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ABSTRACT 

Memory disruption in mild cognitive impairment (MCI) and Alzheimer’s disease (AD) is poorly 

understood, particularly at early stages preceding neurodegeneration. In mouse models of AD, there are 

disruptions to sharp wave ripples (SWRs), hippocampal population events with a critical role in memory 

consolidation. However, the microcircuitry underlying these disruptions remains under-explored. In this 

dissertation, I tested the hypothesis that a selective reduction in parvalbumin-expressing (PV) inhibitory 

interneuron activity underlies hyperactivity and SWR disruption. Employing the 5xFAD model of familial AD 

crossed with mouse lines labeling excitatory pyramidal cells (PCs) and inhibitory PV cells, I observed a 

33% increase in frequency, 58% increase in amplitude, and 8% decrease in duration of SWRs in ex vivo 

slices from male and female 3-month 5xFAD mice versus littermate controls. 5xFAD mice of the same age 

were impaired in a hippocampal-dependent memory task. Concurrent with SWR recordings, I performed 

calcium imaging, cell-attached, and whole-cell recordings of PC and PV cells within the CA1 region. PCs 

in 5xFAD mice participated in enlarged ensembles, with superficial PCs having a higher probability of 

spiking during SWRs. Both deep and superficial PCs displayed an increased synaptic excitatory-to-

inhibitory (E/I) ratio, suggesting a disinhibitory mechanism. In contrast, I observed a 46% spike rate 

reduction during SWRs in PV basket cells (PVBCs), while PV bistratified and axo-axonic cells were 

unimpaired. Excitatory synaptic drive to PVBCs was selectively reduced by 50%, resulting in decreased E/I 

ratio. Preliminary staining suggests perineuronal nets (PNNs), which preferentially ensheathe PVBCs and 

support function, are degraded in 5xFAD mice. Together these findings suggest alterations to the PC-PVBC 

microcircuit contribute to impairment in early amyloid pathology. 
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1. INTRODUCTION 

1.1 Overview 

Alzheimer’s disease (AD) is the leading cause of dementia, and a growing public health crisis as 

worldwide life expectancy increases. AD is characterized by learning and memory deficits, the pathological 

accumulation of amyloid beta (Aβ) plaques and neurofibrillary tangles (NFTs), and synaptic and neuronal 

degeneration (Mattson, 2004; Serrano-Pozo et al., 2011). The cause of memory disruption in the disease 

is poorly understood, particularly at early ages prior to widespread neurodegeneration. The hippocampus, 

a region particularly important for the encoding and consolidation of spatial memory, is one of the first 

regions impaired in AD (Hyman et al., 1984; Braak and Braak, 1991). Hyperactivity within the hippocampus 

is observed in mouse models of AD (Palop et al., 2007; Busche et al., 2008, 2012, 2015; Šišková et al., 

2014), as well as in clinical populations, where seizures are an increasingly recognized co-morbidity of AD 

(Hauser et al., 1986; Amatniek et al., 2006; Palop and Mucke, 2009). While it is well appreciated that Aβ 

impairs the synaptic function of excitatory pyramidal cells (PCs) in later disease progression (Kamenetz et 

al., 2003; Shankar et al., 2008; Pozueta et al., 2013), there is growing evidence of early deficits to inhibitory 

GABAergic cells (Li et al., 2016), potentially explaining this shift to hyperactivity through disinhibition. In 

particular, several functional impairments are observed in inhibitory parvalbumin-expressing (PV) fast-

spiking interneurons (Verret et al., 2012; Mahar et al., 2016; Yang et al., 2016; Hijazi et al., 2019). However, 

there are at least three unique PV cell sub-types within the CA1 region of hippocampus with varying 

anatomical connections and function (Varga et al., 2014), and the separate impact of AD pathology on 

these sub-types is unknown.  

PV cells play a critical role in sharp wave ripples (SWRs) (Ellender et al., 2010; Schlingloff et al., 

2014; Ognjanovski et al., 2017), spontaneous neuronal population bursts that principally originate in the 

CA3 region and propagate to CA1 along the Schaffer collaterals (Buzsáki, 1986, 2015; Colgin, 2016). SWRs 

have been extensively studied largely due to their proposed role in memory consolidation (Wilson and 

McNaughton, 1994; Kudrimoti et al., 1999; O’Neill et al., 2008; Karlsson and Frank, 2009). Sequences of 

place cells activated during spatial learning replay in temporally compressed neuronal ensembles within 

SWRs during rest (Nádasdy et al., 1999; Lee and Wilson, 2002). Online interruption of SWRs through both 

electrical (Girardeau et al., 2009; Ego-Stengel and Wilson, 2010) and optogenetic stimulation (Ven et al., 
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2016; Roux et al., 2017) leads to learning and memory deficits, demonstrating their critical role in memory 

consolidation. Notably, in several mouse models of AD, SWRs are disrupted (Gillespie et al., 2016; 

Iaccarino et al., 2016; Nicole et al., 2016; Xiao et al., 2017; Hollnagel et al., 2019; Jones et al., 2019; Jura 

et al., 2019). However, the microcircuitry underlying these disruptions has yet to be explored in detail. In 

this dissertation I employed the 5xFAD mouse model of familial Alzheimer’s disease crossed with mouse 

lines that selectively fluoresce in excitatory pyramidal cells (PCs) and inhibitory PV cells. I performed patch 

clamp recordings of superficial and deep PCs and three distinct PV cell sub-types within the CA1 region to 

record the spiking activity and synaptic input during SWR events. I additionally investigated the integrity of 

perineuronal nets (PNNs) that preferentially surround PV cells. The findings support the hypothesis that a 

preferential reduction in synaptic input and activity of PV basket cells underlies downstream network 

alterations and suggest that long-term alterations to PC-PVBC microcircuitry contribute to dysfunction in 

early amyloid pathology. The bulk of these findings have been published in the Journal of Neuroscience 

(Caccavano et al., 2020). 

 

1.2 Alzheimer’s Disease (AD) 

Alzheimer’s disease (AD) is a highly prevalent neurodegenerative disease characterized by learning 

and memory deficits (Mattson, 2004). AD is the leading cause of dementia (Gale et al., 2018), and an 

increasing public health crisis with rising life expectancy across the globe. It is estimated to imperil the 

worldwide healthcare system by the year 2050 if no effective treatments are found (Alzheimer’s Association, 

2016; Winblad et al., 2016). Pathologically, AD is characterized by the accumulation of senile plaques 

containing amyloid beta (Aβ) and neurofibrillary tangles (NFTs) containing microtubule-associated 

hyperphosphorylated tau (Serrano-Pozo et al., 2011). In later disease pathology there is widespread 

synaptic and neuronal degeneration and cortical atrophy. The preclinical stage of AD is characterized by 

the presence of amyloid and tau pathology that precedes symptom onset, and may last 20+ years (Dubois 

et al., 2016). With the onset of symptoms, the disease transitions to the prodromal stage, termed mild 

cognitive impairment (MCI), which may last for another 10+ years (Langa and Levine, 2014). Upon 

deterioration of cognition severe enough to require assistance with activities of daily living, the disease is 

considered to have entered the fully progressed dementia stage, which can last 15+ years, but with a mean 
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survival of 10-12 years after diagnosis (Gale et al., 2018). The most obvious symptoms include deficits in 

declarative memory such as remembering names, places, and events. There are also notable behavioral 

symptoms including apathy and depression, and increasing motor deficits in later disease progression 

(Alzheimer’s Association, 2016). As there is no cure or disease-modifying treatment, AD is invariably fatal, 

typically through complications related to difficulty swallowing and resulting aspiration pneumonia (Mölsä 

et al., 1986).  

Some of the earliest and most affected neurons in AD are those in the hippocampal formation and 

surrounding cortices. The entorhinal cortex layers II and IV (principal hippocampal input) and subiculum 

(principal hippocampal output) are some of the earliest regions with the presence of NFTs and 

neurodegeneration (Hyman et al., 1984). The spatial distribution of amyloid plaques is minimally correlated 

with disease progression, but NFTs follow a highly characteristic pattern, which led to the development of 

the six Braak stages (Braak and Braak, 1991, 1995). In stage I, NFTs are largely limited to perirhinal cortex, 

but by stage II are observed in entorhinal cortex and CA1. In stage III, NFTs have reached the subiculum, 

and by stage IV have spread throughout limbic regions including amygdala, thalamus, and claustrum. In 

stage V, there is NFT spread throughout neocortex, particularly associative cortex, while in the final and 

most severe stage VI, primary cortices including visual, sensory and motor areas are also affected.  

 

 Amyloid Cascade Hypothesis 

In the amyloid cascade hypothesis, the pathological accumulation of Aβ is posited to be an upstream 

regulator of later disease pathology including NFTs, neurodegeneration, inflammation, vascular damage, 

and cognitive decline (Hardy and Higgins, 1992; Hardy and Selkoe, 2002; Selkoe and Hardy, 2016). 

Although not accounting for all aspects of disease, the amyloid cascade hypothesis remains prominent due 

to a wide array of genetic and animal study support, though some have questioned its validity in light of 

numerous failed amyloid-centric clinical trials (Herrup, 2015; Karran and De Strooper, 2016; Kepp, 2017).  

The amyloid hypothesis originated upon the sequencing of the Aβ peptide present in the insoluble 

extracellular plaques observed in AD patients (Glenner and Wong, 1984a; Masters et al., 1985). Identifying 

the genetic locus of this peptide was aided by the observation that the same Aβ peptide is present in Down 

syndrome patients (Glenner and Wong, 1984b), a genetic disorder occurring from trisomy of chromosome 
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21 (Lejeune et al., 1959). The majority of Down syndrome patients over the age of 30 develop AD pathology 

including plaques, tangles, cortical atrophy, and dementia (Wisniewski et al., 1985). These findings led to 

the sequencing of the previously unidentified transmembrane amyloid precursor protein (APP) on 

chromosome 21 (Kang et al., 1987). Further work identified the molecular pathway by which Aβ is created. 

Aβ is excised from APP through proteolytic cleavage of the N-terminus by the β-secretase BACE1 (Hussain 

et al., 1999; Sinha et al., 1999) followed by cleavage of the C-terminus by γ-secretase (De Strooper et al., 

1998), a complex of the four integral membrane proteins presenilin 1 or 2 (PS1,2), aph1b, Pen2, and 

nicastrin (De Strooper et al., 2012; Zhou et al., 2019). The resultant Aβ monomers vary in length from 37-

43 amino acids, with the major product Aβ40 and a lesser fraction of Aβ42 (Lichtenthaler et al., 2011). These 

monomers can subsequently aggregate into oligomers and insoluble fibrillar plaques, particularly the more 

pathogenic Aβ42 variant (Chromy et al., 2003). In addition to this pathological pathway, there is an alternate 

proteolytic pathway that precludes Aβ formation in which APP is cleaved by the α-secretase ADAM10 

(Lammich et al., 1999), to release the secreted APP fragment sAPPα. 

Principal support for the amyloid cascade hypothesis comes from the discovery of single-point 

missense mutations in Aβ processing genes in early-onset autosomal dominant familial AD (FAD) 

populations. These include mutations in APP on chromosome 21 (Goate et al., 1991; Murrell et al., 1991; 

Mullan et al., 1992), PS1 on chromosome 14 (St George-Hyslop et al., 1992), and PS2 on chromosome 1 

(Levy-Lahad et al., 1995b, 1995a). To date, hundreds of single-point mutations have been discovered in 

these three genes which are causative of early-onset FAD (https://www.alzforum.org/mutations). These 

mutations have diverse outcomes on Aβ processing, but generally result in elevated Aβ (Scheuner et al., 

1996), either through increased production (Citron et al., 1992), a specific increase of Aβ42 (Suzuki et al., 

1994; Duff et al., 1996; Scheuner et al., 1996), or an increase in the ratio of Aβ42:Aβ40 (Borchelt et al., 1996). 

The increased proportion of Aβ42 is of importance as the longer variants with an extended C-terminus are 

more likely to act as seeds for aggregation than the shorter and more soluble Aβ40 (Jarrett et al., 1993). 

Together these findings identified a compelling and essential role for Aβ in familial AD, and led to the 

development of a plethora of mouse models to study fundamental mechanisms that recapitulate many 

aspects of AD (https://www.alzforum.org/research-models/alzheimers-disease).  

https://www.alzforum.org/mutations
https://www.alzforum.org/research-models/alzheimers-disease
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However, many questions remain in the amyloid cascade hypothesis. As evidenced from human 

postmortem tissue, amyloid plaques do not correlate well with disease severity. Instead, NFTs composed 

of hyperphosphorylated tau are believed to be the more neurotoxic protein aggregate (Braak and Braak, 

1991, 1995). Does amyloid lead to tau aggregation? Does tau lead to neurodegeneration? And what of 

late-onset sporadic AD, which accounts for the vast majority of cases? Early-onset familial cases with 

autosomal dominant mutations in APP, PS1, or PS2 only represent a small fraction (<1%) of all AD cases 

(Bekris et al., 2010). Does amyloid act as an upstream regulator of disease in sporadic patients, or is familial 

AD completely distinct from sporadic AD?  

Some of these questions have at least been partially answered and it is beyond the scope of this 

dissertation to exhaustively explore. There do appear to be causative links between amyloid and tau (Lewis 

et al., 2001; Roberson et al., 2007; Jin et al., 2011), however there are several well-characterized 

tauopathies that develop independent of amyloid. Neuronal loss is highly correlated with the presence of 

NFTs, yet the number of neurons lost exceeds the number of neurons with intracellular NFTs, suggesting 

other mechanisms besides NFT toxicity are at work (Gómez-Isla et al., 1997). Soluble amyloid oligomers 

also express significant toxicity (Kuo et al., 1996), and more so than insoluble plaques (Walsh and Selkoe, 

2007; Shankar et al., 2008), suggesting that senile plaques may actually be a protective response to 

package the more neurotoxic soluble amyloid oligomers. In sporadic late-onset AD, mutations in APOE and 

TREM2 significantly increase risk of AD, but unlike mutations in APP, PS1, or PS2 will not definitively cause 

AD. APOE is a phospholipid and cholesterol carrier while TREM2 is a phospholipid receptor, suggesting 

an important role of lipid metabolism in AD. The presence of the APOE-ε4 allele is the largest genetic risk 

factor (Rebeck et al., 1993), and has been implicated in impaired clearance of Aβ as compared to the 

APOE-ε2 and APOE-ε3 alleles (Castellano et al., 2011; Tai et al., 2014). TREM2 acts in microglia as a lipid 

sensor, and mutations in TREM2 have been found to attenuate microglial detection and clearance of lipids 

associated with fibrillar Aβ (Wang et al., 2015). While much work is still required to fully elucidate sporadic 

AD mechanisms, including the under-appreciated role of inflammation (Heppner et al., 2015), the amyloid 

cascade hypothesis for the time remains a useful construct, and an invaluable avenue to study disease 

mechanisms through mouse models. 
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 Hyperactivity in Early Amyloid Pathology 

Seizure risk is increased in AD patients (Hauser et al., 1986; Romanelli et al., 1990; Amatniek et al., 

2006), a comorbidity shared by several transgenic mouse models of familial AD with epileptiform activity 

(Minkeviciene et al., 2009; Um et al., 2012; Born et al., 2014; Chan et al., 2015; Siwek et al., 2015; Kazim 

et al., 2017). In a retrospective study of 81 AD patients, 10% experienced seizures and another 10% 

experienced myoclonus, ten times the expected rate for a reference population (Hauser et al., 1986). A 

prospective study in 44 AD patients and 58 age-matched controls found a significant risk factor for 

developing generalized tonic-clonic seizures, with 16% of AD patients and no age-matched controls 

developing seizures (Romanelli et al., 1990). A larger prospective study of 236 AD patients observed a 

cumulative incidence of 8% of AD patients experiencing seizures, with a 87-fold increase in seizure risk for 

patients aged 50-59 years relative to a reference population, and a 3-fold increase in those 85+ years 

(Amatniek et al., 2006). The increased occurrence of seizures in Down syndrome patients (Tangye, 1979), 

whom have an extra copy of APP and develop AD pathology, provides further evidence for a link between 

amyloid pathology and epileptiform activity.  

Seizure activity in AD patients was widely assumed to result from advanced neurodegeneration, but 

in vitro and in vivo studies animal models have revealed that hyperactivity precedes neurodegeneration in 

many cases (Palop and Mucke, 2009, 2010). In 4-7 mo hAPPJ20 mice (coexpressing the APPSwedish and 

APPIndiana FAD mutations) there is spontaneous nonconvulsive seizure activity in hippocampus and cortex, 

and alterations within the dentate gyrus (DG) microcircuit (Palop et al., 2007). Moreover, chronic treatment 

with levetiracetam, an anticonvulsant used for the treatment of epilepsy, reduces abnormal spike activity, 

synaptic dysfunction, and learning and memory impairments in 4-6 mo hAPPJ20 mice (Sanchez et al., 

2012), suggestive of a causal link between hyperactivity and cognitive impairment. These studies and 

others prompted clinical trials for levetiracetam for the treatment of MCI (PI: Krauss, n.d.) and AD (PI: 

Vossel, n.d.).  

In vivo calcium imaging has been employed to study how hyperactivity in AD models manifests at 

the level of neuronal ensembles (Busche et al., 2008, 2012; Zott et al., 2019). In 6-10 mo APP23×PS45 

(coexpressing the APPSwedish and PS1G384A mutations), there are increased hyperactive clusters of layer 

II/III cortical neurons in close proximity to amyloid plaques, and the effect is not due to a change in intrinsic 
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excitability, but rather mediated by a lack of GABAergic inhibition (Busche et al., 2008). Similar findings are 

also seen in CA1 pyramidal neurons, both in 6-7 mo APP23×PS45 transgenic mice and in wild-type (WT) 

mice with injected soluble Aβ dimers (Busche et al., 2012). Moreover, the treatment with a γ-secretase 

inhibitor LY-411575 rescues this hyperactive phenotype. However, the use of γ-secretase inhibitors in 

humans has largely been considered a failed strategy, most prominently with the early cancellation of the 

phase III clinical trial for Semagacestat (LY-450139) with the worsening of all patient groups cognitive 

scores, and numerous adverse effects (Doody et al., 2013).  

Heightened neuronal activity increases Aβ production in organotypic slice (Kamenetz et al., 2003), 

acute slice (Cirrito et al., 2005), and in vivo (Cirrito et al., 2008), potentially exacerbating pathophysiology. 

This activity-dependent Aβ production has been associated with APP phosphorylation by Polo-like kinase 

2 (Plk2) in vitro (Lee et al., 2017) and in vivo (Lee et al., 2019). Aβ also impairs excitatory synaptic 

transmission (Kamenetz et al., 2003; Shankar et al., 2008; Pozueta et al., 2013), potentially as a negative 

feedback mechanism to control hyperactivity. Aβ dimers extracted from AD patients and injected into rodent 

hippocampus inhibit long-term potentiation (LTP), enhance long-term depression (LTD), and reduce 

dendritic spine density (Shankar et al., 2008). These effects are mediated at least in part through soluble 

Aβ oligomers binding to the post-synaptic prion protein PrPC (Um et al., 2012), which in turn binds to the 

metabotropic glutamate receptor mGluR5 (Um et al., 2013). Interestingly, the soluble APP fragment sAPPα, 

resultant from the non-amyloidogenic α-secretase proteolytic pathway, appears to also reduce neuronal 

activity but through an independent pathway. sAPPα activates K+ channels and suppresses neuronal 

activity (Furukawa et al., 1996), by functioning as a ligand to presynaptic GABAB metabotropic receptors 

(Rice et al., 2019). In contrast to Aβ, sAPPα appears to decrease LTD and increase LTP (Ishida et al., 

1997). Recent evidence also points to a disruptive role of Aβ dimers on glutamate reuptake at high baseline 

levels of activity, which could exacerbate hyperactivity through perisynaptic glutamate accumulation and 

runaway feedforward excitation (Zott et al., 2019). Taken together, APP and its cleavage products Aβ and 

sAPPα play important though complex roles in regulating neuronal activity and synaptic plasticity in both 

healthy physiology and disease.  

In addition to the effect of Aβ on glutamatergic synaptic transmission, there is growing evidence of 

early deficits to inhibitory GABAergic cells (Li et al., 2016), potentially explaining a shift to hyperactivity 
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through disinhibition. In particular, several functional impairments are observed in inhibitory parvalbumin-

expressing (PV) fast-spiking interneurons (Verret et al., 2012; Mahar et al., 2016; Yang et al., 2016; Hijazi 

et al., 2019). In 4-7 mo hAPPJ20 mice, there are increased epileptiform discharges and reduced gamma 

oscillations (Verret et al., 2012), for which fast-piking PV cells are critically implicated (Hu et al., 2014). In 

these mice, there is a selective increase in resting membrane potential and reduction in action potential 

amplitude in inhibitory but not excitatory layer II/III neurons. These electrophysiological alterations in 

hAPPJ20 mice coincide with a reduction of the Nav1.1 voltage-gated Na+ channel, which is predominantly 

expressed in PV cells (Ogiwara et al., 2007). Moreover, reduced expression of Nav1.1 is also observed in 

human AD patients (Verret et al., 2012). These results were further analyzed in a computational model of 

APΔE9 mice (coexpressing the APPSwedish and PS1ΔE9 mutations), identifying Na+ channel leak as the most 

plausible cause of interneuron dysfunction (Perez et al., 2016). Another study found that hippocampal PV 

cells in 4 mo B6C3-Tg mice (coexpressing the APPSwedish and PS1ΔE9 mutations) were hyperexcitable, firing 

more action potentials with increasing current injections (Hijazi et al., 2019). Consistent with Verret et al., 

2012, these cells exhibited a depolarized resting membrane potential and altered action potential shape. 

 In addition to intrinsic cell dysfunction, there is also evidence for network alterations that reduce 

synaptic input to PV cells. In 4 mo Tg2576 mice (expressing the APPSwedish mutations), there is a preferential 

degeneration of direct entorhinal input to CA1 PV cells (Yang et al., 2016). Optogenetic restoration of this 

input rescues synaptic and spatial learning deficits. Another study has suggested a failure of PC-PV 

innervation is due to a downregulation of Neuronal Pentraxin 2 (NPTX2) in AD and Down syndrome patients 

(Xiao et al., 2017). NPTX2 is expressed pre-synaptically by PCs and binds to the GluA4 subunit of AMPA 

on post-synaptic PV cells, serving to anchor PC-PV synapses (Chang et al., 2010). In 3-4 mo APΔE9 mice, 

genetic deletion of NPTX2 results in hippocampal hyperexcitability including more frequent SWRs and 

hyper-synchronous population spikes (Xiao et al., 2017). 

Inhibitory GABAergic cells other than PV cells are also compromised in Alzheimer’s disease. In 

juvenile 1 mo TgCRND8 mice (coexpressing the APPSwedish and APPIndiana mutations) and prior to amyloid 

deposition, there is a decrease in the number of neuropeptide Y (NPY)+ as well as PV+ cells in the CA1-

CA2 region of hippocampus, with a more excitable network phenotype after the administration of the K+ 

channel blocker 4-AP (Mahar et al., 2016). In 12-16 mo female APΔE9 mice, inhibitory interneurons within 
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the molecular layer of the dentate gyrus fail to reliably fire action potentials, resulting in hyperactivity of 

stimulated voltage-sensitive dye responses (Hazra et al., 2013). DG molecular layer inhibitory interneurons 

are not PV+, but largely neurogliaform (Armstrong et al., 2011) or “MOPP” cells (Ceranik et al., 1997). In 

18 mo 3xTg-AD mice (coexpressing the APPSwedish, PS1M146V and tauP301L mutations), in addition to a 

reduction of PV+ cells, calretinin+ cells are reduced in the CA1 region (Zallo et al., 2018). Finally, 

somatostatin (SST) positive neurons have long been noted to be degraded in AD patients (Davies et al., 

1980; Chan‐Palay, 1987; Dournaud et al., 1994), a finding common amongst disorders with 

neuropsychiatric symptoms (Lin and Sibille, 2013).  

Hyperactivity in amyloid pathology likely has a host of mechanisms; elucidating these will require a 

thorough understanding of the underlying microcircuitry. As many reports of hyperactivity begin before 

neuronal degeneration (Busche et al., 2008, 2012; Mahar et al., 2016) and hyperactivity can exacerbate Aβ 

production (Kamenetz et al., 2003; Cirrito et al., 2005, 2008), this provides a promising opportunity to 

intervene at early stages of disease. While PV cells have previously been identified as a promising target 

(Verret et al., 2012; Mahar et al., 2016; Yang et al., 2016; Hijazi et al., 2019), it is unclear if particular sub-

types of PV cells are preferentially impaired. Within the CA1 region of hippocampus, there are at least three 

unique PV cell sub-types with varying anatomical connectivity and function (Varga et al., 2014), and the 

separate impact of AD pathology on these sub-types is unknown. 

 

1.3 Sharp Wave Ripple (SWR) Events  

Sharp wave ripples (SWRs) are neuronal population events that spontaneously occur within the 

hippocampus during slow wave sleep and restful wakefulness, with evidence for a critical role in memory 

consolidation (Buzsáki, 1986, 2015; Colgin, 2016). SWRs are characterized by a low frequency sharp wave 

envelope (SW, 1-30 Hz) due to synchronous neuronal discharge, and a high frequency ripple oscillation 

(150-250 Hz) (Figure 1-1). In the absence of subcortical theta entrainment (4-10 Hz) present during 

explorative activity, SWRs spontaneously arise in the highly recurrent CA3 region and propagate to CA1 

along the Schaffer collaterals. The CA2 region, sandwiched between CA3 and CA1, also appears to play 

an important role in triggering SWRs, particularly during restful wakefulness (Oliva et al., 2016). SWRs have 

been observed in all mammalian species studied to date (Buzsáki et al., 2013). Even undergoing 
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decortication in brain slices, SWRs are found to 

spontaneously arise in hippocampus (Buzsáki 

et al., 1983), providing a useful model for 

studying synaptic activity during SWRs via 

patch clamp electrophysiology. Besides their 

evolutionary conservation and ubiquity, SWRs 

have been extensively studied because of their 

critical role in memory consolidation (Wilson 

and McNaughton, 1994; Kudrimoti et al., 1999; 

Karlsson and Frank, 2009; O’Neill et al., 2010). 

Of interest for the current study, in a number of 

mouse models of Alzheimer’s disease, SWRs 

are found to be disrupted (Gillespie et al., 2016; 

Iaccarino et al., 2016; Nicole et al., 2016; Xiao 

et al., 2017; Jura et al., 2019; Benthem et al., 

2020). However, the microcircuitry alterations underlying these disruptions remain unexplored, a principal 

goal of this study.  

 

 Role of SWRs in Memory Consolidation 

In humans, sleep following learning has long been recognized to improve memory performance 

relative to equivalent time spent awake (Jenkins and Dallenbach, 1924). EEG studies have demonstrated 

that time spent in the early portion of sleep dominated by slow wave sleep results in improved verbal and 

visual memory recall relative to an equivalent amount of time in REM sleep (Fowler et al., 1973), suggesting 

a critical role of slow wave sleep in memory consolidation. The SWR was first observed within the ventral 

hippocampus of cats during slow wave sleep (termed an “EEG spike”) (Jouvet et al., 1959). The correlation 

between SWR activity and slow wave sleep is so strong as to be suggested as a noncortical biomarker of 

non-REM sleep (Hartse et al., 1979). A causative role for SWRs in memory consolidation has been 

demonstrated in rodent models with online selective disruption of SWRs through electrical (Girardeau et 

Figure 1-1: Example SWR recorded in slice. Top 
trace: unfiltered local field potential (LFP). Middle 
trace: sharp wave (SW) filtered from 1-30 Hz. 
Bottom trace: Ripple filtered from 120-220 Hz.   
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al., 2009; Ego-Stengel and Wilson, 2010) and optogenetic stimulation (Ven et al., 2016; Roux et al., 2017), 

resulting in learning and memory deficits. 

To determine how SWRs facilitate memory consolidation requires an examination of the spike 

content and cellular participation during these events. The discovery of hippocampal place cells, which 

preferentially fire when an animal is in a particular location (O’Keefe and Dostrovsky, 1971; Olton et al., 

1978; O’Keefe, 1979), represented an enormous advance in understanding how spatial information is 

interpreted in the brain. With this discovery, they also provided a tool to study how SWRs support memory, 

by examining the spike content of place cells during learning and subsequently during sleep. Place cells 

that coactivate during explorative learning also coactivate subsequently during slow wave sleep (Wilson 

and McNaughton, 1994). Moreover, the same temporal ordering of place cell activations are replayed during 

sleep (Skaggs and McNaughton, 1996). The replay of these sequences of place cells are temporally 

compressed within SWR events (Nádasdy et al., 1999; Lee and Wilson, 2002). These features of SWR 

replay are supportive of a two-stage model for memory consolidation (Buzsáki, 1989). In this hypothesis, 

the 1st stage of memory formation occurs during theta-associated states in which neocortical input to the 

hippocampus brings in novel information associated with learning. The convergence of input to the CA3 

region during theta results in transient potentiation within the recurrent CA3 network. This is followed by the 

2nd stage during slow wave sleep, in which long-term synaptic potentiation of CA3 and CA1 synapses 

occurs due to repeated SWR events. This modified hippocampal content can then be transferred out from 

CA1 to neocortex for long-term storage.  

During slow wave sleep, while the hippocampus is organized into SWR bursts, the thalamocortical 

system is organized into low frequency delta (0.5-4 Hz) and brief 1-3 s spindle (7-14 Hz) oscillations 

(McCormick and Bal, 1997). The source of spindle oscillations is generally believed to arise from the 

reciprocal connections between excitatory thalamocortical projection neurons and inhibitory PV-expressing 

reticular thalamic neurons, and the unique intrinsic currents in these two cell types yielding resonating 

characteristics (Steriade et al., 1985; Krosigk et al., 1993). Surprisingly, considering that SWRs 

spontaneously arise within the CA3 network, and sleep spindles within the thalamus, these events are 

temporally correlated (Siapas and Wilson, 1998). Spindles within prefrontal cortex (PFC) are highly 

correlated with ripples in hippocampus, and more frequently occur after ripples, supporting the two-stage 
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memory consolidation model. Coordination between delta waves, sleep spindles, and ripples has also been 

observed in human epilepsy patients with intracranial EEG recordings (Staresina et al., 2015). However, 

this prompts questions as to how these seemingly disparate oscillations are coherently bound. One 

possibility, particularly since spindles appear to lag ripples, is that the coordination is mediated through 

hippocampocortical and corticothalamic projections. Hippocampal CA1 neurons project monosynaptically 

to medial PFC (mPFC, Swanson, 1981). Additionally, there are monosynaptic corticothalamic connections 

to thalamocortical cells (Deschêenes and Hu, 1990), potentially mediating such coordination. Hippocampal 

and thalamic oscillations may also be coordinated through the classical Papez circuit of the limbic system 

(Papez, 1937). However, such coupling has only been observed during theta-associated activity and not 

during slow wave sleep (Penagos, 2010). An alternative possibility is the existence of an upstream 

subcortical regulator of both hippocampal ripples and thalamocortical spindles. 

During slow wave sleep, individual pyramidal cells in prefrontal cortex consistently spike after 

hippocampal cells spike within ripples, on the time scale of synaptic plasticity and during periods of 

increased spindle power (Wierzynski et al., 2009). Such coactivations are not observed during REM sleep. 

Further studies exploring the integration of prefrontal inputs observed that superficial layer II/III PCs, with 

preferential thalamocortical inputs, are more phase-locked to spindle episodes (Peyrache et al., 2011). In 

contrast, deep layer V/VI PCs, with preferential hippocampocortical inputs, are more phase-locked to 

SWRs. Fast-spiking interneurons across layers are more modulated by spindles, suggesting an important 

role for inhibitory cells in coordinating ripple and spindle activity. Indeed, the critical role of cortical fast-

spiking PV cells in coordinating ripple-spindle activity in PFC has been demonstrated by chemogenetically 

interrupting PV cell activity with subsequent decreases in ripple-spindle coupling and deficits in contextual 

fear memory consolidation (Xia et al., 2017). 

 

 Mechanisms of SWR Generation 

Current source density (CSD) analysis of in vivo recordings indicates SWRs originate in the CA3 

region (Buzsáki et al., 1983; Sullivan et al., 2011). Depth versus voltage profiles identify the largest current 

sinks within mid-apical dendritic layers of CA3 and CA1, with current sources in the pyramidal cell layer. 

These spatial distributions from spontaneous SWRs are tightly correlated with electrically-evoked 
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responses of CA3 PCs (Buzsáki et al., 1983). While the majority (70%) of CA3 axon terminals project to 

CA1 along the Schaffer collaterals, the remaining synapse with other CA3 cells (Wittner et al., 2007), 

representing the vast majority of intra-hippocampal projections (Amaral and Witter, 1989), and one of the 

most highly recurrent structures in the brain. This unique wiring represents an ideal network for the 

generation of synchronous population bursts such as SWRs, but unfortunately is also well-suited for the 

generation of interictal spikes (Traub and Wong, 1982). The transition from physiological SWRs to 

pathological interictal spikes in CA3 is correlated with a failure of perisomatic inhibition due to the 

depolarization block of PV cells in several seizure models (Karlócai et al., 2014). For normal SWR initiation, 

GABAergic inhibition is essential; nanomolar concentrations of the GABAA antagonist SR95331 are 

sufficient to abolish SWR activity in slice (Ellender et al., 2010). The switch from SWRs to theta oscillations 

during active behavioral states appears to be mediated by cholinergic suppression of recurrent activity 

through presynaptic muscarinic inhibition (Hasselmo, 2006). 

Excitatory pyramidal cells (PCs) represent approximately 90% of hippocampal neurons (Woodson et 

al., 1989; Bezaire and Soltesz, 2013). Of those, approximately 10% participate during a typical SWR event, 

with a strongly skewed lognormal distribution of participating PCs ranging from 0 - 40% (Ylinen et al., 1995; 

Mizuseki and Buzsáki, 2013). Defining a lower limit on SWR size is difficult, and is usually done based on 

the standard deviation of background noise of the ripple or SW oscillation (Siapas and Wilson, 1998; 

Csicsvari et al., 1999; Eschenko et al., 2008). This arbitrary threshold can pose challenges when comparing 

SWR event frequency between laboratories. When recording the spiking activity of a single PC, it is 

generally not obvious from the spiking pattern when a SWR has occurred. The is due to the fact that PC 

spike rates also follow a lognormal distribution, with 50% of PCs spiking in only 10% of SWRs, and 1.5% 

of PCs spiking in at least 50% of SWRs (Ylinen et al., 1995; Mizuseki and Buzsáki, 2013). On average, the 

spiking probability of an individual PC during an individual SWR is less than 5% in vivo (Csicsvari et al., 

1999). For this reason, SWRs are thought of as emergent events, which only become apparent by 

examining the activity of the population. In contrast, inhibitory cells, which only represent 10% of 

hippocampal neurons, have a much higher probability of spiking during SWRs (Ylinen et al., 1995; Mizuseki 

and Buzsáki, 2013). On average, the spiking probability a putative interneuron during an individual SWR is 

in excess of 20% in vivo, and within the SWR epoch precedes PC spiking (Csicsvari et al., 1999; Le Van 
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Quyen et al., 2008) (ex vivo example in 

Figure 1-2). This diverse minority cell 

population thus has an outsized impact on 

the generation and progression of SWR 

events. Within ripple oscillations, PCs 

spike phase-locked to negative 

deflections of the ripple, with interneurons 

spiking 0-2 ms after PCs (Ylinen et al., 

1995; Csicsvari et al., 1999; Le Van 

Quyen et al., 2008), suggesting that the 

ripple oscillation represents a back-and-

forth volley between excitation and 

inhibition. 

Pyramidal cells that are highly active during SWRs may serve as seeds to initiate SWR events. In 

slices that are pharmacologically disinhibited through the administration of the GABAA antagonist picrotoxin, 

suprathreshold current injection into a single CA3 PC can initiate epileptiform activity (Miles, 1990), if a 

sufficient number of PCs are recruited (Menéndez de la Prida et al., 2006). Without pharmacological 

disinhibition, suprathreshold current injection into 30% of CA3 PCs is sufficient to initiate a SWR with a 

probability ranging from 7-76%, but importantly, mediated by the activity of interneurons (Bazelot et al., 

2016). In particular, fast-spiking interneurons that target the perisomatic region of PCs appear to play a 

critical role in aligning the activity of excitatory PCs and initiating SWRs. Suprathreshold current injection 

to an individual perisomatic-targeting interneuron initially suppresses network activity then enhances SWR 

initiation within 1.5 s (Ellender et al., 2010). Optogenetic stimulation of PV-expressing interneurons is 

sufficient to generate ripples, even in the presence of AMPA and NMDA antagonists (Schlingloff et al., 

2014). This somewhat counter-intuitive observation, that inhibition can promote large population bursts, is 

hypothesized to be achieved through the enforced synchronization and phase-locking of PC spiking. Prior 

to the initiation of SWRs, there is a gradual buildup of both excitatory and inhibitory synaptic currents, which 

Figure 1-2: Spike probability during SWRs of CA1 PCs 
and PV cells. Dark lines represent cell average, shaded 
region SEM for ncell = 41 PC, 27 PV. 0 ms represents 
SWR peak. Data pooled from Figures 3-5 & 4-2. 
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eventually become ripple phase-locked (Schlingloff et al., 2014), representing the synchronization of firing 

due to strong perisomatic inhibition (Figure 1-3).  

While the SW envelope is broadly 

synchronized throughout the hippocampus 

(Buzsáki, 1986), the nested ripple is a highly local 

oscillation. Ripples in CA3 and CA1 are not phase-

locked, with ripples in CA1 having a higher 

frequency and power (Sullivan et al., 2011), 

suggesting that they are generated locally within 

CA3 and CA1 microcircuits. Moreover, the 

perisomatic inhibition from PV basket cells, as 

opposed to cholecystokinin (CCK) basket cells, is 

critical for ripple progression. Administration of ω-

agatoxin, which blocks the P/Q Ca2+ channels 

expressed in the synaptic terminals of PV cells 

abolishes ripples, while ω-conotoxin, which blocks 

N-type Ca2+ channels expressed in CCK synaptic 

terminals has no effect (Schlingloff et al., 2014). 

 

 SWRs in Models of AD 

As SWRs play a critical role in memory consolidation, which is impaired in AD, significant effort has 

been invested in studying SWRs in rodent models of AD. In normal aging, SWR event and ripple frequency 

decrease (Wiegand et al., 2016; Cowen et al., 2018). While it is generally understood that AD is distinct 

from accelerated aging (Toepper, 2017), similar decreases in SWRs have been observed in aged AD 

models. In 12-18 mo APOE-ε4 knockin (KI) mice, a model of sporadic AD, SWR event frequency, peak 

ripple frequency, and SWR-nested gamma (20-50 Hz) power are reduced in vivo, and learning and memory 

impaired relative to APOE-ε3 KI mice (Gillespie et al., 2016; Jones et al., 2019). Similarly, in 9-12 mo 

TgF344-AD rats (coexpressing the APPSwedish and PS1ΔE9 mutations), SWR event frequency, ripple power, 

Figure 1-3: Synaptic events during SWR in a 
CA1 PC. Top trace: SWR event traces. Middle 
trace: IPSCs recorded at 0 mV. Bottom trace: 
EPSCs recorded at -70 mV.  
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and gamma power are reduced in vivo (Stoiljkovic et al., 2018). 8-9 mo Tg2576×PS1ΔE9 mice similarly see 

a reduction in SWR frequency (Jura et al., 2019). In 7-8 mo rTg4510 mice (expressing the tauP301L mutation), 

SWR event frequency is unchanged while amplitude is reduced in vivo. Moreover, PC phase-locking to 

ripples is increased, while putative interneurons are less phase-locked (Witton et al., 2014). Contrasting 

with these studies, no SWR alterations were observed in slices from 8-17 mo Tg2576 mice (Hermann et 

al., 2009). 

In younger adults the findings are somewhat more mixed. In 2-4 mo rTg4510 mice, SWR event 

frequency is unchanged while amplitude and ripple power are reduced (Ciupek et al., 2015). A study 

investigating the downregulation of NPTX2 in 3-4 mo APΔE9 mice observed an increased frequency of 

SWRs, attributed to impaired PC-PV signaling (Xiao et al., 2017). As seen in a cohort of six 3-4 mo 5xFAD 

mice (coexpressing the APPSwedish, APPFlorida, APPLondon, PS1M146L, and PS1L286V mutations), SWR event 

frequency and gamma power during non-theta periods are reduced in vivo (Iaccarino et al., 2016). 

Propagation of SWRs also appears disrupted; 3 mo APPPS1 mice (coexpressing the APPSwedish and 

PS1L166P mutations) show impaired propagation from CA3 to CA1 correlated with increased 

immunoreactivity for PV (Hollnagel et al., 2019).  

SWR-cortical interactions are also impaired in models of AD. Hippocampal ripples are reduced in 8-

9 mo Tg2576×PS1ΔE9 mice, but cortical ripples are increased and less synchronized (Jura et al., 2019). A 

recent study observed that 6 mo female 3xTg-AD mice display a decrease in phase coupling between 

hippocampal SWRs and cortical delta waves, and between spindles and delta waves (Benthem et al., 

2020). As these mice were also impaired on a spatial reorientation task, this suggests that 

hippocampocortical transfer is impaired.  

While the particulars of SWR alteration vary between AD mouse model, these common findings of 

disruptions motivate the present study. Many of the cited studies investigated alterations in vivo, an 

appropriate model for correlating with behavior. The focus of this study is in understanding the microcircuitry 

underlying these alterations, and synaptic changes within subpopulations of the CA1 microcircuit, therefore 

I have conducted the experiments in an ex vivo slice model.  
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1.4 Hippocampal Microcircuitry 

The vast diversity of distinct neuronal sub-types within cortical structures has been appreciated for 

over a century (Ramόn y Cajal, 1893, 1909). Distinct neuronal subtypes can be segregated based upon 

morphological and anatomical distinctions. The location of dendritic and axonal fields determines synaptic 

input and output, and the shape and characteristics of neuritic arbors provide convenient descriptors, 

including “basket”, “chandelier”, and “double-bouquet” cells. Extensive research has identified additional 

characteristics upon which to delineate neuronal sub-type, including neurotransmitter, developmental 

origin, gene expression, ion channel distribution, electrophysiological properties, and role in circuits. A 

significant goal of contemporary neuroscience is to employ single-cell RNA sequencing and patch clamp 

electrophysiology to construct an unbiased neuronal taxonomy based upon transcriptomic, morphological, 

and electrophysiological characteristics (Tasic et al., 2016; Gouwens et al., 2019; Huang and Paul, 2019).  

Within the CA regions of hippocampus, GABAergic cells are distributed across all four layers (str. 

oriens, pyramidale, radiatum, and lacunosum-moleculare) and represent the minority 11% of hippocampal 

neurons, while the majority 89% pyramidal cells (PCs) are largely restricted to str. pyr. (Woodson et al., 

1989; Bezaire and Soltesz, 2013). While differences between superficial and deep PCs have been 

increasingly appreciated (Soltesz and Losonczy, 2018), the minority GABAergic cell population represents 

a far more diverse population considering transcriptomic, morphological, and electrophysiological 

differences. The number of CA1 GABAergic sub-types is not universally settled. There are at least 21 

identified GABAergic sub-types (Klausberger and Somogyi, 2008), with 15-16 at least partially 

characterized (Bezaire and Soltesz, 2013; Pelkey et al., 2017).  

The primary visual area of neocortex remains one of the best characterized cortical structures and 

has served as a model region to classify neuronal diversity (Tasic et al., 2016; Gouwens et al., 2019). 

Across neocortex there appears to be some consistency with the division of the GABAergic cell population, 

with three largely non-overlapping and roughly equal-sized groups of cells expressing parvalbumin (PV), 

somatostatin (SST), or the serotonin 5-HT3aR receptor (Tremblay et al., 2016). PV cells primarily target 

perisomatic regions of PCs and can be subdivided into basket cells (BCs), targeting soma and proximal 

dendrites, and axo-axonic cells (AACs) or chandelier cells, targeting the axon initial segment. SST cells 

primarily target more distal dendrites of PCs. The diverse group of 5-HT3aR cells consist of interneuron-
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targeting vasoactive intestinal peptide (VIP) cells, CCK 

basket cells, neurogliaform cells and several others. Within 

hippocampus, while there are many similarities to neocortex 

there also several differences, complicating this taxonomy. 

For example, PV and SST are coexpressed in bistratified 

cells (BSCs) and oriens-lacunosum moleculare (OLM) cells 

(Katona et al., 2014; Forro et al., 2015), whereas in neocortex 

these protein markers are considered mutually exclusive 

(Kawaguchi and Kondo, 2002; Xu et al., 2010). Fortunately, 

CA1 is an exceptionally well-characterized brain region, and considerable detail is understood of both the 

GABAergic (Pelkey et al., 2017) and pyramidal cell populations (Soltesz and Losonczy, 2018). While a 

complete understanding of microcircuit alterations in a disease model would necessitate the study of all 

constituent neuronal populations, this dissertation focuses on the PC and PV cell populations (Figure 1-4), 

as the interplay between these cell play a dominant role in network oscillations such as ripples and gamma 

(Buzsáki and Wang, 2012; Schlingloff et al., 2014). 

 

 Parvalbumin (PV) Expressing Inhibitory Interneurons 

Parvalbumin (PV) expressing interneurons represent only a fraction of CA1 cells (2.6%), but exert 

considerable control over network activity due to their unique physiology and connectivity (Hu et al., 2014). 

Basket cell morphology was originally described by Cajal as interneurons with extensively ramified axons 

forming a dense plexus encasing the somata of PCs (Ramόn y Cajal, 1909). Intracellular recordings from 

PCs reveal high amplitude and fast-decaying phasic inhibition, which has long been postulated to originate 

from the perisomatic synapses of basket cells (Andersen et al., 1963, 1964). Recordings from basket cells 

identified the most notable electrophysiological characteristic of these cells: extremely fast spiking that can 

exceed 100 Hz with minimal spike frequency adaptation (Finch and Babb, 1977; Schwartzkroin and 

Mathers, 1978). The Ca2+ binding protein parvalbumin (PV) was later observed to be selectively expressed 

in fast-spiking interneurons (Kawaguchi et al., 1987). The physiological role of PV is not completely 

understood, but at high intracellular concentrations supports fast synaptic transmission without facilitation 

Figure 1-4: PC-PV microcircuits 
generate gamma and ripples 
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through the buffering of pre-synaptic Ca2+ (Eggermann and Jonas, 2012). Intriguingly, the expression levels 

of PV are reportedly plastic. Low PV-expressing cells have a lower ratio of excitatory-to-inhibitory (E/I) 

synaptic density, while high PV-expressing cells have a higher ratio of E/I synaptic density (Donato et al., 

2013). Moreover, hippocampal PV cells can change their expression levels, shifting to a low PV-expressing 

configuration during learning and a high PV-expressing configuration upon completion of learning. Low PV-

expressing neurons are reportedly more plastic, are sustained through dopamine signaling, and are 

required for learning-induced increases in SWRs and PC activity (Karunakaran et al., 2016).  

PV cells express several unique ion channels allowing them to provide fast and reliable inhibitory 

control to post-synaptic targets. PV cells express AMPA receptors with rapid kinetics and high Ca2+ 

permeability due to a relative lack of the GluA2 and increased expression of the GluA4 subunit (Geiger et al., 

1995, 1997; Catania et al., 1998). Unlike PCs, PV cells express very low levels of voltage-gated Na+ 

channels within distal dendrites, resulting in an inability to produce active back-propagating action potentials 

(Goldberg et al., 2003), but an increased ability to rapidly integrate excitatory input with high temporal 

precision (Hu et al., 2010). Rapid dendritic integration is facilitated by the expression of high-threshold fast-

deactivating Kv3.1b subunit containing voltage-gated K+ channels (Du et al., 1996). The presence of these 

K+ channels has been demonstrated to accelerate the decay of excitatory post-synaptic potentials (EPSPs) 

and thus restrict the temporal window of integration (Fricker and Miles, 2000). The presence of Kv3 channels 

within perisomatic regions of PV cells also permits rapid repolarization of action potentials, yielding the 

characteristic narrow and fast spikes (Rudy and McBain, 2001). Action potentials are initiated unusually 

close to soma (within 20 µm), facilitated by a supercritical density of voltage-gated Na+ channels (Hu and 

Jonas, 2014). PV cells express high concentrations of Nav1.1 and Nav1.6 channels which have rapid 

activation and inactivation kinetics, and an identified role in severe myoclonic epilepsy in infants due to 

mutations in the Scn1a gene encoding Nav1.1 (Ogiwara et al., 2007). Within axonal terminals, PV cells 

exclusively express Cav2.1 P/Q type Ca2+ channels, which amongst voltage-gated Ca2+ channels have the 

fastest activation and deactivation kinetics (Li et al., 2007). Together, this collection of specialized channels 

yields cells exquisitely capable of providing rapid and reliable inhibitory control to downstream targets.   

PV cells participate in both classical feedforward (Pouille and Scanziani, 2001) and feedback (Pouille 

and Scanziani, 2004) inhibitory microcircuit motifs. Relative to PCs, PV cells have broad tuning of inputs. 
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Within the hippocampus, where many PCs are place cells with well-defined place fields, PV cells are 

broadly tuned to spatial location (Wilson and McNaughton, 1993; Royer et al., 2012). Similar observations 

have been made with respect to grid tuning in entorhinal cortex (Buetfering et al., 2014), and orientation 

and contrast turning in primary visual cortex (Hofer et al., 2011), wherein PV cells consistently exhibit 

broader tuning than glutamatergic principal neurons. This broad tuning can be explained by the high 

convergence of numerous excitatory inputs onto PV cells (Gulyás et al., 1999), and their ability to reliably 

integrate and transmit inhibitory output. Approximately 94% of synaptic contacts to hippocampal PV cells 

are glutamatergic, with the remaining 6% GABAergic, the majority of which are from other PV cells (Gulyás 

et al., 1999), but also with connections from SST and VIP cells (Hioki et al., 2013). PV cells are unique in 

that they innervate themselves via autapses (Cobb et al., 1997), providing inhibitory self-regulation of 

repetitive firing (Bacci et al., 2003). Additionally, PV cells are inter-connected via gap functions, 

hypothesized to facilitate in the detection and promotion of synchronous network activity (Galarreta and 

Hestrin, 1999, 2001). The unique connectivity and intrinsic function of PV cells imbues them with the ability 

to critically regulate hippocampal network activity including gamma (Buzsáki and Wang, 2012) and ripple 

oscillations (Schlingloff et al., 2014), and to control the activation of specific neuronal ensembles of PCs 

(Klausberger and Somogyi, 2008; Ellender et al., 2010). However, while a significant body of research has 

demonstrated the critical importance of PV cells, far fewer studies have investigated the differential 

contributions of PV subpopulations, with many studies assuming PV basket cells (PVBCs) are 

representative of the entire population of PV-expressing cells. 

 

 PV Cell Diversity in CA1 

Within CA1, the somata of fast-spiking PV cells principally reside in str. pyr. (70%), with smaller 

proportions immediately adjacent in str. or. (24%) and str. rad. (6%) (Bezaire and Soltesz, 2013). PV cells 

can be delineated by the region of PCs their axons innervate: basket cells (PVBCs) target soma and 

proximal dendrites, axo-axonic cells (PVAACs) target the AIS, and bistratified cells (PVBSCs) target apical 

and basal dendrites (Figure 1-5). Additionally, OLM cells, with cell bodies in str. or. and selective projections 

to distal PC dendrites in str. l.m., also express low levels of PV. While PVBSCs express less PV than 

PVBCs/PVAACs (Ferraguti et al., 2004), and OLM cells express less than PVBCs/PVAACs/PVBSCs 
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(Katona et al., 2014), a Cre-lox strategy employing a 

PV promoter to fluorescently target PV cells will label 

all subpopulations. Further complicating this 

taxonomy, there are subpopulations of PVBCs, 

PVBSCs, and PVAACs based on their dendritic fields 

(Varga et al., 2014). Classical PVBCs have soma 

principally within str. pyr. with bitufted dendrites 

spanning str. l.m. to alveus (Buhl et al., 1994). In 

contrast, horizontal PVBCs have soma and dendrites 

restricted to str. or., yet have similar perisomatic-

targeting basket-like axons (Varga et al., 2014). 

Similarly, classical PVBSCs have soma within str. 

pyr. and dendrites spanning str. rad. to alveus, while horizontal PVBSCs have soma within proximal str. or. 

and dendrites restricted completely to str. or. (Maccaferri et al., 2000; Varga et al., 2014). Finally, PVAACs 

also appear to have similar heterogeneity: PVAACs with somata restricted to str. or. have dendrites more 

restricted to str. or. than classical PVAACs, but unlike horizontal PVBCs and PVBSCs, their dendritic field 

still extends to str. l.m. and rad. (Varga et al., 2014). As the focus of this dissertation was on the fast-spiking 

PV cell population, only cells within str. pyr. were examined. This has the effect of excluding the regular-

spiking OLM cells (Tricoire et al., 2011), and also minimizing the contributions of the “nonclassical” 

subpopulations of PVBCs, PVBSCs, and PVAACs in the observed findings. Within the PV cells of str. pyr., 

approximately 60% are PVBCs, 25% PVBSCs, and 15% PVAACs (Baude et al., 2007). In addition to their 

differing axonal targets, secondary molecular markers can distinguish these three PV sub-types. PVBSCs 

coexpress NPY and SST, allowing them to differentiated from PVBCs and PVAACs (Klausberger et al., 

2004). And PVAACs, unlike PVBCs and PVBSCs do not express the transcription factor SATB1 (Viney et 

al., 2013). 

The differential contribution of PVBCs, PVBSCs, and PVAACs during network activity such as theta, 

gamma and SWRs has been explored (Somogyi et al., 2014; Varga et al., 2014). In freely moving rats, both 

PVBCs and PVBSCs strongly increase their spike rate during SWRs, with PVBCs spiking at 122 Hz (Lapray 

Figure 1-5: PV cell diversity in CA1 
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et al., 2012), and PVBSCs at 107 Hz (Katona et al., 2014). In contrast, PVAACs increase their spike rate 

immediately before SWRs to around 20 Hz, then are silent during the actual SWR event (Viney et al., 2013). 

In head-fixed mice, similar trends are observed with PVBCs having the highest SWR discharge frequency 

at 77 Hz, followed by PVBSCs at 36 Hz, and with no observable increase in PVAACs, though consistent 

with previous work, an increased probability of spiking immediately preceding the SWR peak (Varga et al., 

2014). One potential purpose for this activity pattern is the disinhibition of the AIS during SWRs, permitting 

a large population of PCs to fire, which are in turn synchronized through the somatic and dendritic and 

inhibition of PVBCs and PVBSCs (Somogyi et al., 2014). However, the mechanism by which PVAACs 

selectively terminate firing, whether from PVBC or other GABAergic inhibition, remains to be established. 

During oscillatory activity, the temporal phase-locking of different PV cell subpopulations can produce 

precise inhibitory control to different sub-compartments of PCs. Within a single oscillatory cycle of a theta 

oscillation while a mouse is exploring, PVAACs spike first, followed by PVBCs and PVBSCs, generating a 

wave of inhibition within the pyramidal cell body from AIS to soma to dendrites (Varga et al., 2014). In 

contrast, during faster gamma (25-90 Hz), epsilon (90-130 Hz) and ripple (90-200 Hz) oscillations, PVBCs 

spike first followed by PVBSCs and then PVAACs, resulting in a distinct spatiotemporal inhibitory pattern 

on PCs from soma to dendrites to AIS. These patterns of GABAergic control may contribute to the divergent 

population activity of PCs during active memory encoding (theta) and consummatory consolidation 

(ripples).  

 

 Peri-Neuronal Nets (PNNs) 

In additional to their unique physiology and connectivity, PV cells are also the major neuronal subtype 

ensheathed in perineuronal nets (PNNs), a rigid lattice-like part of the extracellular matrix surrounding the 

soma and proximal dendrites (Kwok et al., 2011; Sorg et al., 2016; Bozzelli et al., 2018). PNNs were first 

described by Golgi (Golgi, 1898), but for many years were disregarded as an artifact of the fixation process 

(reviewed in Vitellaro-Zuccarello et al., 1998). PNNs are composed of a hyaluronan backbone, link proteins, 

tenascin-R, and chondroitin sulfate proteoglycans (CSPGs), including aggrecan, versican, neurocan, and 

brevican. They can be visualized in fixed brain sections with the lectins vicia villosa agglutinin (VVA, 

Nakagawa et al., 1986) or wisteria floribunda agglutinin (WFA, Härtig et al., 1992). Staining with these 
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lectins reveals that throughout cortex, basal forebrain, and thalamus, the majority cell type surrounded by 

PNN are PV cells (Kosaka and Heizmann, 1989; Härtig et al., 1992). Minority populations of PCs are also 

surrounded by more diffuse PNNs (Wegner et al., 2003), particularly notable around CA2 PCs (Schüppel 

et al., 2002; Carstens et al., 2016). In mouse hippocampus, over 50% of PV cells are surrounded by PNN, 

and over 50% of PNN cells are PV positive, though these values are lower in rats, indicating some 

interspecies differences (Lensjø et al., 2017). Amongst CA1 PV cell subpopulations, PNNs surround over 

90% of PVBCs, 20-50% of PVBSCs, and less than 10% of PVAACs (Yamada and Jinno, 2015). 

Additionally, PNNs preferentially surround cells with higher levels of PV expression in both hippocampus 

(Yamada et al., 2015) and prefrontal cortex (Carceller et al., 2020), suggestive of a role of PNN in the 

synaptic E/I ratio onto PV cells.  

The function of PNN is incompletely understood but has been of intense study for its role in the 

closure of critical periods. The expression of CSGPs is correlated with the activity-dependent maturation of 

synapses in postnatal development (Hockfield et al., 1990). Within visual cortex, the maturation of PNN is 

highly correlated with the closure of critical periods of plasticity (Pizzorusso et al., 2002). Moreover, 

enzymatic degradation of PNN with chondroitinase can reopen the critical period for ocular dominance and 

reactivate cortical plasticity. Enzymatic degradation of PNNs within the spinal cord after injury promotes 

axonal sprouting and increased activity within the cuneate nucleus of the medulla, suggesting that the 

absence of PNN increases plasticity to potentially regenerate damaged neurons (Barritt et al., 2006; 

Massey et al., 2006). The presence of PNN also appears to influence learning and memory. PNNs within 

the amygdala stabilize fear memories, and their degradation in adult mice renders fear memories 

susceptible to extinction (Gogolla et al., 2009). Similarly, within auditory cortex, the degradation of PNN in 

adult mice improves reversal learning (Happel et al., 2014). Conversely, accelerated maturation of PNN 

within the striatum is observed in mice exposed to environmental enrichment with subsequent 

improvements in swimming and open field performance (Simonetti et al., 2009). The formation of PNN itself 

is activity dependent; in hippocampal cell culture, PNNs fail to develop around PV cells after the 

pharmacological blockade of action potentials (TTX + BDNF for neuronal survival), Ca2+ permeable AMPA 

receptors (IEM-1460) or L-type Ca2+ channels (diltiazem) (Dityatev et al., 2007). Together these studies 

suggest that PNN development is intrinsically tied with synaptic plasticity and maturation. PNN removal can 
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revert brain networks to more juvenile plastic states, while their presence is correlated with stable synaptic 

circuits. 

In addition to stabilizing axonal plasticity, PNNs support neuronal function and regulate network 

activity. PNNs protect PV cells against oxidative stress, potentially by binding iron (Morawski et al., 2004; 

Suttkus et al., 2012; Cabungcal et al., 2013). Intracellular recordings in slices acutely treated with 

chondroitinase reveal that cortical PV cells show reduced excitability, with increased current injections 

required to elicit spikes, a more depolarized spike threshold, altered action potential shape, and delayed 

spiking to transient depolarizing stimuli (Balmer, 2016). Furthermore, intracellular recordings in PCs from 

mPFC reveal a decreased frequency of mIPSCs after PNN degradation (Slaker et al., 2015). These results 

indicate that PNNs may serve to increase PV excitability and increase inhibitory control of PCs. Supporting 

this hypothesis, hippocampal cell cultures treated with chondroitinase exhibit transient network hyperactivity 

(Bikbaev et al., 2015). Acute slices treated with hyaluronidase or chondroitinase display an increased 

frequency of SWR events, suggesting the PNN is an important regulator of hippocampal network activity 

(Sun et al., 2017). As a potential mechanism, PNNs can restrict the lateral motility of AMPA receptors, and 

thus serve to focus glutamatergic synaptic input to PV cells (Frischknecht et al., 2009; Bikbaev et al., 2015). 

However, conflicting data exist on the role of PNN on PV cell excitability and network dynamics. 

Intracellular recordings from PV cells in cultures chronically treated with chondroitinase display a reduced 

action potential threshold (Dityatev et al., 2007), in direct contradiction to findings in slice (Balmer, 2016). 

After in vivo injection of chondroitinase to degrade PNN, acute hippocampal slices reveal an increased 

frequency of sIPSCs in CA1 PCs (Shi et al., 2019). After in vivo degradation of PNN, PV cells in mPFC 

display a reduced density of inhibitory but not excitatory synaptic contacts, and with reduced in vivo gamma 

power (Carceller et al., 2020). One possible explanation for this conflict could be due to acute versus chronic 

enzymatic degradation of PNN. While acute degradation of PNN appears to decrease the excitability and 

activity of PV cells with subsequent increases in network activity, it is possible that with sustained PNN 

ablation, compensatory synaptic rewiring may shift PV cell activity to a hyperactive phenotype that inhibits 

network activity.  
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 Pyramidal Cell Diversity in CA1 

While the functional diversity of hippocampal PV cells has long been appreciated, only relatively 

recently has the diversity of PCs received attention. Instead of a homogeneous cell population, emerging 

evidence points to regional specificity within CA1 along the septo-temporal (dorsal-ventral in rodents and 

posterior-anterior in primates, Strange et al., 2014), proximo-distal (closer to CA2 versus subiculum, 

Igarashi et al., 2014a), and deep-superficial (closer to str. or. versus str. rad., Soltesz and Losonczy, 2018; 

Valero and Menéndez de la Prida, 2018) axes. Transcriptomic studies reveal differential gene expression 

along the septo-temporal axis in primates (Dong et al., 2009) and rodents (O’Reilly et al., 2015), with three 

largely separate populations of dorsal, intermediate, and ventral PCs. Moreover, these subpopulations 

appear to subserve different function; with dorsal hippocampus more involved in spatial memory and ventral 

hippocampus in social memory (proposed by Moser and Moser, 1998, reviewed in Fanselow and Dong, 

2010). Synaptic inputs to CA1 PCs also vary along the proximo-distal axis. CA1 receives synaptic input 

along the classical trisynaptic circuit from CA3 Schaffer collaterals (“indirect” projections) as well as direct 

projections from entorhinal cortex (EC). Proximal CA1 PCs (closer to CA2) receive more direct projections 

from medial EC (MEC), while distal CA1 PCs (closer to subiculum) receive more direct projections from 

lateral EC (LEC) (Steward, 1976; Tamamaki and Nojyo, 1995). This is of interest as these inputs convey 

different information. MEC cells encode information about an animal’s location relative to the geometry of 

the environment (grid cells, Hafting et al., 2005), while LEC cells only weakly encode spatial information 

(Hargreaves et al., 2005) and instead encode olfactory information (Igarashi et al., 2014b) and experiences 

with discrete objects (Deshmukh and Knierim, 2011).  

There is also growing evidence for a dissociation between calbindin (CB) expressing superficial PCs 

(sPCs, closer to str. rad.) and CB- deep PCs (dPCs, closer to str. or.) (Soltesz and Losonczy, 2018; Valero 

and Menéndez de la Prida, 2018). Unlike neocortex, sPCs and dPCs do not inhabit clearly separable layers 

within str. pyr., but still exhibit morphological differences that have been recognized anatomically if not 

functionally for many years (Lorente De Nó, 1934). sPCs are packed densely into one or two rows of cell 

bodies immediately adjacent to str. rad., while dPCs are spread out over a larger area closer to str. or., 

differences which are more apparent in distal versus proximal CA1. dPCs have larger somata and more 

complex basal dendritic arbors, while sPCs exhibit more complex apical dendritic arbors (Li et al., 2017; 
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Soltesz and Losonczy, 2018). Calbindin is selectively expressed in sPCs (Baimbridge and Miller, 1982; 

Slomianka et al., 2011), although there are differences in layering between dorsal and ventral hippocampus. 

Within dorsal hippocampus there is a clear delineation between CB+ sPCs and CB- dPCs, but within more 

ventral hippocampus there exists a CB+ bilayer with weakly immunoreactive CB+ sPCs adjacent to str. rad. 

and strongly immunoreactive CB+ cells at the border of str. or., sandwiching CB- dPCs (Baimbridge and 

Miller, 1982; Slomianka et al., 2011). The identity and function of these deep CB+ cells remain to be 

explored.  Transcriptomic analysis reveals differential expression of genes along all three hippocampal 

axes, with 71 genes differentially expressed between sPCs and dPCs (Cembrowski et al., 2016). 

Morphological and transcriptomic differences between dPCs and sPCs are not altogether surprising 

considering that hippocampal neurogenesis, as in neocortex, follows an inside-out development in which 

dPCs are born earlier than sPCs (Bayer, 1980).  

Superficial and deep PCs also have different afferent-efferent connectivity, indicative of divergent 

function. Reminiscent of the differences between entorhinal input along the proximo-distal axis, spatial-

encoding MEC more strongly innervates dPCs, while non-spatial LEC more strongly innervates sPCs 

(Masurkar et al., 2017). This gradient of innervation may explain why dPCs are more likely to be place cells 

than sPCs (Mizuseki et al., 2011). Additionally, CA2 provides stronger excitation to dPCs than sPCs 

(Kohara et al., 2014). With respect to differential efferent connectivity, CA1 PCs project to a wide range of 

cortical and subcortical regions outside the hippocampal-EC region including but not limited to mPFC, 

nucleus accumbens, and amygdala (Cenquizca and Swanson, 2007). Retrograde tracer experiments 

demonstrate that dPCs preferentially project to mPFC (Barbas and Blatt, 1995), nucleus accumbens 

(McGeorge and Faull, 1989), and amygdala (Lee et al., 2014), while sPCs preferentially project to medial 

temporal cortex (Yukie, 2000). Recent functional studies have identified further efferent specificity. Ventral 

hippocampal CA1 PCs active during anxiety-related behavior preferentially project to mPFC, while PCs 

active during goal-directed behavior preferentially project to amygdala (Ciocchi et al., 2015). dPCs in ventral 

hippocampus projecting to the nucleus accumbens play a necessary and sufficient role in performance of 

a social discrimination task (Okuyama et al., 2016). However, the differential connectivity between sPCs 

and dPCs to most cortical targets, as well as their contributions to behaviorally relevant activity has not yet 

been well established. 
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Within CA1 microcircuits, evidence points to asymmetric connectivity and divergent roles of sPCs 

and dPCs during network activity. sPCs more strongly excite PVBCs than dPCs, and conversely, PVBCs 

more strongly inhibit dPCs than sPCs (Lee et al., 2014) (Figure 1-6). Furthermore, PVBCs provide more 

inhibition to amygdala-projecting dPCs than to mPFC-projecting dPCs. During theta-associated exploration, 

dPCs spike at higher rates and have more frequent spike bursts (Mizuseki et al., 2011). In anesthetized 

head-fixed rats, at equivalent resting membrane potentials, dPCs are hyperpolarized and sPCs depolarized 

at the peak of SWR events (Valero et al., 2015). Moreover, the power of intracellular synaptic ripple 

oscillations is higher in dPCs than sPCs, as are the number of inhibitory PV puncta co-localized with soma, 

indicating that increased PVBC input hyperpolarizes and increases ripple oscillations in dPCs. For this 

reason, the present study examined the differential roles of sPCs and dPCs on SWR alterations. 

Differences in PC activity were not assessed along the septo-temporal and proximo-distal axes (though 

Figure 1-6: PC and PV sub-types examined within CA1 
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see Section 2.3 for analysis of dorsoventral differences in SWRs). While PVBCs have been demonstrated 

to differentially innervate sPCs/dPCs, it is unknown if the same is true for PVBSCs and PVAACs. Thus, 

while there are still many open questions about PC-PV microcircuitry in healthy physiology, to thoroughly 

examine alterations in a disease model, I examined the individual contributions from sPCs, dPCs, PVBCs, 

PVBSCs, and PVAACs (Figure 1-6). 

 

1.5 Scientific Premise 

Several studies have indicated a shift to hyperactivity in early amyloid pathology, with emerging 

evidence for a failure of GABAergic cells resulting in disinhibition (Palop et al., 2007; Busche et al., 2008, 

2012, 2015; Šišková et al., 2014). Furthermore, several studies have identified a disruption to hippocampal 

SWRs in Alzheimer’s disease models (Gillespie et al., 2016; Iaccarino et al., 2016; Nicole et al., 2016; Xiao 

et al., 2017), yet the mechanisms underlying this disruption are relatively unexplored. The fact that these 

events are critical for memory consolidation, one of the key impairments of Alzheimer’s disease, provides 

the scientific premise for this study. Evidence points towards a disruptive role of Aβ on inhibitory PV cells 

(Verret et al., 2012; Mahar et al., 2016; Yang et al., 2016; Hijazi et al., 2019), which are important regulators 

of SWR dynamics. The overarching hypothesis of this study is that reduced PV cell function underlies SWR 

disruption in models of AD. However, it is unknown if amyloid pathology differentially affects subpopulations 

of PV cell within CA1 (PVBCs/PVBSCs/PVAACs). Nor has any previous study explored differential effects 

on superficial versus deep PCs. To address these gaps, I conducted a thorough examination of the activity 

of these identified subpopulations during SWRs in a model of AD. In an ex vivo slice preparation, I employed 

a strategy of transgenic mouse lines to target PC and PV cell populations for patch clamp electrophysiology 

and post hoc cellular identification. In Chapter 2, I present a characterization of amyloid accumulation, 

behavior, and SWR activity in 5xFAD mice. In Chapter 3, I explore alterations to CA1 PC subpopulations 

via Ca2+ imaging and patch clamp electrophysiology. In Chapter 4, I examine CA1 PV cell subpopulations 

via patch clamp electrophysiology, and the integrity of PNN via immunohistochemistry. Together these 

experiments revealed increased SWR activity and impaired spatial memory performance in 5xFAD mice, a 

disinhibition of PC populations, a selective decreased activity of PVBCs, and preliminary evidence for PNN 
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impairment around PV cells. These results indicate that alterations to PVBC-PC microcircuitry contribute to 

impairment in amyloid pathology.  
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2. ALTERATIONS IN 5XFAD MICE 

2.1 Introduction 

The 5xFAD mouse model of familial Alzheimer’s disease is an aggressive though useful model of 

amyloid pathology, reproducing many elements of human disease (Oakley et al., 2006). Transgenic 5xFAD 

mice coexpress five familial AD mutations: the Swedish (K670N/M671L), Florida (I716V), and London 

(V717I) mutations in APP, and the M146L and L286V mutations in PS1. Some advantages of the model 

are in rapid and heavy amyloid accumulation in the hippocampus and associated cortices, a higher ratio of 

the more pathogenic Aβ42 versus Aβ40 peptide, memory impairment, and neurodegeneration in later disease 

progression. Intraneuronal amyloid begins from 1-1.5 mo, with plaques forming at 2 mo. Several synaptic 

markers begin to decline at 4 mo and are significantly reduced from controls by 9 mo, at which time there 

is also neuronal loss within the subiculum and layer 5 of neocortex (Oakley et al., 2006). Synaptic 

transmission along the Schaffer collaterals and LTP between CA3 and CA1 PCs is unchanged at ages 

under 4 mo, but impaired by 6 mo (Kimura and Ohno, 2009). Spatial memory, as tested via the T-maze, is 

unchanged at 2 mo but impaired by 4-5 mo (Oakley et al., 2006). 

Additionally, SWR event frequency has been observed to be reduced in 3-4 mo 5xFAD mice in vivo 

during waking quiescent periods between explorative theta periods (Iaccarino et al., 2016). As SWRs are 

essential for the consolidation of spatial memory, this suggests that SWR alterations may underlie observed 

memory deficits, particularly at time points prior to observed neurodegeneration. While the 5xFAD model 

has been well characterized and widely used, for the purposes of the current study it was necessary to 

confirm amyloid accumulation and memory performance at the ages of interest. Additionally, as the genetic 

background can widely alter disease pathology and severity in AD mouse models (Neuner et al., 2019), it 

was important to verify the disease phenotype on the genetic background employed. To this end, amyloid 

accumulation, spatial memory performance, and SWR activity in slice were assessed in 1 mo and 3 mo 

cohorts of 5xFAD mice and littermate controls. 

 

2.2 Methods 

 Experimental Animals 

Transgenic 5xFAD mice (RRID:MMRRC_034840-JAX, Oakley et al., 2006) were back-crossed for 
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over five generations to the C57BL/6J (RRID:IMSR_JAX:000664) background, which was common to all 

other strains used. The breeding strategy for all aims was to cross heterozygous 5xFAD/+ mice with either 

wild-type (WT) mice or those containing additional reporter genes, so that offspring litters were ~50% 

5xFAD and ~50% control. Mice for immunohistochemistry (IHC) (Table 2-1 A,E) and behavior (Table 2-1 

B) consisted of 5xFAD/+ mice and WT controls. To record the activity of excitatory PCs and inhibitory PV 

cells in later aims (Chapters 3-4), I employed a combined breeding strategy of transgenic and targeted 

knockin mice. The mouse cohorts for local field potential (LFP) experiments (Table 2-1 C), were combined 

from three different reporter genotypes (Table 2-1 D). To target the calcium activity of PCs under confocal 

microscopy, transgenic homozygous Thy1-GCaMP6f-GP5.5 (RRID:IMSR_JAX:024276, Dana et al., 2014) 

were crossed with hemizygous 5xFAD mice to yield litters with 5xFAD/+;Thy1-GCaMP6f/+ and Thy1-

GCaMP6f/+ littermate controls. PV cells were identified by crossing double homozygous KI 

PVCre/PVCre;tdTom/tdTom (RRID:IMSR_JAX:008069, RRID:IMSR_JAX:007914, Hippenmeyer et al., 2005; 

Madisen et al., 2010) with hemizygous 5xFAD/+ mice to yield litters with 5xFAD/+;PVCre/+;tdTom/+ and 

PVCre/+;tdTom/+ littermate controls. In a subset of experiments the reporter lines were crossed, yielding 

quadruple transgenic cohorts of 5xFAD/+;Thy1-GCaMP6f/+;PVCre/+;tdTom/+ and Thy1-

GCaMP6f/+;PVCre/+;tdTom/+ littermate controls. The initial intention was to use a consistent cohort of 

quadruple transgenic mice for all experiments, yet the breeding strategy proved inhibitive for the number of 

experiments, thus, patch clamp data were pooled across reporter genotype (Table 2-1 C-D). 5xFAD 

genotype was assessed at post-natal day 7 (P7) by tail biopsy via automated genotyping services 

(Transnetyx, Cordoba, TN, USA). All experiments were conducted blind to 5xFAD genotype until after data 

collection and analysis were fully complete. Mice were weaned at P21 and group housed in cages with 3-

5 mice separated by sex. As a model of early amyloid pathology prior to neuronal or synaptic loss (Oakley 

et al., 2006), two aged cohorts were chosen (including both males and females) at 1 mo and 3 mo. Mice 

were kept on a standard 12 hr light/dark cycle, food and water were provided ad libitum, with all 

experimental procedures performed in accordance with the guidelines of the Georgetown University Animal 

Care and Use Committee.  
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 Amyloid Staining 

Mice were anesthetized with isoflurane, transcardially perfused in iced (0⁰ C) PBS, brains dissected 

and fixed for 48 hrs in 4% PFA, 4% sucrose at 4⁰ C. Brains were then given 4 × 15 min PBS washes, and 

sliced horizontally at 100 μm thickness with a Vibratome Series 1000. In free floating slices, antigen retrieval 

was performed for 20 min in a steamer with citrate buffer containing 10 mM Na3C6H5O7, 0.05% Tween20, 

Table 2-1: Experimental Cohorts 

A.
1mo CT 1mo 5xFAD 3mo CT 3mo 5xFAD

n mice 2 (0f) 2 (0f) 2 (1f) 2 (1f)
Age (postnatal day) 30.0 ± 0.0 30.0 ± 0.0 89.0 ± 0.0 89.5 ± 0.7

B.
1mo CT 1mo 5xFAD 3mo CT 3mo 5xFAD

n mice 10 (2f) 10 (6f) 15 (7f) 12 (8f)
Age 42.0 ± 5.2 43.8 ± 4.2 91.8 ± 5.2 92.5 ± 5.4

C.
1mo CT 1mo 5xFAD 3mo CT 3mo 5xFAD

n mice 10 (6f) 10 (4f) 27 (17f) 29 (12f)
Age 40.2 ± 4.4 40.4 ± 4.6 95.8 ± 6.0 94.5 ± 5.8

n slice  (range 2 - 8) 5.6 ± 0.8 4.0 ± 1.8 3.9 ± 1.3 3.2 ± 1.4
% slices with SWRs 93.8 ± 8.1% 70.8 ± 22.0% 72.4 ± 19.8% 66.3 ± 26.1%

D. Thy1-GCaMP6f;PVCre-tdTom (Ch. 3-4)
CT 5xFAD CT 5xFAD CT 5xFAD

n mice 10 (5f) 11 (5f) 13 (8f) 11 (5f) 4 (4f) 7 (2f)
Age 95.0 ± 7.4 93.4 ± 3.2 96.8 ± 5.7 97.4 ± 6.0 94.8 ± 3.2 91.6 ± 2.1

n slice  (range 2 - 8) 3.9 ± 1.1 2.8 ± 1.3 3.8 ± 1.5 4.9 ± 2.1 4.5 ± 1.3 3.6 ± 1.8
% slices with SWRs 75.5 ± 20.2% 67.9 ± 26.2% 67.4 ± 20.5% 68.2 ± 25.3% 80.8 ± 16.4% 60.7 ± 30.5%

n cell-attached 39 (PC) 39 (PC) 13 (PV) 18 (PV) 11 (PV) 5 (PC); 14 (PV)
n whole-cell 21 (PC) 15 (PC) 11 (PV) 16 (PV) 10 (PV) 1 (PC); 13 (PV)

E.
3mo CT 3mo 5xFAD

n mice 5 (2f) 5 (4f)
Age 89.4 ± 0.9 90.6 ± 0.9

Electrophysiology + Imaging (Ch. 2-4)

Behavior (Ch. 2)

PVCre-tdTom  (Ch. 4)

Amyloid IHC (Ch. 2)

PV+PNN IHC (Ch. 4)

Thy1-GCaMP6f (Ch. 3)
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and pH adjusted to 6.0 with HCl. Slices were cooled to room temperature in PBS, then permeabilized for 

30 min with 0.5% Triton-X in PBS, given 2 × PBS rinses, blocked for 2 hrs with 10% NGS and 5% BSA in 

PBS, and incubated overnight at 4° C with the primary monoclonal mouse antibody MOAB-2 against Aβ 

(1:500; Abcam Cat# ab126649, Youmans et al., 2012), 0.1% Tween20, 1% NGS, 1% BSA in PBS. The 

following day slices were given 4 × 15 min PBS washes and incubated in secondary containing Alexa Fluor® 

647 conjugated goat anti-mouse IgG (1:500; Jackson Immunoresearch Cat# 115-605-003, 

RRID:AB_2338902), Thioflavin-S (1:2000; Sigma-Aldrich Cat# T1892), 1% NGS in PBS for 2 hrs at room 

temperature. Slices were given 3 × 15 min PBS washes, rinsed in ddH20, and mounted on slides with 

Vectashield® antifade mounting medium with DAPI (Vector Laboratories Cat# H-1200, RRID:AB_2336790).  

 

 Behavioral Testing 

Hippocampal-dependent learning and memory deficits were assessed by the Barnes maze (Barnes, 

1979), with some modifications. The Barnes maze was conducted on a white plastic apparatus (San Diego 

Instruments) 0.914 m in diameter, with overhead bright illumination (286 lx) serving as the aversive 

stimulus. The target hole was randomly selected, with four distal visual clues present for visuospatial 

learning. The training phase consisted of four 180 s trials per day for 4 consecutive days. The probe trial, 

in which the target hole was inaccessible, was conducted on the fifth consecutive day, consisting of one 90 

s trial. Mice were tracked using the ANY-maze tracking system, which was used for distance and speed 

measurements. The primary measures of latency and number of entries to target hole were hand-scored 

for increased reliability. Anxiety-like behavior was tested on the elevated plus maze (Pellow et al., 1985). 

The mice could explore the maze for 5 min, in which time the number of entries and fraction of time in the 

open arms were assessed by the ANY-maze tracking system. All tests were conducted in the light cycle, 

at consistent times of the day for each mouse, in an enclosed behavior room with 50 dB ambient sound 

and 23 lx ambient illumination. Males and females were run on the same day, but in separate groups. 

Cohorts were not balanced by both sex and genotype, but as much as possible testing order was prepared 

so that control and 5xFAD mice were alternated. 
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 Acute Slice Preparation 

Acute brain slices were prepared using NMDG and HEPES-buffered artificial cerebrospinal fluid 

(aCSF) following a protective recovery protocol (Ting et al., 2014, 2018). Briefly, mice were anesthetized 

with isoflurane, transcardially perfused, dissected, and sliced in iced (0⁰ C) NMDG-aCSF containing in mM: 

92 NMDG, 2.5 KCl, 1.25 NaH2PO4, 30 NaHCO3, 20 HEPES, 25 Glucose, 10 Sucrose, 5 Ascorbic Acid, 2 

Thiourea, 3 Sodium Pyruvate, 5 N-acetyl-L-cysteine, 10 MgSO4, 0.5 CaCl2, pH to 7.3-7.4 with HCl (300-

310 Osm). All common reagents were obtained from Thermo Fisher Scientific and Sigma-Aldrich. The 

brains were sliced horizontally at 500 μm thickness with a Vibratome Series 3000 to preserve hippocampal 

microcircuitry and spontaneous SWRs. 3-4 slices were typically obtained per brain, which were bisected so 

that 6-8 hemislices in total were studied per animal. Slices spanned the dorsal-ventral axis, though were 

primarily medial, as only horizontal slices with intact DG, CA3, and CA1 were retained, ranging from 

approximately bregma 2.5-4.0 mm. The slices were transferred together to heated (33⁰ C) NMDG-aCSF, 

in which Na+ was gradually introduced along an increasing concentration gradient every 5 min before 

transferring to room temperature HEPES-aCSF containing in mM:  92 NaCl, 2.5 KCl, 1.25 NaH2PO4, 30 

NaHCO3, 20 HEPES, 25 Glucose, 5 Ascorbic Acid, 2 Thiourea, 3 Sodium Pyruvate, 5 N-acetyl-L-cysteine, 

2 MgSO4, 2 CaCl2, pH to 7.3-7.4 with NaOH (300-310 Osm). Slices recovered for at least 4 hours in a 

custom-built 150 mL incubation chamber with circulating oxygenated HEPES-aCSF before recording. 

 

 Slice Electrophysiology 

Slices were transferred to a Siskiyou PC-H perfusion chamber with a custom-built suspended Lycra 

thread grid to allow perfusion below and above slice, modeled after (Hájos et al., 2009). Submerged slices 

were anchored with Warner Instruments slice anchors so that they were sandwiched between two grids, 

and perfused at a rate of 5 mL/min with heated (30⁰ C) oxygenated aCSF containing in mM: 124 NaCl, 3.5 

KCl, 1.2 NaH2PO4, 26 NaHCO3, 10 Glucose, 1 MgCl2, 2 CaCl2, pH 7.3-7.4 (300-310 Osm). Recordings 

were conducted with a Multiclamp 700B amplifier (Molecular Devices), digitized at 20 kHz and low-pass 

Bessel-filtered at 2 kHz with a personal computer running Clampex 11 and a DigiData 1440 (Molecular 

Devices). The local field potential (LFP) was recorded with 0.5-1 MΩ borosilicate pipettes filled with aCSF. 

The LFP electrode was placed in CA1 on the border of stratum pyramidale (str. pyr.) and oriens, a location 
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where both high amplitude sharp waves (SWs) and ripples are simultaneously detectable. Consistent 

placement of the electrode was attempted in all slices at a depth of ~20 µm. Recordings began 10 min after 

LFP electrode placement to allow slice to recover. If visually detectable SWRs were not observed, the slice 

was logged as non-SWR producing (Table 2-1 C-D, Figure 2-4 E) and discarded. Recordings of 

spontaneous SWRs were maintained for at least 5 min in current-clamp configuration to record the voltage, 

with AC-coupled 100× gain. 

 

 Local Field Analysis and Sharp Wave Ripple Detection 

LFP recordings were first pre-processed in Clampfit 11 (pClamp, Molecular Devices). Noise from 60 

Hz line interference was filtered from the LFP with the built-in electrical interference filter. All subsequent 

analysis of SWRs and cellular events was conducted with custom-built MATLAB functions. Raw traces 

were imported using the abfload protocol (https://github.com/fcollman/abfload). All applied filters were finite 

impulse response (FIR) Gaussian filter with constant and corrected phase delays. A wide band-pass (1-

1000 Hz) was first applied to remove both low frequency DC drift and high frequency instrument noise. The 

detection of SWR events was based upon prior approaches (Siapas and Wilson, 1998; Csicsvari et al., 

1999; Eschenko et al., 2008), with refinements to minimize false positives and permit additional analyses. 

The LFP was filtered in both the sharp wave (SW: 1-30 Hz) and ripple (120-220 Hz) ranges, and the root 

mean square (RMS) was computed every 5 ms in a 10 ms sliding window. The ripple range was chosen to 

correspond to the reported temperature dependence of ripples at 30° C (Papatheodoropoulos et al., 2007). 

The threshold for peak detection was set to 4 standard deviation (SD) above the baseline (lower 0.95 

quantile) RMS mean. Event start and end times were set at 2 SD crossings. SWR events were defined as 

the intersection of concurrent SW and ripple events. The duration of SWR events was determined from the 

union of concurrent SW and ripple events. The peak of the SWR event was defined as the peak of the SW-

RMS signal, and the amplitude as the difference between the peak and baseline values of the SW signal. 

The power of the SW and ripple were determined by the bandpower MATLAB function of the relevant 

filtered signal, which computes an approximation of the integral of the power spectral density between the 

start and end times of the SWR event. Additional filters were applied in the low gamma (20-50 Hz) and 

fast/pathological ripple (250-500 Hz) ranges, and the power computed on a SWR-event basis, as the power 

https://github.com/fcollman/abfload
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of these SWR-nested oscillations has been implicated in memory performance (Carr et al., 2012) and 

epileptogenesis (Foffani et al., 2007), respectively. 

To visualize the spectral components of the LFP as a function of time, spectral analysis was 

performed for the duration of the recording as well as per SWR event via a Short-Time Fourier Transform 

between 1-500 Hz. To better observe deviations from baseline power, the Z-score for each 1 Hz frequency 

band was calculated. A Fast-Fourier Transform (FFT) was also computed for a 200 ms window centered 

around each SWR peak and averaged across all events as an additional visualization of spectral power. 

The determination of the phase of low gamma and ripple oscillations during SWRs was based on the 

analysis of (Varga et al., 2012). Within a 200 ms window centered around the SWR peak, the extrema of 

the filtered signal of interest were identified, and a piece-wise linear function fit with values from 0⁰ to 180⁰ 

between a maximum and minimum, 180⁰ to 360⁰ between a minimum and maximum, and then resetting to 

0⁰. The number of cycles within the duration of the SWR event was recorded, from which the peak frequency 

was calculated as ncycle/SWRduration.  

 

 Experimental Design and Statistical Analyses 

Experiments have been primarily presented in a case-control design, in which data from 5xFAD mice 

are compared to littermate controls. Behavioral learning on the Barnes Maze employed a longitudinal 

repeated measures (RM) design. LFP endpoints were analyzed in a 2-way design to analyze the effects of 

genotype and age. In analyzing the slice effect on LFP activity, I have used a 4-way factorial design. Multiple 

comparisons were restricted to those with experimental validity. For example, there was no a priori 

hypothesis between 1 mo control and 3 mo 5xFAD mice, therefore these comparisons were not considered, 

to avoid reducing the statistical threshold to a level at which comparisons of interest could not be detected. 

The statistical details for each figure panel are presented in accompanying tables for each figure. 

All data were tested for normality and lognormality via Shapiro-Wilk tests. If all groups were normally 

distributed, they were analyzed with parametric tests (unpaired t-test, n-way ANOVA, n-way RM ANOVA) 

and are displayed in bar plots with error bars representing the mean ± SEM. If any group was not normally 

distributed, the data have been presented on box-whisker plots, with lines indicating median and quartiles, 

and full error bars representing range. If all groups were lognormally distributed, the data were log 
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transformed, the results of which were analyzed with parametric tests, with the log-means compared. For 

clarity, the original non-transformed data and linear axes are displayed in most plots. If any group was 

neither normal nor lognormal, non-parametric statistical tests of rank were employed.  

Any values cited in the text are mean ± SEM. Multiple comparisons used the Šidák correction (ŠC). 

Within each plot, all individual data points are presented. No data were excluded based on their values, but 

only for experimental reasons (e.g. no SWRs present, excessive slice movement, unstable patch clamp 

recording). The n is indicated in the text and figure legends, and differs between experiment, either nmice, 

nslice, or ncell. Raw p-values are displayed in plots, if less than a significance threshold of 0.05 they are bold. 

Data originating from male or female mice are presented as closed or open circles, respectively. Sex 

differences were examined for some endpoints, but in general the experiments were insufficiently powered 

to determine sex differences. A power analysis of the principal experiments was performed based on 

preliminary data, guiding the number of animals/cells chosen.  

Graphpad Prism 8 was used for all 1-sample and 2-sample statistical tests. Microsoft Excel and 

MATLAB were used for some simple calculations of mean, SD, SEM, ratio, and error propagation. n-way 

ANOVAs were performed in the Statistics and Machine Learning Toolbox of MATLAB 2019. Non-parametric 

factorial data were aligned and ranked with ARTool (Wobbrock et al., 2011), before running ANOVAs. 

 

 Code Accessibility 

All code is open-source and available in public repositories, including current versions in active 

development (Github) as well as archival copies used for this dissertation (Zenodo). All MATLAB functions 

for this and subsequent chapters are available at https://github.com/acaccavano/SWR-Analysis (archival 

copy: DOI: 10.5281/zenodo. 3625236).  

 

2.3 Results 

 Amyloid Accumulation in 5xFAD Mice  

To verify the accumulation of amyloid in 5xFAD mice at the age and genetic background of interest 

for this study, I conducted immunohistochemical (IHC) staining of amyloid beta and thioflavin. The antibody 

chosen (MOAB-2), labels both intraneuronal and extracellular Aβ, including unaggregated, oligomeric, and 

https://github.com/acaccavano/SWR-Analysis
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fibrillar Aβ42 and unaggregated Aβ40 (Youmans et al., 2012). I additionally stained for Thioflavin-S, a non-

specific stain that labels fibrils seen in extracellular dense-cored senile plaques (Guntern et al., 1992). I 

observed intracellular amyloid accumulation in the subiculum and CA1 region of hippocampus in 1 mo 

5xFAD mice without the presence of extracellular plaques (nmice = 2 Control (CT), 2 5xFAD), while in 3 mo 

5xFAD mice there were multiple extracellular plaques in subiculum, with sparse plaques in CA1 (nmice = 2 

CT, 2 5xFAD, Figure 2-1). No obvious amyloid staining was observed in the littermate controls. Prior work 

indicates that amyloid burden continues to increase throughout the lifespan of 5xFAD mice (Oakley et al., 

2006; Youmans et al., 2012).  
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Figure 2-1: Amyloid progression in 5xFAD mice. Representative IHC in the CA1 – subiculum region in 1 
mo (top) and 3 mo (bottom) for control (CT, left) and 5xFAD (right) mice. Red: MOAB-2, labeling both 
intraneuronal and extracellular Aβ, including unaggregated, oligomeric, and fibrillar Aβ42 and unaggregated 
Aβ40. Cyan: Thioflavin-S, labeling fibrils in extracellular plaques. Staining was repeated in 2 mice of each 
genotype and age. Upper right inset: intracellular amyloid aggregation in 1 mo 5xFAD mice. Lower left 
inset: dense-cored plaque in 3 mo 5xFAD mice. Scale bar = 100 μm. Inset scale bars = 50 μm. 
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 Three Month (3 mo) 5xFAD Mice Display Minor Spatial Memory Impairment 

While memory performance has been assessed previously in 5xFAD mice via the T-maze at 2 and 

4 mo, to test at the ages of interest (1 mo and 3 mo), memory performance was assessed on the Barnes 

Maze (Figure 2-2 A). Cohorts consisted of 1 mo: nmice = 10 CT, 10 5xFAD and 3 mo: nmice = 15 CT, 12 

5xFAD (Table 2-1). Both age cohorts learned the task, as seen by decreased latency to find escape hole 

over progressive days of training, and a significant effect of training day (1 mo: p = 5.7 × 10-10, Figure 2-2 

B; 3 mo: p = 2.7 × 10-13, Figure 2-2 C). There were no differences observed in training between genotype 

for either the 1 mo cohort (p = 0.760) or the 3 mo cohort (p = 0.307), nor were there interactions of genotype 

× training day (1 mo: p = 0.687; 3 mo: p = 0.405). On the probe day, 1 mo 5xFAD mice had similar latencies 

to controls (p = 0.781, Figure 2-2 D), while 3 mo 5xFAD mice had a significantly longer latency to find the 

escape hole from 18.4 ± 7.6 s to 37.4 ± 9.8 s (p = 0.040, Figure 2-2 E). The number of entries to the area 

of the escape hole, another commonly reported endpoint, was not significantly different for either cohort (1 

mo: p = 0.472, Figure 2-2 F; 3 mo: p = 0.496, Figure 2-2 G). 5xFAD mice displayed no obvious motor 

impairments, as the total distance traveled did not differ between genotype at either age (1 mo: 3.98 ± 0.91 

m (CT), 3.77 ± 0.49 m (5xFAD), t(18) = 0.203, p = 0.842; 3 mo: 3.98 ± 0.49 m (CT), 3.40 ± 0.49 m (5xFAD), 

t(25) = 0.816, p = 0.422; unpaired t-tests), nor did the mean speed (1 mo: 4.4 ± 1.0 cm/s (CT), 4.2 ± 0.5 cm/s 

(5xFAD), t(18) = 0.186, p = 0.856; 3 mo: 4.4 ± 0.6 cm/s (CT), 3.8 ± 0.5 cm/s (5xFAD), t(25) = 0.819, p = 0.420; 

unpaired t-tests).  
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Figure 2-2: Barnes Maze performance is impaired in 3 mo 5xFAD mice. (A) Diagram of Barnes Maze, a 
task of spatial memory. (B-C) Cohorts of 1 mo (nmice = 10 CT, 10 5xFAD, B) and 3 mo (nmice = 15 CT, 12 
5xFAD, C) mice, had four consecutive days of training, each with four 180 s trials. The latency to find the 
target escape hole was averaged over the four trials. (D-E) Latency to find target on the final 90 s probe 
trial on the fifth day for 1 mo (D) and 3 mo (E) cohorts. (F-G) Number of entries to covered target hold on 
the probe trial for 1 mo (F) and 3 mo (G) cohorts. (H) Representative heat map for 3 mo animals on the 
final probe trial. Warmer colors represent longer duration. Control mice spent more time at the target and 
surrounding region than 5xFAD mice. For all plots, individual data points represent an animal. Closed 
circles represent males, open circles females. Box-whisker plots represent non-normal data as Median 
and IQRs. Bar plots represent normal data with Mean ± SEM. p-values indicated above brackets. 
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To test if this observed memory impairment could be attributed to altered anxiety-like behavior, the 

cohorts were also tested on the Elevated Plus Maze (Figure 2-3 A). Neither age cohort showed a significant 

difference in the number of open arm entries (Figure 2-3 B-C), fraction of time spent in open arms (Figure 

2-3 D-E), nor the distance traveled in the open arms (Figure 2-3 F-G). Therefore, it was concluded that 3 

mo 5xFAD mice on the genetic background had a mild spatial memory impairment, while 1 mo mice were 

unimpaired. As memory impairment has been widely reported in 5xFAD mice at later ages (Oakley et al., 

2006; Ohno, 2009; Tohda et al., 2012), no further memory tasks were performed. 

 

B. C. 
2-way RM ANOVA Sum Sq. D.F. Mean Sq. F p Sum Sq. D.F. Mean Sq. F p
Genotype 130.05 1 130.05 0.096 0.7597 3175.54 1 3175.54 1.086 0.3074
Training Day 14591.50 3 4863.83 23.886 5.7E-10 27105.90 3 9035.28 31.562 2.7E-13
Gen ×  Day 482.50 3 160.83 0.496 0.6868 1211.40 3 403.80 0.983 0.4055
Animal (RM) 24263.30 18 1347.96 4.032 3.6E-05 73120.80 25 2924.83 7.762 2.2E-12
Residual 18055.20 54 334.36 28262.60 75 376.84
Total 42652.50 79 104856.00 107

Mann-Whitney post hoc U Med. Diff p p adj U Med. Diff p p adj

Day 1 AD vs CT 48.0 9.250 0.8978 0.9999 80.0 0.000 0.5895 0.9716
Day 2 AD vs CT 49.0 -4.064 0.9705 1.0000 67.0 31.625 0.2728 0.7203
Day 3 AD vs CT 40.0 -13.880 0.4813 0.9276 81.5 12.875 0.6921 0.9910
Day 4 AD vs CT 45.0 -22.500 0.7394 0.9954 68.5 16.250 0.3047 0.7663

Mann-Whitney Med.Diff. U p
D.  1mo Probe Latency 1.5 46 0.7810
E.  3mo Probe Latency 14.5 48 0.0399

unpaired t-test Mean Diff. D.F. t p
F.  1mo #  Entries 18 0.7346 0.4721
G.  3mo #  Entries 25 0.6912 0.4958

1mo Training Latency (ART) 3mo Training Latency  (ART)

-0.5000
-0.3000

Table 2-2: Stats for Figure 2-2 
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unpaired t-test Mean Diff. D.F. t p
B.  1mo #  Open Arm Entries 0.5000 18 0.8171 0.4246
C.  3mo #  Open Arm Entries -0.6833 25 1.2250 0.2319
D.  1mo Frac. Time in Open -0.0031 18 0.1288 0.8990
E.  3mo  Frac. Time in Open -0.0142 25 0.8484 0.4042
F.  1mo Distance in Open -0.0436 18 0.1716 0.8657
G.  3mo Distance in Open -0.2144 25 1.1840 0.2474

Table 2-3: Stats for Figure 2-3 

Figure 2-3: Elevated Plus Maze performance is unchanged in 5xFAD mice. (A) Diagram of Elevated Plus 
Maze, a task of anxiety-like behavior. (B-C) Number of open arm entries in 1 mo (nmice = 10 CT, 10 5xFAD, 
B) and 3 mo (nmice = 15 CT, 12 5xFAD, C) mice. (D-E) Fraction of 5-minute test duration spent in open 
arms in 1 mo (D) and 3 mo (E) cohorts. (F-G) Distance traveled in open arms for 1 mo (F) and 3 mo (G) 
cohorts. Bar plots represent normal data with Mean ± SEM. p-values indicated above brackets 
 



- 44 - 
 

 Sharp Wave Ripples (SWRs) Occur More Frequently in 3 mo 5xFAD Mice 

As spatial memory relies heavily on the activity of the hippocampus, and sharp wave ripples (SWRs) 

are critical for the consolidation of new memories (Buzsáki, 1986; Wilson and McNaughton, 1994), I next 

recorded spontaneous SWRs in hippocampal slices from control and 5xFAD mice (Figure 2-4 A-B). SWRs 

were recorded in the CA1 region in multiple slices for each animal and averaged in both a 1 mo cohort (nmice 

= 10 CT, 10 5xFAD), and a 3 mo cohort (nmice = 27 CT, 29 5xFAD, Table 2-1 C). While the electrode 

placement was kept as consistent as possible across recordings (see 2.2 Methods), slight deviations in 

placement resulted in large variance in the LFP. I attempted to control for this by recording from many slices 

(1 mo: nslice = 51 CT, 45 5xFAD; 3 mo: nslice = 101 CT, 88 5xFAD) and then averaging across slices for each 

animal. In the 1 mo cohort, the SWR event frequency did not differ (p = 0.904), but in the 3 mo cohort, SWR 

event frequency was increased in 5xFAD mice versus controls from 0.94 ± 0.07 Hz to 1.25 ± 0.08 Hz (p = 

0.011, Figure 2-4 C). Likewise, the inter-event interval (IEI) was selectively decreased for 3 mo mice (p = 

0.043) but unchanged in the 1 mo cohort (0.960, Figure 2-4 D). I next verified if there was an altered 

proportion of slices exhibiting SWRs in 5xFAD mice (Figure 2-4 E), as this could underlie observed 

differences in event frequency. A 2-way ANOVA revealed only a tendency for an effect of 5xFAD genotype 

(p = 0.082), but with a significant effect of age (p = 0.032). When corrected for multiple comparisons, 3 mo 

slices did not differ between genotype (p > 0.999). Therefore, the observed differences in 3 mo 5xFAD mice 

were not likely due to altered viability of the slices. 

Spontaneous SWR recordings were repeated in three separate 3 mo sub-cohorts with different 

reporter mouse lines for subsequent patch-clamp and Ca2+ imaging experiments (Table 2-1 D). SWR 

frequency increased in 5xFAD mice in both larger cohorts: PVCre/+;tdTom/+ mice (135 ± 18%, nmice = 13 

CT, 11 5xFAD) and Thy1-GCaMP6f mice (156 ± 21%, nmice = 10 CT, 11 5xFAD). In the third smaller Thy1-

GCaMP6f;PVCre/+;tdTom/+ cohort, there was no significant increase observed (93 ± 18%, nmice = 4 CT, 7 

5xFAD). A 2-way ANOVA for 5xFAD genotype and reporter line revealed only a significant effect of 5xFAD 

genotype (p = 0.021) and not reporter line (p = 0.251) nor interaction term (p = 0.154, Table 2-5). The data 

for the three sub-cohorts were therefore pooled into the results presented in (Figure 2-4) and for all 

subsequent experiments. The lack of phenotype in the quadruple transgenic cohort was assumed to be 

attributable to smaller sampling.  
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To test if sex, brain hemisphere, and dorsal-ventral slice position had an effect, an additional 4-way 

ANOVA of all slices was performed. SWRs in ventral hippocampus are reported to occur more frequently, 

with higher amplitude, and reduced duration (Kouvaros and Papatheodoropoulos, 2017). Between 

hemispheres, SWRs are reported to occur at the same frequency, but with differences in ripple frequency 

(Villalobos et al., 2017). I observed an effect of 5xFAD genotype (nslice = 101 CT, 88 5xFAD; p = 0.0015, 

Table 2-5), and an effect of dorsal-ventral position (p = 0.0015), with ventral slices (bregma 3.5-4.0 mm) 

126 ± 12% the frequency of more dorsal slices (bregma 2.5-3.0 mm) for both control and 5xFAD slices. 

Correcting for multiple comparisons, within each genotype the difference between dorsal and ventral slices 

did not reach significance (p = 0.235 CT, p = 0.078 5xFAD). No significant effects were observed for sex (p 

= 0.395), brain hemisphere (p = 0.351), nor any interaction terms (Table 2-5). All subsequent experiments 

pooled data from slices along the dorsal-ventral axis.  
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Figure 2-4: Sharp wave ripples are increased in 3 mo 5xFAD mice. (A) SWRs were recorded in acute 
horizontal slices with the LFP electrode located in CA1. (B) Example traces of 3 mo control (left) and 
5xFAD (right) slices. 1st trace: LFP filtered between 1-1000 Hz, raster below indicates detected SWR 
events as overlap of sharp wave (SW) and ripple events. 2nd trace: SW, filtered between 1-30 Hz, raster 
below indicates detected SW events. 3rd trace: low gamma, filtered between 20-50 Hz. 4th trace: ripple, 
filtered between 120-220 Hz, raster below indicates detected ripple events. Bottom: z-scored time-
frequency spectrogram from 1-250 Hz. (C-D) Summary plot of SWR event frequency (C) and inter-event 
interval (IEI, D) for 5xFAD and littermate controls for both 1 mo (nmice = 10 CT, 10 5xFAD) and 3 mo cohorts 
(nmice = 27 CT, 29 5xFAD). (E) Slice viability, defined as the fraction of slices with spontaneous SWRs. For 
all plots, individual data points represent the average of all slices recorded from an animal (nslice/animal in 
Table 2-1). p-values of multiple comparisons of interest indicated above brackets. * p < 0.05.  
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C. D. E. 
2-way ANOVA Sum Sq. D.F. Mean Sq. F p Sum Sq. D.F. Mean Sq. F p Sum Sq. D.F. Mean Sq. F p
Genotype 0.138 1 0.138 0.938 0.3359 0.024 1 0.024 0.750 0.3894 1487.7 1 1487.7 3.110 0.0821
Age 0.409 1 0.409 2.785 0.0995 0.088 1 0.088 2.814 0.0978 2276.5 1 2276.5 4.797 0.0318
Gen ×  Age 0.762 1 0.762 5.188 0.0257 0.116 1 0.116 3.679 0.0591 1139.6 1 1139.6 2.324 0.1318
Residual 10.572 72 0.147 2.262 72 0.031 34446.4 72 478.4
Total 12.564 75 2.599 75 36465.5 75

Šídák Mult. Comp. Mean Diff. D.F. Diff. SE t p adj Mean Diff. D.F. Diff. SE t p adj Dunn's Mult.Comp. Rank Diff. p adj

1mo AD vs CT -0.1292 72 0.168 0.7706 0.9041 0.0468 72 0.078 0.5982 0.9596 -23.05 0.0721
3mo AD vs CT 0.3117 72 0.100 3.1090 0.0107 -0.1221 72 0.047 2.6120 0.0431 -4.43 0.9999

CT 3mo  vs 1mo -0.0593 72 0.139 0.4274 0.9882 0.0093 72 0.065 0.1434 0.9998 -21.89 0.0267
AD 3mo vs 1mo 0.3816 72 0.138 2.7750 0.0278 -0.1596 72 0.064 2.4890 0.0591 -3.27 0.9999

SWR Event Frequency Slice Viability  (ART)SWR IEI  (LT)

Table 2-4: Stats for Figure 2-4 

2-way ANOVA Sum Sq. D.F. Mean Sq. F p
Genotype 0.87 1 0.87 5.690 0.0209
Reporter 0.44 2 0.22 1.422 0.2508
Gen ×  Rep 0.60 2 0.30 1.943 0.1539
Residual 7.67 50 0.15
Total 10.37 55

Šídák Mult. Comp. Mean Diff. D.F. Diff. SE t p adj

PV AD vs CT 0.3215 50 0.1604 2.004 0.1440
GC AD vs CT 0.5387 50 0.1711 3.148 0.0083
PVGC AD vs CT -0.0503 50 0.2455 0.205 0.9958

4-way ANOVA Sum Sq. D.F. Mean Sq. F p
Genotype 2.71 1 2.71 10.423 0.0015
Sex 0.19 1 0.19 0.728 0.3948
Slice Hemisphere 0.23 1 0.23 0.873 0.3513
Slice D-V Depth 2.72 1 2.72 10.463 0.0015
Gen × Sex 0.00 1 0.00 0.002 0.9606
Gen × Hem 0.01 1 0.01 0.054 0.8173
Gen × Depth 0.04 1 0.04 0.169 0.6813
Sex × Hem 0.82 1 0.82 3.176 0.0764
Sex × Depth 0.03 1 0.03 0.109 0.7417
Hem × Depth 0.17 1 0.17 0.641 0.4244
Residual 46.23 178 0.26
Total 53.71 188

Šídák Mult. Comp. Mean Diff. D.F. Diff. SE t p adj

 Ven CT vs Dor CT 0.2110 185 0.1771 1.191 0.2351
Dor AD vs Dor CT 0.2151 185 0.2058 1.045 0.2974
Dor AD vs Ven CT 0.0041 185 0.1959 0.021 1.0000
Ven AD vs Dor CT 0.4887 185 0.1195 4.091 0.0001
Ven AD vs Ven CT 0.2777 185 0.1379 2.014 0.0455
Ven AD vs Dor AD 0.2736 185 0.1546 1.770 0.0785

3mo SWR Event Frequency  (by animal)

3mo SWR Event Frequency (by slice)

Table 2-5: Additional ANOVAs 
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 Altered Characteristics of SWRs in 3 mo 5xFAD Mice 

In addition to an increased event frequency, many additional characteristics of SWRs were 

selectively altered at 3 mo of age in 5xFAD mice, but unchanged at 1 mo relative to age-matched controls 

(Figure 2-5 A). SWR amplitude was 58 ± 17% greater in 3 mo 5xFAD mice (p = 0.0022, Figure 2-5 B), with 

a larger area when integrating the LFP over the duration of the event (p = 0.0026, Figure 2-5 C). 

Surprisingly, despite the increased amplitude and area, SWRs were 3.7 ± 1.2 ms shorter in duration in 3 

mo 5xFAD mice (p = 0.047, Figure 2-5 D), which is of particular interest as longer duration SWRs have 

been demonstrated to improve memory (Fernández-Ruiz et al., 2019). SWR amplitude, area, and duration 

were unchanged in the 1 mo cohort (Figure 2-5 B-D). 

To explore in more detail this decreased duration and the effects on SWR-coupled oscillations, the 

LFP was filtered, in addition to the SW (1-30 Hz) and ripple (120-220 Hz) ranges, in the low gamma range 

(20-50 Hz), and the fast or pathological ripple range (250-500 Hz), which is implicated in epileptiform activity 

(Foffani et al., 2007). The peak frequency of a SWR-nested oscillation was calculated by dividing the 

number of cycles by the duration of the SWR. The number of cycles was determined through linear 

interpolation of the phase within each frequency band (see 2.2 Methods). Within the low gamma range, the 

peak frequency was decreased in 3 mo 5xFAD mice (p = 0.035, Figure 2-5 E), while the ripple peak 

frequency was increased (p = 0.0016, Figure 2-5 F), and the fast ripple peak frequency unchanged (p = 

0.335, Figure 2-5 G). In 1 mo mice, no significant genotype differences were observed (Figure 2-5 E-G). 

The number of cycles in the 3 mo cohort was decreased within the gamma range (p = 0.024, Figure 2-5 H), 

but unchanged within the ripple (p = 0.237, Figure 2-5 I), and fast ripple (p = 0.087, Figure 2-5 J) ranges. 

No significant differences were observed in the number of cycles in the 1 mo cohort (Figure 2-5 H-J). 
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Figure 2-5: Altered characteristics of SWRs in 3 mo 5xFAD mice. (A) Example SWRs for 1 mo control (far 
left), 1 mo 5xFAD (middle left), 3 mo control (middle right), and 3 mo 5xFAD (far right). 1st trace: Raw LFP. 
2nd trace: low gamma filtered (20-50 Hz). 3rd trace: ripple filtered (120-220 Hz). 4th trace: fast ripple filtered 
(250-500 Hz). (B) Summary data for SWR amplitude. (C) SWR area (integral of voltage over duration of 
event). (D) SWR duration. (E-G) Peak frequency, defined as the number of cycles / duration for low gamma 
(E), ripple (F), and fast ripple (G). (H-J) Number of cycles, determined through linear interpolation of phase 
for low gamma (H), ripple (I), and fast ripple (J). Individual data points each represent an animal, the same 
population of mice as Figure 2-4. p-values of multiple comparisons of interest indicated above brackets. 
* p < 0.05, ** p <0.01, *** p < 0.001, **** p < 0.0001.  

B. C. D. 
2-way ANOVA Sum Sq. D.F. Mean Sq. F p Sum Sq. D.F. Mean Sq. F p Sum Sq. D.F. Mean Sq. F p
Genotype 575.10 1 575.10 1.998 0.1618 0.260 1 0.260 1.714 0.1946 0.0005 1 0.0005 0.230 0.6332
Age 677.20 1 677.20 2.353 0.1294 0.235 1 0.235 1.548 0.2175 0.0173 1 0.0173 7.500 0.0078
Gen ×  Age 1585.35 1 1585.35 5.508 0.0217 0.866 1 0.866 5.703 0.0196 0.0233 1 0.0233 10.083 0.0022
Residual 20723.46 72 287.83 10.932 72 0.152 0.1662 72 0.0023
Total 25409.62 75 13.222 75 0.2105 75

Šídák Mult. Comp. Mean Diff. D.F. Diff. SE t p adj Mean Diff. D.F. Diff. SE t p adj Mean Diff. D.F. Diff. SE t p adj

1mo AD vs CT -4.191 72 7.582 0.553 0.9695 -0.1109 72 0.1740 0.638 0.9494 0.0454 72 0.0214 2.125 0.1402
3mo AD vs CT 16.380 72 4.534 3.613 0.0022 0.3712 72 0.1041 3.567 0.0026 -0.0330 72 0.0128 2.578 0.0471

CT 3mo  vs 1mo -3.659 72 6.276 0.583 0.9631 -0.1176 72 0.1440 0.816 0.8845 0.0051 72 0.0177 0.290 0.9973
AD 3mo vs 1mo 16.910 72 6.217 2.720 0.0323 0.3646 72 0.1427 2.555 0.0500 -0.0732 72 0.0175 4.178 0.0003

E. F. G. 
2-way ANOVA Sum Sq. D.F. Mean Sq. F p Sum Sq. D.F. Mean Sq. F p Sum Sq. D.F. Mean Sq. F p
Genotype 3.59 1 3.59 1.876 0.1750 60.24 1 60.24 8.004 0.0060 12.72 1 12.72 1.240 0.2693
Age 19.69 1 19.69 10.292 0.0020 43.28 1 43.28 5.751 0.0191 51.12 1 51.12 4.980 0.0288
Gen ×  Age 4.03 1 4.03 2.105 0.1512 7.03 1 7.03 0.934 0.3370 84.85 1 84.85 8.267 0.0053
Residual 137.74 72 1.91 541.86 72 7.53 739.04 72 10.26
Total 172.50 75 699.41 75 877.28 75

Šídák Mult. Comp. Mean Diff. D.F. Diff. SE t p adj Mean Diff. D.F. Diff. SE t p adj Mean Diff. D.F. Diff. SE t p adj

1mo AD vs CT 0.0292 72 0.6150 0.048 1.0000 1.3310 72 1.2280 1.084 0.7342 -3.3290 72 1.4240 2.337 0.0859
3mo AD vs CT -0.9886 72 0.3678 2.688 0.0352 2.7210 72 0.7344 3.705 0.0016 1.4320 72 0.8517 1.682 0.3351

CT 3mo  vs 1mo -0.6332 72 0.5091 1.244 0.6252 1.0230 72 1.0170 1.006 0.7831 -0.5372 72 1.1790 0.456 0.9850
AD 3mo vs 1mo -1.6510 72 0.5043 3.274 0.0065 2.4130 72 1.0070 2.396 0.0745 4.2240 72 1.1680 3.617 0.0022

H. I. J. 
2-way ANOVA Sum Sq. D.F. Mean Sq. F p Sum Sq. D.F. Mean Sq. F p Sum Sq. D.F. Mean Sq. F p
Genotype 0.0006 1 0.0006 0.014 0.9070 0.92 1 0.92 1.118 0.2938 1.51 1 1.51 0.352 0.5551
Age 0.4974 1 0.4974 11.012 0.0014 5.02 1 5.02 6.080 0.0161 29.93 1 29.93 6.988 0.0101
Gen ×  Age 0.4141 1 0.4141 9.168 0.0034 7.56 1 7.56 9.163 0.0034 38.22 1 38.22 8.924 0.0038
Residual 3.2520 72 0.0452 59.43 72 0.83 308.32 72 4.28
Total 4.2801 75 72.31 75 381.17 75

Šídák Mult. Comp. Mean Diff. D.F. Diff. SE t p adj Mean Diff. D.F. Diff. SE t p adj Mean Diff. D.F. Diff. SE t p adj

1mo AD vs CT 0.1741 72 0.0950 1.832 0.2553 0.9668 72 0.4050 2.387 0.0761 1.9300 72 0.9254 2.086 0.1526
3mo AD vs CT -0.1612 72 0.0568 2.836 0.0235 -0.4530 72 0.2422 1.870 0.2373 -1.2910 72 0.5534 2.333 0.0869

CT 3mo  vs 1mo -0.0161 72 0.0787 0.204 0.9993 0.1329 72 0.3352 0.396 0.9911 0.1853 72 0.7660 0.242 0.9987
AD 3mo vs 1mo -0.3514 72 0.0779 4.509 9.9E-05 -1.2870 72 0.3321 3.875 0.0009 -3.0360 72 0.7589 4.000 0.0006

Peak Gamma Frequency Peak Ripple Frequency Peak Fast Ripple Frequency 

# Gamma Cycles # Ripple Cycles # Fast Ripple Cycles

SWR Amplitude SWR Area SWR Duration  (LT)

Table 2-6: Stats for Figure 2-5 
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To further characterize spectral differences in SWRs, the power of SWR-nested oscillations in the 

SW, gamma, ripple, and fast ripple ranges were quantified (Figure 2-6). A time-frequency spectrogram 

(Figure 2-6 A) and Fast-Fourier Transform (FFT, Figure 2-6 B) of characteristic 3 mo slices indicated a shift 

in spectral power, with increased power below ~80 Hz, and a shifted ripple peak. Quantification across all 

mice revealed an increase in SW power in 3 mo mice (p = 0.0083, Figure 2-6 C), as expected from the 

increased SWR amplitude (Figure 2-5 B). Low gamma power was also robustly increased in 3 mo 5xFAD 

mice (p = 0.0018, Figure 2-6 D). While the peak ripple frequency was shifted (Figure 2-5 F, Figure 2-6 B), 

the ripple power was unchanged (p = 0.997, Figure 2-6 E), as was the fast ripple power (p > 0.999, Figure 

2-6 F). No differences were observed in spectral power in the 1 mo cohort (Figure 2-6 C-F). 
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Figure 2-6: Spectral features of SWRS differ in 3 mo 5xFAD slices. (A) Example of the averaged z-scored 
time-frequency spectrogram of all SWRs for a control (left) and 5xFAD (right) recording. (B) Average Fast-
Fourier Transform (FFT) of a 200 ms window around all SWR events from a characteristic subset of nslice 
= 7 CT, 7 5xFAD from nmice = 4 CT, 5 5xFAD. Shaded region represents SEM. Note log scale on y-axis. 
(C-F) SWR-locked oscillation power in the SW (1-30 Hz, C), low gamma (20-50 Hz, D), ripple (120-220 
Hz, E), and fast ripple (250-500 Hz, F) ranges. Note that in D, one value was identified as an outlier by the 
ROUT method but was retained in analysis, as the data point appeared valid, and even with removal did 
not alter the observed increase (U = 193, p = 0.0015; Mann-Whitney). Individual data points each represent 
an animal, the same population of mice as Figure 2-4. p-values of multiple comparisons of interest 
indicated above brackets. ** p < 0.01. 
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2.4 Summary 

The 5xFAD mice of this study exhibited typical amyloid accumulation as expected from prior studies 

(Oakley et al., 2006), with intraneuronal amyloid present as early as 1 mo, and widespread extracellular 

plaques by 3 mo (Figure 2-1). In behavioral and LFP experiments I observed a selective impairment in 3 

mo mice, with no alterations in the younger 1 mo cohort. Spatial learning in 3 mo 5xFAD was unchanged, 

but spatial memory was slightly impaired (Figure 2-2), with no differences observed in anxiety-like behavior 

(Figure 2-3). Spontaneous SWRs in slices from 3 mo 5xFAD mice were more frequent (Figure 2-4), of 

greater amplitude and shorter duration (Figure 2-5), and with altered spectral features (Figure 2-6). While 

these LFP findings differ from prior in vivo findings in 5xFAD mice (Iaccarino et al., 2016, discussed in 

Chapter 5), they are consistent with the observation of hyperactivity within the hippocampal network 

(Busche et al., 2012; Zott et al., 2018, 2019).  

C. D. 
2-way ANOVA Sum Sq. D.F. Mean Sq. F p Sum Sq. D.F. Mean Sq. F p
Genotype 0.138 1 0.138 0.925 0.3394 0.423 1 0.423 3.241 0.0760
Age 0.003 1 0.003 0.022 0.8833 0.004 1 0.004 0.028 0.8682
Gen ×  Age 0.819 1 0.819 5.497 0.0218 0.527 1 0.527 4.040 0.0482
Residual 10.728 72 0.149 9.398 72 0.131
Total 12.378 75 11.199 75

Šídák Mult. Comp. Mean Diff. D.F. Diff. SE t p adj Mean Diff. D.F. Diff. SE t p adj

1mo AD vs CT -0.1394 72 0.1725 0.808 0.8881 -0.0196 72 0.1614 0.121 1.0000
3mo AD vs CT 0.3295 72 0.1032 3.194 0.0083 0.3548 72 0.0965 3.675 0.0018

CT 3mo  vs 1mo -0.2213 72 0.1428 1.550 0.4151 -0.2054 72 0.1336 1.537 0.4238
AD 3mo vs 1mo 0.2475 72 0.1414 1.750 0.2971 0.1690 72 0.1324 1.276 0.6024

E. F. 
2-way ANOVA Sum Sq. D.F. Mean Sq. F p Sum Sq. D.F. Mean Sq. F p
Genotype 0.135 1 0.135 3.265 0.0750 0.090 1 0.090 2.529 0.1162
Age 0.405 1 0.405 9.810 0.0025 0.143 1 0.143 4.003 0.0492
Gen ×  Age 0.062 1 0.062 1.499 0.2249 0.086 1 0.086 2.415 0.1245
Residual 2.975 72 0.041 2.576 72 0.036
Total 3.520 75 2.840 75

Šídák Mult. Comp. Mean Diff. D.F. Diff. SE t p adj Mean Diff. D.F. Diff. SE t p adj

1mo AD vs CT 0.1598 72 0.0908 1.760 0.2917 -0.1550 72 0.0845 1.833 0.2549
3mo AD vs CT 0.0281 72 0.0543 0.517 0.9761 -0.0004 72 0.0506 0.009 1.0000

CT 3mo  vs 1mo -0.1018 72 0.0751 1.355 0.5471 0.0220 72 0.0700 0.315 0.9963
AD 3mo vs 1mo -0.2335 72 0.0744 3.137 0.0098 0.1765 72 0.0693 2.547 0.0510

SW Power (LT) Slow Gamma Power  (LT) 

Ripple Power  (LT) Fast Ripple Power (LT)

Table 2-7: Stats for Figure 2-6 
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3. PYRAMIDAL CELL ALTERATIONS 

3.1 Introduction 

Considering the increased occurrence of SWRs and impaired spatial memory performance in 3 mo 

5xFAD mice, I next asked if pyramidal cell (PC) activity was altered at this age. SWR replay of PC 

ensembles that are active during memory encoding is critical for the consolidation of spatial memory (Wilson 

and McNaughton, 1994; Skaggs and McNaughton, 1996; Lee and Wilson, 2002; O’Neill et al., 2008). In 

vivo 2-photon Ca2+ imaging has revealed that cell sequences during exploration segregate into independent 

and orthogonal ensembles during immobile periods (Malvache et al., 2016). Therefore, alterations to PC 

activity and participation within SWRs and ensembles are suggestive of impaired replay. To monitor PC 

activity during SWRs, I employed the Thy1-GCaMP6f mouse line crossed with 5xFAD mice in order to 

record ensemble Ca2+ activity and target individual PCs for patch clamp electrophysiology. Recordings were 

conducted in acute slice; therefore, it was not possible to characterize PCs as place cells or determine 

which cells had been previously active during memory encoding (discussed in 0 Relevance to Memory). As 

there are reported differences between the activity of superficial and deep PCs (sPCs/dPCs) during SWRs 

(Valero et al., 2015), I delineated these subpopulations by staining a subset of slices for Calbindin. From 

this, I determined a distance threshold from the border of str. pyramidale and radiatum to classify putative 

sPCs and dPCs. I examined the spike-phase locking of PCs, as this has been reported to be altered in 

5xFAD mice (Iaccarino et al., 2016), though previous reports did not examine dPCs/sPCs separately. 

Finally, I examined the excitatory and inhibitory synaptic input during SWRs and during spontaneous 

periods between SWR events via intracellular recordings. Synaptic input to PCs during SWRs has been 

carefully examined before (Schlingloff et al., 2014), but not within an AD model, and not previously by 

separating sPC/dPC subpopulations. Together these experiments were designed to test if PC activity is 

altered at the level of the ensemble, the cell, and the synapse, and to indicate if observed alterations are 

more attributable to excitatory or inhibitory synaptic transmission.   

 

3.2 Methods 

 Experimental Animals 

The breeding strategy was described in 2.2 Experimental Animals. The calcium activity of PCs was 
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recorded in 5xFAD/+;Thy1-GCaMP6f mice and Thy1-GCaMP6f littermate controls. The spiking and 

synaptic activity of PCs was recorded primarily in 5xFAD/+;Thy1-GCaMP6f mice and Thy1-GCaMP6f 

littermate controls, with a small number in 5xFAD;Thy1-GCaMP6f;PVCre/+;tdTom/+ mice, which labeled 

both excitatory PCs in green and inhibitory PV cells in red (Table 2-1 D).   

 

 Patch Clamp Electrophysiology 

Slices with spontaneous SWRs were prepared as described in 2.2 Acute Slice Preparation, and the 

local field potential (LFP) recorded as described in 2.2 Slice Electrophysiology. In addition to the LFP 

electrode, a second 3-5 MΩ borosilicate pipette was used for cellular recordings. Cell-attached recordings 

were performed with aCSF + 5 μM Alexa Fluor® 594 nm (Molecular Probes Cat# A-10442) for pipette 

localization under confocal microscopy. The selected concentration of Alexa dye was below reported 

alterations to synaptic transmission (Maroteaux and Liu, 2016). Cell-attached recordings were followed with 

whole-cell recordings of the same cell with a new pipette filled with a Cesium internal, containing in mM: 

120 CsMeSO3, 5 NaCl, 10 TEA•Cl, 10 HEPES, 1.1 EGTA, 4 QX314, 4 ATP•Na, 0.3 GTP•Na, pH to 7.2 with 

CsOH (285 Osm). For pipette localization, 5 μM Alexa Fluor® 594 nm was added to the internal solution 

on the day of experiment. 

After the LFP electrode placement, a green fluorescent cell was targeted for a loose (20-40 MΩ seal 

resistance) cell-attached recording of 3-5 min duration. For Thy1-GCaMP6f slices, Ca2+ ensemble activity 

was also recorded concurrently with a laser scanning confocal microscope system (Thor Imaging Systems 

Division) equipped with 488/561/642 nm lasers and green/red/far-red filters and dichroics mounted on an 

upright Eclipse FN1 microscope (Nikon Instruments). One thousand 512 x 512 pixel frames were captured 

at a sample rate of 7.5 Hz. A 40× water immersion objective was used, covering an imaging field of 350 × 

350 μm, as a balance between maximizing the imaging field while providing sufficient magnification for 

patch clamp electrophysiology.  

Following the cell-attached recording, the same cell was targeted with a new Cesium internal 

electrode. Upon reaching 1 GΩ seal resistance, the membrane was broken by voltage pulse and quick 

negative pressure. Access resistance was monitored periodically and recordings with a change > 20% were 

discarded. Putative excitatory post-synaptic currents (EPSCs) were measured in voltage-clamp at a holding 
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voltage of -70 mV, and putative inhibitory post-synaptic currents (IPSCs) in the same cell at 0 mV. 

Glutamatergic and GABAergic events were not pharmacologically isolated, as the primary goal was to 

correlate synaptic activity with spontaneous SWRs, which would be affected by drug administration. The 

reversal potentials of putative EPSCs and IPSCs matched closely with the expected glutamate and GABA 

reversal potentials of 0 and -70 mV. This was determined by holding the cell from +20 to -100 mV in 10 mV 

voltage steps and monitoring the current polarity inversion. Each voltage-clamp recording ranged from 1-3 

min.  

 

 Post Hoc Immunohistochemistry 

A subset of slices (nslice = 2 CT, 2 5xFAD, each from a separate animal) were stained for Calbindin, 

with differential expression between superficial and deep PCs.  After recording, slices were returned to the 

HEPES-aCSF incubation chamber for the remainder of the day, then fixed overnight in 4% PFA, 4% 

sucrose in PBS at 4° C. Slices then received 4 × 15 min PBS washes, 2 hours of permeabilization with 

0.5% Triton-X in PBS, and 2 × PBS rinses. Antigen retrieval was performed for 20 min in a steamer with 

citrate buffer. Slices were cooled to room temperature for 20 min in PBS, then blocked overnight with 10% 

NGS at 4° C. The following day the slices were incubated with a primary monoclonal mouse antibody 

against Calbindin D-28k (1:1000; Swant Cat# 300, RRID:AB_10000347), 0.1% Tween20, 1% NGS in PBS. 

After 48 hrs of primary incubation at 4° C, slices were given 4 × 15 min PBS washes and incubated in 

secondary containing Alexa Fluor® 647 conjugated goat anti-mouse IgG (1:500; Jackson Immunoresearch 

Cat# 115-605-003, RRID:AB_2338902) and 1% NGS in PBS for 3 hrs at room temperature. Slices were 

given 4 × 15 min PBS washes, rinsed in ddH20, and mounted on slides between silicone isolators with 

Vectashield® mounting medium.  

 

 Pre-processing of Electrophysiology Data and Event Detection 

Pre-processing of files was conducted in Clampfit 11 (pClamp, Molecular Devices). Files for calcium 

imaging experiments were trimmed around the confocal laser trigger signal for alignment of SWR and 

calcium transients. Spikes were detected in cell-attached recordings with a 3 ms template search. A 

threshold of 6-8 was used (Clements and Bekkers, 1997) and false negatives minimized (confirmed by 
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manual inspection). False positives were removed by plotting peak vs anti-peak amplitude to segregate 

noise from true spikes. Bursts were detected with the built-in Burst Analysis, defined as three or more 

successive spikes, each within 60 ms (intra-burst interval). Spike start, peak, and end times, burst start and 

end times, number of events in burst, and intra-burst interval were exported from Clampfit for coincidence 

detection in MATLAB.  

Whole-cell recordings of post-synaptic current (PSC) signals were low-pass filtered below 1000 Hz 

with a zero-phase Gaussian FIR filter. PSCs were detected with template searches. Multiple template 

categories (3-4) of varying duration (ranging from 3-20 ms) were used to improve detection for overlapping 

PSCs often seen around SWRs. Shorter duration templates used increasingly higher thresholds, between 

5-8, to minimize false negatives. Parameters were kept constant across all cells. PSC results including 

start, peak, and end times, amplitude, rise tau and decay tau were exported from Clampfit and processed 

in Microsoft Excel to remove duplicate events with identical peak times. Limits were set on rise and decay 

tau to remove false positives due to noise. Accepted EPSCs fell within a range of 0.05-5 ms rise tau and 1-

50 ms decay tau, while accepted IPSCs fell within a range of 0.1-10 ms rise tau and 3-100 ms decay tau. 

 

 Pre-processing of Ca2+ Imaging Data 

Raw time series were converted to the change in fluorescence normalized to baseline (ΔF/F) with 

custom-built ImageJ (FIJI) macros, in which batches of raw TIF images were imported with the Bio-Formats 

plugin (Open Microscopy Environment) and saved as TIF stacks. The TIF stacks were corrected for photo-

bleaching via two iterations of the built-in Correct-Bleach plugin. Photo-bleaching was modeled as a sum 

of two exponentials, a fast 5 s decay and a slower decay over the duration of the recording (133 s). To 

assist in region-of-interest (ROI) placement, a semi-automated algorithm was applied to highlight regions 

of highest fluorescence change. For each TIF stack, the squared coefficient of variation (SCV) image was 

calculated, defined as the variance divided by the average squared for each pixel, or equivalently: 
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Circular ROIs were manually drawn over all identified cells in the SCV image and confirmed with the 

time series to encompass active cells. Notably, in this way only cells with variable fluorescence were 
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identified, and static highly fluorescent Ca2+-loaded cells were excluded. The ΔF/F for each cell was 

calculated by first subtracting the background fluorescence Fb, defined as the lowest intensity pixel across 

the entire time series. F0 for each ROI was defined as the average of the ten images with the lowest 

intensity. The ΔF/F was thus calculated as: 
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These values were exported from ImageJ, along with a separately calculated timing file for each 

image, computed from a threshold search in Clampfit of the confocal laser trigger channel. 

 

 Calcium Transient Detection and SWR Coincidence Analysis 

Automatic detection of calcium transients was performed by first correcting for slow changes in 

fluorescence, either from remaining photo-bleaching or gradual drift of the imaging plane. A smoothed 

moving average, calculated with robust locally-weighted regression (Cleveland, 1979) with a window 25% 

of the file duration (33 s), was subtracted from each ΔF/F trace. The baseline-corrected ΔF/F traces were 

interpolated from the raw sampling rate of 7.5 Hz to 2 kHz, and the LFP down-sampled from 20 kHz to 2 

kHz for coincidence detection. Automatic threshold detection for each cell was set at 4 SD above baseline, 

with the start and end times for each event set at 2 SD. The baseline of each cell was determined by an 

iterative algorithm of gaussian fitting to the histogram of all data points, which for most cells was a skewed 

one-tailed distribution with a large baseline peak at zero and a long positive tail representing true Ca2+ 

transient events. For uncommon cells without a skewed distribution (kurtosis < 0, due to low amplitude ΔF/F 

events), a single gaussian fit was applied to the entire histogram, providing an estimate of the baseline 

mean and SD. However, for most cells, two iterations were employed, with the first a double-gaussian fit to 

the entire histogram. The higher amplitude gaussian SD was then used to constrain the upper limit on a 

second iteration single-gaussian refinement fit of only the baseline. Special logic was necessary in rare 

situations. For excessively skewed distributions (kurtosis > 5, due to high amplitude ΔF/F events) the 

double-gaussian fit was constrained to the lower 0.95 quantile of data. For extremely active cells, because 

of the slow decay kinetics of GCaMP, the signal peak rivaled or exceeded the baseline peak in amplitude 

within the histogram. For these cells, the more negative rather than the higher amplitude peak was used as 
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an estimate of the baseline. In the situation where two peaks were not clearly differentiated (peak separation 

< 0.1 ΔF/F, due to low amplitude events and/or high baseline noise), the gaussian means and SDs were 

averaged together to arrive at an estimate for constraining the second iteration. Further details are available 

in the calcCaBaseline function at https://github.com/acaccavano/SWR-Analysis (archival copy: DOI: 

10.5281/zenodo. 3625236). 

Once the baseline mean, SD, and threshold was determined for each cell, events were detected on 

a cell-by-cell basis, and characteristics calculated including start, peak, and end times, IEI, duration, 

amplitude, and frequency. The interpolated calcium traces were trimmed and aligned with the downsampled 

LFP trace. Each calcium transient was classified as SWR-coincident if there was any overlap between the 

start and end of the calcium transient and the start and end of the SWR, otherwise it was classified as 

spontaneous. Cellular participation during SWRs was assessed by constructing a simplified event matrix 

with SWRs in one dimension, and cells in the other, with a zero or one if the cell reached threshold during 

the SWR. For fields with five or more active cells, the ensemble diversity was assessed by calculating the 

pairwise Jaccard Similarity index between SWR events, ranging from a value of zero if two SWR events 

had no cells in common, to a value of one if all cellular participants were identical, modeled after the analysis 

of (Miyawaki et al., 2014). The cell-cell pairwise index was also calculated, ranging from zero if two cells 

never participated in the same SWR events, to one if they participated in precisely the same SWRs. The 

cumulative distribution functions were determined for each recording as well as for all recordings grouped 

together by considering all off-diagonal values in one half of the symmetric similarity matrices (see Figure 

3-4). 

 

 Spike and SWR Coincidence Analysis 

Each spike/burst was classified as SWR-coincident if there was any overlap between the start and 

end of the spike/burst and the start and end of the SWR, otherwise it was classified as spontaneous. To 

examine spike rate in more detail around SWR events, the peri-SWR spike probability was calculated by 

sorting all spikes that occurred within a 200 ms window centered around each SWR peak into 2 ms bins 

and normalizing to all SWR events. Spike-phase coupling was determined by identifying the previously 

calculated gamma and ripple phases (see 2.2 Local Field Analysis and Sharp Wave Ripple Detection) at 

https://github.com/acaccavano/SWR-Analysis
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the spike peak time. Spike phase times were only considered for further analysis if trough-peak amplitude 

exceeded 4 SD of the gamma or ripple signal. 

 

 Post-Synaptic Current and SWR Coincidence Analysis  

Each EPSC/IPSC was classified as a SWR-coincident EPSC/IPSC (swrEPSC/swrIPSC) if there was 

any overlap between the start and end of the event and a 100 ms window centered around each SWR 

peak, otherwise it was classified as a spontaneous EPSC/IPSC (sEPSC/sIPSC). The more conservative 

window to classify spontaneous events (compared to the calcium and spike analysis) better captured the 

buildup of EPSCs/IPSCs preceding SWRs (Schlingloff et al., 2014). To examine the distribution of 

sEPSCs/sIPSCs, the cumulative distribution function of all events was computed for each cell and averaged 

across all cells in a group. The current was integrated over all spontaneous periods and normalized by unit 

time, yielding the spontaneous excitatory/inhibitory synaptic charge (sEPSQ/sIPSQ). During SWRs, as 

events overlap and complicate detection, for quantification the SWR excitatory/inhibitory post-synaptic 

charge (swrEPSQ/swrIPSQ) was examined. This was calculated by integrating the current in a 100 ms 

window centered around the SWR peak. For a view of the temporal progression of synaptic input during 

SWRs, the EPSQ/IPSQ was also calculated by integrating a sliding 100-ms window every 2ms in a 200-

ms window centered around the SWR peak. PSC-LFP phase coupling during SWR events was quantified 

by band-pass filtering the whole-cell channel in the low gamma (20-50 Hz) and ripple (120-220 Hz) ranges, 

and cross-correlating the gamma and ripple signals between the whole-cell and LFP channels.  

 

 Experimental Design and Statistical Analyses 

As described in 2.2 Experimental Design and Statistical Analyses, some experiments are presented 

in a case-control experimental design, comparing 5xFAD mice to littermate controls. Most however, are 

presented in a 2-way design to analyze the effects of genotype and cell type (sPC or dPC). All post hoc 

multiple comparisons used the Šidák correction (ŠC). The primary aim of all experiments was to compare 

5xFAD genotype, and not the difference between cell type, as this has been explored previously (Valero et 

al., 2015). Therefore, only two multiple comparisons were initially considered, with the p-values displayed 

above brackets in the figures. However, a second round of multiple comparisons between cell type was 
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also performed and the results presented in the figures as asterisks. While the results from both tests are 

presented in the plots, only one set of comparisons should be considered at a time for statistical rigor, the 

primary being the genotype comparisons. The cell type comparisons are presented for information only in 

order to compare to previously published work.  

The particular statistical performed follow the logic presented in 2.2 Experimental Design and 

Statistical Analyses, and are detailed in the accompanying tables for each figure. Data originating from 

male or female mice are presented as closed or open circles, respectively. These are for information only; 

sex differences were not examined for the experiments in this chapter. Circular data (phase angles) were 

tested for non-uniformity via a Rayleigh test to determine if they could be sampled from a von Mises (circular 

normal) distribution. If the Rayleigh test reached significance for all groups, means were compared with the 

Watson-Williams test, otherwise a circular median test was performed. Circular statistics were run in the 

Circular Statistics Toolbox for MATLAB (Berens, 2009). Genotype differences between continuous 

distributions were analyzed via 2-way ANOVA. For each, the data were either downsampled or binned into 

100 equal width bins along the x-axis.   

 

 Code Accessibility 

All code is open-source and available in public repositories, including versions under active 

development (Github) as well as archival copies used for this manuscript (Zenodo). ImageJ (FIJI) macros 

are available at https://github.com/acaccavano/deltaFoF (archival copy: DOI: 10.5281/zenodo.3625130).  

 

3.3 Results 

 Altered Ensembles of Pyramidal Cells are Recruited in 3 mo 5xFAD Slices 

Given the observed alterations to SWRs in 3 mo 5xFAD mice, I first asked if ensembles of PCs were 

altered via calcium imaging (Figure 3-1 A). The ensemble activity of PCs was recorded under confocal 

microscopy in slices from 3 mo 5xFAD/+;Thy1-GCaMP6f mice and Thy1-GCaMP6f littermate controls. 

Active cells were detected with a semi-automated algorithm (Figure 3-1 B-C), and both spontaneous and 

SWR-coincident Ca2+ transient events were detected (Figure 3-1 D). Within 5xFAD slices, the number of 

active cells detected per imaging field was increased from 17.0 ± 2.6 to 24.0 ± 1.6 cells in nslice = 25 CT, 23 

https://github.com/acaccavano/deltaFoF


- 62 - 
 

5xFAD from nmice = 7 CT, 7 5xFAD (p = 0.0042, Figure 3-1 E). Likewise, a greater number of cells were 

active during SWR events from 3.6 ± 0.6 cells in control to 4.9 ± 0.8 cells in 5xFAD slices (p = 0.046, Figure 

3-1 F). This increased cellular participation during SWRs may explain the increased SWR amplitude 

observed in 5xFAD slices (Figure 2-5 B). While the total number of active as well as SWR-coincident cells 

was increased, the fraction of SWR-coincident cells was unchanged between genotype (20.0 ± 1.7% (CT) 

vs 18.9 ± 2.0% (5xFAD), t(46) = 0.755, p = 0.454, unpaired t-test). As an indirect measure PC firing activity, 

I next determined if characteristics of the Ca2+ events differed between genotype. Averaging across cells 

from each slice, no differences were found in the frequency, amplitude, nor duration of Ca2+ transient events 

(Figure 2-5 G-I). This suggests that on an individual cell level, PCs in 5xFAD and control mice exhibit similar 

activity, with differences only becoming apparent on the ensemble level.  
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Figure 3-1: Enlarged ensembles of pyramidal cells are recruited in 5xFAD slices. (A) Confocal imaging of 
PC ensembles was recorded concurrently with SWRs. (B) Example frame of time series. (C) Semi-
automated algorithm to identify active cells, from which ROIs were drawn to extract ΔF/F. Scale bar = 50 
μm. (D) Example LFP and ΔF/F for identified cells in slices from 3 mo control (left) and 5xFAD (right) mice. 
Top trace: LFP trace with identified SWR events in raster below. Green SWR events signify there was at 
least one cell with a concurrent Ca2+ transient, gray indicates there were no cells active. Middle green 
traces: individual ΔF/F for each cell. Bottom raster: identified Ca2+ events above threshold. Dark colored 
event (blue or black) indicate concurrence with SWR, light gray indicates spontaneous event. (E) The total 
number of identified cells with Ca2+ transients detected above threshold (nslice = 25 CT, 23 5xFAD from 
nmice = 7 CT, 7 5xFAD). (F) The total number of cells active during SWRs. (G-I) Ca2+ transient event 
characteristics averaged across cells for each slice, for frequency (G), amplitude (H), and duration (I).  
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A limitation of this analysis is in ignoring that PCs differentiate into superficial (sPCs, closer to str. 

radiatum) and deep (dPCs, closer to str. oriens) cells, with different function, connectivity, and molecular 

profiles (Lee et al., 2014; Valero et al., 2015). I distinguished sPCs and dPCs via post hoc staining of imaged 

slices for calbindin (CB), which is more highly expressed in sPCs. While dorsal hippocampus exhibits a 

clear delineation of CB+ sPCs and CB- dPCs (Lee et al., 2014), I observed a CB bilayer (Figure 3-2 A), as 

previously reported in more ventral hippocampus (Baimbridge and Miller, 1982; Slomianka et al., 2011). In 

nslice = 4 from nmice = 2 CT, 2 5xFAD, I counted the total number of GCaMP (GC)+ CB- (539), GC- CB+ 

(292) and GC+ CB+ (146) cells, and for each calculated the distance from the border of str. radiatum and 

pyramidale (Figure 3-2 B). At 30 µm there was a switch from majority CB+ to GC+ cells, with a non-

negligible fraction of double-labeled GC+ CB+ cells: 17.9% from 0 - 30 µm and 15.7% from 30 - 90 µm. At 

depths greater than 90 µm there was lower coexpression of 7.9%. While an imperfect demarcation, as all 

subsequent experiments were performed only on GC+ cells, it was assumed that cells < 30 µm were 

putative sPCs and cells > 30 µm were putative dPCs. Given the low coexpression in cells > 90 µm, their 

contribution in imaging and subsequent patch clamp recordings was likely minimal.  

Welch's t-test Mean Diff. D.F. t p
E.  # Cells Active (LT) 0.2888 31.17 3.0910 0.0042
F.  # Cells during SWR (LT) 0.2472 40.09 2.0630 0.0457

unpaired t-test Mean Diff. D.F. t p
G.  Transient Frequency -0.0179 46 0.6159 0.5410
H.  Transient Amplitude -0.0056 46 0.1763 0.8608
I.  Transient Duration (LT) 0.0396 46 1.0210 0.3124

Table 3-1: Stats for Figure 3-1 
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The calcium imaging recordings were then delineated between sPCs and dPCs (Figure 3-3 A-B). 

There was a significant effect of genotype on the number of active cells (p = 0.00088, Figure 3-3 C), as well 

as an effect of cell type (p = 1.7 × 10-5). The number of sPCs was increased in 5xFAD slices from 5.7 ± 0.8 

to 8.7 ± 1.0 cells (p = 0.067) and dPCs from 11.3 ± 2.0 to 15.6 ± 1.2 cells (p = 0.039), with significantly more 

dPCs than sPCs for both genotypes (CT: p = 0.014; 5xFAD: p = 0.00041). During SWRs, more dPCs 

participated than sPCs (p = 0.00076, Figure 3-3 D) in both CT (p = 0.0063) and 5xFAD slices (p = 0.00095). 

However, no effect of genotype was observed (p = 0.390), in contrast to the increase observed when 

considering all PCs together. There was also no effect of genotype on the faction of cells participating in 

SWRs (p = 0.410, Table 3-3). 

Figure 3-2: Calbindin expression delineates superficial and deep PCs (sPCs/dPCs). (A) Post hoc IHC for 
Calbindin (CB) of imaged Thy1-GCaMP6f (GC) slices. Dashed grey lines approximately distinguish layers 
of hippocampus, str. rad. = stratum radiatum, str. pyr. = stratum pyramidale, str. or. = stratum oriens. Scale 
bar = 50 μm. (B) Histogram of the distance from the center of the cell body to the str. pyr./rad. border for 
539 GC+ CB-, 292 GC- CB+, and 146 GC+ CB+ cells pooled from nslice = 4 from nmice = 2 CT, 2 5xFAD. 
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I next examined if characteristics of Ca2+ events differed between genotype and additionally. There 

was a significant effect of genotype on the fraction of calcium transients that coincided with a SWR (p = 

0.0013, Figure 3-3 E), with a tendency for an increase in sPCs (p = 0.061), and an increase in dPCs (p = 

0.042). This was not a surprising finding considering that SWRs occurred more frequently in 3 mo 5xFAD 

mice, and so by chance one would expect a higher fraction of transients to coincide with SWRs. The inverse 

measure, the fraction of SWRs with at least one coincident calcium transient, did not reach significance for 

genotype (p = 0.104, Figure 3-3 F). Averaging across cells from each slice, no genotype differences were 

found in the frequency (p = 0.759, Figure 3-3 G), IEI (p = 0.290, Figure 3-3 H), amplitude (p = 0.761, Figure 

3-3 I), nor duration of Ca2+ transient events (p = 0.592, Figure 3-3 J). As before, this suggests that individual 

sPCs and dPCs exhibited similar activity in 5xFAD mice as compared to controls.  

Figure 3-3: Calcium imaging of superficial and deep PCs (sPCs/dPCs). (A) Confocal imaging of sPC/dPC 
ensembles were recorded concurrently with SWRs. (B) LFP and ΔF/F for identified cells in slices from 3 
mo control (left) and 5xFAD (right) mice as in Figure 3-1. Magenta traces = sPCs. Green traces = dPCs. 
(C) The total number of active sPCs and dPCs for CT (nslice = 25) and 5xFAD (nslice = 23) slices. (D) The 
number of sPCs/dPCs active during SWRs. (E) The fraction of calcium transients coincident with SWRs, 
and (F), the fraction of SWRs with one or more concurrent calcium transient. (G-J) Ca2+ transient 
characteristics averaged across sPCs and dPCs for each slice, for frequency (G), inter-event interval (IEI, 
H), amplitude (I), and duration (J). 
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C. D. 
2-way ANOVA Sum Sq. D.F. Mean Sq. F p Sum Sq. D.F. Mean Sq. F p Sum Sq. D.F. Mean Sq. F p
Genotype 8340 1 8340 11.815 8.8E-04 532 1 532 0.747 0.3897 489 1 489 0.685 0.4103
Cell Type 13350 1 13350 20.601 1.7E-05 7663 1 7663 12.194 7.6E-04 835 1 835 1.176 0.2812
Gen ×  Type 1356 1 1356 1.729 0.1918 0.35 1 0.35 0.000 0.9825 628 1 628 0.880 0.3507
Residual 64939 92 706 61902 87 712 62199 87 715
Total 73674 95 62790 90 62790 90

Mann-Whitney post hoc U Med.Diff. p p adj U Med.Diff. p p adj U Med.Diff. p p adj

sPC AD vs CT 185.5 2.000 0.0343 0.0674 198 0.285 0.2182 0.3888 249 0.004 0.9373 0.9961
dPC AD vs CT 175.5 7.000 0.0199 0.0394 233 -0.107 0.4995 0.7495 210 -0.050 0.2380 0.4193

Wilcoxon post hoc W Med.Diff. p p adj W Med.Diff. p p adj W Med.Diff. p p adj

CT dPC vs sPC 197 5.000 0.0035 0.0141 152 1.743 0.0032 0.0063 94 0.036 0.0602 0.1168
AD dPC vs sPC 196 9.000 2.0E-04 4.1E-04 216 0.813 4.8E-04 9.5E-04 60 0.015 0.3765 0.6112

E. F. G. 
2-way ANOVA Sum Sq. D.F. Mean Sq. F p Sum Sq. D.F. Mean Sq. F p Sum Sq. D.F. Mean Sq. F p
Genotype 7063 1 7063 11.037 0.0013 1880 1 1880 2.692 0.1044 0.005 1 0.005 0.094 0.7594
Cell Type 44 1 44 0.061 0.8062 1640 1 1640 2.359 0.1282 0.116 1 0.116 2.198 0.1418
Gen ×  Type 3 1 3 0.005 0.9461 680 1 680 0.962 0.3294 0.005 1 0.005 0.088 0.7679
Residual 55675 87 640 60759 87 698 4.595 87 0.053
Total 62790 90 62790 90 4.721 90

Mann-Whitney post hoc U Med.Diff. p p adj U Med.Diff. p p adj unpaired   t D.F. Mean Diff. p p adj

sPC AD vs CT 158 0.324 0.0309 0.0608 226 -0.023 0.5510 0.7984 0.0079 43 -0.0005 0.9937 1.0000
dPC AD vs CT 160 0.248 0.0213 0.0421 192 -0.072 0.1143 0.2156 0.4315 44 -0.029 0.6682 0.8899

Wilcoxon post hoc W Med.Diff. p p adj W Med.Diff. p p adj    paired        t D.F. Mean Diff. p p adj

CT dPC vs sPC 24 0.006 0.6742 0.8939 126 0.046 0.0172 0.0341 1.7166 19 0.105 0.1023 0.1941
AD dPC vs sPC -58 0.007 0.3931 0.6316 96 0.014 0.1511 0.2793 1.6700 22 0.057 0.1091 0.2063

H. I. J. 
2-way ANOVA Sum Sq. D.F. Mean Sq. F p Sum Sq. D.F. Mean Sq. F p Sum Sq. D.F. Mean Sq. F p
Genotype 0.070 1 0.070 1.132 0.2902 0.003 1 0.003 0.093 0.7614 0.009 1 0.009 0.289 0.5925
Cell Type 0.180 1 0.180 2.923 0.0909 0.063 1 0.063 2.009 0.1600 0.002 1 0.002 0.053 0.8178
Gen ×  Type 0.004 1 0.004 0.064 0.8009 0.001 1 0.001 0.023 0.8789 0.030 1 0.030 0.932 0.3371
Residual 5.360 87 0.062 2.728 87 0.031 2.771 87 0.032
Total 5.617 90 2.794 90 2.811 90

unpaired post hoc t D.F. Mean Diff. p p adj t D.F. Mean Diff. p p adj t D.F. Mean Diff. p p adj

sPC AD vs CT 0.9814 43 0.069 0.3319 0.5536 0.0922 43 -0.006 0.9270 0.9947 1.0220 43 0.056 0.3123 0.5271
dPC AD vs CT 0.5483 44 0.042 0.5863 0.8288 0.3985 44 -0.017 0.6922 0.9053 0.3150 44 -0.016 0.7542 0.9396

paired post hoc t D.F. Mean Diff. p p adj t D.F. Mean Diff. p p adj t D.F. Mean Diff. p p adj

CT dPC vs sPC 1.5688 19 -0.101 0.1332 0.2486 0.7784 19 0.040 0.4459 0.6930 0.4865 19 0.026 0.6322 0.8647
AD dPC vs sPC 2.0761 22 -0.102 0.0498 0.0971 1.5573 22 0.047 0.1337 0.2495 0.9944 22 -0.045 0.3308 0.5522

Ca 2+ Transient Frequency  (LT)

Ca 2+ Transient Amplitude  (LT) Ca 2+ Transient Duration  (LT)

Fraction Cells Participating in SWRs (ART)

Fraction Transients  with SWR  (ART) Fraction SWRs with Transient  (ART)

# Cells Active during SWR  (ART)# Cells Active  (ART)

Ca 2+ Transient IEI  (LT)

Table 3-3: Stats for Figure 3-3 
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Finally, I sought to determine if the cellular composition of PC ensembles during SWR events was 

altered. Ensemble diversity was assessed by calculating the pairwise Jaccard similarity of cellular 

participation between all SWR events (Figure 3-4 A-B). Additionally, the Jaccard similarity of SWR 

participation between cells was computed between sPCs/dPCs and all other PCs (Figure 3-4 C). The 

cumulative distribution functions of all pairwise comparisons were calculated for each slice and averaged 

across genotype, revealing a reduced degree of similarity in PC ensembles during SWRs in 5xFAD, as 

compared to control slices (p < 10-15, Figure 3-4 D), though with no bins surviving multiple comparisons. 

This suggests there may be an increased repertoire of ensembles in 5xFAD slices. The similarity between 

sPCs and all other PCs was reduced (p = 5.5 × 10-7, Figure 3-4 E), with similarities between 0.1 – 0.15 

surviving multiple comparisons, as was the similarity between dPCs and all other PCs (p = 6.9 × 10-5, Figure 

3-4 E). These metrics indicate that the participation pattern of individual PCs is more variable (less similar), 

suggesting that aberrant cell participation may be disrupting ensembles.  
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Figure 3-4: Increased ensemble variety recruited in 5xFAD slices. (A) Event matrix displaying for one 
example recording, the SWR events on the x-axis, and cells on the y-axis (magenta = sPC, green = dPC). 
(B) Pairwise Jaccard similarity between SWR events (columns in event matrix). Similarity matrix is 
symmetric and the diagonal = 1 by definition - these have not been plotted for clarity. (C) Pairwise Jaccard 
similarity between cells (rows in event matrix). Dashed lines indicate borders between sPC-sPC, sPC-
dPC, and dPC-dPC comparisons. Quantification of cell similarity was performed by grouping all sPC-PC 
comparisons (sPC-sPC & sPC-dPC), and all dPC-PC comparisons (dPC-dPC & sPC-dPC). Cumulative 
distribution functions were calculated from all pairwise comparisons for each slice and averaged for (D) 
SWR-SWR similarity, (E) sPC-PC similarity, and (F) dPC-PC similarity. Dark lines indicate average of all 
cells within a genotype, shaded regions indicate SEM. (D-F) all showed significant genotype differences 
via 2-way ANOVAs; asterisks indicate regions surviving Šidák’s multiple comparisons. * p < 0.05. 
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 Superficial Pyramidal Cells (sPCs) have Higher Probability of Spiking during SWRs 

To test more directly if pyramidal cell activity was altered, GCaMP6f+ sPCs (nsPC = 13 CT, 9 5xFAD) 

and dPCs (ndPC = 26 CT, 35 5xFAD) were targeted for loose cell-attached recordings (Figure 3-5 A). Most 

cells (nPC = 39 CT, 39 5xFAD) were from 5xFAD;Thy1-GCaMP6f and Thy1-GCaMP6f littermate controls. A 

small number (nsPC = 1, ndPC = 4) were from 5xFAD;Thy1-GCaMP6f;PVCre/+;tdTom/+ mice. Spikes and 

bursts (three or more spikes each within 60 ms) were delineated as spontaneous or SWR-coincident (Figure 

3-5 B). Consistent with prior studies (Mizuseki and Buzsáki, 2013), the spike rate distributions were 

lognormal for both sPCs and dPCs (Figure 3-5 C). No significant genotype effects were observed for either 

the total spike rate (p = 0.231, Figure 3-5 C) or total burst rate (p = 0.319, Figure 3-5 D). Delineating spikes 

D. 
2-way ANOVA Sum Sq. D.F. Mean Sq. F p
Genotype 1.05 1 1.050 85.58 1.0E-15
Bin 191.40 99 1.933 157.61 1.0E-15
Gen ×  Bin 0.11 99 0.001 0.09 1.0000
Residual 50.29 4100 0.012
Total 243.47 4299

Šídák M.C. Mn Diff. D.F. Diff. SE t p adj

Bin1-100 (0-1) 4100 <1.500 1.0000

E. F. 
2-way ANOVA Sum Sq. D.F. Mean Sq. F p Sum Sq. D.F. Mean Sq. F p
Genotype 0.19 1 0.187 25.18 5.5E-07 0.14 1 0.143 15.88 6.9E-05
Bin 99.88 99 1.009 136.17 1.0E-15 115.43 99 1.166 129.94 1.0E-15
Gen ×  Bin 0.81 99 0.008 1.10 0.2290 0.62 99 0.006 0.70 0.9888
Residual 26.67 3600 0.007 34.10 3800 0.009
Total 129.25 3799 150.02 3999

Šídák M.C. Mn Diff. D.F. Diff. SE t p adj Mn Diff. D.F. Diff. SE t p adj

Bin1-3 (0-0.02) 3600 <1.500 1.0000 3800 <0.500 1.0000
Bin4 (0.03) 0.0640 3600 0.0286 2.241 0.9211 0.0385 3800 0.0300 1.282 1.0000
Bin5 (0.04) 0.0862 3600 0.0286 3.016 0.2277 0.0635 3800 0.0300 2.116 0.9699
Bin6 (0.05) 0.0979 3600 0.0286 3.428 0.0596 0.0768 3800 0.0300 2.560 0.6517
Bin7 (0.06) 0.1074 3600 0.0286 3.758 0.0172 0.0866 3800 0.0300 2.887 0.3243
Bin8 (0.07) 0.1035 3600 0.0286 3.622 0.0292 0.0861 3800 0.0300 2.870 0.3384
Bin9 (0.08) 0.1010 3600 0.0286 3.536 0.0403 0.0900 3800 0.0300 3.001 0.2374
Bin10 (0.09) 0.0961 3600 0.0286 3.362 0.0751 0.0870 3800 0.0300 2.901 0.3127
Bin11 (0.10) 0.0942 3600 0.0286 3.296 0.0942 0.0825 3800 0.0300 2.751 0.4502
Bin12 (0.11) 0.0812 3600 0.0286 2.842 0.3639 0.0761 3800 0.0300 2.536 0.6778
Bin13 (0.12) 0.0669 3600 0.0286 2.342 0.8567 0.0648 3800 0.0300 2.161 0.9559
Bin14 (0.13) 0.0614 3600 0.0286 2.150 0.9598 0.0546 3800 0.0300 1.822 0.9992
Bin15 (0.14) 0.0577 3600 0.0286 2.019 0.9884 0.0496 3800 0.0300 1.655 1.0000
Bin16 (0.15) 0.0575 3600 0.0286 2.013 0.9891 0.0484 3800 0.0300 1.613 1.0000
Bin17 (0.16) 0.0578 3600 0.0286 2.024 0.9877 0.0445 3800 0.0300 1.485 1.0000
Bin18-100 (0.17-1) 3600 <1.800 1.0000 3800 <1.500 1.0000

SWR-SWR Correlation

sPC-PC Correlation dPC-PC Correlation

Table 3-4: Stats for Figure 3-4 
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as spontaneous or SWR-coincident, both sPCs (Figure 3-5 E) and dPCs (Figure 3-5 F) increased their 

spike rate during SWRs, with a significant effect of spontaneous/SWR time period (sPCs: p = 0.0034; dPCs: 

p = 6.4 × 10-5), with only sPCs/dPCs from 5xFAD mice showing a significant spike rate increase when 

correcting for multiple comparisons [sPCs: p = 0.272 (CT), p = 0.023 (5xFAD); dPCs: p = 0.085 (CT), p = 

0.00013 (5xFAD)]. sPCs displayed a significant genotype difference (p = 0.044), and interaction of genotype 

× period (p = 0.028), though neither the spontaneous nor SWR spike rate survived multiple comparisons 

(Spontaneous: p = 0.934, SWR: p = 0.301). In contrast, dPCs displayed no genotype difference (p = 0.343), 

nor interaction of genotype × period (p = 0.184). To examine spike rate in more detail around SWR events, 

the peri-SWR spike probability was averaged across all cells within each genotype, showing an increased 

spiking probability in 5xFAD sPCs (p = 9.8 × 10-10; Figure 3-5 G), with significant differences when correcting 

for multiple comparisons from -4 ms to +8 ms around the SWR peak (p < 0.01). In contrast, the dPC spike 

probability did not differ between genotype (p = 0.123, Figure 3-5 H).  
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Figure 3-5: Superficial pyramidal cells (sPCs) have higher probability of spiking during SWRs in 5xFAD 
mice. (A) Diagram of a loose cell-attached recording of spikes from a Thy1-GCaMP6f+ pyramidal cell (PC) 
paired with LFP recording of SWRs. (B) Example traces from 3 mo control (left) and 5xFAD (right) slice. 
Top trace: LFP with SWR events in raster below. Gray shaded events indicate spontaneous SWR. Green 
shading indicates SWR coincident with at least one spike. Dark green shading indicates SWR coincident 
with burst, defined as 3 or more spikes each within 60 ms. Bottom trace: Cell-attached recording from PC. 
Detected spikes and bursts indicated in raster below. Dark shading indicates they are coincident with SWR 
event, light gray shading indicates spontaneous events. (C-D) Summary data from nsPC = 13 CT, 9 5xFAD 
superficial PCs (sPCs) and ndPC = 26 CT, 35 5xFAD deep PCs (dPCs), for total spike rate (C) and total 
burst rate, defined as 3 or more spikes each within 60 ms (D). (E-F) Spike rates were also separated into 
spontaneous and SWR periods for sPCs (E) and dPCs (F). (G-H) The peri-SWR spike probability was 
calculated for sPCs (G) and dPCs (H) by binning spikes into 100 2 ms bins and normalizing by total number 
of SWRs. Dark lines indicate average of all cells within a genotype, shaded regions indicate SEM. 0 ms 
indicates time of SWR peak. Asterisks indicate regions surviving Šidák’s multiple comparisons. * p < 0.05, 
** p <0.01,  *** p < 0.001.  
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Table 3-5: Stats for Figure 3-5 
C. D. 

2-way ANOVA Sum Sq. D.F. Mean Sq. F p Sum Sq. D.F. Mean Sq. F p
Genotype 0.27 1 0.27 1.454 0.2314 594 1 594 1.005 0.3191
Cell Type 0.28 1 0.28 1.521 0.2211 1390 1 1390 2.374 0.1274
Gen ×  Type 0.05 1 0.05 0.244 0.6228 394 1 394 0.662 0.4182
Residual 14.61 79 0.18 46648 79 590
Total 15.27 82 47642 82

unpaired post hoc t D.F. Mean Diff. p p adj Mann-Wh. U Med. Diff. p p adj

sPC AD vs CT 0.8210 20 0.185 0.4213 0.6651 38 0.222 0.1858 0.3370
dPC AD vs CT 0.7550 59 0.077 0.4532 0.7010 425 0.038 0.6615 0.8854

unpaired post hoc t D.F. Mean Diff. p p adj Mann-Wh. U Med. Diff. p p adj

CT dPC  vs sPC 1.2088 37 0.188 0.2344 0.4139 109 0.138 0.0761 0.1464
AD dPC  vs sPC 0.5305 42 0.080 0.5985 0.8388 153 -0.045 0.9090 0.9917

E. F. 
2-way RM ANOVA Sum Sq. D.F. Mean Sq. F p Sum Sq. D.F. Mean Sq. F p
Genotype 648 1 648 4.644 0.0435 1506 1 1506 0.914 0.3429
Period 1181 1 1181 11.030 0.0034 11497 1 11497 18.520 6.4E-05
Gen ×  Period 662 1 662 5.587 0.0283 1277 1 1277 1.803 0.1844
Cell (RM) 2789 20 140 1.181 0.3570 97218 59 1648 2.370 0.0006
Residual 2363 20 118 41028 59 695
Total 7095 43 151311 121

Mann-Whitney post hoc U Med. Diff. p p adj U Med. Diff. p p adj

Spont AD vs CT 53 -0.006 0.7438 0.9343 438 0.453 0.8112 0.9644
SWR AD vs CT 37 1.894 0.1641 0.3013 355 1.401 0.1477 0.2736

Wilcoxon post hoc W Med. Diff. p p adj W Med. Diff. p p adj

CT SWR vs Spont 43 0.332 0.1465 0.2715 159 0.206 0.0435 0.0850
AD SWR vs Spont 41 1.092 0.0117 0.0233 460 1.201 6.5E-05 1.3E-04

G. H. 
2-way ANOVA Sum Sq. D.F. Mean Sq. F p Sum Sq. D.F. Mean Sq. F p
Genotype 0.0090 1 0.0090 37.729 9.8E-10 0.0003 1 0.0003 2.376 0.1232
Bin 0.1245 99 0.0013 5.290 1.0E-15 0.0418 99 0.0004 3.720 1.0E-15
Gen ×  Bin 0.0565 99 0.0006 2.402 1.9E-12 0.0089 99 0.0001 0.795 0.9330
Residual 0.4752 2000 0.0002 0.6696 5900 0.0001
Total 0.6413 2199 0.7197 6099

Šídák M.C. Mn Diff. D.F. Diff. SE t p adj Mn Diff. D.F. Diff. SE t p adj

Bin1-45 (-100 to -10ms) 2000 <0.900 1.0000 5900 <1.500 1.0000
Bin46 (-8ms) 0.0213 2000 0.0067 3.184 0.1373 0.0053 5900 0.0028 1.907 0.9970
Bin47 (-6ms) 0.0207 2000 0.0067 3.090 0.1841 0.0087 5900 0.0028 3.159 0.1471
Bin48 (-4ms) 0.0470 2000 0.0067 7.034 2.8E-10 0.0021 5900 0.0028 0.765 1.0000
Bin49 (-2ms) 0.0352 2000 0.0067 5.264 1.6E-05 0.0047 5900 0.0028 1.713 0.9999
Bin50 (0ms) 0.0311 2000 0.0067 4.651 3.5E-04 0.0001 5900 0.0028 0.036 1.0000
Bin51 (+2ms) 0.0368 2000 0.0067 5.498 4.3E-06 -0.0021 5900 0.0028 0.778 1.0000
Bin52 (+4ms) 0.0432 2000 0.0067 6.464 1.3E-08 -0.0016 5900 0.0028 0.565 1.0000
Bin53 (+6ms) 0.0262 2000 0.0067 3.919 0.0092 -0.0012 5900 0.0028 0.426 1.0000
Bin54 (+8ms) 0.0269 2000 0.0067 4.024 0.0059 -0.0012 5900 0.0028 0.433 1.0000
Bin55 (+10ms) 0.0213 2000 0.0067 3.186 0.1364 -0.0050 5900 0.0028 1.805 0.9994
Bin56 (+12ms) 0.0235 2000 0.007 3.518 0.0436 -0.0030 5900 0.0028 1.092 1.0000
Bin57 (+14ms) 0.0185 2000 0.0067 2.767 0.4362 -0.0002 5900 0.0028 0.058 1.0000
Bin58 (+16ms) 0.0152 2000 0.0067 2.281 0.8987 -0.0029 5900 0.0028 1.046 1.0000
Bin59-100 (+18 to +100ms) 2000 <1.800 1.0000 5900 <1.400 1.0000

Total PC Spike Rate  (LT) Total PC Burst Rate  (ART)

sPC Spike Rate  (ART) dPC Spike Rate  (ART)

sPC Spike Probability dPC Spike Probability
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 Additional PC Spike Characteristics Minimally Altered 

Additional characteristics of PC spiking showed only minimal genotype differences. There was a 

tendency for an effect of genotype on the fraction of spikes coincident with SWRs (p = 0.052, Figure 3-6 

A), but with neither sPCs (p = 0.424) nor dPCs (p = 0.142) surviving multiple comparisons. The inverse 

metric, the fraction of SWRs with at least one spike, showed no effect of genotype (p = 0.082, Figure 3-6 

B), but with a tendency for an interaction of genotype × cell type (p = 0.0501). Neither sPCs (p = 0.208) nor 

dPCs (p = 0.497) survived multiple comparisons. The fraction of bursts coincident with SWRs was not 

different between genotype (p = 0.262, Figure 3-6 C), nor the fraction of SWRs with a coincident burst (p = 

0.865, Figure 3-6 D). The proportion of cells with bursts also did not differ between genotype (97.6% CT, 

96.1% 5xFAD; χ2(3) = 0.158, p = 0.691; Chi-Squared Test). In particular, 100% of sPCs had at least one 

burst in both CT and 5xFAD mice, an important consideration given prior work indicating dPCs burst more 

than sPCs (Mizuseki et al., 2011). As I only targeted cells with visible calcium transients for localization 

under confocal microscopy, it is possible the population of sPCs and dPCs studied are a more highly active 

subset of all PCs. 

The number of spikes within a burst was also no different between genotype (p = 0.422), but there 

was a tendency for an effect on the intra-burst interval (p = 0.075, Figure 3-6 E), with dPCs spiking 

somewhat faster from 14.4 ± 1.6 to 11.1 ± 0.8 ms (p = 0.045) and with no change for sPCs (p = 0.997). 
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Figure 3-6: Additional PC spike characteristics exhibit minimal alterations in 5xFAD mice. (A) The fraction 
of spikes coincident with a SWR, and (B) the fraction of SWRs with a coincident spike. (C) The fraction of 
bursts coincident with a SWR, and (D) the fraction of SWRs with a coincident burst. (E) The number of 
spikes within a burst. Dashed line indicates the minimum of 3 spikes. Note log scale. (F) Intra-Burst Interval, 
or the average time between successive spikes within a burst. Individual data points represent a cell (same 
population as Figure 3-5). 
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Finally, I examined the phase-locking of spikes in both the low gamma and ripple ranges (Figure 3-7 

A). sPCs showed broad phase preference in the gamma range, with averages following the trough at 223° 

for controls (p = 0.706), and following the peak at 63° in 5xFAD mice (p = 0.154), with no significant 

A. B. 
2-way ANOVA Sum Sq. D.F. Mean Sq. F p Sum Sq. D.F. Mean Sq. F p
Genotype 2103 1 2103 3.900 0.0518 1621 1 1621 3.113 0.0816
Cell Type 986 1 986 1.727 0.1926 525 1 525 0.930 0.3378
Gen ×  Type 1277 1 1277 2.240 0.1385 2046 1 2046 3.958 0.0501
Residual 42606 79 539 41130 79 521
Total 47642 82 47642 82

Mann-Whitney post hoc U Med. Diff. p p adj U Med. Diff. p p adj

sPC AD vs CT 40.5 0.183 0.2412 0.4242 34 0.045 0.1102 0.2082
dPC AD vs CT 332.0 0.055 0.0739 0.1423 382 0.035 0.2910 0.4974

Mann-Whitney post hoc U Med. Diff. p p adj U Med. Diff. p p adj

CT dPC  vs sPC 165 -0.039 0.9002 0.9900 144 0.000 0.4663 0.7152
AD dPC  vs sPC 124 -0.167 3.4E-01 0.5684 129 -0.010 4.2E-01 0.6657

C. D. 
2-way ANOVA Sum Sq. D.F. Mean Sq. F p Sum Sq. D.F. Mean Sq. F p
Genotype 698 1 698 1.275 0.2624 16 1 16 0.029 0.8649
Cell Type 162 1 162 0.285 0.5947 2 1 2 0.004 0.9515
Gen ×  Type 1065 1 1065 1.928 0.1690 1317 1 1317 2.285 0.1346
Residual 42149 77 547 44514 79 563
Total 44271 80 47635 82

Mann-Whitney post hoc U Med. Diff. p p adj U Med. Diff. p p adj

sPC AD vs CT 35 0.417 0.1204 0.2263 32 0.031 0.0784 0.1507
dPC AD vs CT 379 0.125 0.4857 0.7355 444 -0.004 0.8792 0.9854

Mann-Whitney post hoc U Med. Diff. p p adj U Med. Diff. p p adj

CT dPC  vs sPC 137 0.009 0.4321 0.6774 121 0.009 0.1577 0.2906
AD dPC  vs sPC 116 -0.282 0.2789 0.4800 134 -0.026 0.4958 0.7458

E. F. 
2-way ANOVA Sum Sq. D.F. Mean Sq. F p Sum Sq. D.F. Mean Sq. F p
Genotype 308 1 308 0.653 0.4216 1739 1 1739 3.256 0.0751
Cell Type 79 1 79 0.176 0.6764 101 1 101 0.182 0.6708
Gen ×  Type 230 1 230 0.498 0.4825 820 1 820 1.500 0.2245
Residual 36313 77 472 41127 77 534
Total 44279 80 44280 80

Mann-Whitney post hoc U Med. Diff. p p adj U Med. Diff. p p adj

sPC AD vs CT 33 -0.833 0.0956 0.1820 57 -0.587 0.9479 0.9973
dPC AD vs CT 385 0.004 0.5448 0.7928 277 -2.135 0.0229 0.0452

Mann-Whitney post hoc U Med. Diff. p p adj U Med. Diff. p p adj

CT dPC  vs sPC 122 -0.707 0.2187 0.3895 141 0.510 0.5232 0.7726
AD dPC  vs sPC 128 0.131 0.468 0.7170 110 -1.093 0.2084 0.3734

Fraction SWRs with PC Burst (ART)

PC Intra-Burst Interval (ART)

Frac. PC spikes with SWR  (ART) Frac. SWRs with PC spike (ART)

Fraction PC Bursts with SWR  (ART)

# Spikes in PC Burst  (ART)

Table 3-6: Stats for Figure 3-6 
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genotype difference (p = 0.091, Figure 3-7 B). In contrast, control dPCs were significantly phase-locked at 

143° (110°-177° 95%, p = 0.0023), while 5xFAD dPCs showed a broader phase preference with a mean of 

177° (110°-245° 95%, p = 0.173), and no significant genotype difference (p = 0.701, Figure 3-7 C). In the 

ripple range, cells displayed broad phase preference, with neither sPCs (CT: p = 0.712, 5xFAD: p = 0.212, 

Figure 3-7 D) nor dPCs (CT: p = 0.380, 5xFAD: p = 0.339, Figure 3-7 E) significantly phase-locked, nor 

different between genotypes (sPC: p = 0.614; dPC: p = 0.467). However, in control dPCs, the mean phase 

at the trough of 191° more closely matches prior in vivo findings than for 5xFAD mice, with a mean phase 

of 224° following the trough (Figure 3-7 E). These results indicate that spike-phase coupling may be 

impaired in 5xFAD mice, though the lack of significant ripple phase-locking for either genotype suggests 

there are limitations to this analysis in slice preparations, as this finding differs from the robust ripple phase-

locking observed in vivo (Ylinen et al., 1995; Csicsvari et al., 1999; Le Van Quyen et al., 2008). One 

difference between my study and prior in vivo recordings is that the spikes and LFP were recorded from 

different electrodes, while in vivo LFP and spikes are typically recorded from the same set of channels. As 

ripples are highly localized events, the distance between electrodes may confound spatial phase locking. 

Taken together with the Ca2+ imaging data, these results indicate relatively minor alterations to the spiking 

activity of PCs in 5xFAD slices. However, the large variability in spiking rate may mask small differences in 

activity. 
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Figure 3-7: PC spike-phase coupling is slightly altered within the gamma range in 5xFAD mice. (A) 
Example of SWR (top trace), with filtered low gamma (20-50 Hz) and ripple (120-220 Hz) signals (middle 
traces). The phase of oscillations was set at 0° at peaks and 180° at troughs. Bottom trace: cell-attached 
recording, with spike times marked by vertical dashed lines. (B-E) Polar phase plots of phase-locking of 
spikes to SWR-nested low gamma (B-C) and ripple (D-E) for sPCs (B,D) and dPCs (C,E). The angles of 
individual data points represent the average phase of all spikes for a cell. Length from origin (0-1) indicates 
the degree of phase-locking. A length of 1 signifies perfect phase-locking (every spike at same phase); a 
length of 0 indicates random or no phase-locking. Lines with arrowheads represent cell average, solid 
colored = CT, dashed grey = 5xFAD. Asterisks indicate result of Raleigh’s test for non-uniformity, * p < 
0.05, ** p < 0.01. p values above brackets indicate results of circular median test. Individual data points 
represent a cell (same population as Figure 3-5). 
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 Spontaneous Excitatory Input is Unaltered, while SWR-driven Input is Increased in dPCs 

Following the cell-attached recording of PC spiking activity, the electrode was replaced with one 

containing a Cesium-based internal solution and the same cell targeted for a whole-cell voltage-clamp 

recording (Figure 3-8 A)  to detect excitatory and inhibitory post-synaptic currents (EPSCs and IPSCs) at -

70 mV and 0 mV, respectively. Excitatory synaptic events were sorted as spontaneous (sEPSCs) or SWR-

coincident (swrEPSCs) (Figure 3-8 B), for recordings in nsPC = 7 CT, 5 5xFAD and ndPC = 12 CT, 9 5xFAD. 

sEPSC frequency (p = 0.591; Figure 3-8 C) and amplitude (p = 0.143; Figure 3-8 D) were unchanged across 

genotype, as were the kinetics of sEPSCs (Rise tau: p = 0.468, Figure 3-8 E; Decay tau: p = 0.608, Figure 

3-8 F). The average area of sEPSCs, or the integrated current over the duration of events, was also no 

different between genotype (p = 0.158, Figure 3-8 G). By integrating the current over all spontaneous 

periods and normalizing by unit time, the total excitatory charge during spontaneous periods (sEPSQ) could 

be calculated, which was also unchanged across genotype (p = 0.368, Figure 3-8 H). Together, these 

findings revealed no genotype differences to spontaneous excitatory synaptic input in either sPCs or dPCs.   

B. C. 
Raleigh Test Mean (°) Var. Length Z p Mean (°) Var. Length Z p
CT 222.8 0.799 0.201 0.365 0.7056 143.5 0.475 0.525 5.792 0.0023
5xFAD 62.8 0.482 0.518 1.879 0.1541 177.4 0.743 0.257 2.247 0.1743

Circular Median (CM) Test P Med. ( °) p CM Test P Med. ( °) p
5xFAD vs CT 2.861 145.4 0.0907 0.147 150.8 0.7013

D. E. 
Raleigh Test Mean (°) Var. Length Z p Mean (°) Var. Length Z p
CT 274.2 0.801 0.199 0.356 0.7119 190.7 0.784 0.216 0.981 0.3796
5xFAD 283.0 0.526 0.475 1.576 0.2120 224.5 0.821 0.179 1.088 0.3392

CM Test P Med. ( °) p CM Test P Med. ( °) p
0.254 291.4 0.6143 0.528 209.4 0.4674

sPC Gamma  Phase-locking dPC Gamma  Phase-locking

sPC Ripple Phase-locking dPC Ripple Phase-locking

Table 3-7: Stats for Figure 3-7 
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Figure 3-8: Spontaneous excitatory synaptic input is unaltered in PCs. (A) Diagram of paired LFP + whole-
cell recording of PC in Thy1-GCaMP6f littermate controls and 5xFAD/+;Thy1-GCaMP6f mice.  (B) Example 
traces of LFP + whole-cell recording voltage-clamped at -70 mV. Excitatory post-synaptic potentials 
(EPSCs) were sorted as spontaneous (sEPSCs) or SWR-coincident (swrEPSCs). (C-G) Summary plots of 
sEPSC frequency (C), amplitude (D), rise tau (E), decay tau (F), and area (G) for sPCs and dPCs in control 
and 5xFAD mice (nsPC = 7 CT, 5 5xFAD; ndPC = 12 CT, 9 5xFAD). (H) sEPSQ = normalized spontaneous 
excitatory charge (integrated current per unit time). 
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Table 3-8: Stats for Figure 3-8 

C. D. 
2-way ANOVA Sum Sq. D.F. Mean Sq. F p Sum Sq. D.F. Mean Sq. F p
Genotype 0.0091 1 0.0091 0.296 0.5905 0.0505 1 0.0505 2.262 0.1434
Period 0.0070 1 0.0070 0.226 0.6380 0.0050 1 0.0050 0.224 0.6396
Gen ×  Period 0.0008 1 0.0008 0.024 0.8767 0.0025 1 0.0025 0.112 0.7403
Residual 0.8927 29 0.0308 0.6473 29 0.0223
Total 0.9126 32 0.7173 32

unpaired post hoc t D.F. Mean Diff. p p adj t D.F. Mean Diff. p p adj

sPC AD vs CT 0.2188 10 0.025 0.8312 0.9715 0.9163 10 0.062 0.3811 0.6169
dPC AD vs CT 0.6210 19 0.374 0.5420 0.7902 1.4006 19 0.101 0.1775 0.3234

unpaired post hoc t D.F. Mean Diff. p p adj t D.F. Mean Diff. p p adj

CT dPC  vs sPC 0.5242 17 -0.041 0.6069 0.8455 0.5538 17 -0.044 0.5869 0.8294
AD dPC  vs sPC 0.1918 12 -0.021 0.8511 0.9778 0.1150 12 -0.008 0.9104 0.9920

E. F. 
2-way ANOVA Sum Sq. D.F. Mean Sq. F p Sum Sq. D.F. Mean Sq. F p
Genotype 0.0076 1 0.0076 0.540 0.4684 0.610 1 0.610 0.268 0.6084
Cell Type 0.0011 1 0.0011 0.077 0.7831 0.369 1 0.369 0.163 0.6897
Gen ×  Type 0.0937 1 0.0937 6.683 0.0150 3.069 1 3.069 1.351 0.2545
Residual 0.4067 29 0.0140 65.871 29 2.271
Total 0.5006 32 69.845 32

unpaired post hoc t D.F. Mean Diff. p p adj t D.F. Mean Diff. p p adj

sPC AD vs CT 1.8143 10 -0.144 0.0997 0.1894 0.9369 10 -0.928 0.3709 0.6042
dPC AD vs CT 1.6820 19 0.080 0.1089 0.2060 0.5766 19 0.356 0.5710 0.8159

unpaired post hoc t D.F. Mean Diff. p p adj t D.F. Mean Diff. p p adj

CT dPC  vs sPC 1.6340 17 -0.100 0.1206 0.2267 1.2151 17 -0.865 0.2409 0.4238
AD dPC  vs sPC 2.1880 12 0.124 0.0492 0.0960 0.4940 12 0.419 0.6303 0.8633

G. H. 
2-way ANOVA Sum Sq. D.F. Mean Sq. F p Sum Sq. D.F. Mean Sq. F p
Genotype 0.0314 1 0.0314 2.105 0.1576 0.0474 1 0.0474 0.835 0.3685
Cell Type 0.0031 1 0.0031 0.209 0.6511 0.0216 1 0.0216 0.380 0.5423
Gen ×  Type 0.0185 1 0.0185 1.240 0.2746 0.0226 1 0.0226 0.398 0.5332
Residual 0.4328 29 0.0149 1.6486 29 0.0568
Total 0.5070 32 1.7729 32

unpaired post hoc t D.F. Mean Diff. p p adj t D.F. Mean Diff. p p adj

sPC AD vs CT 0.3159 10 0.015 0.7586 0.9417 0.1911 10 0.025 0.8523 0.9782
dPC AD vs CT 1.8755 19 0.115 0.0762 0.1466 1.2382 19 0.135 0.2307 0.4082

unpaired post hoc t D.F. Mean Diff. p p adj t D.F. Mean Diff. p p adj

CT dPC  vs sPC 1.1215 17 -0.070 0.2777 0.4782 0.9601 17 -0.109 0.3505 0.5781
AD dPC  vs sPC 0.4928 12 0.029 0.6310 0.8639 0.0092 12 0.001 0.9928 0.9999

PC sEPSQ  (LT)

PC sEPSC Frequency (LT) PC sEPSC Amplitude (LT)

PC sEPSC Rise Tau PC sEPSC Decay Tau

PC sEPSC Area (LT)
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In contrast, there was a significant effect of genotype on the total excitatory charge during SWRs 

(swrEPSQ) (p = 0.016, Figure 3-9 A-B), with dPCs seeing a 114 ± 41% increase (p = 0.043), while sPCs 

were not significantly different (p = 0.368). Considering I observed that SWRs in 5xFAD mice were larger 

in amplitude with more PCs active, this was not an altogether surprising result. This increase indicates that 

the enlarged SWRs were accompanied with increased excitatory synaptic activity, likely originating from 

the CA3 region. The lack of any increase in spontaneous excitatory activity was also consistent with the 

cell-attached results showing that at least locally in CA1, both sPCs and dPCs had no changes in firing rate 

during spontaneous periods (Figure 3-5 E-F).  

I also examined the coupling between synaptic currents and oscillations in the LFP by filtering both 

channels in the low gamma and ripple ranges (Figure 3-9 A) and determining the power of synaptic 

oscillations and correlation to the LFP. The power of synaptic gamma was increased, with a significant 

effect of genotype (p = 0.012, Figure 3-9 C), and a tendency for an effect of cell type (p = 0.052). However, 

when correcting for multiple comparisons, neither sPCs (p = 0.201) nor dPCs (p = 0.055) reached 

significance. Comparing cell types, control sPCs had higher gamma power than dPCs (p = 0.044), with no 

difference between 5xFAD cells (p = 0.769). The power of synaptic ripple was unchanged, with no effect of 

genotype (p = 0.112) or cell type (p = 0.266, Figure 3-9 D). Correlating between the local field and synaptic 

gamma, in all genotypes and cell types, gamma was significantly anti-correlated (Figure 3-9 E). This anti-

correlation was greater in 5xFAD mice, with an effect of genotype (p = 0.032, Figure 3-9 E). However, when 

correcting for multiple comparisons, neither sPCs (p = 0.495) nor dPCs (p = 0.064) reached significance. 

The tendency for an effect in dPCs can be expected considering the LFP gamma power (Figure 2-6 D) and 

synaptic dPC gamma power increases (Figure 3-9 C). Considering the correlation between the local field 

and synaptic ripple, control sPCs were not significantly correlated (p = 0.105), while 5xFAD sPCs (p = 

0.047), control dPCs (p = 0.00015), and 5xFAD dPCs (p = 0.0017) were anti-correlated (Figure 3-9 F). 

There was no significant effect of genotype (p = 0.061) or cell type (p = 0.187). Together these results 

indicate that spontaneous excitatory synaptic input is unchanged, but increased during SWRs in 5xFAD 

mice, particularly for dPCs.  
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Figure 3-9: SWR-driven excitatory synaptic charge is increased in dPCs. (A) Example SWRs and SWR-
driven excitatory post-synaptic currents (swrEPSCs) for control sPC (far left), 5xFAD sPC (middle left), 
control dPC (middle right), and 5xFAD dPC (far right). 1st trace: Raw LFP. 2nd trace: Low gamma filtered 
(20-50 Hz). 3rd trace: Ripple filtered (120-220 Hz). 4th trace: PC voltage clamped at -70 mV. Bottom traces: 
PC voltage clamp recording filtered in the low gamma range (20-50 Hz, 5th trace) and ripple range (120-
220 Hz, 6th trace). (B) swrEPSQ = total excitatory charge during SWRs, integrated over a 100 ms window 
centered around the SWR peak. (C-D) Power of the low gamma filtered (C) and ripple filtered (D) whole-
cell signals. (E-F) Correlation between LFP and whole-cell filtered low gamma (E) and ripple (F) signals. 
Asterisks in (E-F) indicate significance of one-sample t-tests of strength of anti-correlation. * p < 0.05,  ** 
p < 0.01, *** p < 0.001, **** p <0.0001. Individual data points represent a cell (same population as Figure 
3-8). 
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B. 
Sum Sq. D.F. Mean Sq. F p

Genotype 0.6629 1 0.6629 6.599 0.0156
Cell Type 0.0553 1 0.0553 0.551 0.4640
Gen ×  Type 0.0271 1 0.0271 0.270 0.6072
Residual 2.9132 29 0.1005
Total 3.8051 32

unpaired post hoc t D.F. Mean Diff. p p adj

sPC AD vs CT 1.3551 10 0.238 0.2052 0.3683
dPC AD vs CT 2.4995 19 0.359 0.0218 0.0431

unpaired post hoc t D.F. Mean Diff. p p adj

CT dPC  vs sPC 0.9921 17 -0.147 0.3351 0.5579
AD dPC  vs sPC 0.1423 12 -0.026 0.8892 0.9877

C. D. 
Sum Sq. D.F. Mean Sq. F p Sum Sq. D.F. Mean Sq. F p

Genotype 579.0 1 579.0 7.222 0.0118 220.2 1 220.2 2.706 0.1108
Cell Type 344.7 1 344.7 4.125 0.0515 124.2 1 124.2 1.288 0.2657
Gen ×  Type 71.8 1 71.8 0.774 0.3862 9.5 1 9.5 0.099 0.7551
Residual 2324.9 29 80.2 2360.2 29 81.4
Total 2992.0 32 2992.0 32

Mann-Whitney post hoc U Med.Diff. p p adj U Med.Diff. p p adj

sPC AD vs CT 7 227.965 0.1061 0.2009 10 21.451 0.2677 0.4637
dPC AD vs CT 23 88.681 0.0278 0.0549 29 20.400 0.0815 0.1564

Mann-Whitney post hoc U Med.Diff. p p adj U Med.Diff. p p adj

CT dPC  vs sPC 15 -44.752 0.0221 0.0437 23 -4.774 0.1198 0.2253
AD dPC  vs sPC 17 -184.036 0.5185 0.7681 19 -5.826 0.6993 0.9096

E. F. 
1-sample t-test t D.F. Diff. Diff. SE p t D.F. Diff. Diff. SE p
sPC CT 3.611 6 -0.312 0.086 0.0112 1.906 6 -0.091 0.048 0.1053
sPC AD 2.956 4 -0.509 0.172 0.0417 2.846 4 -0.180 0.063 0.0466
dPC CT 6.619 11 -0.308 0.047 3.8E-05 5.638 11 -0.152 0.027 1.5E-04
dPC AD 8.350 8 -0.477 0.057 3.2E-05 4.630 8 -0.246 0.053 0.0017

2-way ANOVA Sum Sq. D.F. Mean Sq. F p Sum Sq. D.F. Mean Sq. F p
Genotype 0.2494 1 0.2494 5.063 0.0322 0.0624 1 0.0624 3.798 0.0611
Cell Type 0.0024 1 0.0024 0.049 0.8257 0.0300 1 0.0300 1.825 0.1872
Gen ×  Type 0.0015 1 0.0015 0.031 0.8610 0.0001 1 0.0001 0.003 0.9562
Residual 1.4287 29 0.0493 0.4767 29 0.0164
Total 1.6900 32 0.5768 32

unpaired post hoc t D.F. Mean Diff. p p adj t D.F. Mean Diff. p p adj

sPC AD vs CT 1.1192 10 -0.197 0.2892 0.4948 1.1430 10 -0.089 0.2797 0.4811
dPC AD vs CT 2.3092 19 -0.169 0.0323 0.0636 1.6996 19 -0.094 0.1055 0.1999

unpaired post hoc t D.F. Mean Diff. p p adj t D.F. Mean Diff. p p adj

CT dPC  vs sPC 0.0416 17 0.004 0.9673 0.9989 1.2024 17 -0.061 0.2457 0.4310
AD dPC  vs sPC 0.2214 12 0.032 0.8285 0.9706 0.7699 12 -0.066 0.4563 0.7043

PC swrEPSQ  (LT)

PC Gamma Correlation PC Ripple Correlation 

PC Gamma Power  (ART) PC Ripple Power  (ART)

Table 3-9: Stats for Figure 3-9 
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 Spontaneous Inhibitory Synaptic Input is Reduced in sPCs 

Following the whole-cell recording at -70 mV, the cell was voltage-clamped at 0 mV to record 

inhibitory synaptic input in nsPC = 7 (CT), 5 (5xFAD) sPCs and ndPC = 14 (CT), 11 (5xFAD) dPCs. As before, 

spontaneous (sIPSCs) and SWR-driven currents (swrIPSCs) were analyzed separately (Figure 3-10 A). 

There was an effect of genotype on the frequency of sIPSCs (p = 0.0043, Figure 3-10 B), as well as an 

effect of cell type (p = 0.0073), with sPCs seeing a preferential 52 ± 10% decrease (p = 0.049), while dPCs 

were unchanged (p = 0.466). There was a tendency for an effect of genotype on the amplitude of sIPSCs 

(p = 0.074, Figure 3-10 C), and no effect for the rise tau (p = 0.197, Figure 3-10 D). However, the decay  

 

Figure 3-10: Spontaneous inhibitory synaptic input is reduced in sPCs. (A) Example traces of LFP + whole-
cell recording voltage-clamped at 0 mV. Inhibitory post-synaptic potentials (IPSCs) were sorted as 
spontaneous (sIPSCs) or SWR-coincident (swrIPSCs). (B-F) Summary plots of sIPSC frequency (B), 
amplitude (C), rise tau (D), decay tau (E), and area (F) for sPCs and dPCs in control and 5xFAD mice (nsPC 
= 7 CT, 5 5xFAD; ndPC = 14 CT, 11 5xFAD). (G) sIPSQ = normalized spontaneous inhibitory charge 
(integrated current per unit time). 
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Table 3-10: Stats for Figure 3-10 

B. C. 
2-way ANOVA Sum Sq. D.F. Mean Sq. F p Sum Sq. D.F. Mean Sq. F p
Genotype 0.2295 1 0.2295 9.378 0.0043 0.0699 1 0.0699 3.396 0.0743
Period 0.2004 1 0.2004 8.187 0.0073 0.0137 1 0.0137 0.664 0.4211
Gen ×  Period 0.0847 1 0.0847 3.460 0.0718 0.0438 1 0.0438 2.127 0.1541
Residual 0.8077 33 0.0245 0.6796 33 0.0206
Total 1.2133 36 0.7713 36

unpaired post hoc t D.F. Mean Diff. p p adj t D.F. Mean Diff. p p adj

sPC AD vs CT 2.6357 10 -0.274 0.0249 0.0492 1.9625 10 -0.168 0.0781 0.1501
dPC AD vs CT 1.1329 23 -0.067 0.2689 0.4655 0.3422 23 -0.020 0.7353 0.9300

unpaired post hoc t D.F. Mean Diff. p p adj t D.F. Mean Diff. p p adj

CT dPC  vs sPC 0.6314 19 0.056 0.5353 0.7841 0.4433 19 -0.033 0.6625 0.8861
AD dPC  vs sPC 5.2936 14 0.263 1.1E-04 2.3E-04 1.8296 14 0.116 0.0887 0.1695

D. E. 
2-way ANOVA Sum Sq. D.F. Mean Sq. F p Sum Sq. D.F. Mean Sq. F p
Genotype 0.0421 1 0.0421 1.731 0.1974 31.814 1 31.814 9.362 0.0044
Cell Type 0.0005 1 0.0005 0.020 0.8877 36.476 1 36.476 10.734 0.0025
Gen ×  Type 0.0001 1 0.0001 0.004 0.9527 25.871 1 25.871 7.613 0.0094
Residual 0.8020 33 0.0243 112.144 33 3.398
Total 0.8490 36 182.234 36

unpaired post hoc t D.F. Mean Diff. p p adj t D.F. Mean Diff. p p adj

sPC AD vs CT 0.6777 10 0.076 0.5133 0.7631 2.9244 10 3.812 0.0152 0.0301
dPC AD vs CT 1.2581 23 0.070 0.2210 0.3931 0.2962 23 0.197 0.7697 0.9470

unpaired post hoc t D.F. Mean Diff. p p adj t D.F. Mean Diff. p p adj

CT dPC  vs sPC 0.0581 19 -0.005 0.9543 0.9979 0.3620 19 -0.339 0.7213 0.9224
AD dPC  vs sPC 0.1543 14 -0.011 0.8796 0.9855 4.6697 14 -3.954 3.6E-04 7.2E-04

F. G. 
2-way ANOVA Sum Sq. D.F. Mean Sq. F p Sum Sq. D.F. Mean Sq. F p
Genotype 0.0586 1 0.0586 3.156 0.0849 0.6378 1 0.6378 10.315 0.0029
Cell Type 0.0009 1 0.0009 0.050 0.8250 0.1747 1 0.1747 2.826 0.1022
Gen ×  Type 0.0210 1 0.0210 1.129 0.2957 0.1860 1 0.1860 3.008 0.0922
Residual 0.6126 33 0.0186 2.0404 33 0.0618
Total 0.6784 36 2.8192 36

unpaired post hoc t D.F. Mean Diff. p p adj t D.F. Mean Diff. p p adj

sPC AD vs CT 1.8162 10 -0.137 0.0994 0.1889 2.6959 10 -0.437 0.0225 0.0444
dPC AD vs CT 0.6164 23 -0.035 0.5437 0.7918 1.3769 23 -0.131 0.1818 0.3306

unpaired post hoc t D.F. Mean Diff. p p adj t D.F. Mean Diff. p p adj

CT dPC  vs sPC 0.9629 19 -0.062 0.3477 0.5745 0.0343 19 -0.005 0.9730 0.9993
AD dPC  vs sPC 0.5733 14 0.041 0.5755 0.8198 3.4557 14 0.302 0.0039 0.0077

PC sIPSC Frequency (LT)

PC sIPSC Rise Tau

PC sIPSC Amplitude (LT)

PC sIPSC Decay Tau

PC sIPSC Area (LT) PC sIPSQ  (LT)
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tau of sIPSCs saw an effect of genotype (p = 0.0044, Figure 3-10 E), cell type (p = 0.0025), and interaction 

of genotype × cell type (p = 0.0094), with sPCs from 5xFAD mice displaying a 5 ms longer decay than 

control sPCs (p = 0.030) and dPCs (p = 0.00072). The area of sIPSCs was unchanged across genotype (p 

= 0.085, Figure 3-10 F). The normalized inhibitory charge during spontaneous periods (sIPSQ) was 

preferentially reduced for 5xFAD sPCs, with a significant effect of genotype (p = 0.0029, Figure 3-10 G), a 

reduction in sPCs (p = 0.044), but no change for dPCs (p = 0.331). Together these findings indicated a 

specific reduction in spontaneous inhibitory input to sPCs that was not seen in dPCs.  

The specific increase in the decay tau and a trending reduction in amplitude prompted a more 

detailed analysis of the distribution of sIPSCs. For each cell, the cumulative distribution function of all events 

was calculated and averaged across cells. This analysis revealed a significantly lower sIPSC amplitude in 

5xFAD sPCs (p = 4.2 × 10-10, Figure 3-11 A), with events of amplitude 16 - 70 pA surviving multiple 

comparisons. In contrast, there was a mild effect of genotype for dPCs (p = 0.020, Figure 3-11 B), but with 

no bins surviving multiple comparisons. The decay tau was greater in sPCs (p < 10-15, Figure 3-11 C), with 

events of decay 7 - 28 ms surviving multiple comparisons. dPCs did see a mild effect of genotype (p =  

0.041, Figure 3-11 C), but with no bins surviving multiple comparisons. This suggests that for sPCs, fast 

and high amplitude inhibitory input typically attributed to fast-spiking cells is preferentially reduced, with no 

obvious alterations seen in dPCs. This analysis was performed for all sEPSC and sIPSC endpoints, and 

no other endpoints saw significant genotype differences surviving multiple comparisons.  
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Figure 3-11: Cumulative distribution functions reveal a shift to lower amplitude and longer duration sIPSCs 
in sPCs. (A-D) Cumulative distribution functions were calculated from all sIPSCs in a cell and averaged 
over all cells for sIPSC amplitude (A-B) and decay tau (C-D), both for sPCs (A,C) and dPCs (B,D). Dark 
lines represent cell average, shaded region represents SEM. Asterisks represent regions surviving Šidák’s 
multiple comparisons. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. Data represents the same cell 
population as Figure 3-10). 
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A. B. 
2-way ANOVA Sum Sq. D.F. Mean Sq. F p Sum Sq. D.F. Mean Sq. F p
Genotype 0.043 1 0.0432 39.79 4.2E-10 0.006 1 0.0055 5.39 0.0204
Bin 19.514 99 0.1971 181.64 1.0E-15 43.465 99 0.4390 429.67 1.0E-15
Gen ×  Bin 0.334 99 0.0034 3.11 1.0E-15 0.023 99 0.0002 0.23 1.0000
Residual 1.085 1000 0.0011 2.350 2300 0.0010
Total 22.111 1199 46.604 2499

Šídák M.C. Mn Diff. D.F. Diff. SE t p adj Mn Diff. D.F. Diff. SE t p adj

Bin1 (5pA) 0.020 1000 0.019 1.024 1.0000 0.003 2300 0.013 0.248 1.0000
Bin2 (16pA) 0.178 1000 0.019 9.207 1.0E-15 0.015 2300 0.013 1.151 1.0000
Bin3 (26pA) 0.184 1000 0.019 9.539 1.0E-15 0.028 2300 0.013 2.185 0.9472
Bin4 (37pA) 0.147 1000 0.019 7.624 5.7E-12 0.032 2300 0.013 2.449 0.7653
Bin5 (48pA) 0.121 1000 0.019 6.280 5.1E-08 0.028 2300 0.013 2.142 0.9624
Bin6 (59pA) 0.093 1000 0.019 4.845 1.5E-04 0.022 2300 0.013 1.728 0.9998
Bin7 (70pA) 0.076 1000 0.019 3.935 0.0089 0.016 2300 0.013 1.226 1.0000
Bin8 (80pA) 0.062 1000 0.019 3.233 0.1189 0.013 2300 0.013 0.997 1.0000
Bin9 (91pA) 0.052 1000 0.019 2.689 0.5189 0.011 2300 0.013 0.864 1.0000
Bin10 (102pA) 0.044 1000 0.019 2.265 0.9093 0.010 2300 0.013 0.762 1.0000
Bin11 (113pA) 0.035 1000 0.019 1.805 0.9994 0.009 2300 0.013 0.701 1.0000
Bin12-100 (123-1072pA) 1000 0.019 <1.500 1.0000 2300 0.013 <0.800 1.0000

C. D. 
2-way ANOVA Sum Sq. D.F. Mean Sq. F p Sum Sq. D.F. Mean Sq. F p
Genotype 0.450 1 0.4497 441.09 1.0E-15 0.003 1 0.0026 4.18 0.0410
Bin 45.434 99 0.4589 450.09 1.0E-15 90.027 99 0.9094 1489.8 1.0E-15
Gen ×  Bin 0.207 99 0.0021 2.05 3.9E-08 0.004 99 0.0000 0.07 1.0000
Residual 1.020 1000 0.0010 1.404 2300 0.0006
Total 47.774 1199 92.727 2499

Šídák M.C. Mn Diff. D.F. Diff. SE t p adj Mn Diff. D.F. Diff. SE t p adj

Bin1 (3ms) -0.012 1000 0.019 0.637 1.0000 0.001 2300 0.010 0.070 1.0000
Bin2 (4ms) -0.031 1000 0.019 1.682 0.9999 -0.003 2300 0.010 0.270 1.0000
Bin3 (5ms) -0.049 1000 0.019 2.624 0.5874 -0.001 2300 0.010 0.137 1.0000
Bin4 (6ms) -0.061 1000 0.019 3.281 0.1016 -0.004 2300 0.010 0.435 1.0000
Bin5 (7ms) -0.070 1000 0.019 3.729 0.0201 -0.007 2300 0.010 0.720 1.0000
Bin6 (8ms) -0.075 1000 0.019 3.996 0.0069 -0.006 2300 0.010 0.574 1.0000
Bin7 (9ms) -0.080 1000 0.019 4.302 0.0019 -0.006 2300 0.010 0.647 1.0000
Bin8 (10ms) -0.092 1000 0.019 4.929 0.0001 -0.007 2300 0.010 0.671 1.0000
Bin9 (11ms) -0.092 1000 0.019 4.940 0.0001 -0.007 2300 0.010 0.730 1.0000
Bin10 (12ms) -0.091 1000 0.019 4.869 0.0001 -0.009 2300 0.010 0.871 1.0000
Bin11 (13ms) -0.093 1000 0.019 4.950 0.0001 -0.004 2300 0.010 0.445 1.0000
Bin12 (14ms) -0.091 1000 0.019 4.844 0.0001 -0.003 2300 0.010 0.343 1.0000
Bin13 (15ms) -0.087 1000 0.019 4.653 0.0004 -0.002 2300 0.010 0.182 1.0000
Bin14 (16ms) -0.085 1000 0.019 4.520 0.0007 -0.001 2300 0.010 0.059 1.0000
Bin15 (17ms) -0.081 1000 0.019 4.354 0.0015 0.003 2300 0.010 0.283 1.0000
Bin16 (18ms) -0.083 1000 0.019 4.425 0.0011 0.005 2300 0.010 0.512 1.0000
Bin17 (19ms) -0.081 1000 0.019 4.355 0.0015 0.005 2300 0.010 0.498 1.0000
Bin18 (20ms) -0.079 1000 0.019 4.231 0.0025 0.005 2300 0.010 0.489 1.0000
Bin19 (21ms) -0.079 1000 0.019 4.226 0.0026 0.004 2300 0.010 0.371 1.0000
Bin20 (22ms) -0.079 1000 0.019 4.210 0.0028 0.002 2300 0.010 0.201 1.0000
Bin21 (23ms) -0.074 1000 0.019 3.947 0.0084 0.003 2300 0.010 0.314 1.0000
Bin22 (24ms) -0.073 1000 0.019 3.906 0.0100 0.002 2300 0.010 0.156 1.0000
Bin23 (25ms) -0.069 1000 0.019 3.704 0.0221 -0.001 2300 0.010 0.051 1.0000
Bin24 (26ms) -0.067 1000 0.019 3.602 0.0326 -0.002 2300 0.010 0.201 1.0000
Bin25 (27ms) -0.069 1000 0.019 3.669 0.0253 -0.003 2300 0.010 0.301 1.0000
Bin26 (28ms) -0.066 1000 0.019 3.535 0.0417 -0.002 2300 0.010 0.205 1.0000
Bin27 (29ms) -0.064 1000 0.019 3.446 0.0576 -0.002 2300 0.010 0.187 1.0000
Bin28 (30ms) -0.064 1000 0.019 3.421 0.0628 -0.004 2300 0.010 0.373 1.0000
Bin29 (31ms) -0.059 1000 0.019 3.137 0.1614 -0.004 2300 0.010 0.367 1.0000
Bin30-33 (32-35ms) 1000 0.019 <3.000 >0.2000 2300 0.010 <0.600 1.0000
Bin34-41 (35-42ms) 1000 0.019 <2.600 >0.5000 2300 0.010 <0.800 1.0000
Bin42-53 (43-54ms) 1000 0.019 <2.300 >0.9000 2300 0.010 <0.400 1.0000
Bin54-100 (55-100ms) 1000 0.019 <1.700 1.0000 2300 0.010 <0.150 1.0000

sPC sIPSC Amplitude dPC sIPSC Amplitude

sPC sIPSC Decay Tau dPC sIPSC Decay Tau

Table 3-11: Stats for Figure 3-11 
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 Synaptic E/I Ratio is Increased in 5xFAD PCs 

During SWRs, the total inhibitory charge (swrIPSQ, Figure 3-12 A) was differentially altered between 

cell types, with a significant interaction of genotype × cell type (p = 0.012, Figure 3-12 B), a non-significant 

reduction for sPCs (p = 0.294) and a significant increase for dPCs (p = 0.022). These results suggest a 

selective impairment in inhibition in sPCs that is not seen in dPCs. Despite the observed increase in SWR 

activity in 5xFAD mice, the inhibition did not scale proportionally with the increased excitation (Figure 3-9 

B), thus shifting the synaptic E/I ratio. 

As with excitatory synaptic input, I also examined the coupling between inhibitory synaptic currents 

and oscillations in the LFP (Figure 3-12 A). Similar to the differential changes in the swrIPSQ between sPCs 

and dPCs, there was an interaction effect of genotype × cell type for both synaptic gamma power (p = 

0.010, Figure 3-12 C) and ripple power (p = 0.014, Figure 3-12 D). Gamma power was insignificantly 

reduced for sPCs (p = 0.332) but increased for dPCs (p = 0.024). Ripple power followed the same direction 

of changes but did not survive multiple comparisons for sPCs (p = 0.184) or dPCs (p = 0.127). Correlating 

between the local field and synaptic gamma, in all genotypes and cell types, gamma was significantly 

correlated, but there was no effect of genotype on the strength of correlation (p = 0.345, Figure 3-12 E). 

Similarly, correlating between the local field and synaptic ripple, in all genotypes and cell types, the ripple 

was significantly correlated, but no different between genotype (p = 0.096, Figure 3-12 F).  
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Figure 3-12: SWR-driven inhibitory synaptic charge is increased in dPCs. (A) Example SWRs and SWR-
driven inhibitory post-synaptic currents (swrIPSCs), with traces as described in Figure 3-9. (B) swrIPSQ 
= total inhibitory charge during SWRs, integrated over a 100 ms window centered around the SWR peak. 
(C-D) Power of the low gamma filtered (C) and ripple filtered (D) whole-cell signals. (E-F) Correlation 
between LFP and whole-cell filtered low gamma (E) and ripple (F) signals. Asterisks in (E-F) indicate 
significance of one-sample t-tests of strength of correlation. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p 
<0.0001. Individual data points represent a cell (same population as Figure 3-10). 
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B. 
2-way ANOVA Sum Sq. D.F. Mean Sq. F p
Genotype 0.0401 1 0.0401 0.522 0.4750
Cell Type 0.0267 1 0.0267 0.348 0.5592
Gen ×  Type 0.5475 1 0.5475 7.136 0.0116
Residual 2.5319 33 0.0767
Total 3.3986 36

unpaired post hoc t D.F. Mean Diff. p p adj

sPC AD vs CT 1.5199 10 -0.192 0.1595 0.2936
dPC AD vs CT 2.7659 23 0.334 0.0110 0.0219

unpaired post hoc t D.F. Mean Diff. p p adj

CT dPC  vs sPC 2.1926 19 -0.321 0.0410 0.0803
AD dPC  vs sPC 1.7896 14 0.205 0.0952 0.1813

C. D. 
Sum Sq. D.F. Mean Sq. F p Sum Sq. D.F. Mean Sq. F p

Genotype 0.032 1 0.032 0.128 0.7223 0.038 1 0.038 0.163 0.6886
Cell Type 0.181 1 0.181 0.725 0.4007 0.591 1 0.591 2.523 0.1218
Gen ×  Type 1.856 1 1.856 7.417 0.0102 1.587 1 1.587 6.768 0.0138
Residual 8.257 33 0.250 7.738 33 0.234
Total 10.678 36 9.748 36

unpaired post hoc t D.F. Mean Diff. p p adj t D.F. Mean Diff. p p adj

sPC AD vs CT 1.4327 10 -0.420 0.1824 0.3316 1.8337 10 -0.517 0.0966 0.1839
dPC AD vs CT 2.7205 23 0.548 0.0122 0.0242 1.9337 23 0.378 0.0655 0.1268

unpaired post hoc t D.F. Mean Diff. p p adj t D.F. Mean Diff. p p adj

CT dPC  vs sPC 1.3909 19 -0.333 0.1803 0.3281 0.7106 19 -0.174 0.4860 0.7358
AD dPC  vs sPC 2.4715 14 0.635 0.0269 0.0531 3.2289 14 0.721 0.0061 0.0121

C. D. 
1-sample t-test t D.F. Diff. Diff. SE p t D.F. Diff. Diff. SE p

sPC CT 7.051 6 0.441 0.063 0.0004 3.746 6 0.145 0.039 0.0096
sPC AD 6.964 4 0.496 0.071 0.0022 5.786 4 0.222 0.038 0.0044
dPC CT 6.648 13 0.435 0.065 1.6E-05 5.786 13 0.205 0.035 6.3E-05
dPC AD 10.897 10 0.514 0.047 7.2E-07 5.356 10 0.301 0.056 3.2E-04

2-way ANOVA Sum Sq. D.F. Mean Sq. F p Sum Sq. D.F. Mean Sq. F p
Genotype 0.0358 1 0.0358 0.916 0.3454 0.0595 1 0.0595 2.932 0.0962
Cell Type 0.0003 1 0.0003 0.007 0.9335 0.0391 1 0.0391 1.926 0.1744
Gen ×  Type 0.0012 1 0.0012 0.031 0.8624 0.0007 1 0.0007 0.035 0.8528
Residual 1.2902 33 0.0391 0.6695 33 0.0203
Total 1.3383 36 0.7846 36

unpaired post hoc t D.F. Mean Diff. p p adj t D.F. Mean Diff. p p adj

sPC AD vs CT 0.5758 10 0.055 0.5775 0.8215 1.3757 10 0.077 0.1989 0.3583
dPC AD vs CT 0.9356 23 0.080 0.3592 0.5894 1.5058 23 0.096 0.1457 0.2702

unpaired post hoc t D.F. Mean Diff. p p adj t D.F. Mean Diff. p p adj

CT dPC  vs sPC 0.0617 19 -0.006 0.9514 0.9976 1.0599 19 0.061 0.3025 0.5135
AD dPC  vs sPC 0.2142 14 0.018 0.8335 0.9723 0.8998 14 0.080 0.3834 0.6199

PC Gamma Correlation PC Ripple Correlation 

PC swrIPSQ  (LT)

PC Gamma Power  (LT) PC Ripple Power  (LT)

Table 3-12: Stats for Figure 3-12 
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I continued to explore alterations to the synaptic E/I ratio for both spontaneous and SWR-driven 

currents by comparing the voltage clamp data at -70 mV and 0 mV (Figure 3-13 A). During spontaneous 

periods, there was a significant effect of genotype on the synaptic E/I ratio, defined as the ratio of 

sEPSQ/sIPSQ (p = 0.00069, Figure 3-13 B), as well as an effect of cell type (p = 0.011). Both sPCs (p = 

0.055) and dPCs (p = 0.049) saw an increased E/I ratio. During SWRs, the synaptic E/I ratio, defined as 

the ratio of swrEPSQ/swrIPSQ, was affected by both genotype (p = 0.0104, Figure 3-13 C) and a genotype 

× cell type interaction (p = 0.0319), but only in sPCs was the increase significant (sPC: p = 0.048, dPC: p 

= 0.877). To examine the temporal progression of synaptic input during SWRs, I calculated the EPSQ and 

IPSQ in a sliding 100 ms window across the SWR peak (Figure 3-13 D-E), from which a time course of the 

synaptic E/I ratio could be determined (Figure 3-13 F-G). While for both the EPSQ and IPSQ there was a 

significant effect of genotype for sPCs (EPSQ: p < 10-15, IPSQ: p < 10-15, Figure 3-13 D) and dPCs (EPSQ: 

p < 10-15, IPSQ: p < 10-15, Figure 3-13 E), only for the IPSQ in dPCs did individual bins from -16 to +64 ms 

(relative to the SWR peak) survive multiple comparisons. The ratio of the EPSQ/IPSQ time course revealed 

a significant effect of genotype for both sPCs (p < 10-15, Figure 3-13 F) and dPCs (p = 9.1 x 10-7, Figure 

3-13 G). For both sPCs and dPCs there was an early peak in the synaptic E/I ratio for 5xFAD mice that was 

not present in controls (Figure 3-13 F-G), which can be attributed to a build-up in excitation with a delayed 

increase in inhibition. Only for dPCs did individual bins from -68 to -60 ms survive multiple comparisons, in 

part likely due to the greater sampling of dPCs.  
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Figure 3-13: Synaptic E/I ratio increased in sPCs and dPCs. (A) Example swrIPSCs (top traces) and 
swrEPSCs (bottom traces) for control sPC (far left), 5xFAD sPC (middle left), control dPC (middle right), 
and 5xFAD dPC (far right). (B) Spontaneous synaptic E/I ratio of normalized charge (sEPSQ/sIPSQ) for 
nsPC = 7 CT, 5 5xFAD and ndPC = 10 CT, 9 5xFAD. (C) SWR-driven synaptic E/I ratio for 100 ms window 
centered around SWR peak (swrEPSQ/ swrIPSQ). (D-E) During SWRs, the charge for each cell (EPSQ 
and IPSQ) was calculated in 2 ms bins by integrating the current in a sliding 100 ms window centered 
around that bin, for both sPCs (D) and dPCs (E). (F-G) the ratios of curves in D-E yield the synaptic E/I 
ratio during SWRs. Summary data in C represents these curves at the y-intercept. For all plots, individual 
data points represent a cell. Asterisks indicate regions that survived Šidák’s multiple comparisons * p < 
0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. 
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B. C. 
2-way ANOVA Sum Sq. D.F. Mean Sq. F p Sum Sq. D.F. Mean Sq. F p
Genotype 1.0642 1 1.0642 14.696 6.9E-04 0.1726 1 0.1726 7.590 0.0104
Cell Type 0.5352 1 0.5352 7.390 0.0113 0.0372 1 0.0372 1.637 0.2116
Gen ×  Type 0.2581 1 0.2581 3.565 0.0698 0.1165 1 0.1165 5.120 0.0319
Residual 1.9553 27 0.0724 0.6141 27 0.0227
Total 3.4804 30 0.8668 30

unpaired post hoc t D.F. Mean Diff. p p adj t D.F. Mean Diff. p p adj

Sup. AD vs CT 2.5675 10 0.573 0.0280 0.0552 2.6565 10 0.282 0.0240 0.0475
Deep AD vs CT 2.4661 17 0.195 0.0246 0.0486 0.4632 17 0.028 0.6491 0.8768

unpaired post hoc t D.F. Mean Diff. p p adj t D.F. Mean Diff. p p adj

CT Deep vs Sup. 1.3029 15 -0.083 0.2123 0.3795 0.8910 15 0.055 0.3870 0.6242
AD Deep vs Sup. 2.1951 12 -0.461 0.0486 0.0948 2.0106 12 -0.199 0.0674 0.1302

D. E. 
2-way ANOVA Sum Sq. D.F. Mean Sq. F p Sum Sq. D.F. Mean Sq. F p
Genotype 1.9E+08 1 1.9E+08 184.20 1.0E-15 5.5E+08 1 5.5E+08 294.70 1.0E-15
Bin 1.2E+09 99 1.2E+07 11.31 1.0E-15 1.7E+09 99 1.7E+07 9.04 1.0E-15
Gen ×  Bin 1.2E+08 99 1.2E+06 1.14 0.1727 3.0E+08 99 3.1E+06 1.66 7.2E-05
Residual 1.0E+09 1000 1.0E+06 3.5E+09 1900 1.9E+06
Total 2.4E+09 1199 5.9E+09 2099

Šídák M.C. Mn Diff. D.F. Diff. SE t p adj Mn Diff. D.F. Diff. SE t p adj

Bin1-29 (-100 to -40ms) <1200 1000 593 <1.700 1.0000 <1300 1900 600 <1.800 1.0000
Bin30-35 (-40 to -30ms) <1400 1000 593 <2.300 >0.9000 <1600 1900 600 <2.600 >0.6500
Bin36-40 (-28 to 20ms) <1500 1000 593 <2.500 >0.7500 <1750 1900 600 <2.900 >0.3500
Bin41-45 (-18 to 10ms) <1500 1000 593 <2.600 >0.6500 <1850 1900 600 <3.100 >0.2000
Bin46-50 (-8 to 0ms) <1550 1000 593 <2.600 >0.6000 <1950 1900 600 <3.200 >0.1400
Bin51-55 (+2 to +10ms) <1600 1000 593 <2.700 >0.5500 <2000 1900 600 <3.300 >0.1000
Bin56 (+12ms) 1563 1000 593 2.634 0.5767 1971 1900 600 3.286 0.0983
Bin57 (+14ms) 1565 1000 593 2.638 0.5725 1979 1900 600 3.299 0.0940
Bin58 (+16ms) 1566 1000 593 2.639 0.5715 1987 1900 600 3.312 0.0901
Bin59 (+18ms) 1567 1000 593 2.641 0.5694 1993 1900 600 3.323 0.0867
Bin60 (+20ms) 1568 1000 593 2.642 0.5682 1999 1900 600 3.333 0.0840
Bin61 (+22ms) 1568 1000 593 2.642 0.5681 2003 1900 600 3.340 0.0820
Bin62 (+24ms) 1566 1000 593 2.640 0.5706 2008 1900 600 3.347 0.0798
Bin63 (+26ms) 1563 1000 593 2.635 0.5762 2012 1900 600 3.355 0.0778
Bin64 (+28ms) 1557 1000 593 2.625 0.5868 2014 1900 600 3.358 0.0770
Bin65 (+30ms) 1549 1000 593 2.611 0.6017 2012 1900 600 3.354 0.0781
Bin66 (+32ms) 1538 1000 593 2.592 0.6219 2003 1900 600 3.339 0.0822
Bin67 (+34ms) 1522 1000 593 2.566 0.6501 1988 1900 600 3.315 0.0893
Bin68-73 (+36 to +46ms) <1500 1000 593 <2.600 >0.6500 <2000 1900 600 <3.300 >0.1000
Bin74-78 (+48 to +57ms) <1200 1000 593 <2.000 >0.9900 <1600 1900 600 <2.700 >0.5500
Bin79-100 (+59 to +100m <500 1000 593 <1.100 1.0000 <1000 1900 600 <1.800 0.9998

PC sPSQ E/I Ratio PC swrPSQ E/I Ratio

sPC swrEPSQ dPC swrEPSQ

Table 3-13: Stats for Figure 3-13 
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D. E. 
2-way ANOVA Sum Sq. D.F. Mean Sq. F p Sum Sq. D.F. Mean Sq. F p
Genotype 2.4E+09 1 2.4E+09 149.40 1.0E-15 7.9E+09 1 7.9E+09 707.50 1.0E-15
Bin 2.0E+10 99 2.0E+08 12.58 1.0E-15 3.6E+10 99 3.6E+08 32.24 1.0E-15
Gen ×  Bin 9.0E+08 99 9.1E+06 0.56 0.9998 4.2E+09 99 4.2E+07 3.79 1.0E-15
Residual 1.6E+10 1000 1.6E+07 2.6E+10 2300 1.1E+07
Total 4.2E+10 1199 7.1E+10 2499

Šídák M.C. Mn Diff. D.F. Diff. SE t p adj Mn Diff. D.F. Diff. SE t p adj

Bin1-31 (-100 to -38ms) 1000 2357 <1.000 1.0000 2300 1348 <1.800 1.0000
Bin32-38 (-36 to -24ms) 1000 2357 <1.600 1.0000 2300 1348 <3.100 >0.2000
Bin39-41 (-22 to -18ms) 3900 1000 2357 <1.700 >0.9999 -4390 2300 1348 <3.400 >0.0500
Bin42 (-16ms) 4096 1000 2357 1.738 0.9998 -4703 2300 1348 3.489 0.0481
Bin43 (-14ms) 4197 1000 2357 1.780 0.9996 -4843 2300 1348 3.593 0.0328
Bin44 (-12ms) 4290 1000 2357 1.820 0.9992 -4978 2300 1348 3.693 0.0224
Bin45 (-10ms) 4376 1000 2357 1.856 0.9986 -5106 2300 1348 3.789 0.0154
Bin46 (-8ms) 4454 1000 2357 1.890 0.9977 -5230 2300 1348 3.880 0.0107
Bin47-52 (-6 to +4ms) 4680 1000 2357 <2.100 >0.9800 -5627 2300 1348 >4.000 <0.0100
Bin53-60 (+6 to +20ms) 5000 1000 2357 <2.200 >0.9500 -6305 2300 1348 >4.500 <0.0010
Bin61-75 (+22 to +50ms) 5043 1000 2357 <2.200 >0.9500 -6986 2300 1348 >5.000 <1.0E-04
Bin76 (52ms) 4481 1000 2357 1.901 0.9974 -6532 2300 1348 4.846 1.3E-04
Bin77 (54ms) 4307 1000 2357 1.827 0.9991 -6268 2300 1348 4.651 3.5E-04
Bin78 (56ms) 4122 1000 2357 1.749 0.9998 -5986 2300 1348 4.441 9.4E-04
Bin79 (58ms) 3931 1000 2357 1.668 1.0000 -5697 2300 1348 4.227 0.0025
Bin80 (60ms) 3735 1000 2357 1.584 1.0000 -5414 2300 1348 4.017 0.0061
Bin81 (62ms) 3536 1000 2357 1.500 1.0000 -5142 2300 1348 3.815 0.0139
Bin82 (64ms) 3339 1000 2357 1.416 1.0000 -4887 2300 1348 3.626 0.0290
Bin83 (66ms) 3147 1000 2357 1.335 1.0000 -4652 2300 1348 3.451 0.0552
Bin84 (68ms) 2961 1000 2357 1.256 1.0000 -4436 2300 1348 3.291 0.0965
Bin85 (70ms) 2787 1000 2357 1.182 1.0000 -4236 2300 1348 3.143 0.1558
Bin86-100 (+72 to +100ms) 1000 2357 <1.200 1.0000 -4054 2300 1348 <3.100 >0.2000

F. G. 
2-way ANOVA Sum Sq. D.F. Mean Sq. F p Sum Sq. D.F. Mean Sq. F p
Genotype 27.03 1 27.03 159.40 1.0E-15 2.48 1 2.48 24.27 9.1E-07
Bin 116.70 99 1.68 9.93 1.0E-15 108.10 99 1.09 10.67 1.0E-15
Gen ×  Bin 11.96 99 0.12 0.71 0.9835 13.19 99 0.13 1.30 0.0273
Residual 169.60 1000 0.17 184.20 1800 0.10
Total 368.50 1199 302.10 1999

Šídák M.C. Mn Diff. D.F. Diff. SE t p adj Mn Diff. D.F. Diff. SE t p adj

Bin1 (-98ms) -0.678 1000 0.241 2.812 0.3954 -0.095 1800 0.144 0.659 1.0000
Bin2-8 (-96 to -84ms) -0.394 1000 0.241 <2.400 >0.8000 -0.165 1800 0.144 <1.700 1.0000
Bin9 (-82ms) -0.276 1000 0.241 1.145 1.0000 -0.256 1800 0.144 1.778 0.9996
Bin10 (-80ms) -0.274 1000 0.241 1.134 1.0000 -0.282 1800 0.144 1.962 0.9941
Bin11 (-78ms) -0.278 1000 0.241 1.152 1.0000 -0.313 1800 0.144 2.177 0.9507
Bin12 (-76ms) -0.294 1000 0.241 1.220 1.0000 -0.347 1800 0.144 2.416 0.7964
Bin13 (-74ms) -0.321 1000 0.241 1.330 1.0000 -0.385 1800 0.144 2.674 0.5322
Bin14 (-72ms) -0.361 1000 0.241 1.497 1.0000 -0.429 1800 0.144 2.981 0.2527
Bin15 (-70ms) -0.404 1000 0.241 1.675 0.9999 -0.484 1800 0.144 3.366 0.0749
Bin16 (-68ms) -0.460 1000 0.241 1.909 0.9971 -0.549 1800 0.144 3.814 0.0140
Bin17 (-66ms) -0.537 1000 0.241 2.228 0.9291 -0.597 1800 0.144 4.154 0.0034
Bin18 (-64ms) -0.620 1000 0.241 2.572 0.6437 -0.610 1800 0.144 4.241 0.0023
Bin19 (-62ms) -0.695 1000 0.241 2.880 0.3342 -0.576 1800 0.144 4.008 0.0063
Bin20 (-60ms) -0.747 1000 0.241 3.096 0.1827 -0.488 1800 0.144 3.396 0.0675
Bin21 (-58ms) -0.772 1000 0.241 3.203 0.1311 -0.386 1800 0.144 2.681 0.5240
Bin22 (-56ms) -0.778 1000 0.241 3.226 0.1215 -0.292 1800 0.144 2.029 0.9872
Bin23 (-54ms) -0.762 1000 0.241 3.158 0.1511 -0.215 1800 0.144 1.491 1.0000
Bin24-34 (-52 to -32ms) -0.590 1000 0.241 <3.100 >0.2000 -0.073 1800 0.144 <1.200 1.0000
Bin35-100 (-30 to +100ms) 1000 0.241 <1.900 1.0000 1800 0.144 <0.200 1.0000

sPC swrPSQ E/I Ratio dPC swrPSQ E/I Ratio

sPC swrIPSQ dPC swrIPSQ

Table 3-13 (cont’d): Stats for Figure 3-13 
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3.4 Summary 

These experiments revealed relatively subtle alterations to PC activity in 3 mo 5xFAD slices, 

suggestive of disinhibition to this population that affected sPCs more than dPCs. Ensembles of PCs were 

enlarged (Figure 3-1), which was more obvious for dPCs (Figure 3-3). There was an increased repertoire 

of cell ensembles activated during SWRs, and reduced similarity of sPC SWR participation, indicative of 

aberrant neuronal participation in 5xFAD slices (Figure 3-4). The spike rates of sPCs and dPCs were not 

noticeably altered, however the probability of spiking during SWRs was selectively increased in sPCs 

(Figure 3-5). While the spike rates did not differ for dPCs, dPCs did spike faster within bursts, with a 

decreased intra-burst interval (Figure 3-6). Phase-locking of spikes to SWR-nested gamma was reduced 

in dPCs, but otherwise spikes were not highly phase-locked for either cell population in the gamma or ripple 

ranges (Figure 3-7). Intracellular recordings revealed that spontaneous excitatory synaptic input was 

unchanged (Figure 3-8), but SWR-driven excitatory inputs were increased in dPCs (Figure 3-9), consistent 

with expectations from an increased SWR amplitude (Figure 2-5). In contrast, spontaneous inhibitory 

synaptic input was selectively decreased in sPCs (Figure 3-10), particularly fast high amplitude inhibitory 

input typically attributed to fast-spiking basket cells (Figure 3-11). The SWR-driven inhibitory synaptic input 

trended for a decrease in sPCs, but was increased in dPCs (Figure 3-12). This divergent behavior between 

cell types led to a significant increase in the synaptic E/I ratio during SWRs in sPCs, whereas in dPCs the 

excitatory and inhibitory synaptic input both increased in balance. During spontaneous periods between 

SWR events however, the synaptic E/I ratio was increased for both sPCs and dPCs (Figure 3-13). These 

results suggest a failure of inhibitory control, leading to increased and aberrant neuronal activity.   
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4. PV CELL ALTERATIONS 

4.1 Introduction 

While there are numerous inhibitory cell sub-types within the CA1 region that could underlie a shift 

in the E/I synaptic ratio within PCs (Pelkey et al., 2017), I focused on parvalbumin-expressing (PV) 

interneurons, as they are the most highly active during SWR events (Somogyi et al., 2014). PV cells within 

str. pyramidale were targeted for patch clamp recordings by red fluorescence in PVCre-tdTom crossed with 

5xFAD mice. PV cells were classified into subpopulations of PVBCs, PVBSCs, and PVAACs via intracellular 

injection of biocytin and post hoc morphological reconstruction to assess axonal targets. As with the PC 

population, I performed cell-attached and whole-cell recordings to determine if there were alterations both 

at the level of the cell and synapse. In a preliminary experiment I also assessed the integrity of PNNs, which 

preferentially ensheathe PV cells in CA1 (Sorg et al., 2016; Lensjø et al., 2017), to determine if molecular 

mechanisms underlie alterations in this cell population. 

 

4.2 Methods 

 Experimental Animals 

The breeding strategy of experimental animals was described in 2.2 Experimental Animals. The 

spiking and synaptic activity of PV cells was recorded in two cohorts: 5xFAD/+;PVCre/+;tdTom/+ and 

PVCre/+;tdTom/+ littermate controls, and 5xFAD/+;Thy1-GCaMP6f/+;PVCre/+;tdTom/+ and Thy1-

GCaMP6f/+; PVCre/+;tdTom/+ littermate controls (Table 2-1 D). PV + PNN staining was performed in 

5xFAD/+ and WT littermate controls (Table 2-1 E). 

 

 Patch Clamp Electrophysiology 

Slices with spontaneous SWRs were prepared as described in 2.2 Acute Slice Preparation, and the 

local field potential (LFP) recorded as described in 2.2 Slice Electrophysiology. Patch clamp recording of 

PV cell activity were performed as described in 3.2 Patch Clamp Electrophysiology, with the following 

differences. The patch clamp electrode for cell-attached recordings was filled with aCSF + 5 μM Alexa 

Fluor® 488 nm (Molecular Probes Cat# A-10440) for pipette localization under confocal microscopy. Whole-
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cell recordings of the same cell were performed with a new pipette filled with a Cesium internal with 5 μM 

Alexa Fluor® 488 nm and 0.5% wt/vl biocytin added on the day of experiment. 

Whole-cell voltage-clamp recordings of spontaneous synaptic input were attempted at -70 mV for all 

cells, while only a subset of cells were clamped at 0 mV. The protocol was initially designed to minimize 

cell disruption and ensure proper biocytin-filling; however, the recording protocol was revised during the 

experiment to also record inhibitory input. Following the voltage-clamp recordings of spontaneous synaptic 

input, the cell was then switched to current-clamp, with current injection to offset the leak current and 

maintain a membrane potential of -70 mV. 35 hyperpolarizing/depolarizing steps of 5 pA increments were 

delivered to fill the cell with biocytin. A total duration of at least 15 min of whole-cell configuration was 

maintained, after which an outside-out patch was formed by slowly withdrawing the pipette.  

 

 Post Hoc Staining and Microscopy 

Slices with biocytin-filled PV cells were returned to the HEPES-aCSF incubation chamber for the 

remainder of the day, then fixed overnight in 4% PFA, 4% sucrose in PBS at 4° C. Slices then received 4 

× 15 min PBS washes, 2 hours of permeabilization with 0.5% Triton-X in PBS, 2 × PBS rinses, 3 hours in 

Fluorescein-Avidin (1:500; Vector Laboratories Cat# A-2001, RRID:AB_2336455) in PBS, and 4 × 15 min 

PBS washes. Free floating slices were imaged with a laser scanning confocal microscope system (Thor 

Imaging Systems Division). Under 20× magnification, z-stacks were obtained covering the span of visible 

cellular processes (40-80 µm in 1 µm steps), for both green (biocytin) and red (PVCre-tdTom) channels. In 

a subset of 14 slices (nslice = 5 CT, 9 5xFAD from nmice = 4 CT, 5 5xFAD), an additional round of immuno-

staining was performed for Ankyrin G, which labels the axon initial segment of pyramidal cells. Antigen 

retrieval was performed on the 500 μm slices for 20 min in a steamer with citrate buffer. Slices were cooled 

to room temperature for 20 min in PBS, then blocked overnight with 10% NGS at 4° C. The following day 

the slices were incubated with a primary monoclonal mouse antibody against Ankyrin G (1:100; Thermo 

Fisher Scientific Cat# 33-8800, RRID:AB_2533145), 0.1% Tween20, 1% NGS in PBS. After 48 hrs of 

primary incubation at 4° C, slices were given 4 × 15 min PBS washes and incubated in secondary containing 

Alexa Fluor® 647 conjugated goat anti-mouse IgG (1:500; Jackson Immunoresearch Cat# 115-605-003, 

RRID:AB_2338902) and 1% NGS in PBS for 3 hrs at room temperature. Slices were given 4 × 15 min PBS 
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washes, rinsed in ddH20, and mounted on slides between silicone isolators with Vectashield® mounting 

medium.  

 

 Event Detection and Coincidence Analysis 

Spike events were detected in pClamp 11 as described in 3.2 Pre-processing of Electrophysiology 

Data and Event Detection, with a shorter duration 1.75 ms template to better match PV spike 

characteristics. PV bursts were detected with the built-in Burst Analysis, defined as three or more 

successive spikes, each within 40 ms (intra-burst interval). PSC events were also detected with the same 

approach as in PCs, but with shorter templates to better match the faster kinetics of PV EPSCs and IPSCs. 

All further coincidence analysis of spikes, PSCs, and SWRs, was performed identically to PCs, as described 

in Section 3.2. 

 

 PV + PNN Staining 

Mice were anesthetized with isoflurane, transcardially perfused in iced (0⁰ C) PBS, brains dissected 

and fixed for 48 hrs in 4% PFA, 4% sucrose at 4⁰ C. Brains were then given 4 × 15 min PBS washes, and 

cryoprotected for 24 hrs in 30% sucrose wt/vl in PBS. Brains were rinsed 3 × in PBS, the cerebellum 

removed, flash frozen in isopentane on dry ice, and embedded in OCT compound (Tissue-Tek®). 30 µm 

sections were cut via cryostat and placed on charged slides (Fisherbrand Superfrost Plus #12-550-15) and 

stored in PBS at room temperature. A hydrophobic barrier was drawn around each section with a pap pen, 

and sections permeabilized for 15 min in 0.2% Triton-X in PBS. Slides were then given 3 × 5 min PBS 

washes, and blocked in 10% NGS in PBS (75 µL / section) for 1 hour. Slides were then given 3 × 5 min 

PBS washes and incubated overnight at 4° C with the primary monoclonal mouse antibody against PV 

(1:300; Sigma-Aldrich Cat# P3088, RRID:AB_477329), 0.1% Tween20, 1% NGS in PBS (75 µL / section). 

The next morning, slides were given 3 × 15 min PBS washes, and incubated in secondary containing Alexa 

Fluor® 555 conjugated goat anti-mouse IgG (1:1000; Thermo Fisher Scientific Cat# A32727, 

RRID:AB_2633276), WFA (1:200; Vector Laboratories Cat# FL-1351, RRID:AB_2336875), 1% NGS in 

PBS for 2 hrs (75 µL / section) at room temperature. Slides were given 2 × 10 min PBS washes, rinsed in 

ddH20, and mounted on slides with Vectashield® antifade mounting medium with DAPI.  
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 Experimental Design and Statistical Analyses 

As described in 2.2 Experimental Design and Statistical Analyses, experiments are presented in a 

case-control experimental design, comparing 5xFAD data to littermate controls. Unlike the analysis of PCs 

(described in 3.2 Experimental Design and Statistical Analyses), each PV cell sub-type was analyzed 

independently. While it would have been informative to compare across PV cell sub-type, there were 

insufficient numbers of filled PV cells across the six groups to perform this analysis with sufficient power. 

All statistical details are displayed in the accompanying tables for each figure, following the strategy outlined 

in Sections 2.2 and 3.2.  

 

4.3 Results 

 PV Cells in CA1 Delineate into PVBCs, PVBSCs, and PVAACs 

I performed cell-attached recordings in 5xFAD/+;PVCre/+;tdTom/+ and PVCre/+;tdTom/+ littermate 

controls (ncell = 13 CT, 18 5xFAD) (Figure 4-1 A). Cells were also recorded from 5xFAD;Thy1-

GCaMP6f;PVCre/+;tdTom/+ and Thy1-GCaMP6f;PVCre/+;tdTom/+ littermate controls (ncell = 11 CT, 14 

5xFAD), which were pooled together. To distinguish PCBCs, PVBSCs, and PVAACs (Figure 4-1 B), I 

morphologically reconstructed the cells post hoc after filling with biocytin in whole-cell configuration and 

sorted them by axonal target (Figure 4-1 C). Of the total reconstructed cells (ncell = 24 CT, 32 5xFAD), 

PVBSCs (Figure 4-1 C2) were easily distinguished from both PVBCs (Figure 4-1 C1) and PVAACs (Figure 

4-1 C3), with their axonal arbor avoiding str. pyr. (nPVBSC = 5 CT, 10 5xFAD). While PVBCs and PVAACs 

have overlapping axonal targets, some PVBCs were easily distinguished with axonal terminals directly 

targeting PC somas as visualized through the PVCre-tdTom and/or Thy1-GCaMP6f fluorescence (nPVBC = 9 

CT, 9 5xFAD). Likewise, some PVAACs exhibited the characteristic “chandelier” phenotype and lack of 

somatic targeting (nPVAAC = 4 CT, 4 5xFAD). However, there were some cells with ambiguous PVBC/PVAAC 

morphology based solely on axonal targets (ncell = 6 CT, 9 5xFAD). To sort these cells, I also examined the 

spike rate. Both PVBCs and PVBSCs are known to strongly increase their spike rate during SWRs (Lapray 

et al., 2012; Katona et al., 2014). In contrast, the PVAAC spike rate transiently increases preceding SWRs 

then decreases for the duration of the event (Viney et al., 2013; Forro et al., 2015). Thus, for cells with 

ambiguous PVBC/PVAAC morphology, those with a spike rate increase during SWRs (53 ± 11 Hz) were 



- 104 - 
 

sorted as putative PVBCs, while those with no increase (0.6 ± 0.6 Hz) were sorted as putative PVAACs. In 

a subset of 14 slices (5 CT, 9 5xFAD from nmice = 4 CT, 5 5xFAD), I additionally stained for Ankyrin G, which 

labels the AIS, and confirmed colocalization with two putative PVAACs (Figure 4-1 C4). Based on this 

sorting methodology, I identified a total of nPVBC = 13 CT, 16 5xFAD, nPVBSC = 5 CT, 10 5xFAD, and nPVAAC 

= 6 CT, 6 5xFAD. The proportion of cells did not significantly differ from prior published findings of 60% 

PVBC, 25% PVBSC, 15% PVAAC in CA1 str. pyr. (χ2(2) = 0.754, p = 0.686) (Baude et al., 2007), and did 

not significantly differ between genotype (χ2(2) = 1.09, p = 0.580; Figure 4-1 D). 
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Figure 4-1: PV cells in CA1 delineate into basket (PVBCs), bistratified (PVBSCs), and axo-axonic 
(PVAACs) cells. (A) Diagram of LFP + PV cell recording in 3 mo 5xFAD/+; PVCre/+;tdTom/+ and 
PVCre/+;tdTom/+ littermate controls. (B) Diagram of PV cell subtypes and their axonal targets in CA1 str. 
pyr. Examples of (C1) PVBCs, (C2) PVBSCs, and (C3) PVAACs. Green fluorescence indicates avidin-
fluorescein bound to the biocytin in the filled PV cell. Red fluorescence indicates PVCre/+;tdTom/+ 
expression. Dashed grey lines approximately distinguish layers of hippocampus, str. l.m. = stratum 
lacunosum-moleculare, str. rad. = stratum radiatum, str. pyr. = stratum pyramidale, str. or. = stratum oriens. 
Notice that str. pyr. is dimly red due to the expression of other non-filled PVBCs targeting perisomatic 
regions of PCs. Scale bars = 100 μm. Bottom traces, Examples of LFP and cell-attached recording of 
spikes, which was used to aid in distinguishing PVBCs and PVAACs. PVAACs are unique in that they 
reduce their firing during SWRs. (C4) Ankyrin G immunostaining showing co-localization of synaptic 
boutons with AIS of PCs for identified PVAAC. Scale bar = 10 μm. (D) Proportions of sorted cells. 
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 PV Basket Cells Have Selectively Reduced Spiking 

Based on these delineations, I performed cell-attached + LFP recordings in control and 5xFAD mice 

for the identified populations of PVBCs (Figure 4-2 A1), PVBSCs (Figure 4-2 A2) and PVAACs (Figure 4-2 

A3). I observed an effect of genotype on PVBC spike rate (p = 0.0033, Figure 4-2 B1), with a selective and 

robust reduction during SWR periods, from 62.9 ± 10.6 Hz to 34.0 ± 6.2 Hz (p = 0.044), whereas the 

spontaneous spike rate did not significantly differ (p = 0.208). In contrast, there was no effect of genotype 

on the spike rate of PVBSCs (p = 0.267, Figure 4-2 B2) or PVAACs (p = 0.079, Figure 4-2 B3). As expected 

from the cell-sorting methodology, spike rates increased during SWRS for PVBCs, with an effect of period 

(p = 1.9 × 10-13, Figure 4-2 B1), and increases of 5.6 ± 1.2 fold in control (p = 0.00049) and 5.9 ± 2.4 fold in 

5xFAD mice (p = 0.00012). Additionally, there was an interaction of genotype × period (p = 0.00035), 

indicating that PVBC modulation of spiking during SWRs differed between genotype. Similarly, there was 

an effect of period for PVBSCs (p = 9.7 × 10-5, Figure 4-2 B2), with a non-significant 4.4 ± 1.2 fold increase 

in control (p = 0.121) and a 6.8 ± 5.0 fold increase in 5xFAD mice (p = 0.019), with no interaction of genotype 

× period (p = 0.133). While PVAACs did see an effect of period (p = 0.0022, Figure 4-2 B3), neither in control 

nor 5xFAD mice was the increase significant (CT: 1.0 ± 0.4 fold, p = 0.527, 5xFAD: 2.4 ± 0.8 fold, p = 

0.062), nor was there an interaction of genotype × period (p = 0.104).  

The peri-SWR spike probability revealed that in 5xFAD mice, PVBCs spikes fell in a significantly 

narrower window (Figure 4-2 C1), with a reduced full-width half-maximum value from 44 ± 19 ms to 18 ± 5 

ms, and a significant effect of genotype when analyzed via 2-way ANOVA (p < 10-15), with bins from -20 to 

-16 ms and 0 to +18 ms relative to the SWR peak surviving multiple comparisons. Intriguingly, this narrower 

window of spiking was accompanied by shorter duration SWRs (Figure 2-5 D), supporting the hypothesis 

that PVBC activity is critical for normal ripple progression. In contrast, PVBSCs appeared to increase their 

firing after the SWR peak in 5xFAD mice (Figure 4-2 C2), perhaps playing a compensatory role, with a 

significant effect of genotype (p = 7.3 × 10-9). PVAACs appeared to have decreased probability of spiking 

in 5xFAD mice, particularly before the SWR peak (Figure 4-2 C3), with a significant effect of genotype (p = 

5.1 × 10-8). However, unlike PVBCs, neither PVBSCs nor PVAACs showed significant genotype differences 

when corrected for multiple comparisons (Figure 4-2 C). The coincidence of spikes with SWRs was no 

different between genotype for any PV cell type, both when considering the fraction of spikes coincident 
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with SWRs (Figure 4-2 D), as well as the fraction of SWRs with at least one coincident spike (Figure 4-2 

E). These data suggest a selective reduction in the activity of PVBCs. However, the lower number of 

PVBSCs and particularly PVAACs recorded from may mask smaller alterations in their activity.  
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Figure 4-2: PV basket cells have selectively reduced spiking during SWRs. Spiking data for PVBCs (panel 
sub-heading 1), PVBSCs (panel sub-heading 2), and PVAACs (panel sub-heading 3). (A) Example LFP 
and cell-attached traces for CT (left) and 5xFAD (right), for a PVBC (A1), PVBSC (A2), and PVAAC (A3). 
Spike and SWR events are color-coded as in Figure 3-5. (B) Summary spike rate data for PVBCs (nPVBC 
= 13 CT, 16 5xFAD, B1), PVBSCs (nPVBSC = 5 CT, 10 5xFAD, B2), and PVAACs (nPVAAC = 6 CT, 6 5xFAD, 
B3) during spontaneous and SWR periods. (C) Peri-SWR spike probability. Asterisks indicate regions 
surviving Šidák’s multiple comparisons correction. * p < 0.05, ** p < 0.01, *** p < 0.001. (D) The fraction of 
spikes coincident with a SWR, and (E) the fraction of SWRs with a coincident spike. 
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B1. B2. B3. 
2-way RM ANOVA Sum Sq. D.F. Mean Sq. F p Sum Sq. D.F. Mean Sq. F p Sum Sq. D.F. Mean Sq. F p
Genotype 3436 1 3436 10.42 0.0033 135 1 135 1.345 0.2670 253.5 1 253.5 3.832 0.0787
Period 9368 1 9368 179.40 1.9E-13 928.3 1 928.3 30.600 9.7E-05 240.7 1 240.7 16.670 0.0022
Gen ×  Period 2047 1 2047 16.76 3.5E-04 117.6 1 117.6 2.563 0.1334 66.7 1 66.7 3.208 0.1036
Cell (RM) 8899 27 330 2.70 0.0061 1305 13 100 2.124 0.0939 661.5 10 66.2 3.541 0.0293
Residual 3295 27 122 614 13 47 186.8 10 18.7
Total 16255 57 2248.0 29 1150.0 23

Mann-Whitney post hoc U Med.Diff. p p adj U Med.Diff. p p adj U Med.Diff. p p adj

Spont AD vs CT 67 -2.151 0.1103 0.2084 23 2.443 0.8591 0.9801 15 -0.849 0.6991 0.9095
SWR AD vs CT 52 -24.820 0.0222 0.0439 19 13.890 0.5135 0.7633 7 -4.773 0.0931 0.1775

Wilcoxon post hoc W Med.Diff. p p adj W Med.Diff. p p adj W Med.Diff. p p adj

CT SWR vs Spont 91 43.951 2.4E-04 4.9E-04 15 21.520 0.0625 0.1211 11 2.902 0.3125 0.5273
AD SWR vs Spont 134 27.600 6.1E-05 1.2E-04 49 38.090 0.0098 0.0194 21 1.364 0.0313 0.0616

C1. C2. C3. 
2-way ANOVA Sum Sq. D.F. Mean Sq. F p Sum Sq. D.F. Mean Sq. F p Sum Sq. D.F. Mean Sq. F p
Genotype 0.5538 1 0.5538 267.30 1.0E-15 0.0787 1 0.0787 33.905 7.3E-09 0.0033 1 0.0033 30.15 5.1E-08
Bin 3.7630 99 0.0380 18.34 1.0E-15 1.3275 99 0.0134 5.779 1.0E-15 0.0242 99 0.0002 2.233 7.2E-10
Gen ×  Bin 0.2967 99 0.0030 1.45 0.0030 0.2053 99 0.0021 0.894 0.7597 0.0037 99 0.0000 0.339 1.0000
Residual 5.5950 2700 0.0021 3.0163 1300 0.0023 0.1094 1000 0.0001
Total 10.1154 2899 4.9981 1499 0.1405 1199

Šídák M.C. Mn Diff. D.F. Diff. SE t p adj Mn Diff. D.F. Diff. SE t p adj Mn Diff. D.F. Diff. SE t p adj

Bin1-31 (-100 to -38ms) 2700 0.0170 <1.600 1.0000 1300 0.0264 <0.400 1.0000 1000 0.0060 <1.500 1.0000
Bin32-39 (-36 to -22ms) 2700 0.0170 <3.200 >0.1500 1300 0.0264 <1.500 1.0000 1000 0.0060 <1.900 1.0000
Bin40 (-20ms) -0.0755 2700 0.0170 4.442 0.0009 -0.0234 1300 0.0264 0.885 1.0000 -0.0079 1000 0.0060 1.300 1.0000
Bin41 (-18ms) -0.0501 2700 0.0170 2.945 0.2780 -0.0361 1300 0.0264 1.368 1.0000 -0.0007 1000 0.0060 0.116 1.0000
Bin42 (-16ms) -0.0772 2700 0.0170 4.541 0.0006 -0.0302 1300 0.0264 1.144 1.0000 -0.0143 1000 0.0060 2.362 0.8435
Bin43 (-14ms) -0.0470 2700 0.0170 2.766 0.4359 0.0173 1300 0.0264 0.655 1.0000 -0.0129 1000 0.0060 2.134 0.9654
Bin44 (-12ms) -0.0354 2700 0.0170 2.083 0.9777 -0.0053 1300 0.0264 0.202 1.0000 -0.0004 1000 0.0060 0.062 1.0000
Bin45 (-10ms) -0.0297 2700 0.0170 1.749 0.9998 0.0217 1300 0.0264 0.824 1.0000 -0.0063 1000 0.0060 1.037 1.0000
Bin46 (-8ms) -0.0069 2700 0.0170 0.404 1.0000 0.0365 1300 0.0264 1.384 1.0000 -0.0081 1000 0.0060 1.339 1.0000
Bin47 (-6ms) -0.0163 2700 0.0170 0.956 1.0000 0.0388 1300 0.0264 1.471 1.0000 -0.0050 1000 0.0060 0.835 1.0000
Bin48 (-4ms) -0.0287 2700 0.0170 1.688 0.9999 0.0426 1300 0.0264 1.616 1.0000 -0.0109 1000 0.0060 1.797 0.9995
Bin49 (-2ms) -0.0517 2700 0.0170 3.043 0.2109 0.0677 1300 0.0264 2.567 0.6472 -0.0023 1000 0.0060 0.387 1.0000
Bin50 (0ms) -0.0737 2700 0.0170 4.333 0.0015 0.0740 1300 0.0264 2.806 0.3996 -0.0012 1000 0.0060 0.204 1.0000
Bin51 (+2ms) -0.0676 2700 0.0170 3.977 0.0071 0.0356 1300 0.0264 1.349 1.0000 -0.0061 1000 0.0060 1.013 1.0000
Bin52 (+4ms) -0.0684 2700 0.0170 4.023 0.0059 0.0374 1300 0.0264 1.417 1.0000 0.0002 1000 0.0060 0.038 1.0000
Bin53 (+6ms) -0.0565 2700 0.0170 3.323 0.0862 0.0484 1300 0.0264 1.834 0.9990 -0.0025 1000 0.0060 0.416 1.0000
Bin54 (+8ms) -0.0671 2700 0.0170 3.946 0.0081 0.0795 1300 0.0264 3.012 0.2329 -0.0061 1000 0.0060 1.017 1.0000
Bin55 (+10ms) -0.0614 2700 0.0170 3.612 0.0305 0.0479 1300 0.0264 1.816 0.9993 -0.0008 1000 0.0060 0.140 1.0000
Bin56 (+12ms) -0.0726 2700 0.0170 4.270 0.0020 0.0592 1300 0.0264 2.242 0.9215 0.0006 1000 0.0060 0.104 1.0000
Bin57 (+14ms) -0.0519 2700 0.0170 3.054 0.2041 0.0541 1300 0.0264 2.051 0.9839 -0.0047 1000 0.0060 0.783 1.0000
Bin58 (+16ms) -0.0563 2700 0.0170 3.311 0.0900 0.0613 1300 0.0264 2.323 0.8715 -0.0032 1000 0.0060 0.527 1.0000
Bin59 (+18ms) -0.0595 2700 0.0170 3.503 0.0457 0.0584 1300 0.0264 2.215 0.9348 -0.0018 1000 0.0060 0.291 1.0000
Bin60 (+20ms) -0.0546 2700 0.0170 3.215 0.1239 0.0442 1300 0.0264 1.674 1.0000 -0.0015 1000 0.0060 0.242 1.0000
Bin61-68 (+22 to  +36ms) 2700 0.0170 <3.200 >0.1500 1300 0.0264 <2.300 >0.9000 1000 0.0060 <0.900 1.0000
Bin69-77 (+38 to +54ms) 2700 0.0170 <2.200 >0.9000 1300 0.0264 <1.500 1.0000 1000 0.0060 <0.600 1.0000
Bin78-100 (+56 to +100ms) 2700 0.0170 <1.500 1.0000 1300 0.0264 <1.100 1.0000 1000 0.0060 <1.200 1.0000

1. PVBC 2. PVBSC 3. PVAAC
Mann-Whitney U Med.Diff. p U Med.Diff. p U Med.Diff. p
D.  Frac. Spikes with SWR: AD vs CT 97 0.075 0.7790 19 0.157 0.5135 15 -0.017 0.6991
E.  Frac. SWRs with Spike: AD vs CT 72 -0.111 0.1697 21 0.146 0.6550 6 -0.164 0.0649

PVBC Spike Rate  (ART) PVBSC Spike Rate  (ART) PVAAC Spike Rate  (ART)

PVBC Spike Probability PVBSC Spike Probability PVAAC Spike Probability

Table 4-2: Stats for Figure 4-2 
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Considering the rate of bursts, defined as three or more spikes each within 40 ms for PV cells, there 

was a tendency for a reduction for PVBCs (p = 0.056, Figure 4-3 A1) and no change for PVBSCs (p = 0.793, 

Figure 4-3 A2) or PVAACs (p > 0.999, Figure 4-3 A3). No differences were observed in the proportion of 

cells that exhibited bursts for PVBCs (100% CT, 93.8% 5xFAD; χ2(1) = 0.842, p = 0.359; χ2 Test), PVBSCs 

(80.0% CT, 90.0% 5xFAD; χ2(1) = 0.288, p = 0.591), or PVAACs (50.0% CT, 83.3% 5xFAD; χ2(1) = 1.500, p 

= 0.221). The number of spikes within a burst did not differ between genotype for any PV cell type (Figure 

4-3 B), nor did the intra-burst interval (Figure 4-3 C). The fraction of bursts coincident with SWRs did not 

differ between genotype for PVBCs (p = 0.882, Figure 4-3 D1) or PVBSCs (p = 0.260, Figure 4-3 D2), but 

was reduced in PVAACs (p = 0.036, Figure 4-3 D3). However, due to the low number of PVAACs that 

displayed bursting behavior (nPVAAC = 3 CT, 5 5xFAD), this significant finding should be interpreted with 

caution. The inverse metric, the fraction of SWRs coincident with a burst was reduced from 65.4 ± 8.5% to 

32.9 ± 8.5% in PVBCs (p = 0.025, Figure 4-3 E1), but no different for PVBSCs (p = 0.323, Figure 4-3 E2) or 

PVAACs (p = 0.182, Figure 4-3 E3).  

 



- 111 - 
 

 

1. 2. 3. 
Mann-Whitney U Med.Diff. p U Med.Diff. p U Med.Diff. p
A.  Burst Rate: AD vs CT 60 -1.009 0.0555 23 -0.074 0.7929 24 0.002 1.0000
B.  # Spikes in Burst: AD vs CT 67 -0.288 0.1586 10 1.097 0.2601 5 -0.512 0.5536
C.  Intra-Burst Interval: AD vs CT 74 2.667 0.2945 17 0.409 0.9399 7 1.783 1.0000
D.  Frac. Bursts with SWR: AD vs CT 94 -0.004 0.8824 10 0.310 0.2601 2 -0.238 0.0357
E.  Frac. SWRs with Burst: AD vs CT 53 -0.542 0.0251 17 0.144 0.3233 11 -0.006 0.1818

PVBC PVBSC PVAAC

Table 4-3: Stats for Figure 4-3 

Figure 4-3: Additional PV spike characteristics suggest reduction in PVBC activity. Spiking data for PVBCs 
(panel sub-heading 1), PVBSCs (panel sub-heading 2), and PVAACs (panel sub-heading 3). (A) Burst 
rate, defined as 3 or more spikes each within 40 ms. (B) The number of spikes within a burst. Dashed line 
indicates the minimum of 3 spikes. Note log scale. (C) Intra-Burst Interval, or the average time between 
successive spikes within a burst. (D) The fraction of bursts coincident with a SWR, and (E) the fraction of 
SWRs with a coincident burst. Individual data points represent a cell (same population as Figure 4-2). 
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I also examined the spike phase-locking of these three PV cell types, as these have been carefully 

studied in vivo for theta (8-12 Hz, during mobility) and ripple oscillations (Varga et al., 2014). The precise 

temporal ordering of PV cell sub-types during network oscillations has been proposed to play a critical role 

in the spatiotemporal control of PCs. During ripples, PVBCs have been observed to fire just after the trough 

of the ripple, followed by PVBSCs and then PVAACs. Less studied is the phase-locking of PV cells during 

SWR-nested low gamma oscillations, which I examined as I observed alterations in this endpoint for the 

PC population (Figure 3-7 B-C). I found significant gamma phase-locking of PVBCs for 5xFAD mice at 276° 

(247°-298° 95%, p = 0.00012), with broader phase preference in control mice (p = 0.082), and with no 

difference in median phase angle (p = 0.705, Figure 4-4 A1). PVBSCs were gamma phase-locked for 5xFAD 

mice at 296° (249°-336° 95%, p = 0.024), with broader phase preference in control mice (p = 0.216), and 

with no difference in median phase angle (p = 0.577, Figure 4-4 A2). In contrast, in PVAACs I observed 

phase-locking in control mice at 249° (224°-368° 95%, p = 0.005), with broader phase preference in 5xFAD 

mice (p = 0.421), and with a tendency for a difference in median phase angle (p = 0.058, Figure 4-4 A3). 

While the precise significance of gamma phase-locking has yet to be demonstrated, these genotype 

differences point to a temporal disordering of PV cell inhibition.  

Within the ripple range, in PVBCs, there was a significant phase-locking in control mice at 232° (198°-

259° 95%, p = 0.0014), and in 5xFAD mice at 211° (186°-231° 95%, p = 1.7 × 10-5), with no significant 

genotype difference (p = 0.258, Figure 4-4 B1). These values are in line with prior in vivo studies, where 0° 

in the current study was defined as the peak of the ripple cycle and 180° as the trough. PVBSCs exhibited 

more varied phase-locking in the ripple range, although the average angles are in line with in vivo studies 

(CT: 244°, p = 0.202; 5xFAD: 228°, p = 0.270; Figure 4-4 B2). PVAACs exhibited ripple phase preference 

for control mice at 261° (219°-296° 95%, p = 0.0015), in line with in vivo studies. However, in 5xFAD mice, 

PVAACs spiked earlier, at 207° (164°-245° 95%, p = 0.0020), with a significant genotype difference in mean 

phase angle (p = 0.044, Figure 4-4 B3). Although I observed no significant change in PVAAC spike rate, 

this disruption in temporal ordering may still have downstream network consequences.   
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Figure 4-4: PV spike-phase coupling alterations in 5xFAD mice. Spiking data for PVBCs (panel sub-
heading 1), PVBSCs (panel sub-heading 2), and PVAACs (panel sub-heading 3). (A-B) Polar phase plots 
of phase-locking of spikes to SWR-nested low gamma (A) and ripple (B). The angles of individual data 
points represent the average phase of all spikes for a cell. Length from origin (0-1) indicates the degree of 
phase-locking. Lines with arrowheads represent cell average, solid colored = CT, dashed grey = 5xFAD. 
Asterisks indicate result of Raleigh’s test for non-uniformity, p values indicate results of Watson-Williams 
or circular median test. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. Individual data points represent 
a cell (same population as Figure 4-2). 
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 PV Basket Cells Have Selective Decrease in Excitatory Synaptic Drive 

Following cell-attached recording of spiking activity, the electrode was replaced with a Cesium 

internal and the same PV cell was targeted for a whole-cell voltage-clamp recording. EPSCs were recorded 

at -70 mV for PVBCs (nPVBC = 12 CT, 16 5xFAD; Figure 4-5 A1), PVBSCs (nPVBSC = 4 CT, 6 5xFAD; Figure 

4-5 A2), and PVAACs (nPVAAC = 5 CT, 6 5xFAD; Figure 4-5 A3). None of the three PV cell subtypes had any 

change in spontaneous sEPSC frequency (PVBC: p = 0.206; PVBSC: p = 0.351; PVAAC: p = 0.900; Figure 

4-5 B) or amplitude (PVBC: p = 0.591; PVBSC: p = 0.956; PVAAC: p = 0.064; Figure 4-5 C). The kinetics 

of sEPSCs in 5xFAD PVBCs were altered however, with a similar rise tau (p = 0.761, Figure 4-5 D1), but a 

reduction in the decay tau (p = 0.024, Figure 4-5 E1). There were no changes to sEPSC kinetics in PVBSCs 

(Rise: p = 0.521, Figure 4-5 D2; Decay: p = 0.340, Figure 4-5 E2) or PVAACs (Rise: p = 0.414, Figure 4-5 

D3; Decay: p = 0.107, Figure 4-5 E3). To examine the decreased sEPSC decay tau in PVBCs, the 

cumulative distribution function of all sEPSCs was calculated and averaged across cells, revealing an effect 

of genotype (p < 10-15, Figure 4-5 F), with events of decay tau between 1.7 – 4.2 ms surviving multiple 

comparisons. This decrease in decay tau was somewhat unexpected, considering that in PV cells, neuronal 

pentraxins are associated with an acquisition of GluA4 subunits which speeds up the kinetics of AMPA 

receptor mediated EPSCs (Pelkey et al., 2015). Both pentraxins and GluA4 are selectively reduced in human 

Alzheimer's patients (Xiao et al., 2017), suggesting that in AD, a longer decay of AMPA-mediated EPSCs 

A1. A2. A3. 
Raleigh Test Mean (°) Var. Length Z p Mean (°) Var. Length Z p Mean (°) Var. Length Z p
CT 295.6 0.564 0.437 2.477 0.0820 260.2 0.440 0.560 1.566 0.2165 249.3 0.059 0.941 4.429 0.0050
5xFAD 276.2 0.272 0.728 7.944 1.2E-04 296.2 0.373 0.627 3.543 0.0242 319.6 0.573 0.427 0.913 0.4214

Circular Median (CM) Test P Med. ( °) p CM Test P Med. ( °) p CM Test P Med. ( °) p
5xFAD vs CT 0.144 280.2 0.7047 0.311 293.5 0.5770 3.600 257.2 0.0578

B1. B2. B3. 
Raleigh Test Mean (°) Var. Length Z p Mean (°) Var. Length Z p Mean (°) Var. Length Z p
CT 231.7 0.320 0.680 6.006 0.0014 244.4 0.429 0.571 1.631 0.2021 261.4 0.134 0.866 3.7488 0.0148
5xFAD 211.2 0.211 0.790 9.350 1.7E-05 227.9 0.615 0.385 1.335 0.2700 207.0 0.158 0.842 3.5424 0.0199

Watson-Williams Sum Sq. D.F. Mean Sq. F p CM Test P Med. ( °) p Sum Sq. D.F. Mean Sq. F p
Genotype 0.3227 1 0.3227 1.335 0.2584 0.311 244.3 0.5770 0.9427 1 0.9427 5.677 0.0444
Residual 7.3215 26 0.2816 1.4620 8 0.1828
Total 7.6442 27 2.4047 9

PVBC Gamma  Coupling PVBSC Gamma Coupling PVAAC Gamma Coupling

PVAAC Ripple CouplingPVBSC Ripple CouplingPVBC Ripple Coupling

Table 4-4: Stats for Figure 4-4 
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may underlie PV cell dysfunction. My results indicate that in 3 mo 5xFAD mice, this does not appear to be 

a prominent mechanism.  

Table 4-5: Stats for Figure 4-5 
1. PVBC 2. PVBSC 3. PVAAC

unpaired t-test t D.F. Mean Diff. p t D.F. Mean Diff. p t D.F. Mean Diff. p
B.  sEPSC Frequency 1.2980 26 -7.2390 0.2056 0.9898 8 -8.9490 0.3513 0.1289 9 -1.2010 0.9003
C.  sEPSC Amplitude 0.5448 26 2.2890 0.5906 0.0576 8 -0.3375 0.9555 2.1120 9 -6.2720 0.0639
D.  sEPSC Rise Tau 0.3070 26 0.0091 0.7613 0.6706 8 -0.0351 0.5214 0.8572 9 -0.0520 0.4136
E.  sEPSC Decay Tau 2.4060 26 -0.5399 0.0235 1.0160 8 0.3521 0.3396 1.7940 9 -0.3771 0.1065
G.  sEPSC Area 0.9127 26 0.0092 0.3698 0.0117 8 -0.0001 0.9910 1.8080 9 -0.0116 0.1041
H.  sEPSQ 1.3020 26 1.0580 0.2045 0.4805 8 0.3571 0.6437 0.7082 9 -0.4406 0.4968

F. PVBC Decay Tau
2-way ANOVA Sum Sq. D.F. Mean Sq. F p
Genotype 0.039 1 0.0394 85.586
Bin 48.940 99 0.4943 1073.3
Gen ×  Bin 0.062 99 0.0006 1.3585
Residual 1.151 2500 0.0005
Total 50.487 2699

Šídák M.C. Mn Diff. D.F. Diff. SE t p adj

Bin1 (1.2ms) 0.0193 2500 0.0083 2.321 0.8722
Bin2 (1.7ms) 0.0430 2500 0.0083 5.174 2.5E-05
Bin3 (2.2ms) 0.0447 2500 0.0083 5.374 8.4E-06
Bin4 (2.7ms) 0.0437 2500 0.0083 5.262 1.5E-05
Bin5 (3.2ms) 0.0399 2500 0.0083 4.802 1.7E-04
Bin6 (3.7ms) 0.0367 2500 0.0083 4.414 0.0011
Bin7 (4.2ms) 0.0326 2500 0.0083 3.926 0.0088
Bin8 (4.7ms) 0.0259 2500 0.0083 3.121 0.1668
Bin9 (5.2ms) 0.0211 2500 0.0083 2.534 0.6807
Bin10 (5.7ms) 0.0188 2500 0.0083 2.264 0.9088
Bin11 (6.2ms) 0.0170 2500 0.0083 2.048 0.9842
Bin12 (6.7ms) 0.0156 2500 0.0083 1.873 0.9982
Bin13-100 (7.2-50ms) 2500 0.0083 <1.800 1.0000

1.0E-15
1.0E-15
0.0119
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During SWRs (Figure 4-6 A), PVBCs from 5xFAD mice saw a 50.1 ± 10.7% reduction in the 

swrEPSQ, the total excitatory synaptic charge in a 100 ms window centered around the SWR peak (p = 

0.0036, Figure 4-6 B1), whereas there was no change for PVBSCs (p = 0.348, Figure 4-6 B2) or PVAACs 

(p = 0.139, Figure 4-6 B3). As for PCs, I examined the coupling between synaptic currents and oscillations 

in the LFP. The power of synaptic gamma was no different between genotype for any PV cell type (Figure 

4-6 C), but ripple power was selectively decreased in PVBCs (p = 0.042, Figure 4-6 D1), and unchanged 

for PVBSCs (p = 0.610, Figure 4-6 D2) and PVAACs (p = 0.329, Figure 4-6 D3). Correlating between the 

local field and synaptic gamma, only in 5xFAD cells was gamma significantly anti-correlated for PVBCs (p 

= 0.00016, Figure 4-6 E1) and PVBSCs (p = 0.00035, Figure 4-6 E2), while in PVAACs there was a 

significant anti-correlation in both CT (p = 0.0064) and 5xFAD cells (p = 0.0026, Figure 4-6 E3). This anti-

correlation was greater in 5xFAD mice for PVBSCs (p = 0.00088, Figure 4-6 E2), but no different between 

genotype for PVBCs (p = 0.108, Figure 4-6 E1) or PVAACs (p = 0.167, Figure 4-6 E3). Considering the 

correlation between the local field and synaptic ripple, only in 5xFAD PVBCs was there a significant 

anticorrelation (p = 0.010, Figure 4-6 F1). There was no genotype difference for PVBCs (p = 0.758, Figure 

4-6 F1), PVBSCs (p = 0.262, Figure 4-6 F2), or PVAACs (p = 0.466, Figure 4-6 F3). Together these results 

indicate a selective decrease of excitatory SWR-driven synaptic current to PVBCs, a decreased coupling 

of synaptic current in the ripple range to PVBCs, and an increase in gamma-coupled synaptic currents in 

PVBSCs.  

Figure 4-5: Spontaneous excitatory synaptic input largely unchanged in PV cells. Whole-cell voltage clamp 
data for PVBC sEPSCs (panel sub-heading 1), PVBSC sEPSCs (panel sub-heading 2), and PVAAC 
sEPSCs (panel sub-heading 3). (A) Example recordings of LFP + whole-cell PV cell recording in 3 mo 
5xFAD/+; PVCre/+;tdTom/+ and PVCre/+;tdTom/+ littermate controls, recording synaptic input during 
spontaneous and SWR periods. EPSCs were recorded at -70 mV in PVBCs (A1), PVBSCs (A2), and 
PVAACs (A3). (B-E) Summary data for sEPSC frequency (B), amplitude (C), rise tau (D), and decay tau 
(E) for PVBCs (nPVBC = 12 CT, 16 5xFAD, B1-E1), PVBSCs (nPVBSC = 4 CT, 6 5xFAD, B2-E2), and PVAACs 
(nPVAAC = 5 CT, 6 5xFAD, B3-E3). (F) Cumulative distribution function of PVBC decay tau. Dark lines 
represent cell average, shaded region represents SEM, with asterisks indicating regions surviving Šidák’s 
multiple comparisons. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. (G) sEPSC Area. (H) sEPSQ 
= normalized spontaneous excitatory charge (integrated current per unit time). 
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 Inhibitory Input to PVBCs Unchanged, Resulting in a Decreased Synaptic E/I Ratio 

 In a subset of cells, I also recorded IPSCs at 0 mV (Figure 4-7 A). IPSCs were not recorded in every 

cell, thus there was a sufficient number of cells for statistical analysis only for PVBCs (nPVBC = 8 CT, 8 

5xFAD), but not PVBSCs (nPVBSC = 2 CT, 3 5xFAD) or PVAACs (nPVAAC = 4 CT, 2 5xFAD). Spontaneous 

inhibitory input to PVBCs was unchanged, including sIPSC frequency (p = 0.661, Figure 4-7 B), amplitude 

(p = 0.740, Figure 4-7 C), kinetics (Rise tau: p = 0.796, Figure 4-7 D; Decay tau: p = 0.513, Figure 4-7 E), 

and area (p = 0.675, Figure 4-7 F). The normalized spontaneous inhibitory charge (sIPSQ), was also no 

different between genotype (p = 0.698, Figure 4-7 G). The total inhibitory charge during SWRs (swrIPSQ) 

for PVBCs (Figure 4-8 A) was also no different between genotype (p = 0.994, Figure 4-8 B), as was the 

Figure 4-6: SWR-driven excitatory synaptic input reduced in PVBCs. Whole-cell voltage clamp data for 
PVBC swrEPSCs (panel sub-heading 1), PVBSC swrEPSCs (panel sub-heading 2), and PVAAC 
swrEPSCs (panel sub-heading 3). (A) Example SWRs and SWR-driven excitatory post-synaptic currents 
(swrEPSCs) for Control/5xFAD PVBCs (left), Control/5xFAD PVBSCs (middle), and control/5xFAD 
PVAACs (right), with traces as described in Figure 3-9. (B) swrEPSQ = total excitatory charge during 
SWRs, integrated over a 100 ms window centered around the SWR peak. (C-D) Power of the low gamma 
filtered (C) and ripple filtered (D) whole-cell signals. (E-F) Correlation between LFP and whole-cell filtered 
low gamma (E) and ripple (F) signals. Asterisks in (E-F) indicate significance of one-sample t-tests of 
strength of anti-correlation. * p < 0.05,  ** p < 0.01, *** p < 0.001, **** p <0.0001. Individual data points 
represent a cell (same population as Figure 4-5). 
 

 

Table 4-6: Stats for Figure 4-6 
1. PVBC 2. PVBSC 3. PVAAC

unpaired t-test t D.F. Mean Diff. p t D.F. Mean Diff. p t D.F. Mean Diff. p
B.  swrEPSQ 3.1960 26 4.5290 0.0036 0.9968 8 -1.4100 0.3480 1.6250 9 0.6714 0.1385
D.  Gamma Correlation 1.6640 26 -0.1824 0.1081 5.1470 8 -0.4177 8.8E-04 1.5020 9 0.1334 0.1672
F.  Ripple Correlation 0.3119 26 -0.0190 0.7576 1.2060 8 -0.0801 0.2622 0.7605 9 0.0495 0.4664

Mann-Whitney U Med.Diff. p U Med.Diff. p U Med.Diff. p
C.  Gamma Power 65 -224.7 0.1592 8 35.09 0.4762 11 19.19 0.5368
E.  Ripple Power 52 -115.4 0.0421 9 1.644 0.6095 9 15.41 0.3290

1-sample t-test t D.F. Diff. p t D.F. Diff. p t D.F. Diff. p
D.  Gamma CT 1.994 11 -0.1691 0.0715 2.218 3 -0.0921 0.1133 5.218 4 -0.3272 0.0064
D.  Gamma AD 4.985 15 -0.3514 1.6E-04 8.584 5 -0.5098 3.5E-04 3.134 5 -0.1939 0.0258
F.  Ripple CT 1.506 11 -0.0810 0.1602 0.072 3 -0.0028 0.9473 2.662 4 -0.0943 0.0563
F.  Ripple AD 2.925 15 -0.1000 0.0105 1.754 5 -0.0828 0.1398 0.874 5 -0.0448 0.4220
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synaptic gamma power (p = 0.645, Figure 4-8 C), synaptic ripple power (p = 0.505, Figure 4-8 D), and 

correlation between LFP and synaptic gamma (p = 0.095, Figure 4-8 E) and ripple (p = 0.372, Figure 4-8 

F). Together these indicated that spontaneous and SWR-driven inhibitory synaptic transmission to PVBCs 

was unaltered in 5xFAD mice. 

 

unpaired t-test t D.F. Mean Diff. p
B.  sIPSC Frequency 0.4477 14 2.4850 0.6612
C.  sIPSC Amplitude 0.3390 14 3.1050 0.7396
D.  sIPSC Rise Tau 0.2629 14 0.0129 0.7964
E.  sIPSC Decay Tau 0.6717 14 -0.2337 0.5127
F.  sIPSC Area 0.4287 14 0.0189 0.6746
G.  sIPSQ 0.3967 14 1.0740 0.6976

Table 4-7: Stats for Figure 4-7 

Figure 4-7: Spontaneous inhibitory synaptic input is unchanged in PVBCs. (A) Example recordings of LFP 
+ whole-cell PVBC recording in 3 mo 5xFAD/+; PVCre/+;tdTom/+ and PVCre/+;tdTom/+ littermate controls, 
recording synaptic input during spontaneous and SWR periods. IPSCs were recorded at 0 mV. (B-G) 
Summary data for sIPSC frequency (B), amplitude (C), rise tau (D), decay tau (E), area (F), and sIPSQ 
(G) = normalized spontaneous inhibitory charge (integrated current per unit time), in nPVBC = 8 CT, 8 5xFAD.  
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Table 4-8: Stats for Figure 4-8 

unpaired t-test t D.F. Mean Diff. p
B.  swrIPSQ 0.0083 14 0.0252 0.9935
E.  Gamma Correlation 1.7910 14 0.1303 0.0950
F.  Ripple Correlation 0.9215 14 0.1119 0.3724

Mann-Whitney U Med.Diff. p
C.  Gamma Power 27 216.1 0.6454
D.  Ripple Power 25 194.1 0.5054

1-sample t-test t D.F. Diff. p
E.  Gamma CT 9.714 7 0.551 2.6E-05
E.  Gamma AD 14.940 7 0.681 1.5E-06
F.  Ripple CT 1.118 7 0.116 0.3004
F.  Ripple AD 3.585 7 0.228 0.0089

Figure 4-8: SWR-driven inhibitory synaptic charge also unchanged in PVBCs. (A) Example SWRs and 
SWR-driven inhibitory post-synaptic currents (swrIPSCs) in PVBCs, with traces as described in Figure 3-
9. (B) swrIPSQ = total inhibitory charge during SWRs, integrated over a 100 ms window centered around 
the SWR peak. (C-D) Power of the low gamma filtered (C) and ripple filtered (D) whole-cell signals. (E-F) 
Correlation between LFP and whole-cell filtered low gamma (E) and ripple (F) signals. Asterisks in (E-F) 
indicate significance of one-sample t-tests of strength of correlation. * p < 0.05, ** p < 0.01, *** p < 0.001, 
**** p <0.0001. Individual data points represent a cell (same population as Figure 4-7). 
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The selective decrease in excitation to PVBCs during SWRs (Figure 4-6 B1), in contrast to the 

observation in PCs (Figure 3-9 B), suggests a reduction to the synaptic E/I ratio in PVBCs (Figure 4-9 A). 

This was assessed for both spontaneous and SWR-driven synaptic currents. The spontaneous synaptic E/I 

ratio, defined as sEPSQ/sIPSQ, was unchanged (p = 0.368, Figure 4-9 B), but the SWR E/I ratio, defined 

as swrEPSQ/swrIPSQ, was significantly decreased (p = 0.017, Figure 4-9 C). As with PCs, I examined the 

time course of synaptic charge during SWRs in PVBCs, and found a significant effect of genotype on the 

excitatory charge (p < 10-15), with bins from -30 to +44 ms relative to the SWR peak surviving multiple 

comparisons (Figure 4-9 D). There was no effect of genotype on inhibitory charge (p = 0.145, Figure 4-9 

D). This resulted in a significant effect of genotype on the E/I ratio (p < 10-15), with an early peak that 

survived multiple comparisons in control above 5xFAD cells from -64 to -56 ms relative to the SWR peak 

(Figure 4-9 E), precisely the opposite effect observed in PCs (Figure 3-13 F-G).  

Since I recorded the spiking activity from the same PVBCs, I was next interested if the spike rate 

was correlated with the synaptic E/I ratio, both during spontaneous periods and during SWRs. Although 

there was no genotype difference observed in the spontaneous spike rate (Figure 4-2 B1), in control PVBCs 

there was a tendency for a positive correlation between the spontaneous spike rate and the spontaneous 

E/I synaptic ratio (nPVBC = 8, p = 0.089), with none for 5xFAD PVBCs (nPVBC = 8, p = 0.680, Figure 4-9 F). 

During SWRs, there was a positive correlation between the spike rate and synaptic E/I ratio in control 

PVBCs (p = 0.020), but no correlation between in 5xFAD PVBCs (p = 0.822, Figure 4-9 G). This suggests 

that not only is excitatory synaptic input during SWRs reduced, potentially through altered PC-PVBC 

connectivity, but there may also be deficits in PVBC input-output function, consistent with prior studies of 

intrinsic PV cell dysfunction (Verret et al., 2012).  
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Figure 4-9: Synaptic E/I ratio decreased in PVBCs. (A) Example swrIPSCs (top traces) and swrEPSCs 
(bottom traces) for control (left) and 5xFAD (right) PVBCs. (B) Spontaneous synaptic E/I ratio of 
normalized charge (sEPSQ/sIPSQ) for nPVBC = 8 CT, 8 5xFAD. (C) SWR-driven synaptic E/I ratio for 100 
ms window centered around SWR peak (swrEPSQ/swrIPSQ). (D) During SWRs, the charge for each cell 
(EPSQ and IPSQ) was calculated in 2 ms bins by integrating the current in a sliding 100 ms window 
centered around that bin. (E) the ratios of curves in D yield the synaptic E/I ratio during SWRs. Summary 
data in C thus represents these curves at the y-intercept. For all plots, individual data points represent a 
cell. Asterisks indicate regions that survived Šidák’s multiple comparisons * p < 0.05, ** p < 0.01, *** p < 
0.001. (F) Linear correlation between spontaneous spike rate (Figure 4-2 B1) and the spontaneous E/I 
ratio (B). (G) Linear correlation between SWR spike rate (Figure 4-2 B1) and the SWR-driven E/I ratio (C). 
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unpaired t-test t D.F. Mn Diff. p
B.  sPSQ E/I Ratio 0.9294 14 -0.1413 0.3684
C.  swrPSQ E/I Ratio 2.7010 14 -0.4343 0.0172

D. D. 
2-way ANOVA Sum Sq. D.F. Mean Sq. F p 2-way ANOVA Sum Sq. D.F. Mean Sq. F p
Genotype 4.8E+09 1 4.8E+09 664.20 1.0E-15 Genotype 4.0E+07 1 4.0E+07 2.12 0.1453
Bin 1.2E+10 99 1.3E+08 17.61 1.0E-15 Bin 2.5E+10 99 2.5E+08 13.13 1.0E-15
Gen ×  Bin 1.6E+09 99 1.6E+07 2.21 1.9E-10 Gen ×  Bin 1.4E+08 99 1.4E+06 0.07 1.0000
Residual 1.8E+10 2500 7.2E+06 Residual 2.6E+10 1400 1.9E+07
Total 3.6E+10 2699 Total 5.1E+10 1599

Šídák M.C. Mn Diff. D.F. Diff. SE t p adj Šídák M.C. Mn Diff. D.F. Diff. SE t p adj

Bin1-23 (-100 to -54ms) 2500 1037 <1.800 1.0000 Bin1-100 (-100 to+100ms) 1400 2175 <0.700 1.0000
Bin24-30 (-52 to -40ms) 2500 1037 <3.000 >0.3000
Bin31 (-38ms) -3185 2500 1037 3.072 0.1939
Bin32 (-36ms) -3334 2500 1037 3.216 0.1236 E. 
Bin33 (-34ms) -3473 2500 1037 3.350 0.0788 2-way ANOVA Sum Sq. D.F. Mean Sq. F p
Bin34 (-32ms) -3602 2500 1037 3.474 0.0507 Genotype 117.50 1 117.50 338.70 1.0E-15
Bin35 (-30ms) -3723 2500 1037 3.590 0.0331 Bin 86.39 99 0.87 2.52 3.2E-13
Bin36 (-28ms) -3829 2500 1037 3.693 0.0224 Gen ×  Bin 29.17 99 0.29 0.85 0.8508
Bin37 (-26ms) -3923 2500 1037 3.783 0.0157 Residual 451.00 1300 0.35
Bin38 (-24ms) -4010 2500 1037 3.868 0.0112 Total 678.20 1499
Bin39 (-22ms) -4089 2500 1037 3.944 0.0082
Bin40 (-20ms) -4163 2500 1037 4.015 0.0061 Šídák M.C. Mn Diff. D.F. Diff. SE t p adj

Bin41 (-18ms) -4227 2500 1037 4.077 0.0047 Bin1 (-98ms) 0.9395 1300 0.3048 3.082 0.1895
Bin42 (-16ms) -4283 2500 1037 4.131 0.0037 Bin2 (-96ms) 0.9066 1300 0.3048 2.974 0.2590
Bin43 (-14ms) -4336 2500 1037 4.182 0.0030 Bin3 (-94ms) 0.8776 1300 0.3048 2.879 0.3339
Bin44 (-12ms) -4383 2500 1037 4.228 0.0024 Bin4 (-92ms) 0.8585 1300 0.3048 2.816 0.3902
Bin45 (-10ms) -4425 2500 1037 4.267 0.0020 Bin5 (-90ms) 0.8391 1300 0.3048 2.753 0.4519
Bin46 (-8ms) -4461 2500 1037 4.303 0.0017 Bin6 (-88ms) 0.8243 1300 0.3048 2.704 0.5015
Bin47 (-6ms) -4496 2500 1037 4.336 0.0015 Bin7 (-86ms) 0.8177 1300 0.3048 2.682 0.5245
Bin48 (-4ms) -4528 2500 1037 4.368 0.0013 Bin8 (-84ms) 0.8201 1300 0.3048 2.690 0.5160
Bin49 (-2ms) -4558 2500 1037 4.396 0.0011 Bin9 (-82ms) 0.8293 1300 0.3048 2.720 0.4848
Bin50 (0ms) -4582 2500 1037 4.419 0.0010 Bin10 (-80ms) 0.8367 1300 0.3048 2.745 0.4598
Bin51 (+2ms) -4600 2500 1037 4.437 0.0010 Bin11 (-78ms) 0.8280 1300 0.3048 2.716 0.4890
Bin52 (+4ms) -4617 2500 1037 4.453 0.0009 Bin12 (-76ms) 0.8271 1300 0.3048 2.713 0.4920
Bin53 (+6ms) -4634 2500 1037 4.469 0.0008 Bin13 (-74ms) 0.8372 1300 0.3048 2.746 0.4582
Bin54 (+8ms) -4645 2500 1037 4.480 0.0008 Bin14 (-72ms) 0.8638 1300 0.3048 2.834 0.3740
Bin55 (+10ms) -4651 2500 1037 4.486 0.0008 Bin15 (-70ms) 0.9133 1300 0.3048 2.996 0.2435
Bin56 (+12ms) -4654 2500 1037 4.488 0.0007 Bin16 (-68ms) 0.9732 1300 0.3048 3.192 0.1347
Bin57 (+14ms) -4652 2500 1037 4.486 0.0008 Bin17 (-66ms) 1.0530 1300 0.3048 3.454 0.0554
Bin58 (+16ms) -4644 2500 1037 4.479 0.0008 Bin18 (-64ms) 1.1600 1300 0.3048 3.805 0.0147
Bin59 (+18ms) -4629 2500 1037 4.465 0.0008 Bin19 (-62ms) 1.2480 1300 0.3048 4.095 0.0045
Bin60 (+20ms) -4610 2500 1037 4.446 0.0009 Bin20 (-60ms) 1.2600 1300 0.3048 4.132 0.0038
Bin61 (+22ms) -4583 2500 1037 4.421 0.0010 Bin21 (-58ms) 1.2010 1300 0.3048 3.941 0.0085
Bin62 (+24ms) -4547 2500 1037 4.386 0.0012 Bin22 (-56ms) 1.1150 1300 0.3048 3.659 0.0260
Bin63 (+26ms) -4504 2500 1037 4.345 0.0015 Bin23 (-54ms) 1.0130 1300 0.3048 3.322 0.0879
Bin64 (+28ms) -4456 2500 1037 4.298 0.0018 Bin24 (-52ms) 0.9031 1300 0.3048 2.962 0.2675
Bin65 (+30ms) -4398 2500 1037 4.242 0.0023 Bin25 (-50ms) 0.8213 1300 0.3048 2.694 0.5119
Bin66 (+32ms) -4330 2500 1037 4.176 0.0031 Bin26 (-48ms) 0.7630 1300 0.3048 2.503 0.7141
Bin67 (+34ms) -4253 2500 1037 4.102 0.0042 Bin27 (-46ms) 0.7223 1300 0.3048 2.369 0.8368
Bin68 (+36ms) -4163 2500 1037 4.015 0.0061 Bin28 (-44ms) 0.6958 1300 0.3048 2.282 0.8986
Bin69 (+38ms) -4062 2500 1037 3.918 0.0091 Bin29 (-42ms) 0.6798 1300 0.3048 2.230 0.9276
Bin70 (+40ms) -3955 2500 1037 3.815 0.0139 Bin30 (-40ms) 0.6702 1300 0.3048 2.199 0.9421
Bin71 (+42ms) -3834 2500 1037 3.698 0.0219 Bin31 (-38ms) 0.6633 1300 0.3048 2.176 0.9512
Bin72 (+44ms) -3704 2500 1037 3.573 0.0354 Bin32 (-36ms) 0.6553 1300 0.3048 2.150 0.9603
Bin73 (+46ms) -3566 2500 1037 3.439 0.0576 Bin33 (-34ms) 0.6486 1300 0.3048 2.127 0.9671
Bin74 (+48ms) -3422 2500 1037 3.300 0.0933 Bin34 (-32ms) 0.6452 1300 0.3048 2.117 0.9701
Bin75 (+50ms) -3274 2500 1037 3.158 0.1486 Bin35 (-30ms) 0.6408 1300 0.3048 2.102 0.9737
Bin76 (+52ms) -3117 2500 1037 3.007 0.2345 Bin36-42 (-28 to -16ms) 1300 0.3048 <2.100 >0.9700
Bin77-83 (+54 to +66ms) 2500 1037 <3.000 >0.3500 Bin43-49 (-14 to -2ms) 1300 0.3048 <2.000 >0.9900
Bin84-100 (+66 to +100ms) 2500 1037 <1.800 1.0000 Bin50-100 (0 to +100ms) 1300 0.3048 <1.800 1.0000

F. G. 
Linear Regression R 2 Sy.x D.F. F p Linear Regression R 2 Sy.x D.F. F p
CT 0.4066 7.232 6 4.111 0.0890 CT 0.6245 29.900 6 9.977 0.0196
5xFAD 0.0303 7.208 6 0.187 0.6802 5xFAD 0.0092 23.670 6 0.056 0.8216

PVBC swrPSQ E/I Ratio

Spontaneous Spike Rate vs sPSQ E/I Ratio SWR Spike Rate vs swrPSQ E/I Ratio

PVBC swrEPSQ PVBC swrIPSQ

Table 4-9: Stats for Figure 4-9 
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 PNN Is Impaired in 3 mo 5xFAD Mice 

As a potential mechanism of the observed decrease in excitatory input to PVBCs in 3 mo 5xFAD 

mice, I examined the integrity of the PNN. I stained 3 mo 5xFAD and WT littermate controls for PV and 

wisteria floribunda agglutinin (WFA), a lectin which binds to the chondroitin sulfate proteoglycans present 

in PNN. PNN was present around PV+ cells in both 3 mo controls and 5xFAD mice (Figure 4-10 A). I 

quantified the intensity of both PV+ cells and PNN within CA1 str. pyr. with the semi-automated 

PIPSQUEEK ImageJ plugin (Slaker et al., 2016), from nmice = 5 CT, 5 5xFAD, with nsection = 11 CT, 12 5xFAD 

imaged sections and a total of ncell = 64 CT, 52 5xFAD (PV+ WFA+); 42 CT, 61 5xFAD (PV+ WFA-); 37 CT, 

30 5xFAD (PV- WFA+). I observed a tendency in the reduction of PV intensity (p = 0.087, Figure 4-10 B), 

and a significant decrease in PNN intensity (p = 0.027, Figure 4-10 C). Moreover, the proportion of PV cells 

ensheathed in PNN was decreased (p = 0.041, Figure 4-10 D), while the proportion of PNN cells also 

positive for PV was unchanged (p = 0.884, Figure 4-10 E). As PV expression has been noted to differ 

between those with and without PNNs, I compared PV expression levels of all cells segregated by both 

genotype and PNN positivity and compared via 2-way ANOVA (Figure 4-10 F). I observed only an effect of 

genotype (p = 1.0 × 10-6), with no effect of PNN positivity (p = 0.619) or interaction of genotype × PNN (p = 

0.097), differing from previous findings which found reduced PV expression in PNN- cells (Yamada et al., 

2015; Carceller et al., 2020). As not all PNN-ensheathed cells are PV+, I also wanted to determine if PNN 

was differentially reduced between PV+ and PV- cells. A similar 2-way ANOVA analysis of PNN expression 

found only an effect of genotype (p = 1.5 × 10-7), with no effect of PV positivity (p = 0.137) or interaction of 

genotype × PV (p = 0.619, Figure 4-10 G), indicating that PNNs were similarly reduced regardless if they 

surrounded a PV or non-PV cell. These preliminary findings suggest degradation of PNN may play a role 

in the observed reduction of excitatory synaptic input to PV cells, but it was not a PV-cell specific 

phenomenon. 
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Figure 4-10: Preliminary evidence for degraded PNN in 5xFAD mice. (A) Example of IHC against 
parvalbumin and WFA, which binds to proteoglycans present in PNN, in 3 mo control (left) and 5xFAD 
(right) mice. (B-E) Summary data from nmice = 5 CT, 5 5xFAD, with nsection = 11 CT, 12 5xFAD imaged 
sections and a total of ncell = 64 CT, 52 5xFAD (PV+ PNN+); 42 CT, 61 5xFAD (PV+ PNN-); 37 CT, 30 
5xFAD (PV- PNN+). (B-C) Average intensity of PV cell body (B) and identified PNN (C) ROI fluorescence 
(arbitrary units normalized to control average). (D) Proportion of PV+ cells that are also PNN+, and (E) 
proportion of PNN+ cells that are also PV+.   (F) PV cell intensity for all cells, separated by genotype and 
PNN positivity (arbitrary units normalized to average of all control PV cells). (G) PNN intensity for all cells, 
separated by genotype and PV positivity (arbitrary units normalized to average of all control PNNs). 

Table 4-10: Stats for Figure 4-10 
unpaired t-test t D.F. Mn Diff. p
B.  PV Cell Intensity 1.9510 8 -0.3811 0.0869
C.  PNN Intensity 2.7010 8 -0.5028 0.0270
D.  % PV cells with PNN 2.4360 8 -20.2900 0.0408
E.  % PNN cells with PV 0.1501 8 -1.9060 0.8844

F.   PV Cell Intensity Gen × PNN  (LT) G.   PNN Intensity Gen × PV  (LT)

2-way ANOVA Sum Sq. D.F. Mn Sq. F p 2-way ANOVA Sum Sq. D.F. Mn Sq. F p
Genotype 2.466 1 2.466 25.287 1.0E-06 Genotype 2.042 1 2.042 29.979 1.5E-07
PNN 0.024 1 0.024 0.248 0.6193 PV 0.152 1 0.152 2.227 0.1374
Gen ×  PNN 0.271 1 0.271 2.782 0.0968 Gen ×  PV 0.017 1 0.017 0.248 0.6193
Residual 20.970 215 0.098 Residual 11.784 173 0.068
Total 23.770 218 Total 14.270 176

Šídák Mult. Comp. Mn Diff. D.F. Diff. SE t p adj Šídák Mult. Comp. Mn Diff. D.F. Diff. SE t p adj

PNN+ AD vs CT -0.1438 215 0.058 2.4658 0.0566 PV+ AD vs CT -0.2440 173 0.051 4.8203 1.2E-05
PNN- AD vs CT -0.2865 215 0.063 4.5749 3.2E-05 PV- AD vs CT -0.2033 173 0.064 3.1706 0.0072

CT PNN- vs PNN+ 0.0501 215 0.062 0.8073 0.8871 CT PV- vs PV+ -0.0813 173 0.054 1.5124 0.4330
AD PNN- vs PNN+ -0.0926 215 0.059 1.5717 0.3935 AD PV- vs PV+ -0.0406 173 0.062 0.6604 0.9423
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4.4 Summary  

Within morphologically identified populations of PVBCs, PVBSCs, and PVAACs (Figure 4-1), I 

observed a selective reduction in the spiking activity of PVBCs during SWRs in 3 mo 5xFAD mice (Figure 

4-2 & Figure 4-3). PVAACs displayed a tendency for decreased activity, and PVBSCs a tendency for 

increased spiking, however the lower numbers of recorded PVBSCs and PVAACs may have masked slight 

alterations to their activity. While the decreased activity was most apparent in PVBCs, it is interesting there 

appears to be a functional dissociation between dendritic-targeting (PVBSC) and perisomatic-targeting 

(PVBC, PVAAC) cells. Gamma spike-phase locking displayed modest differences across all PV sub-types, 

and within the ripple range only for PVAACs were there genotype differences (Figure 4-4), indicating that 

beyond differences in spike rates, subtle alterations to spike timing may still alter inhibitory control across 

all PV sub-types. With intracellular recordings I observed relatively minimal alterations to spontaneous 

excitatory synaptic activity, other than a selective decrease in the decay time of sEPSCs in PVBCs (Figure 

4-5). However, during SWRs there was a selective decrease in excitatory synaptic drive to PVBCs, with no 

changes in PVBSCs or PVAACs (Figure 4-6). Additionally, the ripple-filtered power of EPSCs was 

decreased in PVBCs, indicating that in addition to a decreased magnitude, the timing of excitatory synaptic 

input was also altered. In contrast to the reduction in excitatory synaptic input, no alterations were observed 

in inhibitory synaptic input to PVBCs (Figure 4-7 & Figure 4-8). This selective reduction in excitatory synaptic 

drive resulted in a decreased E/I ratio during SWR events (Figure 4-9), potentially accounting for the 

reduced spike rate. Finally, as a potential mechanism, PNN integrity was reduced in an independent cohort 

of 5xFAD mice (Figure 4-10). As the presence of PNN has been demonstrated to increase excitatory 

synaptic drive to PV cells, this degradation could account at least in part for PV cell disruption.  
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5. DISCUSSION 

In this study I identified an asymmetric disruption of the CA1 PC-PV microcircuit in a model of AD. 

PVBCs displayed a selective reduction in activity and excitatory synaptic input while other PV 

subpopulations, PVBSCs and PVAACs, were relatively spared. In contrast, excitatory PCs showed a 

propensity for hyperactivity, particularly those within the superficial layer of str. pyramidale. By investigating 

the synaptic input and spike output of identified CA1 subpopulations, this work presents a careful 

description of hippocampal microcircuitry alterations in early amyloid pathology (Figure 5-1), during activity 

critical for memory consolidation (i.e. SWRs).  

Figure 5-1: Schematic of alterations to the CA1 microcircuit in 5xFAD mice. In PVBCs, the synaptic E/I 
ratio during SWRs was reduced, with a reduction in spike rate during SWRs. No obvious alterations were 
observed in PVBSCs or PVAACs. In sPCs, there was a reduction in sIPSCs, an increased E/I ratio during 
SWRs, and an increased probability of spiking during SWRs. In dPCs, there was an increase in synaptic 
E/I during spontaneous periods (between SWRs), no change in the E/I ratio during SWRs (with concomitant 
increases in excitation and inhibition) and enlarged ensembles. 



- 130 - 
 

The principal findings of this study were in the selective reduction of the synaptic E/I ratio in PVBCs 

during SWRs (Figure 4-9 C), driven by a reduction in excitatory synaptic input (Figure 4-6 B1). PVBCs 

spiked less during SWRs (Figure 4-2 B1), thus providing reduced inhibitory control to excitatory PCs. In 

contrast, PCs displayed an increased synaptic E/I ratio (Figure 3-13 B-C), with differences between 

superficial and deep PCs. sPCs saw a greater reduction in inhibitory input than dPCs (Figure 3-10 B & 

Figure 3-12 B), and also displayed an increased probability of spiking during SWRs (Figure 3-5 G-H). As 

the strong inhibition PVBCs provide is critical for the selection of PC ensembles (Klausberger and Somogyi, 

2008; Ellender et al., 2010), this selective reduction may explain the enlarged PC ensembles (Figure 3-1 

E-F), aberrant cellular participation (Figure 3-4 D-F), and more frequent and larger amplitude SWRs in 

5xFAD mice (Figure 2-4 C & Figure 2-5 B).  

While there are likely several factors contributing to PV cell disruption in AD, including previously 

reported downregulation of Nav1.1 channels (Verret et al., 2012) and alterations to AMPA receptor anchoring 

(Xiao et al., 2017), I also explored the integrity of PNN, as the presence of PNN has been demonstrated to 

increase PV cell excitability (Balmer, 2016) and prevent lateral motility of AMPA receptors (Frischknecht et 

al., 2009). Preliminary results indicated reduced staining of PNN in 5xFAD mice (Figure 4-10 C-D), 

potentially providing a novel mechanism for SWR disruption in AD (Figure 5-2). These and other points are 

further discussed in the proceeding chapter.  

 

5.1 SWR Alterations and Implications 

The observed increase in SWRs could be attributable to several mechanisms. The reduction of 

spontaneous inhibitory input that sPCs receive between SWRs (Figure 3-10 B) may permit the buildup of 

excitation necessary for SWR initiation. Alternatively, the decreased duration of SWRs (Figure 2-5 D) may 

more quickly reset the system for subsequent SWR events. Interestingly, the increased event frequency, 

increased amplitude and decreased duration of SWRs in 5xFAD mice were reminiscent of differences 

observed between ventral and dorsal hippocampus (Kouvaros and Papatheodoropoulos, 2017). While 

there was no difference between slice depth across genotype (3.3 ± 0.5 mm CT vs 3.3 ± 0.5 mm 5xFAD, 

t(187) = 0.244, p = 0.807), this could be indicative of long-term alterations within the microcircuitry of the 

hippocampus in 5xFAD mice that mimic differences along the septo-temporal axis in healthy physiology.  
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A more complete description would also require examination of CA3 and CA2 microcircuitry. SWRs 

are principally initiated within the recurrent CA3 network (Buzsáki et al., 1983; Sullivan et al., 2011), and 

are preceded by a transient increase and then suppression of synchronous CA2 PC activity (Oliva et al., 

2016). As  disruptions have been observed in the propagation of SWRs from CA3 to CA1 in 3 mo APPPS1 

mice (Hollnagel et al., 2019), it is possible there are differences between CA1 and CA3 SWRs in 5xFAD 

mice. Moreover, it is possible the local microcircuitry could be differentially affected between hippocampal 

subfields. A careful analysis of PV cell alterations across CA subregions of hippocampus has not been 

conducted, but evidence points to similar alterations in PV synaptic terminals across CA1 and CA3 subfields 

Figure 5-2: Proposed model of disinhibitory effect of PVBCs in 5xFAD mice. Degraded PNN and reduced 
synaptic E/I ratio of PVBCs results in decreased spiking. This reduced inhibitory input to downstream PCs 
results in an increased synaptic E/I ratio and increased ensemble participation. At the level of the LFP, this 
results in SWRs with increased frequency and amplitude. 
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in 3 mo APPPS1 mice (Hollnagel et al., 2019). Whether reduced PV cell activity influences recurrent 

excitation in CA3 or the SWR-triggering role of CA2 remains to be studied. 

 

 Relevance to Memory  

Intriguingly, the observed increase in SWRs in 5xFAD mice appeared to be detrimental, despite their 

demonstrated role in memory consolidation, as I also observed spatial memory deficits (Figure 2-2 E). 

Recent evidence has suggested that longer duration SWRs (>100 ms), which are the minority of events, 

are particularly supportive of memory consolidation. Longer duration SWRs, as well as doublets and triplets 

of SWRs, are upregulated after demanding memory tasks in rats, and closed-loop optogenetic 

truncation/elongation of SWRs deteriorates/improves memory (Fernández-Ruiz et al., 2019). I observed a 

brief but significant decrease in the duration of SWRs in 5xFAD slices (Figure 2-5 D), potentially truncating 

behaviorally-relevant replay. However, I rarely observed doublets or triplets of SWRs in either genotype, 

indicating a difference between SWRs observed in slice and in vivo.  

As an alternate mechanism, aberrant SWRs may interfere with synaptic plasticity. SWRs have long 

been proposed to support LTP, as they fulfil requirements of LTP including coactivation of neurons at high 

frequencies, mimicking tetanic stimulation (Buzsáki, 1986). Only recently were SWRs directly demonstrated 

to support LTP, specifically with the coactivation of behaviorally-active place cells in CA3 and CA1 

(Sadowski et al., 2016). A recent study has suggested the predominant role of SWRs is in fact promoting 

net synaptic depression through LTD (Norimoto et al., 2018). Molecular and electrophysiological evidence 

suggest that waking periods are dominated by net LTP within the hippocampus, while slow wave sleep is 

dominated by net LTD (Vyazovskiy et al., 2008). Closed-loop optogenetic silencing of SWRs during slow 

wave sleep prevents LTD and impairs memory, suggesting that SWRs play a surprising role in down-

regulating memory-irrelevant synapses (Norimoto et al., 2018). Thus, the aberrant SWRs I observed could 

be excessively down-regulating synapses and interfering with memory-relevant reactivations. 

Whether through promoting selective LTP or net LTD, a principal observation is that SWRs support 

memory consolidation through the replay of cells active during memory encoding (Wilson and McNaughton, 

1994; Skaggs and McNaughton, 1996; Lee and Wilson, 2002; O’Neill et al., 2008). As an indirect measure 

of ensemble content, I compared the similarity of cell activations. I observed decreased similarity, and thus 
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an increased repertoire of ensembles (Figure 3-4 D-F). I propose that these aberrant ensembles are 

interfering with relevant activations and injecting noise into the ensemble code. Follow-up experiments are 

required to determine if this is indeed the mechanism underlying memory consolidation impairment. In a 

potential future experiment, Thy1-GCaMP6f mice could be stereotactically injected with a viral construct 

containing doxycycline-dependent immediate early gene expression, such as the Robust Activity Marking 

(RAM) system (Sørensen et al., 2016). In this way, mice could be taken off a doxycycline diet while 

navigating a novel environment, resulting in stable fluorescent labeling of neurons that were active during 

exploration. Subsequent Ca2+ imaging in slice could then be subdivided into cells that were active during 

exploration and those that were not, and the fraction of behaviorally relevant cells reactivated during SWRs 

examined. As a more direct measure, in vivo multielectrode recordings in 5xFAD mice could map place cell 

fields and through comparison between sequences active during exploration and ensembles replayed 

during SWRs, determine if cellular participation is altered. Chronic two-photon in vivo Ca2+ imaging of Thy1-

GCaMP6f mice could also be employed to identify behaviorally relevant neurons within ensemble replay 

(Malvache et al., 2016). 

 

 Significance of Spectral Changes 

SWRs in 3 mo 5xFAD slices exhibited several spectral differences. The power of SWR-nested low 

gamma (20-50 Hz) was robustly increased (Figure 2-6 D), and peak frequency reduced (Figure 2-5 E). The 

origin and significance of SWR-nested low gamma has been debated. It appears to be distinct from classical 

gamma generation mechanisms (e.g. “ING” or “PING”, as reviewed in Whittington et al., 2000), and instead 

related to the overlap of sequential ripples (Oliva et al., 2018). Regardless of whether SWR-nested gamma 

is “true” gamma or the result of ripple overlap, it is predictive of CA3-CA1 synchronization and memory 

performance (Carr et al., 2012). Moreover, it has been demonstrated to be reduced in vivo in both familial 

(Iaccarino et al., 2016; Stoiljkovic et al., 2018) and sporadic AD models (Gillespie et al., 2016; Jones et al., 

2019). I observed that in contrast to these findings, in 3 mo 5xFAD slices, the SWR-nested gamma is more 

prominent, while slower and consequently with fewer cycles (Figure 2-5 H) due to the reduced duration of 

SWR events. However, as there is an overlap in frequency ranges between the SW and low gamma, 
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alterations to the SW envelope due to higher amplitude and shorter duration SWRs may impact low gamma 

attributes. 

In contrast to the disputed role of SWR-nested gamma, there is ample evidence that phasic inhibition 

from PV cells occurs at ripple frequencies (Gan et al., 2017) and is both necessary and sufficient for SWR 

initiation (Schlingloff et al., 2014). This suggests that the duration of SWR events is directly related to the 

progression of ripple oscillations, which in turn is directly related to the activity of fast-spiking PV cells. As I 

observed the same number of ripple cycles (Figure 2-5 I), this suggests that the shortened duration of 

SWRs is instead related to the faster ripples observed in 3 mo 5xFAD mice (Figure 2-5 F). However, despite 

a faster ripple oscillation, the ripple power was unchanged (Figure 2-6 E), suggesting that a prominent 

source of the ripple, phasic inhibition from PV cells, is altered but not increased. The reduced intra-burst 

interval of dPCs (Figure 3-6 F) suggests that more rapid bursting activity of dPCs, likely influenced by 

increased excitatory synaptic drive (Figure 3-9 B), may contribute to the faster ripple oscillation in 5xFAD 

slices. The source of fast or pathological ripples (250-500 Hz) has been demonstrated to originate from 

disorganized firing in epileptic tissue (Foffani et al., 2007). I observed no alterations to this oscillation in 

5xFAD slices (Figure 2-5 G,J & Figure 2-6 F), suggesting the increased activity in 3 mo 5xFAD slices is 

distinct from epileptiform activity. 

 

 Comparison with Prior Studies 

The increased SWR activity I observed is consistent with growing evidence linking hyperactivity and 

Aβ aggregation (Zott et al., 2018). Hippocampal hyperactivity is seen in mouse models of early amyloid 

pathology as increased seizure risk (Palop et al., 2007) and enlarged ensemble activity (Busche et al., 

2012). My results extend these findings to the study of SWRs. In the clinical population, seizures are more 

prevalent and associated with earlier onset of cognitive decline in amnestic MCI patients (Vossel et al., 

2013). Additionally, task-related engagement of the hippocampus, as tested via event-related fMRI, 

indicates hippocampal hyper-activation in MCI patients relative to aged controls, while more progressed 

AD patients experience hypo-activation (Dickerson et al., 2005; Pariente et al., 2005). These studies 

suggest that the observed phenotype in 3 mo 5xFAD mice may better model MCI rather than fully 

progressed AD.  
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As discussed in 1.3 SWRs in Models of AD, several prior rodent studies have indicated a decrease 

in SWRs in vivo, the opposite phenotype I observed in slice. Direct comparisons between studies are 

difficult, due to different animal models of AD, different ages of study, and different recording conditions. In 

Table 5-1, I attempted to summarize studies that have reported alterations to SWR activity in models of AD, 

ordered by age of study. Note that this was not a rigorous meta-analysis; there may be missed studies, and 

the variability between studies precludes quantitative comparisons. 

One conclusion that can be drawn is that SWRs decline in aged AD models. Similar findings are 

seen in normal aging, in which SWR event frequency, amplitude and peak ripple frequency are reduced in 

aged versus young mice (Wiegand et al., 2016; Cowen et al., 2018). In younger models, findings are more 

Table 5-1: Comparison of studies investigating SWR alterations in AD models 

Study Model mo Method Region SWR freq SWR amp SWR dur r freq r pow γpow

Ciupek et al. 2015 rTg4510 2-4 in vivo CA1 X ↓ X ↓ ↓
Caccavano et. al. 2020 5xFAD 3 slice CA1 ↑ ↑ ↓ ↑ X ↑
Hollnagel et al. 2019 APPPS1 3 slice CA1/3 X 1 X 1 X X
Iaccarino et al. 2016 5xFAD 3-4 in vivo CA1 ↓ 2 ↓
Nicole et al. 2016 injected Aβ42 3-4 in vivo CA1 X / ↓ 3

Xiao et al. 2017 APΔE9 NPTX-/- 3-4 slice CA1 X / ↑ 4 X X ↓
Benthem et al. 2020 3xTg-AD 6-7 in vivo CA1 ↓
Witton et al. 2014 rTg4510 7-8 in vivo CA1 X ↓ X ↓ ↓
Jura et al. 2019 Tg2576×PS1ΔE9 8-9 in vivo CA1 ↓ X ↓ ↓
Hermann et al. 2009 Tg2576 8-17 slice CA1 X X X X
Stoiljkovic et al. 2018 TgF344-AD (rat) 9-12 in vivo CA1 ↓ ↓ ↓
Gillespie et al. 2016 APOE-ε4 KI 12-18 in vivo CA1/3,DG ↓ ↑ ↓ ↓
Jones et al. 2019 APOE-ε4 KI 12-18 in vivo CA1/3,DG ↓ ↓

Several studies have investigated SWR characteristics (from left to right): SWR event frequency, 
amplitude, duration, ripple frequency, ripple power, and SWR-nested gamma power. ↑ indicates increase, 
↓ indicates decrease, X indicates no change, blank indicates the endpoint was not assessed. Studies 
ordered by animal age, with the present study highlighted. 1Hollnagel et al., 2019 observed no genotype 
differences in either CA1 or CA3, but there was a larger reduction of SWRs in CA1 relative to CA3 in 
APPPS1 mice. 2Iaccarino et al., 2016 observed no SWRs in one of the six 5xFAD mice studied (Extended 
Figure 1i), likely contributing to observed genotype differences. 3Nicole et al., 2016 observed that baseline 
SWRs were not affected with soluble Aβ injection, only SWRs upregulated after a demanding memory 
task were decreased. 4Xiao et al., 2017 found no changes to SWR event frequency in APΔE9 mice, but 
for those also with NPTX2 knocked-out, there was an increased frequency of SWRs.  
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mixed. SWR event frequency is observed to decrease (Iaccarino et al., 2016; Nicole et al., 2016), increase 

(Xiao et al., 2017; Caccavano et al., 2020), or not differ (Ciupek et al., 2015; Hollnagel et al., 2019) (though 

see footnotes in Table 5-1 for additional complexities of these studies). While different AD models display 

markedly different pathology at similar ages, this difference between young and old AD mice suggests there 

may be differential alterations to SWRs in early and late disease pathology, potentially mirroring effects 

seen in human hippocampal hyper- and hypo-activations (Dickerson et al., 2005; Pariente et al., 2005).  

Another conclusion is that there appears to be a dissociation between slice and in vivo studies. No 

slice studies have reported a decreased SWR event frequency (Hermann et al., 2009; Xiao et al., 2017; 

Hollnagel et al., 2019; Caccavano et al., 2020), unlike most in vivo studies. For comparing SWR activity to 

memory performance, in vivo studies are invariably better suited. In contrast, slice electrophysiology permits 

a careful study of the synaptic inputs to different neuronal sub-types during SWRs, an infeasible task in 

vivo. Thus, to reconcile these studies requires consideration of differences between the intact hippocampus 

and the acute hippocampal slice. The high perfusion rate of the bath to supply sufficient oxygenation to 

slices may contribute to differences, as this likely results in decreased levels of ambient glutamate and 

GABA relative to the intact hippocampus. While the effects of ambient glutamate and GABA have been 

examined in slice (Glykys and Mody, 2007; Herman and Jahr, 2007), these studies have not addressed the 

particular recording conditions required to generate SWRs. Considering recent evidence that suggests Aβ 

blocks glutamate reuptake under conditions of high baseline activity (Zott et al., 2019), further studies are 

warranted in slice and in vivo to determine the role of ambient glutamate during SWRs in AD models. 

SWRs spontaneously arise in slice, indicating that the sufficient circuitry is retained within 

hippocampal slices if they are of sufficient thickness (Buzsáki et al., 1983; Schlingloff et al., 2014). However, 

the incidence of SWRs is affected by several neuromodulatory systems that are effectively removed through 

the slicing procedure, resulting in several differences between in vivo and in vitro SWR generation. SWR 

periods in vivo are tightly regulated by the suppression of cholinergic input from the medial septum 

(Vandecasteele et al., 2014). Similarly, histaminergic tuberomammillary neurons tonically suppress SWRs 

(Knoche et al., 2003). Adrenergic locus coeruleus neurons may have a more complicated modulatory role, 

with evidence for both SWR suppression and induction through α1 and β adrenoreceptors, respectively (Ul 

Haq et al., 2012). Finally, bath application of dopamine in slice increases SWR event frequency, amplitude, 
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and repertoire of ensembles (Miyawaki et al., 2014). The removal of these neuromodulatory inputs in slice 

undoubtedly alters the observed SWR event frequency. However, in some respects this is also an 

advantage of slice studies. Removing these neuromodulatory effects permits the isolated study of local 

microcircuitry, without the confound of altered neuromodulation, particularly considering that sleep 

disturbances are commonly reported in both AD mouse models and human patients (Lee et al., 2020).  

Another consideration is whether SWRs occurring during waking immobility or slow wave sleep are 

differentially affected in AD. Many in vivo studies report either asleep or awake SWRs, or a combination of 

both if SWR periods are only determined by a lack of mobility rather than sleep state. Interestingly, the 

order of replayed sequences can be reversed during waking SWRs, while during sleep, sequences replay 

primarily in the same forward order as experienced during exploration (Foster and Wilson, 2006; Diba and 

Buzsáki, 2007; Wikenheiser and Redish, 2013). While the function of forward and reverse replay is 

incompletely understood (reviewed in Menéndez de la Prida, 2020), it would be interesting to investigate if 

either are preferentially altered in AD. It is also unclear if SWRs in slice are a better model of asleep or 

awake SWRs, or if they are entirely distinct phenomena.  

The Iaccarino et al., 2016 study warrants special discussion, as unlike other studies was also 

performed in 3 mo 5xFAD mice (Table 5-1). During waking periods between theta oscillations, SWR event 

frequency and SWR-nested gamma power were found to be reduced, the opposite phenotype I observed. 

As previously discussed, this conflict could be attributed to neuromodulatory differences. It would also be 

interesting to test what occurs in these mice during slow wave sleep. As mentioned in the footnote of Table 

5-1, in one 5xFAD mouse of the study there were apparently no SWRs observed, which would significantly 

alter the average of the relatively small cohort of six mice. It could also be perfectly plausible that the findings 

are consistent, and that behaviorally upregulated SWRs after exploration are differentially affected than the 

intrinsic SWR bursts observed in slice. However, to fully rectify these findings requires further study. To 

augment the findings in the current study, follow-up in vivo experiments with multi-electrode silicon probes 

could be used in both a 1 mo and 3 mo cohort, to examine SWR characteristics during waking immobility 

and slow wave sleep. Multi-unit recordings could also be sorted into regular and fast spiking cells to 

determine if spike characteristics are altered between putative excitatory and inhibitory cells. 
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In comparing between studies, the choice of AD model surely has implications. The 5xFAD model 

has several advantages over other mouse models in replicating human disease: a high ratio of Aβ42 over 

Aβ40, memory impairment, and neurodegeneration in later disease progression. However, it also has 

limitations. As with most AD models, it only models the familial variant of the disease, while the sporadic 

variant accounts for most human cases. Moreover, the presence of five APP/PS1 gene mutations would 

certainly never be observed in a patient and represents one of the most severe AD models available. Unlike 

some available models it does not include any tau mutations, and so only models the effect of amyloid. 

Another disadvantage is APP overexpression, common to all 1st generation transgenic AD models. Some 

have noted electrophysiological alterations are more related to APP overexpression than Aβ aggregation 

(Kamenetz et al., 2003; Born et al., 2014). I attempted to address this by examining a 1 mo cohort 

(preceding plaque aggregation), in which APP overexpression would still presumably have an effect, a 

cohort in which I observed no alterations (Figure 2-4 to Figure 2-6). Fewer studies exist of second-

generation APP-KI models which address the APP overexpression problem, yet have less pronounced 

disease phenotypes (Sasaguri et al., 2017). While no studies of SWR alterations in APP-KI mice have yet 

been performed, one relevant study found that sIPSC amplitude from putative PV cells is decreased in 

parietal cortex PCs from 18-20 mo APPNL-F mice, although synaptic E/I balance is unchanged (Chen et al., 

2018). Another study observed no changes in the number of PV cells, SST cells, or intensity of PNN in 18-

24 mo APPNL-F mice, but with evidence for mildly dystrophic terminals and enlarged PVAACs, potentially 

playing a compensatory role (Sos et al., 2020). In future studies it will be critical to study hippocampal 

network alterations in novel AD mouse models with greater validity, at the level of the synapse, the 

microcircuit, and behaving animal. 

A final consideration is what is happening to SWRs in human AD patients. Recording SWRs in the 

human population is not trivial, and generally only possible with intracranial EEG electrodes used for the 

localization of epileptogenesis (Norman et al., 2019; Vaz et al., 2019, 2020). This invasive procedure is 

reserved only for patients with severe intractable epilepsy in preparation for surgery, and the odds of having 

a subpopulation of patients comorbid for AD of sufficient size for analysis are slim. However, as the 

hyperactive phenotype observed in AD mouse models occurs early in disease progression (Palop and 

Mucke, 2009, 2010), a potential avenue of future research could be the longitudinal follow-up of surgical 
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patients to determine risk of developing MCI and/or AD, and examine if there were pre-clinical alterations 

to hippocampal network activity including theta, gamma, and SWRs, and spindle-ripple coupling in cortex.   

 

5.2 Microcircuit Alterations in 5xFAD Mice 

Hyperactivity mediated through disinhibition is not a novel finding, and has been previously 

demonstrated in several AD models (Roberson et al., 2011; Verret et al., 2012; Yang et al., 2016). A 

principal goal of the present study was to build upon these studies by exploring the differential alterations 

in previously overlooked hippocampal subpopulations. 

 

 Specificity of Pyramidal Cell Alterations 

Paired-recordings of morphologically identified PVBCs and sPC/dPCs have revealed that synaptic 

currents evoked by PVBCs are roughly three times larger in dPCs than sPCs (Lee et al., 2014). While the 

connection probabilities from PVBC → sPC and PVBC → dPC cell pairs are equivalent (~50% for each), 

morphological analysis reveals that dPCs receive a higher number of PVBC terminals, with similar 

somatodendritic distributions (Lee et al., 2014; Valero et al., 2015). In vivo sharp electrode recordings have 

demonstrated that during SWRs, dPCs are hyperpolarized while sPCs are depolarized, indicating that this 

asymmetric PVBC innervation has functional consequences during SWR activity (Valero et al., 2015). 

Intrinsic differences also likely contribute to differences in activity. Relative to sPCs, dPCs are more 

hyperpolarized at resting membrane potential with a reduced Ih current, attributed to the hyperpolarization-

activated cyclic nucleotide-gated (HCN) non-specific cation channel (Jarsky et al., 2008; Lee et al., 2014). 

Interestingly, despite this hyperpolarization and increased innervation from PVBCs, dPCs have been shown 

to spike at higher rates and with more spike bursts during activity and REM sleep (Mizuseki et al., 2011). 

The attenuating role on EPSPs of the HCN channel, as well as different afferent connectivity could 

contribute to the reduced activity of sPCs. 

Considering these differences between sPCs and dPCs, it was surprising to observe that sPCs were 

preferentially disinhibited in 5xFAD mice. Superficial PCs saw a selective decrease in sIPSC frequency 

(Figure 3-10 B), with a reduction in high amplitude and fast decay sIPSCs attributed to perisomatic-targeting 

PVBCs (Figure 3-11 A,C), and a higher probability of spiking during SWRs (Figure 3-5 G). During SWRs, 
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sPCs had a selective and significant increase in synaptic E/I ratio (Figure 3-13 C). Considering the observed 

reductions in PVBC activity, it would be reasonable to hypothesize that dPCs, with their increased PVBC 

innervation, would be preferentially disinhibited. One potential explanation is that the increased number of 

PVBC → dPC synaptic contacts still facilitates sufficient inhibitory control, while the relatively weaker PVBC 

→ sPC synapses are particularly vulnerable to reduced PVBC function. Determining the exact cause would 

require further experiments. Morphological examination of perisomatic PV synapses across superficial and 

deep layers could reveal if long-term alterations to synaptic connectivity occurs in 5xFAD mice. Directly 

assessing the synaptic strength between PVBCs and PC populations would require manipulating both cell 

populations simultaneously. Paired recordings, as conducted in the Lee et al., 2014 study, would 

unambiguously demonstrate that reduced PVBC input in 5xFAD mice preferentially impacts sPCs over 

dPCs. However, these are laborious experiments, considering that there are six PC-PV cell pairs to 

examine within each genotype between the subpopulations of PCs and PV cells. Alternatively, an 

optogenetic approach with a light-sensitive opsin expressed in PVCre mice could be employed. The CRACM 

technique (Petreanu et al., 2007), with Na+ and K+ channel blockers to stop spontaneous action potentials 

and facilitate optogenetic axonal depolarization, could determine if inhibition from the combined PV cell 

population is differentially reduced in sPC and dPC populations. However, with such an approach it would 

be impossible to distinguish the differential contributions from PVBCs, PVBSCs, and PVAACs. 

While the reduction in inhibitory input was most notable in sPCs, dPCs were not completely unaltered 

in 5xFAD mice. During SWRs there was no alteration to the average synaptic E/I ratio (Figure 3-13 C), with 

both excitatory (Figure 3-9 B) and inhibitory synaptic input (Figure 3-12 B) increasing in balance. However, 

when examining the time course of the synaptic E/I ratio across SWR events, there was an increase 60 ms 

preceding the SWR peak, indicating a delayed increase in inhibition relative to excitation (Figure 3-13 G). 

During spontaneous periods between SWRs, slight increases in excitatory charge (Figure 3-8 H) and 

reductions in inhibitory charge (Figure 3-10 G) resulted in a significant increase in the synaptic E/I ratio 

(Figure 3-13 B). While spike rates were not altered, more dPCs were recruited in the ensemble. Together 

these findings indicate that PVBC dysfunction may also contribute to hyperactivity in the dPC population. 

 Superficial and deep PCs do not uniformly innervate PVBCs. Whereas PVBC → sPC and PVBC → 

dPC cell pairs have similar connectivity (~50%, though with unequal synaptic strengths), sPC → PVBC 
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connectivity is roughly three times greater than dPC → PVBC connectivity (48% versus 18%), with roughly 

equivalent synaptic strength (Lee et al., 2014). This asymmetry is particularly interesting considering that 

during SWRs, I observed sPCs had an increased probability of spiking, yet PVBCs received reduced 

excitatory synaptic input. Through some mechanism this increased excitatory input is not observed in 

PVBCs, suggestive of a failure of glutamatergic synapses onto PVBCs.  

 

 Potential Mechanisms for Selective PVBC deficit 

 Several mechanisms likely contribute to PVBC dysfunction in amyloid pathology. While many 

studies have reported alterations within the PV cell population, none until the present has explored 

differential effects on the three PVBC, PVBSC, and PVAAC subpopulations, thus we are left to speculate 

on the underlying mechanism. In Table 5-2 I have attempted to summarize studies exploring PV cell 

disruption in rodent models of AD. Note, as with the summary of SWR studies (Table 5-1), this is not 

intended to be a rigorous meta-analysis. 

It has long been observed that PV immunoreactivity is reduced in AD patients. In postmortem 

patients, the number of PV cells is reduced in frontal and temporal cortex (Arai et al., 1987). PV cells are 

decreased in size across parahippocampal, parietal, and cerebellar cortex (Satoh et al., 1991). Across 

hippocampal subfields, there is an approximate 60% decrease in the number of PV positive neurons across 

hippocampal subfields (Brady and Mufson, 1997). Similar observations of decreased PV immunoreactivity 

have been observed in several mouse models (Popović et al., 2008; Takahashi et al., 2010; Flanigan et al., 

2014; Albuquerque et al., 2015; Mahar et al., 2016; Zallo et al., 2018; Crapser et al., 2020). Decreased PV 

staining could indicate at least two alternatives. It could indicate a preferential vulnerability of PV cells. 

Alternatively, as PV expression is reportedly plastic (Donato et al., 2013), it could indicate that PV cells 

have reduced expression of PV, rendering them undetectable through immunostaining. As PV expression 

levels are correlated with the ratio of E/I synaptic input (Donato et al., 2013), this could suggest long-term 

alterations of synaptic input to PV cells in AD.  

There are also some observations of increased PV expression in mouse models. In 3 mo APPPS1 

mice, there is increased expression of perisomatic PV terminals in CA1 and CA3 (not distinguished between 

PVBCs and PVAACs, Hollnagel et al., 2019). Another study reported increased PV cell expression in 3-12 



- 142 - 
 

mo APΔE9 mice, although this was not quantified (Verdaguer et al., 2015). Analogously, a study within DG 

observed that NPY expression is increased and correlated with a hyperactive phenotype in 4-7 mo 

hAPPJ20 mice (Palop et al., 2007). This increased expression of NPY is of interest to my results, as unlike 

PVBCs and PVAACs, PVBSCs coexpress NPY (Klausberger et al., 2004). While spike alterations between 

genotype did not reach significance in the PVBSC population (Figure 4-2 B2-E2), unlike the significant 

decrease in PVBCs (Figure 4-2 B1-E1), and the tendency for a decrease in PVAACs (Figure 4-2 B3-E3), 

5xFAD PVBSCs appeared to increase their activity. This dissociation in activity suggests dendritic-targeting 

PV cells are differentially affected than perisomatic-targeting PV cells. However, in relation to the relevance 

of NPY expression, PVBSCs do not exclusively express NPY, it is highly expressed in dendritic-targeting 

Table 5-2: Comparison of studies investigating PV cell disruption in AD models 

Study Model mo Region Cell Spiking PC IPSC PV EPSC PV PNN Morph. Intrinsic

Popovic et al. 2008 APΔE9 14 DG ↓
Takahashi et al. 2010 APP751SL/PS1 KI 10 CA1 PV ↓
Roberson et al. 2011 hAPPJ20;Fyn 4-6 DG put. FS ↓
Verret et al. 2012 hAPPJ20 4-7 pari. CTX INT/PV ↓ altered
Flanigan et al. 2014 5xFAD 9-14 barrel CTX PV ↓
Albuquerque et al. 2015 TgCRND8 6 CA3 PV ↓
Verdaguer et al. 2015 APΔE9 3-12 CA1-3 PV ↑ 1

Yang et al. 2016 Tg2576 4 CA1 PV ↓ ↓
Mahar et al. 2016 TgCRND8 1 CA1 PV ↓
Cattaud et al. 2018 Tg2576 3-15 HPC PV ↓
Zallo et al. 2018 3xTg-AD 18 CA1 PV ↓
Chen et al. 2018 APPNL-F 18-20 pari. CTX put. FS ↓
Hollnagel et al. 2019 APPPS1 3 CA1/3 peri. PV ↑
Hijazi et al. 2019 B6C3-Tg 4 HPC PV ↑ altered
Sos et al. 2020 APPNL-F 18-24 HPC PV/PVAAC X X altered
Chung. et al. 2020 injected Aβ42 2 CA1 PV altered 2 ↓
Caccavano et. al. 2020 5xFAD 3 CA1 PVBC ↓ ↓ ↓ ↓ ↓
Crapser et al. 2020 5xFAD 4-18 CTX,Sub. 3 PV ↓ ↓

Several studies have investigated PV cell characteristics (from left to right): Spontaneous spiking activity, 
IPSCs on PCs attributed to fast-spiking PV cells, EPSCs in PV cells, PV immunoreactivity, PNN integrity, 
morphology, and intrinsic function including resting membrane potential, spike threshold, and action 
potential shape. ↑ indicates increase, ↓ indicates decrease, X indicates no change, blank indicates the 
endpoint was not assessed. Studies ordered by date. CTX = cortex, pari. = parietal, put. FS = putative 
fast-spiking, peri. PV = perisomatic-targeting PV cells (PVBCs + PVAACs), INT = GABAergic interneuron. 
Sub. = subiculum. 1Verdaguer et al., 2015 did not quantify the reported increase in PV expression. 2Spike 
rates were not assessed, but spike-phase coupling was disrupted. 3Staining was conducted over the entire 
brain, PV and PNN loss were most notable in regions with high plaque load, particularly subiculum.  
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neurogliaform and Ivy cells (Pelkey et al., 2017). Moreover, another study has identified a loss of CA1 NPY 

cells in 1 mo TgCRND8 mice (Mahar et al., 2016), indicating there may be a more complex time course of 

expression throughout disease progression.  

Electrophysiology experiments have more directly shown that intrinsic factors can account for PV 

cell disruption. Within PV cells of the parietal cortex, downregulation of the voltage-gated Nav1.1 channel 

can explain a depolarized resting membrane potential, altered action potential shape, and cortical network 

hyperactivity (Verret et al., 2012). Similar intrinsic alterations are seen in an independent AD model (Hijazi 

et al., 2019), and supported by computational studies (Perez et al., 2016). Moreover, PV cells are observed 

to be hyperexcitable, discharging more action potentials with increasing current injections relative to 

controls, likely due in part to a depolarized resting membrane potential (Hijazi et al., 2019). Note that 

measures of excitability and spike threshold in whole-cell current clamp are much different manipulations 

than recording the spontaneous spike rate in cell-attached recordings. Contrasting with this increased 

excitability, I observed a selective reduction in the spike rate in PVBCs during SWRs. I was unable to 

confirm intrinsic alterations in my whole-cell PV recordings, as they utilized a Cesium-based internal 

containing QX314 to block voltage-gated Na+ and K+ channels required for action potentials. This permitted 

the study of both spontaneous excitatory and inhibitory synaptic input without pharmacologically altering 

SWR activity, but precluded measures of intrinsic factors such as resting membrane potential, spike 

threshold, and action potential shape. As in indirect measure of intrinsic input-output neuronal function, I 

correlated the synaptic E/I ratio recorded intracellularly with the spike rate recorded extracellularly. I 

observed that control PVBCs behaved as expected, with the synaptic E/I ratio positively correlated with the 

spike rate, whereas this failed to be the case for 5xFAD PVBCs (Figure 4-9 F-G). It will require further study 

to determine if intrinsic properties are differentially altered in PV cell subpopulations. According to the Allen 

Brain Institute Cell Types Database, all identified murine PV clusters express the Scn1a gene encoding 

Nav1.1 (Lein et al., 2007), suggesting that all PV subpopulations are vulnerable to its downregulation.  

 

 Excitatory Synaptic Reduction in PVBCs 

My findings indicate that in addition to any altered intrinsic function, a decrease in excitatory synaptic 

drive contributes to reduced PVBC function. While my study did not identify the afferent source of excitation, 
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this is consistent with other studies identifying alterations to AMPA receptor anchoring in PV cells (Xiao et 

al., 2017), and degeneration of excitatory entorhinal input to CA1 PV cells (Yang et al., 2016). The average 

CA1 interneuron is estimated to receive 69-83% of its glutamatergic input from CA3 PCs, 10-19% from 

local CA1 PCs, and 7-12% from entorhinal cortex (Bezaire and Soltesz, 2013). These only serve as 

estimates and have not been carefully quantified for PV subpopulations. It is possible that only one or all 

these afferents are preferentially susceptible to degradation in AD. The Yang et al., 2016 study indicates 

EC is one such afferent, yet my data suggest the Schaffer collateral afferent from CA3 may also be 

impaired. I observed decreased excitatory drive during SWRs (Figure 4-6 B1) and not during spontaneous 

periods between SWRs (Figure 4-5 B1-H1). As SWRs are principally propagated from CA3, this could 

indicate that CA3 → PVBC synapses are selectively impaired. Supportive of this, genetic deletion of the 

GluA4 or GluA1 subunit selectively in PV cells results in decreased spiking of CA1 FS cells after electric 

stimulation to the Schaffer collaterals (Fuchs et al., 2007). However, in contrast to my findings, in mice with 

GluA1 selectively knocked-out in PV cells, SWR event frequency is unaltered while ripple power is increased 

(Rácz et al., 2009). 

The mechanism underlying this synaptic reduction was not explored in my study and could be pre- 

and/or post-synaptic. My experiments only examined synaptic activity during spontaneous SWRs. One 

potential future experiment could be the replacement of Ca2+ with Sr2+ in the aCSF, which would reduce 

synchronous and enhance asynchronous quantal release (Oliet et al., 1996; Xu-Friedman and Regehr, 

2000). This manipulation would permit the analysis of quantal parameters to determine if there is a decrease 

in quantal size of unitary events (suggestive of a post-synaptic mechanism). However, this approach has 

primarily been used with electric stimulation, and it is unclear if it would be effective for examining long 

duration events such as SWRs. Alternatively, one could probe quantal parameters by pharmacologically 

isolating mEPSCs from sEPSCs through the administration of the voltage-gated Na+ channel blocker TTX, 

with the caveat that it would be impossible to determine if the recorded mEPSCs correspond to those 

occurring during SWRs. A decrease in mEPSC amplitude would suggest a post-synaptic mechanism, while 

a decrease in mEPSC frequency would suggest either reduced probability of release or reduced number 

of synaptic contacts.  
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Determining the afferent source of reduced glutamatergic input would require selective manipulation 

of different inputs while recordings intracellularly from PV cells. A relatively straight-forward experiment 

would be to record in PV cells the synaptic response to electric stimulation delivered to str. rad. (to isolate 

CA3 input) and str. l.m. (to isolate EC input). Although the synaptic contacts of interest would be located 

distally, the minimal dendritic filtering of PV cells should ensure they are still reliably recorded in soma (Hu 

et al., 2010). Moreover, recordings of synaptic entorhinal input has previously been demonstrated in PV 

cells (Yang et al., 2016). Directly assessing synaptic alterations within the CA1 microcircuit is more 

challenging but could be accomplished through an optogenetic approach. Expressing a light-sensitive opsin 

in CalbindinCre mice to label sPCs (Daigle et al., 2018), or under the Thy1 promoter to label dPCs (Arenkiel 

et al., 2007; Dobbins et al., 2018), could permit the selective activation of CA1 PC subpopulations to 

determine if local light delivery to CA1 preferentially alters synaptic input to PV cells. The CRACM technique 

(Petreanu et al., 2007) could identify if glutamatergic input from CA1 sPC or dPC populations is altered, but 

would require immunohistochemical techniques to determine if any observed alterations could be attributed 

to altered synaptic density. As for assessing direct PVBC contributions to sPC and dPC hyperactivity, the 

gold standard experiment would be paired recordings of PC and PV cells, but would also be the most 

laborious.  

 

 PNN Loss in AD 

A potential mechanism for impaired glutamatergic input to PV cells is the loss PNN, which I observed 

in a preliminary IHC experiment (Figure 4-10). The acute degradation of PNN has been demonstrated to 

reduce PV cell excitability and activity (Slaker et al., 2015; Balmer, 2016). In a prior study, we observed that 

degradation of PNN increases SWR event frequency by ~50% (Sun et al., 2017), a similar magnitude effect 

as the current study (Figure 2-4 C). Additionally, the selective reduction of excitatory input to PV cells 

(Figure 4-6 B1) is consistent with the decrease in mEPSCs in PV cells in a brevican knockout, a major 

component of PNN (Favuzzi et al., 2017). Moreover, PNN loss is observed in mouse models of AD. WFA 

staining is reduced in 3 mo Tg2576 mice (Cattaud et al., 2018). A recent longitudinal study of 4-18 mo 

5xFAD mice observed degeneration of PNN and a loss of PV cells that are highly correlated with regional 

plaque load and microglial activation (Crapser et al., 2020). In humans there is also evidence for PNN 
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degradation in postmortem AD patients (Kobayashi et al., 1989; Baig et al., 2005; Crapser et al., 2020). As 

PNNs are more selectively located around PVBCs (>90%) than PVBSCs (25-50%) or PVAACs (<10%) 

(Yamada and Jinno, 2015), this could potentially explain the PVBC specificity I observed.  

However, there are conflicting reports in the literature on the role of PNN in AD. In a separate study 

of 14-18 mo Tg2576 mice, no alterations were seen in either WFA or aggrecan staining (Morawski et al., 

2010b). In APPΔE9 mice there are reports of elevated hyaluronan, neurocan, brevican and tenascin-R in 

hippocampal synaptosomes at 3 mo, though not at earlier or later ages (Végh et al., 2014). Similar evidence 

for upregulation of brevican has been observed within the superior frontal gyrus of postmortem AD patients 

(Howell et al., 2015). Another study concluded that PNN is unchanged in human brains through co-staining 

for WFA, aggrecan, and brevican, and suggested earlier reports of PNN degradation with WFA staining 

could be attributed to the loss of lectin binding sites in degraded tissue (Morawski et al., 2012). Further 

complicating the role of PNN in AD, neurons surrounded by aggrecan-positive PNN in postmortem AD 

patients are rarely observed with tau pathology, suggesting a neuroprotective role of PNN (Brückner et al., 

1999; Morawski et al., 2010a).  

Taken together, there is far from a consensus view on the state of PNN in AD. PNN integrity may 

follow complex temporal and regional differences that differ between mouse model and across disease 

progression in humans. Even less clear is if altered PNN is a cause or effect of AD pathology. Does altered 

PNN contribute to PV cell dysfunction? Or instead are PNN alterations responses to altered synaptic 

connectivity? More work is required, and to be hopefully paired with functional studies of PV cell activity to 

determine the effect of PNN alterations on neuronal and microcircuit activity.  

Analogous to the heterogeneity of observed PV cell alterations in AD models, one possible 

explanation for conflicting findings may be in the treatment of PNNs as homogeneous structures and 

ignoring PNN diversity. WFA-stained PNNs in parietal cortex can be subdivided into three groups: dense 

lattice-like PNNs surrounding PV cells (67%), weakly-labeled PNNs surrounding PCs throughout layers II-

II and V (29%), and a small fraction (4%) of brightly stained diffuse nets surrounding layer VI PCs (Wegner 

et al., 2003). Similar heterogeneity exists in hippocampus, in which bright diffuse PNNs are observed 

around CA2 PCs (Schüppel et al., 2002; Carstens et al., 2016). Dense PNNs surround PV cells across 

CA1-3 and DG, yet there are considerable proportions of PNN-ensheathed cells that are PV-negative 
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(Lensjø et al., 2017). It is possible that different subpopulations of PNN are differentially affected in AD 

pathology, perhaps reflecting differing underlying synaptic alterations to neuronal subpopulations. I 

attempted to address this in my data by comparing PNN integrity between PV+ and PV- cells within CA1 

str. pyr., but observed no differences between these subpopulations (Figure 4-10 G).  

The lectins WFA and VVA are widely used for PNN visualization, but these nonspecific stains gloss 

over some of the complexities of PNN structure. The epitope that WFA detects appears to be located on 

aggrecan, as its genetic deletion ablates WFA staining, but not the presence of PNNs, as seen through co-

staining for hyaluronan, tenascin-R, and brevican (Giamanco et al., 2010). Brevican, while an integral part 

of PNN, displays a different expression pattern than aggrecan, and is more associated with perisynaptic 

axonal coats (Frischknecht and Seidenbecher, 2012; Morawski et al., 2012). Genetic deletion of brevican 

results in reduced mEPSC frequency and density of GluA1 and Kv3 channels in hippocampal PV cells 

(Favuzzi et al., 2017). Interestingly, this study also observed brevican only around PVBCs, and not 

chandelier, SST, or VIP cells in somatosensory cortex. An important future direction of research would be 

to combine WFA staining with more specific markers including aggrecan and brevican in an AD model. 

It is important to note that my preliminary assessment of PNN integrity had several limitations. The 

staining was conducted in two cohorts which were not balanced by genotype (cohort 1 = 1 CT, 4 5xFAD; 

cohort 2 = 4 CT, 1 5xFAD). While the identical protocol was performed, it is possible systematic differences 

underlie the observed decrease in PNN intensity. A more careful study would also employ more quantitative 

approaches including ELISA or Western Blot. My experiments did not delineate PV cells by sub-type, which 

would be possible by also staining for SATB1 (expressed in PVBCs and PVBSCs but not PVAACs, Viney 

et al., 2013), and NPY or SST (unique to PVBSCs, Klausberger et al., 2004). A potential future avenue of 

research could be quantitative assessment of PNN across different age cohorts, and manipulations to 

decrease and increase PNN in AD models. Chronic and acute degradation of PNN could be accomplished 

through chondroitinase treatment, to determine if PV cell activity is further reduced and the hippocampus 

more hyperactive. As a potential restoration, PNNs could be upregulated through the inhibition of matrix 

metalloproteinases (MMPs), which have been demonstrated to interact with aggrecan to degrade PNNs 

(Mercuri et al., 2000; Madsen et al., 2010). MMP-9 in particular has been demonstrated to have a broad 

role in synaptic plasticity and neural pathology (reviewed in Conant et al., 2015; Vafadari et al., 2016). 
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Treatment with doxycycline, a broad spectrum MMP inhibitor (Griffin et al., 2010), or the more specific 

MMP-9 antagonist SB-3CT (Gore et al., 2020) could determine if PV cell dysfunction and network activity 

can be restored in 5xFAD mice, similar to work done in status epilepticus (Pollock et al., 2014).  

 

5.3 Conclusion 

Here, I characterized and identified selective alterations within the CA1 PC-PV microcircuit in a model 

of AD during activity critical for memory consolidation. The selective decrease in excitatory synaptic 

transmission to PVBCs suggest they may be a promising target for interventions to restore hippocampal 

network activity in early amyloid pathology. Given the rapid evolution of tools to manipulate activity in a cell-

type specific manner, this finding is of particular importance considering optogenetic (Iaccarino et al., 2016) 

and chemogenetic (Hijazi et al., 2019) approaches to ameliorate memory decline in AD. A limitation of these 

strategies is that the PVCre driver will also target PVBSCs and PVAACs, potentially leading to unintended 

off-target consequences in temporal sequencing. Novel combinatorial approaches utilizing both Cre and 

Flp (He et al., 2016) provide a promising avenue to selectively manipulate distinct neuronal subpopulations. 

For example, the Nkx2.1CreER;LSLFlp mouse would provide an efficient means to record PVAAC activity, in 

which I observed small alterations that did not reach significance.  

While the observed reduction in excitatory synaptic input to PVBCs is consistent with prior studies, it 

also introduces several outstanding questions for future research. Determining the source of this synaptic 

deficit will require further anatomical and functional studies. The precise role of PNN on PV cell activity in 

amyloid pathology has yet to be well examined. The mechanism by which PVBC dysfunction increases 

SWR activity will require examination of hippocampal subfields beyond CA1. And the effect of this network 

hyperactivity on memory impairment will require in vivo electrophysiological and behavioral studies. These 

limitations aside, this study contributes to the field by examining for the first time the differential contributions 

of previously overlooked neuronal subpopulations to SWR disruption. By examining the synaptic input and 

spiking output of these subpopulations during activity critical for memory consolidation, these experiments 

provide insight into early amyloid pathology and inform future attempts to manipulate the hippocampal 

microcircuit. 
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