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ABSTRACT OF THE DISSERTATION

Novel Quantitative Analyses in Mouse Models of

Neurological and Psychiatric Disorders

by

Lingxuan Chen

Doctor of Philosophy in Molecular, Cellular, and Integrative Physiology
University of California, Los Angeles, 2018

Professor Istvan Mody, Chair

Numerous efforts have been made to illuminate the mechanisms underlying neurological and
psychiatric disorders, in order to develop treatments for these diseases. With the advantage of
transgenic mouse models to recapitulate human pathological alterations and to support drug
screening, promising discoveries have been made over the past century. In this dissertation, |
am focusing on Alzheimer’s disease (AD), which is a neurodegenerative disorder with significant
public health concern. Using one of the newest mouse models of AD, the App™-" mouse model,
I have investigated synaptic, network, and cognitive alterations related to this disease, with
techniques from in vitro and in vivo electrophysiology for examining abnormalities in the brain to
behavior tests for assessing the cognitive functions of the animals. In the meantime, novel
quantitative approaches have been developed and applied to objectively interpret the

experimental data. In App™" homozygous mice, we have found synaptic alterations consistent

ii



with deficits in parvalbumin-expressing interneurons (PV INs). Moreover, through long-term in
vivo local field potential (LFP) recording, we have discovered perturbed network activities
associated with disrupted sleep patterns, which happened during a critical period in the disease

progression and may lead to further cognitive deficits in these animals.

Besides well-known cognitive dysfunctions such as loss of memory and reasoning as well as
language difficulties, there is a second group of non-cognitive symptoms including psychiatric
disorders and behavioral disturbances, such as depression, hallucination, delusions, and
agitations(Burns et al., 1990; Burns and lliffe, 2009). Therefore, | have also investigated into the
mouse forced-swim test (FST), which is widely used in the screening of antidepressants. By
quantitative analyses on this test, we have discovered a new confounding factor, and developed
novel methods to determine the important parameters in the mouse FST, which could be

applied to mouse AD models to study depression and the effect of antidepressants in AD.

In conclusion, the application of quantitative approaches in neuroscience studies have led to the

discovery of intriguing results and provided ground for exciting future research.
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Chapter |

Introduction

Alzheimer’s disease was discovered over a century ago, and it has drawn the attention of
numerous studies trying to illuminate the mechanisms underlying this disease and to develop
treatments. Especially, with the advantage of different mouse models to recapitulate human
pathology, promising discoveries have been made in our fundamental knowledge of alterations
from molecular and cellular to network functions in the AD brain. In this dissertation, | have
investigated into a newly generated mouse model of AD, the App™ " model. With techniques
from in vitro and in vivo electrophysiology for examining abnormalities in the brain to behavior
tests for assessing the cognitive functions of the animals, a number of quantitative approaches
have been developed to objectively interpret the experimental data, which have uncovered
intriguing results and provided ground for future research as well. Also, novel quantitative
approaches have been applied to the mouse forced-swim test (FST), which is widely used in
major depressive disorder (MDD) research. FST with rigorous quantitative analyses could be

useful in AD research as well with depression being one of the non-cognitive symptoms in AD.

1.1 Synaptic, network, and cognitive deficits in a mouse model of Alzheimer’s

disease

Alzheimer’s disease (AD) is a progressive chronic neurodegenerative disorder that has become

a compelling global burden of disease with the gradually aging population. Since it was



described in 1907 by Dr. Alois Alzheimer, AD has attracted efforts in both fundamental research
trying to elucidate the molecular and cellular mechanisms of the disease and clinical studies
aiming to treat or even cure this disorder, especially after the 1960s(Blessed et al., 1968;
Katzman, 1976). Various gene mutations in the amyloid precursor protein (APP)(Levy et al.,
1990) and presenilin (PSEN1 and PSEN2)(Levy-lahad et al., 1995; Rogaev et al., 1995;
Sherrington et al., 1995) have been associated with early-onset familial AD (fAD), while
apolipoprotein E polymorphism €4 (APOE4) has been identified as a risk factor for late-onset
sporadic AD(Schmechel et al., 1993; Strittmatter et al., 1993). The discovery of various genetic
mutations has shed light upon the development of various AD mouse models. Another huge
improvement was the isolation of amyloid 3 (AB) protein as the main component of amyloid
plagues(Glenner and Wong, 1984a, 1984b) and the identification of the microtubule-associated
protein tau as the principal constituent of neurofibrillary tangles (NFTs)(Grundke-Igbal et al.,
1986; Kosik et al., 1986; Wood et al., 1986). Now it is well known that AD pathology can be
characterized by the accumulation of extracellular AB plaques, intracellular NFTs, as well as
reactive microgliosis, dystrophic neurites, and loss of neurons and synapses(Braak and Braak,

1991; Serrano-Pozo et al., 2011).

Among various mouse models available for AD research(LaFerla and Green, 2012; Sasaguri et
al., 2017), we have chosen the App"-* model(Nilsson et al., 2014; Saito et al., 2014), which
belongs to the 2" generation mouse models of AD. Both generations of models develop
excessive amyloid plaque deposition due to enhanced A production. The main difference
between the two generations of mouse AD models is that the 1° generation was generated by
overexpressing either wild-type or mutant human APP (hAPP) in the mouse brain, which may
cause intrinsic problems because of the overproduction of hAPP and its various cleavage
products as well as the expression of powerful exogenous promoters. On the contrary, the 2

generation mouse models were generated by a gene knock in approach, in which there is no
2



hAPP overexpression, thus reducing artificial phenotypes(Saito et al., 2014; Sasaguri et al.,
2017). Therefore, it is essential to examine the pathological changes in the new models in order

to untangle the individual contribution of ApB to the disease progression.

The first part (Chapters II-1V) of this dissertation is focused on investigations into synaptic,
network, and cognitive alterations in the App"* mouse model of AD. Chapter Il is a qualitative
description of the plaque load in the AD brain, as well as a quantitative study on the behavioral
alterations in the animals using a newly developed behavior test. Chapter Il comprises the
studies on the synaptic transmission in layer 2/3 parietal cortex by patch-clamp recordings in the
pyramidal cells. With rigorous analyses on the postsynaptic currents and the excitation-inhibition
balance, we have found potential deficits in the parvalbumin-expressing interneurons (PV INs),
which could then lead to aberrant network activities and memory decline. Chapter IV describes
the investigations into the network activities from long-term in vivo local field potential (LFP)
recordings in hippocampal CA1 stratum pyramidale at different ages in the NL-F mice. We have
discovered a possibly critical period in the disease progression, when sleep disturbances were
observed and sharp wave ripples (SWRs) started to turn into spike discharges, which could lead

to further clinical changes in AD such as seizures and cognitive impairment.

1.2 Quantitative analyses on the behavior of mice subjected to the forced-swim

test

Major depressive disorder (MDD) is a key public health concern. From 1990 to 2010, the
contribution of MDD to both disability-adjusted life years(Murray et al., 2012) and years lived
with disability(Vos et al. 2012) had increased by 37%. MDD was predicted to become the

second leading contributor to the burden of disease by 2020(Murray and Lopez, 1997).



Moreover, depression belongs to one of the non-cognitive symptoms in AD(Burns et al., 1990;

Burns and lliffe, 2009), making studies on MDD relevant to AD research as well.

Since clinical depression is a heterogeneous disease in humans, with symptoms at the
psychological, behavioral, and physiological levels, it is difficult to model all aspects of this
disease in rodents, especially the psychological ones(Cryan et al., 2002; Cryan and
Mombereau, 2004). A review by McKinney and Bunney on animal models of depression has
listed several minimum requirements for a model system, including that there should be
observable behavioral changes that can be objectively evaluated, the changes in the animals
should be reversible by the treatment effective in humans, and the results should be
reproducible among different investigators(McKinney and Bunney, 1969). Therefore, a practical
strategy in developing animal models for behavioral depression would be to model single
changes with a clear cut output relevant to the disease state rather than recapitulating the entire
syndrome. The forced-swim test (FST) was developed for rats by Porsolt et al. in 1977(Porsolt
etal., 1977a, 1977b, 1978), and it is the most widely used rodent model to assess the
effectiveness of antidepressants because of it's operational ease, reliability, and sensitivity to a
broad spectrum of drugs. The output in FST is the immobility of the rat, which is defined as
when a rat is floating and/or making only necessary movements to keep the balance of its body
or to keep its head above the water. If treatment with a drug reduced behavioral immobility,
which is thought of as a measure of behavioral despair, the drug could be considered as an
effective antidepressant(Porsolt et al., 1977a, 1977b, 1978). Latency to the first immobility is

also used as an output of the test(Castagné et al., 2009).

As the FST was originally developed for rats, a species ethologically different from mice, some
technical issues remain in FST using mice, a species for which the test may not be adequately

adapted(Cryan and Mombereau, 2004; Cryan and Holmes, 2005). The second part (Chapter V)
4



of this dissertation is on investigations into possible pitfalls in the measurements currently used
for FST in mice, uncovering a previously neglected confounding factor, the buoyancy of the
animals, and devising novel quantitative analyses on the behavior of the animals during the test.
Our systematic analyses indicated the existence of an intrinsic biological clock influencing the
swimming patterns of the animals, providing possibilities for future studies. Also, FST with
rigorous analyses could be applied to AD research, such as evaluating the role of depression

and antidepressants in AD pathology.
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Chapter Il

Amyloid Deposition and Behavioral Alterations in the App"-*

Mouse Model of AD

2.1 Summary

Alzheimer’s disease (AD) is a neurodegenerative disease that has become a global public
health concern in the gradually aging population. The pathological hallmarks of AD include
amyloid-B peptide (AB) plaques, neurdfibrillary tangles (NFTs), and neuronal loss. Specifically,
various mouse models generated by known mutations causing the overproduction of AB in
human familial AD have been generated, accelerating research in fundamental mechanisms
leading to this disease and subsequent alterations in the brain causing pathologic phenotypes
such as cognitive dysfunction. The App™* mouse model of AD is newly generated by a gene
knock-in approach, and compared to other existing transgenic mouse models of AD it closely
replicates several key pathologies found in human AD while having fewer physiological
disturbances and artificial phenotypes. Here two of the key pathological hallmarks in the App™-*
model are presented, AR plaque deposition in the brain and cognitive deficits, using methods of
tissue clearing and a novel behavior test combining novel object recognition (NOR), social
interaction, and olfactory memory. Our studies on the level of amyloidosis provided guidance in
choosing mice at appropriate ages to study synaptic transmission, network activities, as well as
cognitive functions, and results from our novel behavior test revealed moderate yet previously

neglected cognitive and perceptual deficits in the AD mice.
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2.2 Introduction

2.2.1 Alzheimer’s disease

Alzheimer’s disease (AD) is a progressive chronic neurodegenerative disease that has become
a compelling global burden of disease with the gradually aging population. According to the
World Health Organization (WHO) fact sheet on dementia updated on September 2017, around
47 million people have dementia worldwide with 10 million new cases each year, and AD is the
most common cause of dementia, contributing to about 60-70% of all dementia cases.
According to epidemiological studies in many regions, there are 4.6 million of new AD cases
each year, and the frequency is expected to double every 20 years until 2040(Ferri et al., 2005;
Mayeux and Stern, 2012). Patients developing AD suffer from three major groups of
symptoms(Burns and lliffe, 2009). The first group is cognitive dysfunction, including loss of
memory, reasoning and abstraction, as well as language difficulties. The second group consists
of psychiatric disorders and behavioral disturbances, collectively termed as non-cognitive
symptoms, such as depression, hallucination, delusions, agitations, etc.(Burns et al., 1990). The

third group denotes compromises in performing daily activities.

AD was discovered in 1907 by Dr. Alois Alzheimer; however, for the first 60 years after its
discovery, virtually no progress was made in our understanding of the causes and mechanisms
of this disorder. After the 1960s, AD has attracted the attention of both fundamental research
trying to elucidate the molecular and cellular mechanisms of the disease and clinical studies
aiming to treat or even cure the disorder. A 1968 study by Blessed et al. supported the idea that
AD occurred along an age continuum(Blessed et al., 1968). In 1976, Robert Katzman warned
about an impending epidemic of cases with the aging population especially in developed
countries(Katzman, 1976). In 1979, Jerome Stone and others with affected family members

organized the Alzheimer’s Association, providing a huge boost for the public recognition and
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awareness of this disease as well its personal and social burden. In the area of biochemical
research for the cause of AD, in 1984, amyloid-B protein was isolated and characterized post
mortem from patients with AD or Down syndrome(Glenner and Wong, 1984a, 1984b). Then the
microtubule-associated protein, tau, was identified by several groups as the principal constituent
of neurofibrillary tangles (NFTs)(Grundke-Igbal et al., 1986; Kosik et al., 1986; Wood et al.,
1986). It is now well-known that AD pathology is characterized by extracellular neuritic amyloid
plagues and intracellular neurofibrillary tangles (NFTs), as well as reactive microgliosis,
dystrophic neurites, and loss of neurons and synapses(Braak and Braak, 1991; Serrano-Pozo et

al., 2011).

Various efforts have been made to study the fundamental mechanisms leading to the pathology
found in AD(Bateman et al., 2011; Selkoe et al., 2012), yet there is still no cure for this
devastating disease. A key molecule in AD is amyloid-f (AB), which is a 40 (AB40) or 42 (AB42)
amino acid peptide derived from the amyloid precursor protein (APP) after its sequential
cleavage by B- and y-secretases. In a normal brain, the majority of AR produced is the shorter
version, AB40(Younkin, 1998). About 5-15% of total AB is AB42, and a small portion of other
longer or shorter versions of ABs may be observed(Findeis, 2007). Extracellular A levels need
to be regulated within a tight window to sustain normal synaptic functions(Puzzo et al., 2008);
on the other hand, A levels are likely to be regulated by synaptic activity(Kamenetz et al.,
2003; Cirrito et al., 2005). In AD, AB can form intermediate soluble oligomers that are
synaptotoxic, or insoluble 3-sheet amyloid fibrils that are the main component of dense-core
plagues(Serrano-Pozo et al., 2011). Particularly, AB42 is more prone to aggregation than Ap40,
leading to earlier and more severe cognitive impairment(Findeis, 2007). The excessive
accumulation of pathological AB plaques seems to have a causal relationship with AD(Glenner
and Wong, 1984b; Walsh and Selkoe, 2004; Tanzi and Bertram, 2005). Clinicopathological

correlation studies have established that AR plaques accumulation occurs primarily before the
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onset of cognitive deficits, while NFTs and neuronal/synapse loss parallel the progression of
cognitive decline(Serrano-Pozo et al., 2011). Recent studies in mouse models of AD have also
pointed out the possibility that AB may be part of the mechanism altering neuronal, synaptic,
and network activity, leading to compromised cognitive functions in the animals(Palop et al.,

2007, 2011; Palop and Mucke, 2010; Mucke and Selkoe, 2012; Yan et al., 2012).

2.2.2 Mouse models of AD

The vast majority (more than 99%) of AD cases are sporadic AD (sAD)(Campion et al., 1999);
unfortunately the underlying causes of these cases remain largely unknown. On the contrary,
several gene mutations have been linked to early-onset familial AD (fAD)(Tanzi and Bertram,
2005). In 1990, the first pathogenic mutation was discovered in the APP gene exons 16 and 17,
encoding the AB domain(Levy et al., 1990). With additional mutations subsequently found in
APP, researchers found that APP mutations only account for a small fraction of all fAD cases.
Further efforts have been put to identifying other genes connected to fAD, and in 1995,
presenilin 1 and 2 (PSEN1 and PSEN2), crucial components of the y-secretase, were reported
as fAD genes on chromosomes 14 and 1, respectively(Levy-lahad et al., 1995; Rogaev et al.,
1995; Sherrington et al., 1995). Together, APP and PSEN1/2 mutations are responsible for 30
to 50% of autosomal-dominant AD cases, and about 0.5% of AD in general(Cruts et al., 2012).
So far, a total of 51 autosomal-dominant mutations have been found in APP, 219 in PSEN1, and
16 in PSEN2(Cruts et al., 2012). In cases of late-onset sAD, a common polymorphism, €4, in the
apolipoprotein E gene (APOE) on chromosome 19 was identified to be a risk factor for
sAD(Schmechel et al., 1993; Strittmatter et al., 1993) and contributing to about 20% of the

cases(Cruts et al., 2012).
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Although known mutations are a rare cause for AD, they are important for pre-symptomatic
diagnostics of patients that might be affected by fAD, as well as for the progress in
understanding the mechanisms of AD. Also, the neuropathology and clinical phenotypes are
generally indistinguishable between the familial and sporadic form of AD, with the biggest
difference being the age of onset(Selkoe and Podlisny, 2002; Bateman et al., 2011). Therefore,
mouse models rely on genetic mutations associated with fAD because these mutations have
known pathological consequences also believed to underlie the more prevalent sAD. Although
no single mouse model recapitulates all aspects the disease, each one allows in-depth study of
one or two components, which presently is not possible with human patients or samples. These
various mouse models simulate several key aspects of human AD, including accumulation of AR
plaques, synaptic and network alterations, gliosis, deficits in learning and memory, and other
behavioral abnormalities(Games et al., 1995; Hsiao et al., 1996; Sturchler-Pierrat et al., 1997;
Palop et al., 2003, 2005, 2007; Gotz et al., 2004; Cheng et al., 2007; Cissé et al., 2011; Verret

etal., 2012).

Most of the studies used transgenic mouse models that overproduce mutant or wild type human
APP (hAPP). While they do develop pathology that is similar to that found in human brain,
hAPP-overexpressing mice may contain intrinsic problems that may induce artificial
phenotypes(Nilsson et al., 2014; Saito et al., 2014): in these animals, not only AB but also other
APP fragments are overproduced, which may disrupt intrinsic biological functions. The utilization
of artificial promoters results in transgene expression in cells not necessarily identical to those
expressing endogenous APP. Another sign of perturbed physiology in the APP overexpressing
models is the sudden death often observed in the hAPP transgenic mice(Nilsson et al., 2014;
Saito et al., 2014). Endogenous APP regulates multiple stages of cortical development as well
as electrical activity in the adult brain(Priller et al., 2006; Young-Pearse et al., 2007; Zheng and

Koo, 2011; Hoe et al., 2012). APP knockout (KO) mice are viable and fertile, but they do exhibit
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some differences from normal mice, including lower weight, reduced locomotor activity,
decreased long-term potentiation (LTP), and eventually reactive gliosis in their brains(Zheng et
al., 1995). APP metabolites need to be regulated within a tight window to sustain normal
synaptic functions(Puzzo et al., 2008). For example, low picomolar concentrations of a
preparation containing both AB42 monomers and oligomers led to an increase of hippocampal
long-term potentiation (LTP), while high nanomolar concentrations resulted in the well
established reduction of LTP(Puzzo et al., 2008). Also, APP overexpression in mice may
interfere with transport machinery in the cell(Nilsson et al., 2014). Taken all together, these
drawbacks of existing mouse models of AD make it essential to develop new models that can
replicate the pathology in human AD while having less perturbed physiology and fewer artificial

phenotypes.

We have obtained the App™-* mice from the research group led by Dr. Takaomi C. Saido at the
Laboratory for Proteolytic Neuroscience, RIKEN Brain Science Institute, Saitama, Japan(Nilsson
et al., 2014; Saito et al., 2014). This 2" generation mouse model of AD was generated by
manipulating the mouse APP gene using a knock-in strategy with Swedish
(KM670/671NL)(Citron et al., 1992) and Beyreuther/Iberian (1716F)(Lichtenthaler et al., 1999;
Guardia-Laguarta et al., 2010) mutations. The Swedish mutation elevates the total amount of
AB40 and AB42; while the Beyreuther/Iberian mutation increases the ratio of AB42 to Ap40. In
addition, the AR sequence within the mouse APP gene was humanized(Saito et al., 2014) (Fig.
2.1). As a consequence, in contrast to hAPP overexpressing mouse models, the App"-* mice
have normal levels of full length APP and its cleavage products. Meanwhile, with the knock-in
mutations, the App™-* mice produced significantly higher level of AB42 compared to wild-type
(WT) and hAPP-overexpressing mice, and the ratio of AB42/ AB40 was also significantly

NL-F/NL-F

higher(Saito et al., 2014). The initial AR deposition detected in homozygous App mice

was at 6 months (Saito et al., 2014). Also, neuroinflammation and synaptic alterations were
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NL-F/NL-F

observed in App™"MF mice(Saito et al., 2014). On the behavioral level, the App mice

showed memory impairment in Y-maze test as early as 18 months(Saito et al., 2014).

Over 3000 papers have been published using the 1% generation hAPP overexpressing mouse
models of AD. With the introduction of the App™-" model, it has become clear that many of
these findings on disrupted phenotypes could be artifacts and are worth reevaluation(Saito et
al., 2016; Sasaguri et al., 2017). For example, the calpain activation in 5XFAD mice with APP
and presenilin (PS) mutations(Oakley et al., 2006; Seo et al., 2014) was not observed in App™-
FNLF mice(Saito et al., 2016). In the same 2016 paper from Saito et al., Nav1.1 sodium channel
downregulation in parvalbumin interneurons (PV INs) found in hAPPJ20 mice(Verret et al.,

NL-F/NL-F

2012) was not observed in App mice either, because Nav1.1 may be a substrate of
calpain(Ebensperger et al., 2005). In conclusion, compared to the 1° generation mouse models
of AD, the novel App"-" model has no artificial phenotypes resulting from overloading the
mouse brain with hAPP and the introduction of powerful exogenous promoters. Therefore,

utilization of this new model will advance our understanding of AD pathology caused by

mutations in the App gene.

2.2.3 Behavior tests for APP KI mouse models of AD models

NL-F/NL-F

So far, there are already several lines of 2" generation models, including the App model

PNL-C-FINCGF madel with an

with Swedish and Beyreuther/Iberian mutations, as well as the AP
extra Arctic mutation and the APPN“N" model that only has the Swedish mutation. The APPN-N-
model was used as a control for the other two models in behavior tests, because with the
Swedish mutation facilitating  cleavage of APP, there were higher levels of C-terminus

fragment B (CTF-B) in both the App"™F and the App"-®"-6F models(Saito et al., 2014),

and extremely high levels of CTF-8 in hAPP-overexpressing mice may affect the cognitive
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function(Mitani et al., 2012). The NL model has the same amount of CTF-$ as the NL-F and the

NL-F/NL-F NL-G-F/NL-G-F

NL-G-F models, and mice were normal in a Y-maze test, while App and App
mice showed impairment at 18 months and 6 months, respectively, meaning that the CTF-3
level in these models did not disturb the cognitive phenotypes(Saito et al., 2014). Another
limitation for behavioral studies in hAPP models is that the overexpression of APP might induce

behavioral abnormalities prior to A pathology, while in humans AB pathology arises much

earlier than overt disease onset(Hsiao et al., 1996; Mucke et al., 2000).

Although dementia is the main clinical hallmark of AD, a broad spectrum of cognitive functions
are also affected in AD patients, such as attention and executive functions(Perry and Hodges,
1999; Lindeboom and Weinstein, 2004; Ossenkoppele et al., 2015). Similarly, a range of
behavior tests could be done in the NL-F mice. Besides the Y-maze test mentioned above,
which monitored the spontaneous alteration behavior of mice as a measure of memory
performance(Saito et al., 2014), there was also a battery of tests analyzed using an automated
home-cage monitoring system in NL-F and NL-G-F mice of different ages(Masuda et al., 2016).
While NL-G-F mice exhibited clear deficits in spatial memory, flexible learning, and attention
performance as well as enhanced compulsive behavior, the NL-F mice only showed modest
abnormalities, suggesting the role of the Arctic mutation in cognitive deficits. In the meantime,
the NL-G-F mice had more rapid accumulation of AR deposits and glial responses(Masuda et
al., 2016). Another study on the cognitive deficits in the NL-G-F model showed no abnormalities
in the Y-maze, the novel object recognition (NOR), or the Morris water maze (MWM) tests
compared to WT, yet there was a reduction in locomotion/exploratory activity in an open field

(OF) test in these APP-KI mice(Whyte et al., 2018).

Since the number of studies characterizing the behavioral phenotypes in the App™-* model is

limited and the results are still ambiguous, we have decided to perform a behavior test on the
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App™-F mice. We have designed a test that combines the NOR test, social interaction, and
olfactory memory (see Method for details), in order to incorporate different cognitive functions
into one test. The NOR test is used to assess recognition memory in mice that is based on the
spontaneous tendency of rodents to explore a novel object longer than a familiar one(Antunes
and Biala, 2012), and the hippocampus is important for recognition memory formation in both
animals and humans(Barker and Warburton, 2011). It has been shown that the NOR test is a
facile test for drug screening in APP/PS1 mice(Zhang et al., 2012). We have replaced the novel
and familiar objects in the NOR test with novel and familiar mice, thus adding social interaction
into consideration. The familiarity of experimental mice with the familiar mouse was established
by olfactory memory using interconnected cages (see Method). Perceptual disorders are
common in AD patients, including deficits in olfactory(Doty, 1991; Nordin et al., 1995; Murphy,
1999; McCaffrey et al., 2000), visual(Cronin-Golomb et al., 1991), and auditory(Cacace, 2007)
perceptual abilities. Especially, the olfactory system has close associations with memory and
emotion(Eichenbaum HB, Otto TA, Wible CG, 1991), and the olfactory bulb suffers from cell
loss in AD, and the olfactory sensory pathway is pathologically affected in AD(Esiri and Wilcock,
1984). Therefore, adding olfactory recognition and related memory of the familiar mouse to this
test may uncover cognitive and perceptual deficits in the App"-* mice that were neglected

before using traditional behavioral assays.

2.3 Materials and Methods

2.3.1 Animal use
All animal use was approved by the UCLA Chancellor's Committee on Animal Welfare. App™-*
mice were originally obtained from the research group led by Dr. Takaomi C. Saido at the

Laboratory for Proteolytic Neuroscience, RIKEN Brain Science Institute, Saitama, Japan(Nilsson
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et al., 2014; Saito et al., 2014). Wild type control mice (WT) were either aged littermates from
the App"=* mice breeding, or obtained from the National Institute on Aging. Mice were housed
under the care of the Division of Laboratory Animal Medicine (DLAM) of University of California,
Los Angeles (UCLA). Mice were maintained in a 12 h light/dark cycle with ad libitum access to

food and water. All experiments were done during the light cycle.

2.3.2 Immunohistochemistry

Brain tissues were processed from 350 uym-thick acute brain slices used for electrophysiology
recordings (see Chapter lll for details) and then stored in 4% paraformaldehyde (PFA)
overnight at 4°C. Brain slices were then cryoprotected in 30% sucrose solution in Millonig’s
modified PBS, frozen in optimal cutting temperature (O.C.T.) compound (Tissue-Tek, Sakura
Finetek) and kept at -80°C. Thick slices were re-sectioned to 35 ym at -20°C by a cryostat, then
kept in cyroprotectant solution (30% Ethylene Glycol, 30% Glycerol, 40% PBS) at -20°C until

staining.

The steps and reagents used for diaminobenzidine (DAB) staining of AB are as follows: 30 min
washing between steps with 1X Tris-buffered saline (TBS; pH 7.4); 30 min quenching of
endogenous peroxidases with 1.5% H,0, in TBS; 2 h blocking with 10% normal goat serum
(NGS) with 0.3% Triton X-100 (Sigma) for permeabilization; overnight staining with 1:1000
primary antibody (Anti-human amyloid 8 Rabbit IgG, IBL 18584; or B-Amyloid D54D2 Rabbit
mADb, Cell Signaling Technology #8243) in 1:50 NGS at room temperature; 2 h staining with
1:200 secondary antibody (biotinylated goat anti-rabbit IgG antibody, Vector Laboratories) in
1:30 NGS; 30 min signal amplification with VECTASTAIN Elite ABC-HRP kit (Vector
Laboratories); Final signal development with the DAB Peroxidase (HRP) Substrate kit with

Nickel (Vector Laboratories). Slices were then carefully mounted on Superfrost Plus microscope
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slides (Fisher Scientific), completely dried and coverslipped with DPX Mountant for Histology
(Sigma-Aldrich). Bright field imaging of DAB stains was done using a Leica DMLB microscope,

and images were acquired with Stereo Investigator (MicroBrightField.Inc).

2.3.3 Tissue clearing and confocal microscopy

Tissue clearing was done following a previously published PACT protocol(Yang et al., 2014).
Briefly, PFA-fixed tissues (350 um brain slices) were incubated overnight at 4°C in A4P0
hydrogel monomer solution (4% acrylamide supplemented with 0.25% VA-044 in PBS). On the
next day A4P0 infused samples were de-gassed with nitrogen in a 50 ml test tube and then
incubated for 2-3 hours until the solution has fully polymerized. The samples were extracted
from the embedding and washed briefly in PBS, then incubated in the clearing solution (8%
SDS in PBS, pH 7.5) for 2-5 days in 37°C with shaking. They were then washed with 4-5
changes of PBS over 1 day. Immunofluorescence staining on AB plaques was done following
tissue clearing, with steps similar to DAB staining described above with several adaptation for
fluorescent staining: there was no quenching step, and 1:1000 secondary antibody (goat anti-
rabbit IgG secondary antibody, Alexa Flour 488 or Alexa Flour 555, Invitrogen) was used for
secondary staining. Lastly, after staining, the samples were incubated in RIMS(Yang et al.,
2014) solution (RI 1.46) at room temperature until transparent, then mounted in WillCo-dish
(WillCo Wells GWSB-5030) filled with RIMS right before imaging. Confocal SP5 Blue
microscope in UCLA Advanced Light Microscopy & Spectroscopy (ALMS) was used for plaque
imaging. 350 ym cleared coronal slices were imaged in the parietal cortex region. The thickness
of confocal plane for the 10x dry objective used was 6.1 ym. The objective was moving with a
specific step size (usually smaller than the thickness of confocal plane) from the upper surface
of the slice to the other side, taking images at every step. Stacks of images were then loaded to

and processed with ImageJ for z projections.
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2.3.4 Behavior test

Four different groups of mice were subjected to the test: (1) Control male (App“"™, N=14, age-
matched with AD Male group); (2) AD male (App™"F N=14, age=11-21 m); (3) Control
female (App"”"', N=14, age-matched with AD Female group); (4) AD female (App"-"F N=14,
age=13-20 m). For all the statistical analysis, we only used data from WT mice as controls,

excluding data from heterozygous mice. Therefore, the final number of animals for each group

was N=13 for WT male, N=10 for WT female, and N=14 for AD male and female.

The general protocol for the behavior test we used is shown in Figure 2.5a. This test was
designed based on a novel object recognition (NOR) test while combining social interaction and

olfactory memory by using novel and familiar mice instead of objects (Ormiston et al., 2017).

Briefly, at day 1 each group of WT and AD mice (experimental mice) were odor paired with one
mouse of the same gender, which was then referred to as the “familiar mouse”. At day 2, the
experimental mice were subjected to an open field test (5 min) in the same arena (0.9 m
diameter) used for subsequent tests for habituation. On day 3-4 mice stayed odor-paired with
the familiar mouse. Then on day 5 test 1 was performed, followed by day 6 in odor-paired
cages. On day 7, all mice were unpaired, followed by test 2 on day 8. day 9-12 all mice stayed
in unpaired cages, and lastly on day 13 test 3 was performed. All mice were brought into the
behavior room with dim lighting at least 1 h before each test to familiarize with the room and

reduce anxiety.

The olfactory pairing apparatus is shown in Figure 2.5b. Three customized cages were
interconnected with tubes. In this way, only odor can pass through but animals in different cages
could not physically interact with each other. The familiar mouse was housed in the middle cage

while WT and AD mice were housed on the two side cages. The arena for the tests is shown in
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Figure 2.5c. One “novel mouse” with the same gender was used for each test. The novel and
familiar mice were placed inside two plastic cylindrical containers in the arena, and small
openings on the containers enabled the interaction between the test animal and the
novel/familiar mouse. There were also two different visual cues on the wall. Relative locations of
the novel and familiar mouse as well as relative locations of the visual cues were randomized
among tests. The test animals were allowed to freely explore the arena and interact with the
novel and familiar mouse for 5 min. For the open field tests, no objects, novel/familiar mouse, or
visual cues were placed into the arena except the experimental mouse, which was allowed to

freely explore the environment for 5 min.

All tests were video recorded. The analysis on mouse behavior was done by using a customized
program in Igor Pro 6 that automatically tracks the performance of the experimental mouse
(Barth and Mody, 2014) (Fig. 2.5d). The program returns the instantaneous and average speed
(mm/s), total distance traveled (m), percent time interacting with familiar and novel mouse, etc.,
with a time precision of 0.1 s. All statistical tests were done in Prism 6 using either non-
parametric unaired t test (Mann-Whitney test) or non-parametric paired one-way ANOVA test
(Friedman test). All the group statistics are presented as mean + SEM (standard error of

mean).

2.4 Results

NL-F/NL-F

2.4.1 AB plaques were abundant in aged App mice only.
Since we want to examine the synaptic and network activity either before AB plaque deposition
for early alterations or after for later pathological developments, using immunostaining we first

established a qualitative description of the amount of plaques in App"~*™-* (AD Homo) and
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NLFAt (AD Het) mice. We were especially interested in the parietal cortex and the

App
hippocampal CA1 region, because in vitro (patch-clamp) and in vivo (local field potential)

electrophysiology was done in those areas (see Chapters Ill and 1V), respectively.

From the DAB stains on AB plaques (Fig. 2.2), we found that in 8.3 m AD homo brain, there
were still only few plaques in the cortex (Fig. 2.2a), and these plaques might still be diffuse
plaques (Fig. 2.2b, ¢ for enlarged images on plaques), but this finding needs further validation
with Thioflavin-S or Congo Red stainings. Also, since the antibody we used (IBL 18584) reacts
with the N-terminus of the AB peptide, we cannot tell which specific AR was the main component
of these deposits. In 14 m AD homo brain, there was already very prominent plaque deposition
in the cortex (where patch-clamp recordings were done on pyramidal cells to examine the
synaptic transmission, see Chapter Ill) as well as the CA1 pyramidal cell layer (where in vivo
recordings were performed to examine changes in network activities and sleep patterns, see
Chapter IV) (Fig. 2.2d). AB deposits were also abundant in the stratum lacunosum/moleculare
(str. lac/mol). Enlarged view on the plaques in the cortex (Fig. 2.2e) showed denser and larger
plaque formation, which could be dense-core plaques, but again this should be further validated.

NL-F/wt

Inan App mouse at 11.5 m of age, we did not observe any plaque deposition in 35 pm re-
sectioned slices (Fig. 2.2f). We also did a side-by-side DAB staining on AB plaques in 31.5 m-
old App""™F and age-matched (30 m) WT mice (Fig. 2.3), which further validated the
specificity of the antibody performance since no staining was present in WT slices under the
same staining procedure and condition. On the contrary, heavy deposition was observed in the
cortex (Fig. 2.3a) and across different layers of the hippocampus (Fig. 2.3¢) in the aged

homozygous mouse brain, with fewer plaques seen in the hilus and granule cell layer while

more in the outer strata.
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In the DAB stains, re-sectioned slices were only 35 uym thick, which limited our visualization of
the overall load of plaques in the brain. With the advantage of different tissue clearing
techniques(Hama et al., 2011, 2015; Ertlrk et al., 2012; Chung et al., 2013; Kuwajima et al.,
2013; Susaki et al., 2014; Yang et al., 2014), one could transform intact tissue into an optically
transparent and macromolecule-permeable state while preserving the cellular and subcellular
structures within the tissue. Moreover, it is compatible with endogenous fluorescence protein
expression as well as immunohistochemistry. The CLARITY technique in its original form(Chung
et al., 2013) used electrophoretic tissue clearing (ETC) to extract lipids from large samples,

which can be challenging to implement and can cause variability in final tissue quality

(http://forum.claritytechniques.org). Here we cleared PFA-fixed 350 ym brain slices using the
PACT protocol, which is a passive CLARITY technique with quicker passive lipid extraction and
customized imaging reagents to reduce tissue damage caused by ETC(Yang et al., 2014).
After tissue clearing, we performed immunofluorescence staining on AB in 17 m-old App"-*N-F
(Fig. 2.4a-d) and 27 m-old App"-™ (Fig. 2.4e-h) brain slices, and confocal imaging was done
in the parietal cortex of the slices. All slices were used for in vitro electrophysiology recordings
and post-fixed with 4% PFA. For each 350 um slice, a z stack was taken with the objective
moving in the z direction, acquiring images at different depth in the slice. Within a z stack, each
image represents the fluorescence within the confocal plane (6.1 um thick for the 10x dry
objective; Fig. 2.4a-c and e-g), while the z projection image shows the overall fluorescence
within the extent of the stack (Fig. 2.4d, h). The total depth of a stack was calculated as:

Step sizex(n — 1) + confocal plane thickness, in which n is the number of steps. Therefore, for
the AD homo and het 350 um slices, the depth of stacks were 371.5 ym (Fig. 2.4d) and 82.33
um (Fig. 2.4h), respectively. The depth of stacks for the homozygous slice was thicker than 350
pUm because of tissue swelling during the clearing process, while that for the heterozygous slice

was thinner because only in that range did we see fluorescence. Also, a smaller step size was
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chosen for the heterozygous slice in order to acquire more images from a limited depth of tissue
with visible fluorescence. Similar to the DAB staining, 17 m AD homo brain exhibited excessive
AR staining, while at 27 m of ages, AD het brain still only had little deposition in the cortical area,

which is consistent with the original report on this model(Saito et al., 2014).

After qualitative studies with DAB and fluorescence stains in cleared slices, we have decided to

NLFNEF mice at least 12 m old to study synaptic transmission, network

use homozygous App
activities, and behavioral performance. Although undetectable soluble AB oligomers in the early
phase of AD have been shown to be synaptotoxic(Serrano-Pozo et al., 2011), it is more difficult
to determine a specific age to start with. Thus our approach was to look into a later stage with

distinct pathological hallmarks in the brain, which is excessive detectable amyloidosis in our

primary regions of interest, namely parietal cortex and hippocampal CA1.

NL-F/NL-F mice.

2.4.2 Modest behavioral alterations were observed in App
In order to incorporate different cognitive functions into one behavior assay, we have designed a
test that combines NOR, social interaction, and olfactory memory (Fig. 2.5; see Method for
details). Using an automated program tracking the performance of mice in the behavior
tests(Barth and Mody, 2014), we have compared the statistics from homozygous App"-=*"-*
and age matched WT mice of both gender (Age of males: 11-21 m; Age of females: 13-20m).

The data from heterozygous AD animals were not included because we were uncertain about

the level of amyloidosis at the age of their tests.

Firstly, we have compared the percent time interacting with novel and familiar mouse across
different test days in the WT and AD group (Fig. 2.6a). We plotted percent time interacting with

the familiar mouse against that with the novel mouse. Then we did a linear regression on all
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data points from each group (WT and AD). If the slope of the regression line was significantly
different from 1, then the experimental mice were interacting more with the novel (if slope > 1)
or the familiar (if slope < 1) mouse. We have also compared the slopes between groups for
each day and each gender to see whether WT and AD mice behaved differently with the novel
and familiar mice. The results showed that: (1) All the slopes of the regression lines, except for
WT males at day 13 (Fig. 2.6a; “13D WT Male”, black line, p=0.0163), WT and AD females at
day 8 (Fig. 2.6a; “8D WT Female”, black line, p=0.0377; “8D AD Female”, red line, p=0.0229),
and WT and AD females at day 13 (Fig. 2.6a; “13D WT Female”, black line, p=0.0178; “13D AD
Female”, red line, p=0.0073), did not significantly deviate from 1. And only for AD males at day
13, the slope was significantly larger than 1, while all other significant groups had slopes smaller
than 1. These results indicate that nearly all groups of mice spent either comparable amount of
time interacting with the novel and familiar mouse or more time interacting with the familiar
mouse. (2) When comparing the regression line slopes between WT and AD males/females at
different test days, none of the groups showed significance, indicating that either for males or for
females, the relative percent time interacting with novel and familiar did not differ between WT

and AD mice..

Then, we have compared the total interaction time with novel and familiar mice between the WT
and AD group (Fig- 2.6b). On day 5, there was no obvious difference between WT and AD mice
of each gender. On day 8 and day 13, the WT males spent significantly higher percentage of
time interacting than the AD males did (Fig. 2.6b; “8D total interaction” blue symbols, p=0.0377;
“13D total interaction” blue symbols, p=0.0255; Mann-Whitney test). Although no significance
was found in females, there was a trend of reduced interacting time in the AD females on day 8
and 13 as well (Fig. 2.6b). We have also examined the variance the interacting time across
different days (Fig. 2.6c). The statistics showed no obvious variation in percent time interacting

either with the novel/familiar mouse or the total interaction time (Fig. 2.6¢; Two-way ANOVA
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test for repeated measures), although there was a decreasing trend in the total interaction time
across days. These results indicate that AD males specifically lost interest in interacting with
other mice in the arena more than WT males did, while the reduction in percent time interacting
was not specific to novel or familiar mouse. Also, on day 7 all experimental mice were unpaired
with the familiar mouse, and it remains unclear whether this olfactory disassociation affected the

behavior of AD males in the later 2 tests.

Finally, to examine the locomotion/exploratory activities of AD mice, we have compared
distance traveled (m) of the WT and AD groups (Fig. 2.6d, e). Surprisingly, the distance of AD
mice exceeded that of WT mice in tests on multiple days (Fig. 2.6d; “5D Distance” blue
symbols, p=0.0332; “8D Distance” blue symbols, p=0.0291; “13D Distance” red symbols,
p=0.0417; Mann-Whitney test). Although not significant, there was a trend of increasing
distance in day 13 test in AD males as well (Fig. 2.6d; “13D Distance” blue symbols, p=0.2800).
The fact that AD males were more active in the tests while having lower interaction time with
other mice present in the arena may imply higher anxiety level and less interest in social
interaction. Although not as significant as in males, AD females also had a trend in reduced total

interaction time and increased travel distance compared to WT counterparts.

When compared across days, the distance traveled was significantly decreasing as more tests
were done (Fig. 2.6e, left panel; p<0.0001; Two-way ANOVA test for repeated measures).
Since both the novel and familiar mice were placed more close to the center of the arena, we
were interested whether the reduction in the total interaction time in the AD group was related to
them spending more time in the periphery of the environment and less time in the center.
Previously, in order to assess the anxiety of the animals, we have separated the whole arena
into “center” and “periphery” zones (Fig. 2.5d, yellow circle), and the two zones were set to

have the same area. We have compared the percent time spent in the periphery in all groups
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across different days, and there was a significant reduction there (Fig. 2.6e, right panel;
p=0.0008; Two-way ANOVA for repeated measures). This reduction was present in both the WT
(p=0.0271) and the AD (p=0.0352) group. Therefore, the reduction in the total interaction time in

AD was not due to spending more time in the periphery of the arena.

We also checked whether there was gender difference within the WT and AD group, and found
no significance in either WT or AD group (WT males vs. females and AD males vs. female; data
not shown), meaning that different genders under the same genotype did not influence the

behavior

2.5 Discussion

2.5.1 Delayed age of plaque deposition

In their original paper introducing the App™* mouse model(Saito et al., 2014), Saito et al.
claimed that they detected initial plaque deposition of A at 6 months in homozygous mice.
While our lack of plaque staining might be caused by technical differences, such as different
antibodies used, a recent paper showed that in the NL/F mice the accumulation of AB in the
cortex and hippocampus was barely detectable at 6 months and then progressively began
accumulating detectable levels of deposition at 12-18 months of age(Masuda et al., 2016). Our
DAB stains in AD homozygous slices showed limited deposition in the superficial layers of the
cortex at the age of 8.3 m and extensive deposition in the cortex and hippocampus at the age of
16.5 m (Fig. 2.2d, e). For AD heterozygous mice, our DAB stains at 11.5 m showed no visible
deposits (Fig. 2.2f), and the fluorescence stains in optically cleared 350 um slice at 27 m still
only exhibited very few deposits close to the edge of the cortex (Fig. 2.4h). Heterozygous NL-F

mice were reported to exhibit cortical amyloidosis after 24 months(Saito et al., 2014). Studies in
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the spatiotemporal pattern of amyloid plaque deposition in humans revealed that the deposits
accumulate first in the isocortical areas, then moving to limbic and allocortical structures and in
a later stage reaching subcortical structures(Thal et al., 2002; Serrano-Pozo et al., 2011). Our
staining results from younger homozygous (8.3 m; Fig. 2.2a-c¢) and heterozygous mice (Fig.
2.2f; Fig. 2.4h) were consistent with these human and mouse studies, with amyloidosis starting

from the cortex in both homozygous and heterozygous App™** mice.

2.5.2 Exploring novel techniques in studying AB deposition in AD mouse models

Various optical clearing techniques have enabled deep biological images in intact tissues, and
each method has its own pros and cons. Here, we used the PACT (Passive CLARITY
technique) protocol, which is adapted from the original CLARITY technique(Chung et al., 2013)
with passive lipid extraction and customized imaging reagents to reduce tissue damage caused
by electrophoretic tissue clearing (Yang et al., 2014). We have successfully transformed 350 ym
slices (fixed in PFA after in vitro recordings) into optically transparent tissues, and performed
immunofluorescence staining on A plaques. By confocal z stack imaging, we could visualize
plagues in the whole range of depth of the slice (Fig. 2a-d). However, we have noticed
changing distribution patterns of the stains along the z direction, with more fluorescence either
on the edge of the cortex or in the deeper cortical layers at each z step, while no stack image
had an evenly distributed fluorescence across the confocal plane. Specifically, it seems that
there was less staining deeper in the tissue, which are the images in the middle of the z stack.
This could be caused by several reasons, but the most likely reason might be uneven

penetration of the primary and/or secondary antibodies into the thick tissue.

Indeed, although several clearing reagents are compatible with immunofluorescence staining,

there has been no comprehensive study on quantitative, depth-dependent fluorescent signals
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indicating adequate tissue stability. Also, tissue penetration and fluorescence signal attenuation
has always been a problem especially in the brain tissues aged mice because of they do not
absorb solution as easily as tissues from developing mice and therefore can not be easily
cleared. Recently the ScaleS method was described, using a mild tissue-permeant sugar
alchohol, sorbitol, applied to quantitative 3D-IHC imaging of AB plaques in the App™* mouse
model and in postmortem AD patient brain(Hama et al., 2015). With newly developed methods
such as ScaleS, which has a milder yet more effective tissue clearing ability and a higher
compatibility with IHC staining in aged transgenic mouse brain, the 3D distribution and

morphology of plaques in larger and thicker tissues may be addressed in the future.

2.5.3 Advancing the behavior test for a better diagnosis of AD in the early stage

Olfactory impairment is one of the earliest symptoms in AD, and it may be an important clinical
marker and predictor that may help identify persons at increased risk(Wesson et al., 2010), and
olfactory cues play a more important role for mice than for humans. Therefore, we wanted to
examine whether the App™-" mice have olfactory impairments. We have designed a test that
combines NOR and social interaction using a novel and a familiar mouse in the same arena with
the experimental mouse (Fig. 2.5c), and the familiarity with the familiar mouse was established

by olfactory pairing (Fig. 2.5b).

Our statistics showed no significant difference in the percent time interacting with the novel and
familiar mice in the majority of groups, and some groups showed higher interacting time with the
familiar mouse (Fig. 2.6a; see Results). The lack of distinguishing between a novel and a
familiar mouse may indicate insufficient olfactory pairing, since the WT and AD mice could get
the odor from each other as well as from the familiar mouse in our 3 interconnected cages (Fig.

2.5b). Also, all animals, including the novel mouse, were housed together during the test period
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in our animal room, where the mixed smell from several different mice could interfere with their
odor discrimination memory. Improvements could be done in future tests to ensure experimental
mice could be effectively familiarized with the familiar mouse through odor memory. It is also
possible memory deficits, especially odor-related memory, or impaired olfactory functions were
existent in over 1 y-old WT and AD mice. Olfactory deficits are quite common in AD patients as
well as normal elderly people but might have been overlooked(Nordin et al., 1995). Future
improvements on this behavior test should enhance the efficacy of the olfactory pairing in young
WT animals, and optimize the parameters to get a higher interaction level between the
experimental mouse and the novel mouse, in order to get a clear-cut explanation on the

behavior in aged and AD mice.

2.5.4 Moderate pathological phenotypes in the App"-" mice
As one of the 2" generation mouse models of AD, the App"-" mice have been used to re-

evaluate the disrupted phenotypes discovered in the 1%

generation hAPP overexpressing
models, since some of the phenotypes might be artifacts of hAPP overproduction(Masuda et al.,
2016; Saito et al., 2016; Nakazono et al., 2017; Sasaguri et al., 2017). From our studies on the
amyloidosis and cognitive function deficits in the NL-F mice, and various studies published, it
now seems that this model has moderate pathological phenotypes compared to other existing
models, such as the NL-G-F model. For example, AB plaque deposition becomes detectable
from 12-18 m in homozygous NL-F mice, compared to 6 m in homozygous NL-G-F
mice(Masuda et al., 2016). Also, the NL-F mice only had minor behavioral deficits while NL-G-F
mice had clear deficits in several tests(Masuda et al., 2016). Similarly, our results showed only
sparse deposition in 8 m-old homozygous and over 2 y-old heterozygous mice, and moderate

behavioral alterations in our tests. Therefore, the NL-F model might be a perfect model to study

minor pathological phenotypes in the early stages of AD and discover biomarkers for early
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detection and diagnosis of the disease. Also, it might be useful to cross the NL-F mice with
strains carrying other AD-related mutation, such as apolipoprotein E4 (APOE4)(Fryer et al.,
2003), BACE1(Ohno et al., 2004), and TREM2(Jin et al., 2014; Song et al., 2017), for assessing

the role of specific genetic mutations on the disease progression.
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Figure 2.1: Mutations in the amyloid precursor protein (APP) of the App™* mouse model

(adapted from Nilsson et al. 2014).
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Figure 2.2: DAB stains on Ap plaque (primary antibody IBL 18584) in App"-™"*F (AD homo)

NL-F/wt

and App (AD het) 35 uym coronal slices.
(a-c) 5x (a) and 20x (b, c¢) objective imaging on the parietal cortex of 8.3 m AD homo. (d, e) 5x

(d) and 20x (e) objective imaging on the plaques in 16.5 m AD homo mice. (f) 5x objective

imaging on the plaques in 11.5 m AD het mouse.

Figure 2.3: DAB stains on AB plaque (primary antibody CST 8243) in 30 m App"”* (WT) and
31.5 m App"=NF (AD homo) 35 pm coronal slices.

(a, b) 5x objective imaging on the parietal cortex of WT and AD homo mice, respectively. (¢, d)
5x objective imaging on the CA1 and DG of WT and AD homo mice, respectively.
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Figure 2.4: Immunofluorescence staining on AB plaque (primary antibody IBL 18584) in 17 m
App"-FNEF (AD homo) and 27 m App™-* (AD het) 350 pm coronal slices cleared with the
PACT protocol. Green and red fluorescence both show plaque staining with different secondary
antibodies. The white dashed lines indicate the edges of slices. A 10x dry objective was used,
and the thickness of the confocal plane was 6.1 um.

(a-d) Representative confocal z-stack images and z projection of the parietal cortex of 17m AD
homo mouse. Number of images in the z stack = 64. Step size = 5.8 ym. Scale bar = 250 ym.
Three representative images from the stack are shown in a-c: (a) Image No. 5 (29 um from the
top); (b) Image No. 30 (174 um from the top); (¢) Image No. 55 (319 ym from the top). The z
projection of all images is shown in d. (e-h) Representative confocal z-stack images and z
projection of the parietal cortex of 27 m AD het mouse. Number of images in the z stack = 78.
Step size = 0.99 pm. Scale bar = 75 pm. Three representative images from the stack are shown
in e-g: (e) Image No. 15 (14.85 ym from the top); (f) Image No. 40 (39.6 um from the top); (g9)

Image No. 65 (64.35 ym from the top). The z projection of all images is shown in h.
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Figure 2.5: Behavior test protocol and setups, and automated software tracking the
performance of mice.

(a) Behavior test protocol (See Method for details). Briefly, the procedure lasted for 13 days for
each mouse. On day 1 the experimental mice were odor paired with a “familiar mouse”, and
they stayed paired until day 7. On day 2 experimental mice were subjected to an open field test

for habituation. A total of 3 tests were performed on day 5, 8, and 13, respectively. (b) The
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olfactory pairing apparatus, in which 3 customized cages were interconnected with plastic tubes
allowing odor exchange while preventing physical interaction between animals in different
cages. For each group of tests, the familiar mouse was put in the middle cage, with age-
matched control (WT) and AD homo (App™-"-F) of the same gender in each side cage. (c) The
arena used for the tests. The novel and familiar mice were placed inside of two plastic
cylindrical containers in the arena, and small openings on the containers enabled the interaction
between the test animal and the novel/familiar mouse (see the right panel). Two visual cues
were taped on the wall. Relative locations of the novel and familiar mice as well as relative
locations of the visual cues were randomized among tests. (d) An automated Igor program
tracking the performance of the experimental mouse along the 5 min test with a time precision
of 0.1 s. The left panel shows the manually set boarder of arena (blue circle) and the edges of
the containers with the familiar (black circle) and novel (green circle) mice. An interaction with
the novel or familiar mouse was detected if the nose of the experimental mouse was within the

dashed black/green lines.
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Figure 2.6: Performance of WT and AD (App™-"*) male and female mice in the behavior
tests. blue: Males; Red: females. Number of animals: N = 13 vs. 14, WT vs. AD male; N=10 vs.
14, WT female vs. AD female. A p<0.05 is considered to be significant, and significance is
denoted with asterisks.

(a) Comparisons on percent time interacting (%) with novel and familiar mice between WT and
AD males (upper panel) and females (lower panel) on different test days. Each circle represents
a mouse. The solid lines are linear regression of the circles within each group, with the dashed
lines as 95% confidence interval. The slopes of the two regression lines within each graph were
compared to a slope of 1 and to each other as well. (b) Comparisons on total percent time
interacting (%) with novel and familiar mice between WT and AD animals on different test days.
All group data is represented as mean + SEM (standard error of mean), and significance was

established with Mann-Whitney test. (¢) Repeated measures on the percent time interacting
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with the novel and familiar mice, respectively, and the total percent time interacting across
different test days. Two-way ANOVA was used to test the variance across days and among
different groups. (d) Comparisons on the distance (m) traveled between WT and AD mice
during the test on different days. All group data is represented as mean + SEM (standard error
of mean), and significance was established with Mann-Whitney test. (e) Repeated measures on
distance traveled (m) (left panel) and percent time spent in the peripheral of the arena across
different test days. Two-way ANOVA was used to test the variance across days and among

different groups. The asterisk denotes significant variance across days.
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Abstract

Alzheimer’s disease (AD) is a neurodegenerative disorder that has become a compelling global
public health concern. Besides pathological hallmarks such as extracellular amyloid plaques,
intracellular neurofibrillary tangles, and loss of neurons and synapses, clinical reports have
shown that epileptiform activity, even seizures, can occur early in the disease. In the hAPPJ20
mouse model of AD, dysfunction in parvalbumin-expressing interneurons (PV INs) and
subsequent network hyperactivity were reported, yet it could be an artifact caused by the
intrinsic properties of this specific model. Here we used the App"-* mouse model generated by
a gene knock-in approach, which could reduce the artificial phenotypes possibly existent in
previous models. Our studies on the excitatory and inhibitory synaptic transmission in parietal
cortex layer 2/3 pyramidal cells revealed significantly decreased amplitudes of spontaneous
inhibitory postsynaptic currents (sIPSCs) in aged AD mice, while the amplitudes of spontaneous
excitatory postsynaptic currents (SEPSCs) remained comparable to age-matched wild type
controls. Further statistical analysis demonstrated that the reduction in sSIPSC amplitudes was
caused by the large-amplitude sIPSCs with fast rates of rise, which are characteristic of PV INs.
We have also applied a novel approach to determine the E/I ratio, and no change was found in

the APP-KI mice. All together, these results could indicate deficits in PV INs, and homeostatic
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mechanisms may play a role in maintaining the overall balance of excitation and inhibition in the

App™" mouse model of AD.

Significance statement

Parvalbumin-expressing interneurons (PV INs) play an important role in maintaining normal
network activity. In Alzheimer’s disease (AD) PV IN dysfunction may lead to epileptiform activity,
which is observed both in AD patients and mouse models. With the advantage of the new
App™F mouse model of AD, by analyzing synaptic currents in the pyramidal cells, we have
revealed potential PV IN deficits in aged AD mice. Since the App""* model is generated by an
approach that reduces artificial phenotypes possibly existent in previous models, studies on
synaptic transmission in this model could further our understanding in the real pathological

alterations in AD.

Introduction

Alzheimer’s disease (AD) is a neurodegenerative disease that has become a global public
health concern with the gradually aging population(Ferri et al., 2005; Mayeux and Stern, 2012).
The pathological hallmarks of AD include amyloid 3 (AB) plaques, neurofibrillary tangles (NFTs),
and neuronal degeneration (Serrano-Pozo et al., 2011). Among these, a key molecule is AB,
which is a 40 or 42 amino acid peptide derived from the amyloid precursor protein (APP) after
sequential cleavage by - and y-secretase. In AD, AB can form intermediate soluble oligomers
that are synaptotoxic, or insoluble B-sheet amyloid fibrils that are the main component of dense-

core plaques(Serrano-Pozo et al., 2011). Pathological levels of A have been shown to
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enhance synaptic depression and impair synaptic plasticity at glutamatergic synapses in
AD(Walsh et al., 2002; Kamenetz et al., 2003; Hsieh et al., 2006; Roberson et al., 2011; Verret
et al., 2012). On the other hand, neuronal hyperactivity, network hyperexcitability, and
spontaneous epileptiform activity have been observed in human APP (hAPP) transgenic mouse
models with high levels of AB(Palop et al., 2007, 2011; Busche et al., 2008; Palop and Mucke,
2009; Harris et al., 2010; Roberson et al., 2011; Yan et al., 2012; Busche and Konnerth, 2016).
Moreover, hypersynchronous network activity may contribute to the emergence of AD
symptoms such as cognitive impairment in early stages of the disease(Noebels, 2011; Bakker et
al., 2012; Scharfman, 2012; Lam et al., 2017). Specifically, electrophysiology studies in
hAPPJ20 mice have revealed impaired action potential-driven GABAergic activities resulting
from less intrinsic excitability of the GABAergic parvalbumin-expressing interneurons (PV

INs)(Verret et al., 2012).

Most of the studies on pathological Ap and subsequent alterations in synaptic and network
activities have been using transgenic mouse models that overproduce mutant hAPP. Although
these mouse models simulate several key aspects in human AD(Games et al., 1995; Hsiao et
al., 1996; Sturchler-Pierrat et al., 1997; Goétz et al., 2004; Cheng et al., 2007; Cissé et al., 2011;
Verret et al., 2012), they contain intrinsic problems that may induce artificial phenotypes(Nilsson
et al., 2014; Saito et al., 2014; Sasaguri et al., 2017): in these animals, not only AB but also
other APP fragments are overproduced, which may disrupt intrinsic biological functions; also,
utilization of artificial promoters results in transgene expression in cells not necessarily identical
to endogenous APP expression. In our studies, we have utilized the App™-F mouse model of
AD, which was generated by manipulating the mouse App gene using a knock-in
strategy(Nilsson et al., 2014; Saito et al., 2014). Compared to existing hAPP mouse lines, while

reliably recapitulating the pathology of human AD, no powerful promoters were introduced to
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drive exogenous APP production in the App""" model, reducing any artificial phenotypes.

Therefore, utilization of this new mouse model will advance our understanding of AD pathology.

Here, we have studied potential alterations in synaptic transmission in parietal cortex layer 2/3
pyramidal cells in the AppNL'F mouse model of AD. The results showed a significant reduction in
the average amplitude and average rate of rise of spontaneous inhibitory postsynaptic currents
(sIPSCs) in old App"-"™F mice compared to age-matched controls. Moreover, through
amplitude distribution analysis, we found that the changes in the amplitude and rate of rise were
confined to fast-rising large amplitude sIPSCs but not small ones, indicating potential
impairment in perisomatic-targeting PV INs. We have also applied novel quantitative
approaches to obtain the memory and burstiness of spontaneous postsynaptic currents (sPSCs)
and to calculate an excitation/inhibition (E/I) ratio with higher accuracy that incorporates all
properties of sSPSCs. All together, these new approaches can further our understanding on the
nature of synaptic events, and provide quantitative tools to study synaptic transmission in AD

and other disease models.

Materials & Methods

Animal

All animal use was approved by the UCLA Chancellor's Committee on Animal Welfare.

App™=F mice (AD) were originally obtained from the research group led by Dr. Takaomi C. Saido
at the Laboratory for Proteolytic Neuroscience, RIKEN Brain Science Institute, Saitama,
Japan(Nilsson et al., 2014; Saito et al., 2014). Wild-type control mice (WT) were either aged
littermates from the App™-* mice breeding, or obtained from the National Institute on Aging.

Mice were held in the vivarium on a 12-hour light/dark cycle with free access to water and food.
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Electrophysiology

Slice preparation

Mice were anesthetized by isoflurane through inhalation, followed by rapid decapitation. Coronal
acute brain slices were prepared on a Vibratome at 350 ym thickness in ice-cold cutting solution
(in mM: 135 NMDG, 10 D-glucose, 4 MgCl,, 0.5 CaCl,, 1 KCI, 1.2 KH,PO,4, 20 HEPES, 3
kynurenic acid; ~20 sucrose to adjust the osmolality; 305-310 mmol/kg; pH = 7.35; bubbled with
100% O5). Then, slices were kept on a floating mesh platform in a recovery chamber filled with
sucrose-based artificial cerebrospinal fluid (SACSF) (in mM: 55 sucrose, 85 NaCl, 25 D-glucose,
2.5 KCl, 1.25 NaH,PO,, 0.5 CaCl,, 4 MgCl,, 26 NaHCO3; 300-305 mmol/kg; bubbled with
95%0,/5% CO,). The recovery chamber was kept in 34°C water bath for 30 min and then

moved to room temperature.

Whole-cell recording

For whole-cell recording, artificial cerebrospinal fluid (ACSF) was used (in mM: 126 NaCl, 10 D-
glucose, 2 MgCl2, 2 CaCl2, 2.5 KCI, 1.25 NaH2PO4, 1.5 sodium pyruvate, 1 L-glutamine; 295-
300 mmol/kg; bubbled with 95%0,/5% CO,). Acute brain slices were placed in a submerged
chamber filled with ACSF at a flow rate of 6-7 ml/min and a temperature of 32-34 °C. An
intracellular solution (in mM: 140 Cesium Methanesulfonate, 5 CsCl, 2 MgCl,, 2 Na-ATP, 2 Na-
GTP, 200 uM EGTA, 10 HEPES; 275-280 mmol/kg; pH = 7.35) was used for the recording of

spontaneous synaptic events.

Data acquisition and analysis
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Spontaneous excitatory and inhibitory postsynaptic currents (SEPSCs and sIPSCs) were
recorded at a holding voltage of -60 mV and 0 mV, respectively, using an Axopatch 200B
amplifier (Axon Instruments, Inc.). All recordings were low-pass filtered at 1.5 kHz and digitized
at a sampling frequency of 10 kHz, then recorded using a custom-written LabVIEW-based
software (EVAN). Spontaneous events were detected with EVAN for the analysis of frequency
and amplitude. The measurement of phasic discharge for the E/| ratio calculation was done
using Igor Pro 6 (WaveMetrix, Inc.). Other analyses on the synaptic events were done in Excel
2011 (Microsoft Corporation) with customized and built-in functions. Nested one-way ANOVA
test was used to analyze E/I ratio differences, and it was done with an Excel spreadsheet from
an online source (http://www.biostathandbook.com/nestedanova.html). All other statistical
tests were done in Prism 6 (GraphPad Software, Inc.) by using non-parametric Mann-Whitney
test or paired Wilcoxon test, and p<0.05 was considered to be statistically significant. All the

group statistics are presented as mean + SEM (standard error of mean).

Separating small and large events

In order to identify the large amplitude SEPSC and sIPSC events from all detected synaptic
events, we used an approach that could objectively calculate a threshold for large events based
on the amplitude distribution of all events from a cell. The cumulative distribution of all
amplitudes was plotted and fitted with either one or two cumulative normal distributions using

the NORM.DIST function in Excel (Fig. 2a).

The goodness of the two fits was compared with an F-test. The F value was calculated as:

(RSS;—RSS5)
(p2-p
2 /Rss2 (Eq. 1)

(n-p2)
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In Eq. 1, RSS; and RSS; are the residual sum of squares when fitting with one and two
distributions, respectively; p; and p, are the number of parameters used for fitting with one and
two distributions, respectively; and n is the number of data points used for fitting. Then, a p-
value was calculated using the F.DIST function in Excel. For all the recordings in both groups,
the p-values approached 0, indicating that two distributions always fit the cumulative curves
significantly better than one distribution. Next, a threshold for detecting large PSCs was chosen
as the x-value (amplitude) that corresponds to the y-value (cumulative distribution) where the
first distribution ends (Fig. 2a; y-value indicated on the y-axis by the horizontal dashed line; x-

value, which is the threshold, indicated on the x-axis by the vertical dashed line).

Burstiness and memory calculation
The inter-event intervals (IEls) of synaptic events were measured as the time difference
between two adjacent PSCs. Then, burstiness and memory of these events were calculated

with equations in previous published papers(Goh and Barabasi, 2008; Schleiss et al., 2016):

B=2%  (Eq.2

M = pig (1) (Eq. 3)

In Eq. 2, Bis burstiness; and o and u are the standard deviation and mean of the IEls,
respectively, of each cell. In Eq. 3, M is memory; and pg;(1) is the Spearman rank auto-

correlation of the IEl array at a lag of 1.

Calculation of E/I ratio
Measurement of phasic charge
We have previously described an approach to objectively measure the tonic and phasic

components of inhibitory or excitatory events(Glykys and Mody, 2007). This method does not
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rely on subjective thresholds to detect spontaneous events. For the analysis of E/I ratio based
on this approach, the raw recording traces of certain durations was analyzed. Using a custom
Igor written procedure, an all-point histogram (Bin width=1 pA) was plotted for segments of 15 s
from either sEPSC or sIPSC recording and smoothed by Savitzky-Golay algorithm (2nd order 17
points smoothing) to obtain the peak value. This histogram was always skewed to one side by
the presence of spontaneous synaptic events. The non-skewed side of the histogram was fitted
with a Gaussian distribution from the end of the non-skewed side to 95% of the peak value over
the peak to the skewed side. The mean of this fitted Gaussian distribution was considered to be
the mean holding current. Then, this Gaussian curve was mirror-imaged to the skewed side,
and the area between the Gaussian distribution and the all-point histogram divided by the total
number of points in this area was considered to be the mean phasic charge (in pC). The E/l was
determined as the ratio between the excitatory and the inhibitory phasic charges over 15 s
recordings. For each cell, we have randomly selected 10 segments from sEPSC and sIPSC

recording (see below for details), and obtained 100 E/I values.

Driving forces for SEPSCs and sIPSCs

To get a more accurate measurement of the E/I ratios, we have also taken the driving force for
sEPSCs and sIPSCs into account. The holding voltages for recording sSEPSCs and sIPSCs
were -60 mV and 0 mV, respectively. The reversal potentials of the currents activated by AMPA
and NMDA are close to 0 mV, and that calculated for the GABA receptors is approximately -
70mV. Therefore, at Vy=-60 mV, the driving forces for sEPSCs and sIPSCs were about 60 mV
and 10 mV, respectively; whereas at V=0 mV, the driving forces for sEPSCs and sIPSCs were
about 0 mV and 70 mV, respectively. At V,,=-60 mV where sEPSCs were recorded, it is possible
that the recordings were contaminated with small outward sIPSCs. Because this contamination
should be absent in picrotoxin (PTX), for some recordings at V,=-60 mV, we plotted the all-point

histograms of one randomly chosen 15 s segment before and one after washing in 50 uM PTX.
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We then compared the standard deviation (o) of the Gaussian fits of the outward currents (non-
skewed sides, as described above) of the two histograms. A significant amount of small
contaminating sIPSCs in the sEPSC recording would significantly decrease the o after PTX. In
total, we’ve got 3 WT and 7 AD cells with PTX wash in at -60 mV, and the variance before and
after PTX were not significantly different in these 10 cells (WT: 0=3.92 vs. 3.79; p=0.75; AD: o=
2.54 vs. 3.06; p=0.22; before vs. after PTX; Wilcoxon paired test). Therefore, there was no

detectable contamination of small outward sIPSCs in our sEPSC recordings at V,=-60 mV.

Determination of sample size

With the approach above, we can get the phasic charge by randomly choosing m segments
from seEPSC recording and n segments from sIPSC recording for each cell, and then get m x n
E/l ratios. To determine the minimum m and n value needed to get the best estimation of the
real population E/I value, we used the equation described in a previously published
paper(Eckblad, 1991) for estimating the fractional deviation of the sample mean from the real

population mean:

. . . tXo
Fractional deviation = o (Eq. 4)
In Eq. 4, tis the value from a Student’s t-distribution with a degree of freedom equal to one less

than the sample size and with a 95% confidence interval; o is the sample standard deviation; uy

is the sample mean; and N is the sample size.

Firstly, we have determined a way to randomly select segments of recording from a trace.
Random integer numbers between the start and end time (in s) of the recording were generated
successively using the RNADBETWEEN function in Excel, and the random numbers will be

used as the start time of different segments. If two segments had an overlap, then the start time
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of the latter-generated segment was regenerated. If one segment ran into the seal test period,
the start time was also regenerated. In this way, we have randomly selected 10 segments of 15
s from sEPSC and sIPSC recording for each cell, yielding 100 E/I ratios (N=100). We then
randomly selected different number of values (N=10, 20, 30, ..., 90) from these 100 values for
calculating the ¢ and y of different sample sizes. With Eq. 4 we calculated the fractional
deviation of different sample sizes (N=10, 20, ..., 100) for each cell (sample cell in Fig. 6a, dots).
We also calculated the fractional deviation using the o and y of N=100 for all sample sizes and
estimated the fractional deviation of more sample sizes (sample cell in Fig. 6a, line, N=2-150,
and N is integer). With this approach applied to every cell, we found that when N=100, the
fractional deviation of the sample mean from the real population mean reached a sufficiently low
level (~12%; see Results and Fig. 6b). Therefore considering the accuracy of estimating the
real E/I ratio and the convenience of choosing samples, we decided to choose 10 segments
from sEPSC recording and 10 from sIPSC recording, thus obtaining all possible 100 E/I values

for each cell.

Statistical test for phasic charges and E/I ratios

Since we have recordings from different animals, and for each animal we had recording(s) from
one or multiple cells, we want to take all variables into account when we compare the Es and Is
as well as the E/I ratios between groups. Therefore, we decided to use a nested one-way
ANOVA to determine the difference between the WT and AD group. The test was done using an
Excel spreadsheet from an online source
(http://www.biostathandbook.com/nestedanova.html). Briefly, there were groups (WT and
AD), subgroups (for a 2-level nested ANOVA), and sub subgroups (for a 3-level nested ANOVA)
in this test. The phasic E and | charges of WT and AD cells were compared by a 2-level nested
one-way ANOVA, in which each animal was treated as a subgroup, and the average of the 10

Es and 10 Is of each cell from this animal was listed as values within the subgroup. Then, the p-
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values of the difference between groups (WT and AD) as well as among subgroups within each
group (6 and 8 mice in the WT and group, respectively) were calculated. The E/I ratios of WT
and AD cells were compared by a 3-level nested one-way ANOVA, because we did not want to
use the average of 100 E/I ratios as a single value for each cell and lose the accuracy (see the
determination of sample size). Therefore, besides groups (WT and AD) and subgroups (different
animals), there were also sub subgroups, which are different cells from each animal, and then
the 100 E/I ratios were listed as values within the sub subgroups. Similarly, the p-values of the
difference between groups (WT and AD), among subgroups within each group (6 mice in the
WT group; 8 mice in the AD group), as well as among sub subgroups within each subgroup (9

and 12 cells in the WT and AD group, respectively) were calculated.

Results

Reduced sIPSC amplitudes in App™-" mice.

Previous studies have shown altered glutamatergic and GABAergic transmission in parietal
cortex in various mouse models of AD(Busche et al., 2008; Roberson et al., 2011; Verret et al.,
2012; Hazra et al., 2013; Perez et al., 2016). We wanted to investigate whether there are
alterations in excitatory and inhibitory synaptic transmission in the App"-F mouse model of AD.
We have recorded sEPSCs and sIPSCs (See Method; Fig. 1a) in parietal cortex layer 2/3
pyramidal cells in both wild-type control (WT) and App™-" homozygous (AD) mice. The average
ages were comparable between the two groups (20.51£3.2 vs. 18.3+2.2 months; n=6 vs. 8 mice;
WT vs. AD; p=0.5088; Mann-Whitney test). For each cell we analyzed the same number of
consecutively occurring sEPSCs or sIPSCs. The events were randomly chosen from all
detected events throughout the whole recording period (12 cells for each group; 161 sEPSCs
and 626 sIPSCs for each cell). The average frequencies of both sEPSCs and sIPSCs remained

unchanged in the AD mice (sEPSC frequency=7.42+0.97 vs. 5.79+1.08 Hz, p=0.2415; sIPSC
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frequency=11.10+0.99 vs. 9.91+£0.98 Hz, p=0.2415; WT vs. AD; Mann-Whitney test, Fig. 1b).
The average amplitude of sIPSCs was significantly reduced while that of SEPSCs remained
constant in the AD animals (sEPSC amplitude=25.97+1.52 vs. 23.39+1.07 pA, p=0.1432; sIPSC

amplitude=51.551£5.16 vs. 37.06+2.50 pA, p=0.0145; WT vs. AD; Mann-Whitney test, Fig. 1¢).

The reduction of sIPSC amplitudes in App""" mice was caused by a decrease in large
amplitude events

The presence of large amplitude events during sIPSC recording led us to further investigate
whether small and large events contributed differently to the overall changes in the amplitudes
of sPSCs. We were specifically interested in analyzing the large sIPSCs because they
potentially originate from perisomatic-targeting PV INs which generate strong inhibition on
postsynaptic neurons(Freund and Katona, 2007). Since previous research has shown a
deficiency in the intrinsic excitability of GABAergic PV INs in hAPPJ20 mouse model of
AD(Verret et al., 2012), we wanted to examine whether the reduction in the sIPSC amplitudes

we observed could be related to PV IN dysfunction in the novel App™-* AD model.

In order to study the small and large sPSCs separately, we first tested whether the events could
be objectively divided into two groups (see Method). We found that the cumulative amplitude
distributions of all sSPSCs for each individual cell could be significantly better fitted by two
cumulative normal distributions rather than one, as indicated by an F-test (see Method; data not
shown), thus sPSCs in all cells could be separated into two groups according to their amplitudes
(Fig. 2a). Based on the fitted curve, we chose to use the value on the X-axis (amplitudes)
corresponding to the end of the first distribution on the Y-axis (cumulative probability) as the
threshold for large events (Ay, Fig. 2a). Then, sPSCs larger than Ay, were classified as large
events, while those smaller than Ay, were considered as small events. The averaged Ay, for

sEPSCs was comparable between WT and AD, while for sIPSCs the averaged Ay, was
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significantly decreased in AD mice (SEPSC Ax=23.75+0.96 vs. 22.18+0.75 pA, p=0.1735;
sIPSC Ay=41.6413.14 vs. 33.24+1.64 pA, p=0.0332; WT vs. AD; Mann-Whitney test; Fig. 2b),

which is consistent with the reduced amplitude of sIPSCs (Fig. 1¢).

From the cumulative distribution curves of all sSPSCs detected from all cells in WT and AD mice,
qualitatively the amplitude distribution of sEPSCs were close between WT and AD group, while
the distribution curve of sIPSCs of AD mice were significantly left-shifted compared to that of
WT mice (Fig-. 3a), which is consistent with a decreased average sIPSC amplitude in AD
animals (Fig. 1¢). Moreover, the two curves of sIPSC amplitudes became further separated
when the events were larger than Ay, (arrow heads, Fig. 3a), revealing a more significant
reduction in large sIPSCs than in small sIPSCs. When small and large events were analyzed
separately, the amplitudes of both large and small sEPSCs remained constant (small sEPSC
amplitude=17.80+0.48 vs. 17.60+£0.41 pA, p=0.7987; large sEPSC amplitude=37.90£3.52 vs.
30.811£1.43 pA, p=0.1135; WT vs. AD; Mann-Whitney test; Fig. 3b, ¢), which is consistent with
the unchanged overall sEPSC amplitude (Fig. 1¢). For sIPSCs, the amplitude of large sIPSCs
was decreased in AD mice while that of the small sIPSCs remained unchanged (small sIPSC
amplitude=28.351£1.54 vs. 24.07+1.00 pA, p=0.0519; large sIPSC amplitude=95.36+13.81 vs.
57.3117.27 pA, p=0.0284; WT vs. AD; Mann-Whitney test; Fig. 3b, c), consistent with a
decrease in the overall sIPSC amplitude (Fig. 1¢) and the trend in the distribution curves (Fig.

3a).

Therefore, we have revealed that there are two populations in all sSPSCs, and that they can be
separated by an objectively calculated amplitude threshold. Further, we have demonstrated that
the decrease in the overall sIPSC average amplitude was primarily contributed by the large
events rather than the small ones, which is consistent with our PV IN dysfunction hypothesis in

the App"=" mice.
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Rates of rise of sIPSCs were decreased in App""* mice.

The decreased amplitudes of large sIPSCs in App™ " mice is consistent with a PV-IN
dysfunction. However, the origin of the large sIPSCs needs to be further analyzed, since they
may be a summation of multiple events(Williams et al., 1998), or they could be generated by
other types of perisomatic-targeting interneuron(Freund and Katona, 2007). Since PV-INs target
the a1 subunit-containing GABA, receptors, they mainly generate fast-rising postsynaptic
currents(Thomson et al., 2000; Nyiri et al., 2001; Klausberger et al., 2002). In order to further
elucidate the origination of the large sIPSCs, we also examined the rate of rise of the synaptic
currents. We defined the rate of rise (RR) of an event as the ratio between 80% of the peak
amplitude and RT 10-90%, which is the time it takes for the current to rise from 10% to 90% of
the peak amplitude (Fig. 4a). Thus, the rate of rise of an event is the slope of the main rising
phase, and indicates how fast an event rises to its peak. We found that the RRs of sEPSCs was
unchanged in the AD group, while those of sIPSCs was significantly decreased in AD animals
(SEPSC RR=24.92+1.41 vs. 29.33+3.37 pA/ms, p=0.5137; sIPSC RR=49.82+3.62 vs.

33.63+5.06 pA/ms, p=0.0100; WT vs. AD; Mann-Whitney test; Fig. 4b).

When we separated the events based on their amplitudes into small and large ones, the results
showed that the RRs of small sEPSCs were comparable to those of the large ones for both WT
and AD mice (p=0.6707, WT; p=1432, AD; Mann-Whitney test). Whereas for sIPSCs, the RRs
of large events were significantly higher than those of the small ones in both groups (p<0.0001,
WT; p=0.0029, AD; Mann-Whitney test). These results are consistent with the idea that large
amplitude sIPSCs comprise events originating from soma-innervating PV INs that synapse onto
a1 subunit-containing GABAA, receptors. Furthermore, the RRs of both small and large SEPSCs
were comparable between WT and AD group (small SEPSC RR=24.07+1.63 vs. 24.47+2.56

pA/ms, p=0.7987; large SEPSC RR=25.76+1.64 vs. 34.18+4.49 pA/ms, p=0.3474; WT vs. AD;
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Mann-Whitney test; Fig. 4c, d). For sIPSCs, while the RRs of the small events were similar,
those of the large events were significantly decreased in AD mice (small sSIPSC RR=24.97+2.55
vs. 22.214£1.33 pA/ms, p=0.6707; large sIPSC RR=74.67+7.47 vs. 45.06+£9.27 pA/ms,
p=0.0083; Mann-Whitney test; Fig. 4¢, d), indicating again that the changes in large amplitude

and fast-rising sIPSCs led to the overall reduction of RRs in AD mice.

In conclusion, our results from analyzing the RR further indicated that the large sIPSCs could be
generated by soma-targeting PV INs according to their fast rising phase. Moreover, the
reduction in the overall rates of rise in AD cells is contributed by large events but not the small

ones, which is again consistent with a PV IN dysfunction.

Burstiness and memory of spontaneous postsynaptic currents

Besides analyzing the frequency and amplitude of SEPSCs and sIPSCs, we also wanted to
investigate whether there are specific firing patterns within those events, such as bursts. In
order to examine the burstiness of sPSCs on pyramidal cells in WT and AD mice, we first
determined the inter-event intervals (IEls) of all SPSCs as well as those of the large sPSCs.
Then, we used previously described methods to quantitatively determine the burstiness (B) and
memory (M) in the firing of a single cell(Goh and Barabasi, 2008; Schleiss et al., 2016) (See
Method). By default, the values of both burstiness and memory will be within the range (-1, 1).
For burstiness, a value closer to 1 (i.e., when STD is very large) means the firing pattern is more
“bursty”, while a value closer to -1 (i.e. when STD - very low) indicates a more regular firing
pattern. In between, a Poisson process will result in a burstiness value of 0. For memory, a
positive value means that short IEls tend to be followed by short IEls and long IEls by long IEls,
whereas a negative value means that short IEls tend to be followed by long IEls or vice versa.

A value near 0 indicates no memory in the system.
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The results from burstiness analysis showed that for sEPSCs and sIPSCs in both WT and AD
cells, the average values were all negative (Bepsc wr=-0.19+0.04; Bjpsc wr=-0.35+0.04;
Bepsc_ap=-0.13£0.04; Bipsc_ap=-0.31+0.04), indicating that the occurrence of sSPSCs was more
regular than bursty. Also, there was no significant difference in burstiness either for sEPSCs or
for sIPSCs between WT and AD cells (data not shown). However, when we compared the
burstiness of small events versus that of large events, we found that in general, small sPSCs
had more negative B values than large sPSCs for both WT (Bsmai epsc =-0.06£0.03 vS. Biarge
epsc=-0.01£0.03; Bsmai ipsc=-0.14+0.02 vs. Biarge ipsc=-0.08+0.02; Fig. 5a) and AD (Bsmai epsc =-
0.05+0.02 vs. Biarge epsc=-0.01£0.02; Bsmai ipsc=-0.12£0.02 vs. Biarge ipsc=-0.07+0.02; Fig. 5a)
mice, and that difference was significant for sEPSCs of both WT and AD cells (p=0.0425 for
WT; p=0.0425 for AD; Wilcoxon paired test; Fig. 5a) and for sIPSCs of AD cells only (p=0.0522
for WT; p=0.0122 for AD; Wilcoxon paired test; Fig. 5a). These results indicate that for both
SEPSCs and sIPSCs, the small events occurred regularly throughout the recordings, while the
large events were generated in a more random pattern. For memory, the averaged memory for
all sEPSCs and all sIPSCs was close to 0 (Mgpsc wr=0.07+0.02; Mipsc wr=0.03+0.01;
Mepsc_ap=0.08%0.02; Mipsc_ap=0.06£0.02), indicating that there is litle memory in the system.
Also, there was no significant difference in memory either between small and large events or

between WT and AD groups (data not shown).

According to the original study (Goh and Barabasi, 2008), the “burstiness” of a system can have
two qualitatively different origins, which are presented by parameters B and M described above.
Therefore, it is helpful to place B and M values in a (B, M) space which can give an intuitive
presentation of certain properties of a system, which, in our case, is the pattern of incidence of
sPSCs (Fig. 5b). From the (B, M) plots of cell averaged memory and burstiness of sSEPSCs and
sIPSCs in WT and AD group, it is evident that both currents lack memory and are not “bursty”.

On the contrary, the sPSCs appeared to emerge in a rather regular pattern.
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A novel approach for determining the synaptic E/I ratio

A proper balance between excitation (E) and inhibition (l) is difficult to define consistently under
all circumstances(lsaacson and Scanziani, 2011), but it is considered to be crucial for a normal
circuit function. Studies have shown that a disrupted E/I balance can cause network dysfunction
and various diseases(Fernandez et al., 2007; Kehrer et al., 2008; Gogolla et al., 2009),
including AD(Schmitt, 2005; Rissman and Mobley, 2011; Busche and Konnerth, 2016).
Therefore, after examining the excitatory and inhibitory currents separately in pyramidal cells,
we also wanted to check whether the E/I balance is altered in the App""" mice. Previous
methods have been using multiple indices to calculate the E/I ratio, such as the peaks,
charges(Bartley and Dobrunz, 2015) and conductance(Wehr and Zador, 2003; Cruikshank et al.,
2007) of postsynaptic currents. These existing methods usually use only one averaged property
of the events, and they usually acquire the E and | value over a short period of recording. Here,
we introduce a new approach, which can incorporate all properties of sSPSCs into a single index

and is calculated multiple times over a long duration of recording to determine the E/I ratio.

Our previous work has described a method to objectively separate the tonic and phasic
components from raw electrophysiological recordings(Glykys and Mody, 2007) (See Method).
There are several advantages of using this method to determine the phasic E and | exerted onto
a cell: firstly, no subjective thresholds are needed to detect spontaneous events, and tonic and
phasic activities are separated objectively according to the all-point histograms of raw recording
traces; secondly, the values of E and | depend on all properties of the phasic currents, such as
frequency, amplitude, charge, etc.; and thirdly, it allows the selection of multiple segments from

the entire recording and acquire a vast number of E/| values.
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We decided to randomly choose m segments from sEPSC recordings (E) and n segments from
sIPSC recordings (I) for each cell, and each segment with a duration of 15 s. Then, we will have
m E and n | values, resulting in m x n E/l ratios. In order to determine the proper values for m
and n, we did a sample size analysis using a previously described method(Eckblad, 1991) (See
Method). The fractional deviation of the sample mean from the real population mean is
negatively correlated with the sample size (Fig. 6a). For the cell shown in Fig. 6a, when the
number of E/| ratios reached 100, the fractional deviation decreased to 0.09, which means that
the sample mean is £9% within the real population mean. Next we did the same analysis for
each cell in the WT and AD groups. The results showed that when calculating 100 E/I ratios, the
accuracy in predicting the real population mean would be sufficiently low (Fwt=0.12+0.02 vs.
Fap=0.121£0.01, p>0.9999; n=9 vs. n=12; WT vs. AD; Mann-Whitney test; Fig. 6b). Therefore,
for each cell, we decided to randomly select 10 segments of 15 s from both the E and | raw

recording traces, thus obtaining 10 E and 10 | values and 100 E/I ratios for one cell (Fig. 6c).

We first examined the phasic E and | values in WT and AD cells. As described above, each
group there will be N x 70 values of E and I, in which N is the number of cells in each group
(Nwt = 9; Nap=12). Considering that these values were collected from different animals (6 and 8
mice in the WT and group, respectively) and different cells (9 and 12 cells in the WT and AD
group, respectively), besides comparing the average of all values in each group, we also
included the variance among different animals and cells into the analysis. Therefore, we
decided to use a 2-level nested one-way ANOVA test (see Method). The results showed that
there was no significant difference either between groups (pes=0.1276; p;s=0.2602; WT vs. AD),
or among subgroups within each group (pgs=0.2080; p;s=0.0973; among animals). The results
from analyzing detected PSCs indicated a significant difference in the average sIPSC amplitude
but not the average sEPSC amplitude between groups (Fig. 1¢). The absence of significance in

the phasic | charge analysis may be caused by the large variance among subgroups, i.e. among
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different animals (31.98% and 52.83% of total variance, Es and Is, respectively), as well as
within subgroups, i.e. among different cells (53.15% and 44.70% of total variance, Es and Is,
respectively). In comparison, the variance between the WT and AD group was smaller (14.87%
and 2.47% of total variance, Es and Is, respectively). Moreover, in the phasic charge analysis,
when there were no subjective detection thresholds chosen, many more very small events
(below detection threshold) contributed to the phasic component of a recording. As we have
shown above, the large events but not the small ones contributed to the overall difference in
amplitudes (Fig. 3b, c) as well as rates of rise (Fig. 4c, d) between groups. Therefore, the
considerably more small events below detection threshold contributing to the phasic charge
resulted in the overall unchanged phasic E and I; however in the histograms of all the values we

could see a left-shift in both Es and Is in the AD group (Fig. 7a).

For the calculation of the E/I ratio, firstly we’ve taken into account the driving forces for sEPSCs
and sIPSCs. In our recording scenario, the driving forces for sEPSCs and sIPSCs were about
60 mV and 70 mV, respectively (See Method). Therefore to counterbalance the difference in
driving forces, the E/I ratio was determined as (7xE)/(6xI). To compare the E/l ratio between
WT and AD animals, we chose to use a 3-level nested one-way ANOVA test (see Method),
because now we want to use all the 100 E/| ratios for a higher accuracy, there was an extra
level, sub subgroups, which were different cells from each animal. Then, the 100 values from
each cell were listed under each sub subgroup. As a result of the unchanged phasic E and |
values, the E/I ratio remained constant in the AD group as well (E/I=0.54+0.02 vs. 0.47+0.02,
p=0.3882), although there was a left-shift in the histogram of all E/| ratios in the AD group (Fig.
7b). Another reason that might result in the unchanged E/I ratio might be the large variance
among different animals and cells. As an example, in the AD group, the E/| ratios varied a lot

from animal to animal as well as among different cells in the same animal (Fig. 7c).
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Discussion

We investigated synaptic alterations by analyzing spontaneous postsynaptic currents in parietal
cortex layer 2/3 pyramidal cells in the App"* mouse model of AD. We found that while the
properties of small sSIPSCs and all sEPSCs remained constant, the amplitudes of large and fast-
rising sIPSCs were reduced in AD mice, which is consistent with a PV IN dysfunction
hypothesis. We have also used a novel method to determine the E/I ratio with a high accuracy.
Owing to the large variance among different animals and cells, we found no significant alteration
in the overall E/| ratio in AD mice. It remains to be determined whether homeostatic
mechanisms or experimental conditions are responsible for the unchanged E/I ratio in App™-*

mice.

hAPP mouse lines are widely used experimental models of AD to study cerebral AR amyloidosis
as well as synaptic, network and behavioral dysfunctions(G6tz and lttner, 2008; LaFerla and
Green, 2012). However, the overexpression of hAPP may introduce physiological and
behavioral artifacts due to the production of various APP fragments and the use of exogenous
promoters to drive the expression of hAPP(Sasaguri et al., 2017). In our study we used the
App™-F mouse model, which was generated by a gene knock-in approach(Nilsson et al., 2014;
Saito et al., 2014) with no hAPP overexpression. While having excessive production of A,
especially aggregation-prone AB4,, these mice do not express either exogenous promoters or
hAPP, which could reduce the artificial phenotypes observed in hAPP-overexpressing
mice(Saito et al., 2016; Sasaguri et al., 2017). In this knock-in AD model, we investigated the
postsynaptic currents in parietal cortex, in which region altered synaptic transmission and
aberrant network activities were observed in hAPP mice(Roberson et al., 2011; Verret et al.,
2012) and atrophies and hypoperfusion were observed in AD patients(Jacobs et al., 2011,

2012).
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The reduction in the overall average amplitude of the sIPSCs in the AD mice, but not that of the
sEPSCs, was caused by a decrease in the average amplitude of the large sIPSCs but not the
small amplitude ones. Moreover, large sIPSCs had significantly faster rates of rise than small
ones, and this high rate of rise of the large sIPSCs was reduced in AD mice. These alterations
are consistent with a possible PV IN dysfunction in these App"-* mice, because PV INs target
a1 subunit-containing GABA, receptors on the somatic and perisomatic compartments of their
postsynaptic targets, thus generating fast-rising sIPSCs with large amplitudes(Thomson et al.,

2000; Nyiri et al., 2001; Klausberger et al., 2002; Freund and Katona, 2007).

Altered PV IN inhibition on pyramidal cells is closely linked to network oscillations and cognitive
functions. Network hyperexcitability and epileptiform events have been observed in most mouse
models of AD(Palop et al., 2007, 2011; Busche et al., 2008; Palop and Mucke, 2009; Harris et
al., 2010; Roberson et al., 2011; Yan et al., 2012; Busche and Konnerth, 2016) and in AD
patients using high resolution recordings(Lam et al., 2017). Hypersynchronous network activities
have been shown to emerge during reduced gamma oscillation, which is a high frequency
rhythm that depends on the activities of fast-spiking PV INs and contributes to cognitive
functions(Cardin et al., 2009; Sohal et al., 2009; Buzsaki and Wang, 2012; Sohal, 2012; Cho et
al., 2015). Specifically, PV IN defects due to a reduced expression of voltage-gated sodium
channels Nav1.1 were found in hAPPJ20 mice, and reversing the Nav1.1 reduction by Nav1.1-
BAC bacterial rescued PV IN synaptic currents and gamma oscillations and reduced network
hypersynchrony and memory deficits in these mice(Verret et al., 2012). A recent study showed
that there was no change in the overall Nav1.1 level in either APP-overexpressing or AppNL'F
mice brain homogenates, suggesting that Nav1.1 downregulation may be a phenotype unique to
the hAPPJ20 mice(Saito et al., 2016). However, the fraction of PV IN in brain homogenates may

be too small to detect changes in this specific population of interneurons. Therefore, a PV IN
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specific reduction of Nav1.1 may still be present in App™-* mice. Our results based on rigorous
sIPSC analyses are consistent with this possibility. Further studies on the functioning of PV INs
in this model are needed, and research on network activities and related cognitive functions

could reveal new phenotypes beyond those observed in the hAPP mice.

In our endeavor to thoroughly study synaptic changes in the cortices of App™*" mice we
developed reliable and objective methods to analyze spontaneous synaptic events. One key
element of our approach was to avoid using subjective and randomly chosen thresholds. For the
separation of small and large synaptic events, we used the cumulative distribution of all of the
event amplitudes to determine the threshold of separation between small and large amplitude
events. For obtaining the E/I ratio, we used the all-point histogram and Gaussian fits to calculate
the phasic charges, where no subjective thresholds were needed for the detection of synaptic
currents. While it is considered to be crucial for a normal circuit function, the E/I ratio remains
difficult to define consistently under all circumstances(lsaacson and Scanziani, 2011). Existing
methods have used one or multiple parameters of mainly stimulus-evoked postsynaptic currents,
such as peak amplitudes and charges, over short periods of recording to determine the E/I
ratio(Wehr and Zador, 2003; Cruikshank et al., 2007; Bartley and Dobrunz, 2015). Considering
potential drawbacks of these methods, we developed an approach which could (1) incorporate
all properties of the postsynaptic currents such as frequency, amplitude, charge, etc., and (2)
increase the accuracy of E/l calculation by including multiple segments over a relatively long
period recording (4-6 min) since the E/I balance is constantly changing in the brain. In the
App™= mice, using our new approach, the E/I ratios were not significantly altered compared to
controls, neither were the phasic E and | charges. The main reason for the phasic | charge
being unchanged while detected sIPSC amplitudes being reduced could be that the former was
actually incorporating very small currents that remained undetected with traditional thresholding.

Inclusion of these events may have weakened the effect of large sIPSCs on reducing the overall
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sIPSC amplitudes in AD mice. Thus, the unchanged phasic E and | charges resulted in an
unchanged E/I ratio. It is also possible that there were compensatory mechanisms taking place
in the AD brain to counterbalance the outcomes of decreased inhibition. This possibility will
require further investigation. The large variance among different animals and cells when
measuring the E/I ratios with our method has to be noted. This could be a result of us choosing
multiple segments over long recording durations and the dynamic nature of the E/I balance in
the brain. Our E and | recordings were done at different time points at distinct holding voltages.
Although we have corrected for the different driving forces, other conditions might be varied
when recording E and I. Future analysis using this method should measure E and | at an
intermediate voltage (between Egans and Eguamate) at the same time in order to control these

variations.

Studying abnormal synaptic transmission and related aberrant network activities and cognitive
deficits in mouse models of AD have valuable translational implications for human AD research.
Epilepsy with clinical seizures are particularly more prevalent in sporadic and familial AD
patients at younger ages, while overt seizures are not reported in most AD cases(Scarmeas et
al., 2009). Therefore, it remains difficult to study potential epileptiform activities in patients with
conventional EEG electrodes because the abberant activity takes place in deep temporal
structures. A recent study using foramen ovale electrodes positioned adjacent to the mesial
temporal lobe revealed clinically silent hippocampal seizures and epileptiform spikes during
sleep, a period especially important for memory consolidation(Lam et al., 2017). In urethane-
anesthetized App™-" mice, abnormal gamma oscillations were observed in the entorhinal
cortex, including reduced theta-gamma coupling and impaired phase-locking of layer 2/3
pyramidal cell spiking activities(Nakazono et al., 2017). Since PV INs are essential for
generating gamma oscillations and for suppressing hypersynchronous network activity, an

impairment in PV IN function shared among different mouse models of AD and present during
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the initial stages of the disease, may have highly relevant clinical and therapeutic
consequences. The development of specific Na* channel modulators is an obvious start in this

direction(Anderson et al., 2017; Frederiksen et al., 2017).
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Figure 1. The average amplitude of sIPSCs was reduced in AD pyramidal cells. (a) Example
raw recording traces of SEPSCs (left) and sIPSCs (right), with a holding voltage (V) of -60mV
and OmV, respectively. (b) The average frequency of either SEPSCs (left) or sIPSCs (right)
remained unchanged in the AD group. (¢) The average amplitude of SEPSCs remained constant

(left), while that of sSIPSCs was significantly decreased (right) in the AD group.
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Figure 2. The sEPSCs and sIPSCs from each cell can be divided into two groups according to
the bimodal distribution of their amplitudes. (a) Example of choosing an objective amplitude
threshold (Aw) to divide the sIPSCs into small and large groups. The cumulative distribution of
all sIPSC amplitudes was fitted with either one (dashed line) or two (solid line) cumulative
normal distributions. When fitting with two distributions, the amplitude threshold (Ay,) is the
corresponding X value on the fitted curve at the start of the second distribution. Inset, the
difference between the predicted and the actual amplitude values (residuals) when fitting with
one (dashed line) or two (solid line) cumulative normal distributions. (b) The Ay, of SEPSCs and
sIPSCs in WT and AD cells. The Ay, of sSEPSCs remained constant (left), while that of sIPSCs

was reduced (right) in AD cells.
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Figure 3. The average amplitude of large sIPSCs was significantly reduced in AD pyramidal
cells. (a) The cumulative distributions of SEPSC (left) and sIPSC (right) amplitudes of all cells
recorded in WT (grey curve) and AD (black curve) mice. The arrows are showing the mean of

the first and second distribution when fitting with two cumulative normal distributions for WT
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(grey arrows) and AD (black arrows) cells. The arrowheads are showing the Ay, values for WT
(grey arrowheads) and AD (black arrowheads) cells. (b) The average amplitudes of small

SEPSCs (left) and small sIPSCs (right) were both not significantly altered in the AD group. (c)
The average amplitude of large SEPSCs was unchanged (left), while that of large sIPSCs was

significantly reduced (right) in the AD group.
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Figure 4. The analysis of rate of rise revealed a significant decrease only in the large sIPSCs of
AD pyramidal cells. (a) The rate of rise was calculated as the ratio between the increase in
current and the rise time (RT) from 10% (10% Amp) to 90% (90% Amp) of the peak. (b) The
average rate of rise of all SEPSCs was unchanged (left), while that of all sIPSCs was reduced
(right) in the AD group. (c) The average rate of rise of either small SEPSCs (left) or small
sIPSCs (right) was not altered in the AD group. (d) The average rate of rise of large SEPSCs

remained constant (left), while that of large sIPSCs was significantly reduced (right) in the AD

group.
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Figure 5. The analysis of burstiness (B) and memory (M) showed different firing patterns of
small and large events. (a) Left, the burstiness of large SEPSCs was significantly closer to 0
(indicating a Poisson process) than that of small SEPSCs for both WT and AD pyramidal cells.
Right, the burstiness of large sIPSCs was significantly closer to 0 than that of small sIPSCs for
AD cells, but not for WT cells. (b) The distribution of B and M values calculated with all SEPSCs

(left) and sIPSCs (right) from each cell in a B-M plane showed negative B values, indicating
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regular firing pattern, and close-to-zero M values, indicating little memory in both WT and AD

pyramidal cells.

85



Fractional deviation

10

n.s.

0.25-
0.20 o
0.15-
0.10- oho
0.057 °

0.1)

Frequency per bin (BW

T 1 0.00- WT AD
50 N 100 150

Seal test

50pA

2 3 4 5 6 7 8 9 10 |<
T )
Seal test ;5
50s
25 -
20 -
15— .
10 E x 10 | = 100 E/I ratios
10+
5
O I | ] | 1
0.0 0.5 1.0 1.5 2.0
E/l ratio

86



Figure 6. A new approach to determine the E/I ratio can predict the real E/I value of each cell
with high accuracy. (a) The fractional deviation of the sample mean from the real population
mean decreases with the increase of sample size (N). The curve shows deviations calculated
with the mean (u) and standard deviation (o) of 100 samples (N=100), and the 10 dots are
deviation values calculated with the y and o of N=10, 20, ..., 100 samples, from left to right. (b)
When acquiring 100 E/I ratios, for both WT and AD cells, the fractional deviation reaches a low
value (~12%), and it is not significantly different in the two groups. (¢) Randomly selecting 10
segments of 15 sec from the raw recording traces of sEPSCs (top) and sIPSCs (middle) can

yield 100 E/I ratios when crossing over the 10 phasic E and 10 phasic | charges (bottom).
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Figure 7. The E/I ratios calculated with the new approach showed a tendency of reduction in
the AD group. (a) Histogram of phasic E (left) and phasic | (right) charges showed a reduction in
both E and | in AD pyramidal cells (10 E and 10 | values for each cell). (b) Histogram of E/| ratio
showed a shift to the left in the AD group, however the E/I was not significantly altered
according to a nested two-way ANOVA test. (c) The E/I values for the AD group showed large
variations among the 100 values in each cell (shown as each bar), among different cells in each

animal (shown as each #), and among different animals.
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Chapter IV

Novel Analysis Based on in vivo Local Field Potential
Recordings Revealed Sleep Disturbances in Aged

App"-f Mice

4.1 Summary

A large fraction of Alzheimer’s disease (AD) patients show aberrant brain activities that mostly
resembles complex partial seizures, and an estimated 10 to 20% develop overt seizures.
Especially, these abnormal network activities usually start in early stages of the disease and
may contribute to the emergence of AD symptoms such as cognitive decline. Since clinical
seizures are not reported in most AD cases, it remains difficult to monitor the occurrence of
epileptiform activities that take place in deep temporal structures. With the advantage of various
mouse models of AD, we can now examine the altered network activities associated with other
hallmarks of the disease, such as amyloid B plaque deposition. Using the App"-" mouse model,
which has fewer artificial phenotypes compared to other existing models, we have examined the
network activities through in vivo LFP recordings in hippocampal CA1 pyramidal cell layer.
Together with monitoring the physical activities, we have applied a novel method to determine
different sleep/awake states of mice objectively. Our results showed that the sleep cycles were
disrupted in 11 m old NL-F homozygous mice, but not at a younger age. At the same age, we
have also observed spikes emerging during prolonged sharp wave ripples (SWRs), indicating

possible transition of SWRs into epileptiform discharges. Taken together, our studies could have
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caught a critical period in the disease progression when plaque accumulation, sleep

disturbances and changes in network activities take place and lead to further cognitive decline.

98



4.2 Introduction

4.2.1 Epilepsy and AD

In AD patients, aberrant network activities that mostly resemble those found in complex partial
seizures were observed in early stages of the disease and may contribute to the emergence of
AD symptoms such as cognitive decline(Palop and Mucke, 2009; Noebels, 2011; Bakker et al.,
2012; Scharfman, 2012; Chin and Scharfman, 2013; Born, 2015; Vossel et al., 2017). Epilepsy
with clinical seizures are particularly more prevalent in familial and sporadic AD patients at
younger ages, while overt seizures are not reported in most AD cases(Rao et al., 2009;
Scarmeas et al., 2009; Vossel et al., 2013; Born, 2015; Sarkis et al., 2016). The non-motor
seizures are easily missed because the symptoms can overlap with cognitive features of AD,
such as amnestic spells, speech arrest, amnestic wandering, or sensory phenomena, many of
which are typical phenotypes of focal hippocampal, so called complex partial, seizures(Vossel et
al., 2017). To distinguish the epileptic events from AD symptoms, one needs the support of
epileptiform activity on EEG (electroencephalograph). However, it remains difficult to study
potential epileptiform activities in patients with conventional EEG electrodes because the
aberrant activities take place in deep temporal structures. With extended monitoring using scalp
EEG and/or EMG (magnetoencephalography), Vossel et al. revealed that the incidence of
subclinical epileptiform activity in AD patients was significantly higher than age-matched
controls, and individuals with epileptiform discharges showed faster global cognitive
decline(Vossel et al., 2016). Horvath et al. have described more sensitive sleep EEG detection
settings to monitor epileptiform discharges in AD patients, which revealed that 82% of
epileptiform discharges occurred during sleep, mainly related to non-REM sleep(Horvath et al.,
2017). Also, another recent study using foramen ovale electrodes positioned adjacent to the

mesial temporal lobe (mTL) revealed clinically silent hippocampal seizures and epileptiform
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spikes during sleep, a period especially important for memory consolidation, which may further

increase their impact on the disease progression(Lam et al., 2017).

4.2.2 Epileptiform network activities in mouse models of AD

With the advantage of transgenic mouse models of AD (see Chapter Il for details), it is possible
for us to study the link between seizures and AD. The 1% generation of mouse models use the
approach of overexpressing mutant or wild-type human amyloid precursor protein (hAPP) with
powerful exogenous promoters, sometimes together with the overexpression of other AD-
related proteins(Sasaguri et al., 2017). Many hAPP-overexpressing mouse models of AD
display hypersynchronous network activities and epileptiform discharges, and spontaneous
seizures(Born, 2015). For example, non-convulsive seizures were observed in hAPPJ20
mice(Palop et al., 2007; Verret et al., 2012), while infrequent tonic-clonic seizures were
observed in Tg2576 mice(Westmark et al., 2008) and APP23 mice(Lalonde et al., 2005) (both
models overexpressing hAPP carrying the Swedish mutations under different promoters), which

may contribute to the increased sudden death often observed in these models.

An impairment of in vivo gamma oscillations in hippocampus and parietal cortex was revealed in
a number of studies using different mouse models of AD(Verret et al., 2012; Gillespie et al.,
2016; laccarino et al., 2016). Specifically, in hAPPJ20 mice, EEG recordings revealed that
spontaneous epileptiform discharge occur primarily during reduced gamma oscillation activity,
and an inverse correlation was found between the intensity of gamma oscillation and the spike
rate(Verret et al., 2012). Furthermore, exploratory behavior was associated with increased
gamma activity and fewer spikes in these mice(Verret et al., 2012). Various studies have
demonstrated that gamma oscillation depends on the synaptic activity of parvalbumin-positive

GABAergic interneurons (PV INs) and enhances cognitive functions(Mann and Paulsen, 2007;
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Cardin et al., 2009; Sohal et al., 2009; Korotkova et al., 2010). PV IN dysfunction caused by
reduced levels of voltage-gated sodium channel subunit Nav1.1 contributes to abnormalities in
oscillatory rhythms, network synchrony, and cognition in hAPPJ20 mice and possibly in AD

patients(Verret et al., 2012).

It is essential to examine the epileptiform activities in the new generation of mouse models that
use a gene knock-in approach (APP-KI models), because the artificially high levels of A, APP,
and its various cleavage products in the hAPP-overexpressing models make it difficult to
untangle the individual contribution of A to seizure activities. It has been found that in the
APP/TTA model, which overexpress hAPP with Swedish and London mutations, overall tgAPP
suppression but not a specific AR reduction with y-secretase inhibitor could reduce epileptiform
discharge and normalize other electrical abnormalities found in these animals(Born et al., 2014).
These results indicate that elevated levels of APP, not AB, play an important role in the
development and maintenance of epileptiform activities. Also, since AB reduction alone did not
reduce epileptiform activities, it is possible that the overproduction of one or more of other APP
cleavage products contributed to the abnormalities. Moreover, with the critical role of APP in
cortical development, overproduction of APP throughout the development of transgenic mice
could have disrupted synapse and circuit development(Priller et al., 2006; Young-Pearse et al.,
2007; Zheng and Koo, 2011; Hoe et al., 2012). For example, tgAPP suppression during post-
natal development (P1-P42) delayed the onset of epileptiform activities in the APP/TTA mice,
suggesting that overloading the brain with APP during the developmental period accelerates the

progression of epileptiform activities(Born et al., 2014).

To date, there are only very few studies on network abnormalities in the APP-KI mouse models.
In 5 m-old App™-F mice, under urethane-anesthesia, abnormal gamma oscillations were

observed in the entorhinal cortex, including reduced theta-gamma coupling and impaired phase-
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locking of layer 2/3 pyramidal cell spiking activities (Nakazono et al., 2017). A 2016 paper
showed that there was no change in the overall Nav1.1 level in either APP-overexpressing
(APP23) or App™F mice brain homogenates, suggesting that Nav1.1 downregulation may be a
phenotype unique to the hAPPJ20 mice(Saito et al., 2016). Yet the fraction of PV INs in brain
homogenates may be too small to detect changes in this specific population of interneurons.
Therefore, a PV IN specific reduction of Nav1.1 may still be present in App™-" mice. Our patch-
clamp recordings from cortical pyramidal cells and subsequent rigorous analyses on the
spontaneous inhibitory postsynaptic currents (sIPSCs) are consistent with this possibility (See
Chapter lll), and it is necessary to further examine if there are alterations at the network level,

such as epileptiform discharges in the App"** mice.

4.2.3 Sharp wave ripples and epileptiform discharge in AD

Sharp wave ripples (SWRs) are highly synchronous population activities found in the
mammalian brain. They are associated with NREM sleep and consummatory behaviors such as
immobility, drinking, eating and grooming(Buzsaki et al., 1983; Buzsaki, 1984; Suzuki and
Smith, 1987). SWRs consist of two components: sharp waves (SPWs), which are large
amplitude deflections (40-100 ms) in CA1 stratum radiatum, and often associated “ripples”,
which are short-lived fast oscillations (110-200 Hz) observed in the local field potential (LFP) in
CA1 stratum pyramidale(O’Keefe, 1976; Buzsaki et al., 1983, 1992; Buzsaki, 1986; Suzuki and
Smith, 1987, 1988a, 1988b). SWRs usually consist of 3-9 ripple waves, which can be
characterized by the duration (ms) and amplitude (uV)(Buzséki, 2015). So far, SWRs have been
observed in the hippocampus of every mammalian species investigated, including
humans(Bragin et al., 1999a; Le Van Quyen et al., 2010). Research has established the

important role of SWRs in transferring compressed hippocampal presentation to other brain

102



regions and supporting memory consolidation, while selective disruption of SWRs interferes with

memory(Buzsaki, 2015).

SWRs are the most synchronous events in the mammalian brain with a high excitatory gain.
Therefore, even minor perturbations in the hippocampal circuits can turn SWRs into pathological
events. Increased synchrony can cause SPWs to manifest as spikes, while ripples can turn into
pathological high frequency oscillations (PHFOs, 200-500 Hz, 10-100 ms in duration)(Bragin et
al., 1999b; Staba and Bragin, 2011; Staba et al., 2012). Interictal epileptiform discharges (IEDs)
are often coupled with PHFOs, but both of them can occur independently(Alvarado-Rojas et al.,
2015). In temporal lobe epilepsy (TLE) patients and animal models of TLE, IEDs may contribute
to the cognitive impairments other than being a byproduct of the disease(Holmes and Lenck-
Santini, 2006; Shatskikh et al., 2006; Kleen et al., 2010). Since epileptic activities are one of the
early symptoms in AD patients, altered SWRs may contribute to memory decline in the disease,

and treatment of IEDs and PHFOs may prevent cognitive decline in AD patients with epilepsy.

4.2.4 Disturbed sleeping patterns in AD

Besides progressive decline in cognitive functions such as loss of memory and language
difficulties, sleep disturbance is a common behavioral symptom in AD as well, which is highly
disruptive with a significant impact on patients and caregivers(Prinz et al., 1982b; Bliwise, 2004;
Lim et al., 2014; Musiek et al., 2015; Peter-Derex et al., 2015). Changes in sleep are common in
the normal aging process, with characteristics such as increasing sleep fragmentation, greater
tendency for nighttime awakenings and daytime sleep, while dementia leads to further
deterioration of sleep patterns(Bliwise, 1993). Alterations in the sleep-wake cycle may be one of
the earliest symptoms in preclinical AD(Lim et al., 2014), and AD patients with sleep

disturbances seem to have a more severe cognitive decline(Vitiello and Prinz, 1989; McCurry et
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al., 2000). Sleep cycle also in turn regulates the level of AR deposition, which is demonstrated in
mouse models of AD. A study on the amount of soluble AB levels in the brain interstitial fluid
across the sleep-wake cycle in young Tg2576 mice showed approximately 25% higher levels of
extracellular AR during wakefulness compared to sleep; furthermore, chronic sleep restriction
led to a two-fold increase in plaque burden in both Tg2576 and APP/PS1 models(Kang et al.,

2009).

Different stages in a normal sleep cycle work together to stabilize and enhance certain types of
memories. In general, declarative memories (such as episodic memories of personal
experience) are enhanced by NREM (non-rapid eye movement) sleep while procedural
memories (such as memories for skills and habits) are enhanced by REM (rapid eye movement)
sleep(Maquet, 2001; Walker and Stickgold, 2006). Symptoms of sleep disturbances in AD
patients in general are qualitatively similar to those seen in the normal aging population but
much more severe, yet REM sleep shows specific alterations with a significantly lower
proportion in the total sleep time in AD(Prinz et al., 1982a, 1982b; Vitiello et al., 1990; Moe et
al., 1995; Bombois et al., 2010). REM sleep is physiologically different from other sleep phases,
which is distinguished by rapid movement of eyes and accompanies numerous physiological
changes. In the Tg2576 mouse model of AD, amyloid plaque deposition was observed in brain
regions critical for the generation of REM sleep, and these mice had prominent sleep and
circadian abnormalities(Wisor et al., 2005; Zhang et al., 2005). In the APP/PS1 model, the
disruption of sleep cycle began at the time of plaque deposition, and worsened as the
deposition expanded to other areas(Roh et al., 2012). Therefore, there may be a link between
AB plaque deposition and sleep disturbances observed both in AD patients and mouse models,
and we will study possible sleep alterations in the App"-* mice at different time points during a

critical period for the initial accumulation of AB plaque deposits.
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4.2.5 Determination of sleep stages in mice

In order to study the sleep patterns in mice, it is important to reliably determine the sleep/awake
states through monitoring of the brain and physical activities of the animals. In the studies
described in the previous section, researchers were using polysomnographic analysis with
commercially available software, which assesses the state of the animals based on EEG
recordings (over the frontal and the parietal bone) and EMG recordings (usually in the neck
musculature) (Zhang et al., 2005; Kang et al., 2009; Roh et al., 2012). Numerous algorithms
exist to separate sleep stages and awake periods in mice, yet they are using sophisticated
methods and require more or less subjective judgment(Brankack et al., 2010; Fisher et al.,
2013; Kreuzer et al., 2015; Lampert et al., 2015; Funato et al., 2016; Yaghouby and Sunderam,
2016). Here in the AppNL'F mice, we are using a novel approach for the automatic determination
of sleep/awake stages, which is relatively simple and requires no subjective thresholds (Molnar
et al., 2017). Our algorithm combines the information from the in vivo LFP recordings and the
physical activities of the animals, and enables us to reliably determine the NREM and REM

sleep as well as the awake states in mice.

4.3 Materials and Methods

4.3.1 Animal use

All animal use was approved by the UCLA Chancellor's Committee on Animal Welfare. App™-*
mice were originally obtained from the research group led by Dr. Takaomi C. Saido at the
Laboratory for Proteolytic Neuroscience, RIKEN Brain Science Institute, Saitama, Japan(Nilsson
et al., 2014; Saito et al., 2014). Wild-type control mice (WT) were aged C57BI/6 mice from our
own wild type colonies. Mice were housed under the care of the Division of Laboratory Animal

Medicine (DLAM) of University of California, Los Angeles (UCLA). Mice were maintained in a 12
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h light/dark cycle with ad libitum access to food and water. All experiments were done during the

light cycle.

4.3.2 Surgery

Surgeries were performed under aseptic conditions on male App™-F mice (homozygous and
heterozygous) and aged matched WT controls as previously described(Barth et al., 2014).
Briefly, mice were fixed with ear bars on a standard stereotaxic frame (Stoelting Co.) under
anesthesia by isoflurane inhalation (2-2.5% isoflurane in 100% O, at 1.25-1.5 L/min) with a
vaporizer (Patterson Scientific). Body temperature was maintained with a circulating heating pad,
and artificial tears ointment (Rugby) was put on the eyes. 5 mg/kg lidocaine was injected under
the skin close to where incisions would be made for local numbness; and 5 mg/kg carprofen
was given under skin on the back to prevent inflammation. The scalp was treated with betadine
and 70% ethanol for 3 times before making an incision. The cranium was exposed with through
a small midline scalp incision. Three openings were made on the cranium with aseptic drill
heads (Fine Science Tool No. 19007-07; 0.7 mm diameter): Two for the recording electrodes
(PlasticsOne, 127 um diameter) were made with locations as follows: from Bregma, -1.9 mm
caudal, £1.5 mm lateral; the third for the reference electrode was made above the cerebellum.
The two recording electrodes were guided down through the openings with a micromanipulator
on the stereotaxic system. When reaching the top of the brain, they were moved down
synchronously for another 1.3 mm to reach bilateral hippocampal CA1 stratum pyramidale. With
the micromanipulator holding the electrodes, the skull surface was covered with a thin layer of
cyanoacrylates-based glue (Super Glue, Loctite), and then dental cement (Ortho-Jet, Lang
Dental Manufacturing Co Inc.) was used to attach the electrode sockets to the skull while
covering the part of cranium without scalp. Lastly a custom-made plastic protection hat was

placed around the electrode sockets and fixed with dental cement as well.
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Right after surgery another 5 mg/kg lidocaine and 5 mg/kg carprofen was injected under the
skin on the neck and back, respectively. The animal was returned to home cage with food and
water on a heating pad. The mouse was continuously monitored until recover, and then returned
to the animal room. For the next 2 consecutive days, 5 mg/kg carprofen was administered under

the skin on the back.

4.3.3 In vivo local field potential and video recordings

Mice were allowed to recover from surgery for at least a week, and were transiently
anesthetized with isoflurane right before connected to the recording system. Local field potential
(LFP) recordings were performed in awake, freely moving animals for at least 3 full days (6 light-
dark cycles minimum) in cylindrical containers (Carlisle No. 10768; 0.3 m diameter, 0.3 m tall).
LFPs were recorded with a custom-made miniature dual headstage connected to the electrode
sockets on the animal’s head, then wired to an electrical commutator (Dragonfly Inc.). The
signals from the commutator were fed through a 16-channel amplifier (A-M Systems Model
3500) with a gain of 100 and low-pass filtered at 300 Hz, next to a National Instrument A/D
board, sampled at 2048 S™ per channel. Continuous data acquisition was done using lgorPro 6

NIDAQ tool (Wavematrix).

The activities of animals were monitored by an infrared USB camera that was mounted above
the recording setup and provided a top view of the mouse habitat. Activities were recorded
continuously with an open source software iSpy (DeveloperinABox), which calculates in real
time the percentage deviation between consecutive frames and generates a text file (activity
data) containing time-stamped information on the percentages of frame-to-frame deviation

values. The threshold for movement detection of the software was set to 80.
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4.3.4 Data analysis and determination of sleep cycles

All LFP recordings were stored as .bin files, and activities extracted from videos as .xml text files.
Files were then loaded by a customized Igor procedure, which can automatically divide the

LFPs and activity files into 12 h episodes (Light cycle: 6AM-6PM; Dark cycle: 6PM-6AM). Data
analyses on LFP recordings were done using custom written procedures in IgorPro 6.37
(Wavematrics) with its built-in functions for RMS (root mean square) measurement, FIR (finite
impulse response) filtering, FFT (fast Fourier transform), Hilbert amplitude, continuous wavelet

transform, etc.

The objective determination of sleep cycles relies on the ratio among 8, 6, and Y component
objectively detected in the LFPs recorded from hippocampal CA1 pyramidal cell layer, together
with the activities of the animals obtained from the activity files generated by the iSpy software.
The method was described in a previous SfN poster (Molnar et al., 2017). Firstly, raw signals
(sampled at 2048 s and low-pass filtered at 300 Hz) were filtered in the 3 band (1-4 Hz), 8
band (5-12 Hz), and Y band (30-120 Hz). Filtering was done with a FIR filter with 4001
coefficients. The band-pass filtered traces were used for calculating the RMS values of d and Y’
bands for the initial determination of NREM (non-rapid eye movement) epochs(Brankack et al.,
2010). Briefly, the RMS of Y and & filtered waves were plotted for continuous 12 h (44,300 s)
periods, and the all-point histograms of Y rus/Orus Were plotted. These histograms had bimodal
distributions and were best fitted with two Gaussians. The Gaussian with the smaller mean and
variance was used for the initial identification of the NREM periods, generating NREM binary
files with NREM epochs designated as 1. The NREM binary files were further corrected through
convoluting suprathreshold yrus events and the percent of y activity during the initial NREM

events. To separate REM (rapid eye movement) and AWAKE epochs outside of the NREM
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periods, the RMS of 6 and & filtered traces were calculated for continuous 12 h periods. Again,
the all-point histogram of Brus/Orus Showed bimodal distribution and could be best fitted with
two Gaussians. The threshold for separation was determined as the intersection of the two
Gaussians(Ashman et al., 1994), and events above the threshold were categorized as REM.
Finally, the separation of NREM, REM, and AWAKE was refined with the activity (Act) files:
original REM segments (from the Bgrus/Orus Separation) where the Act > median Act were
reclassified as AWAKE; original AWAKE segments (from Yrus/Orus Separation) where the Act
< median Act were reclassified as REM. In this way, the NREM, REM, and AWAKE periods

were separated while no subjective thresholds were used.

4.4 Results

NL-F/NL-F mice.

4.4.1 Disturbed sleeping cycles were observed in 11 m-old, but not 7.5 m-old App
We have implanted bilaterally into CA1 stratum pyramidale in 7 m-old App"~*"-* (DOB:
10/31/16) and 7.5 m-old WT mice (DOB: 10/15/16). All surgeries were done on the same day
(06/05/17). Also recordings from 3 WT mice aged 6-8 m used for previous projects in the lab
were used as controls in the sleep cycle analysis. After recovery (10 days), mice were
connected to the long-term recording setup and LFP and video recordings were continuously
acquired for 5 days. About 3.5 months later, the animals were connected again for 5 days of
LFP and activity recordings. At the time of the first recording, the mice were at ~7.5 m of age;
while at the second recording, they were at ~11 m old. In this way, we could catch an important
period for pathological progression in these mice, because according to our DAB stain analysis

on the AD homozygous mice, they began to accumulate extensive plaque deposition in the

hippocampus around 8-12 m (see Chapter Il Fig. 2.1).
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Indeed, when we objectively separated different states, namely NREM (non-rapid eye
movement), REM (rapid eye movement), and AWAKE, of the animals with objective criteria
implemented through automated Igor programs (see Method), we found that astounding
changes had happened during the 3.5 m between the first and second recordings in one of the
NL-F homozygous mice. Fig. 4.1 shows the hourly fraction (%) of time spent in NREM and REM
during three consecutive light and dark (with horizontal grey bars below) cycles in WT (Fig.
4.1a; N=4 mice; age = 6-8 m) and an App"“"* mouse at 7.5 m (Fig. 4.1b) and 11 m (Fig.
4.1c) of age. Firstly, there was a significant increase in the percent time spent in NREM sleep
during the dark cycle (6PM-6AM) in the homozygous mouse at 11 m-old (Dark cycle: average
time spent in NREM=22.5% vs. 21.3% vs. 41.8%; WT vs. 7.5 m homo vs. 11 m homo),
indicating that this mouse spent more time sleeping during their active phases as they aged.
The percent time in NREM during the light cycle (6AM-6PM) did not alter between the two
recordings (Light cycle: average time spent in NREM=45.4% vs. 57.1% vs. 55.1%; WT vs. 7.5
m vs. 11 m). Secondly, the ratio of REM sleep to the total sleep time (REM/TST) in both the
dark and the light cycle were reduced in the second recording (Light cycle: REM/TST=1:6.1 vs.
1:5.4 vs. 1:7.1; Dark cycle: REM/NREM=1:6.6 vs. 1:6.1 vs. 1:10.1; in WT, 7.5 m homo, and 11
m homo, respectively), indicating less time spent in REM during the entire sleep cycle with the

disease progression.

Both NREM and REM sleep are important for the consolidation of different types of
memories(Maquet, 2001; Walker and Stickgold, 2006). Our results in 11 m-old App"“* mice
showing increased time in NREM sleep during the dark cycle is consistent with more daytime
nap in AD patients(Bliwise, 1993; Horvath et al., 2017); while decreased percentage of REM
sleep is consistent with human research as well, given that REM sleep is specifically affected in
AD patients compared to normal elderly(Prinz et al., 1982a, 1982b; Vitiello et al., 1990; Moe et

al., 1995; Bombois et al., 2010) . Moreover, the sleep disruptions we have observed emerged
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during an important pathological stage when AB deposition started to accumulate in
hippocampal CA1 pyramidal cell layer. Considering the reciprocal interactions between sleep
disturbances and amyloid plaque deposition, on one hand the A deposits may worsen the
sleep cycle imbalance; on the other hand the sleep disruptions may accelerate AR deposition
and contribute to the disease progression and later-on overt clinical symptoms such as cognitive

decline.

NL-F/NL-F mice.

4.4.2 Sharp wave ripples evolving into spikes were discovered in 11 m-old App
When we filtered the raw LFP recordings from hippocampal CA1 pyramidal cell layer between
120-180 Hz, we found SWRs that typically lasted ~50 ms in the WT mouse (Fig. 4.2a). In our

NL-FNLF mouse was 11 m old, we have

LFP recordings at the second time point, when the App
observed SWRs with abnormally long durations (~200 ms) in the filtered trace (Fig. 4.2b, black
line) as well as highly synchronous strong oscillations in bilateral CA1 LFPs (Fig. 4.2b, blue and
red lines). These prolonged SWR episodes could be an early sign of highly synchronous SWRs
turning into pathological events such as epileptiform discharges under even minor perturbations
during disease progression. Indeed, spikes were observed in bilateral CA1 either after a
seemingly normal SWR (Fig. 4.2¢c) or appearing alone (Fig. 4.2d), and they could later recruit
more and more neurons into these synchronous discharges eventually leading to overt seizures.
Specifically, this transition happened during a critical period, when extensive plaque deposition
starts to expand from the cortex to the hippocampal layers (see Chapter Il Fig. 2.1), including
stratus radiatum from where the sharp waves originate and stratum pyramidale from where
ripples were observed in our recordings. Moreover, in the 11 m-old homozygous mouse, spikes
were mostly detected during reduced physical activities in the light cycle (inactive phase) (Fig.

4e), which was highly likely the NREM sleep. This is consistent with the research in AD patients

by Lam et al. where they detected clinically silent hippocampal seizures and epileptiform spikes
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during sleep(Lam et al., 2017) and research by Horvath et al. showing that 82% of epileptiform
discharges occurred during sleep, mainly related to non-REM sleep(Horvath et al., 2017).Given
the important role of NREM sleep in memory consolidation, especially for declarative
memories(Maquet, 2001; Walker and Stickgold, 2006), the appearance of single spikes and
later-on more severe epileptiform activities could substantially disrupt information processing

and lead to further cognitive decline.

4.5 Discussion

Here in the App™"" mice, we have done long-term (>3 days) recordings of both LFP in CA1
pyramidal cell layer and the activities of the animals. Combining information from the LFPs
(mainly the ratios among 8, 8, and Y band oscillations) and the activity files, we have developed
a reliable novel method to determine different states of mice, namely REM sleep, NREM sleep
and AWAKE, which allowed us to examine potential sleep disturbances in these AD mice at
different ages during the disease progression. Results indicated that at 7.5 m of age, the

NL-F/NL-F

homozygous App mouse showed similar sleep cycles as control WT, while at 11 m of
age the same mouse exhibited disrupted sleep cycles with more NREM sleep during the active
phases and less REM sleep within the total sleep time. We have also discovered prolonged
SWR episodes with spikes in between in the homozygous mouse at 11 m of age. These

episodes could be the early transition of SWRs to epileptiform discharges, which are prominent

in various mouse models of AD as well as in AD patients.

The pathological changes we have seen from the in vivo LFPs in the aged homozygous AD
mouse, including sleep disturbances, altered SWRs, and subsequent spikes, have mutual
interplay with other symptoms in AD, such as amyloid plaque deposition and cognitive decline.

Firstly, AD patients with sleep disturbances seem to have a more severe cognitive
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decline(Vitiello and Prinz, 1989; McCurry et al., 2000); in turn, sleep cycle regulates the level of
AB deposition in mouse models of AD, where chronic sleep restriction led to a two-fold increase
in plaque burden(Kang et al., 2009). Secondly, under pathological conditions, ripples could turn
into PHFOs or strongly synchronous epileptic spikes(Bragin et al., 1999b; Staba and Bragin,
2011; Staba et al., 2012), and epileptiform discharges in the brain may contribute to the
deterioration of cognitive functions on themselves without overt seizures(Buzsaki et al., 1991).
Thirdly, AB burden in the medial prefrontal cortex is shown to lead to NREM sleep fragmentation
(Roh et al., 2012), which may impair SWRs that are associated with NREM sleep, and then lead
to memory decline. All of these and other interconnected changes in the brain may affect each

other and contribute to the clinical symptoms observed in AD.

Although so far we have only finished the analyses on one homozygous mouse and an age-
matched controls at two different time points, the results are promising. There are more
recordings waiting to be analyzed, and also recordings from even older App™-* homozygous
and heterozygous mice (over 2 y old). We have recorded when the animal was 7.5 m old and
then 3 months later and observed prominent changes in sleep and SWRs, and we could
perform further recordings later to see whether there are more alterations occurring with the

disease progression.
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Figure 4.1: Percent time spent in NREM sleep (blue) and REM sleep (green) in WT (N=4 mice;

NL-F/NL-F

age=6-8 m) (a), and the App mouse at 7.5 m (b) and 11 m (c) of age.
Data is presented as the mean (solid circles) of percent time spent in each state calculated

every 60 min over 3 full days (72 hrs). Grey bars under the horizontal axis indicate dark cycles
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(6PM-6AM). Colored bands in a indicate the SD for the 4 WT mice, which are shown in b and ¢

as well for the comparison between the WT mice and the App"=* mouse.
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Figure 4.2: Sharp wave ripples (SWRs) in the 11.5 m-old WT mouse (a) and altered SWRs and

NLFNEE mouse (b-e). (a-d) Blue and red lines show the two-channel

spikes in the 11 m-old App
raw LFPs from bilateral hippocampal CA1 stratum pyramidale. (a-c) Black lines show the 120-
150 Hz filtered traces from one channel, indicting the occurrence of SWRs. Notice the high
synchrony between the two channels in (b-d).

(a) Normal SWRs detected in the WT mouse that lasted around 50 ms. (b) Prolonged SWRs in
the 11 m-old homozygous mouse that lasted about 200 ms. (¢) SWRs followed by a spike in the
11 m-old homozygous mouse. (d) Example of a spike detected in bilateral hippocampal CA1
recordings in the 11 m-old homozygous mouse. (e) The spikes occurring during reduced activity

in the light cycle in the 11 m-old homozygous mouse. Red line: raw LFP recording; Black line:

activity level of the animal; Asterisks: detected spikes.
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Novel insights into the behavioral analysis of mice subjected to

the forced-swim test

L Chen'?, GC Faas?, | Ferando? and | Mody?*?

The forced-swim test (FST) is one of the most widely used rodent behavioral assays, in which the immobility of animals is used to
assess the effectiveness of antidepressant drugs. However, the existing, and mostly arbitrary, criteria used for quantification could
lead to biased results. Here we believe we uncovered new confounding factors, revealed new indices to interpret the behavior of
mice and propose an unbiased means for quantification of the FST.

Translational Psychiatry (2015) 5, e551; doi:10.1038/tp.2015.44; published online 14 April 2015

INTRODUCTION

Major depressive disorder is a key public health concern. The
results of the first Global Burden of Disease study in 1990 revealed
a group of disorders that primarily cause nonfatal burden,
quantified by years lived with disability and disability-adjusted life
years." According to data from the Global Burden of Disease study
2010, mental and substance disorders accounted for 7.4% of
disability-adjusted life years, and they were the leading cause
(22.9%) of years lived with disability worldwide.” Within the
mental and substance disorders group, major depressive disorder
contributed most of the disability-adjusted life years and years
lived with disability, with a global point prevalence of 4.7%.> From
1990 to 2010, the contribution of major depressive disorder
increased by 37% to both disability-adjusted life years® and years
lived with disability.? Also, major depressive disorder was
predicted to be the second leading contributor to the burden of
diseases by 2020.°

Clinically, depression is a heterogeneous disorder in humans,
and it is difficult to model the psychological aspect of the disease
in animals.” There are just a limited number of tests available for
detecting a ‘depressed’ phenotype in rodents;’® among those,
the forced-swim test (FST) is one of the most widely used tests
across laboratories for assessing symptoms of depression. FST was
originally introduced by Porsolt et al. in rats'®"" and mice'? for the
screening of antidepressants. In this test, if treatment with a drug
reduced behavioral immobility,'®'*'* thought of as a measure of
despair, the drug could be considered as an ‘antidepressant’,'®'2
The advantages of the FST consist of its ease of use, reliability
across different laboratories and trials and the ability to detect a
broad spectrum of antidepressants.’*'> However, the test also has
some drawbacks, such as its unreliability in the detection of the
effects of selective 5-HT reuptake inhibitors (selective serotonin
reuptake inhibitors), which is a major group of antidepressant
drugs.'* Another important question is how to interpret the
immobility of the animals in the FST. Researchers have been
arguing that immobility is largely dependent on learning and
memory in the rat FST,"*'® but only limited research has been
done on the role of cognitive processes in the mouse FST. As the

"Molecular, Cellular and

Physiology

FST was originally developed for rats, a species much better
adapted to water than mice, some technical issues remain related
to using mice in FST, a species for which the test remains to be
adequately adapted.”® In Porsolt’s original FST for rats, the animals
will go through two exposures.'®'" The first exposure was to
induce a stable level of immobility, and the second exposure was
to quantify the immobility after drug or vehicle treatment,
whereas for reasons yet unclear, mice show a sufficiently stable
level of immobility during the last 4 min of a 6-min swim test.'
Also, particularly in mice, the immobility may be influenced by
factors other than a variation in emotional state,'” which renders
the interg)retation of the results dependent on the strain of
mice,'®2° the water temperature?'?? or possibly other factors.
Despite the disadvantages inherent to carrying out FST in mice
and the inability to really measure depression, the test is still
widely used as some quantification of depressive behavior. The
ability and potential to modify mice genetically, thus enabling
better insights into molecular mechanisms underlying mental
disorders, has created a demand for better adapting the test to
this rodent species. To date, almost 40 strains of mice have been
generated _with a depression or antidepressant-related
phenotype.”

Over the years, researchers have made modifications to the FST
to enhance its sensitivity, specificity and reliability.'>'7?*%* In this
study, we set out to determine whether it is possible to quantify
some of the factors affecting the behavior of mice. First, we
revealed buoyancy as a confounding factor in the FST. We also
devised new unbiased quantitative measurements of the behavior
of mice, including developing a systematic way to determine the
latency to immobility, and discovering an oscillatory pattern of
behaving mice in the FST.

MATERIALS AND METHODS
Animals

All animal use was approved by the UCLA Chancellor's Animal Research
Committee. All mice used for the FST were on C57BL/6) background and
were obtained directly from Jackson Labs or bred in the UCLA animal
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Figure 1. Customized setup for liquid exchange in the FST. (a) The diagram of the customized setup, showing the exchange inflow of the new
liquid and the outflow of the original liquid in the container. (b) Two experiment protocols for the standard FST (6 min) and customized FST
(8 min). (c and d) Exchanging water for 1 | of water (n=5) or 0.5% soap solution (n = 5) using the customized setup. Fraction of total immobile
time (Fim) (€) and angles (a) (d) of the animals both changed significantly after exchanging water for soap solution, going from epoch 1
(orange) to epoch 2 (green). The gray lines show the changes in individual mice from epoch 1 to epoch 2, and the colored filled circles show

the averaged data in each epoch. FST, forced-swim test.

facilities. Mice were kept in the vivarium on a 12-h light/dark with
free access to water and food. Calbindin knockout (Calbl™ ™) mice
weighing between 32 and 43 g (male, 62-70 weeks old) were used for the
customized 8-min FSTs (see below). Alpha5 subunit containing GABA,
receptor knockout heterozygous (Gabras ™ ~) mice (male and female, 10~
13 weeks old) were used for some of the standard 6-min FSTs. For all other
FSTs, wild-type (WT) mice weighing between 20 and 25g (male, 10—
18 weeks old) were used.

Standard 6-min FST

All 6-min FSTs were carried out using C57BL/6J mice (male and female, 8-
70 weeks old, 20-43 g, see Animals section). The animals swam in standard
21 glass beakers (diameter 13.1 cm) filled with water to 4.5 cm from the top
so that the animals could neither touch the bottom with their tails, nor
escapefrommetop.aeforeeachtest.mecontamerwasmoroug
cleaned. Water temp was kept b 1 23°C and 26°C."*'*!
thestanofead\tst.anarimalwasgmdyptd(edupbynstallﬁ'omme
home cage and rapidly placed into the middle of the container. At the time
the animal was placed in the water, the recording time was started and the
duration of each standard FST was set to 6 min (for a customized FST, see
below). The entire FST session was videotaped for later analysis (Figure 1b).
After the test, the animal was removed from the water, dried with a towel
and put into 2 warm cage (temperature of bedding 31-33 °C) for 15 min
before returning to their home cage. All animals were first-time swimmers
and none were used for multiple FSTs.

Customized 8-min FST
For the customized FST, mesempformeFSTwasadaptedforhqud

positioned above the center of the container so that the incoming liquid
would not disturb the swimming animals, as mice swim along the edge of
the container. In this manner, the entire process of exchanging all of the 31
capacity of the container could be done within 30 s (Figure 1b). In contrast
to the 6-min FST with 2 min of acdimatization and 4 min for quantification,
the 8-min FST had two swim epochs. In epoch 1, mice swam in water for
4 min. After this, epoch 2 started with a liquid exchange lasting <30s.
After a total duration of 4 min for epoch 2, the animals were removed form
the water and dried with a towel and put into a warm cage (temperature
of bedding 31-33°C) for 15 min before returning to their home cage. All
the animals were first-time swimmers and none were used for
muitiple FSTs.

Analysis

(1) Definition of immobility. All FST videos were scored by one individual
in a2 double-mask manner. The scores were assigned as ‘0’ for immobility
and 1" for mobility with a time resolution of 0.1 s. A mouse was considered
immobile when floating and/or making only necessary movements to keep
the balance of its body or to keep its head above the water.'” " According
to the current standard of general FST analyses, latency to immobility (ti,)
was defined as the time from start to the first bout of immobility lasting
longer than 15,'? unless otherwise stated. Fractions of total immobile time
(Fim) were calculated as the total immobile time divided by the total
swimming time used to calculate the immobility.

(2) Scoring of the FSTs. For the standard FST (6 min), the first 2 min were
considered a time for the animals to explore and acclimate to the
environment. For the full 6 min, mobility/immobility were scored, but for
the calculation of Fi, only the data of the last 4 min were used (F,, =total

exchange (Figure 1a). The container was made of
was designed to be large enough (diameter 14.6 cm, henght 279cm) S0
that the animals could neither touch the bottom with their tails, nor escape
from the top. To keep the level of water constant in the container during a
liquid exchange, 2 thick (diameter 2.6cam) vertical plastic pipe was
connected to the container at its side, making a communicating vessel
structure with the container, so that any excess liquid above 21.0 cm from
the bottom could flow out. A 1.0-cm diameter plastic inflow pipe was fixed
above the container to allow the exchange of solutions. The inflow was

Translational Psychiatry (2015), 1-9

bile time during the last 4 min/2405s). For the calculations involving
the calculation of t;,, data of all 6 min were used.

For the customized FST (8 min), the first 1 min at the start of each epoch
was considered a time for the animals to explore and acclimate to the
environment. In each epoch, the full 4min mobility/immobility were
scored, but for the calculation of F, only the data of the last 3 min were
used (F.=total immobile time during the last 3 min/180s). For the
calculations involving the calculation of t,, data of all 4 min in each epoch
were used.
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Figure 2. Strong inverse correlation between body P_osture angle in water and immobility. (a) Significant difference in the fractions of

total immobile time () of WT (n=22) and Gabra5™

(n =24) mice. (b) Two immobile mice with different angles (a) in water. White lines

indicate how the angles were measured. Pictures of mice were taken in experiments shown in e and f. (c) Significant difference in a of WT and
Gabra5*'~ mice. (d) F;., plotted as a function of a shows a strong inverse correlation between a and F,,. (e and f) Significant difference in
Fim (e) and a (f) of mice with water (Water, n=11) or 1% soap solution (Part soap, n=11) applied to their caudal areas. WT, wild-type.

(3) Angle during immobility. We defined the angle (a) of an immobile
mouse with respect to the water surface. After the acclimatization period
(2 min for standard FST, 1 min for each epoch of the customized FST), one
frame was taken out from each video at the first moment when the mouse
stopped swimming and was in full profile view. The angle a was
determined using the depth of the base of the tail and the distance
between the intersection of the body with the water and the base of the
tail (white lines, Figure 2b).

(4) Defining new thresholds for screening the first critical immobility. The
durations of bouts of immobility (t,,) were taken from the entire swim
session of each mouse. The cumulative probability of the immobility

durations (®(t,,) was fitted with two cumulative normal distributions with
the following equation:

Len N
o) = [ R
(tim) 1 - \/ZFQE
ten
A /1 -{vp-u;f;'lo';’
A ;;br?z

where Ay+A;=1.

In the equation, t, is the duration of each bout of immobility; A, u and o
are the amplitudes, means and standard deviations, respectively, of the
two normal distributions. The distributions were fitted using the NORM.
DIST function in Microsoft Office Excel 2011.

To make sure that the @({t;,) of t,, can be fitted with two rather than one
normal distribution, we did a F-test to validate whether two normal
distributions fit the data significantly better than a single distribution. For
the F-test, we fitted the @{t.,) curves with both one and two normal
distributions. When fitting with one distribution, A;=1 and A;=0 in the
equation shown above. The F-values were calculated with the following
equation:

RSS, — 4SS5,
Folpp

RSS;
(=)

in which RSS, and RSS; are the residual sums of squares from fitting with
one and two normal distributions, respectively; p, and p; are the number
of parameters used for fitting with one and two normal distributions,
respectively; and n is the number of points used for fitting. According to
the equation of the normal distribution, p, =2 and p,=5.

We then performed the F-test and calculated P-values were using the F.
DIST function in Microsoft Office Excel 2011. As an example, for the mouse
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Figure 3. The distribution of the durations of bouts of immobility (t;.,). (@) Examples of one mouse with longer t;,s (filled circles) and the other
with shorter t,»s (open circles) during the entire swim session of 6 min. The t,»s are plotted against the time at which the immobility occurred.
The two dashed lines show the traditional arbitrary thresholds of 1s and 2s for screening the first bout of immobility. (b) Cumulative
probability of the t;..s of the two mice shown in a. (¢) Cumulative probability of the tg. ;ms of 57 mice used in the 6-min FST. The open and
filled triangles show the traditional arbitrary thresholds of 1s and 2 s, respectively, for the calculation of t,,.. (d) The histogram of the log values
of all the tsr: ims shown in ¢. The histogram follows a log-normal distribution. (e) Immobility durations of a mouse (t;) plotted against the
time at which the immobility occurred during the 6-min FST. The two dashed lines show the traditional arbitrary thresholds of 1s and 2 s for
screening the first bout of immobility. (f) Cumulative probability of the t;,,s shown in a. The open circles are fitted with either two normal
distributions (black line) or one normal distribution (green line). The residual sum of squares (RSS) when fitting with one or two distributions
are RSS1=0201 and RSS2 =0.007, respectively. The F-value calculated with RSS1 and RSS2 is 223.689 (P=1.897e ™ '?). When fitting with two
normal distributions, the blue dashed line is the mean of the first distribution, the red dashed line is the mean of the second distribution and

the open triangle shows the new threshold (t) for screening the first critical immobility calculated as the weighted mean of the two
distributions. FST, forced-swim test; t., critical threshold.

shown in Figure 3f, when we were fitting the @(t,,,) curve with one normal
distribution (Figure 3f, green line), the RSS was RS51=0.201, whereas the
RSS decreased to RSS2 =0.007 when fitting with two normal distributions
(Figure 3f, black line). Accordingly, the F-value calculated from RSS1 and
RSS2 was 223,689, and the P-value we got from the F-test was 1.897e™ "%,
which means that two distributions fit the @(t,,) curve significantly better
than one distribution for this mouse.

Of the 68 mice used in our tests, only in 7 mice (~10%) two normal
distributions failed to fit the data significantly better than a single normal
distribution. Therefore, there are two distinct populations in the
distributions of tis in 90% of the swim tests.

When fitting @(t;.) with two normal distributions, the new threshold (.,
critical threshold) for screening the first critical immobility was defined as a
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weighted mean as follows:
te=Ayxp, +Ayx iy

In the equation, A and u are the amplitudes and means, respectively, of the
two normal distributions. For the seven cases with a single distribution, t.
=u, was used as the threshold value.

The new latency to immobility (t.,) was then calculated as the latency to
the first bout of immobility that was longer than t..

(5) Oscillations in swimming probability. The oscillations were determined
using the Morlet wavelet transforms (Figures 4b and c) on the summed
probability of being mobile (Pme) plots (Figure 4a) after smoothing by a
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Figure 4. Probability of being mobile (Pmob) plots. (a) Probability of being mobile (Pmos) over the entire swim test shown in Figures 2e and f.
The top two plots represent the binary states (M for mobile; | for immobile) of two individual mice with water (blue lines, top plot) or 1% soap
solution (red lines, middle plot) applied to their caudal areas. The blue and red lines in the bottom plot represent the averages of the behavior,
which is Prob, of 11 mice in each group. The blue and red dashed lines show the averaged t)5s calculated with t.s obtained for each mouse in
the two groups. (b and c) Morlet wavelet transform of the Pnos plots shown in a, where color intensity indicates amplitude of a certain
frequency component (y axis) as a function of time (x axis) of the P, plots. The rainbow color bar shows the corresponding color scale for
the oscillation amplitudes in arbitrary units. A strong ‘oscillation’ in the swimming probability (green areas indicating a repeated stop-and-
swim behavior with a certain frequency) with a comparable average frequency (0.060 and 0.067 Hz) occurred at similar times (174.2 s and
172.55) in the Pyop, plots of mice regardless whether water (b) or 1% soap solution (c) was applied to their caudal areas. Even if the animals
would have similar oscillating behavior, if they were out of phase with each other, the oscillating behavior would not appear in the averages,
that is, the P, plots. t., critical threshold; t,,,, latency to immobility.

fourth order Savitzky-Golay algorithm (Igor 64, WaveMetrics, Lake Oswego, Ottoni, University of Sao Paulo, S3o Paulo, Brazil). The Morlet wavelet transform

OR, USA). was done in Igor Pro 6 (WaveMetrics). All other data analyses were done in
Microsoft Excel for Mac 2011 and Prism 6 (GraphPad, La Jolla, CA, USA).
Statistics Johnson's baby head-to-toe wash (Johnson & Johnson, Skillman, NJ, USA) was

. i mixed with warm tap water (23-26 °C) to make a mild 0.5-1% soap solution.
All the results are expressed as meanzs.em. Statistical differences

between control groups and experimental groups were determined by
unpaired two-tailed Mann-Whitney test unless otherwise stated. P < 0.05
was considered to be statistically significant.

Equipment
The behavior of mice during the swim test was recorded using a Casio Exilim
camera (Dover, NJ, USA). The software used for scoring was Etholog (Eduardo B.

This soap solution was used in certain swim tests to reduce surface tension of
the water, diminishing air trapped in the fur. Consequently the total buoyancy
of animals in a soap solution will be decreased.

RESULTS

For research not specifically described here, WT and a5
subunit containing GABA, receptor heterozygous (Gabra5™")
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Figure 5. Thresholds for screening the first critical immobility. Latency to immobility (tia) in WT (n=22) vs Gabra5™ ~ (n=24) mice calculated
with different thresholds. (a) Using the traditional threshold of 1 s for all the mice. (b) Using the traditional threshold of 2 s for all the mice. (c)
Using a single t. for all the mice. (d) Using a different t. for each group of mice. (e) Using individual t.s obtained for each mouse in a given
group. (f) Significant difference between the individual t.s of the two groups of mice. (g and h) Comparing ti,s calculated with different
thresholds for WT (g) and Gabra5™ ~ (h) mice. WT, wild-type; t, critical threshold.

mice were used in 2 standard 6-min FST (See Materials and
Methods). There was a significant difference between the fractions
of total immobile time (Fi.) of WT and Gabra5™'~ mice (Fim wr
=30.4+3.7% VS Fim_cabras-s— =58.9+5.9%, P=0.0010, Figure 2a).
However, we also observed remarkable differences in the animals’
floating postures, which we quantified by measuring the angles
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formed between the surface of the water and the animals’ axis
while immobile (a, Figure 2b, See Materials and Methods). In WT
mice, a was significantly larger than in Gabra5™'~ mice (awr
=61%5" VS Qgapras-s— =35%6°, P=0.0028, Figure 2¢). Further-
more, a inversely correlated with F,, (Fi, =— 0.7(2£0.1)a+79.0(£5.2),
P <0.0001, R®?=-057, Figure 2d), indicating that mice with



narrower angles swam less than those with wider angles. These
results indicate that the different outcomes of the FST for
Gabra5*'~ and WT animals are conceivably not caused by a
difference in emotional/behavioral state (for example, depression
or helplessness), but by physical properties that also underlie the
differences in a.

The major upward force supporting an animal in water is
buoyancy, which should be reflected by the floating angles during
immobility. A wider a corresponds to a larger part of the body
being submerged, that is, the animal is less buoyant as it needs
more supporting force provided by the displaced water, and vice
versa. The inverse correlation between F,, and a may mean that
buoyancy of mice could be a confounding factor in the FST.

To investigate this potential confound, we manipulated the
buoyancy of mice by altering the air tra fped in their fur, a key
factor for keeping them afloat in water.?*2% Less air should be
trapped in fur when reducing the surface tension of water with
surfactants. Hence, soap may be used to decrease the animal's
buoyancy.

A mild soap solution (1%) was gently rubbed onto the caudal
areas (about 1/3 of body length) of the animals. Mice in the
control group were treated similarly, but with water (0% soap
solution). Soap-treated animals had significantly lower F, (F
moweter  =474£6.0% VS Fin c00p=254%6.1%, P=00471,
Figure 2e) and larger a (Quawer=32%1° VS Qguup=55%5°
P < 0.0001, Figure 2f), indicating that a decrease in buoyancy
increases the animals’ urge to swim.

To change buoyancy during the FST, we designed a customized
setup for liquid exchange (Figure 1a) and devised a customized
8-min FST protocol (Figure 1b; See Materials and Methods). At the
half-time point of the customized FST, we exchanged water for
either water (control) or a low concentration (0.5%) soap solution.
Adding soap eliminated immobility (Fim_epoch1 =56.2+3.6% vs
Fim_epocn2=0.0+0.0%, P <0.0001, paired two-tailed t-test,
Figure 1¢) making it impossible to measure a (as previously
defined; See Materials and Methods). In the mild soap solution,
animals assumed a vertical body posture, completely lost their
ability to float and consequently were forced to swim constantly.
For continuously swimming mice, it was impossible to exactly
measure @, but as all these mice were almost straight down in the
water we estimated a to be 90°. Therefore, adding soap solution
significantly increased @ (Gepocn1 =28+2° VS Qepochz =90+0°,
P < 0.0001, paired two-tailed t-test, Figure 1d). These results
support the notion that buoyancy has confounded the results of
the example experiment between Gabra5~'~ and WT animals
described above. Or, in more general terms, it shows that
buoyancy can affect the outcome of the FST.

In the FST, the latency to first immobility (t,,,) is also considered
a key measure for quantifying the state of ‘behavioral despair’ of
the animal.?*>* Traditionally, t,5 |s the delay to the first bout of
immobility lasting longer than 15'>** or sometimes 25.3%%' As far
as we can tell, no reason is ever given why this exact threshold of
1 or 2s has been chosen. Hence, this threshold of 1 or 25 is
entirely arbitrary, despite the fact that it can determine the final
conclusion reached (see below). To address this, we started a
systematic study of the durations of immobility (t;,) of all the mice
used in the standard FST in water. We observed that different mice
have very different distributions of t;,s (Figures 3a and b): for
some (for example, Figures 3a and b; open circles), most of the
stops were shorter than 1s, whereas for others (for example,
Figures 3a and b; filled circles), most of the stops were much
longer than the 1 or 2 s threshold. We then analyzed the very first
stops of all the mice we used for standard 6-min FSTs and
observed that the cumulative probability plot of the duration of
the first bouts of immobility (ts, ;. Figure 3c) shows a wide
distribution (n=57 mice), with most tg.s: ims longer than 1 or 2s.
The histogram of the tg im values follows a log-normal
distribution (mean=0.5+0.1log(s), s.d.=0.4+0.1 log(s), R =0.65,
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corresponding to a mean of 3.2%/.1.3s, Figure 3d). The wide
distribution of the tg.., ims may indicate that all t;,s during a given
FST in a single animal may be equally dispersed. Indeed, we found
that in a given animal, the t, s greatly vary during the FST (Figures
3a and e). We further discovered that the cumulative probability of
the t;,s of a single mouse could be best fitted with the sum of two
normal distributions, or in a few cases (7/68) with one normal
distribution (Figure 3f; See Materials and Methods). Thus, it
appears that most mice (61/68) have distinct short and long t;,s.
To account for the highly variable t,s, we propose that the
threshold for screening the first critical immobility (t) should be
objectively determined by taking into account the means and
fractional contributions of the two distributions (See Materials and
Methods).

To apply and test this objective method for determining t., we
compared the effects of using different t.s to calculate t;,, of WT
and Gabra5*'~ (Hets) mice in the standard FST (Figure 5, See
Materials and Methods). Using the customary and arbitrary
threshold of 1 s for all mice, there was a significant difference in
the tj,;s between the two groups (fia, wr=5.6%1.45 VS fiar siers
=10.1+1.7 s, P=0.0231, Figure 5a). However, this significance was
not there when we chose the equally arbitrary threshold of 2 s (¢
larwr=153%6.65 VS tia ers=11.9%1.7s, P=0.0760, Figure 5b).
Also, the latencies of the WT mice were significantly different
when calculated with the two commonly used thresholds of 1 and
25 (P=0.0313). Therefore, choosing arbitrary thresholds is utterly
unreliable for calculating tj... Next, we applied our systematic and
unbiased method to define the critical thresholds (t,, See Materials
and Methods). First, we used the distribution of all the t;,s taken
from all the mice in both groups, and got a single t. of 5.53 s for all
the animals. Using this t,, the t,s in the two groups were not
significantly different (tjy, wr=64.3+22.25 VS tiy yers=234+235,
P=0.9172, Figure 5c). Then, we calculated ts for each group
separately (fc wr=3.20, t_ners = 10.30s) by using the distribution
of all the t;,s from each group of animals. Using these two t.s, the
s in the two groups became significantly different (tia wr
=179+695 VS lia Hets=38.1+3.45, P < 0.0001, Figure 5d). We
noticed that t, - and t, ., have a considerably large difference,
so we then wanted to statistically test whether there is a
difference between the t;s of the two groups. To do this, we
used the distribution of the t,;s of each mouse and determined an
individual t. for each animal. We calculated the new latencies
using individual ts, and the t,s were significantly different
between the two groups (tia wr=235%785 VS [l Hets
=39.5+4.1s, P<0.0001, Figure 5e). Moreover, we did find a
significant difference in the ts between the two groups
('r. individual wT=3.7£0.55 Vs ¢_individual_Hers = 126 £1.65,
P < 0.0001, Figure 5f). Therefore, the new determination of t,
introduced by us can reflect important differences between the
behavior of mice during the FST. Since various thresholds for both
of the two groups yielded significantly different t., values
(P<0.0001, Friedman test, Figures 5g and h), the critical
measurement of ti,, using objectively determined ts should be
used to determine the differences in t,,.

In the current quantification of the FST, all measured criteria (for
example, F,, and t;,,) reflect the activities of the animals as single
stationary values applied to the entire duration of the FST. But why
not quantify FST behavior as it continuously changes during the
test? Such a continuous quantification of behavior has been used
before for the FST** in rats, using kicking frequency as a readout.
We devised a continuous FST behavior plot (Figure 4a) that for a
given subject marks two binary states (mobile and immobile)
plotted against time (resolution=0.1s, top two plots, Figure 4a).
The group behavior can be expressed by averaging the states of
all animals at every time point, resulting in the probability of being
mobile (Pop) as @ function of time (bottom plot, Figure 4a). The
plots are from the same mice shown in Figures 2e and f.
Consistent with their overall activity, mice partially treated with
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soap had a higher P, throughout the test. The plots reveal that
the animals started out being mobile, changing their states more
frequently at first, but later becoming immobile for longer periods,
resulting in a lower Po,p.

More thorough analysis of the P, plots revealed similar
synchronous behaviors in the two groups. There was an oscillation
in P, plots in both groups regardless of the treatment (Figures
4b and ¢), occurring at comparable times (174.2s and 1725s,
Figures 4b and c) after the start of the FST, with strong behavioral
alternations  (controls: 0.067+0.004Hz and part soap:
0.060+0.004 Hz, P=0.263), indicating that the animals change
their mobile/immobile states with a cycle of 15—17s. Notably,
these analogous temporal sequences in behavior were present in
both groups despite differences in their static behavioral
measures (Figures 2e and f). Furthermore, the onset of this
oscillatory swimming behavior must be fairly synchronous
between the animals otherwise it would disappear in the
averaged signal. Also, since the oscillatory behaviors start in both
Pmon plots at around 173 s, all the animals appear to have a similar
‘waiting time" before starting the stop-and-go swimming behavior.

DISCUSSION

We addressed some pitfalls in the measurements currently used for
the FST in mice. First, we uncovered buoyancy as a confounding
factor in the quantification of immobility, and we propose that
buoyancy of mice should be quantified to account for its impact on
the interpretation of the FST. Second, we devised a systematic
analysis of t,,,s in individual mice, defining an objective t, for the
calculation of t.,. Last, we conceived a new analysis for the temporal
profile during FST behavior. Our new findings will help obtain more
quantifiable results and will provide better insights into the complex
behavior pattens of mice during the FST.

According to our findings, buoyancy of mice, reflected by the
measured angle g, is a confounding factor in FST. As buoyancy
partly results from air trapped in the fur, it will be affected by fur
characteristics that help trap air, such as the amount of surface
lipids, the length of the fur and so on.>>® As shown here, the
animals’ buoyancy could be accounted for by angle measure-
ments and should be considered when interpreting FST results as
various drugs or treatments may alter the factors responsible for
trapping air in the animal’s fur. We have also shown a large
individual variability in the t, that defines immobility. Therefore,
we propose that t, should henceforth be objectively defined for
each animal subjected to the FST as a new variable for the test.
This value should then be used for an unbiased determination of
the latency to immobility (t...) to uncover potential differences in
behavior that would have previously gone unnoticed. Interest-
ingly, we have discovered some distinct oscillatory patterns in the
swimming behavior of mice during the FST. These results may
indicate the presence of an invariant intrinsic biological clock that
influences swimming pattems in mice, providing ground for
further exciting investigations.
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