guzman et al., 2020; Yeung et al., 2020). The hippocampus comprises 

the central structure involved in the storage and retrieval of declarative memories including 

those associated with long-term spatial memory (O’Keefe & Nadel, 1978; Shrager, Bayley, 

Bontempi, Hopkins, & Squire, 2007). Extensive studies indicate that compromise of 

hippocampal integrity directly results in impaired spatial memory acquisition and recall (Bird 

& Burgess, 2008; Serino & Riva, 2013). Of note is the infamous case of H.M., wherein bilateral 

removal of the hippocampal formation resulted in severe memory impairments, especially in 

that of object and spatial memory acquisition and recall (Scoville & Milner, 1957).   

 

In terms of long-term spatial memory, the hippocampus exhibits considerable subregion-

specific functional heterogeneity in information processing. Of note, the CA1 has been shown 

to possess ‘place’ cells that encode precise associations between objects and locations (Moser, 

Rowland, & Moser, 2015). Interestingly, studies have demonstrated that these CA1 place cells 

do not directly receive sensory information but instead receive highly specific, multimodal 

information from the EC (Basu & Siegelbaum, 2015). The EC is often regarded as the first 

point of spatial information processing in the hippocampal formation, expressing neurons in its 

superficial layers (EC LII and LIII), termed ‘grid’ cells, which provide primary spatial memory 

input into the hippocampus (Hafting, Fyhn, Molden, Moser, & Moser, 2005). Convergent input 

of multiple grid cell types with differing spatial parameter sensitivities provides spatially tuned 

firing patterns that interface with space cells to provide a neural representation of space (Bush, 

Barry, & Burgess, 2014; Hafting et al., 2005). The EC has been shown to innervate the CA1 

directly via the temporoammonic pathway and indirectly through the DG-CA3-CA1, termed 

the trisynaptic loop (Amaral & Witter, 1989). The trisynaptic circuit comprises a feedforward 

system implicated as the primary mode of progressive spatial information processing memory 

encoding and recall.  
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Beyond this circuit, the CA1 has been shown to transfer excitatory information to the 

subiculum which in turn projects to the perirhinal cortex a process strongly implicated in 

object-place learning and memory (Cembrowski et al., 2018; M. P. Witter, 2006). While this 

intrinsic circuitry of the hippocampal formation was long thought to be largely unidirectional, 

increasing evidence now suggests a noncanonical, feedback pathway exists primarily 

consisting of back projections from the ventral CA1 to the dorsal CA3, but also subicular and 

perirhinal back projections to the CA3 (Lin et al., 2021). Although the exact mechanism by 

which these feedback projections modulate CA3 activity remains largely unknown, the genetic 

inactivation of projections running from the CA1 to the CA3 was shown to significantly impair 

object-related spatial learning and memory (Lin et al., 2021). Similar findings were reported 

by Kesner et al., (2008), wherein lesions to the ventral CA1 exhibited deficits in the temporal 

ordering of spatial locations (Hunsaker, Fieldsted, Rosenberg, & Kesner, 2008). Together these 

studies demonstrate the functional importance of these reverse, noncanonical pathways which 

appear to provide feedback critical for appropriate regulation of this feedforward circuitry 

which governs spatial memory encoding and retrieval.  

 

These findings may be directly translatable in the current study wherein Ab1-42-induced CA1 

damage and neurotransmission dysfunction further disrupts feedback information to the CA3 

ultimately resulting in the observed spatial memory deficits. In turn, improvements in Ab1-42-

induced deficits in long-term spatial recognition memory via optogenetic GABAergic 

activation could reflect restoration of the E/I balance in the CA1, thereby restoring normal 

feedback to the CA3. Nevertheless, significant discrepancies still exist between the 

GABAergic-mediated improvements in Ab1-42-induced deficits in long-term spatial 

recognition memory and the lack thereof in long-term spatial alteration memory. The NOA and 

NOR tests are behavioural tests widely used to study the neurobiological mechanisms which 

underlie long-term spatial memory acquisition and recall in animals. Importantly, significant 

differences exist in the reliance of varying brain regions for spatial alteration and recognition 

memory functions.  

 

The NOA test is heavily dependent on hippocampal function as evidenced by significant 

impairments in object location memory induced by hippocampal lesioning (Mumby, Gaskin, 

Glenn, Schramek, & Lehmann, 2002). In particular, manipulation of the CA1 hippocampal 

region demonstrates its central importance to spatial object alteration memory in mice. For 
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example, CA1 inactivation via infusion of the anaesthetic lidocaine 10 min prior to object 

location training led to significant impairments in NOA test performance compared to controls 

(Assini, Duzzioni, & Takahashi, 2009). Alternatively, evidence demonstrating the reliance of 

NOR test performance on hippocampal integrity remains widely debated due to considerable 

variations among NOR methods. However, a systematic review of NOR methods across 12 

reports reported that lesion to the hippocampus disrupts object recognition memory when a 

delay of 10 min or greater delay is imposed between the sample and test sessions (Cohen & 

Stackman, 2015). Nevertheless, a number of additional essential brain regions have been 

implicated in long-term spatial recognition memory including the insular, the ventromedial 

prefrontal and the perirhinal cortices (Akirav & Maroun, 2006; Balderas et al., 2008; Winters, 

Forwood, Cowell, Saksida, & Bussey, 2004).  

 

Given that the NOA test is largely reliant on the hippocampus alone, while the NOR test 

employs the function of extrahippocampal structures, one may speculate that the observed 

discrepancies between spatial object recognition and location memory with optogenetic 

stimulation may arise due to partial redundancy in the brain network governing NOR 

performance. More specifically, enhanced GABA release has been shown to exert a 

neuroprotective effect on the CA1 pyramidal cells which may only provide slight compensation 

for the Ab1-42-induced E/I imbalance in the CA1. Moreover, alterations in CA1 output via 

noncanonical feedback projections to the CA3 may further act to modulate feedforward 

information, inducing a cycle of perturbed spatial alteration memory signalling within the 

hippocampal formation. In turn, neuroprotection of pyramidal cells achieved by enhanced 

GABA release may still provide this same level of compensation for the Ab1-42-induced E/I 

imbalance in the CA1, however, the preservation of the functional interconnectivity between 

extrahippocampal regions involved in object recognition memory may provide adequate 

maintenance of recognition memory function due to redundancy in the multi-region system.  

 

Indeed, a similar study utilising the injection of ChR2-expressing rAAV vectors into the CA1 

of an APP/PS1 mouse model to enhance GABA release also reported restoration of memory 

formation in a water maze task, shown to be a result of normalised gamma and theta rhythms 

in the CA1 (Z. Zhang et al., 2020). In turn, the application of GABAAR antagonist led to the 

complete abolishment of these normalised rhythms, thereby confirming that enhanced GABA 

release rescues local field potentials within the CA1 and alleviates E/I disruption (Z. Zhang et 
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al., 2020). Together these findings demonstrate a therapeutic role of enhanced hippocampal 

GABA release which reduces neuronal hyperactivity, likely normalising hippocampal output 

through the trisynaptic pathway. Nonetheless, additional studies examining such alterations in 

the convergent activity of these interneurons on the further hippocampal formation structures 

including the CA3, DG and EC would provide a clearer insight into the true implications of 

enhanced GABAergic activity in AD.  

5.4 Attenuation of Ab-induced neuronal death through application of 
optogenetic GABAergic activation 

Due to the significance of neuronal cell death in AD progression the current study utilised 

NeuN/Hoechst staining to identify Ab1-42-induced alterations in pyramidal cell viability and 

the subsequent effect of optogenetically enhanced GABA release on such changes. Here, we 

showed significant attenuation of Ab1-42-induced pyramidal cell death as a result of ChR2 

optogenetic activation in GAD67-positive cells. Ultimately, these findings suggest that 

elevated interneuron activity and GABA release in the CA1 hippocampal region confers 

neuroprotection of hippocampal pyramidal cells which may contribute to observed alleviation 

of Ab1-42-induced spatial memory deficits. Based on these findings, we suggest that enhanced 

activation of GABAergic neurons in the CA1 hippocampal region in early-stage AD rescues 

early cell death likely via a preventative mechanism due to optogenetic stimulation occurring 

prior to the development of extensive amyloidosis.  

 

The most prominent neuropathological feature of AD is progressive neuronal loss, leading to 

significant hypertrophy of affected brain regions (Schuff et al., 2012; Simic, Kostovic, 

Winblad, & Bogdanovic, 1997). Such progressive neuronal loss is primarily localised to the 

hippocampus and is therefore strongly correlated with the severity of cognitive deficits and 

disease progression (Giannakopoulos, Gold, von Gunten, Hof, & Bouras, 2009; Terry et al., 

1991; Troncoso, Sukhov, Kawas, & Koliatsos, 1996). Moreover, while marked neuronal loss 

may be considered a clinical marker of late-stage AD, increasing evidence suggests neuronal 

damage and death precedes Ab and NFT neuropathology, indicating the initiation of cell death 

pathways early on in disease (Gómez-Isla et al., 1997; Mosconi et al., 2010). This progressive 

loss is believed to be a primary result of excessive Ab deposition which initiates a cascade of 

additional neuropathological processes including NFT formation, aberrant synaptic and 

network activity, excitotoxicity, neuroinflammation and oxidative stress, ultimately working 
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in combination to induce neuronal cell death (Donohue et al., 2017; Hardy & Higgins, 1992; 

Selkoe, 2002).  

 

Indeed, previous in vivo and in vitro studies from our laboratory have consistently 

demonstrated a neurotoxic effect of Ab. For example, Calvo-Flores Guzmán et al., 

demonstrated Ab1-42-induced toxicity of pyramidal cells in the CA1 hippocampal region from 

as early as 7 days  and up to 30 days post-injection in a in vivo mouse model of AD (Calvo-

Flores Guzman et al., 2020). Similarly, exposure of in vitro primary hippocampal cultures to 1 

nM Ab1-42 was shown to induce a marked 55.3% increase in cell death relative to controls, 

only 6 hr post-treatment (Vinnakota et al., 2020). While the exact sequence of appearance and 

relative contribution of each Ab-induced cytotoxic mechanism remains to be resolved, 

sufficient evidence demonstrates early-stage Ab-mediated hippocampal E/I imbalance, leading 

to excitotoxicity is a major cause of neurodegeneration in AD. Ab-evoked excitotoxicity occurs 

principally by excessive Ca2+ influx primarily through glutamatergic NMDARs, leading to 

hyperexcitation in the respective neuron (Popugaeva, Pchitskaya, & Bezprozvanny, 2017; 

Wang & Reddy, 2017). Ca2+ comprises the central component of molecular-cellular 

mechanisms of cell death, wherein a significant increase of intracellular Ca2+ triggers a number 

of cellular events including oxidative stress, mitochondrial dysfunction and neuronal apoptosis 

in AD (Wang et al., 2014).  

 

Moreover, Ab has been shown to induce reciprocal changes in GABAergic signalling, further 

reducing inhibitory regulation of hyperexcitable neurons and exacerbating the already 

perturbed E/I imbalance in the hippocampus (Govindpani et al., 2017; Yanfang Li et al., 2016). 

Of note, Busche et al., (2008) reported clusters of hyperactive neurons situated near amyloid 

plaques in an APP23/PS45 double transgenic AD mouse model, wherein significantly 

increased frequencies of spontaneous Ca2+ transients were found to be a result of impaired 

synaptic inhibition by GABAergic interneurons (Busche et al., 2008). Furthermore, recent 

studies from our lab show Ab-induced remodelling of critical GABAergic signalling 

components including GABAARs and GABA transporters within in vivo mouse models of AD 

(Fuhrer et al., 2017; Kwakowsky et al., 2018). Additionally, Ab has been shown to directly 

reduce GABA release from fast-spiking interneurons, which are the predominant subtype of 

GABAergic interneurons modulating pyramidal cell firing, thereby contributing to the E/I 

imbalance in AD (Ren et al., 2018). The findings of these studies together reflect a potential 



 

127 

therapeutic target of the GABAergic system in the treatment of AD, wherein restoration of 

normal GABA signalling may at the least attenuate the portion of excitotoxicity caused by 

diminished GABA activity and at the most partially alleviate hyperexcitability caused by 

glutamatergic dysfunction.  

 

Based on these findings, one may postulate that the optogenetic activation of GABAergic cells 

in the CA1 hippocampal region may have exerted its neuroprotective effect on pyramidal cells 

by restoring the Ab-induced deficits in GABAergic signalling. In turn this would reinstate the 

regulatory GABAergic interneuron inhibition of excitatory neurons in the hippocampus, 

contributing to alleviation of neuronal excitotoxicity, further diminishing the activation of 

Ca2+-related neuronal death pathways and reducing neuronal death. In line with this concept, a 

recent in vivo study utilising an APP/PS1 mouse model of AD reported reductions in Ab1-

42 levels accompanied by reduced neuroinflammation as a result of the optogenetic activation 

of GABAergic neurons within the CA1 hippocampal region (Zhang et al., 2020). Such 

reductions in Ab1-42 load by stimulation of GABAergic neurons were found to be a likely result 

of reduced inflammation and enhanced autophagy which acts to inhibit significant 

accumulation, however the mechanisms by which interneuron activation induced these changes 

is unclear. Although not evaluated within this study, it can be deduced that such reductions in 

amyloid load would in turn inhibit subsequent excitotoxicity-related events, ultimately 

alleviating the hippocampal E/I imbalance and reducing neuronal death.  

5.5 Expression of GABAAR subunits in the CA1 hippocampal region 

Considerable evidence demonstrates that the AD brain exhibits significant hippocampal 

remodelling of GABAAR subunits wherein changes in expression likely become more 

extensive with disease progression (Iwakiri et al., 2009; Kwakowsky et al., 2018; Mizukami, 

Ikonomovic, Grayson, Sheffield, & Armstrong, 1998; Rissman et al., 2003). In the 

hippocampus, GABAARs play a central role in the regulation of network activity via GABA-

induced fast synaptic inhibition of pyramidal cells, promoting synchronisation of neurons and 

contributing to the maintenance of the E/I balance in the hippocampus (Bartos et al., 2002). In 

turn, efficacious regulatory inhibition requires the correct distribution of GABAAR receptors 

with appropriate subunit compositions within the hippocampus, ultimately dictating regional-

specific functions. GABAARs are pentameric channels which may be assembled from at least 

20 different subunits. The subunit composition determines the pharmacological profile of the 
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respective GABAAR which further influences the resultant inhibitory effect upon the receptor 

activation (Olsen & Sieghart, 2009). While the implications of GABAAR subunit remodelling 

in AD are yet to be elucidated, one may infer that significant alterations in normal subunit 

expression and thus receptor composition likely induces perturbation of normal hippocampal 

GABAergic inhibition, further contributing to E/I imbalance and cognitive deficits in AD 

(Kwakowsky et al., 2018). 

 

The a5 GABAAR subunit exhibits particularly abundant expression in the hippocampus, where 

it is well established as the predominant mediator of tonic inhibition (Caraiscos et al., 2004; 

Sperk, Schwarzer, Tsunashima, Fuchs, & Sieghart, 1997). Importantly, the a5 GABAAR 

displays high GABA affinity and extrasynaptic clustering to the dendrites of CA1 and CA3 

pyramidal cells, thereby playing a central role in the inhibitory regulation of the pyramidal cells 

and hippocampal network activity (Fritschy & Mohler, 1995; Wainwright, Sirinathsinghji, & 

Oliver, 2000). Moreover, a5 containing GABAARs have been shown to play a critical role in 

hippocampal-dependent learning and memory processes (Chambers et al., 2004; Collinson et 

al., 2002; Crestani et al., 2002). Of note, we observed an increase in the expression of the a5 

GABAAR subunit in the CA1 region of Ab1-42-injected mice, suggesting that the observed 

spatial memory deficits in these animals may be the result of dysfunctional inhibitory action 

via a5 containing GABAARs, contributing to deregulated hippocampal network activity and 

E/I imbalance. Indeed, our lab has similarly reported an Ab1-42-induced upregulation of a5 

expression in an in vitro mouse model of AD, associated with an increase in ambient GABA 

levels (Vinnakota et al., 2020). Additional in vitro studies from our lab reported an Ab1-42-

induced increase in GABAergic tonic conductance in pyramidal cells of the CA1 region, 

suggesting a potential mechanism for perturbed hippocampal activity in Ab1-42-injected mice 

which induces spatial memory deficits and AD pathogenesis (Calvo-Flores Guzman et al., 

2020). Interestingly, the current study reports significant downregulation of a5 subunit 

expression in the CA1 region of all mice which received experimental manipulations utilising 

the injection of the lentiviral vector, relative to naïve animals. Such reductions in a5 levels 

below that of naïve animals may reciprocally reduce tonic conductance in the hippocampus, 

again inducing the spatial memory impairments in animals as evidenced by significantly 

reduced and trends towards reductions in NOA test performance by these lentiviral-injected 

groups. Of note, Fmr-/- mice exhibit downregulation of a5 expression accompanied by deficits 

in tonic inhibition (Curia, Papouin, Séguéla, & Avoli, 2009). Moreover, a5H105R knock-in 
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mice, which exhibit a ~25% reduction in a5 expression, display impaired object location 

memory and exhibit increased hyperactivity, thereby providing evidence for the likely 

inhibitory impairments which accompany reduced a5 expression in lentiviral vector-injected 

animals (Hauser et al., 2005; Prut et al., 2010).  

 

The g2 subunit additionally exhibits high abundance in the hippocampus, where it is 

incorporated into almost all postsynaptic GABAARs (Olsen & Sieghart, 2009). The human AD 

brain displays significant upregulation of g2 expression in the stratum oriens of the CA1 as 

well as upregulations in the CA3, DG and entorhinal cortex (Kwakowsky et al., 2018). 

Similarly, we observed a significant upregulation of g2 expression in the stratum pyramidale 

and a trend towards increased expression in the stratum oriens and stratum radiatum of Ab1-42-

injected mice. While the functional implications of elevated g2 expression in the CA1 

hippocampal region are yet to be revealed one can speculate on potential consequences based 

on the normal physiological function of g2-GABAARs. In combination with gephyrin and 

GABAAR-associated protein, the g2 subunit has been shown to play a critical role in the 

clustering of the major receptor subtypes to the postsynaptic membrane during synaptogenesis 

and further maintenance of clustering in mature synapses (Essrich, Lorez, Benson, Fritschy, & 

Lüscher, 1998; Schweizer et al., 2003). Therefore, upregulation of the g2 subunit may increase 

the frequency of g2-GABAARs clustered at the postsynaptic membrane, potentially enhancing 

inhibition in the postsynaptic cell, and further contributing to hippocampal E/I network 

imbalance. Moreover, the g2 subunit is thought to play a role in GABAAR desensitisation 

(Gielen, Barilone, & Corringer, 2020). Again, the functional implications of such increments 

in g2 expression remain unknown, although we can deduce that expression alterations would 

modulate optimal desensitisation rates in the postsynaptic cell, potentially leading to 

premature, repetitive reactivation or prolonged reductions in cell excitability. We hypothesised 

that the optogenetic activation of GABAergic neurons in the CA1 hippocampal region 

following Ab1-42-injection would reinstate g2 expression levels back to those found in naïve 

animals. Interestingly, all experimental manipulations utilising the injection of the lentiviral 

vector exhibited significant downregulation or a trend towards downregulation of g2 expression 

across all layers of the CA1, relative to naïve animals. Indeed, evidence suggests that the 

deletion of the g2 subunit post-synaptogenesis resulted in significant loss of g2-containing 

GABAARs and a loss of gephyrin in mice, suggesting impaired postsynaptic localisation of g2-
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GABAARs (Schweizer et al., 2003). Due to the pentameric nature of GABAARs, reductions in 

g2-GABAARs would likely modulate the postsynaptic clustering of additional receptor 

subunits, promoting disrupted postsynaptic GABAergic inhibition, hippocampal E/I 

imbalance, further contributing to spatial alteration memory deficits observed in animals 

treated with lentiviral vector injection. 

 

Relative to naïve animals, no alterations were observed in the expression of the a2 GABAAR 

subunit throughout the CA1 hippocampal region following Ab1-42-injection. While similar 

results have been observed in the stratum radiatum of human AD brains, analyses of 

a2 immunoreactivity in the stratum oriens and stratum pyramidale revealed increased and 

decreased a2 expression, respectively in AD  (Kwakowsky et al., 2018). In comparison to 

naïve animals, the optogenetic activation of GABAergic neurons following Ab1-42-injection 

significantly reduced a2 expression within the stratum pyramidale and stratum radiatum of the 

CA1 hippocampal region and induced a trend towards reduced expression in the stratum oriens. 

In the rodent hippocampus, a2 exhibits high expression in the pyramidal cell layer, particularly 

localised to the axon initial segment (Fritschy & Mohler, 1995). However, the current study 

did not identify any changes in pyramidal cell count in animals treated with Ab1-42-injection 

and further optogenetic stimulation, therefore delineating alterations in a2 expression are not 

a result of cell loss. While the mechanism of downregulation remains unclear, such reductions 

in a2 expression likely occur as a compensatory mechanism potentially in response to elevated 

hippocampal inflammation. More specifically, tumour-necrosis factor (TNF)-a has been 

shown to modulate synaptic plasticity through the rapid and persistent downregulation of 

GABAARs, particularly those containing the a2 subunit (Pribiag & Stellwagen, 2013). 

Although the current study did not examine the expression of TNF-a, animals treated with 

Ab1-42-injection and further optogenetic stimulation displayed the highest rates of hippocampal 

inflammation, providing a potential trigger for TNF-a-induced a2 downregulation. Due to the 

ubiquity of the a2 subunit and its role in mediating GABAergic inhibition, reduced a2 

expression within the CA1 would likely result in deficits in GABAergic inhibition even in the 

presence of elevated GABA levels, leading to enhanced hippocampal hyperactivity (Gingrich, 

Roberts, & Kass, 1995; Lavoie, Tingey, Harrison, Pritchett, & Twyman, 1997). The altered 

hippocampal output would in turn disrupt the E/I balance, ultimately impairing cognitive 
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function, which can be observed in the NOA scores of animals which received Ab1-42-injection  

and optogenetic activation of GABAergic neurons.  

 

In comparison to naïve animals, no alterations were observed in the expression of a1 following 

Ab1-42 injection, nor with optogenetic activation of GABAergic cells following Ab1-42 

injection, thereby suggesting the stability of the a1 subunit within the CA1 region.  

Additionally, Ab1-42 injection induced no significant change in b3 expression relative to naïve 

animals, however animals which received optogenetic stimulation following Ab1-42-injection 

displayed an upregulation of b3 expression in the stratum oriens of the CA1 hippocampal 

region. The b3 subunit has been shown to play a critical role in GABAergic inhibition. For 

example, the in vitro knock-out of the b3 subunit alone induced impaired input from PV 

GABAergic interneurons, while knock-in of b3 expression in a b1–b2 knock-out rats 

sufficiently restores synaptic and extrasynaptic inhibition (Nguyen & Nicoll, 2018). Although 

the physiological significance of increased b3 expression in the CA1 hippocampal region 

remains unknown, we may infer that such elevations in expression may enhance GABAergic 

inhibition mediated by b3-containing GABAARs. Due to the preservation of b3 expression 

with Ab1-42-injection, this upregulation of b3 GABAergic currents may act to further perturb 

the E/I imbalance in the hippocampus, ultimately contributing to the generation of spatial 

memory alteration deficits observed in these animals.  

 

The immunohistochemical analysis protocols utilised in the current study do not accurately 

discern subunit localisation at the level of the neuron, but the expression of b3 in the CA1 

region appeared to change from somatic-localised staining in naïve animals, to more diffuse 

staining throughout the neuropil in animals that received optogenetic stimulation following 

Ab1-42-injection. The physiological role of the altered localisation of the b3 subunit in disease 

remains unknown, however one may speculate that alterations in b3 subunit expression may 

occur due to alterations in other GABAARs subunit, such as the g2 subunit which strongly 

influences the clustering of GABAARs subunits (Essrich et al., 1998). Moreover, Zhang et al., 

reported a switch in the localisation of the g2 subunit from synaptic to extrasynaptic sites in 

epilepsy, which may provide a mechanism for b3 subunit remodelling observed in the current 

study (N. Zhang, Wei, Mody, & Houser, 2007) 
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5.6 Expression of neuroinflammatory markers in the CA1 hippocampal 
region 

In more recent years, neuroinflammation has become a well renowned contributor to AD 

pathogenesis due to the accumulating evidence which demonstrates an association between 

inflammatory markers and AD (Bradshaw et al., 2013; Gomez-Nicola & Boche, 2015; 

Guerreiro et al., 2013). Therefore, in the current study we investigated the degree of 

neuroinflammation by immunohistochemical analysis of GFAP and Iba-1 marker expression 

reflecting astrocytic and microglial activation, respectively. We found that Ab1-42 injection 

induced a trend towards an increased number of small and large particles for both GFAP and 

Iba-1. The optogenetic activation of GABAergic neurons in the CA1 following Ab1-42-

injection was also shown to significantly increase the small and large particle counts for both 

GFAP and Iba-1 expression, demonstrating considerable increments in reactive astrogliosis 

and microgliosis, respectively within the CA1. Additionally, immunohistochemical analyses 

of GFAP and Iba-1 staining in the CA1 revealed either significant increments or trends towards 

increments in the number of large and small GFAP- and Iba-1-expressing particles of all 

control and experimental manipulations relative to that of the naïve group. Ultimately, an 

increase in large particle expression of GFAP and Iba-1 reflects an elevated number of reactive 

astrocytes and microglia, respectively in the CA1. Alternatively, increased small particle 

counts of GFAP and Iba-1 indicates an elevation in the number of particles undergoing a 

transition from an anti-inflammatory to a pro-inflammatory state. Such increments in 

neuroinflammation observed in control manipulations relative to naïve animals suggests that 

optogenetic implantation, optogenetic stimulation and lentiviral vector injection may promote 

the activation of microglia and astrocytes in the CA1 hippocampal region.   

 

Microglia and astrocytes comprise the primary immune effector cells of the brain, which under 

normal physiological conditions elicit controlled immune reactions in response to cellular 

insults such as cell damage or infection (Chaplin, 2010). While the neuroinflammatory 

responses elicited in AD are complex and yet to be fully elucidated, evidence suggests that the 

AD brain exhibits a sustained, dysregulated inflammatory response, majorly mediated by 

microglia and astrocytes (Akiyama et al., 2000; Obulesu & Jhansilakshmi, 2014). In AD, it is 

hypothesised that the primary driver of microglial and astrocytic activation is the deposition 

and Ab1-42 in the hippocampus, however cell debris from neuronal damage and NFTs also act 

as inflammation-evoking agents (Heneka et al., 2015; Tuppo & Arias, 2005). Indeed, evidence 
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demonstrates the localisation of inflammatory cells and inflammatory-related proteins to the 

sites of Ab plaques, reflecting their initial role in Ab-clearance via phagocytosis and the 

secretion of proteases (Griffin et al., 1989; Ries & Sastre, 2016; Rogers, Luber-Narod, Styren, 

& Civin, 1988). However, as a result of increasing Ab- and NFT-load and subsequent cell 

damage, persistent activation of inflammatory cells induces a state of chronic inflammation 

caused by the excessive production and release of pro-inflammatory mediators including 

cytokines, chemokines, ROS, and proteolytic enzymes, all contributing to the neurotoxicity of 

hippocampal neurons (Rogers & Shen, 2000; Streit, Mrak, & Griffin, 2004). In turn, prolonged 

activation of inflammatory cells leads to reduced immunological cell capacities including 

impaired clearance of Ab (Krabbe et al., 2013). Moreover, elevated levels of pro-inflammatory 

cytokines, particularly interleukin (IL)-1b, have been shown to enhance APP production 

(Goldgaber et al., 1989; Song, Zhang, & Dong, 2013), as well as upregulate the production of 

b-secretase, which participates in the amyloidogenic processing of APP (C.-H. Chen et al., 

2012). Together these findings suggest a mechanism of initial Ab1-42-induced inflammation 

and further inflammation-induced Ab1-42 production inducing a perpetual cycle of exacerbated 

neuronal damage in AD, further likely contributing to the E/I imbalance and cognitive deficits 

in the AD brain. 

 

In line with this proposed mechanism of enhanced AD pathogenesis through chronic 

inflammation, studies analysing the post-mortem brains of AD patients and the brains AD 

animal models consistently demonstrate elevated levels of inflammatory mediators such as IL-

1b and -6, interferon (IFN)-g and TNF-a (Akiyama et al., 2000; Grammas & Ovase, 2001; 

Patel et al., 2005; Sastre et al., 2006). Furthermore, our lab has demonstrated Ab1-42-induced 

upregulations of pro-inflammatory markers including GFAP, CD31 as well as increased 

number of activated astrocytes and microglia in the CA1 region, which preceded neuronal 

death (Calvo-Flores Guzmán, Chaffey, et al., 2020). However, the study reported a lack of 

significant upregulation of the MCP-1 and IP-10 chemotactic factors which have been 

previously implicated in chronic inflammation with AD, thus suggesting Ab1-42-injection alone 

may not be sufficient to trigger such chronic inflammation (McLarnon, 2012). Indeed, these 

findings are in agreement with our results which suggest a trend towards increased 

inflammation in the CA1 of Ab1-42-injected animals relative to that of naïve animals, yet a lack 

of statistical significance in such responses suggests Ab1-42-induced acute inflammation only.  
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The optogenetic activation of GABAergic neurons following Ab1-42-injection was shown to 

enhance the transition of inflammatory cells from an anti-inflammatory to a pro-inflammatory 

state in the CA1 region. The presence of such inflammation, or trends towards elevated 

inflammation in groups which only received control manipulations suggests a mechanism of 

damage-induced inflammation caused by mechanical tissue damage with optogenetic device 

implantation and/or needle insertion into the CA1 hippocampal region. Another important 

consideration is the potential that inflammation can be induced by viral vector transduction 

alone. Although associated with less inflammation relative to alternative viruses, LVs have 

been shown to induce transient, weak levels of inflammation (Jakobsson & Lundberg, 2006). 

These findings suggest that the inflammation observed in lentiviral vector-injected controls 

may be an additive effect of mechanical damage and lentiviral infection of CA1 hippocampal 

neurons. Interestingly, animals which received lentiviral vector injection alone did not exhibit 

reductions in pyramidal cell count, yet were shown to have significant deficits in NOA testing. 

In the absence of optogenetic GABAergic stimulation, the potential contribution of lentiviral 

vector-related inflammation to the modulation of hippocampal activity cannot be disregarded.  

 

Stimulation of the optogenetic device alone is unlikely to contribute to the elevated CA1 region 

inflammation in the CA1 region as previous studies have determined minimal thermal damage 

is induced by utilisation of µLEDs in brain tissue (Ausra et al., 2021; Shin et al., 2017). 

Interestingly, similar studies by our lab utilising stereotaxic injection protocols reported 

increased Iba-1 immunoreactivity across all layers of the CA1 with ACSF infusion alone 

(Calvo-Flores Guzmán, Chaffey, et al., 2020). These findings were not associated with the 

induction of pyramidal cell loss or long-term spatial memory deficits, suggesting the induction 

of acute inflammation in response to mechanical damage caused by needle penetration alone 

does not alter hippocampal integrity or function. Based on these findings, it may be deduced 

that marked elevations in inflammation are primarily the result of mechanical tissue damage 

induced by optogenetic device implantation into the CA1 hippocampal region of mice, due to 

the size of the device which increases the area susceptible to damage (Miyamoto & Murayama, 

2016). 

 

While the current study aimed to evaluate the therapeutic potential of the optogenetic activation 

of GABAergic neurons in the CA1 on Ab1-42-induced neuropathologies in AD, it is clear that 

any potential neuroprotective effects exerted by such stimulation are heavily masked by the 
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detrimental effects of the neuroinflammation observed in animals receiving optogenetic device 

implantation and stimulation manipulations. In particular, the elusive role of lentiviral-related 

inflammation in perturbation of the hippocampal E/I balance presents a considerable challenge 

in determining the true effect of ChR2-mediated optogenetic stimulation of GABAergic on  

Ab1-42-induced alterations in the CA1 hippocampal region.  

5.7 Changes in membrane potential of primary hippocampal neurons with 
FluoVolt assay 

As aforementioned, GABAergic hippocampal neurons are a primary target of dysfunction in 

the AD brain, contributing to altered hippocampal inhibition and cognitive deficits (Palop & 

Mucke, 2016). As previously discussed, considerable studies have documented the selective 

loss of hippocampal GABAergic interneurons (section 5.4) and GABAAR remodelling (section 

5.5) in the hippocampus of AD patients and in mouse models of AD, however very few studies 

have characterised the functional implications of specific changes in synaptic activity. Thus, in 

the current study, we investigated Ab1-42-induced functional changes in neuronal activity 

through membrane potential monitoring of primary hippocampal neuron cultures.  

 

The membrane potential of primary hippocampal cultures was initially probed through 

utilisation of the FluoVolt membrane potential dye wherein KCl was used as a positive control. 

Typically, physiological neuronal membrane voltage is largely regulated by the concentrations 

of K+ and Na+. At rest, the electrochemical gradient is maintained by Na+/K+ pumps which act 

to pump K+ into the neuron and pump Na+ out of the neuron. Because the resting neuronal 

membrane is highly permeable to K+, increments in extracellular K+ induces neuronal 

depolarisation, thus KCl is widely used as a positive control in the evaluation of membrane 

potential changes in neuronal cultures (Rienecker, Poston, & Saha, 2020). Indeed, the FluoVolt 

dye exhibited strong efficacy in membrane potential monitoring as evidenced by consistently 

high frequency of significant positive increments in fluorescence in cultured cells, likely 

reflecting high rates of cell depolarisation with KCl application, with the exception of higher 

KCl concentrations (500 mM and 650 mM KCl). It is important to note that results of 500 mM 

and 650 mM KCl were obtained from only one recording and therefore repetition of these 

experiments with a larger number of recordings may produce slightly different results.  
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In contrast, in the mature CNS GABA binding to GABAARs induces neuronal 

hyperpolarisation via an influx in Cl- into the neuron. In the current study, GABA application 

was shown to almost exclusively induce significant positive membrane potential responses 

across all applied concentrations, suggesting minimal GABA-induced hyperpolarisation in 

primary hippocampal neurons. Interestingly, while these findings do not mimic the 

physiological functions of GABA in the mature CNS, GABA depolarisation of in vitro 

neuronal cultures is fa well-documented event (Holmgren et al., 2010; Rheims et al., 2009). 

Many in vitro studies in rodents have demonstrated that early postnatal CNS development 

utilises depolarising GABAAR transmission to drive excitatory currents and early network 

oscillations which are critical for activity-dependent maturation of neural circuits (Yehezkel 

Ben-Ari et al., 2012). Such early depolarising activities of GABA are mediated by increased 

expression of the Na+-K+-2Cl- (NKCC1) cotransporter relative to the K+-Cl- (KCC2) 

cotransporter which determine the intracellular Ca2+ and thus the polarity of GABA action (Y. 

Ben-Ari, 2002). Ultimately, the increased frequency of GABA-induced depolarisation in the 

current study may reflect maintenance of increased NKCC1 expression relative to KCC2 

expression in wild-type hippocampal cultures.  

 

Although, the current study did not evaluate the polarity of GABA following hippocampal 

Ab1-42 exposure, a recent study of an in vivo and in vitro mouse model of AD reported an 

inhibitory-to-excitatory switch in GABA neurotransmission due to upregulation NKCC1 

cotransporter expression in the CA1 hippocampal region 30 days post-Ab1-42-injection (Lam 

et al., 2022). A similar switch in GABA polarity has been reported in mouse models of chronic 

epilepsy (Wang, Wang, & Chen, 2018). Ultimately, such similarities in disorders which display 

significant GABAergic dysfunction may further elucidate functional alterations in GABA 

inhibition which occur at the level of the synapse. In relation to AD, the consequences of such 

polarity changes in GABA action are unknown, however one may speculate that additional 

excitatory inputs by GABA would further enhance hippocampal hyperexcitability and E/I 

imbalance, thus contributing to cognitive decline in AD.  

 

The application of Ab1-42 to primary hippocampal cultures was shown to induce a relatively 

high response rate in neurons (~80%) across all applied concentrations. Interestingly, neurons 

exhibited a slightly higher frequency of negative responses relative to positive responses at 1 

nM and 10 nM Ab1-42  and higher frequency of positive responses at 100 nM Ab1-42 suggesting 
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polarity towards hyperpolarising and depolarising responses, respectively. Due to the role of 

Ab1-42 in NMDAR activity modulation, the sequential treatment of primary hippocampal 

cultures with increasing Ab1-42 concentration (1 nM, 10 nM, 100 nM) likely influenced the 

subsequent membrane potential responses induced by 100 µM NMDA application due to 

depletion of depletion of Ca2+ stores with Ab1-42-induced depolarisation. Although the current 

study did not employ the treatment of cells with NMDA alone, we expect that NMDA binding 

to NMDARs would induce neuronal depolarisation and an influx of Ca2+ into the cell, thereby 

increasing the membrane potential from a resting state (Zhu, Munhall, Shen, & Johnson, 2005).  

 

In AD, Ab1-42-induced synaptic dysfunction in part occurs due to Ca2+ mishandling and 

subsequent NMDAR overactivity, further disrupting the E/I balance of the hippocampus and 

contributing to the generation and progression of cognitive impairments (Mota et al., 2014). 

For example, an in vitro in primary hippocampal cultures displayed an Ab1-42-induced increase 

in vesicular release from presynaptic cells through disruption of the synaptophysin-VAMP2 

complex at the presynaptic terminal which regulates vesicle release upon excitation (Russell et 

al., 2012). Moreover, Ab1-42 has been shown to impair the reuptake of synaptically released 

glutamate, in turn promoting potentiated glutamatergic excitation at NMDARs (Zott et al., 

2019). In the current study, it is likely that positive increments in membrane potential induced 

by sequential Ab1-42 and NMDA application may be partially due to retained extracellular 

glutamate concentrations which contribute to NMDAR activation and subsequent cell 

depolarisation.  

 

In turn, Ab1-42-induced hyperexctiability via NMDAR overaction would likely perturb LTP 

and further spatial memory and learning. Indeed, mouse in vitro studies demonstrate the rapid 

inhibition of LTP following Ab1-42 oligomer treatment, which occurred without lag (Lambert 

et al., 1998). Similar findings of Ab1-42 disruption of LTP induction in the CA1 and DG are 

reported in both in vivo and in vitro mouse models, believed to occur via NMDAR-dependent 

Ca2+ signalling (Walsh et al., 2002; Q. Wang, Walsh, Rowan, Selkoe, & Anwyl, 2004). A more 

recent study utilising whole-cell patch-clamp protocols to investigate the excitatory 

postsynaptic potentials (EPSPs) in mouse hippocampal slices revealed Ab1-42 -mediated 

inhibition of LTP which was in turn rescued by the application of NMDAR receptor subtype 

NR2B inhibitors – ifendprodil and Ro 25-6981 (S. Li et al., 2009). Moreover, the study reported 

Ab1-42 -induced elevation in p38 mitogen-activated protein kinase (MAPK) activation, leading 
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to the downregulation of cAMP response element-binding protein and LTP inhibition, which 

was confirmed by inhibition of p38 MAPK activity. Together these findings suggest that Ab1-42 

induces enhanced activation of NR2B depolarising currents, in turn, leads to the inhibition of 

LTP. Under physiological conditions, activation of the NMDAR N2RB receptor subtype has 

been specifically implicated in the facilitation of spatial memory, therefore we may speculate 

that enhanced N2RB currents in vitro would likely induce spatial memory deficits in vivo 

(Gruden et al., 2018).  

 

Studies divulging the hyperpolarising action of Ab1-42 are scarce, however similar Ab1-42-

induced reductions in postsynaptic neuron excitability have been reported in rat in vitro studies 

(Yun et al., 2006). The mechanism of potential Ab1-42-induced membrane hyperpolarisation 

remains largely unknown, however some studies have suggested that Ab increases the fast 

inactivating K+ current (IA) by modulation of channels which extrude K+ from inside the neuron 

contributing to hyperpolarisation in the postsynaptic cells (Plant et al., 2006; Ramsden et al., 

2001). Such reductions in neuronal excitability would likely contribute to the inhibition of 

NMDAR-mediated LTP induced by Ab1-42 as depolarisation of the postsynaptic membrane is 

required for the induction of LTP (Chen, Otmakhov, & Lisman, 1999). 

 

It is important to note that application of the FluoVolt dye does not discern cell-type specific 

changes in membrane potential, thus prohibiting the characterisation of glutamatergic- and 

GABAergic-specific responses of the drugs applied in the current study. Moreover, previous 

studies from our lab have demonstrated the lack of sensitivity of the FluoVolt dye to reductions 

in membrane potential (Govindpani, 2020), therefore potentially underestimating the 

frequency and amplitude of negative responses observed in the current study.  

5.8 Changes in membrane potential of primary hippocampal neurons with 
GCaMP gene expression 

Further investigation of specific glutamatergic and GABAergic neuronal Ab1-42-induced 

functional alterations was attempted through rAAV-mediated gene transfer of GCaMP under 

the transcriptional regulation of CaMKIIa and Dlx promoters, respectively. Indeed, utilisation 

of the GCaMP probe has been shown to offer heightened sensitivity to changes in membrane 

potential relative to other membrane potential indicators, and thus may overcome sensitivity 

issues observed with use of the FluoVolt dye (Zhang et al., 2021). However, rAAV 
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transduction resulted in significant neurotoxicity of primary hippocampal cultures, ultimately 

impeding the evaluation of glutamatergic- and GABAergic-specific responses to and the 

comparison of GCaMP sensitivity relative to the FluoVolt dye. 

 

While application of high concentration KCl to was shown to induce relatively high response 

rates in both glutamatergic and GABAergic hippocampal neurons, a large proportion of these 

responses were found to be negative responses, likely reflecting synaptic dysfunction caused 

by rAAV-mediated toxicity. In the current study, optimisation experiments for the transduction 

of primary hippocampal neurons with rAAVs demonstrated that the application of 0.5 µL did 

not induce neurotoxicity in culture. However, the rate of neuronal GCaMP expression was 

found to be relatively low and reaching the peak expression intensity in culture was slow, 

leading to peak expression falling beyond the time period of optimal neuronal function and 

viability. Indeed, evidence demonstrates the sensitivity of primary neuronal cultures to changes 

in microenvironment conditions such as through the application of rAAVs (Beaudoin et al., 

2012). In turn, while rAAVs are widely used for gene delivery in vitro due to their associated 

safety profiles, some low-level toxicity still accompanies the utilisation of rAAVs (Howard, 

Powers, Wang, & Harvey, 2008). Collectively, these findings suggest a combinatorial role of 

high primary hippocampal culture sensitivity and rAAV-induced toxicity as a likely 

mechanism of primary hippocampal neuron cell death.  

5.9 Limitations and future directions 

While the expression and further optogenetic activation of ChR2 were validated in the current 

in vivo study, further whole-cell patch-clamp recordings to quantify the ChR2-mediated GABA 

release from individual neurons and collectively within the CA1 region, achieved with would 

provide a useful comparison of GABA released under physiological conditions as well as under 

AD pathological conditions.  

 

The injection of lentiviral vectors in vivo was shown to induce alterations of GABAAR 

expression and inflammation within the CA1 hippocampal region, however the lack of an 

ACSF control injection in lieu of lentiviral vector injection prevents determination of whether 

these findings were a result of CA1 region needle penetration, the action of the lentiviral vector 

itself, or a dual-action of the two combined. Moreover, a lentiviral vector control injection 
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which excludes the transgene cassette would be beneficial in future experiments to conclude 

any effects exerted by the viral vector itself.    

 

In the in vivo study, significant variations in the time delay between animal perfusion, 

immunohistochemical staining and further imaging of stained sections exist among differing 

animal treatment groups. Therefore, further repetition of the in vivo study with strict time 

delays would enhance the consistency and reliability of observed results, enabling a more 

accurate analysis of the effect of optogenetic GABA activation on Ab1-42-induced alterations 

in the mouse hippocampus. Nonetheless, the results observed in the in vivo study may not 

provide significance due to the low number of animals which can be utilised.  

 

The use of primary cell culture in this study enabled deeper insight into the synaptic function 

of hippocampal neurons following Ab1-42 application, however the protocol is not without its 

caveats. In general, primary cell cultures exhibit a higher risk of contamination relative to other 

cell culture methods. Moreover, the current study isolated hippocampal neurons from P0 mice 

which are thus extremely fragile and sensitive to changes in the surrounding microenvironment.  

Therefore, extreme caution must be exercised during isolation and maintenance manipulations  

to avoid cell damage and death. This includes the gentle trituration of mouse tissue following 

dissection, the application of mediums at correct temperatures, caution in plating and aspiration 

of media etc. The culturing of primary hippocampal neurons is accompanied by the overgrowth 

of non-neuronal cells which may induce neuronal modulation if overgrowth is not prevented. 

The current study utilised AraC addition 3 days following neuronal plating which acts to inhibit 

the proliferation of dividing non-neuronal cells and effectively reduce these to levels which 

mimic the in vivo neuronal environment.  

 

Despite past concerns of our lab group regarding the efficacy of the FluoVolt assay (K. 

Govindpani, 2020), the current study demonstrates effective measurement of both positive and 

negative membrane potential changes in response to numerous modulatory drugs via the 

FluoVolt fluorescent dye proxy. Indeed, such concerns resulted in the initial application of KCl 

at variable concentrations, such as to gauge the true sensitivity of the dye to changes in 

membrane potential.  
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Indeed, a major pitfall of the in vitro culturing experiments is the lack of ‘control’ cells treated 

with singular drug applications i.e., KCl only, GABA only, Ab1-42 only, NMDA only, in 

addition to the sequential application protocols used. Ultimately, the comparison of such 

control cell treatments to sequential cell treatments would enable a more precise 

characterisation of the membrane potential modulation of individual drugs as well as that of 

drugs acting in concert. Moreover, the current study did not examine the effects of GABA 

infusion following Ab1-42 treatment, which would more accurately recapitulate the GABA-

related synaptic alterations which occur in AD. Another limitation which accompanies the use 

of the FluoVolt assay is its inability to describe changes in membrane potential of neuronal 

subpopulations. This lack of specificity in turn called for the application of rAAV vectors 

which would enable membrane potential monitoring in a subpopulation-specific manner. As 

aforementioned, the transduction of primary hippocampal cultures with 1.0 µL rAAVs induced 

significant neurotoxicity, therefore, rendering the monitoring of membrane potential changes 

in glutamatertic and GABAergic neurons through rAAVs futile in the current study. Future in 

vitro studies should aim to better characterise the toxicity vs. expression profiles of rAAVs, 

specifically in relation to primary hippocampal cultures which exhibit heightened sensitivity to 

cell damage and death.  

 

The current study lacked a systematic structure of drug application due to the insensitivity of 

the FluoVolt dye to more subtle changes in membrane potential achieved with drug 

applications of GABA, Ab and NMDA. Ultimately, this reduced sensitivity led to the singular 

application of drug concentrations and an inconsistent sequential application of drugs as no 

obvious changes in membrane potential were detected by the naked eye. Ultimately, these 

subtle membrane potential responses were revealed following the subtraction of drug-induced 

fluorescence amplitudes from baseline values, however these responses appear limited in 

relation to the true neuronal scale of membrane potential changes. In turn, further studies 

investigating glutamatergic- and GABAergic-specific membrane potential responses should 

employ a more sensitive indicator of membrane potential changes which facilitates the accurate 

measurement of membrane potential changes and thus enables a more systematic application 

of drugs for control measurements and additional sequential applications to better recapitulate 

the synaptic changes which occur in AD. 
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5.10 Conclusion 

The current study demonstrates that the optogenetic activation of GABAergic cells in the CA1 

of the hippocampus prior to the development of Ab1-42-induced neuropathology promotes 

maintenance of the hippocampal E/I balance in our in vivo mouse model of AD. Indeed, 

elevations in GABA release from ChR2-expressing hippocampal cells was shown to rescue 

Ab1-42-induced deficits in spatial recognition memory likely due to attenuation of Ab1-42-

induced neuronal toxicity and Ab1-42-induced changes in the expression of GABAAR subunits 

critical to physiological inhibition. While it appears that the effect of optogenetic activation of 

GABAergic cells in the CA1 region is beneficial, we demonstrated a confounding effect 

induced by the lentiviral vector transduction of GAD67-positive cells which reciprocally 

induced remodelling of the GABAergic signalling system as well as increased inflammation 

within the CA1 region. To determine the therapeutic potential of optogenetically modulating 

the GABAergic system for the treatment of AD more accurately, further investigation of the 

mechanisms which underlie the neuroprotective effects and the rescue of long-term spatial 

recognition memory that is achieved by GABAergic optogenetic activation in the CA1 region 

is required. Additionally, the current in vitro study characterised membrane potential responses 

to KCl, GABA, Ab and NMDA through the use of the FluoVolt dye however, the efficacy of 

this approach requires further experimentation with alternative membrane potential fluorescent 

probes. Overall, our findings further characterise the significant GABAergic remodelling 

which contributes to the hippocampal E/I imbalance seen in AD and further corroborates the 

future therapeutic potential of optogenetic-based treatments for in the treatment of AD.  

 

 

 

 

 

 

 

 

 

 

 



 

143 

References 

Aamodt, E. J., & Williams, R. C., Jr. (1984). Microtubule-associated proteins connect 
microtubules and neurofilaments in vitro. Biochemistry, 23(25), 6023-6031. 
doi:10.1021/bi00320a019 

Akirav, I., & Maroun, M. (2006). Ventromedial Prefrontal Cortex Is Obligatory for 
Consolidation and Reconsolidation of Object Recognition Memory. Cerebral Cortex, 
16(12), 1759-1765. doi:10.1093/cercor/bhj114 

Akiyama, H., Barger, S., Barnum, S., Bradt, B., Bauer, J., Cole, G. M., . . . Wyss-Coray, T. 
(2000). Inflammation and Alzheimer's disease. Neurobiol Aging, 21(3), 383-421. 
doi:10.1016/s0197-4580(00)00124-x 

Alger, B. E., & Teyler, T. J. (1976). Long-term and short-term plasticity in the CA1, CA3, 
and dentate regions of the rat hippocampal slice. Brain Res, 110(3), 463-480. 
doi:10.1016/0006-8993(76)90858-1 

Allen, K., & Monyer, H. (2015). Interneuron control of hippocampal oscillations. Curr Opin 
Neurobiol, 31, 81-87. doi:10.1016/j.conb.2014.08.016 

Alzheimer's, A. (2019). 2019 Alzheimer's disease facts and figures. Alzheimer's & Dementia, 
15(3), 321-387. doi:https://doi.org/10.1016/j.jalz.2019.01.010 

Amaral, D. G., & Witter, M. P. (1989). The three-dimensional organization of the 
hippocampal formation: a review of anatomical data. Neuroscience, 31(3), 571-591. 
doi:10.1016/0306-4522(89)90424-7 

Amatniek, J. C., Hauser, W. A., DelCastillo-Castaneda, C., Jacobs, D. M., Marder, K., Bell, 
K., . . . Stern, Y. (2006). Incidence and predictors of seizures in patients with 
Alzheimer's disease. Epilepsia, 47(5), 867-872. doi:10.1111/j.1528-
1167.2006.00554.x 

Andreadis, A. (2006). Misregulation of tau alternative splicing in neurodegeneration and 
dementia. Prog Mol Subcell Biol, 44, 89-107. doi:10.1007/978-3-540-34449-0_5 

Aoyagi, T., Wada, T., Nagai, M., Kojima, F., Harada, S., Takeuchi, T., . . . Tsumita, T. 
(1990). Increased gamma-aminobutyrate aminotransferase activity in brain of patients 
with Alzheimer's disease. Chem Pharm Bull (Tokyo), 38(6), 1748-1749. 
doi:10.1248/cpb.38.1748 

Arancio, O., Zhang, H. P., Chen, X., Lin, C., Trinchese, F., Puzzo, D., . . . Du Yan, S. S. 
(2004). RAGE potentiates Abeta-induced perturbation of neuronal function in 
transgenic mice. EMBO J, 23(20), 4096-4105. doi:10.1038/sj.emboj.7600415 

Arriagada, P. V., Growdon, J. H., Hedley-Whyte, E. T., & Hyman, B. T. (1992). 
Neurofibrillary tangles but not senile plaques parallel duration and severity of 
Alzheimer's disease. Neurology, 42(3), 631. doi:10.1212/WNL.42.3.631 

Ashby, D. M., Floresco, S. B., Phillips, A. G., McGirr, A., Seamans, J. K., & Wang, Y. T. 
(2021). LTD is involved in the formation and maintenance of rat hippocampal CA1 
place-cell fields. Nat Commun, 12(1), 100. doi:10.1038/s41467-020-20317-7 

Assini, F. L., Duzzioni, M., & Takahashi, R. N. (2009). Object location memory in mice: 
Pharmacological validation and further evidence of hippocampal CA1 participation. 
Behavioural Brain Research, 204(1), 206-211. 
doi:https://doi.org/10.1016/j.bbr.2009.06.005 

Ausra, J., Wu, M., Zhang, X., Vazquez-Guardado, A., Skelton, P., Peralta, R., . . . Gutruf, P. 
(2021). Wireless, battery-free, subdermally implantable platforms for transcranial and 
long-range optogenetics in freely moving animals. Proc Natl Acad Sci U S A, 118(30). 
doi:10.1073/pnas.2025775118 



 

144 

Badshah, H., Kim, T. H., & Kim, M. O. (2015). Protective effects of Anthocyanins against 
Amyloid beta-induced neurotoxicity in vivo and in vitro. Neurochemistry 
International, 80, 51-59. doi:https://doi.org/10.1016/j.neuint.2014.10.009 

Bagyinszky, E., Youn, Y. C., An, S. S. A., & Kim, S. (2014). The genetics of Alzheimer's 
disease. Clinical interventions in aging, 9, 535-551. doi:10.2147/CIA.S51571 

Bak, L. K., Schousboe, A., & Waagepetersen, H. S. (2006). The glutamate/GABA-glutamine 
cycle: aspects of transport, neurotransmitter homeostasis and ammonia transfer. J 
Neurochem, 98(3), 641-653. doi:10.1111/j.1471-4159.2006.03913.x 

Balderas, I., Rodriguez-Ortiz, C. J., Salgado-Tonda, P., Chavez-Hurtado, J., McGaugh, J. L., 
& Bermudez-Rattoni, F. (2008). The consolidation of object and context recognition 
memory involve different regions of the temporal lobe. Learn Mem, 15(9), 618-624. 
doi:10.1101/lm.1028008 

Bamberger, M. E., Harris, M. E., McDonald, D. R., Husemann, J., & Landreth, G. E. (2003). 
A cell surface receptor complex for fibrillar beta-amyloid mediates microglial 
activation. J Neurosci, 23(7), 2665-2674. doi:10.1523/jneurosci.23-07-02665.2003 

Barbier, P., Zejneli, O., Martinho, M., Lasorsa, A., Belle, V., Smet-Nocca, C., . . . Landrieu, 
I. (2019). Role of Tau as a Microtubule-Associated Protein: Structural and Functional 
Aspects. Front Aging Neurosci, 11, 204. doi:10.3389/fnagi.2019.00204 

Bartos, M., Vida, I., Frotscher, M., Meyer, A., Monyer, H., Geiger, J. R., & Jonas, P. (2002). 
Fast synaptic inhibition promotes synchronized gamma oscillations in hippocampal 
interneuron networks. Proc Natl Acad Sci U S A, 99(20), 13222-13227. 
doi:10.1073/pnas.192233099 

Basu, J., & Siegelbaum, S. A. (2015). The Corticohippocampal Circuit, Synaptic Plasticity, 
and Memory. Cold Spring Harb Perspect Biol, 7(11). 
doi:10.1101/cshperspect.a021733 

Beal, M. F., Mazurek, M. F., Tran, V. T., Chattha, G., Bird, E. D., & Martin, J. B. (1985). 
Reduced numbers of somatostatin receptors in the cerebral cortex in Alzheimer's 
disease. Science, 229(4710), 289-291. doi:10.1126/science.2861661 

Beaudoin, G. M., 3rd, Lee, S. H., Singh, D., Yuan, Y., Ng, Y. G., Reichardt, L. F., & 
Arikkath, J. (2012). Culturing pyramidal neurons from the early postnatal mouse 
hippocampus and cortex. Nat Protoc, 7(9), 1741-1754. doi:10.1038/nprot.2012.099 

Behar, K. L., & Rothman, D. L. (2001). In Vivo Nuclear Magnetic Resonance Studies of 
Glutamate-γ-Aminobutyric Acid-Glutamine Cycling in Rodent and Human Cortex: 
the Central Role of Glutamine. The Journal of Nutrition, 131(9), 2498S-2504S. 
doi:10.1093/jn/131.9.2498S 

Bekris, L. M., Yu, C.-E., Bird, T. D., & Tsuang, D. W. (2010). Genetics of Alzheimer 
disease. Journal of geriatric psychiatry and neurology, 23(4), 213-227. 
doi:10.1177/0891988710383571 

Ben-Ari, Y. (2002). Excitatory actions of gaba during development: the nature of the nurture. 
Nat Rev Neurosci, 3(9), 728-739. doi:10.1038/nrn920 

Ben-Ari, Y., Woodin, M., Sernagor, E., Cancedda, L., Vinay, L., Rivera, C., . . . Cherubini, 
E. (2012). Refuting the challenges of the developmental shift of polarity of GABA 
actions: GABA more exciting than ever! Frontiers in Cellular Neuroscience, 6. 
doi:10.3389/fncel.2012.00035 

Bettler, B., Kaupmann, K., Mosbacher, J., & Gassmann, M. (2004). Molecular Structure and 
Physiological Functions of GABAB Receptors. Physiological Reviews, 84(3), 835-
867. doi:10.1152/physrev.00036.2003 

Biermann, B., Ivankova-Susankova, K., Bradaia, A., Abdel Aziz, S., Besseyrias, V., 
Kapfhammer, J. P., . . . Bettler, B. (2010). The Sushi domains of GABAB receptors 
function as axonal targeting signals. The Journal of neuroscience : the official journal 



 

145 

of the Society for Neuroscience, 30(4), 1385-1394. doi:10.1523/JNEUROSCI.3172-
09.2010 

Bilousova, T., Miller, C. A., Poon, W. W., Vinters, H. V., Corrada, M., Kawas, C., . . . Gylys, 
K. H. (2016). Synaptic Amyloid-beta Oligomers Precede p-Tau and Differentiate 
High Pathology Control Cases. Am J Pathol, 186(1), 185-198. 
doi:10.1016/j.ajpath.2015.09.018 

Bird, C. M., & Burgess, N. (2008). The hippocampus and memory: insights from spatial 
processing. Nat Rev Neurosci, 9(3), 182-194. doi:10.1038/nrn2335 

Bliss, T. V., & Lomo, T. (1973). Long-lasting potentiation of synaptic transmission in the 
dentate area of the anaesthetized rabbit following stimulation of the perforant path. J 
Physiol, 232(2), 331-356. doi:10.1113/jphysiol.1973.sp010273 

Bloom, G. S. (2014). Amyloid-β and Tau: The Trigger and Bullet in Alzheimer Disease 
Pathogenesis. JAMA Neurology, 71(4), 505-508. doi:10.1001/jamaneurol.2013.5847 

Boissiere, F., Faucheux, B., Duyckaerts, C., Hauw, J. J., Agid, Y., & Hirsch, E. C. (1998). 
Striatal expression of glutamic acid decarboxylase gene in Alzheimer's disease. J 
Neurochem, 71(2), 767-774. doi:10.1046/j.1471-4159.1998.71020767.x 

Booker, S. A., & Vida, I. (2018). Morphological diversity and connectivity of hippocampal 
interneurons. Cell and Tissue Research, 373(3), 619-641. doi:10.1007/s00441-018-
2882-2 

Borden, L. A. (1996). GABA TRANSPORTER HETEROGENEITY: PHARMACOLOGY 
AND CELLULAR LOCALIZATION. Neurochemistry International, 29(4), 335-356. 
doi:https://doi.org/10.1016/0197-0186(95)00158-1 

Borden, L. A., Smith, K. E., Hartig, P. R., Branchek, T. A., & Weinshank, R. L. (1992). 
Molecular heterogeneity of the gamma-aminobutyric acid (GABA) transport system. 
Cloning of two novel high affinity GABA transporters from rat brain. Journal of 
Biological Chemistry, 267(29), 21098-21104. doi:10.1016/s0021-9258(19)36802-4 

Bowen, D. M., Smith, C. B., White, P., Goodhardt, M. J., Spillane, J. A., Flack, R. H. A., & 
Davison, A. N. (1977). CHEMICAL PATHOLOGY OF THE ORGANIC 
DEMENTIAS: I. VALIDITY OF BIOCHEMICAL MEASUREMENTS ON 
HUMAN POST-MORTEM BRAIN SPECIMENS. Brain, 100(3), 397-426. 
doi:10.1093/brain/100.3.397 

Boyden, E. S., Zhang, F., Bamberg, E., Nagel, G., & Deisseroth, K. (2005). Millisecond-
timescale, genetically targeted optical control of neural activity. Nat Neurosci, 8(9), 
1263-1268. doi:10.1038/nn1525 

Braak, H., & Braak, E. (1991). Neuropathological stageing of Alzheimer-related changes. 
Acta Neuropathol, 82(4), 239-259. doi:10.1007/BF00308809 

Bradshaw, E. M., Chibnik, L. B., Keenan, B. T., Ottoboni, L., Raj, T., Tang, A., . . . De Jager, 
P. L. (2013). CD33 Alzheimer's disease locus: altered monocyte function and amyloid 
biology. Nat Neurosci, 16(7), 848-850. doi:10.1038/nn.3435 

Brion, J. P., Couck, A. M., Passareiro, E., & Flament-Durand, J. (1985). Neurofibrillary 
tangles of Alzheimer's disease: an immunohistochemical study. J Submicrosc Cytol, 
17(1), 89-96.  

Burbaeva, G., Boksha, I. S., Tereshkina, E. B., Savushkina, O. K., Prokhorova, T. A., & 
Vorobyeva, E. A. (2014). Glutamate and GABA-metabolizing enzymes in post-
mortem cerebellum in Alzheimer's disease: phosphate-activated glutaminase and 
glutamic acid decarboxylase. Cerebellum, 13(5), 607-615. doi:10.1007/s12311-014-
0573-4 

Busche, M. A., Eichhoff, G., Adelsberger, H., Abramowski, D., Wiederhold, K.-H., Haass, 
C., . . . Garaschuk, O. (2008). Clusters of Hyperactive Neurons Near Amyloid Plaques 



 

146 

in a Mouse Model of Alzheimer's Disease. Science, 321(5896), 1686-1689. 
doi:10.1126/science.1162844 

Bush, D., Barry, C., & Burgess, N. (2014). What do grid cells contribute to place cell firing? 
Trends in Neurosciences, 37(3), 136-145. 
doi:https://doi.org/10.1016/j.tins.2013.12.003 

Buzsaki, G., & Draguhn, A. (2004). Neuronal oscillations in cortical networks. Science, 
304(5679), 1926-1929. doi:10.1126/science.1099745 

Buzsaki, G., Leung, L. W., & Vanderwolf, C. H. (1983). Cellular bases of hippocampal EEG 
in the behaving rat. Brain Res, 287(2), 139-171. doi:10.1016/0165-0173(83)90037-1 

Calvo-Flores Guzman, B., Kim, S., Chawdhary, B., Peppercorn, K., Tate, W. P., Waldvogel, 
H. J., . . . Kwakowsky, A. (2020). Amyloid-Beta1-42 -Induced Increase in 
GABAergic Tonic Conductance in Mouse Hippocampal CA1 Pyramidal Cells. 
Molecules, 25(3). doi:10.3390/molecules25030693 

Calvo-Flores Guzmán, B., Chaffey, E. T., Hansika Palpagama, T., Waters, S., Boix, J., Tate, 
W. P., . . . Kwakowsky, A. (2020). The Interplay Between Beta-Amyloid 1–42 (Aβ1–
42)-Induced Hippocampal Inflammatory Response, p-tau, Vascular Pathology, and 
Their Synergistic Contributions to Neuronal Death and Behavioral Deficits. Frontiers 
in Molecular Neuroscience, 13. doi:10.3389/fnmol.2020.552073 

Calvo-Flores Guzmán, B., Elizabeth Chaffey, T., Hansika Palpagama, T., Waters, S., Boix, 
J., Tate, W. P., . . . Kwakowsky, A. (2020). The Interplay Between Beta-Amyloid 1–
42 (Aβ1–42)-Induced Hippocampal Inflammatory Response, p-tau, Vascular 
Pathology, and Their Synergistic Contributions to Neuronal Death and Behavioral 
Deficits. Frontiers in Molecular Neuroscience, 13. doi:10.3389/fnmol.2020.552073 

Calvo-Flores Guzmán, B., Vinnakota, C., Govindpani, K., Waldvogel, H. J., Faull, R. L. M., 
& Kwakowsky, A. (2018). The GABAergic system as a therapeutic target for 
Alzheimer's disease. Journal of Neurochemistry, 146(6), 649-669. 
doi:https://doi.org/10.1111/jnc.14345 

Campbell, B. F. N., & Tyagarajan, S. K. (2019). Cellular Mechanisms Contributing to the 
Functional Heterogeneity of GABAergic Synapses. Frontiers in molecular 
neuroscience, 12, 187-187. doi:10.3389/fnmol.2019.00187 

Candy, J. M., Gascoigne, A. D., Biggins, J. A., Smith, A. I., Perry, R. H., Perry, E. K., . . . 
Edwardson, J. A. (1985). Somatostatin immunoreactivity in cortical and some 
subcortical regions in Alzheimer's disease. Journal of the Neurological Sciences, 
71(2), 315-323. doi:https://doi.org/10.1016/0022-510X(85)90070-X 

Caraiscos, V. B., Elliott, E. M., You-Ten, K. E., Cheng, V. Y., Belelli, D., Newell, J. G., . . . 
Orser, B. A. (2004). Tonic inhibition in mouse hippocampal CA1 pyramidal neurons 
is mediated by alpha5 subunit-containing gamma-aminobutyric acid type A receptors. 
Proc Natl Acad Sci U S A, 101(10), 3662-3667. doi:10.1073/pnas.0307231101 

Carty, M., & Bowie, A. G. (2011). Evaluating the role of Toll-like receptors in diseases of the 
central nervous system. Biochem Pharmacol, 81(7), 825-837. 
doi:10.1016/j.bcp.2011.01.003 

Castle, M. J., Turunen, H. T., Vandenberghe, L. H., & Wolfe, J. H. (2016). Controlling AAV 
Tropism in the Nervous System with Natural and Engineered Capsids. Methods in 
molecular biology (Clifton, N.J.), 1382, 133-149. doi:10.1007/978-1-4939-3271-9_10 

Cattaud, V., Bezzina, C., Rey, C. C., Lejards, C., Dahan, L., & Verret, L. (2018). Early 
disruption of parvalbumin expression and perineuronal nets in the hippocampus of the 
Tg2576 mouse model of Alzheimer's disease can be rescued by enriched 
environment. Neurobiology of Aging, 72, 147-158. 
doi:https://doi.org/10.1016/j.neurobiolaging.2018.08.024 



 

147 

Cembrowski, M. S., Phillips, M. G., DiLisio, S. F., Shields, B. C., Winnubst, J., 
Chandrashekar, J., . . . Spruston, N. (2018). Dissociable Structural and Functional 
Hippocampal Outputs via Distinct Subiculum Cell Classes. Cell, 173(5), 1280-1292 
e1218. doi:10.1016/j.cell.2018.03.031 

Chambers, M. S., Atack, J. R., Carling, R. W., Collinson, N., Cook, S. M., Dawson, G. R., . . 
. MacLeod, A. M. (2004). An Orally Bioavailable, Functionally Selective Inverse 
Agonist at the Benzodiazepine Site of GABAA α5 Receptors with Cognition 
Enhancing Properties. Journal of Medicinal Chemistry, 47(24), 5829-5832. 
doi:10.1021/jm040863t 

Chaplin, D. D. (2010). Overview of the immune response. Journal of Allergy and Clinical 
Immunology, 125(2, Supplement 2), S3-S23. 
doi:https://doi.org/10.1016/j.jaci.2009.12.980 

Chen, C.-H., Zhou, W., Liu, S., Deng, Y., Cai, F., Tone, M., . . . Song, W. (2012). Increased 
NF-κB signalling up-regulates BACE1 expression and its therapeutic potential in 
Alzheimer's disease. International Journal of Neuropsychopharmacology, 15(1), 77-
90. doi:10.1017/S1461145711000149 

Chen, G. F., Xu, T. H., Yan, Y., Zhou, Y. R., Jiang, Y., Melcher, K., & Xu, H. E. (2017). 
Amyloid beta: structure, biology and structure-based therapeutic development. Acta 
Pharmacol Sin, 38(9), 1205-1235. doi:10.1038/aps.2017.28 

Chen, H.-X., Otmakhov, N., & Lisman, J. (1999). Requirements for LTP Induction by 
Pairing in Hippocampal CA1 Pyramidal Cells. Journal of Neurophysiology, 82(2), 
526-532. doi:10.1152/jn.1999.82.2.526 

Choi, S. H., Kim, Y. H., Hebisch, M., Sliwinski, C., Lee, S., D'Avanzo, C., . . . Kim, D. Y. 
(2014). A three-dimensional human neural cell culture model of Alzheimer's disease. 
Nature, 515(7526), 274-278. doi:10.1038/nature13800 

Choii, G., & Ko, J. (2015). Gephyrin: a central GABAergic synapse organizer. Experimental 
& Molecular Medicine, 47(4), e158-e158. doi:10.1038/emm.2015.5 

Chu, D. C., Penney, J. B., Jr., & Young, A. B. (1987). Cortical GABAB and GABAA 
receptors in Alzheimer's disease: a quantitative autoradiographic study. Neurology, 
37(9), 1454-1459. doi:10.1212/wnl.37.9.1454 

Chung, H., Park, K., Jang, H. J., Kohl, M. M., & Kwag, J. (2020). Dissociation of 
somatostatin and parvalbumin interneurons circuit dysfunctions underlying 
hippocampal theta and gamma oscillations impaired by amyloid beta oligomers in 
vivo. Brain Struct Funct, 225(3), 935-954. doi:10.1007/s00429-020-02044-3 

Cobb, S. R., Buhl, E. H., Halasy, K., Paulsen, O., & Somogyi, P. (1995). Synchronization of 
neuronal activity in hippocampus by individual GABAergic interneurons. Nature, 
378(6552), 75-78. doi:http://dx.doi.org/10.1038/378075a0 

Cohen, S. J., & Stackman, R. W., Jr. (2015). Assessing rodent hippocampal involvement in 
the novel object recognition task. A review. Behav Brain Res, 285, 105-117. 
doi:10.1016/j.bbr.2014.08.002 

Collinson, N., Kuenzi, F. M., Jarolimek, W., Maubach, K. A., Cothliff, R., Sur, C., . . . 
Rosahl, T. W. (2002). Enhanced learning and memory and altered GABAergic 
synaptic transmission in mice lacking the alpha 5 subunit of the GABAA receptor. J 
Neurosci, 22(13), 5572-5580. doi:20026436 

Coughlan, G., Laczo, J., Hort, J., Minihane, A. M., & Hornberger, M. (2018). Spatial 
navigation deficits - overlooked cognitive marker for preclinical Alzheimer disease? 
Nat Rev Neurol, 14(8), 496-506. doi:10.1038/s41582-018-0031-x 

Crestani, F., Keist, R., Fritschy, J. M., Benke, D., Vogt, K., Prut, L., . . . Rudolph, U. (2002). 
Trace fear conditioning involves hippocampal alpha5 GABA(A) receptors. Proc Natl 
Acad Sci U S A, 99(13), 8980-8985. doi:10.1073/pnas.142288699 



 

148 

Cribbs, D. H., Berchtold, N. C., Perreau, V., Coleman, P. D., Rogers, J., Tenner, A. J., & 
Cotman, C. W. (2012). Extensive innate immune gene activation accompanies brain 
aging, increasing vulnerability to cognitive decline and neurodegeneration: a 
microarray study. J Neuroinflammation, 9, 179. doi:10.1186/1742-2094-9-179 

Crick, F. H. (1979). Thinking about the brain. Sci Am, 241(3), 219-232. 
doi:10.1038/scientificamerican0979-219 

Curia, G., Papouin, T., Séguéla, P., & Avoli, M. (2009). Downregulation of tonic GABAergic 
inhibition in a mouse model of fragile X syndrome. Cereb Cortex, 19(7), 1515-1520. 
doi:10.1093/cercor/bhn159 

Davidson, B. L., & Breakefield, X. O. (2003). Neurological diseases: Viral vectors for gene 
delivery to the nervous system. Nature Reviews Neuroscience, 4(5), 353. 
doi:10.1038/nrn1104 

DeIpolyi, A. R., Rankin, K. P., Mucke, L., Miller, B. L., & Gorno-Tempini, M. L. (2007). 
Spatial cognition and the human navigation network in AD and MCI. Neurology, 
69(10), 986-997. doi:10.1212/01.wnl.0000271376.19515.c6 

Deisseroth, K. (2011). Optogenetics. Nature methods, 8(1), 26-29. doi:10.1038/nmeth.f.324 
Deng, L., Haynes, P. A., Wu, Y., Amirkhani, A., Kamath, K. S., Wu, J. X., . . . Mirzaei, M. 

(2020). Amyloid-beta peptide neurotoxicity in human neuronal cells is associated 
with modulation of insulin-like growth factor transport, lysosomal machinery and 
extracellular matrix receptor interactions. Neural regeneration research, 15(11), 
2131-2142. doi:10.4103/1673-5374.282261 

DeTure, M. A., & Dickson, D. W. (2019). The neuropathological diagnosis of Alzheimer’s 
disease. Molecular Neurodegeneration, 14(1), 32. doi:10.1186/s13024-019-0333-5 

Dickson, D. W., Crystal, H. A., Mattiace, L. A., Masur, D. M., Blau, A. D., Davies, P., . . . 
Aronson, M. K. (1992). Identification of normal and pathological aging in 
prospectively studied nondemented elderly humans. Neurobiology of Aging, 13(1), 
179-189. doi:https://doi.org/10.1016/0197-4580(92)90027-U 

Dimidschstein, J., Chen, Q., Tremblay, R., Rogers, S. L., Saldi, G. A., Guo, L., . . . Fishell, G. 
(2016). A viral strategy for targeting and manipulating interneurons across vertebrate 
species. Nat Neurosci, 19(12), 1743-1749. doi:10.1038/nn.4430 

Donohue, M. C., Sperling, R. A., Petersen, R., Sun, C.-K., Weiner, M. W., Aisen, P. S., & for 
the Alzheimer’s Disease Neuroimaging, I. (2017). Association Between Elevated 
Brain Amyloid and Subsequent Cognitive Decline Among Cognitively Normal 
Persons. JAMA, 317(22), 2305-2316. doi:10.1001/jama.2017.6669 

Drummond, E., & Wisniewski, T. (2017). Alzheimer's disease: experimental models and 
reality. Acta neuropathologica, 133(2), 155-175. doi:10.1007/s00401-016-1662-x 

Duff, K., Eckman, C., Zehr, C., Yu, X., & et al. (1996). Increased amyloid-beta42(43) in 
brains of mice expressing mutant presenilin 1. Nature, 383(6602), 710-713. 
doi:http://dx.doi.org/10.1038/383710a0 

Edry, E., Lamprecht, R., Wagner, S., & Rosenblum, K. (2011). Virally mediated gene 
manipulation in the adult CNS. Frontiers in Molecular Neuroscience, 4. 
doi:10.3389/fnmol.2011.00057 

Elder, G. A., Gama Sosa, M. A., & De Gasperi, R. (2010). Transgenic mouse models of 
Alzheimer's disease. Mt Sinai J Med, 77(1), 69-81. doi:10.1002/msj.20159 

Ellison, D. W., Beal, M. F., Mazurek, M. F., Bird, E. D., & Martin, J. B. (1986). A 
postmortem study of amino acid neurotransmitters in Alzheimer's disease. Ann 
Neurol, 20(5), 616-621. doi:10.1002/ana.410200510 

Ernst, O. P., Lodowski, D. T., Elstner, M., Hegemann, P., Brown, L. S., & Kandori, H. 
(2014). Microbial and animal rhodopsins: structures, functions, and molecular 
mechanisms. Chem Rev, 114(1), 126-163. doi:10.1021/cr4003769 



 

149 

Essrich, C., Lorez, M., Benson, J. A., Fritschy, J.-M., & Lüscher, B. (1998). Postsynaptic 
clustering of major GABAA receptor subtypes requires the γ2 subunit and gephyrin. 
Nature Neuroscience, 1(7), 563-571. doi:10.1038/2798 

Falgàs, N., Sánchez-Valle, R., Bargalló, N., Balasa, M., Fernández-Villullas, G., Bosch, B., . 
. . Lladó, A. (2019). Hippocampal atrophy has limited usefulness as a diagnostic 
biomarker on the early onset Alzheimer's disease patients: A comparison between 
visual and quantitative assessment. NeuroImage. Clinical, 23, 101927-101927. 
doi:10.1016/j.nicl.2019.101927 

Fernández-Tomé, P., Brera, B., Arévalo, M. a.-A., & de Ceballos, M. a. L. (2004). β-
Amyloid25-35 inhibits glutamate uptake in cultured neurons and astrocytes: 
modulation of uptake as a survival mechanism. Neurobiology of Disease, 15(3), 580-
589. doi:https://doi.org/10.1016/j.nbd.2003.12.006 

Ferreira, I. L., Bajouco, L. M., Mota, S. I., Auberson, Y. P., Oliveira, C. R., & Rego, A. C. 
(2012). Amyloid beta peptide 1–42 disturbs intracellular calcium homeostasis through 
activation of GluN2B-containing N-methyl-d-aspartate receptors in cortical cultures. 
Cell Calcium, 51(2), 95-106. doi:https://doi.org/10.1016/j.ceca.2011.11.008 

Ferreira, S. T., Clarke, J. R., Bomfim, T. R., & De Felice, F. G. (2014). Inflammation, 
defective insulin signaling, and neuronal dysfunction in Alzheimer's disease. 
Alzheimers Dement, 10(1 Suppl), S76-83. doi:10.1016/j.jalz.2013.12.010 

Ferreira, S. T., & Klein, W. L. (2011). The Aβ oligomer hypothesis for synapse failure and 
memory loss in Alzheimer’s disease. Neurobiology of Learning and Memory, 96(4), 
529-543. doi:https://doi.org/10.1016/j.nlm.2011.08.003 

Francis, P. T. (2003). Glutamatergic systems in Alzheimer's disease. International Journal of 
Geriatric Psychiatry, 18(S1), S15-S21. doi:https://doi.org/10.1002/gps.934 

Friedman, D., Honig, L. S., & Scarmeas, N. (2012). Seizures and Epilepsy in Alzheimer's 
Disease. CNS Neuroscience & Therapeutics, 18(4), 285-294. 
doi:https://doi.org/10.1111/j.1755-5949.2011.00251.x 

Fries, P. (2015). Rhythms for Cognition: Communication through Coherence. Neuron, 88(1), 
220-235. doi:https://doi.org/10.1016/j.neuron.2015.09.034 

Fritschy, J. M., & Mohler, H. (1995). GABAA-receptor heterogeneity in the adult rat brain: 
differential regional and cellular distribution of seven major subunits. J Comp Neurol, 
359(1), 154-194. doi:10.1002/cne.903590111 

Froemke, R. C. (2015). Plasticity of Cortical Excitatory-Inhibitory Balance. Annual Review of 
Neuroscience, 38(1), 195-219. doi:10.1146/annurev-neuro-071714-034002 

Frost, B., Jacks, R. L., & Diamond, M. I. (2009). Propagation of tau misfolding from the 
outside to the inside of a cell. J Biol Chem, 284(19), 12845-12852. 
doi:10.1074/jbc.M808759200 

Fuhrer, T. E., Palpagama, T. H., Waldvogel, H. J., Synek, B. J. L., Turner, C., Faull, R. L., & 
Kwakowsky, A. (2017). Impaired expression of GABA transporters in the human 
Alzheimer's disease hippocampus, subiculum, entorhinal cortex and superior temporal 
gyrus. Neuroscience, 351, 108-118. doi:10.1016/j.neuroscience.2017.03.041 

Fukumoto, H., Tokuda, T., Kasai, T., Ishigami, N., Hidaka, H., Kondo, M., . . . Nakagawa, 
M. (2010). High-molecular-weight beta-amyloid oligomers are elevated in 
cerebrospinal fluid of Alzheimer patients. Faseb j, 24(8), 2716-2726. 
doi:10.1096/fj.09-150359 

Galvez, T., Duthey, B., Kniazeff, J., Blahos, J., Rovelli, G., Bettler, B., . . . Jean-Philippe, P. 
(2001). Allosteric interactions between GB1 andGB2 subunits are required for 
optimalGABAB receptor function. EMBO Journal, 20(9), 2152-2159.  



 

150 

Gao, C. M., Yam, A. Y., Wang, X., Magdangal, E., Salisbury, C., Peretz, D., . . . Allauzen, S. 
(2011). Aβ40 Oligomers Identified as a Potential Biomarker for the Diagnosis of 
Alzheimer's Disease. PLOS ONE, 5(12), e15725. doi:10.1371/journal.pone.0015725 

Ge, Y., Dong, Z., Bagot Rosemary, C., Howland John, G., Phillips Anthony, G., Wong Tak, 
P., & Wang Yu, T. (2010). Hippocampal long-term depression is required for the 
consolidation of spatial memory. Proceedings of the National Academy of Sciences, 
107(38), 16697-16702. doi:10.1073/pnas.1008200107 

Giannakopoulos, P., Gold, G., von Gunten, A., Hof, P. R., & Bouras, C. (2009). Pathological 
substrates of cognitive decline in Alzheimer's disease. Front Neurol Neurosci, 24, 20-
29. doi:10.1159/000197881 

Gielen, M., Barilone, N., & Corringer, P.-J. (2020). The desensitization pathway of GABAA 
receptors, one subunit at a time. Nature Communications, 11(1), 5369. 
doi:10.1038/s41467-020-19218-6 

Gingrich, K. J., Roberts, W. A., & Kass, R. S. (1995). Dependence of the GABAA receptor 
gating kinetics on the alpha-subunit isoform: implications for structure-function 
relations and synaptic transmission. J Physiol, 489 ( Pt 2), 529-543. 
doi:10.1113/jphysiol.1995.sp021070 

Ginsberg, S. D. (2010). Alterations in discrete glutamate receptor subunits in adult mouse 
dentate gyrus granule cells following perforant path transection. Anal Bioanal Chem, 
397(8), 3349-3358. doi:10.1007/s00216-010-3826-1 

Goldgaber, D., Harris, H. W., Hla, T., Maciag, T., Donnelly, R. J., Jacobsen, J. S., . . . 
Gajdusek, D. C. (1989). Interleukin 1 regulates synthesis of amyloid beta-protein 
precursor mRNA in human endothelial cells. Proc Natl Acad Sci U S A, 86(19), 7606-
7610. doi:10.1073/pnas.86.19.7606 

Gomez-Nicola, D., & Boche, D. (2015). Post-mortem analysis of neuroinflammatory changes 
in human Alzheimer's disease. Alzheimers Res Ther, 7(1), 42. doi:10.1186/s13195-
015-0126-1 

Govindpani, K. (2020). Characterisation of a Novel GABA Signalling System in the Human 
Cerebral Vasculature. (Doctor of Philosophy in Anatomy). The Unversity of 
Auckland,  

Govindpani, K., Calvo-Flores Guzman, B., Vinnakota, C., Waldvogel, H. J., Faull, R. L., & 
Kwakowsky, A. (2017). Towards a Better Understanding of GABAergic Remodeling 
in Alzheimer's Disease. Int J Mol Sci, 18(8). doi:10.3390/ijms18081813 

Govindpani, K., Turner, C., Waldvogel, H. J., Faull, R. L. M., & Kwakowsky, A. (2020). 
Impaired Expression of GABA Signaling Components in the Alzheimer’s Disease 
Middle Temporal Gyrus. International Journal of Molecular Sciences, 21(22). 
doi:10.3390/ijms21228704 

Graeber, M. B., & Streit, W. J. (2010). Microglia: biology and pathology. Acta Neuropathol, 
119(1), 89-105. doi:10.1007/s00401-009-0622-0 

Grammas, P., & Ovase, R. (2001). Inflammatory factors are elevated in brain microvessels in 
Alzheimer's disease. Neurobiol Aging, 22(6), 837-842. doi:10.1016/s0197-
4580(01)00276-7 

Gravina, S. A., Ho, L., Eckman, C. B., Long, K. E., Otvos, L., Jr., Younkin, L. H., . . . 
Younkin, S. G. (1995). Amyloid β Protein (Aβ) in Alzheimeri's Disease Brain: 
BIOCHEMICAL AND IMMUNOCYTOCHEMICAL ANALYSIS WITH 
ANTIBODIES SPECIFIC FOR FORMS ENDING AT Aβ40 OR Aβ42(43) (∗). 
Journal of Biological Chemistry, 270(13), 7013-7016. doi:10.1074/jbc.270.13.7013 

Griffin, W. S., Sheng, J. G., Roberts, G. W., & Mrak, R. E. (1995). Interleukin-1 expression 
in different plaque types in Alzheimer's disease: significance in plaque evolution. J 
Neuropathol Exp Neurol, 54(2), 276-281. doi:10.1097/00005072-199503000-00014 



 

151 

Griffin, W. S., Stanley, L. C., Ling, C., White, L., MacLeod, V., Perrot, L. J., . . . Araoz, C. 
(1989). Brain interleukin 1 and S-100 immunoreactivity are elevated in Down 
syndrome and Alzheimer disease. Proc Natl Acad Sci U S A, 86(19), 7611-7615. 
doi:10.1073/pnas.86.19.7611 

Grouselle, D., Winsky-Sommerer, R., David, J. P., Delacourte, A., Dournaud, P., & 
Epelbaum, J. (1998). Loss of somatostatin-like immunoreactivity in the frontal cortex 
of Alzheimer patients carrying the apolipoprotein epsilon 4 allele. Neuroscience 
Letters, 255(1), 21-24. doi:https://doi.org/10.1016/S0304-3940(98)00698-3 

Gruden, M. A., Ratmirov, A. M., Storozheva, Z. I., Solovieva, O. A., Sherstnev, V. V., & 
Sewell, R. D. E. (2018). The Neurogenesis Actuator and NR2B/NMDA Receptor 
Antagonist Ro25-6981 Consistently Improves Spatial Memory Retraining Via Brain 
Region-Specific Gene Expression. Journal of Molecular Neuroscience, 65(2), 167-
178. doi:10.1007/s12031-018-1083-5 

Gruia, A. D., Bondar, A. N., Smith, J. C., & Fischer, S. (2005). Mechanism of a molecular 
valve in the halorhodopsin chloride pump. Structure, 13(4), 617-627. 
doi:10.1016/j.str.2005.01.021 

Gruning, C. S., Klinker, S., Wolff, M., Schneider, M., Toksoz, K., Klein, A. N., . . . Hoyer, 
W. (2013). The off-rate of monomers dissociating from amyloid-beta protofibrils. J 
Biol Chem, 288(52), 37104-37111. doi:10.1074/jbc.M113.513432 

Guerreiro, R., Wojtas, A., Bras, J., Carrasquillo, M., Rogaeva, E., Majounie, E., . . . 
Alzheimer Genetic Analysis, G. (2013). TREM2 variants in Alzheimer's disease. N 
Engl J Med, 368(2), 117-127. doi:10.1056/NEJMoa1211851 

Gunaydin, L. A., Yizhar, O., Berndt, A., Sohal, V. S., Deisseroth, K., & Hegemann, P. 
(2010). Ultrafast optogenetic control. Nat Neurosci, 13(3), 387-392. 
doi:10.1038/nn.2495 

Guru, A., Post, R. J., Ho, Y. Y., & Warden, M. R. (2015). Making Sense of Optogenetics. Int 
J Neuropsychopharmacol, 18(11), pyv079. doi:10.1093/ijnp/pyv079 

Gómez-Isla, T., Hollister, R., West, H., Mui, S., Growdon, J. H., Petersen, R. C., . . . Hyman, 
B. T. (1997). Neuronal loss correlates with but exceeds neurofibrillary tangles in 
Alzheimer's disease. Annals of Neurology, 41(1), 17-24. 
doi:https://doi.org/10.1002/ana.410410106 

Hablitz, J. J. (1985). Action of excitatory amino acids and their antagonists on hippocampal 
neurons. Cell Mol Neurobiol, 5(4), 389-405. doi:10.1007/bf00755403 

Hafting, T., Fyhn, M., Molden, S., Moser, M. B., & Moser, E. I. (2005). Microstructure of a 
spatial map in the entorhinal cortex. Nature, 436(7052), 801-806. 
doi:10.1038/nature03721 

Han, S., & Shin, G. (2020). Biodegradable Optical Fiber in a Soft Optoelectronic Device for 
Wireless Optogenetic Applications. Coatings, 10(12). doi:10.3390/coatings10121153 

Han, X., & Boyden, E. S. (2007). Multiple-color optical activation, silencing, and 
desynchronization of neural activity, with single-spike temporal resolution. PLoS 
One, 2(3), e299. doi:10.1371/journal.pone.0000299 

Hardy, J. A., & Higgins, G. A. (1992). Alzheimer's disease: the amyloid cascade hypothesis. 
Science, 256(5054), 184-185. doi:10.1126/science.1566067 

Hauser, J., Rudolph, U., Keist, R., Möhler, H., Feldon, J., & Yee, B. K. (2005). Hippocampal 
α5 subunit-containing GABAA receptors modulate the expression of prepulse 
inhibition. Molecular Psychiatry, 10(2), 201-207. doi:10.1038/sj.mp.4001554 

Heneka, M. T., Carson, M. J., Khoury, J. E., Landreth, G. E., Brosseron, F., Feinstein, D. L., . 
. . Kummer, M. P. (2015). Neuroinflammation in Alzheimer's disease. The Lancet 
Neurology, 14(4), 388-405. doi:https://doi.org/10.1016/S1474-4422(15)70016-5 



 

152 

Herman, P. A., Lundqvist, M., & Lansner, A. (2013). Nested theta to gamma oscillations and 
precise spatiotemporal firing during memory retrieval in a simulated attractor 
network. Brain Research, 1536, 68-87. 
doi:https://doi.org/10.1016/j.brainres.2013.08.002 

Hoe, H.-S., Lee, H.-K., & Pak, D. T. S. (2012). The Upside of APP at Synapses. CNS 
Neuroscience & Therapeutics, 18(1), 47-56. doi:https://doi.org/10.1111/j.1755-
5949.2010.00221.x 

Holmgren, C. D., Mukhtarov, M., Malkov, A. E., Popova, I. Y., Bregestovski, P., & Zilberter, 
Y. (2010). Energy substrate availability as a determinant of neuronal resting potential, 
GABA signaling and spontaneous network activity in the neonatal cortex in vitro. J 
Neurochem, 112(4), 900-912. doi:10.1111/j.1471-4159.2009.06506.x 

Howard, D. B., Powers, K., Wang, Y., & Harvey, B. K. (2008). Tropism and toxicity of 
adeno-associated viral vector serotypes 1, 2, 5, 6, 7, 8, and 9 in rat neurons and glia in 
vitro. Virology, 372(1), 24-34. doi:10.1016/j.virol.2007.10.007 

Hsiao, K., Chapman, P., Nilsen, S., Eckman, C., Harigaya, Y., Younkin, S., . . . Cole, G. 
(1996). Correlative memory deficits, A-beta elevation, and amyloid plaques in 
transgenic mice. Science, 274, 99+.  

Hu, W., Zhang, X., Tung, Y. C., Xie, S., Liu, F., & Iqbal, K. (2016). Hyperphosphorylation 
determines both the spread and the morphology of tau pathology. Alzheimers Dement, 
12(10), 1066-1077. doi:10.1016/j.jalz.2016.01.014 

Hunsaker, M. R., Fieldsted, P. M., Rosenberg, J. S., & Kesner, R. P. (2008). Dissociating the 
roles of dorsal and ventral CA1 for the temporal processing of spatial locations, visual 
objects, and odors. Behav Neurosci, 122(3), 643-650. doi:10.1037/0735-
7044.122.3.643 

Hurtado, D. E., Molina-Porcel, L., Iba, M., Aboagye, A. K., Paul, S. M., Trojanowski, J. Q., 
& Lee, V. M. (2010). Aβ accelerates the spatiotemporal progression of tau pathology 
and augments tau amyloidosis in an Alzheimer mouse model. Am J Pathol, 177(4), 
1977-1988. doi:10.2353/ajpath.2010.100346 

Iqbal, K., Liu, F., Gong, C. X., & Grundke-Iqbal, I. (2010). Tau in Alzheimer disease and 
related tauopathies. Current Alzheimer research, 7(8), 656-664. 
doi:10.2174/156720510793611592 

Isaacson, Jeffry S., & Scanziani, M. (2011). How Inhibition Shapes Cortical Activity. 
Neuron, 72(2), 231-243. doi:https://doi.org/10.1016/j.neuron.2011.09.027 

Israel, M. A., Yuan, S. H., Bardy, C., Reyna, S. M., Mu, Y., Herrera, C., . . . Goldstein, L. S. 
(2012). Probing sporadic and familial Alzheimer's disease using induced pluripotent 
stem cells. Nature, 482(7384), 216-220. doi:10.1038/nature10821 

Ittner, L. M., Ke, Y. D., Delerue, F., Bi, M., Gladbach, A., van Eersel, J., . . . Götz, J. (2010). 
Dendritic Function of Tau Mediates Amyloid-β Toxicity in Alzheimer's Disease 
Mouse Models. Cell, 142(3), 387-397. doi:https://doi.org/10.1016/j.cell.2010.06.036 

Iwakiri, M., Mizukami, K., Ikonomovic, M. D., Ishikawa, M., Abrahamson, E. E., DeKosky, 
S. T., & Asada, T. (2009). An immunohistochemical study of GABA A receptor 
gamma subunits in Alzheimer's disease hippocampus: relationship to neurofibrillary 
tangle progression. Neuropathology, 29(3), 263-269. doi:10.1111/j.1440-
1789.2008.00978.x 

Izquierdo, I., & Medina, J. H. (1997). Memory Formation: The Sequence of Biochemical 
Events in the Hippocampus and Its Connection to Activity in Other Brain Structures. 
Neurobiology of Learning and Memory, 68(3), 285-316. 
doi:https://doi.org/10.1006/nlme.1997.3799 

Jack, C. R., Jr., Knopman, D. S., Jagust, W. J., Shaw, L. M., Aisen, P. S., Weiner, M. W., . . . 
Trojanowski, J. Q. (2010). Hypothetical model of dynamic biomarkers of the 



 

153 

Alzheimer's pathological cascade. Lancet Neurol, 9(1), 119-128. doi:10.1016/S1474-
4422(09)70299-6 

Jakobsson, J., & Lundberg, C. (2006). Lentiviral vectors for use in the central nervous 
system. Mol Ther, 13(3), 484-493. doi:10.1016/j.ymthe.2005.11.012 

Jankowsky, J. L., & Zheng, H. (2017). Practical considerations for choosing a mouse model 
of Alzheimer's disease. Mol Neurodegener, 12(1), 89. doi:10.1186/s13024-017-0231-
7 

Joshi, J., Rubart, M., & Zhu, W. (2020). Optogenetics: Background, Methodological 
Advances and Potential Applications for Cardiovascular Research and Medicine. 
Frontiers in bioengineering and biotechnology, 7, 466-466. 
doi:10.3389/fbioe.2019.00466 

Kaech, S., & Banker, G. (2006). Culturing hippocampal neurons. Nature Protocols, 1(5), 
2406-2415. doi:10.1038/nprot.2006.356 

Karran, E., Mercken, M., & Strooper, B. D. (2011). The amyloid cascade hypothesis for 
Alzheimer's disease: an appraisal for the development of therapeutics. Nature Reviews 
Drug Discovery, 10(9), 698-712. doi:10.1038/nrd3505 

Kaufman, D. L., Houser, C. R., & Tobin, A. J. (1991). Two Forms of the γ-Aminobutyric 
Acid Synthetic Enzyme Glutamate Decarboxylase Have Distinct Intraneuronal 
Distributions and Cofactor Interactions. Journal of Neurochemistry, 56(2), 720-723. 
doi:https://doi.org/10.1111/j.1471-4159.1991.tb08211.x 

Kemp, A., & Manahan-Vaughan, D. (2004). Hippocampal long-term depression and long-
term potentiation encode different aspects of novelty acquisition. Proc Natl Acad Sci 
U S A, 101(21), 8192-8197. doi:10.1073/pnas.0402650101 

Kim, H. Y., Lee, D. K., Chung, B.-R., Kim, H. V., & Kim, Y. (2016). Intracerebroventricular 
Injection of Amyloid-β Peptides in Normal Mice to Acutely Induce Alzheimer-like 
Cognitive Deficits. Journal of visualized experiments : JoVE(109), 53308. 
doi:10.3791/53308 

Kim, S. (2022). Optogenetic modulation of GABAergic system in Alzheimer’s disease. 
(Doctor of Philosophy in Biomedical Science). The University of Auckland, 
Auckland.  

Kiss, E., Gorgas, K., Schlicksupp, A., Gross, D., Kins, S., Kirsch, J., & Kuhse, J. (2016). 
Biphasic Alteration of the Inhibitory Synapse Scaffold Protein Gephyrin in Early and 
Late Stages of an Alzheimer Disease Model. Am J Pathol, 186(9), 2279-2291. 
doi:10.1016/j.ajpath.2016.05.013 

Koh, J.-y., Yang, L. L., & Cotman, C. W. (1990). β-Amyloid protein increases the 
vulnerability of cultured cortical neurons to excitotoxic damage. Brain Research, 
533(2), 315-320. doi:https://doi.org/10.1016/0006-8993(90)91355-K 

Krabbe, G., Halle, A., Matyash, V., Rinnenthal, J. L., Eom, G. D., Bernhardt, U., . . . 
Heppner, F. L. (2013). Functional impairment of microglia coincides with Beta-
amyloid deposition in mice with Alzheimer-like pathology. PLoS One, 8(4), e60921. 
doi:10.1371/journal.pone.0060921 

Kuhn, P.-H., Wang, H., Dislich, B., Colombo, A., Zeitschel, U., Ellwart, J. W., . . . 
Lichtenthaler, S. F. (2010). ADAM10 is the physiologically relevant, constitutive α-
secretase of the amyloid precursor protein in primary neurons. The EMBO Journal, 
29(17), 3020-3032. doi:https://doi.org/10.1038/emboj.2010.167 

Kumar, M., Keller, B., Makalou, N., & Sutton, R. E. (2001). Systematic determination of the 
packaging limit of lentiviral vectors. Hum Gene Ther, 12(15), 1893-1905. 
doi:10.1089/104303401753153947 

Kwakowsky, A., Calvo-Flores Guzmán, B., Pandya, M., Turner, C., Waldvogel, H. J., & 
Faull, R. L. (2018). GABAA receptor subunit expression changes in the human 



 

154 

Alzheimer's disease hippocampus, subiculum, entorhinal cortex and superior temporal 
gyrus. Journal of Neurochemistry, 145(5), 374-392. 
doi:https://doi.org/10.1111/jnc.14325 

Kwakowsky, A., Potapov, K., Kim, S., Peppercorn, K., Tate, W. P., & Ábrahám, I. M. 
(2016). Treatment of beta amyloid 1–42 (Aβ1–42)-induced basal forebrain 
cholinergic damage by a non-classical estrogen signaling activator in vivo. Scientific 
Reports, 6(1), 21101. doi:10.1038/srep21101 

Lam, P., Vinnakota, C., Guzman, B. C., Newland, J., Peppercorn, K., Tate, W. P., . . . 
Kwakowsky, A. (2022). Beta-Amyloid (Abeta1-42) Increases the Expression of 
NKCC1 in the Mouse Hippocampus. Molecules, 27(8). 
doi:10.3390/molecules27082440 

Lambert, M. P., Barlow, A. K., Chromy, B. A., Edwards, C., Freed, R., Liosatos, M., . . . 
Klein, W. L. (1998). Diffusible, nonfibrillar ligands derived from Aβ1–42 are potent 
central nervous system neurotoxins. Proceedings of the National Academy of 
Sciences, 95(11), 6448-6453. doi:10.1073/pnas.95.11.6448 

Lanyi, J. K., Duschl, A., Hatfield, G. W., May, K., & Oesterhelt, D. (1990). The primary 
structure of a halorhodopsin from Natronobacterium pharaonis. Structural, functional 
and evolutionary implications for bacterial rhodopsins and halorhodopsins. J Biol 
Chem, 265(3), 1253-1260.  

Larusso, N. D., Ruttenberg, B. E., Singh, A. K., & Oakley, T. H. (2008). Type II opsins: 
evolutionary origin by internal domain duplication? J Mol Evol, 66(5), 417-423. 
doi:10.1007/s00239-008-9076-6 

Lavoie, A. M., Tingey, J. J., Harrison, N. L., Pritchett, D. B., & Twyman, R. E. (1997). 
Activation and deactivation rates of recombinant GABA(A) receptor channels are 
dependent on alpha-subunit isoform. Biophys J, 73(5), 2518-2526. 
doi:10.1016/s0006-3495(97)78280-8 

Lee, H. K., Velazquez Sanchez, C., Chen, M., Morin, P. J., Wells, J. M., Hanlon, E. B., & 
Xia, W. (2016). Three Dimensional Human Neuro-Spheroid Model of Alzheimer's 
Disease Based on Differentiated Induced Pluripotent Stem Cells. PLoS One, 11(9), 
e0163072. doi:10.1371/journal.pone.0163072 

Lee, S. J., Nam, E., Lee, H. J., Savelieff, M. G., & Lim, M. H. (2017). Towards an 
understanding of amyloid-beta oligomers: characterization, toxicity mechanisms, and 
inhibitors. Chem Soc Rev, 46(2), 310-323. doi:10.1039/c6cs00731g 

Lesné, S. E., Sherman, M. A., Grant, M., Kuskowski, M., Schneider, J. A., Bennett, D. A., & 
Ashe, K. H. (2013). Brain amyloid-β oligomers in ageing and Alzheimer’s disease. 
Brain, 136(5), 1383-1398. doi:10.1093/brain/awt062 

Levenga, J., Krishnamurthy, P., Rajamohamedsait, H., Wong, H., Franke, T. F., Cain, P., . . . 
Hoeffer, C. A. (2013). Tau pathology induces loss of GABAergic interneurons 
leading to altered synaptic plasticity and behavioral impairments. Acta Neuropathol 
Commun, 1, 34. doi:10.1186/2051-5960-1-34 

Levitan, E. S., Schofield, P. R., Burt, D. R., Rhee, L. M., Wisden, W., Kohler, M., . . . et al. 
(1988). Structural and functional basis for GABAA receptor heterogeneity. Nature, 
335(6185), 76-79. doi:10.1038/335076a0 

Levy, R., Ruberg, M., Herrero, M. T., Villares, J., Javoy-Agid, F., Agid, Y., & Hirsch, E. C. 
(1995). Alterations of GABAergic neurons in the basal ganglia of patients with 
progressive supranuclear palsy: an in situ hybridization study of GAD67 messenger 
RNA. Neurology, 45(1), 127-134. doi:10.1212/wnl.45.1.127 

Li, S., Hong, S., Shepardson, N. E., Walsh, D. M., Shankar, G. M., & Selkoe, D. (2009). 
Soluble Oligomers of Amyloid β Protein Facilitate Hippocampal Long-Term 



 

155 

Depression by Disrupting Neuronal Glutamate Uptake. Neuron, 62(6), 788-801. 
doi:https://doi.org/10.1016/j.neuron.2009.05.012 

Li, Y., Chen, Z., Gao, Y., Pan, G., Zheng, H., Zhang, Y., . . . Zheng, H. (2017). Synaptic 
Adhesion Molecule Pcdh-gammaC5 Mediates Synaptic Dysfunction in Alzheimer's 
Disease. J Neurosci, 37(38), 9259-9268. doi:10.1523/JNEUROSCI.1051-17.2017 

Li, Y., Sun, H., Chen, Z., Xu, H., Bu, G., & Zheng, H. (2016). Implications of GABAergic 
Neurotransmission in Alzheimer’s Disease. Frontiers in Aging Neuroscience, 8. 
doi:10.3389/fnagi.2016.00031 

Limon, A., Reyes-Ruiz, J. M., & Miledi, R. (2012). Loss of functional GABAA receptors in 
the Alzheimer diseased brain. Proceedings of the National Academy of Sciences, 
109(25), 10071. doi:10.1073/pnas.1204606109 

Lin, X., Amalraj, M., Blanton, C., Avila, B., Holmes, T. C., Nitz, D. A., & Xu, X. (2021). 
Noncanonical projections to the hippocampal CA3 regulate spatial learning and 
memory by modulating the feedforward hippocampal trisynaptic pathway. PLoS Biol, 
19(12), e3001127. doi:10.1371/journal.pbio.3001127 

Linterman, K. S., Palmer, D. N., Kay, G. W., Barry, L. A., Mitchell, N. L., McFarlane, R. G., 
. . . Hughes, S. M. (2011). Lentiviral-mediated gene transfer to the sheep brain: 
implications for gene therapy in Batten disease. Human gene therapy, 22(8), 1011-
1020. doi:10.1089/hum.2011.026 

Liu, Q. R., López-Corcuera, B., Mandiyan, S., Nelson, H., & Nelson, N. (1993). Molecular 
characterization of four pharmacologically distinct gamma-aminobutyric acid 
transporters in mouse brain [corrected]. Journal of Biological Chemistry, 268(3), 
2106-2112. doi:10.1016/s0021-9258(18)53968-5 

Lorente De Nó, R. (1934). Studies on the structure of the cerebral cortex. II. Continuation of 
the study of the ammonic system. Journal für Psychologie und Neurologie, 46, 113-
177.  

Lynch, C. (2020). World Alzheimer Report 2019: Attitudes to dementia, a global survey. 
Alzheimer's & Dementia, 16(S10), e038255. doi:https://doi.org/10.1002/alz.038255 

Lynch, G., Larson, J., Kelso, S., Barrionuevo, G., & Schottler, F. (1983). Intracellular 
injections of EGTA block induction of hippocampal long-term potentiation. Nature, 
305(5936), 719-721. doi:10.1038/305719a0 

Mai, J. K., & Paxinos, G. (2011). The Human Nervous System. Saint Louis, UNITED 
STATES: Elsevier Science & Technology. 

Mairet-Coello, G., Courchet, J., Pieraut, S., Courchet, V., Maximov, A., & Polleux, F. 
(2013). The CAMKK2-AMPK kinase pathway mediates the synaptotoxic effects of 
Aβ oligomers through Tau phosphorylation. Neuron, 78(1), 94-108. 
doi:10.1016/j.neuron.2013.02.003 

Malherbe, P., Sigel, E., Baur, R., Persohn, E., Richards, J. G., & Mohler, H. (1990). 
Functional characteristics and sites of gene expression of the alpha 1, beta 1, gamma 
2-isoform of the rat GABAA receptor. J Neurosci, 10(7), 2330-2337.  

Manahan-Vaughan, D., & Braunewell, K.-H. (1999). Novelty acquisition is associated with 
induction of hippocampal long-term depression. Proceedings of the National 
Academy of Sciences, 96(15), 8739-8744. doi:10.1073/pnas.96.15.8739 

Martín-Belmonte, A., Aguado, C., Alfaro-Ruíz, R., Moreno-Martínez, A. E., de la Ossa, L., 
Martínez-Hernández, J., . . . Luján, R. (2020). Reduction in the neuronal surface of 
post and presynaptic GABAB receptors in the hippocampus in a mouse model of 
Alzheimer's disease. Brain Pathology, 30(3), 554-575. 
doi:https://doi.org/10.1111/bpa.12802 

Martín-Belmonte, A., Aguado, C., Alfaro-Ruíz, R., Moreno-Martínez, A. E., de la Ossa, L., 
Martínez-Hernández, J., . . . Luján, R. (2020). Density of GABA(B) Receptors Is 



 

156 

Reduced in Granule Cells of the Hippocampus in a Mouse Model of Alzheimer's 
Disease. International journal of molecular sciences, 21(7), 2459. 
doi:10.3390/ijms21072459 

Mattis, J., Tye, K. M., Ferenczi, E. A., Ramakrishnan, C., O'Shea, D. J., Prakash, R., . . . 
Deisseroth, K. (2011). Principles for applying optogenetic tools derived from direct 
comparative analysis of microbial opsins. Nature methods, 9(2), 159-172. 
doi:10.1038/nmeth.1808 

Mawuenyega, K. G., Sigurdson, W., Ovod, V., Munsell, L., Kasten, T., Morris, J. C., . . . 
Bateman, R. J. (2010). Decreased clearance of CNS beta-amyloid in Alzheimer's 
disease. Science (New York, N.Y.), 330(6012), 1774-1774. 
doi:10.1126/science.1197623 

McIntire, S. L., Reimer, R. J., Schuske, K., Edwards, R. H., & Jorgensen, E. M. (1997). 
Identification and characterization of the vesicular GABA transporter. Nature, 
389(6653), 870-876. doi:10.1038/39908 

McLarnon, J. G. (2012). Microglial chemotactic signaling factors in Alzheimer's disease. 
American journal of neurodegenerative disease, 1(3), 199-204.  

McNamara, L. (2021). Optogenetic modulation of beta amyloid-induced brain network 
changes in an in vivo Alzheimer's disease mouse model. (BioMed Honours). The 
University of Auckland, Auckland.  

Minelli, A., Brecha, N. C., Karschin, C., DeBiasi, S., & Conti, F. (1995). GAT-1, a high-
affinity GABA plasma membrane transporter, is localized to neurons and astroglia in 
the cerebral cortex. J Neurosci, 15(11), 7734-7746.  

Minelli, A., DeBiasi, S., Brecha, N. C., Zuccarello, L. V., & Conti, F. (1996). GAT-3, a high-
affinity GABA plasma membrane transporter, is localized to astrocytic processes, and 
it is not confined to the vicinity of GABAergic synapses in the cerebral cortex. The 
journal of neuroscience : the official journal of the Society for Neuroscience., 16(19), 
6255-6264.  

Miyamoto, D., & Murayama, M. (2016). The fiber-optic imaging and manipulation of neural 
activity during animal behavior. Neurosci Res, 103, 1-9. 
doi:10.1016/j.neures.2015.09.004 

Mizukami, K., Ikonomovic, M. D., Grayson, D. R., Sheffield, R., & Armstrong, D. M. 
(1998). Immunohistochemical study of GABAA receptor α1 subunit in the 
hippocampal formation of aged brains with Alzheimer-related neuropathologic 
changes. Brain Research, 799(1), 148-155. doi:https://doi.org/10.1016/S0006-
8993(98)00437-5 

Mohanty, S. K., & Lakshminarayananan, V. (2015). Optical Techniques in Optogenetics. J 
Mod Opt, 62(12), 949-970. doi:10.1080/09500340.2015.1010620 

Mohler, H., Fritschy, J. M., & Rudolph, U. (2002). A new benzodiazepine pharmacology. J 
Pharmacol Exp Ther, 300(1), 2-8. doi:10.1124/jpet.300.1.2 

Mondragón-Rodríguez, S., Salas-Gallardo, A., González-Pereyra, P., Macías, M., Ordaz, B., 
Peña-Ortega, F., . . . Williams, S. (2018). Phosphorylation of Tau protein correlates 
with changes in hippocampal theta oscillations and reduces hippocampal excitability 
in Alzheimer's model. Journal of Biological Chemistry, 293(22), 8462-8472. 
doi:10.1074/jbc.RA117.001187 

Moon, M., Choi, J. G., Nam, D. W., Hong, H.-S., Choi, Y.-J., Oh, M. S., & Mook-Jung, I. 
(2011). Ghrelin Ameliorates Cognitive Dysfunction and Neurodegeneration in 
Intrahippocampal Amyloid-β 1-42 Oligomer-Injected Mice. Journal of Alzheimer's 
Disease, 23, 147-159. doi:10.3233/JAD-2010-101263 

Mosconi, L., Berti, V., Glodzik, L., Pupi, A., De Santi, S., & de Leon, M. J. (2010). Pre-
Clinical Detection of Alzheimer's Disease Using FDG-PET, with or without Amyloid 



 

157 

Imaging. Journal of Alzheimer's Disease, 20, 843-854. doi:10.3233/JAD-2010-
091504 

Moser, M. B., Rowland, D. C., & Moser, E. I. (2015). Place cells, grid cells, and memory. 
Cold Spring Harb Perspect Biol, 7(2), a021808. doi:10.1101/cshperspect.a021808 

Mota, S. I., Ferreira, I. L., & Rego, A. C. (2014). Dysfunctional synapse in Alzheimer's 
disease - A focus on NMDA receptors. Neuropharmacology, 76 Pt A, 16-26. 
doi:10.1016/j.neuropharm.2013.08.013 

Mucke, L., Masliah, E., Yu, G. Q., Mallory, M., Rockenstein, E. M., Tatsuno, G., . . . 
McConlogue, L. (2000). High-level neuronal expression of abeta 1-42 in wild-type 
human amyloid protein precursor transgenic mice: synaptotoxicity without plaque 
formation. The journal of neuroscience : the official journal of the Society for 
Neuroscience., 20(11), 4050-4058.  

Mumby, D. G., Gaskin, S., Glenn, M. J., Schramek, T. E., & Lehmann, H. (2002). 
Hippocampal damage and exploratory preferences in rats: memory for objects, places, 
and contexts. Learning & memory, 9(2), 49-57.  

Murakami, T., Paitel, E., Kawarabayashi, T., Ikeda, M., Chishti, M. A., Janus, C., . . . Shoji, 
M. (2006). Cortical Neuronal and Glial Pathology in TgTauP301L Transgenic Mice: 
Neuronal Degeneration, Memory Disturbance, and Phenotypic Variation. The 
American Journal of Pathology, 169(4), 1365-1375. 
doi:https://doi.org/10.2353/ajpath.2006.051250 

Murlidharan, G., Samulski, R. J., & Asokan, A. (2014). Biology of adeno-associated viral 
vectors in the central nervous system. Front Mol Neurosci, 7, 76. 
doi:10.3389/fnmol.2014.00076 

Möhler, H. (2006). GABAA receptor diversity and pharmacology. Cell and Tissue Research, 
326(2), 505-516. doi:10.1007/s00441-006-0284-3 

Nagel, G., Szellas, T., Huhn, W., Kateriya, S., Adeishvili, N., Berthold, P., . . . Bamberg, E. 
(2003). Channelrhodopsin-2, a directly light-gated cation-selective membrane 
channel. Proceedings of the National Academy of Sciences, 100(24), 13940. 
doi:10.1073/pnas.1936192100 

Nagga, K., Bogdanovic, N., & Marcusson, J. (1999). GABA transporters (GAT-1) in 
Alzheimer's disease. J Neural Transm (Vienna), 106(11-12), 1141-1149. 
doi:10.1007/s007020050230 

Nakamura, S. (1990). Senile dementia and presenile dementia. Tohoku J Exp Med, 161 Suppl, 
49-60. doi:10.1620/tjem.161.supplement_49 

Nayeem, N., Green, T. P., Martin, I. L., & Barnard, E. A. (1994). Quaternary Structure of the 
Native GABAA Receptor Determined by Electron Microscopic Image Analysis. 
Journal of Neurochemistry, 62(2), 815-818. doi:https://doi.org/10.1046/j.1471-
4159.1994.62020815.x 

Nelson, N. (1998). The Family of Na+/Cl− Neurotransmitter Transporters. Journal of 
Neurochemistry, 71(5), 1785-1803. doi:https://doi.org/10.1046/j.1471-
4159.1998.71051785.x 

Nguyen, Q. A., & Nicoll, R. A. (2018). The GABA(A) Receptor β Subunit Is Required for 
Inhibitory Transmission. Neuron, 98(4), 718-725.e713. 
doi:10.1016/j.neuron.2018.03.046 

Obulesu, M., & Jhansilakshmi, M. (2014). Neuroinflammation in Alzheimer's disease: an 
understanding of physiology and pathology. Int J Neurosci, 124(4), 227-235. 
doi:10.3109/00207454.2013.831852 

Oddo, S., Caccamo, A., Tran, L., Lambert, M. P., Glabe, C. G., Klein, W. L., & LaFerla, F. 
M. (2006). Temporal profile of amyloid-beta (Abeta) oligomerization in an in vivo 



 

158 

model of Alzheimer disease. A link between Abeta and tau pathology. J Biol Chem, 
281(3), 1599-1604. doi:10.1074/jbc.M507892200 

Oesterhelt, D., & Stoeckenius, W. (1971). Rhodopsin-like Protein from the Purple Membrane 
of Halobacterium halobium. Nature New Biology, 233(39), 149-152. 
doi:10.1038/newbio233149a0 

Okada, T., Yamada, N., Tsuzuki, K., Horikawa, H. P., Tanaka, K., & Ozawa, S. (2003). 
Long-term potentiation in the hippocampal CA1 area and dentate gyrus plays 
different roles in spatial learning. Eur J Neurosci, 17(2), 341-349. doi:10.1046/j.1460-
9568.2003.02458.x 

Olsen, R. W., & Sieghart, W. (2009). GABAA receptors: Subtypes provide diversity of 
function and pharmacology. Neuropharmacology, 56(1), 141-148. 
doi:10.1016/j.neuropharm.2008.07.045 

O’Keefe, J., & Nadel, L. (1978). The hippocampus as a cognitive map: Oxford university 
press. 

Palop, J. J., Chin, J., Roberson, E. D., Wang, J., Thwin, M. T., Bien-Ly, N., . . . Mucke, L. 
(2007). Aberrant excitatory neuronal activity and compensatory remodeling of 
inhibitory hippocampal circuits in mouse models of Alzheimer's disease. Neuron, 
55(5), 697-711. doi:10.1016/j.neuron.2007.07.025 

Palop, J. J., & Mucke, L. (2010). Amyloid-beta-induced neuronal dysfunction in Alzheimer's 
disease: from synapses toward neural networks. Nat Neurosci, 13(7), 812-818. 
doi:10.1038/nn.2583 

Palop, J. J., & Mucke, L. (2016). Network abnormalities and interneuron dysfunction in 
Alzheimer disease. Nature Reviews Neuroscience, 17(12), 777-792. 
doi:10.1038/nrn.2016.141 

Pardridge, W. M. (2012). Drug transport across the blood-brain barrier. J Cereb Blood Flow 
Metab, 32(11), 1959-1972. doi:10.1038/jcbfm.2012.126 

Park, K., Lee, J., Jang, H. J., Richards, B. A., Kohl, M. M., & Kwag, J. (2020). Optogenetic 
activation of parvalbumin and somatostatin interneurons selectively restores theta-
nested gamma oscillations and oscillation-induced spike timing-dependent long-term 
potentiation impaired by amyloid beta oligomers. BMC Biol, 18(1), 7. 
doi:10.1186/s12915-019-0732-7 

Parr-Brownlie, L. C., Bosch-Bouju, C., Schoderboeck, L., Sizemore, R. J., Abraham, W. C., 
& Hughes, S. M. (2015). Lentiviral vectors as tools to understand central nervous 
system biology in mammalian model organisms. Frontiers in molecular neuroscience, 
8, 14-14. doi:10.3389/fnmol.2015.00014 

Patel, N. S., Paris, D., Mathura, V., Quadros, A. N., Crawford, F. C., & Mullan, M. J. (2005). 
Inflammatory cytokine levels correlate with amyloid load in transgenic mouse models 
of Alzheimer's disease. J Neuroinflammation, 2(1), 9. doi:10.1186/1742-2094-2-9 

Paulsen, O., & Moser, E. (1998). A model of hippocampal memory encoding and retrieval: 
GABAergic control of synaptic plasticity. Trends in Neurosciences, 21(7), 273-278. 
doi:10.1016/S0166-2236(97)01205-8 

Pelkey, K. A., Chittajallu, R., Craig, M. T., Tricoire, L., Wester, J. C., & McBain, C. J. 
(2017). Hippocampal GABAergic Inhibitory Interneurons. Physiological reviews, 
97(4), 1619-1747. doi:10.1152/physrev.00007.2017 

Perl, D. P. (2010). Neuropathology of Alzheimer's disease. Mt Sinai J Med, 77(1), 32-42. 
doi:10.1002/msj.20157 

Perlmutter, J. S., & Mink, J. W. (2006). DEEP BRAIN STIMULATION. Annual Review of 
Neuroscience, 29(1), 229-257. doi:10.1146/annurev.neuro.29.051605.112824 

Perry, E. K., Gibson, P. H., Blessed, G., Perry, R. H., & Tomlinson, B. E. (1977). 
Neurotransmitter enzyme abnormalities in senile dementia: Choline acetyltransferase 



 

159 

and glutamic acid decarboxylase activities in necropsy brain tissue. Journal of the 
Neurological Sciences, 34(2), 247-265. doi:https://doi.org/10.1016/0022-
510X(77)90073-9 

Perry, E. K., Tomlinson, B. E., Blessed, G., Bergmann, K., Gibson, P. H., & Perry, R. H. 
(1978). Correlation of cholinergic abnormalities with senile plaques and mental test 
scores in senile dementia. Br Med J, 2(6150), 1457-1459. 
doi:10.1136/bmj.2.6150.1457 

Perry, T. L., Yong, V. W., Bergeron, C., Hansen, S., & Jones, K. (1987). Amino acids, 
glutathione, and glutathione transferase activity in the brains of patients with 
Alzheimer's disease. Annals of Neurology, 21(4), 331-336. 
doi:https://doi.org/10.1002/ana.410210403 

Pike, C. J., & Cotman, C. W. (1993). Cultured GABA-immunoreactive neurons are resistant 
to toxicity induced by β-amyloid. Neuroscience, 56(2), 269-274. 
doi:https://doi.org/10.1016/0306-4522(93)90331-9 

Pini, L., Pievani, M., Bocchetta, M., Altomare, D., Bosco, P., Cavedo, E., . . . Frisoni, G. B. 
(2016). Brain atrophy in Alzheimer’s Disease and aging. Ageing Research Reviews, 
30, 25-48. doi:https://doi.org/10.1016/j.arr.2016.01.002 

Plachetzki, D. C., Degnan, B. M., & Oakley, T. H. (2007). The origins of novel protein 
interactions during animal opsin evolution. PLoS One, 2(10), e1054. 
doi:10.1371/journal.pone.0001054 

Plant, L. D., Webster, N. J., Boyle, J. P., Ramsden, M., Freir, D. B., Peers, C., & Pearson, H. 
A. (2006). Amyloid β peptide as a physiological modulator of neuronal ‘A’-type K+ 
current. Neurobiology of Aging, 27(11), 1673-1683. 
doi:https://doi.org/10.1016/j.neurobiolaging.2005.09.038 

Popugaeva, E., Pchitskaya, E., & Bezprozvanny, I. (2017). Dysregulation of neuronal 
calcium homeostasis in Alzheimer's disease - A therapeutic opportunity? Biochem 
Biophys Res Commun, 483(4), 998-1004. doi:10.1016/j.bbrc.2016.09.053 

Pribiag, H., & Stellwagen, D. (2013). TNF-α downregulates inhibitory neurotransmission 
through protein phosphatase 1-dependent trafficking of GABA(A) receptors. The 
Journal of neuroscience : the official journal of the Society for Neuroscience, 33(40), 
15879-15893. doi:10.1523/JNEUROSCI.0530-13.2013 

Prut, L., Prenosil, G., Willadt, S., Vogt, K., Fritschy, J. M., & Crestani, F. (2010). A 
reduction in hippocampal GABAA receptor α5 subunits disrupts the memory for 
location of objects in mice. Genes, Brain and Behavior, 9(5), 478-488. 
doi:https://doi.org/10.1111/j.1601-183X.2010.00575.x 

Qazi, R., Kim, C. Y., Byun, S.-H., & Jeong, J.-W. (2018). Microscale Inorganic LED Based 
Wireless Neural Systems for Chronic in vivo Optogenetics. Frontiers in 
Neuroscience, 12. doi:10.3389/fnins.2018.00764 

Qiu, T., Liu, Q., Chen, Y. X., Zhao, Y. F., & Li, Y. M. (2015). Abeta42 and Abeta40: 
similarities and differences. J Pept Sci, 21(7), 522-529. doi:10.1002/psc.2789 

Rammes, G., Mattusch, C., Wulff, M., Seeser, F., Kreuzer, M., Zhu, K., . . . Parsons, C. G. 
(2017). Involvement of GluN2B subunit containing N-methyl-d-aspartate (NMDA) 
receptors in mediating the acute and chronic synaptotoxic effects of oligomeric 
amyloid-beta (Aβ) in murine models of Alzheimer's disease (AD). 
Neuropharmacology, 123, 100-115. doi:10.1016/j.neuropharm.2017.02.003 

Ramon y Cajal, S. (1995). Histology of the Nervous System, trans. Swanson, N. & Swanson, 
LW. In: Oxford Univ. Press, Oxford. 

Ramos, B., Baglietto-Vargas, D., del Rio, J. C., Moreno-Gonzalez, I., Santa-Maria, C., 
Jimenez, S., . . . Vitorica, J. (2006). Early neuropathology of somatostatin/NPY 
GABAergic cells in the hippocampus of a PS1xAPP transgenic model of Alzheimer's 



 

160 

disease. Neurobiol Aging, 27(11), 1658-1672. 
doi:10.1016/j.neurobiolaging.2005.09.022 

Ramos, B., Baglietto-Vargas, D., Rio, J. C. d., Moreno-Gonzalez, I., Santa-Maria, C., 
Jimenez, S., . . . Vitorica, J. (2006). Early neuropathology of somatostatin/NPY 
GABAergic cells in the hippocampus of a PS1×APP transgenic model of Alzheimer's 
disease. Neurobiology of Aging, 27(11), 1658-1672. 
doi:https://doi.org/10.1016/j.neurobiolaging.2005.09.022 

Ramsden, M., Plant, L. D., Webster, N. J., Vaughan, P. F. T., Henderson, Z., & Pearson, H. 
A. (2001). Differential effects of unaggregated and aggregated amyloid β protein (1–
40) on K+ channel currents in primary cultures of rat cerebellar granule and cortical 
neurones. Journal of Neurochemistry, 79(3), 699-712. 
doi:https://doi.org/10.1046/j.1471-4159.2001.00618.x 

Ren, S.-Q., Yao, W., Yan, J.-Z., Jin, C., Yin, J.-J., Yuan, J., . . . Cheng, Z. (2018). Amyloid β 
causes excitation/inhibition imbalance through dopamine receptor 1-dependent 
disruption of fast-spiking GABAergic input in anterior cingulate cortex. Scientific 
reports, 8(1), 302-302. doi:10.1038/s41598-017-18729-5 

Rheims, S., Holmgren, C. D., Chazal, G., Mulder, J., Harkany, T., Zilberter, T., & Zilberter, 
Y. (2009). GABA action in immature neocortical neurons directly depends on the 
availability of ketone bodies. J Neurochem, 110(4), 1330-1338. doi:10.1111/j.1471-
4159.2009.06230.x 

Rienecker, K. D. A., Poston, R. G., & Saha, R. N. (2020). Merits and Limitations of Studying 
Neuronal Depolarization-Dependent Processes Using Elevated External Potassium. 
ASN neuro, 12, 1759091420974807-1759091420974807. 
doi:10.1177/1759091420974807 

Ries, M., & Sastre, M. (2016). Mechanisms of Aβ Clearance and Degradation by Glial Cells. 
Frontiers in Aging Neuroscience, 8. doi:10.3389/fnagi.2016.00160 

Rissman, R. A., Mishizen-Eberz, A. J., Carter, T. L., Wolfe, B. B., De Blas, A. L., Miralles, 
C. P., . . . Armstrong, D. M. (2003). Biochemical analysis of GABAA receptor 
subunits α1, α5, β1, β2 in the hippocampus of patients with Alzheimer's disease 
neuropathology. Neuroscience, 120(3), 695-704. doi:https://doi.org/10.1016/S0306-
4522(03)00030-7 

Rogers, J., Luber-Narod, J., Styren, S. D., & Civin, W. H. (1988). Expression of immune 
system-associated antigens by cells of the human central nervous system: relationship 
to the pathology of Alzheimer's disease. Neurobiol Aging, 9(4), 339-349. 
doi:10.1016/s0197-4580(88)80079-4 

Rogers, J., & Shen, Y. (2000). A perspective on inflammation in Alzheimer's disease. Ann N 
Y Acad Sci, 924, 132-135. doi:10.1111/j.1749-6632.2000.tb05571.x 

Rossor, M. N., Garrett, N. J., Johnson, A. L., Mountjoy, C. Q., Roth, M., & Iversen, L. L. 
(1982). A POST-MORTEM STUDY OF THE CHOLINERGIC AND GABA 
SYSTEMS IN SENILE DEMENTIA. Brain, 105(2), 313-330. 
doi:10.1093/brain/105.2.313 

Rossor, M. N., Iversen, L. L., Reynolds, G. P., Mountjoy, C. Q., & Roth, M. (1984). 
Neurochemical characteristics of early and late onset types of Alzheimer's disease. Br 
Med J (Clin Res Ed), 288(6422), 961-964. doi:10.1136/bmj.288.6422.961 

Russell, C. L., Semerdjieva, S., Empson, R. M., Austen, B. M., Beesley, P. W., & Alifragis, 
P. (2012). Amyloid-β Acts as a Regulator of Neurotransmitter Release Disrupting the 
Interaction between Synaptophysin and VAMP2. PLOS ONE, 7(8), e43201. 
doi:10.1371/journal.pone.0043201 

Saiz-Sanchez, D., Ubeda-Bañon, I., De la Rosa-Prieto, C., & Martinez-Marcos, A. (2012). 
Differential Expression of Interneuron Populations and Correlation with Amyloid-β 



 

161 

Deposition in the Olfactory Cortex of an AβPP/PS1 Transgenic Mouse Model of 
Alzheimer's Disease. Journal of Alzheimer's Disease, 31, 113-129. doi:10.3233/JAD-
2012-111889 

Sanchez-Mejias, E., Nuñez-Diaz, C., Sanchez-Varo, R., Gomez-Arboledas, A., Garcia-Leon, 
J. A., Fernandez-Valenzuela, J. J., . . . Gutierrez, A. (2020). Distinct disease-sensitive 
GABAergic neurons in the perirhinal cortex of Alzheimer's mice and patients. Brain 
Pathology, 30(2), 345-363. doi:https://doi.org/10.1111/bpa.12785 

Sastre, M., Klockgether, T., & Heneka, M. T. (2006). Contribution of inflammatory processes 
to Alzheimer's disease: molecular mechanisms. Int J Dev Neurosci, 24(2-3), 167-176. 
doi:10.1016/j.ijdevneu.2005.11.014 

Schaffer, D. V., Koerber, J. T., & Lim, K.-i. (2008). Molecular Engineering of Viral Gene 
Delivery Vehicles. Annual Review of Biomedical Engineering, 10(1), 169-194. 
doi:10.1146/annurev.bioeng.10.061807.160514 

Schuff, N., Tosun, D., Insel, P. S., Chiang, G. C., Truran, D., Aisen, P. S., . . . Alzheimer's 
Disease Neuroimaging, I. (2012). Nonlinear time course of brain volume loss in 
cognitively normal and impaired elders. Neurobiol Aging, 33(5), 845-855. 
doi:10.1016/j.neurobiolaging.2010.07.012 

Schumacher, A., Villaruel, F. R., Ussling, A., Riaz, S., Lee, A. C. H., & Ito, R. (2018). 
Ventral Hippocampal CA1 and CA3 Differentially Mediate Learned Approach-
Avoidance Conflict Processing. Current Biology, 28(8), 1318-1324.e1314. 
doi:https://doi.org/10.1016/j.cub.2018.03.012 

Schwab, C., Yu, S., Wong, W., McGeer, E. G., & McGeer, P. L. (2013). GAD65, GAD67, 
and GABAT immunostaining in human brain and apparent GAD65 loss in 
Alzheimer's disease. J Alzheimers Dis, 33(4), 1073-1088. doi:10.3233/JAD-2012-
121330 

Schweizer, C., Balsiger, S., Bluethmann, H., Mansuy, I. M., Fritschy, J. M., Mohler, H., & 
Lüscher, B. (2003). The gamma 2 subunit of GABA(A) receptors is required for 
maintenance of receptors at mature synapses. Mol Cell Neurosci, 24(2), 442-450. 
doi:10.1016/s1044-7431(03)00202-1 

Scimemi, A. (2014). Structure, function, and plasticity of GABA transporters. Front Cell 
Neurosci, 8, 161. doi:10.3389/fncel.2014.00161 

Scoville, W. B., & Milner, B. (1957). Loss of recent memory after bilateral hippocampal 
lesions. J Neurol Neurosurg Psychiatry, 20(1), 11-21. doi:10.1136/jnnp.20.1.11 

Seidl, R., Cairns, N., Singewald, N., Kaehler, S. T., & Lubec, G. (2001). Differences between 
GABA levels in Alzheimer's disease and Down syndrome with Alzheimer-like 
neuropathology. Naunyn Schmiedebergs Arch Pharmacol, 363(2), 139-145. 
doi:10.1007/s002100000346 

Selkoe, D. J. (2002). Alzheimer's disease is a synaptic failure. Science, 298(5594), 789-791. 
doi:10.1126/science.1074069 

Serino, S., & Riva, G. (2013). Getting lost in Alzheimer's disease: a break in the mental 
frame syncing. Med Hypotheses, 80(4), 416-421. doi:10.1016/j.mehy.2012.12.031 

Serrano-Pozo, A., Frosch, M. P., Masliah, E., & Hyman, B. T. (2011). Neuropathological 
alterations in Alzheimer disease. Cold Spring Harb Perspect Med, 1(1), a006189. 
doi:10.1101/cshperspect.a006189 

Serrano-Pozo, A., Frosch, M. P., Masliah, E., & Hyman, B. T. (2011). Neuropathological 
alterations in Alzheimer disease. Cold Spring Harbor perspectives in medicine, 1(1), 
a006189-a006189. doi:10.1101/cshperspect.a006189 

Serrano-Pozo, A., Mielke, M. L., Gómez-Isla, T., Betensky, R. A., Growdon, J. H., Frosch, 
M. P., & Hyman, B. T. (2011). Reactive glia not only associates with plaques but also 



 

162 

parallels tangles in Alzheimer's disease. Am J Pathol, 179(3), 1373-1384. 
doi:10.1016/j.ajpath.2011.05.047 

Shastry, B. S., & Giblin, F. J. (1999). Genes and susceptible loci of Alzheimer’s disease. 
Brain Research Bulletin, 48(2), 121-127. doi:https://doi.org/10.1016/S0361-
9230(98)00156-7 

Sheng, J. G., Zhou, X. Q., Mrak, R. E., & Griffin, W. S. (1998). Progressive neuronal injury 
associated with amyloid plaque formation in Alzheimer disease. J Neuropathol Exp 
Neurol, 57(7), 714-717. doi:10.1097/00005072-199807000-00008 

Sherif, F., Gottfries, C. G., Alafuzoff, I., & Oreland, L. (1992). Brain gamma-aminobutyrate 
aminotransferase (GABA-T) and monoamine oxidase (MAO) in patients with 
Alzheimer's disease. J Neural Transm Park Dis Dement Sect, 4(3), 227-240. 
doi:10.1007/BF02260906 

Shin, G., Gomez, A. M., Al-Hasani, R., Jeong, Y. R., Kim, J., Xie, Z., . . . Rogers, J. A. 
(2017). Flexible Near-Field Wireless Optoelectronics as Subdermal Implants for 
Broad Applications in Optogenetics. Neuron, 93(3), 509-521.e503. 
doi:https://doi.org/10.1016/j.neuron.2016.12.031 

Shrager, Y., Bayley, P. J., Bontempi, B., Hopkins, R. O., & Squire, L. R. (2007). Spatial 
memory and the human hippocampus. Proceedings of the National Academy of 
Sciences of the United States of America, 104(8), 2961-2966. 
doi:10.1073/pnas.0611233104 

Sieghart, W., & Sperk, G. (2002). Subunit composition, distribution and function of 
GABA(A) receptor subtypes. Curr Top Med Chem, 2(8), 795-816. 
doi:10.2174/1568026023393507 

Simic, G., Kostovic, I., Winblad, B., & Bogdanovic, N. (1997). Volume and number of 
neurons of the human hippocampal formation in normal aging and Alzheimer's 
disease. J Comp Neurol, 379(4), 482-494. doi:10.1002/(sici)1096-
9861(19970324)379:4<482::aid-cne2>3.0.co;2-z 

Simpson, M. D., Cross, A. J., Slater, P., & Deakin, J. F. (1988). Loss of cortical GABA 
uptake sites in Alzheimer's disease. J Neural Transm, 71(3), 219-226. 
doi:10.1007/BF01245715 

Sofroniew, M. V., & Vinters, H. V. (2010). Astrocytes: biology and pathology. Acta 
Neuropathol, 119(1), 7-35. doi:10.1007/s00401-009-0619-8 

Soghomonian, J.-J., & Martin, D. L. (1998). Two isoforms of glutamate decarboxylase: why? 
Trends in Pharmacological Sciences, 19(12), 500-505. 
doi:https://doi.org/10.1016/S0165-6147(98)01270-X 

Song, C., Zhang, Y., & Dong, Y. (2013). Acute and subacute IL-1β administrations 
differentially modulate neuroimmune and neurotrophic systems: possible implications 
for neuroprotection and neurodegeneration. Journal of Neuroinflammation, 10(1), 
826. doi:10.1186/1742-2094-10-59 

Sparta, D. R., Stamatakis, A. M., Phillips, J. L., Hovelsø, N., van Zessen, R., & Stuber, G. D. 
(2012). Construction of implantable optical fibers for long-term optogenetic 
manipulation of neural circuits. Nature Protocols, 7(1), 12-23. 
doi:10.1038/nprot.2011.413 

Sperk, G., Schwarzer, C., Tsunashima, K., Fuchs, K., & Sieghart, W. (1997). GABAA 
receptor subunits in the rat hippocampus I: Immunocytochemical distribution of 13 
subunits. Neuroscience, 80(4), 987-1000. doi:https://doi.org/10.1016/S0306-
4522(97)00146-2 

Spires, T. L., & Hyman, B. T. (2005). Transgenic models of Alzheimer's disease: learning 
from animals. NeuroRx, 2(3), 423-437. doi:10.1602/neurorx.2.3.423 



 

163 

Stanton, P. K., & Sejnowski, T. J. (1989). Associative long-term depression in the 
hippocampus induced by hebbian covariance. Nature, 339(6221), 215-218. 
doi:10.1038/339215a0 

Stoothoff, W. H., & Johnson, G. V. (2005). Tau phosphorylation: physiological and 
pathological consequences. Biochim Biophys Acta, 1739(2-3), 280-297. 
doi:10.1016/j.bbadis.2004.06.017 

Straube, T., Korz, V., & Frey, J. U. (2003). Bidirectional modulation of long-term 
potentiation by novelty-exploration in rat dentate gyrus. Neurosci Lett, 344(1), 5-8. 
doi:10.1016/s0304-3940(03)00349-5 

Streit, W. J., Mrak, R. E., & Griffin, W. S. T. (2004). Microglia and neuroinflammation: a 
pathological perspective. Journal of Neuroinflammation, 1(1), 14. doi:10.1186/1742-
2094-1-14 

Sun, Y., Jin, S., Lin, X., Chen, L., Qiao, X., Jiang, L., . . . Xu, X. (2019). CA1-projecting 
subiculum neurons facilitate object–place learning. Nature Neuroscience, 22(11), 
1857-1870. doi:10.1038/s41593-019-0496-y 

Takahashi, H., Brasnjevic, I., Rutten, B. P., Van Der Kolk, N., Perl, D. P., Bouras, C., . . . 
Dickstein, D. L. (2010). Hippocampal interneuron loss in an APP/PS1 double mutant 
mouse and in Alzheimer's disease. Brain Struct Funct, 214(2-3), 145-160. 
doi:10.1007/s00429-010-0242-4 

Takeda, S. (2019). Tau Propagation as a Diagnostic and Therapeutic Target for Dementia: 
Potentials and Unanswered Questions. Front Neurosci, 13, 1274. 
doi:10.3389/fnins.2019.01274 

Terry, R. D., Masliah, E., Salmon, D. P., Butters, N., DeTeresa, R., Hill, R., . . . Katzman, R. 
(1991). Physical basis of cognitive alterations in alzheimer's disease: Synapse loss is 
the major correlate of cognitive impairment. Annals of Neurology, 30(4), 572-580. 
doi:https://doi.org/10.1002/ana.410300410 

Terunuma, M. (2018). Diversity of structure and function of GABAB receptors: a complexity 
of GABAB-mediated signaling. Proc Jpn Acad Ser B Phys Biol Sci, 94(10), 390-411. 
doi:10.2183/pjab.94.026 

Tillakaratne, N. J. K., Medina-Kauwe, L., & Gibson, K. M. (1995). Gamma-aminobutyric 
acid (GABA) metabolism in mammalian neural and nonneural tissues. Comparative 
Biochemistry and Physiology Part A: Physiology, 112(2), 247-263. 
doi:https://doi.org/10.1016/0300-9629(95)00099-2 

Ting Wong, C. G., Bottiglieri, T., & Snead Iii, O. C. (2003). GABA, γ-hydroxybutyric acid, 
and neurological disease. Annals of Neurology, 54(S6), S3-S12. 
doi:https://doi.org/10.1002/ana.10696 

Tricoire, L., Pelkey, K. A., Erkkila, B. E., Jeffries, B. W., Yuan, X., & McBain, C. J. (2011). 
A blueprint for the spatiotemporal origins of mouse hippocampal interneuron 
diversity. J Neurosci, 31(30), 10948-10970. doi:10.1523/JNEUROSCI.0323-11.2011 

Troncoso, J. C., Sukhov, R. R., Kawas, C. H., & Koliatsos, V. E. (1996). In situ labeling of 
dying cortical neurons in normal aging and in Alzheimer's disease: correlations with 
senile plaques and disease progression. J Neuropathol Exp Neurol, 55(11), 1134-
1142. doi:10.1097/00005072-199611000-00004 

Tseng, Y. S., & Agbandje-McKenna, M. (2014). Mapping the AAV Capsid Host Antibody 
Response toward the Development of Second Generation Gene Delivery Vectors. 
Front Immunol, 5, 9. doi:10.3389/fimmu.2014.00009 

Tuchin, V. V. (1997). Light scattering study of tissues. Physics-Uspekhi, 40(5), 495-515. 
doi:10.1070/pu1997v040n05abeh000236 



 

164 

Tuppo, E. E., & Arias, H. R. (2005). The role of inflammation in Alzheimer's disease. The 
International Journal of Biochemistry & Cell Biology, 37(2), 289-305. 
doi:https://doi.org/10.1016/j.biocel.2004.07.009 

Vargas-Caballero, M., Denk, F., Wobst, H. J., Arch, E., Pegasiou, C.-M., Oliver, P. L., . . . 
Wade-Martins, R. (2017). Wild-Type, but Not Mutant N296H, Human Tau Restores 
Aβ-Mediated Inhibition of LTP in Tau−/− mice. Frontiers in Neuroscience, 11. 
doi:10.3389/fnins.2017.00201 

Vassar, R., Bennett, B. D., Babu-Khan, S., Kahn, S., Mendiaz, E. A., Denis, P., . . . Citron, 
M. (1999). Beta-secretase cleavage of Alzheimer's amyloid precursor protein by the 
transmembrane aspartic protease BACE. Science, 286(5440), 735-741. 
doi:10.1126/science.286.5440.735 

Vico Varela, E., Etter, G., & Williams, S. (2019). Excitatory-inhibitory imbalance in 
Alzheimer's disease and therapeutic significance. Neurobiology of Disease, 127, 605-
615. doi:https://doi.org/10.1016/j.nbd.2019.04.010 

Vigot, R., Barbieri, S., Bräuner-Osborne, H., Turecek, R., Shigemoto, R., Zhang, Y.-P., . . . 
Bettler, B. (2006). Differential Compartmentalization and Distinct Functions of 
GABAB Receptor Variants. Neuron, 50(4), 589-601. 
doi:https://doi.org/10.1016/j.neuron.2006.04.014 

Villette, V., Poindessous-Jazat, F., Simon, A., Lena, C., Roullot, E., Bellessort, B., . . . 
Stephan, A. (2010). Decreased rhythmic GABAergic septal activity and memory-
associated theta oscillations after hippocampal amyloid-beta pathology in the rat. J 
Neurosci, 30(33), 10991-11003. doi:10.1523/JNEUROSCI.6284-09.2010 

Vinnakota, C., Govindpani, K., Tate, W. P., Peppercorn, K., Anekal, P. V., Waldvogel, H. J., 
. . . Kwakowsky, A. (2020). An α5 GABAA Receptor Inverse Agonist, α5IA, 
Attenuates Amyloid Beta-Induced Neuronal Death in Mouse Hippocampal Cultures. 
International Journal of Molecular Sciences, 21(9). doi:10.3390/ijms21093284 

Vogt, V. M. (1997). Retroviral Virions and Genomes. In J. M. Coffin, S. H. Hughes, & H. E. 
Varmus (Eds.), Retroviruses. Cold Spring Harbor (NY). 

Vossel, K. A., Beagle, A. J., Rabinovici, G. D., Shu, H., Lee, S. E., Naasan, G., . . . Mucke, 
L. (2013). Seizures and epileptiform activity in the early stages of Alzheimer disease. 
JAMA Neurol, 70(9), 1158-1166. doi:10.1001/jamaneurol.2013.136 

Wainwright, A., Sirinathsinghji, D. J., & Oliver, K. R. (2000). Expression of GABA(A) 
receptor alpha5 subunit-like immunoreactivity in human hippocampus. Brain Res Mol 
Brain Res, 80(2), 228-232. doi:10.1016/s0169-328x(00)00133-9 

Walsh, D. M., Klyubin, I., Fadeeva, J. V., Cullen, W. K., Anwyl, R., Wolfe, M. S., . . . 
Selkoe, D. J. (2002). Naturally secreted oligomers of amyloid beta protein potently 
inhibit hippocampal long-term potentiation in vivo. Nature, 416(6880), 535-539. 
doi:10.1038/416535a 

Wang, J., Ikonen, S., Gurevicius, K., van Groen, T., & Tanila, H. (2002). Alteration of 
cortical EEG in mice carrying mutated human APP transgene. Brain Res, 943(2), 181-
190. doi:10.1016/s0006-8993(02)02617-3 

Wang, Q., Walsh, D. M., Rowan, M. J., Selkoe, D. J., & Anwyl, R. (2004). Block of Long-
Term Potentiation by Naturally Secreted and Synthetic Amyloid β-Peptide in 
Hippocampal Slices Is Mediated via Activation of the Kinases c-Jun N-Terminal 
Kinase, Cyclin-Dependent Kinase 5, and p38 Mitogen-Activated Protein Kinase as 
well as Metabotropic Glutamate Receptor Type 5. The Journal of Neuroscience, 
24(13), 3370. doi:10.1523/JNEUROSCI.1633-03.2004 

Wang, R., & Reddy, P. H. (2017). Role of Glutamate and NMDA Receptors in Alzheimer's 
Disease. J Alzheimers Dis, 57(4), 1041-1048. doi:10.3233/JAD-160763 



 

165 

Wang, T., O'Connor, W. T., Ungerstedt, U., & French, E. D. (1994). N-methyl-d-aspartic 
acid biphasically regulates the biochemical and electrophysiological response of A10 
dopamine neurons in the ventral tegmental area: in vivo microdialysis and in vitro 
electrophysiological studies. Brain Research, 666(2), 255-262. 
doi:https://doi.org/10.1016/0006-8993(94)90780-3 

Wang, X., Wang, W., Li, L., Perry, G., Lee, H. G., & Zhu, X. (2014). Oxidative stress and 
mitochondrial dysfunction in Alzheimer's disease. Biochim Biophys Acta, 1842(8), 
1240-1247. doi:10.1016/j.bbadis.2013.10.015 

Wang, Y., Wang, Y., & Chen, Z. (2018). Double-edged GABAergic synaptic transmission in 
seizures: The importance of chloride plasticity. Brain Res, 1701, 126-136. 
doi:10.1016/j.brainres.2018.09.008 

Watanabe, M., Maemura, K., Kanbara, K., Tamayama, T., & Hayasaki, H. (2002). GABA 
and GABA Receptors in the Central Nervous System and Other Organs. In A Survey 
of Cell Biology (pp. 1-47). 

Williams, John C., & Entcheva, E. (2015). Optogenetic versus Electrical Stimulation of 
Human Cardiomyocytes: Modeling Insights. Biophysical Journal, 108(8), 1934-1945. 
doi:https://doi.org/10.1016/j.bpj.2015.03.032 

Winters, B. D., Forwood, S. E., Cowell, R. A., Saksida, L. M., & Bussey, T. J. (2004). 
Double Dissociation between the Effects of Peri-Postrhinal Cortex and Hippocampal 
Lesions on Tests of Object Recognition and Spatial Memory: Heterogeneity of 
Function within the Temporal Lobe. The Journal of Neuroscience, 24(26), 5901. 
doi:10.1523/JNEUROSCI.1346-04.2004 

Witter, M. P. (2006). Connections of the subiculum of the rat: topography in relation to 
columnar and laminar organization. Behav Brain Res, 174(2), 251-264. 
doi:10.1016/j.bbr.2006.06.022 

Witter, M. P. (2007). The perforant path: projections from the entorhinal cortex to the dentate 
gyrus. In H. E. Scharfman (Ed.), Progress in Brain Research (Vol. 163, pp. 43-61): 
Elsevier. 

Wolf, S. A., Boddeke, H. W. G. M., & Kettenmann, H. (2017). Microglia in Physiology and 
Disease. Annual Review of Physiology, 79(1), 619-643. doi:10.1146/annurev-physiol-
022516-034406 

Wolfe, M. S. (2008). Inhibition and modulation of gamma-secretase for Alzheimer's disease. 
Neurotherapeutics, 5(3), 391-398. doi:10.1016/j.nurt.2008.05.010 

Wu, Z., Guo, Z., Gearing, M., & Chen, G. (2014). Tonic inhibition in dentate gyrus impairs 
long-term potentiation and memory in an Alzheimer's [corrected] disease model. Nat 
Commun, 5, 4159. doi:10.1038/ncomms5159 

Yankner, B. A., Duffy, L. K., & Kirschner, D. A. (1990). Neurotrophic and neurotoxic effects 
of amyloid beta protein: reversal by tachykinin neuropeptides. Science, 250(4978), 
279-282. doi:10.1126/science.2218531 

Yepes, M., Sandkvist, M., Moore, E. G., Bugge, T. H., Strickland, D. K., & Lawrence, D. A. 
(2003). Tissue-type plasminogen activator induces opening of the blood-brain barrier 
via the LDL receptor–related protein. The Journal of Clinical Investigation, 112(10), 
1533-1540. doi:10.1172/JCI19212 

Yeung, J. H. Y., Palpagama, T. H., Tate, W. P., Peppercorn, K., Waldvogel, H. J., Faull, R. L. 
M., & Kwakowsky, A. (2020). The Acute Effects of Amyloid-Beta1–42 on 
Glutamatergic Receptor and Transporter Expression in the Mouse Hippocampus. 
Frontiers in Neuroscience, 13. doi:10.3389/fnins.2019.01427 

Yizhar, O., Fenno, L., Zhang, F., Hegemann, P., & Diesseroth, K. (2011). Microbial opsins: a 
family of single-component tools for optical control of neural activity. Cold Spring 
Harb Protoc, 2011(3), top102. doi:10.1101/pdb.top102 



 

166 

Yizhar, O., Fenno, Lief E., Davidson, Thomas J., Mogri, M., & Deisseroth, K. (2011). 
Optogenetics in Neural Systems. Neuron, 71(1), 9-34. 
doi:https://doi.org/10.1016/j.neuron.2011.06.004 

Yun, S. H., Gamkrelidze, G., Stine, W. B., Sullivan, P. M., Pasternak, J. F., Ladu, M. J., & 
Trommer, B. L. (2006). Amyloid-beta1-42 reduces neuronal excitability in mouse 
dentate gyrus. Neuroscience letters, 403(1-2), 162-165. 
doi:10.1016/j.neulet.2006.04.065 

Zallo, F., Gardenal, E., Verkhratsky, A., & Rodriguez, J. J. (2018). Loss of calretinin and 
parvalbumin positive interneurones in the hippocampal CA1 of aged Alzheimer's 
disease mice. Neurosci Lett, 681, 19-25. doi:10.1016/j.neulet.2018.05.027 

Zhang, B., Gaiteri, C., Bodea, L. G., Wang, Z., McElwee, J., Podtelezhnikov, A. A., . . . 
Emilsson, V. (2013). Integrated systems approach identifies genetic nodes and 
networks in late-onset Alzheimer's disease. Cell, 153(3), 707-720. 
doi:10.1016/j.cell.2013.03.030 

Zhang, F., Vierock, J., Yizhar, O., Fenno, L. E., Tsunoda, S., Kianianmomeni, A., . . . 
Deisseroth, K. (2011). The Microbial Opsin Family of Optogenetic Tools. Cell, 
147(7), 1446-1457. doi:https://doi.org/10.1016/j.cell.2011.12.004 

Zhang, N., Wei, W., Mody, I., & Houser, C. R. (2007). Altered localization of GABA(A) 
receptor subunits on dentate granule cell dendrites influences tonic and phasic 
inhibition in a mouse model of epilepsy. The Journal of neuroscience : the official 
journal of the Society for Neuroscience, 27(28), 7520-7531. 
doi:10.1523/JNEUROSCI.1555-07.2007 

Zhang, Y., Rózsa, M., Liang, Y., Bushey, D., Wei, Z., Zheng, J., . . . Looger, L. L. (2021). 
Fast and sensitive GCaMP calcium indicators for imaging neural populations. 
bioRxiv, 2021.2011.2008.467793. doi:10.1101/2021.11.08.467793 

Zhang, Y. W., Thompson, R., Zhang, H., & Xu, H. (2011). APP processing in Alzheimer's 
disease. Mol Brain, 4, 3. doi:10.1186/1756-6606-4-3 

Zhang, Z., Jing, Y., Ma, Y., Duan, D., Li, B., Holscher, C., . . . Xing, Y. (2020). Driving 
GABAergic neurons optogenetically improves learning, reduces amyloid load and 
enhances autophagy in a mouse model of Alzheimer's disease. Biochem Biophys Res 
Commun, 525(4), 928-935. doi:10.1016/j.bbrc.2020.03.004 

Zhao, L. N., Long, H., Mu, Y., & Chew, L. Y. (2012). The toxicity of amyloid β oligomers. 
International journal of molecular sciences, 13(6), 7303-7327. 
doi:10.3390/ijms13067303 

Zheng, H., & Koo, E. H. (2011). Biology and pathophysiology of the amyloid precursor 
protein. Mol Neurodegener, 6(1), 27. doi:10.1186/1750-1326-6-27 

Zhou, S., & Yu, Y. (2018). Synaptic E-I Balance Underlies Efficient Neural Coding. 
Frontiers in Neuroscience, 12(46). doi:10.3389/fnins.2018.00046 

Zhu, Z. T., Munhall, A., Shen, K. Z., & Johnson, S. W. (2005). NMDA enhances a 
depolarization-activated inward current in subthalamic neurons. Neuropharmacology, 
49(3), 317-327. doi:10.1016/j.neuropharm.2005.03.018 

Zilka, N., Filipcik, P., Koson, P., Fialova, L., Skrabana, R., Zilkova, M., . . . Novak, M. 
(2006). Truncated tau from sporadic Alzheimer's disease suffices to drive 
neurofibrillary degeneration in vivo. FEBS Lett, 580(15), 3582-3588. 
doi:10.1016/j.febslet.2006.05.029 

Zilka, N., Kazmerova, Z., Jadhav, S., Neradil, P., Madari, A., Obetkova, D., . . . Novak, M. 
(2012). Who fans the flames of Alzheimer's disease brains? Misfolded tau on the 
crossroad of neurodegenerative and inflammatory pathways. J Neuroinflammation, 9, 
47. doi:10.1186/1742-2094-9-47 



 

167 

Zott, B., Simon, M. M., Hong, W., Unger, F., Chen-Engerer, H.-J., Frosch, M. P., . . . 
Konnerth, A. (2019). A vicious cycle of β amyloid-dependent neuronal 
hyperactivation. Science (New York, N.Y.), 365(6453), 559-565. 
doi:10.1126/science.aay0198 

Šišková, Z., Justus, D., Kaneko, H., Friedrichs, D., Henneberg, N., Beutel, T., . . . Remy, S. 
(2014). Dendritic structural degeneration is functionally linked to cellular 
hyperexcitability in a mouse model of Alzheimer's disease. Neuron, 84(5), 1023-
1033. doi:10.1016/j.neuron.2014.10.024 

 




