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Abstract

Molecular studies of factors contributing to changes in cellular homeostasis and

development of analytical approaches to probe neuronal networks

by

Elmer Bruce Guzman

Cellular responses to external stimuli include but are not limited to changes in mes-

senger RNA (mRNA) expression, morphological changes, and alteration to physiological

processes. Understanding these basic processes in normal and pathological settings has

been an overarching goal of modern biology for the past century. The introduction of

modern molecular techniques has led scientists to investigate the structure – function re-

lationship between the fundamental cellular building blocks, proteins and nucleic acids,

in an attempt to understand disease states and to be able to treat underlying causes of

disease rather than generic symptoms. Continual advances in technology have allowed

scientists to design increasingly complex experiments and the application of statistical

analyses to large datasets has ushered in a new “-omics” era of biology. Technologies such

as next-generation sequencing, single-cell experimentation, and high-resolution arrays for

probing neuronal physiology were being introduced to the general scientific community as

I was beginning my doctoral studies. Here, over the course of 3 different projects I make

use of these advancements to understand the molecular mechanisms underlying cellular

responses to different environments and I help to develop novel analytical approaches for

probing biological neuronal networks.

In the first part, we used an unbiased approach for capturing the expression profile of

messenger RNA (mRNA) of bulk cellular samples, RNA sequencing (RNAseq), in order

to uncover the molecular responses that take place when a cell recovers from apoptosis,
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a process termed anastasis. In collaboration with Dr. Denise Montell’s lab, I performed

a statistical analysis of gene expression data and found that as cells undergo anastasis

their transcriptional profile is actively regulated such that different biological process are

being turned on and off as cells recover from apoptosis. This active response was broken

down into early and late stages. Early stages represent cells that are transitioning from

growth arrested to a proliferation state. In late stages, cells transition from proliferation

to a migratory state.

In the second project, a collaboration with the laboratory of Dr. Li Gan, we explore

how gender contributes to differences in disease phenotypes using wild type mice and

transgenic mouse models of neurodegenerative disease. Making use of high-throughput

sequencing methods, including microRNA (miRNA) sequencing, bulk RNAseq and single-

cell RNA sequencing, we untangle a complex set of interactions that partially explains

phenotypic differences between female and male in terms of disease progression as it

relates to the microtubule associated protein Tau. Specifically, analysis of the miRNA

expression profiles in microglia were different between female and male and when the

effect of miRNA was abolished by knocking out a key miRNA processing enzyme, a clear

pathogenic difference was observed between male and female with male brains showing

greater extent of pathogenesis.

Finally, in the 4th chapter of this dissertation we develop and test a method for detect-

ing spiking relationships between individual neurons that resembles synaptically coupled

neurons in-vitro. We utilized inherent properties of action potentials (APs) propagating

through an axon to automate the detection of single neuron AP activity which we de-

fine as propagation signals. We extend this analysis method by using propagation signal

activity as reference points to perform a cross-correlation computation to identify down-

stream neurons with statistical relationships to the upstream propagation signal. We

validated these relationships by performing manipulations meant to alter mechanisms
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regulating synaptic transmission and demonstrated that these relationships behave in a

manner consistent with synaptic mechanisms.
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Chapter 1

Towards a Complete Understanding

of the Brain

Foundational discoveries in neuroscience ranging from description of neuronal struc-

ture, the pathological hallmarks of neurogenerative disease, and the physiological basis

for neuronal communication have guided experimental paradigms and helped to expand

our understanding of the central nervous system. Histological work in the late 1800’s

by Ramon y Cajal helped to reveal fundamental aspects of neuronal architecture and

setup an anatomically based framework to study the function of the mammalian central

nervous system (Ramón y Cajal, S. R. Histology of the Nervous System of Man and Ver-

tebrates Vol. 1; Oxford Univ. Press, 1995). Pathological observations reported in 1906

by Alois Alzheimer described as distinctive plaques and neurofibrillary tangles paved the

way decades later for experimentalists to begin to dissect the biochemical and molecular

underpinnings of Alzheimer’s and other neurodegenerative disease. Finally, in the 1950’s,

experimental and theoretical work by Bernard Katz and Paul Fatt would reveal funda-
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Towards a Complete Understanding of the Brain Chapter 1

mental properties of synapses and the “quanta” that underlie the physiological process

known as synaptic transmission. These examples highlight a minor subset of work that

has guided neuroscience but the current state of neuroscience would not be where it is

without the scientific knowledge that has been uncovered by the study of model organ-

isms, theoretical advancements by biophysicists, or work by engineers who are building

the tools to allow experimentalists to probe nervous systems with greater accuracy.

Current estimates of the costs of dementia in US are staggering. The number of people

suffering from Alzheimer’s is around 5.7 million with an estimated cost of $261 billion to

the federal government. The number of affected people is estimated to more than double

to 13.4 million and cost the federal government over $1 trillion by 2050 (Institute for

Neurodegenerative Disease, UCSF, 2020). Similar epidemiological forecasts are predicted

globally (World Health Organization. Dementia, a global health priority. WHO, 2017).

In order to accelerate our understanding of the underlying causes of neurodegenerative

and neurodevelopmental diseases and to hopefully mitigate the societal and economic

impacts of these diseases the U.S. launched the U.S. Brain Research through Advancing

Innovative Neurotechnologies (BRAIN) initiative in 2013. This program is now part of

a collective effort worldwide to advance our understanding of brain function [1]. While

as a community we have come a long way in furthering our basic understanding of

neuronal function and the molecular pathways involved in disease, the establishment

of brain initiative programs worldwide highlight the fact that much more is left to be

discovered in order to be able to treat degenerative diseases such as Alzheimer’s and

neurodevelopmental diseases.

The chapters presented in this dissertation reflect my efforts to understand factors

that can contribute to toxicity in neurons and also a major effort to develop experimen-

tal and analytical methods to be able to probe biological neuronal networks in a more

effective manner. An overarching goal of the projects presented here has been to utilize
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Towards a Complete Understanding of the Brain Chapter 1

state of the art experimental tools to produce rich biological datasets, explore statisti-

cal relationships between the biological entities being tested, and utilize the results to

provide biological insights into the model systems being used and to ultimately gain a

deeper understanding of the brain.

1.1 Factors contributing to neuronal health and

disease states

Apoptosis and Anastasis

Apoptosis is a genetically programmed process that leads to cell death. It is a critical

process during normal nervous system development that leads to stochastic neuronal

cell death preventing uncontrolled growth that may lead to exencephaly. In the mature

nervous system, activation of apoptosis occurs after acute neuronal injury, such as a

stroke, but evidence also points to apoptotic neurons present in chronic neurodegenera-

tive diseases[2], such as Alzheimer’s . Caspases are a family of cysteine proteases that

play a central role in the intracellular signaling leading to the activation and execution

of apoptosis in cells. The human genome encodes 11 caspases which are categorized

into upstream initiator caspases and downstream executioner caspases [3]. Caspases

3, 6, 7, and 14 are considered executioner caspases and the activation of these pro-

teases results in the breakdown of structural and functional components in cells resulting

in morphological changes such as nuclear condensation, membrane blebbing, and cell

shrinkage. This stage of apoptosis has long been considered irreversible. In addition to

its role as an executioner caspase, caspase 3 has also been shown to proteolytically cleave

the microtubule-associated protein Tau and it has been demonstrated that caspase 3

cleaved tau fragments are present in neurofibrillary tangles, a pathological hallmark of
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Towards a Complete Understanding of the Brain Chapter 1

Alzheimer’s disease [4]. Given these mechanistic links between apoptosis and neurode-

generative states, understanding events before, during and after apoptosis at a molecular

level can lead to a better understanding of neuronal function.

The work presented in chapter 2 is the result of a collaborative project with the labo-

ratory of Dr. Denise Montell based on the novel observation that cells that have initiated

apoptosis and activated executioner caspase 3 are able to recover from apoptosis. This

process was termed Anastasis [5]. The results in chapter 2 follow up the observation

by asking what molecular pathways are involved in this survival process. Through the

use of next-generation sequencing of the messenger RNA’s (mRNA’s) of cells undergoing

activation of apoptosis and subsequent recovery, anastasis, we identified 2 distinct stages

of gene expression that cells undergo and identified several molecular pathways that cells

utilize during anastasis. Together the results provide evidence that cells undergoing anas-

tasis promote proliferation, survival, migration and angiogenesis. Overwhelming evidence

suggests neurons in neurodegenerative diseases undergo apoptosis [6], understanding the

molecular and transcriptional changes that cells undergo during the process of anastasis

could point to novel approaches for preventing neuronal death due to apoptosis.

Tau, Microglia, and microRNA

As mentioned earlier, Tau is a microtubule associated protein that is expressed in the cen-

tral nervous system and is preferentially localized to the axonal compartment of mature

neurons where it binds to and stabilizes microtubules and supports axonal transport

[7]. Tau is expressed in 6 different isoforms and is the result of alternative splicing

from exons 2, 3, and 10. It is an intrinsically disordered protein and undergoes several

post-translational modifications in including but not limited to phosphorylation, acety-

lation,glycosylation, sumoylation, ubiquitylation, and truncation. Neurofibrillary tangles

are found in the brains of patients with Alzheimer’s disease and several other neurode-

generative diseases. In 1986 it was determined that the major antigenic component in
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neurofibrillary tangles was the tau protein [8]. Soon after, human genetic data provided

definitive evidence that the Tau protein was a causative agent for human disease [7].

More than 80 different mutations have been described to date resulting in either patho-

logical missense mutations or synonymous mutations that alter isoform ratios of tau by

causing changes in alternative splicing of the Tau mRNA and the resulting neurodegen-

erative diseases are referred to as tauopathies. There has been considerable progress in

understanding the function of normal and pathological Tau but the underlying mecha-

nisms that lead to neurodegeneration as function of Tau are not fully understood. In

order to better comprehend consequences of pathological Tau, genetic mouse models have

been developed that make it possible to express human Tau containing single amino acid

mutations that cause disease in humans. One such causative mutation was described in

1999 and is the result of a missense mutation at nucleotide 1137 from a cytosine to a

thymine. The mutation results in a codon change that causes a proline amino acid to

become a serine at position 301 of the Tau protein [9] (P301S). In 2007, a genetic mouse

model was produced that expressed human tau containing the P301S mutation. These

mice developed tangle like inclusions at 6 months of age and had widespread neuron

loss throughout the hippocampus and entorhinal cortex by 9 to 12 months of age. A

surprising phenotype of these animals was that activation of the resident immune cell

of the CNS, microglia, and synapse loss occurred 3 months before the tau pathology

was detected, suggesting that microglia activation exacerbated the deleterious effects of

pathological Tau [10].

Pathological Tau represents an intrinsic mechanism that alters neuronal homeostasis

but experiments from the P301S mouse and other human genetic data point to extrinsic

mechanisms responsible for altering neuronal homeostasis. While the neuron is often con-

sidered central for functioning of the nervous system, neurons themselves cannot function

normally without the support of glial cells present in the CNS. Microglia cells, in particu-
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lar, play an important role in the development and maintenance of a properly functioning

nervous system. Microglia are unique in that they are derived from erythro-myeloid pro-

genitor cells in the embryonic yolk sac and have distinct transcriptional profiles and cell

surface markers that distinguish them from peripheral macrophages [11]. Under homeo-

static conditions, microglia actively surveil their surrounding environment and are able

to rapidly respond to CNS injury resulting in morphological changes in the cell as well

as increased expression of signaling molecules necessary to recruit other cells to the site

of injury [12]. In addition to normal immune functions, microglia have also been shown

to play a critical role in the refinement of neuronal circuitry during development of the

CNS. Neuron activity dependent engulfment of presynaptic terminals by microglia that

relies on the classical complement cascade leads to synapse elimination in order to create

mature functional neural circuits [13, 14]. Finally, recent genome-wide association stud-

ies have shown strong correlations between Alzheimer’s and mutations in genes whose

expression is enriched in microglia such as TREM2, CR1 and CD33 [15]. Taken to-

gether, these lines of evidence point to microglia playing an important role in the proper

maintenance of the CNS and are a critical factor in the progression of neurodegenerative

diseases.

The third chapter presents work from a collaboration with the laboratory of Dr. Li

Gan where we worked to uncover differences in miRNA profiles in microglia that partially

explained the sex-specific responses in P310S mice to pathological Tau. Next generation

sequencing of the miRNA’s extracted from male and female microglia revealed that the

miRNA transcriptional profile differed between adult mice. To determine how microglia

miRNA regulate the mRNA transcriptional profile, miRNAs were depleted specifically

from microglia by conditionally knocking out Dicer, the enzyme responsible for enzy-

matically processing miRNA’s into their mature state. Depleting miRNAs in microglia

resulted in altered expression of inflammatory genes in male microglia. Finally, deplet-
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ing miRNA in mice expressing the P301S mutation resulted in greater tau pathology in

male mice. Together these results demonstrate that miRNA’s in microglia are important

regulatory molecules that contribute to sex-specific phenotypes in basal and pathological

tau conditions.

1.2 The Synapse

In 1897, the term synapse was coined by Charles Sherrington (Textbook of physiol-

ogy,1897) when describing the specialized connection between the end of “one nerve cell

with another”. While the term synapse may have been introduced in 1897, debates about

the underlying molecular mechanisms taking place at these junctions were at the fore-

front for neurophysiologists. Advances in experimental methods led to insights about the

fundamental processes taking place at the synapse. Specifically, Bernard Katz and Paul

Fatt inferred from experimental data that neurotransmitter released from presynaptic

sites are done so in a quantal manner. The prediction of presynaptic vesicles containing

quantized amounts neurotransmitter was later confirmed using electron microscopy [16]

and this fundamental theory of synaptic transmission has served as the basic framework

for understanding how the nervous system functions.

Events and Timing of Synaptic Transmission

The timing of the influence a presynaptic neuron has on a postsynaptic neuron firing an

action potential is controlled by several factors and these factors control the speed and

precision of the response. A coordinated sequence of events take place that all integrate

and contribute to timing delays between action potentials between two synaptically cou-

pled excitatory neurons that can be measured by extracellular recording methods. The

initial step in the sequence of events contributing to the timing delay is the initial depo-

larization in the presynaptic neuron at the axon initial segment. The axon initial segment
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is proximal to the soma of the neuron and contains the highest density of sodium chan-

nels throughout the axon. The initial depolarization initiates an action potential that

propagates down the axon before arriving at a presynaptic terminal. Speeds of the action

potential propagation are a major component of the total timing delay so it is important

to note specializations adopted by neurons in order to be able to transmit information

over long distances. Oligodendrocytes in the CNS form myelin, lipid rich insulation

layers, around the membrane of the axon which results in a significant increase in the

velocity of action potential propagation [17] that can reach velocities up to hundreds

of meters per second (m/s) [18]. These attributes are especially important in neurons

of the spinal cord. Non-myelinated axons, like those found in mammalian hippocampi,

have propagation velocities that are much slower, on the order of 1 m/s. In addition

to propagation velocity, the location of the presynaptic terminal will also play a role in

how much the axonal conduction delay will contribute to the overall timing with termi-

nals at the most distal ends of the axon taking longer to initiate the subsequent steps

at the presynaptic terminal. The waveform of the action potential also contributes to

the synaptic delay and can be attributed to the amplitude and the width at half max

of the wave. The width at half max, or duration, of the action potential is highly vari-

able among CNS neurons and can range from 360µs to 1.1msec [19]. The reason these

variables are important is because the action potential is directly coupled to the calcium

channels present in presynaptic terminals and thus any timing differences attributed to

the modulation of the action potential will directly affect the calcium channel kinetics

responsible for neurotransmitter release.

Voltage gated calcium channels aggregate at the presynaptic terminal membrane and

play an important role in the timing of the release of neurotransmitter vesicles. The clas-

sical model of the interplay between the action potential and neurotransmitter release

was based on experiments done in the giant squid axon [20]. The experiments performed
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by Llinas et al. demonstrated that as the action potential invades the presynaptic com-

partment and during the depolarization of the membrane potential, calcium channels will

begin to open. By the peak of the action potential a significant proportion of calcium

channels ( 80%) will be open but the calcium current into the cell will not peak until the

repolarization phase of the action potential when the driving force for calcium influx is

greatest resulting in the calcium current lagging 200µs after the action potential [21].

In certain mammalian preparations at physiological temperatures this model does not

accurately describe the interplay between the action potential and calcium channel cur-

rent flux. Sabatini and Regher demonstrated that the synaptic delay between granule

cells and stellate cells in cerebellar slices was extremely temperature dependent. At 18°C

the majority of the calcium current occurred during the repolarization phase of the ac-

tion potential, similar to the giant axon squid model, but when temperature was raised

to physiological ranges, peak calcium influx occurred just 90µs after the beginning of

depolarization. In addition to decreases in the latency from the onset of depolarization

to the peak of the calcium current, it was also shown that the delay from the peak of

the calcium current to the rise in the excitatory postsynaptic current was 60µs at phys-

iological temperature [22]. In these specific experiments the totally synaptic delay was

calculated to be 150µs suggesting that synaptic transmission and delay are extremely

fast in synapses of the central nervous system.

The final steps leading to the delay in synaptic transmission are the cascade of steps

leading to the release of presynaptic vesicles, the diffusion of neurotransmitters through

the synaptic cleft, and the binding and opening of voltage-gated postsynaptic receptors

on the postsynaptic membrane leading to the opening of those receptors and influx of

sodium and calcium channels into the postsynaptic compartment. Within the presy-

naptic compartment presynaptic vesicles carrying neurotransmitters are concentrated.

Three pools of synaptic vesicles exist 1) the readily releasable pool, 2) the recycling pool
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and 3) the reserve pool. The readily releasable pool are vesicles that are docked on the

synaptic membrane and are ready to be released immediately after calcium influx from

an input action potential. The recycling pool are vesicles near the membrane (not bound

like the releasable pool) and are only release after moderately long input. Finally, the

reserve pool contains most synaptic vesicles accounting for up to 90% of vesicles. In

experimental conditions, these vesicles are recruited and released after prolonged input

and it is hypothesized that these vesicles are not recruited in physiological conditions

[23]. Ready releasable pool vesicles are bound to the membrane by a group of proteins

known as the SNARE complex. Synaptogamin-1, a SNARE complex protein, acts as a

calcium sensor and is responsible for the initiation of the exocytosis of ready releasable

pool vesicles [24]. Following exocytosis, released neurotransmitters must diffuse across

the synaptic cleft, the physical space between membranes of the pre- and postsynaptic

neurons which is about 100 to 200 angstroms. In the final step of synaptic transmission,

neurotransmitters bind directly to postsynaptic receptors in order to initiate the influx

of positive ions into the postsynaptic membrane. The main excitatory neurotransmitter

in central nervous system neurons is the amino acid glutamate. The main receptors for

glutamate on the postsynaptic membrane are the N-methyl-D-aspartate (NMDA) recep-

tors and the alpha-amino-5-methyl-4-isoxazolepropionic (AMPA) receptors. Binding of

glutamate to these receptors triggers a conformational change that allows anions (mostly

sodium and calcium ions) to flow down their electrochemical gradient into the cell [25]

allowing for deopolarization of the postsynaptic neuronal membrane and setting off a

new set of signaling cascades in the postsynaptic compartment that work in concert to

provide feedback and regulate the strength of the synaptic connection between the 2

neurons.

In the final chapter of this dissertation we introduce a novel approach to determin-

ing and quantifying neuronal coupling in cultured hippocampal neurons based largely on
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what is known about synaptic biology. The work presented is the result of a collaboration

with a student from Linda Petzold’s lab, Zhuowei Cheng, and with guidance from Dr.

Kenneth R. Tovar from the Kosik lab. The project was performed using multi electrode

arrays (MEAs) which are devices that can record changes of local field potentials in the

immediate vicinity of an electrode. Specifically, we use a device with 120 electrodes with

100um distance from electrode center to electrode center. By plating mouse hippocam-

pal cells on the array, we are able to monitor the electrical activity from 10’s to 100’s

of cells simultaneously over several weeks. We previously demonstrated that we are able

to extract spike time information from a single neuron, which are defined as propaga-

tion signals, by taking advantage of physical and statistical properties of single neurons

spiking over multiple electrodes of the array [26]. Using the spike time information of

a propagation signal as a reference signal we can identify statistical relationships be-

tween the reference and a putative postsynaptic neuron. We validate these relationships

by performing biophysical and pharmacological manipulations and demonstrate that the

results of the manipulations are consistent with the molecular processes that underlie

synaptic transmission in synaptically coupled neurons. Finally, we apply our methodol-

ogy to data obtained on MEAs where either wild-type neurons were plated or neurons

lacking the delta-catenin protein. We demonstrate that there is a developmental defect

in the coupling phenotype of the neurons lacking delta-catenin.
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Chapter 2

A Molecular Signature for

Anastasis, Recovery from the Brink

of Apoptotic Cell Death

2.1 Abstract

During apoptosis, executioner caspase activity has been considered a point of no re-

turn. However, recent studies show that cells can survive caspase activation following

transient apoptotic stimuli, a process called anastasis. To identify a molecular signature,

we performed whole-transcriptome RNA sequencing of untreated, apoptotic, and recov-

ering HeLa cells. We found that anastasis is an active, two-stage program. During the

early stage, cells transition from growth-arrested to growing. In the late stage, HeLa cells

change from proliferating to migratory. Recovering cells also exhibited prolonged eleva-
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tion of proangiogenic factors. Strikingly, some early-recovery mRNAs, including Snail,

were elevated first during apoptosis, implying that dying cells poise to recover, even while

under apoptotic stress. Snail was also required for recovery. This study reveals similar-

ities in the anastasis genes, pathways, and cell behaviors to those activated in wound

healing and identifies a repertoire of potential targets for therapeutic manipulation.

2.2 Introduction

Apoptosis is a cell suicide program that is conserved in multicellular organisms and

functions to remove excess or damaged cells during development, regulation of the im-

mune system, and stress [27, 28]. Excessive apoptosis contributes to degenerative dis-

eases, whereas blocking apoptosis can cause [29] or treat [30] cancer. Apoptotic cells

exhibit distinctive morphological changes [31] caused by activation of proteases called

caspases [32, 33]. Activation of executioner caspases is a necessary step during apoptosis

[33] and until recently was considered a point of no return [34].

However, executioner caspase activation is not always sufficient to kill cells under

apoptotic stress. For example, caspase 3 activation in cells treated with sublethal doses

of radiation or chemicals does not cause morphological changes or death but rather

allows cells to survive with caspase-dependent DNA damage that can result in oncogenic

transformation [35, 36, 37]. In addition, transient treatment of cells with lethal doses

of certain apoptosis inducers causes caspase 3 activation sufficient to cause apoptotic

morphological changes, yet cells can survive after removing the toxin in a process called

anastasis [5]. Although most cells fully recover, a small fraction bear mutations and an

even smaller fraction undergo oncogenic transformation. Cell survival after executioner

caspase activation has also been reported in cardiac myocytes responding to transient

ischemia, in neurons overexpressing Tau, and during normal Drosophila melanogaster
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development [38, 39, 40, 41]. Collectively, these studies suggest that cells can recover from

the brink of apoptotic cell death and that this can salvage cells, limiting the permanent

tissue damage that might otherwise be caused by a transient injury. However, the same

process of anastasis in cancer cells might underlie recurrence after chemotherapy. Thus,

defining the molecular changes occurring in cells undergoing this remarkable recovery

from the brink of death is a critical step toward manipulating this survival mechanism

for therapeutic benefit.

2.3 Whole-transcriptome RNA sequencing (RNAseq)

reveals that anastasis comprises two stages.

To initiate apoptosis, we exposed HeLa cells to a 3-h treatment with EtOH, which

was sufficient to induce cell shrinkage and membrane blebbing (2.1 A and B). Removal

of the EtOH by washing allowed a striking recovery to take place over the course of

several hours, during which time ∼70% of the cells reattached to the culture matrix and

spread out again (2.1, C–G). 3 h of EtOH treatment was sufficient to cause activation

of a fluorescent reporter of caspase 3 activity in ∼75% of the cells (2.1, H–J; and Video

2); cleavage of PARP1, which is a target of caspase 3/7 (2.1 K); cleavage of caspase 9

(2.1 L); and release of cytochrome c from mitochondria to the cytosol (2.1 M). Therefore,

EtOH activates the intrinsic apoptotic pathway. Inhibition of caspase activity blocked

EtOH-induced cell death (2.1 N).

To define anastasis at a molecular level, we performed RNAseq of untreated cells;

apoptotic cells; and cells allowed to recover for 1, 2, 3, 4, 8, or 12 h (2.1 O). These time

points include and extend beyond the time needed for the major morphological changes,

which appeared to be complete after 4 h (2.1, A–F). Compared with untreated cells,
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900–1,500 genes increased in abundance > 1.5-fold at each time point, whereas 250–750

genes decreased >1.5-fold (false discovery rate [FDR] < 0.05; 2.1 P and Table S1). Well-

characterized genes such as Fos, Jun, Klf4, and Snail were induced, as well as genes about

which little is known, such as the long noncoding RNA LOC284454, a gene predicted to

encode a deubiquitinating enzyme (OTUD1), a pseudokinase (TRIB1), and a phosphate

carrier protein (SLC34A3).

We validated the expression patterns of 27 top-ranked differentially expressed (22

up-regulated and 5 down-regulated) genes using quantitative reverse transcription PCR

(qRT-PCR). The results of RNAseq and qRT-PCR correlated well, with an R2 of 0.89

(2.1, Q–S; and Fig. S1).

Principal component analysis (PCA) of the RNAseq data showed that cells undergoing

anastasis clustered into two distinct groups: one group composed of cells allowed to

recover for 1–4 h and a second containing cells that recovered for 8 or 12 h. Both groups

were also clearly different from apoptotic cells and untreated cells (2.1 T). We therefore

defined the first 4 h of recovery as the early stage and 8–12 h as the late stage.

2.4 Distinct features of early and late recovery.

To compare the transcriptional profiles between early and late stages, we used the

program AutoSOME [42], which clusters genes according to similarities in their expression

patterns over time (Table S2). This approach identified eight clusters containing a total of

1,172 genes up-regulated during early recovery and six clusters containing 759 genes up-

regulated late (Table S3). We refer to these as early- and late-response genes, respectively

(2.2 A and Table S3). Gene ontology (GO) analysis revealed enrichment of expected

categories such as “regulation of cell death” and “cellular response to stress” in the

early response (2.2 B). The GO term “transcription” was the most significantly enriched,
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Figure 2.1: RNA-seq defines anastasis as a two-stage, active process.
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Figure 2.1: Time-lapse live imaging of HeLa cells before EtOH treatment (A), after 3
h of EtOH treatment (B), and after recovery for 1 h (C), 2 h (D), 3 h (E), and 4 h (F).
(G) The ratio of the number of remaining cells immediately after washing away EtOH
(apoptotic) or after 5 h of recovery to the number of cells after mock treatment (n =
3). (H) Quantification of the percentage of cells with active caspase 3 during EtOH
treatment (n = 5). In G and H, error bars represent the standard error of the mean.
(I and J) Caspase 3 activity (green fluorescence) in the same group of cells before (I)
and after (J) 3 h of EtOH treatment. DAPI staining is shown in blue in A–F and I
and J. Bars, 50 µm. (K) Western blots of full-length PARP1 (FL-PARP1) and cleaved
PARP1 in cells after 3 h of mock or EtOH treatment (T) followed by 21 h of recovery
(R). (L) Western blots of full-length caspase 9 (FL-Caspase 9) and cleaved caspase 9 in
cells with or without EtOH treatment. (M) The level of cytochrome c in mitochondria
(mito) and cytosol of cells with mock or EtOH treatment and of cells at 2 h of recovery
after mock or EtOH treatment. Tubulin (Tub) was used as the control for the cytosol
fraction, and Cox4 was used as the control for mitochondria. (N) The percentage
of SYTOX Green–positive cells (dead cells) in cells with indicated treatment. Error
bars represent the standard error of the mean. ****, P < 0.0001. (O) The workflow
of RNAseq experiments. (P) Numbers of up-regulated and down-regulated genes in
apoptotic cells and cells after 1, 2, 3, 4, 8, and 12 h of recovery compared with
untreated cells (fold change > 1.5; FDR < 0.05). (Q) Correlation of RNAseq and
qRT-PCR data for 27 genes. (R and S) Comparison of the changes in levels of FOS
(R) and SNAI1 (S) mRNAs over time detected by RNAseq and qRT-PCR. In Q–S,
fold change is compared with the expression level in untreated cells. (T) PCA of
RNAseq data reveals four clusters: untreated cells, apoptotic cells, 1–4 h of recovery,
and 8 and 12 h of recovery. Each color represents a different time point. Each time
point was analyzed in triplicate.
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indicating induction of transcription factors during initiation of anastasis (2.2 B). The

term “chromatin modification” was also enriched. Enrichment of early-response genes

in “regulation of cell proliferation” and “regulation of cell cycle” terms suggested that

removing apoptotic stress released cells from a growth-arrested state to reenter the cell

cycle and proliferate (2.2 B). Remarkably, the classes of early- and late-response genes

were very different. The late response was enriched in posttranscriptional activities such

as noncoding RNA processing and ribosome biogenesis (2.2 B).

To identify pathways that are overrepresented in the early- and late-induced genes

relative to untreated controls, we performed a pathway analysis based on the Kyoto En-

cyclopedia of Genes and Genomes (KEGG) database. Early-response genes were enriched

in cell cycle and pro-survival pathways such as TGFβ, MAPK, and Wnt signaling (2.2

C). The late response showed enrichment in general posttranscriptional pathways such

as ribosome biogenesis, RNA transport, protein processing, and endocytosis, as well as

specific pathways such as focal adhesion and regulation of actin cytoskeleton (2.2 C).

2.5 HeLa cells transition from proliferation to mi-

gration during anastasis.

Consistent with enrichment of cell cycle and proliferation genes in the early response,

cell numbers increased during the first 11 h of recovery (2.3 A and Fig. S2), plateaued

after 11 h, and began to increase again at ∼30 h. At even later time points (after

replating), recovered cells exhibited a similar proliferation rate to control, mock-treated

cells (2.3 B).

Because of the enrichment of “focal adhesion” and “regulation of actin cytoskeleton”

pathways in late-response gene clusters (2.2 C), we hypothesized that cells might become
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Figure 2.2: AutoSOME analysis(a). Red indicates increases and blue indicates de-
creases in mRNA abundance. Genes most highly up-regulated during 1–4 h of recovery
are defined as early-response genes, and those that peak at 8 or 12 h are defined as
late-response genes. Red bracket points out the genes up-regulated in both apoptosis
and early recovery. (B) GO enrichment analysis of early-response genes and late-re-
sponse genes. (C) KEGG pathway enrichment analysis of early- and late-response
genes. In B and C, the p-value is the Bonferroni p-value.
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migratory during the proliferation pause. To measure migration, we performed wound-

healing assays. Scratch wounds made in monolayers of cells allowed to recover from EtOH

treatment for 16 h closed faster than those in mock-treated monolayers (2.3, C and D),

even though they exhibited a lower cell number and a slightly slower proliferation rate

(Fig. S3). In both mock-treated and EtOH-treated cells, those that migrated to fill

the wound were more elongated than cells lagging behind (2.3 E). A larger proportion

of cells recovering from EtOH treatment showed this elongated morphology compared

with mock-treated cells (2.3, F and G), suggesting that this morphology might facilitate

migration and wound closure.

2.6 Identification of the early-response genes com-

mon to multiple inducers and cell types.

To identify which of the response genes induced during early recovery from EtOH

treatment are common to recovery from other apoptotic inducers or in another cell line,

we tested the expression of 69 top-ranked up-regulated early genes in H4 cells, a human

glioma cell line, recovering from EtOH and in HeLa cells recovering from staurosporine

(STS). Treatment of H4 cells with EtOH activated caspase 3, resulting in PARP1 cleavage

(2.4 A). Removal of EtOH after 4 h allowed 64% of the cells to recover (2.4 B). 63 out

of 69 genes were also up-regulated in H4 cells recovering from EtOH treatment (2.4 C).

STS is a protein kinase inhibitor and a classic apoptosis inducer that activates the

intrinsic pathway, as shown by cytochrome c release from mitochondria to cytosol, caspase

9 activation, and PARP1 cleavage (2.4, D and E). As expected, inhibition of caspase

blocked STS-induced cell death (2.4 F). 76% of STS-treated cells recovered after removal

of the drug (2.4, G and H). 44 of 69 genes tested were up-regulated in cells recovering
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Figure 2.3: Cell number during recovery after mock or EtOH treatment (n = 3)(A) .
(B) Cells after 47 h of recovery from mock or EtOH treatment were trypsinized and
replated at similar density. The curves show the change in the cell number over 22 h (n
= 3). (C and D) Wound-healing assays. (C) Quantification of wound width over time
(n = 8). The asterisks above each time point represent the statistical significance of
the difference between cells after mock versus EtOH treatment. *, P < 0.05; **, P <
0.01; ***, P < 0.001; ****, P < 0.0001. (D) Images of wounds made in cells recovering
from mock treatment or EtOH treatment. The yellow lines mark the wound margins.
(E) Magnified images of the outlined regions in D. (F and G) Images of confluent
monolayers of cells recover from mock (F) or EtOH (G) treatment. In E and G,
arrows point to elongated cells. In all plots, error bars represent the standard error
of the mean. Bars, 100 µm.
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from STS (2.4 C). GO analysis showed that the 44 genes up-regulated in both cells

recovering from EtOH and cells recovering from STS were enriched in “regulation of

transcription from RNA polymerase II promoter,” “regulation of cell cycle,” “response

to stress,” and “blood vessel morphogenesis” (2.4 I), similar to what we found using the

full list of early-response genes in cells recovering from EtOH treatment (2.2 B).

Both STS and EtOH induce apoptosis through the intrinsic pathway. To test if

cells can survive apoptosis induced by extrinsic inducers, we treated HeLa cells stably

expressing a caspase 3 reporter (HeLa-GC3AI) with TNFα and cycloheximide (CHX).

Active caspase 3 induces a conformational change of the reporter, switching it from dark

to green fluorescent. As reported previously, co-treatment of TNFα and CHX induced

caspase 8 activation and PARP1 cleavage and turned on the reporter (2.4 J and Fig. S4).

After washing away the TNFα and CHX, 5.6% of the caspase 3–positive cells recovered,

possibly because of the poor reversibility of TNFα binding to its receptor. We tested the

protein expression of Snail, one of the early-response genes, and found that GFP-positive

cells that recovered contained a higher level of Snail (2.4, K and L).

2.7 Recovery from apoptotic stress is distinct from

recovery from autophagy.

The observed enrichment of cell cycle components in the early response suggested

that one facet of anastasis is reentry into the cell cycle after growth arrest during apop-

tosis. To distinguish which molecular features of anastasis were common to another type

of growth arrest and recovery and to identify those more likely to be specific to anastasis,

we evaluated the expression of the top-ranked, differentially expressed anastasis genes in

cells undergoing recovery from nutrient deprivation. Nutrient deprivation induces growth
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Figure 2.4: Caption on next page.
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Figure 2.4: Western blots of full-length PARP1 (FL-PARP1) and cleaved PARP1 in
H4 cells treated with or without 6.5% EtOH for 4 h(A) . The white dotted line divides
the lanes that were cropped from the same blot. (B) The percentage of recovering H4
cells after washing away EtOH. (C) The expression of the 69 top-ranking early-recov-
ery genes in HeLa cells recovering from EtOH, H4 cells recovering from EtOH, and
HeLa cells recovering from STS. Green: up-regulated compared with control; blue:
down-regulated compared with control; yellow: unchanged compared with control.
(D) Western blots of full-length PARP1 (FL-PARP1), cleaved PARP1, full-length
caspase 9 (FL-Caspase 9), and cleaved caspase 9 in HeLa cells treated with 250 nM
STS or 0.1% DMSO (vehicle control) for 2.5 h. (E) The level of cytochrome c in
mitochondria (mito) and cytosol of cells with control or STS treatment and of cells at
2 h of recovery after control or STS treatment. Tubulin (Tub) was used as the control
for the cytosol fraction, and Cox4 was used as the control for mitochondria. (F) The
percentage of SYTOX Green–positive (dead) cells in cells with indicated treatment.
****, P < 0.0001. (G) Time-lapse live imaging of HeLa cells before STS treatment
(untreated), after STS treatment (STS 2.5 h), and after recovery for 10 h (recovery 10
h). DNA is stained in blue. Bars, 50 µm. (H) The percentage of recovering HeLa cells
after washing away STS. In B, F, and H, error bars represent the standard error of the
mean. (I) GO enrichment analysis of common genes. (J) Time-lapse live imaging of
HeLa-GC3AI cells before (untreated) and after treatment with TNFα together with
CHX (TNFα + CHX) and cells after 12 h of recovery (recovered). Green indicates
caspase 3 activity. Arrows point to cells recovered from caspase 3 activation induced
by TNFα together with CHX. Bars, 50 µm. (K and L) Snail expression in cells after
2 h of recovery from CHX alone (K) and from TNFα together with CHX (L). Snail
is shown in red, caspase 3 reporter is shown in green, and DNA is shown in blue. K’
and L’ show Snail signal only. Bars, 25 µm.
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arrest and autophagy, a process that can promote survival [43, 44]. Autophagy results

in degradation of cytoplasmic components in autophagosomes, which are double mem-

brane–bound vesicles that sequester cytoplasm and fuse with lysosomes [44]. However,

expression of autophagy genes was not induced during anastasis, suggesting that the two

survival mechanisms differ. A time course showed that amino acid starvation for 2 h

induced autophagy in HeLa cells, as shown by increased LC3 staining (2.5, A–D), which

is a marker for autophagosomes. LC3 staining is typically further augmented by blocking

fusion between autophagsomes and lysosomes with bafilomycin A1 [45], and this was also

true for nutrient-deprived HeLa cells (2.5, A–D). 2 h of starvation did not induce caspase

3 activation (2.5 E), although longer treatments did. Of the 24 genes up-regulated dur-

ing anastasis that we tested, 10 were down-regulated or only slightly up-regulated during

recovery from autophagy (2.5, F–O). Thus, elevated transcription of these 10 genes dis-

tinguishes cells in early anastasis from those recovering from autophagy. Furthermore,

cells recovering from autophagy showed no measurable difference in the rate of wound

closure compared with that of mock-treated cells (2.5, P and Q). Thus, cells recovering

from transient apoptotic stress exhibit both molecular and behavioral hallmarks that

distinguish anastasis from recovery from other types of stress that induce growth arrest.

2.8 Cells poise for recovery during apoptosis.

The transcriptional profile of cells undergoing anastasis revealed an unknown feature

of apoptotic cells that appears to contribute to the rapid transition to recovery. We

noticed that transcripts corresponding to a subset of early-response genes that were in-

duced during the first hour of anastasis were already elevated in abundance in apoptotic

cells relative to untreated cells (2.1, R and S; 2.2 A; and Fig. S1, A–G). One possible

explanation is that these are genes that drive apoptosis and that apoptosis had not com-
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Figure 2.5: (A–D) LC3B autophagosome marker staining (green) in cells incubated
with growth medium containing 1% DMSO (control; A), HBSS containing 1% DMSO
(B), growth medium containing 100 nM Bafilomycin A1 (C), or HBSS containing
Bafilomycin A1 (D) for 2 h. Bars, 25 µm. (E) Western blot for PARP1 showing little
cleavage during amino acid starvation. The 2-h time point was chosen for further
studies. (F–O) Comparison between the mRNA levels of indicated genes after 0, 1,
and 4 h of recovery from apoptosis induction (gray bars) or from autophagy (black
bars). “Fold change” is compared with expression level of mock-treated cells. *, P <
0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001; n = 3. (P) Relative wound
width over time in wound-healing assay (n = 5). (Q) Images of wounds made in cells
recovering from mock treatment (upper two panels) or amino acid starvation (lower
two panels). Yellow lines mark the margin of the wound. Bars, 200 µm. In all graphs,
error bars represent the standard error of the mean.
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pletely stopped 1 h after removal of the chemical stress. Alternatively, these could be

genes encoding proteins that contribute to recovery, and cells prepare for the possibility

of recovery even while caspase is activated. To distinguish between these opposing possi-

bilities, we compared the levels of expression of 10 such early genes at 1 h of recovery after

3 h of EtOH treatment to the levels in cells left in EtOH for 4 h. The mRNA levels after

4 h of EtOH treatment were significantly lower than those at 1 h of recovery, indicating

that accumulation of these mRNAs was associated with the survival response (2.6, A–J).

We analyzed the corresponding protein levels for five of the early-response targets for

which antibodies were available. The protein levels remained unchanged or were slightly

reduced during apoptosis (2.6 K), suggesting that although the mRNAs accumulated,

their translation was inhibited, consistent with prior observations of down-regulated pro-

tein synthesis in apoptotic cells [46]. This intriguing finding supports the idea that even

during apoptosis, cells actually poise for recovery by synthesizing, or protecting from

degradation, specific mRNAs encoding survival proteins, which are, however, not trans-

lated. If apoptotic stress persists, the mRNAs are degraded and the cells die. However,

if the apoptotic stress disappears, cells are prepared to rapidly synthesize survival pro-

teins. This “poised for recovery” state may help to explain the rapid recovery after stress

removal.

2.9 Snail knockdown impairs recovery.

Snail is one of the mRNAs enriched in apoptotic cells and then highly induced in early

recovery and has been reported to protect cells from apoptosis [47, 48, 49, 50]. We found

that Snail protein levels increased during recovery (2.6 K). In addition, knocking down

Snail expression by stably expressing shRNA reduced the endogenous Snail protein level

(2.7 A) and suppressed recovery from EtOH or STS treatment (2.7, B and C). We also
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Figure 2.6: (A–J) mRNA levels of the indicated genes relative to mock-treated cells
after 3 h of mock treatment (mock-T3R0), after 3 h of EtOH treatment (EtOH-T3R0),
after 1 h of recovery from EtOH treatment (EtOH-T3R1), and after 4 h of EtOH
treatment (EtOH-T4R0; n = 3). Error bars represent the standard error of the mean.
Asterisks show statistical significance between EtOH-T3R1 and EtOH-T4R0. *, P <
0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001. (K) The protein levels of Egr1,
c-Fos, c-Jun, and Snail of cells with mock or EtOH treatment (T) and of cells during
recovery from mock treatment and EtOH treatment. The numbers below each blot
are the normalized intensity of the bands.
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found increased PARP1 cleavage in Snail-depleted cells after EtOH or STS treatment

(2.7, A and D). Therefore, the poor recovery after Snail knockdown may result from

enhanced caspase activation during treatment, impaired anastasis, or both.

2.10 Activation of TGFβ signaling contributes to Snail

up-regulation and migration.

One important upstream regulator of Snail is TGFβ signaling [51], and this pathway

was enriched in the early-recovery gene set. TGFβ signaling regulates transcription

through phosphorylation and activation of the downstream transcription factors Smad2

and Smad3 [52]. Phosphorylation of Smad2/3 increased during apoptosis and in the first

hour of recovery from EtOH treatment, then diminished after 4 h of recovery, indicating

transient activation of TGFβ signaling (2.7 E), which was also observed in HeLa cells

recovering from STS treatment (2.7 F).

To determine when and to what extent Snail induction depends on TGFβ signaling,

we treated cells with the TGFβ receptor I–specific inhibitor LY364947. LY364947 did not

affect basal cell survival or proliferation (Fig. S5 A). LY364947 also did not measurably

affect Snail expression during EtOH treatment (2.7 G). At 1 h of recovery, LY364947

treatment prevented induction of Snail mRNA and protein, reducing them to∼40% of the

control, and at 4 h, LY364947 eliminated Snail induction (2.7, G and H). Whereas direct

knockdown of Snail by shRNA decreased survival (2.7, B and C), LY364947 treatment did

not (Fig. S5, B and C), suggesting that the “poised” Snail is required at the earliest time

points, before further induction by TGFβ. This is also consistent with the observation

that dramatic transcriptional and morphological changes occur already within the first

hour of recovery (2.1, B–F and T).
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Figure 2.7: (A) Cleavage of PARP1 and Snail protein in HeLa cells stably expressing
scrambled shRNA or Snail shRNA treated with or without EtOH for 3 h. The white
dotted line divides the lanes that were cropped from the same blot. (B) Recovery
rate of HeLa-scrambled shRNA and HeLa-Snail shRNA cells after mock treatment or
EtOH treatment (n = 3). (C) Recovery rate of HeLa-scrambled shRNA and HeLa-S-
nail shRNA cells after control treatment or STS treatment (n = 3). In all bar graphs,
error bars represent the standard error of the mean. (D) Western blots of full-length
PARP1 (FL PARP1) and cleaved PARP1 in HeLa-scrambled shRNA and HeLa-S-
nail shRNA cells treated with STS or control. The white dotted line divides the
lanes that were cropped from the same blot. (E) Western blots of phosphor-Smad2/3
(pSmad2/3), total Smad2/3, Snail in cells after mock treatment, EtOH treatment,
or starvation (T) and in cells recovering from these treatments (recovery). (F) The
level of pSmad2/3 and Smad2/3 in HeLa cells treated with STS or vehicle control
(T) and in cells recovering from STS or control treatment (recovery). (G) The level
of pSmad2/3, Smad2/3, and Snail in apoptotic cells (treatment); cells after 1 h of
recovery (recovery 1 h); and cells after 4 h of recovery (recovery 4 h). The addition of
LY364497 and EtOH is indicated. The numbers under the blots are the intensity of
the bands or the indicated ratio relative to the mock-treated sample. (H) The mRNA
expression of Snail (SNAI1) after 1 h of recovery. The addition of LY364947 and
EtOH is indicated. (I) Mean migration speed of the indicated group of cells during
wound-healing assay (n = 8). Before wound-healing assay, cells were treated with or
without EtOH together with 0.1% DMSO or 5 µM LY364947 for 3 h, followed by 4 h
of recovery with 0.1% DMSO or 5 µM LY364947 and an additional 16 h of recovery
without any inhibitor. Error bars represent 95% confidence interval. *, P < 0.05; **,
P < 0.01; ***, P < 0.001; ****, P < 0.0001.
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We then tested whether the effect of TGFβ inhibition might occur later. TGFβ

signaling activation can promote epithelial-to-mesenchymal transition (EMT) and cell

migration [53]. To determine if the transient activation of TGFβ signaling was responsible

for the increased migration later, we inhibited TGFβ signaling during apoptosis and

the first 4 h of recovery and then tested cell migration using the wound-healing assay.

LY364947 treatment reduced the mean migration speed of EtOH-treated cells from 45 to

37 µm/h while reducing the mean migration speed of mock-treated cells from 27 to 23

µm/h, suggesting that TGFβ signaling contributes to both basal motility and anastasis-

induced migration in HeLa cells (2.7 I). Interestingly, TGFβ signaling, Snail mRNA,

and Snail protein were all down-regulated during autophagy and recovery (2.5 F and 2.7

E). Recovery from autophagy did not stimulate cell migration (2.5, P and Q). Thus, in

HeLa cells, activation of TGFβ signaling, induction of Snail, and increased migration

characterize the recovery from the brink of apoptotic cell death but not recovery from a

non-apoptotic stress.

2.11 Induction of angiogenesis-related genes through-

out recovery.

Although TGFβ signaling and Snail expression were transiently elevated during early

recovery, some angiogenesis-related genes were persistently elevated throughout the 12 h

examined. Placenta growth factor (PGF) binds VEGF receptor (VEGFR) and stimulates

endothelial cell proliferation and migration [54]. PGF was among the top 10 up-regulated

genes at every time point during apoptosis and recovery (Table S1). PGF mRNA in-

creased ∼22-fold at 1 h of recovery, and even after 24 h of recovery, PGF mRNA was

threefold higher in EtOH-treated cells compared with mock-treated cells (2.8, A and B).
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Ephrin and Ephrin receptor (EphR) signaling are also important in blood vessel

development and angiogenesis [55, 56]. Several EphRs (EPHA2, EPHB2, and EPHB4)

and Ephrins (EFNB1, EFNB2) were up-regulated throughout recovery. For example,

expression of EFNB2 in the first hour of recovery was ∼1.6-fold that of mock-treated

cells and elevated approximately two- to threefold during 3–12 h of recovery (Fig. S1K).

EPHA2 was significantly up-regulated after 24 h of recovery (2.8 C). Sprouty 2 (SPRY2)

is a common transcriptional target of VEGFR and EphR signaling. SPRY2 expression

was up-regulated from 4 to 24 h of recovery (2.8, D–F), suggesting activation of VEGFR

and EphR signaling during recovery.

2.12 Discussion

The ability of cells to survive caspase 3 activity has implications for normal develop-

ment, cancer, and degenerative and ischemic diseases. Herein, we discuss the molecular

characterization of cells recovering from the brink of apoptotic cell death. The data show

that anastasis proceeds in two clearly defined stages that are characterized by distinct

repertoires of genes. In the early stage, cells transcribe mRNAs encoding many transcrip-

tion factors and reenter the cell cycle. In the late stage, cells pause in proliferation while

increasing migration. Whereas the proliferation and migration responses were transient,

others were longer lasting. For example, we found that cells that have undergone anasta-

sis elevate expression of angiogenesis-related genes for 24 h. In vivo, these factors would

be expected to exert a nonautonomous effect of stimulating blood vessel growth. Collec-

tively, the results presented herein demonstrate that cells recovering from the brink of

apoptotic cell death express factors that promote proliferation, survival, migration, and

angiogenesis (2.8 G). The cell biological processes involved in anastasis are thus reminis-

cent of wound-healing responses , consistent with the idea that cells evolved this capacity
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Figure 2.8: mRNA expression of PGF (A and B), EPHA2 (C), and SPRY2 (D–F)
in cells recovering from mock or EtOH treatment for the indicated time (R). Error
bars represent the standard error of the mean. *, P < 0.05; **, P < 0.01; ***, P <
0.001; ****, P < 0.0001. (G) Summary of events during anastasis. During apoptosis,
cells poise for recovery. If the stress persists, cells die. If the stress is removed, cells
undergo two stages of recovery.
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to limit permanent tissue damage after a transient injury.

Many of the same molecular pathways are up-regulated during wound healing and

in cells undergoing anastasis, including TGFβ, receptor tyrosine kinase, MAPK signal-

ing, and angiogenesis-promoting pathways [57]. TGFβ signaling and Snail expression

are thought to promote EMT and chemotherapy resistance during tumor progression

[58, 59, 60]. HeLa cells undergoing anastasis activate TGFβ signaling, activate Snail ex-

pression, and become migratory—all features of EMT. Two recent studies reported that

EMT, although dispensable for tumor metastasis, is required for tumor recurrence after

chemotherapy [61, 62], suggesting that EMT is a survival strategy for tumor cells under

stress in vivo. Our results suggest a possible relationship among tumor recurrence, EMT,

and anastasis. If cancer cells exposed to radiation or chemotherapy during treatment es-

cape death via anastasis, TGFβ signaling and Snail expression would be induced, and

these critical regulators of EMT [58] would confer resistance to further chemotherapy

and radiation [59]. Therefore, anastasis could, in principle, drive EMT-dependent tumor

recurrence.

In vivo, fast-growing tumors require formation of new blood vessels to supply nutrients

and provide a route to metastasis [63]. Common cancer treatments, such as tumor

resection, can induce extensive angiogenesis, which may promote tumor recurrence [64].

In fact, elevated expression of angiogenic factors and/or increased blood vessel formation

have been found in recurrent craniopharyngioma, bladder cancer, and squamous cell

carcinoma after surgery or irradiation [65, 66, 67]. Our results imply that if tumor

cells survive apoptosis triggered by chemotherapy, irradiation, or surgery, these survivors

may up-regulate production of proangiogenic factors to promote angiogenesis and tumor

recurrence.

In addition to providing insight into the molecular nature of anastasis, the work

presented herein uncovers an unanticipated aspect of apoptosis. Even during apoptosis,
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cells poise for recovery by accumulating mRNAs encoding survival proteins. We propose

that this facilitates rapid recovery upon removal of the apoptotic stimulus.

Apoptosis and caspase 3 have been linked to tumor recurrence. In cancer patients, the

rate of recurrence is positively correlated with the amount of activated caspase 3 in tumor

tissues [68, 69]. One explanation that has been offered for this somewhat paradoxical

result is that after radiotherapy or chemotherapy, activated caspase 3 promotes produc-

tion of progrowth signals that are released from dying cells to stimulate proliferation of

living tumor cells, leading to tumor recurrence [68, 70, 71]. Dying cells can also secrete

VEGF in a caspase-dependent way to promote angiogenesis after irradiation [72]. These

previous studies proposed that apoptotic cells induce nonautonomous compensatory pro-

liferation in neighboring cells. The model is that cells that activate caspase 3 die and

stimulate cells without activated caspase to proliferate and grow. However, our study

suggests another possible mechanism underlying tumor recurrence: that tumor cells with

activated caspase 3 themselves may eventually survive, proliferate, migrate, and trigger

angiogenesis, contributing to tumor repopulation.

In addition to characterizing the process of anastasis using EtOH-treated HeLa cells,

we found 41 genes up-regulated in early recovery in STS-treated HeLa and EtOH-treated

H4 glioma cells. The GO analysis of these 41 genes indicates that the biological processes

involved in early recovery, like transcription regulation, cell cycle regulation, stress re-

sponse, and angiogenesis, are common to anastasis in different cell lines and after treat-

ment with different apoptotic inducers (2.4 I). These 41 genes also serve as candidates for

regulators of anastasis. Among them, we found that knocking down Snail impaired sur-

vival, whereas knocking down TGFβ impaired migration. Unfortunately, H4 cells were

not amenable to the migration assay, so we were not able to test the effect of anastasis

on motility in this additional cell type.

When facing tissue injury, anastasis could, in principle, facilitate repair and regen-
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eration and limit the permanent damage that might otherwise occur in response to a

powerful but temporary insult. However, anastasis would be detrimental if adopted by

cancer cells in response to chemotherapy or radiation therapy, thus potentially promoting

recurrence. Thus, the mechanisms described herein fit into the general idea that cancers

mimic and co-opt wound-healing behaviors [73]. Enhancing anastasis would be expected

to be beneficial in the context of degenerative or ischemic disease, whereas inhibiting

anastasis would be expected to be beneficial in cancer treatment. Further study will

be required to determine which of the molecular markers and cell biological features de-

scribed herein are general to many cells undergoing anastasis and in response to various

inducers. Although some might be specific to particular cell types, both general and

specific molecules and behaviors are of interest. General features may reveal a conserved

molecular pathway. However, specific features may provide important therapeutic tar-

gets—if, for example, increased motility or a particular molecular pathway turns out to

be characteristic of cancer cells but not normal cells or vice versa.

2.13 Materials and methods

Cell culture

For RNA sequencing, total RNA was extracted using a mirVana miRNA isolation

kit (Thermo Fisher Scientific) and then treated with TURBO DNase (Thermo Fisher

Scientific) to get rid of the genomic DNA. Ribosomal RNA (rRNA) was removed using

RiboMinus Eukaryote System v2 (Thermo Fisher Scientific). The quality of RNA was

examined using a fragment analyzer (Advanced Analytical).

For qRT-PCR, RNA was extracted using RNeasy Mini kit (QIAGEN) and treated

with TURBO DNase to remove the genomic DNA.

RNA sequencing and data analysis
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cDNA libraries used for sequencing were made from rRNA-depleted RNA using Ion

Total RNA-seq kit v2 (Thermo Fisher Scientific) and sequenced on an Ion Torrent Proton

sequencer (Thermo Fisher Scientific). Strand-specific, single-end reads were generated

from sequencing with mean read lengths of 75 bp. Reads were mapped to University of

California, Santa Cruz Human Reference Genome (hg19) using Tophat (v2.0.13). Reads

covering gene coding regions were counted using htseq (v0.6.1), and the resulting count

data were used for downstream analysis. Count data were first filtered by removing

genes with low expression or genes with <50 reads in more than two replicates per

sample. The remaining count data were normalized using the trimmed mean of the

M-values method using edgeR (v3.14.0). Normalized count distributions were fit to a

generalized linear model to test for differential expression of genes (P < 0.05) among

multiple samples. The differential expression test was corrected for multiple testing by

applying the Benjamini–Hochberg method on p-values to control the FDR. AutoSOME

[42] was used for identification of gene clusters with similar expression patterns on counts

per million (CPM) and log2-transformed count data.

GO enrichment analysis was performed using DAVID (https://david.ncifcrf.gov/) and

PANTHER (http://pantherdb.org). Only common GO terms with Bonferroni p-values

< 0.001 and FDRs < 0.001 were considered to be significantly enriched. KEGG pathway

enrichment analysis was performed using WebGestalt (http://www.webgestalt.org) to

identify the enriched pathways in the gene sets based on the KEGG database. The path-

ways with adjusted p-values <0.001 and FDRs <0.01 were considered to be significantly

enriched.

qRT-PCR

RNA samples were reverse transcribed into cDNA using the SuperScript III First-

Strand Synthesis System (Thermo Fisher Scientific), and qPCR was performed on the

QuantStudio 12K Flex Real-Time PCR System (Thermo Fisher Scientific) with the Power
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SYBR Green PCR Master Mix (Thermo Fisher Scientific) or on the CFX96 Touch Real-

Time PCR Detection System (Bio-Rad Laboratories) with the SsoAdvanced Universal

SYBR Green Supermix (Bio-Rad Laboratories). The primers used in qPCR are listed in

Table S4.

Live imaging

2 Ö 105 cells were seeded in each glass-bottom, 35-mm dish (MatTek Corporation).

Cells were incubated with Hoechst 33342 (Molecular Probes) for 20 min and imaged

on a Zeiss LSM 780 or Leica DMi8 microscope with temperature and CO2 control.

Images were taken every 10 or 5 min as indicated in the figure legends. Medium change

for treatment and recovery was performed between scans. To live-monitor caspase 3

activation during EtOH treatment, NucView 488 (Biotium) was added. NucView 488

binds irreversibly to DNA and thus inhibits anastasis.

Mitochondria isolation

After treatment, 1.5 Ö 106 HeLa cells were scraped and pelleted. The cell pellets

were resuspended in 300 µl of ice-cold fractionation buffer (250 mM sucrose, 20 mM

Hepes, pH 7.4, 10 mM KCl, 1.5 mM MgCl2, 1 mM EDTA, 1 mM EGTA, and 1 mM

DTT) supplemented with the protease inhibitor cocktail (Roche), 10 µM NaF, and 1 mM

PMSF. The resuspended cells were placed on ice for 20 min and passed through a 26G

needle 10–15 times to shear the cells. The needle-treated cell suspension was cleared from

both nuclear fraction and nonsheared cells by centrifugation at 3,000 rpm for 5 min at

4. 200 µl of the supernatant (which represents the combined cytosolic and mitochondrial

fractions) was transferred to new, prechilled tubes for further processing. To separate

the mitochondrial fraction, the supernatant after nuclear fractionation was spun down

for an additional 10 min at 10,000 rpm at 4. The supernatant was the cytosol fraction,

and the pellet was the mitochondrial fraction. The pellet was resuspended in 50 µl of

ice-cold fractionation buffer supplemented with inhibitors.

38



A Molecular Signature for Anastasis, Recovery from the Brink of Apoptotic Cell Death Chapter 2

Western blotting

Cells were lysed in Laemmli sample buffer and run in 4–20% Mini-PROTEAN TGX

precast protein gels (Bio-Rad Laboratories). The primary antibodies used were rabbit

anti-Egr1 (no. 4154; Cell Signaling), rabbit anti–c-Fos (no. 2250; Cell Signaling), rab-

bit anti–c-Jun (no. 9165; Cell Signaling), mouse anti-Snail (no. 3895; Cell Signaling),

rabbit anti-PARP1 (no. 9532; Cell Signaling), rabbit anti-Smad2/3 (no. 8685; Cell

Signaling), rabbit anti-pSmad2/3 (no. 8828; Cell Signaling), mouse anti–cytochrome c

(no. sc-13560; Santa Cruz Biotechnology), mouse anti-Cox4 (no. 11967; Cell Signaling),

rabbit anti–caspase 9 (no. 9502; Cell Signaling), mouse anti–caspase 8 (no. 9746; Cell

Signaling), rabbit anti-Tubulin (no. 2128; Cell Signaling), and mouse anti–α-Tubulin

(T6199; Sigma). The secondary antibodies used were IRDye 800CW donkey anti–rabbit

IgG (H+L), IRDye 680LT donkey anti–mouse IgG (H+L), and IRDye 800CW donkey

anti–mouse IgG (H+L; LI-COR Biosciences). The blots were scanned on an Odyssey

imaging system (LI-COR Biosciences). Cell treatment, sample collection, and Western

blotting were repeated at least three times, and the representative blots are shown in the

figures.

Immunofluorescent staining

Cells were seeded in six-well plates with a coverslip. After treatment, cells were

washed once with PBS and fixed with cold MeOH for 5 min. Cells were then rinsed

with PBS twice and washed with PBS containing 0.2% Triton X-100 (Thermo Fisher

Scientific). Thereafter, cells were blocked with PBS containing 0.2% Triton X-100 and

5% goat serum (Sigma). The primary and secondary antibodies used were rabbit anti-

LC3B (no. 2775; Cell Signaling), rabbit anti-Snail (no. 3879; Cell Signaling), and Alexa

Fluor 488–conjugated goat anti–rabbit IgG (H+L) secondary antibody (Thermo Fisher

Scientific). The images were acquired on an DMi8 microscope (Leica). Cell treatment

and staining were repeated three times, and the representative images are shown in the
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figures.

shRNA construct, transfection, and stable cell line

shRNA constructs were made in the pLVX vector. The sequences of Snail shRNA

and scrambled shRNA were 5′-GGATCTCCAGGCTCGA-

AAGTCAAGAGCTTTCGAGCCTGGAGATCCTTTTTT-3′ and 5′-CCTAAGGTT

AAGTCGCCCTCGCTCGAGCGAGGGCGACTTAACCTTAGGTTTTT-3′ (no. 1864;

Addgene). The constructs were transfected into HeLa cells using TurboFect transfection

reagent (Thermo Fisher Scientific) and selected using 2 µg/ml puromycin (Thermo Fisher

Scientific) to obtain stable cell lines.

The GC3AI caspase 3 reporter plasmid was obtained from B. Li (Tianjin Medical

University, Tianjin, China). The plasmid was transfected into HeLa cells and selected

using puromycin (Thermo Fisher Scientific) to obtain stable cell lines.

Proliferation assay

HeLa NucLight Red cells (Essen BioScience) were seeded in six-well plates and cul-

tured overnight. After EtOH treatment, cells were cultured in growth medium and

imaged using IncuCyte Zoom (Essen BioScience) every hour. Nine fields of view were

taken per well, and the number of red fluorescent nuclei was counted using IncuCyte

Zoom.

Wound-healing assay

HeLa NucLight Red cells were seeded in 100-mm dishes and cultured overnight. After

treatment and 16 h of recovery, cells were trypsinized and seeded in Matrigel-coated 96-

well ImageLock plates (Essen BioScience) at 4 Ö 104 cells per well. After 4 h, a wound

was made in each well using WoundMaker (Essen BioScience). The wound closure process

was imaged in IncuCyte Zoom every hour.

Recovery rate quantification

Before treatment, cells seeded in six-well plates were incubated with growth medium
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with DRAQ5 (Thermo Fisher Scientific) for 10 min at 37°Cand imaged in IncuCyte Zoom

to quantify the original cell number. After 4 h of recovery, cells were washed twice with

PBS to remove floating dead cells and stained with DRAQ5 again. The cell number was

quantified again as the number of survivors. The recovery rate was calculated as the

ratio between the number of survivors and the original cell number.

Statistical analyses

The statistical analysis used in RNAseq data analysis is described in the RNA se-

quencing and data analysis section. For other experiments, statistical significance was

determined using unpaired, two-tailed t tests with Welch’s correction for comparison be-

tween two samples and one-way ANOVA to compare more than two samples, with P

< 0.05 set as the criteria for significance. The Tukey test was used to derive the ad-

justed p-values for pairwise comparison among multiple samples. Sample size was not

predetermined.

Data availability

The RNAseq data have been deposited in the National Center for Biotechnology

Information Gene Expression Omnibus under accession no. GSE86480.

Published material in this chapter was reprinted with permission from the publisher:

©2017 SUN G, GUZMAN E, et al. Originally published in THE JOURNAL OF CELL

BIOLOGY. https://doi.org/10.1083/jcb.201706134

2.14 Supplementary Figures
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Figure 2.9: (A–N) The bar graphs show the expression pattern of the indicated genes
over time detected by RNAseq and qRT-PCR. FC indicates fold change over the
expression level in untreated cells (n = 3).

Figure 2.10: Time-lapse live imaging of cells recovering from EtOH treatment for 80
min (A), 100 min (B), and 120 min (C). Arrows point to dividing cells. Bars, 50 µm.
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Figure 2.11: Quantification of the change in the number of cells over time during the
wound-healing assay (n = 8). Error bars represent the standard error of the mean.
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Figure 2.12: (A) Caspase 3 activation in cells treated with control (0.1% DMSO), CHX
alone, TNFα alone, and TNFα plus CHX. Green shows activated caspase 3 reporter.
Bars, 100 µm. (B) Western blots of full-length PARP1 (FL-PARP1), cleaved PARP1,
full-length caspase 8 (FL-caspase 8), and cleaved caspase 8 in cells treated with control,
TNFα alone, CHX alone, and TNFα plus CHX for 6 h.
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Figure 2.13: (A) Change of the number of cells treated with 5 µM LY364749 or
0.1%DMSO (vehicle control; n = 8). (B and C) Recovery rate of HeLa cells after
EtOH (B) or STS (C) treatment with or without LY364947. Error bars represent the
standard error of the mean (n = 4).
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3.1 Preface

At the start of my PhD our lab was going through a transition in sequencing tech-

nologies and myself and a graduate student mentor, Maryluz Arcila, were tasked with

setting up the new experimental system as well as all the methodological protocols. I

feel fortunate that this was my ”introduction” to the lab since it eventually set me up

to be involved in a large amount of collaborations which exposed me to wide-ranging

biolgical problems. During my first year I was introduced to the collaboration that will

be presented in this chapter and at the time my main goal was to develop a protocol
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to isolate miRNAs in order to be able to high quality sequencing libraries. miRNA’s

represent ≤1% of all the RNA species within a cell which made developing a protocol to

build such a sequencing library extremely challenging. We developed and optimized this

protocol and were able to employ it in this project. During this project, it became obvi-

ous to me that more intellectually stimulating aspect of ”RNAseq” was not the building

and sequencing of libraries but rather the analysis of the resulting large gene expression

datasets. I dove head first into the statistical analysis required to analyze these types of

datasets and by the end of this project, I was confident that I could work with any large

bioinformatic type dataset with the skills I had developed through this project.

3.2 Abstract

Sex is a key modifier of neurological disease outcomes. Microglia are implicated in

neurological diseases and modulated by miRNAs, but it is unknown whether microglial

miRNAs have sex-specific influences on disease. We show that microglial miRNA ex-

pression differs in males and females, and loss of miRNAs leads to sex-specific changes

in the microglial transcriptome and to tau pathology. These findings suggest microglial

miRNAs influence tau pathogenesis in a sex-specific manner.

3.3 Adult Microglia have sex-dependent miRNA ex-

pression

Sex has heterogeneous effects on human disease pathogenesis, including in Alzheimer’s

disease and other neurological diseases [74, 75]. Dysfunction of microglia, the resident

innate immune cells of the central nervous system, has been linked to many neurological

diseases [76, 77, 78]. Sex differences in microglial gene expression and functions are seen
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in young adult mice [79, 80], and may be especially pronounced in the aging brain [81, 82].

MicroRNAs (miRNAs) regulate immune networks in microglia [83, 84] and exhibit sex-

specific expression in some cell types [85]. However, whether microglial miRNAs are

expressed and function in a sex-specific manner is unknown. A better understanding of

microglial miRNA function could identify previously unknown molecular networks that

contribute to neurological diseases.

We performed miRNA sequencing (miRNA-seq) on microglia isolated from the brains

of adult mice (B6C3F1/J). Unsupervised clustering grouped samples by sex 3.1. 26

miRNA’s were enriched in females (pink) and 61miRNA’s in males (turquoise) 3.1 and

the the top 10 miRNAs in each sex with the highest log2(fold change) values and normal-

ized counts over 100 are labeled; miRNA’s were considered significantly enriched if their

log2 (fold change) ≥ 1 and the false discovery rate adjusted p - value was - log10(FDR) C

1.5. 13 of these (8 in males, 5 in females) were encoded by the X chromosome 3.2. In or-

der to validate the miRNA-seq results of enriched genes, we performed Quantitative PCR

(qPCR), a much more sensitive assay for gene expression quantification. Of the selected

miRNA genes for qPCR, 3 of the male genes were significantly up-regulated relative to fe-

males but none were significantly enriched in females. Although none of the female genes

reached significance with the applied statistical test (Unpaired, two-tailed t-test), the se-

lected female enriched genes all followed the same enriched trend seen in the miRNA-seq

data 3.2. Despite differing miRNA profiles, male and female cortical microglia had similar

morphological features such as branching complexities and neurite length. To quantify

morphological similarities, immunostaining of Iba1 and confocal imaging of cortical mi-

croglia from 9-month-old mice were used to construct three-dimensional Imaris objects.

Imaris-based automatic quantification was used to quantify the number of branch points

and total length of process per cell (approximately 60 cells per sex) 3.3.
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Figure 3.1: Heatmap of the top 50 most variable miRNAs measured by miRNA-seq of
microglia isolated from 6-month-old mice. Counts were log-transformed, normalized
and centered. n = 4 biologically independent samples per sex, 2 animals per sample.

Figure 3.2: Differentially expressed miRNAs encoded by the X chromosome in non-
transgenic mice.
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Figure 3.3: Morphological similarities between male and female coritcal microglia.
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3.4 Loss of mature miRNAs affects microglia in a

sex-dependent manner.

We next selectively depleted Dicer in adult microglia by crossing Cx3cr1CreERT2/+

with Dicerfl/fl mice (Dicer KO). Levels of Dicer mRNA and protein were significantly

reduced in CD11b+ cells, but not in CD11b- cells from Dicer KO male and female

mice 3.4a, accompanied by depletion of several Dicer-dependent miRNAs in CD11b+

cells 3.4b. Interestingly, loss of mature miRNAs resulted in significant differences in

the microglial transcriptome with far greater changes in male microglia 3.4. Pathway

analysis of genes uniquely altered in the male Dicer KO microglia shows enrichment of

immune system pathways, including changes in genes involved in TNFα signaling through

NFκB activation, such as Il1b, Cd69, Tlr2, and Vegfa 3.5. Ingenuity Pathway Analysis

(IPA) also predicted TNF and NFκB as well as interleukins (Il2, Il1b) to be upstream

activators of this expression pattern 3.5. Thus, removing miRNAs alters expression of

immune-related genes in male compared to female microglia.

3.5 Loss of microglial miRNAs increases DAMs and

tau pathology in male PS19 mice.

Microglia have been implicated in the spread of tau burden in the brain [77, 78, 86],

but whether male and female microglia have sex-specific responses to tau pathology

is unknown. To determine this, we used P301S (PS19)(16) mice, a tauopathy mouse

model [10]. Using the MC1 antibody [87] to label pathogenic forms of tau17, we found

similar densities of MC1-positive tau inclusions in the brains of male and female PS19

mice 3.6(a,b). However, there was a striking difference in the expression of miRNAs
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Figure 3.4: Loss of mature miRNAs affects microglia in a sex-dependent manner. (a,b)
qPCR of Dicer mRNA in CD11b+ (a) and CD11b– (b) cells isolated from female and
male 9-month-old Dicer WT and KO mice. * t = 3.464, P = 0.025, ** t = 4.855, P =
0.0028, unpaired, two-tailed t test.(c) Representative images of Dicer immunostaining
from 9-month-old Dicer WT and KO mice. Iba1+ cells outlined in white. Scale bar,
10 µm.(d) Relative fluorescence intensity of cortical Dicer immunostaining. Each dot
represents one mouse, 40 cells / genotype. ** t = 3.740, P = 0.0022, unpaired,
two-tailed t test.(e) qPCR of miRNAs in CD11b+ cells isolated from 9-month-old
Dicer WT and Dicer KO mice. ** t = 4.597, P = 0.0059 (miR-16-5p), * t = 4.328, P
= 0.0124 (miR-23a-3p), * t = 2.961, P = 0.0415 (miR-342-3p), unpaired, two-tailed
t test.(f) Venn diagram of DE mRNAs comparing microglia isolated from Dicer WT
and KO female and male mice. Red numbers, up-regulated genes in Dicer KO; blue
numbers, down-regulated genes in Dicer KO. n = 3 replicates Dicer WT female,
2 replicates Dicer KO female, 5 replicates Dicer WT male, 4 replicates Dicer KO
male with 2 mice/replicate.(g) Pathway analysis with GSEA Hallmark gene set on
differentially expressed genes (DEGs) uniquely changed in male Dicer KO compared
to Dicer WT microglia identified in (f).
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Figure 3.5: Protein-Protein interaction network of genes overlapping with TNFα sig-
naling via the NFκB pathway.(a) STRING network analysis of genes overlapping with
the “TNFα signaling via NFκB” pathway identified in RNA-seq bulk pathway analy-
sis. Red circles, log2FC ≥ 1; blue circles, log2FC ≤-1. (b) Ingenuity Pathway Analysis
for predicted upstream regulators of genes overlapping with the TNFα signaling via
NFκB pathway identified in RNA-seq bulk pathway analysis.

and mRNAs in male compared to female microglia in response to tau pathology. Both

miRNA and mRNA expressions were altered to a far greater extent in male than in

female microglia 3.6(c-e). Among the DE mRNAs, a subset was predicted to be target

transcripts of the DE miRNA in male microglia 3.6(f).

Depleting Dicer in neurons resulted in neurodegeneration, inflammation, and tau

hyperphosphorylation [88], but it is not known how loss of microglial miRNAs alters tau

pathology. We crossed Dicer KO mice with PS19 mice and found the density of MC1-

positive tau inclusions was higher in male PS19 Dicer KO mice than in females, largely

reflecting differences in MC1 accumulation in the cortex, amygdala, and piriform region

3.7. Male PS19 mice also had more amoeboid-like microglia than female mice, consistent

with the increase in pathology 3.7.

We next performed bulk sequencing of isolated male and female microglia from these

mice. Aside from sex-chromosome genes (Ddx3y, Xist, Uty, Eif2s3y) being differentially

expressed between male and female Dicer KO microglia, male microglia also had an

enrichment of genes involved in inflammation and phagocytosis, previously found to be
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Figure 3.6: Male and female PS19 mice have similar tau pathology but pathological
Tau mediates sex-dependent microRNA expression changes in microglia.(a,b) Repre-
sentative images of MC1 immunostaining of 9-month-old PS19 female (a) and male (b)
hemibrains. Scale bar, 600 µm. Regions in yellow dashed boxes are magnified in (c).
Scale bar, 300 µm. (c,e) Venn diagram of differentially expressed (DE) miRNAs (c)
and mRNAs (e) comparing microglia from PS19 vs nontransgenic control (Ctrl) mice.
DE genes defined as those with log2FC ¿ 1 or ¡ -1 and FDR ¿ 0.05. Red numbers,
up-regulated DE genes; blue numbers, down-regulated DE genes. n = 4 Ctrl repli-
cates/sex, 5 PS19 replicates/sex, 2 mice/replicate for miRNA sequencing. n = 5 male
and 4 female Ctrl replicates, 3 male and 2 female PS19 replicates, 2 mice/replicate
for mRNA sequencing.(d) Volcano plot of male miRNA-seq data from (c). Red and
blue dots represent miRNAs upregulated in PS19 samples (11 miRNAs; P ≤ 0.05 by
Benjamini-Hochberg correction and log2FC ≥ 1) and downregulated in PS19 samples
(43 miRNAs; P ≤ 0.05 and log2FC ≤–1), respectively. Dots with black circles repre-
sent those that appear in (e).(f) Bar graph showing top 9 Ingenuity Pathway Analysis
predicted target coverage of DE mRNAs from male PS19 vs Ctrl microglia (e) by top
DE miRNAs from male PS19 vs Ctrl microglia (c).
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expressed by disease-associated microglia (DAM)[89, 90], such as Spp1, Ccl6, Lpl, Il1b,

and Cst7 3.7. These transcriptional differences seem to be exacerbated by age and tau

pathology, as genes associated with DAMs were not observed in younger mice 3.7.

To further probe sex-specific effects of microglial miRNAs in tauopathy, we performed

single-cell RNA-seq on Dicer KO microglia from male and female PS19 mice 3.8. We

sequenced 721 cells and performed analysis on 676 cells, which clustered into 5 dis-

tinct groups 3.8. Cells isolated from female and male mice had differential distributions

across the clusters, where cluster 1 and 2 were enriched in female mice and cluster 3

was markedly enriched in males 3.7. While these 5 microglial clusters could be distin-

guished by distinct markers 3.8, expression of resident microglial markers was relatively

uniform across the microglial clusters, except for cluster 5 cells, which likely consisted

of CD45hi peripheral macrophages 3.7. Cluster 1 cells exhibited upregulation of home-

ostatic genes such as P2ry12, Tmem119, Hexb, and Sall1 3.8. Cluster 2 cells expressed

genes seen in human AD brains and experimental autoimmune encephalomyelitis mouse

models [91, 92], such as Apoe, Ms4a7, Klra2, Clec12a, and Mrc1, with a downregulation

of homeostatic genes such as Sall1, P2ry12, and Gpr56 3.8. The male-enriched Cluster 3

cells expressed genes involved in phagocytosis and exosome biology seen in DAMs such

as Lpl, Cst7, Spp1, Tyrobp, Cd9, and Cd63 3.8, consistent with the bulk RNA-seq find-

ings 3.8H. IHC confirmed that Lpl levels were significantly higher in microglia of male

than female Dicer KO PS19 mice 3.8. Because miRNAs are known to be packaged into

exosomes, it is possible loss of microglial miRNAs could influence neuronal tau pathology

through this non-cell-autonomous pathway.

In summary, we found that male and female microglia express different sets of miR-

NAs to regulate their transcriptional state, both at baseline and in tauopathy brains. Loss

of these miRNAs can have sex-dependent consequences on microglial function and tran-

scriptome, and lead to sex-specific disease pathogenesis. Therefore, microglial miRNAs
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are key contributors to the outcomes of sex-specific phenotypes in neurological diseases

and should be further studied to understand microglial biology in the context of disease.

3.6 Methods

Animals

For RNA-seq and histological analysis, Cx3cr1CreERT2/+ (www.jax.org/strain/020940)

were crossed with Dicerfl/fl (www.jax.org/strain/006366) and P301S transgenic mice

(www.jax.org/strain/008169) mice to obtain Cx3cr1+/+; Dicerfl/fl, Cx3cr1+/+; Dicerfl/fl;

P301S+, Cx3cr1CreERT2/+; Dicerfl/fl, Cx3cr1CreERT2/+; Dicerfl/fl; P301S+ mice. For

miRNA-seq, P301S transgenic mice (www.jax.org/strain/008169) and their background

control mice (www.jax.org/strain/100010) were used. Mice of both sexes were used. Mice

had free access to food and water and were housed in a pathogen-free barrier facility

with a 12-h light/12-h dark cycle. All experiments involving mice were approved by the

Institutional Animal Care and Use Committee, University of California, San Francisco

and complied with all relevant ethical regulations.

Drug administration

Tamoxifen (Sigma-Aldrich, T5648) was prepared in corn oil at 20 mg/ml and adminis-

tered by intraperitoneal injection (2 mg/day) for 10 consecutive days. Tamoxifen admin-

istration was started when mice were 3-3.5 months of age.

Brain tissue harvest

Mice were anesthetized with avertin and transcardially perfused with phosphate-buffered

saline (PBS). Whole brains were fixed in 4% paraformaldehyde for 48 h then transferred to

30% sucrose for 48 h. 30-µm thick coronal sections were prepared on a sliding microtome

(Leica, SM2010R). Sections were immersed in cyroprotectant and stored at –20 °Cbefore

staining.
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Figure 3.7: Loss of microglial microRNAs increases DAMs and tau pathology in male
PS19 mice. (a-c) Representative images of MC1 immunostaining of hemibrains from
9-month-old Dicer KO PS19 female (a) and male (b) mice. Scale bar, 600 µm. Region
in yellow dashed box is magnified in (c). Scale bar, 300 µm. (d) MC1 density of the
entire hemibrain from Dicer KO nontransgenic (–) and transgenic (+) PS19 mice. n =
8 Dicer KO nontransgenic females, 6 Dicer KO nontransgenic males, 12 Dicer KO PS19
females, 10 Dicer KO PS19 males. * t = 2.578, P = 0.02, unpaired, two-tailed t test.
Boxplot elements: center line, median; box limits, upper and lower quartiles; whiskers,
1.5x interquartile range.(e) Representative 3D Imaris morphology reconstruction of
cortical microglial cells from 9-month-old Dicer KO PS19 mice. Scale bar, 10 µm.
(f,g) Number of branch points (f) and total length of processes (g) per cell in Dicer KO
PS19 mice, determined by Imaris-based automatic quantification. n = 7 mice/sex, 70
cells/sex. * t = 2.200, P = 0.0481 (b), * t = 2.319, P = 0.0388 (c), unpaired, two-tailed
t test.
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Figure 3.8: Loss of microglial microRNAs increases DAMs and tau pathology in male
PS19 mice.(a) Volcano plot of RNA-seq data from Dicer KO microglia from 9-mon-
th-old male and female PS19 mice. Pink, enriched in females; turquoise, enriched in
males. Horizontal dashed lines indicate log2FC ± 1. Vertical dashed line indicates
-log(0.05). n = 4 replicates/sex, 2 mice/replicate.(b) t-SNE plots of cells from female
or male mice. (c) Number of cells in each microglial cluster from (a).(d-f) Volcano
plot of DEGs for cluster 1 , cluster 2 , and cluster 3. Red dots, up-regulated genes;
blue dots, down-regulated genes in each cluster compared to all other clusters.
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Immunohistochemistry

Free-floating coronal sections were washed in PBS, permeabilized in PBST buffer (0.5%

Triton X-100 diluted in PBS), and immersed in 5% normal donkey serum at room-

temperature for 1 h. For some antibodies, antigen retrieval was performed using Reveal

Decloaker (BioCare, RV1000M) for 10 min at 90 °C then cooled to room temperature

before blocking. Primary antibodies were diluted in PBST containing 5% normal donkey

serum. Brain sections were incubated in primary antibodies at 4 °C overnight and then

with secondary antibodies (Jackson ImmunoResearch) at room temperature for 1 h.

Tissues were mounted on glass slides with antifade mounting medium (Life Technologies,

P36935). Primary antibodies and dilutions used for staining were the following: Anti-

Iba1 (Abcam, ab5076, 1:500 and Wako, 019-19741, 1:500), anti-Dicer (Abcam, ab167444,

1:100), anti-LPL (Abcam, ab21356, 1:50) and anti-MC1 (a kind gift from P. Davies,

1:500)17. Secondary antibodies used were the following at 1:500 dilution: Cy3 AffiniPure

Donkey Anti-Goat (Jackson ImmunoResearch, 705-165-147), Alexa Fluor 488 Donkey

Anti-Mouse (Jackson ImmunoResearch, 715-545-150), Alexa Fluor 488 Donkey Anti-

Mouse (Thermo Fisher Scientific, R37114).

Epifluorescence fluorescence microscopy

Each coronal hemibrain slice was scanned at 10x magnification with an epifluorescence

microscope (BZ-9000, Keyence, Osaka, Japan). The images were stitched together with

Keyence BZ-X Analyzer software (v1.3.0.3).

Confocal fluorescence microscopy

Images of hemibrain slices were acquired using an LSM880 confocal microscope (Carl

Zeiss Microscopy, Thornwood, NY) at 1 µm focal plane intervals at 40x magnification.

Images were examined by maximum intensity Z-projection.

Image Analysis

All images were analyzed with ImageJ 1.51 [93]. For MC1 density quantification, tiff
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images were processed with the auto local threshold Phansalkar plugin, regions of in-

terest were hand-traced, and MC1+ puncta were counted with the “Analyze Particles”

function. For morphological analysis, confocal images of the lower cortical region were

analyzed with Imaris software (v9.0.2, Bitplane) using the “Filament Tracer” function

for microglial processes.

Adult microglia isolation

Adult microglia were isolated by magnetic activated cell sorting as previously described

[94]. Briefly, mice were anesthetized with avertin and transcardially perfused with PBS

to remove circulating blood cells in the central nervous system. Dissected brains were

digested with 3% collagenase type 3 (Worthington, LS004182) and 3 U/ml dispase (Wor-

thington, LS02104) and incubated at 37 °Cfor 45 min. Digestion was stopped with inac-

tivation buffer containing 2.5mM EDTA (Thermofisher, 15575020) and 1% fetal bovine

serum (Invitrogen, 10082147). Tissue was then triturated in a serological pipette sev-

eral times and passed through a 70-µm filter. Myelin in the homogenate was depleted

with myelin removal beads (Miltenyi Biotec, 130-096-733) and a magnetic LD column

(Miltenyi Biotec, 130-042-901). Microglia were isolated from the elutant with CD11b

magnetic beads (Miltenyi Biotec, 130-049-601) and a magnetic MS column (Miltenyi

Biotec, 130-042-201).

High-throughput miRNA-sequencing

Freshly isolated microglia from 2 mice were pooled, and RNA enriched in miRNAs was

extracted with the miRvana miRNA Isolation Kit and phenol (Invitrogen, AM1560) as

recommended by the manufacturer. Total RNA (100 ng) was used for adapter ligation

with the Total RNAseq Kit v2 (Life Technologies, 4475936) and subsequently run on a

1% Tris-borate-EDTA acrylamide gel followed by gel extraction of small RNA (45–60

bp). The small RNA fraction was used for downstream reactions to build a small RNA

library. Libraries were sequenced in multiplex on an Ion proton and reads were mapped
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to mature miRNA from mirBase with Bowtie2 [95].

miRNA-seq data analyses

Batch effects were removed with the R package RUVSeq [96] and normalized to in silico

control genes. Differences in gene expression were calculated with the R package DESeq2

[97]. Counts were normalized with the trimmed mean normalization method29. Genes

with <15 counts across all samples were excluded from analysis. The false discovery rate

(FDR) was calculated by the Benjamini-Hochberg method30.

High-throughput bulk RNA-sequencing

Freshly isolated microglia from 2 mice were pooled, and total RNA was extracted with

the RNeasy mini kit (Qiagen, 74104). RNA quality was examined with a Bioanalyzer

2100 (Agilent Genomics). RNA samples with RNA integrity numbers ¿ 8 were used

to construct a cDNA library. Oligo(dT) beads were used to enrich for mRNA. cDNA

library generation was done using the QuantSeq 3´ mRNA-Seq Library Prep Kit for

Illumina (Lexogen, 015.96). The quality of the cDNA library was assessed by using

a Nanodrop spectrophotometer to determine concentration and a Bioanalyzer 2100 to

determine insert size. cDNA library samples were then sequenced with the HiSeq 4000

system (Illumina).

RNA-seq data analyses of bulk RNA-seq

RNA-seq reads were mapped with the Bluebee Genomics Platform and using the GEN-

CODE mouse genome GRCm38 (Lexogen QuantSeq 2.2.3). Differential gene expres-

sion was calculated with the R package DESeq2[97]. Counts were normalized with the

trimmed mean normalization method29. Genes with <15 counts across all samples

were excluded from analysis. The FDR was calculated with the Benjamini-Hochberg

method[98].

Real-time quantitative PCR

For miRNA validation, 10 ng of total RNA was reverse transcribed with the miR-
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CURY LNA RT Kit (Qiagen). RT-qPCR was done with Power SYBR Green PCR

master mix (Thermo Scientific) and miR-specific LNA primers (Qiagen) according to

the Q5 Quantstudio system protocol. A small ribosomal RNA, 5S, was used for nor-

malization across all samples, and relative differences were calculated with the 2-δδCt

method. To validate Dicer mRNA knockdown, RNA was converted to cDNA with iS-

cript Reverse Transcription Supermix (BioRad). Quantitative RT-PCR was done with

an ABI 7900 HT sequence detector (Applied Biosystems) and SYBR Green PCR mas-

ter mix (Applied Biosystems). GAPDH was used for normalization, and relative dif-

ferences were calculated with the 2-δδCt method. The following primers were used

for quantitative RT-PCR. Dicer: forward, CCTCGGGCCTTGAGGATTTT; reverse,

CGACGCCACAGTTCTCTTCT. GAPDH: forward, GGGAAGCCCATCACCATCTT;

reverse, GCCTTCTCCATGGTGGTGAA.

Gene network and functional analyses

Gene network analyses of RNA-seq data were done with gene set enrichment analy-

sis (GSEA)[99] and the Hallmark gene dataset [100] or Gene Ontology (GO) biological

processes. Networks were visualized with Cytoscape (version 3.6.1)[101], the STRING

database [102], and perfuse force directed layout.

Preparation of tissue for scRNA-seq

Brain tissue was prepared using a previously published protocol[103]. Briefly, 9-month-

old mice were anesthetized with avertin and transcardially perfused with phosphate-

buffered saline (PBS). The brain without the cerebellum was harvested and collected

into cold media with 15mM HEPES, 0.5% glucose in 1XHBSS without phenol red on ice.

Entire procedure was done on ice. Brains were chopped into pieces using a razor blade

then further homogenized using a 2ml douncer containing 2ml medium A with 80µlDNase

(12500 units/mL) and 5µlrecombinant RNase inhibitor. Homogenized tissue was filtered

through a 70um strainers to obtain single cell suspension. Cells were washed with medium
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A and resuspended in 850µl MACS buffer with 1.8µl RNase inhibitor (sterile-filtered 0.5%

BSA, 2mM EDTA in 1 X PBS). Cells were incubated with 100µlmyelin removal beads

(MACS Miltenyl Biotec) for 10 min, and loaded onto LD columns (Miltenyi Biotec).

Cells were collected and washed for FACS staining.

Single cell sorting for scRNA-seq

Cells were blocked in 5µlmouse Fc block for 5 min on ice then incubated with pri-

mary antibodies for 10 min then washed with FACS buffer (sterile-filtered 1%FCS,

2mM EDTA, 25mM HEPES in 1XPBS). Cells were incubated with secondary antibod-

ies for 10min then washed with FACS buffer. Cells were resuspended in 500µlFACS

buffer with RNase inhibitor (1:500) and 0.5µlPI (1:1000 dilution) for single cell in-

dex sorting. Cell sorting/flow cytometry analysis was done on the cell sorter (BD

InFlux) at the Stanford FACS Facility. The following gates were used for sorting mi-

croglia: (1) forward scatter-area (FSC-A)/side scatter-area (SSC-A) (2) Trigger Pulse

Width/ FSC (3) Live- Dead negative using Propidium Iodide (Thermo Fisher Scien-

tific P3566) (4) CD45lowCD11b+ and CD45hiCD11b+. Single cells were sorted into

96-well plates containing 4µl lysis buffer (4U Recombinant RNase Inhibitor (Takara Bio

2313B), 0.05% Triton X-100, 2.5mM dNTP mix (Thermo Fisher Scientific R0192), 2.5µM

Oligo-dT30VN (50-AAGCAGTGGTATCAACGCAGAGTACT30VN-30, ERCC Spike-

ins (Thermo Fisher Scientific 4456740) diluted at 1:2.4X107). Plates were vortexed,

spun down and frozen on dry ice, and plates were stored at - 80 freezer. Antibodies used

for FACS: rabbit anti-mouse Tmem119 (Abcam ab210405, 200ug/ul, 1:400 dilution),

CD45-PE-Cy7 (Thermo Fisher Scientific 25-0451-82, 1:300), CD11b-BV421 (BioLegend

101236, 1:300), goat anti-rabbit Alexa 488 (Thermal Fisher Scientific 11034, 1:300).

ScRNA-seq library preparation

Sequencing libraries were prepared following the Smart-seq2 published protocol38. Briefly,

plates were thawed and incubated at 72°Cfor 3 min in order to anneal RNAs to the Oligo-

64



Microglial MicroRNAs Mediate Sex-Specific Responses To Tau Pathology Chapter 3

dT30VN primer. The following reagents were added to each well: 6µlreverse transcrip-

tion mixture (95U SMARTScribe Reverse Transcriptase (100U/µl, Clontech 639538),

10U RNase inhibitor (40U/µl), 1XFirst-Strand buffer, 5mM DTT, 1M Betaine, 6mM

MgCl2, 1µM TSO (Exiqon, Rnase free HPLC purified). RT was performed at 42°Cfor

90 min, followed by 70, 5 min. 15µl of PCR amplification mix containing the following

reagents was added to each well: 1X KAPA HIFI Hotstart Master Mix (Kapa Biosciences

KK2602), 0.1µM ISPCR Oligo (AAGCAGTGGTAT CAACGCAGAGT), 0.56U Lambda

Exonuclease (5U/ul, New England BioLabs M0262S). cDNA was amplified using the fol-

lowing PCR program: (1) 37°C 3 min; (2)95°C 3 min; (3) 23 cycles of 98°C 20 s, 67°C

15 s, 72°C 4 min; (4) 72°C 5 min. cDNA samples were purified using PCRClean DX

beads (0.7:1 ratio, Aline C-1003-50), and resuspended in 20µl EB buffer. cDNA quality

was examined with a Fragment Analyzer (AATI, High Sensitivity NGS Fragment Anal-

ysis Kit:1 bp - 6000 bp). To make libraries, all samples were diluted down to 0.15ng/µl

in 384-well plates using Mantis Liquid Handler (Formulatrix) and Mosquito X1 (TTP

Labtech) with customized scripts. Nextera XT DNA Sample Prep Kit (Illumina FC-131-

1096) was used at 1/10 of recommendation volume, with the help of a Mosquito HTS

robot for liquid transfer. Tagmentation was done in 1.6µl(1.2µl Tagment enzyme mix,

0.4µl diluted cDNA) at 55, 10 min. 0.4µlNeutralization buffer was added to each well

and incubated at room temperature for 5 min. 0.8µlIllumina Nextera XT 384 Indexes

(0.4µleach, 5µM from 4 sets of 96 indexes) and 1.2µlPCR master mix were added to am-

plify whole transcriptomes using the following PCR program: (1) 72°C 3 min; (2) 95°C

30 s; (3) 10 cycles of 95°C 10 s, 55°C 30 s, 72°C 1 min; (4) 72°C 5 min. Libraries from one

384 plate were pooled into an Eppendorf tube and purified twice using PCRClean DX

beads. Quality and concentrations of the final libraries were measured with Bioanalyzer

and Qubit, respectively. Libraries were sequenced on the Illumina HiSeq 4000 at the

Weill Cornell Medicine Genomics and Epigenomics Core Facility.
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Processing of scRNA-seq raw data

Prinseq39 was first used to filter sequencing reads shorter than 30 bp (-min len 30), to

trim the first 10 bp at the 50 end (-trim left 10) of the reads, to trim reads with low quality

from the 30 end (-trim qual right 25) and to remove low complexity reads (-lc method en-

tropy, -lc threshold 65). Then, Trim Galore was applied to trimmed the Nextera adapters

(–stringency 1). The remaining reads were aligned to the mm10 genome by calling STAR

with the following options: –outFilterType BySJout,–outFilterMultimapNmax 20,–align-

SJoverhangMin 8,–alignSJDBoverhangMin 1,– outFilterMismatchNmax 999,–outFilter-

MismatchNoverLmax 0.04,–alignIntronMin 20,–alignIntronMax 1000000,– alignMates-

GapMax 1000000,–outSAMstrandField intronMotif. Picard was then used to remove the

duplicate reads (VALIDATION STRINGENCY = LENIENT, REMOVE DUPLICATES

= true). Finally, the aligned reads were converted to counts for each gene by using HTSeq

(-m intersection-nonempty, -s no).

Quality control for scRNA-seq data

We used the following criteria to filter out cells with low sequencing quality. The distri-

bution of total reads (in logarithmic scale) was fitted by a truncated Cauchy distribution,

and data points in two tails of the estimated distribution were considered as outliers and

eliminated. Fitting and elimination were then applied to the remaining data. This pro-

cess was run iteratively until the estimated distribution became stable. The threshold

was set to the value where the cumulative distribution function of the estimated distri-

bution reaches 0.05. Cells with small numbers of detected genes and poor correlation

coefficients for ERCC (low sequencing accuracy) were dropped. 676 cells were retained

for downstream analysis after filtering from 721 cells.

Clustering analysis of scRNA-seq data

The Seurat R package was used to perform unsupervised clustering analysis on the fil-

tered scRNA-seq data. Gene counts were normalized to the total expression and log-
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transformed. Principal component analysis was performed on the scaled data using

highly variable genes as input. The JackStrawPlot function was used to determine the

statistically significant principal components. These principal components were used to

compute the distance metric and generate cell clusters. Non-linear dimensional reduc-

tion (t-SNE) was used to visualize clustering results. Differentially expressed genes were

found using the FindAllMarkers function that ran Wilcoxon rank sum tests.

Statistics

All experiments were done with at least two biological replicates. Mean values from each

mouse were used for computing statistical differences. Statistical analyses were done with

Prism 7.0e (Graphpad, San Diego, CA) and R (R Foundation for Statistical Computing,

Vienna, Austria). Data were visualized with Prism or the R package ggplot243. The

two-tailed t test was used to compare two groups. P < 0.05 was considered statistically

significant.

Data Availabilities

The RNA-seq and miRNA-seq data that support the findings of this study were deposited

in the Gene Expression Omnibus repository (https://www.ncbi.nlm.nih.gov/geo/) under

accession number GSE122663 (data private until publication – please contact journal

editor for reviewer token access).

Published material in this chapter was reprinted with permission from the publisher:

KODAMA L, GUZMAN E, et al. Microglial microRNAs mediate sex-specific responses

to tau pathology. NATURE NEUROSCIENCE. [2020], [Nature Publishing Group];

3.7 Supplementary Figures
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Figure 3.9: (a–c,e,f) Representative images of MC1 immunostaining of 9-month-old
PS19 female (a) and male (b) hemibrains. Scale bar, 600 µm. Regions in yellow
dashed boxes are magnified in (c). Scale bar, 300 µm. (e) Representative image of
hippocampus. Scale bar, 600 µm. Regions in yellow dashed box are magnified in (f).
Scale bar, 150 µm. (d,g) MC1 density of entire hemibrain (d) and hippocampus (g)
of nontransgenic (–) and transgenic (+) male and female mice. n = 11 nontransgenic
females, 5 nontransgenic males, 10 PS19 females, and 9 PS19 males. Boxplot elements:
center line, median; box limits, upper and lower quartiles; whiskers, 1.5x interquartile
range.
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Figure 3.10: (a) Volcano plot of from Dicer KO microglia from 3-mo-old male and
female PS19 mice. Pink, female-enriched; turquoise, male-enriched. Vertical dashed
line indicates -log(0.05). n = 4 male , 2 female , (b) Schematic of the single-cell
isolation method. (c) t-SNE plot of microglia clusters (d) Expression levels by each
microglial cluster. (e) Heatmap of top genes defining each microglial cluster. (f)
representative images of LPL immunostaining of 9-month-old PS19 female and male
cortical Dicer KO microglia. Scale bar, 15 µm. (g) Average LPL fluorescence intensity
per Iba1+ cell in each sex. n = 43 female cells from 3 mice, 78 male cells from 4 mice.
P ≤ 0.0001, unpaired, two-tailed t test.
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Chapter 4

Extracellular Detection of Neuronal

Coupling
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4.1 Preface

Like many graduate students, many of the projects I tried to develop for my main

dissertation project failed. While I was fortunate to play instrumental roles in many

collaborations, I struggled in carving out my own project. Just as I was hitting another

dead end, our lab purchased an electrophysiology system in order to record extracellular

action potentials from in-vitro neuronal networks. My fascination with new technology
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and the challenge of learning new techniques and analysis methods drove me to find a way

be able to work with the new system. With guidance and support from my advisor and

from Dr. Kenneth Tovar, a project scientist in our lab, we were able to rigorously and

quantitatively demonstrate that we could use MEA’s to measure statistical relationships

between spiking neurons in culture and show that these relationships are, in part, the

result of processes that regulate transmission of information between neurons through

synaptic connections.

4.2 Abstract

Microelectrode arrays (MEAs) are devices that contain from tens to thousands of

microelectrodes at a neuronal interface capable of displaying neural signals. We pre-

viously showed the capability of MEAs to simultaneously detect multiple extracellular

axonal potentials (eAPs), designated propagation signals in cultured neurons. Here we

show that by simultaneously recording from multiple synaptically-coupled neurons we

can identify individual short latency synaptic couplings which enabled us to assemble a

functional neuronal connectivity network in the culture. To confirm the statistical re-

lationship of short latency couplings, we directly tested couplings through stimulation

of presynaptic neurons and confirmed the postsynaptic response. We further confirmed

these short latency couplings by treatment with cadmium, which reduced the number

of active synapses and demonstrated reduction in the synaptic connectivity. Finally, we

utilized this approach to identify defects in neuronal network connectivity in neurons

lacking δ-catenin protein.
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4.3 Introduction

MEAs can monitor and record eAPs (also known as ’spikes’) from hundreds of neu-

rons simultaneously. However, because MEA electrodes measure voltage changes from

the extracellular electric field, eAPs from multiple neurons can be detected by single

electrodes. Because of this limitation, designating the source of any action potential to

unique neurons in a network is not typically feasible. Analyzing the relationships between

eAPs at different electrodes requires assigning spikes to different source ’units’ through

the process of spike sorting [104]. A range of spike sorting algorithms exist but most

of these methods generally do not incorporate ground truth validation of experimental

data [105, 106] and therefore it is not possible to assess the validity of the results when

dealing with in-vivo or in-vitro data.

We recently developed an empirical method to unambiguously identify eAPs from

single neurons, based on detection of action potential propagation in single axons by

multiple extracellular electrodes [26]. When propagating eAPs are detected by multiple

electrodes along the propagation path, those spikes are unambiguously self-classified as

originating from single unique neurons. The electrodes in each cohort and the timing eAP

latency between each electrode are identifying features for each signal. We refer to the

action potentials detected by an electrode cohort as a propagation signal. Several unique

propagation signals of this type are present on each array in our experiments with mouse

hippocampal neuron cultures. In the work presented here, we examine the intercellular

signalling relationships between spiking neurons isolated and by their propagation signal

eAPs and eAPs at other array electrodes.

We superimposed the propagating eAPs from constituent electrodes of each unique

propagation signal, effectively recalibrating the timing of the other array electrodes to

the propagation signal spike times. This revealed clusters of spikes at other electrodes
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occurring within milliseconds of the preceding propagation signal spike. We examined the

nature of this coupling by stimulating propagation signal electrodes, by decreasing the

probability of neurotransmitter release and by changing the recording temperature. Our

results are consistent with direct synaptic coupling underlying the short latency between

propagation signal spikes and the clusters of spikes at other electrodes. The amplitude

distribution of these spike clusters often appear to be statistically discreet components of

the amplitude distribution at the presumed postsynaptic electrode, consistent with eAPs

from single neurons. This result suggests that in some cases, axons are making a sufficient

number of synapses on postsynaptic neurons to result in firing of those neurons in our in

vitro system. We used the ability of MEAs to collect data from hundreds of neurons to

examine the coupling phenotype of neurons from mice lacking the postsynaptic signaling

molecule δ-catenin [107]. In neurons from mice lacking δ-catenin, we found a significant

difference in the probability distribution of postsynaptic firing that was related to the

developmental progression of synapse formation compared to wild-type neurons. Our

methods can be generalized to reveal other such neural network phenotypes that might

otherwise be missed by more traditional experimental approaches.

4.4 Experimental Methods

Cell Culture

We prepared hippocampal neurons from postnatal day 0 (P0) C57BL/6 mice using a pre-

viously described protocol [108]. Cleaned and sterilized multi-electrode arrays (MEAs)

(120MEA100/30iR-ITO arrays; Multi Channel Systems) were coated with 0.1mg/ml

poly-L-lysine (Sigma-Aldrich) for 1h at 37°C, rinsed 3 times with sterile water and air

dried before plating. Plating was done in two steps. In the first step, cultured glial

cells maintained in separate T-75 flasks were dissociated and plated (at 150,000 cells
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per well) on MEAs and allowed to proliferate to obtain a confluent glial layer over the

electrode surface. Once glia were confluent, freshly dissociated hippocampal cells were

plated at 250,000 cells per dish in the second plating step. For experiments from targeted

mutant mouse neurons, hippocampi from δ-catenin (+/+) and δ-catenin (-/-) were taken

at P1/P2 and prepared as described above. Cultures were grown in minimum essential

medium with Earle’s salts (Thermo Scientific, catalog 11090081) with 2mM Glutamax

(Thermo Scientific), 5% heat-inactivated fetal bovine serum (Thermo Scientific), and

1 ml/l Mito+ serum extender (Corning) and supplemented with glucose to an added

concentration of 21mM. For the purpose of long term culturing and maintaining MEA

sterility during recordings, the MEA chamber was covered with a membrane that permits

CO2 exchange of when the plate is in the CO2 incubator and during recordings.

MEA recordings

Extracellular voltage recordings of neuronal cultures were performed using an MEA 2100-

System (Multichannel Systems, Reutlingen, Germany). Arrays contained 120 electrodes

with a 100 µm inter-electrode distance. Voltage records were acquired at 20 kHz. All

recordings were performed in culture media. The head stage temperature was set to

30°C with an external temperature controller and MEAs were equilibrated for 5 min

on the head stage before data acquisition or after any pharmacological or temperature

manipulation. Recording duration was typically 3 to 5 minutes. Only cultures at 14 days

in vitro (DIV) or older were used for all pharmacological and temperature experiments.

For mutant mouse data, recordings from cultures began at 6 DIV up to 20 DIV.

Data Processing

Raw extracellular voltage data from Multichannel Systems acquisition software was con-

verted to HDF5 file format using Multichannel Data Manager software and processed

offline. Spike detection was done with MEA Tools [109] and none of the data in this

work was spike sorted. Extracellular voltage records were bandpass filtered using cut-
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off frequencies of 200Hz and 4000Hz. Negative deflections in the voltage records were

labelled as spikes when the amplitude exceeded 6 times the standard deviation of the

median noise level. Spike times and amplitudes output from MEA Tools were used for

subsequent analysis with custom Matlab scripts.

An algorithm for automated detection of functional neuronal coupling on

MEAs

To facilitate identification of coupled spiking between two neurons we developed a set of

algorithms for the automated detection of (1) propagation signals and (2) functionally

coupled units. For propagation signal detection, spike times were stored for all 120 elec-

trodes in a cell array. The set of electrodes was denoted as E. To identify all propagation

signals in an array, each electrode ei ∈ E was used as a reference electrode to compare

with all electrodes ej (j = 1, 2, . . . , n). Cross-correlograms (CCGs) were constructed

using a 2 ms window before and after reference time-points for each (ei, ej) pair. A

sharp peak in a CCG indicates a significant spike time delay of the target electrode with

respect to the reference electrode. If a sharp peak was detected in the CCG for (ei, ej),

the delay time of ej corresponding to ei is recorded. All electrodes with a detectable

peak were sorted based on their delay time. If all ej have a non-negative delay time, then

we can conclude that a propagation signal originating from ei was detected (4.2). The

process is repeated for all electrodes in an array generating a collection of propagation

signals, with the delay time of the electrodes through which they pass. We then used

the set of the identified propagation signals, denoted as S, to find instances of putative

intercellular coupling. The putative functionally coupled relationships between all sj ∈

S or between sj ∈ S and ej ∈ E can be identified. To identify connections, we began

with spike times from individual propagation signals. Spike times Ti for a propagation

signal were computed using the spike times of the group of electrodes. Let e1 denote the

earliest electrode on a signal and ex denote the electrode with the most spikes other than
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e1. The spike times, Ti, are then computed with the average times of the co-occurrences

in these two electrodes. Co-occurrences are defined as two spikes occurring in quick

succession in separate electrodes. We filtered our results as follows: (1) to minimize

false-positive couplings, the lower limit of postsynaptic spike probability (Pspike) was set

to 0.1, (2) couplings with an average latency outside our window of interest (1 – 5 ms)

were discarded as most central nervous system excitatory neurons couple to neighbouring

neurons with a latency within this range [110, 111], and (3) the area under the CCG peak

must be 60% of the total area to avoid chance associations between pre- and postsynap-

tic spikes. To accomplish this, each signal sj was used as a reference signal to compare

with all other signals sk (k ∈ i) or all electrodes ej. A CCG, using a 10ms window after

reference time-points were performed for each (sj, sj) or (sj, ej) pair. The criteria for

identifying connections are: If n1 denotes the sum of counts of the CCG and n denotes

the number of spikes in the reference signal, the ratio n1/n must be larger than v1. If

n2 denotes the largest sum of counts in any 2 ms moving window in the CCG, then the

ratio n2/n1 must be larger than v2. The delay time must be between v3 and v4 ms.

The standard deviation for all the ∆t in CCG is less than v5. The values used in this

paper are v1=0.1; v2=0.6; v3=1; v4=5; v5=2.7. All v¬I can instead be user defined. If

the relationship is between propagation signals and spikes at individual electrodes, the

output of the algorithm also includes a verification flag. If the value of the flag is 1, it

represents a suggestion for users to verify the connection. Flag values are determined by

comparing the normalized standard deviation of the voltage amplitude of all spikes on

the target electrode to v6.
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4.5 Propagation signals are a clock that is used to

detect correlated spiking.

We isolated action potentials from single identified neurons from the extracellular

voltage records by identifying electrode cohorts that detect action potential propagation

from single axons [112, 26]. We previously characterized axonal action potential propaga-

tion by isolating cohorts of electrodes with eAPs that occur in fixed spatial and temporal

relationships [26]. These characteristics identify and label each individual neuron we iso-

lated. For example, spikes between electrodes H3 and E6 (4.1A,B) co-occurred 1359 times

in this recording, with an inter-electrode latency of 0.305 ± 0.024 ms and a coefficient of

variation of 0.078, consistent with a high-fidelity process like action potential propagation

in a single axon. Isolation of eAP propagation signals within the multi-electrode voltage

record in this way empirically reveals spiking from single neurons.

The co-detection of action potential propagation by multiple electrodes was the time

stamp we used to mark events at other array electrodes. Because co-occurrences repre-

sent spiking from a single neuron, we can recalibrate the timing of all other electrodes by

indexing the voltage record to the co-occurring eAPs. Superimposing the co-occurring

spikes from each unique propagation signal recalibrates the timing of other eAPs with re-

lation to the timing of the propagating events. For example, superimposing co-occurring

spikes from H3 and E6 (4.1C) revealed a cluster of spikes at another electrode (K3) that

occur with short, variable latency after the propagating spikes (4.1D). In this example,

spikes in K3 occurred with a probability of 0.85 within 10 milliseconds after the propa-

gating eAPs, with a latency of 2.40 ± 1.33 ms (n = 1205; 4.1E). The high probability

of an eAP in K3 within 10 milliseconds of the propagating signal H3/E6, coupled with

the short latency between these events suggested direct coupling of spiking between the

propagation signal neuron and a neuron detected at electrode K3.
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Extracellular electrodes can detect spikes from any sufficiently proximate neuron.

Consequently, the eAP amplitude distribution of single electrodes can reflect spikes from

multiple source neurons [113] and, in fact, spike amplitude is often a discriminating cri-

teria in spike sorting routines [104]. The full spike amplitude distribution of eAPs from

electrode K3 is multimodal, potentially representing spikes from at least two source neu-

rons, for example (4.1F). In contrast, the amplitude distribution of the spikes at K3 that

occurred within 10 milliseconds after the propagating signal H3/E6 appeared to be a

discreet subset of the entire eAP amplitude distribution rather than a randomly sampled

subset of the full amplitude distribution (Figure 1F, red bars). To formally examine if

the amplitude distribution of coupled spikes at K3 could be explained by random se-

lection from the entire amplitude histogram, we compared the amplitude distribution

of the coupled spikes in this example to the amplitude distributions of groups of ran-

domly sampled spike amplitudes using the Kolmogorov-Smirnov (KS) test, which tests

the probability that groups of spikes were taken from the same distribution (4.1G). The

probability that the distribution of coupled eAPs and randomly sampled eAPs were from

the same distribution is less than 1.0 x 10-14 (two-sample KS test, n = 1205). In contrast,

the probability that two randomly chosen groups of eAPs from electrode K3 were drawn

from the same amplitude distribution was 0.64. These data suggest that spikes from a

single source neuron occur with short latency after the propagating spike, as opposed to

the coupled spikes reflecting random sampling from the entire spike amplitude distribu-

tion. Our results also suggest the short latency between eAPs from the neuronal source

of the propagation signal eAPs and downstream clusters of spikes reflects direct synaptic

coupling.
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Figure 4.1: A, Map of electrode array used in these experiments. Electrodes are 30
microns in diameter and the inter-electrode pitch is 100 microns. B, eAPs at electrode
H6 were followed by eAPs at D6 with sub-millisecond latency. Individual eAPs are
shown in grey and the mean waveforms are shown in red. C, The distribution of
inter-electrode latency in firing between H6 and D6. The high incidence (1360 co-oc-
currences) and low coefficient of variation (0.078) is consistent with a high-fidelity
process like action potential propagation. D, timing eAPs at K3 by aligning co-occur-
ring spikes at H6 and D6 shows a cloud of eAPs at K3 occurring 2-3 milliseconds after
the co-occurring spikes. Twenty individual sweeps from K3 are shown in grey and 50
eAP times from K3 are schematized beneath raw data sweeps in grey. E, plot of eAP
amplitude at K3 versus time after H6/D6 co-occurrence. Only eAPs that occurred
between 0.5 and 10 milliseconds after the co-occurring spike in H6 were used in this
analysis. Red lines indicate the mean latency and mean eAP amplitude, respectively.
Horizontal and vertical grey lines indicate two standard deviations of the mean for
each dimension. F, Spike amplitude histogram from electrode K3. The multi-modal
amplitude distribution of all the spikes in K3 are in red whereas the amplitude dis-
tribution of only those spikes in K3 that were coupled to the H6/D6 co-occurrence
are in black. G, cumulative distribution of the coupled spikes in K3 (black) compared
with the same number of randomly sampled spikes from all the spikes in K3. The
distributions of five random samplings are super-imposed (red).
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4.6 Detection of neuronal coupling with an auto-

mated detection algorithm.

To efficiently apply the high throughput capabilities of MEAs, we developed algo-

rithms for the automated detection of (1) propagation signals and (2) neurons with short

latency couplings based on clusters of post-synaptic spikes at single neurons. The first

step is to isolate eAPs from single neurons, using all 120 electrodes to detect propagation

signals. We then used the propagation signal spikes times to create cross-correlograms

(CCGs), with a 2 ms window before and after reference time-points for each pair of eAP

spike time comparisons among all electrodes. The process was repeated for all array

electrodes, generating a collection of all propagation signals with the delay time of the

electrodes through which they pass (4.2A).

The spike times of each propagation signal were then used as reference time-points for

detection of short-latency connections between propagation signal spike times and eAPs

at all other electrodes. A new CCG was performed for each pair of comparisons, using

a 10ms window after each reference time-point (4.2B). Filtering criteria are described in

the methods. By calculating the ratio of spikes in the CCG peak over the total number

of propagation signal spikes we determine the postsynaptic Pspike. We examined whether

the output of the algorithm were consistent with descriptive statistical properties outlined

above (4.1G) using a subset of MEA voltage data as putative examples of coupling. To

examine whether our algorithm was randomly sampling from the amplitude distribution

at each electrode, we used the KS test to determine the probability that each eAP

amplitude distribution of coupled spikes was drawn from the same distribution as a group

of the same number of randomly selected spikes from that electrode’s total amplitude

distribution. In contrast with these data we tested the probability that two groups

of randomly selected eAPs from the same electrode were from the same distribution.
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The KS test P-value distributions for the coupled-versus-random and the random-versus

random comparisons were very distinct from each other (4.2C). Most (120/222) of the

coupled-versus-random comparisons were below our significance threshold (p < 0.05)

whereas only four of the random-versus-random comparisons were below our threshold.

These data indicate that the coupled spikes selected by our algorithm are a non-random

selection from the full eAP amplitude histogram at each electrode.

To understand the basis for these results, we examined cases in the coupled-versus-

random distribution that were significant compared with cases that did not meet the sig-

nificance threshold. As shown, (4.2D) the amplitude distribution from the coupled spikes

is enriched in one mode of the full amplitude distribution, compared to the randomly

selected eAP amplitude distribution, consistent with the coupling algorithm extracting

a unique subset of spikes in a non-random manner. At some electrodes the amplitude

distributions are expected to appear unimodal if eAPs from only a single neuron are

detected by that electrode. Under these conditions, coupled spikes would be expected

to have the same amplitude distribution as randomly selected spikes, as is the case for

comparisons that do not differ (4.2D). Thus, across several examples of the type illus-

trated by our data, coupled spikes extracted by our algorithm represent a statistically

distinct subset of events, suggestive of eAPs from single neurons. This indicates that

our algorithm is robust at extracting examples of putative synaptically-coupled pairs of

neurons from the extracellular voltage record.
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Figure 4.2: A, After all propagation signals are identified, two electrodes from each
signal with the highest number of co-occurrences are picked as anchor points to com-
pute the spike times of the propagation signal. B, A CCG is generated and stored
using propagation signal spike times as a reference and all other individual electrodes
as targets. To inspect the specificity of the postsynaptic response, a scatter plot of
spike amplitude VS spike latency in the target electrode is produced. A few criteria
can be used for deciding the existence of a short latency connection including: 1)
The position of the peak of the CCGs, 2) the standard deviation of the latency and
amplitude, 3) the proportion of spikes that fall into the peak region, and 4) the ratio
of the number of spikes in the peak region to the number of spikes in the reference
signal. The specific values for the criteria can be set by users.

83



Extracellular Detection of Neuronal Coupling Chapter 4

4.7 Stimulation recapitulates properties of

downstream spikes seen following spontaneous

propagation signals.

When we blocked excitatory neurotransmitter receptors in our cultures (2.5 - 5 µM

NBQX and 10 µM R-CPP) we reduced the number of spikes to 12.5 ± 15.2% of control

(n = 7 arrays) indicating that the majority of eAPs result from excitatory synaptic trans-

mission. The latency between propagating spikes and the coupled spikes suggests a direct

synaptic interaction. We tested whether we could recapitulate the postsynaptic Pspike

of coupled spikes in spontaneously active cultures by stimulating the neuron underlying

the propagation signal. In this example 4.3A, we superimposed the propagating action

potentials between electrodes D3 and E5 to reveal a cluster of eAPs at electrode A7 4.3A.

At A7, eAPs occurred with a probability of 0.65 (n = 377) after the propagating spikes.

We then tested for a direct synaptic relationship between the propagation signal neuron

and a neuron whose eAPs are detected by electrode A7 by stimulating electrode D3.

Stimulation at electrode D3 resulted in eAPs in A7 with a probability of 0.79 (n = 393;

4.3B). The mean spike amplitude at A7 following spontaneously generated propagating

signals (44.14 ± 9.15 µV) or stimulation (44.75 ± 14.17 µV) did not differ (p = 0.13; n =

200 randomly chosen spikes from each group; 4.3C). The average latency of the coupled

spikes was 4.29 ± 0.69 ms in the spontaneous conditions and 5.93 ± 0.63 ms in the stimu-

lated condition. Due to stimulation artifacts, a blanking period (1.5 ms) during which no

voltage data is collected is applied to all electrodes. Thus, the inability to know exactly

when the presynaptic neuron is spiking could account for the small latency differences

of postsynaptic spikes in A7. This suggests that spontaneous eAPs at A7 following the

propagation signal and the stimulation are from the same source neuron.
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Across multiple such experiments, the Pspike between spontaneous and stimulated

cases were comparable, as shown by plotting Pspike for spontaneous events as a function

of Pspike for evoked events 4.3D. The slope of the linear fit to this data was 0.84 (n = 20). A

paired t-test showed no significant difference when comparing Pspike for spontaneous and

evoked cases (p = 0.45 paired t-test). Similarly, a plot of the amplitudes of spontaneous

eAPs as a function of the amplitude of evoked eAPs was well fitted to a line with a slope

of 0.93 and evoked spikes were not statistically different from spontaneous spikes (4.3E;

n = 20; p = 0.18; paired t-test). Our experiments directly demonstrate that the spike

clusters seen following propagation signal spikes result at least in part from activation

of synapses originating from the propagation signal neuron. These data indicate that

stimulation of propagation signal electrodes recapitulate the probability and amplitude

characteristics of spontaneous events that resemble postsynaptic spikes.

4.8 Decreasing release probability lowers the

postsynaptic spike probability

Calcium influx into the presynaptic terminal through voltage sensitive calcium chan-

nels initiates the release of neurotransmitter [114] and is a major component of the

synaptic delay in fast synapses of mammalian neurons [22]. Cadmium (Cd2+) reduces

calcium conductance through these channels [115] and has been used to decrease the

probability of neurotransmitter release, and thus the number of active release sites in

excitatory neurons [116]. If short latency spiking relationships between propagation neu-

rons and subsequent spiking at other electrodes represents synaptic coupling, we would

expect to reduce the Pspike by reducing the number of active release sites with Cd2+. We

tested this by comparing the spike probabilities in control conditions and following the
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Figure 4.3:

fig:stimulation
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Figure 4.3: A, 50 spontaneous co-occurring spikes in D3 and E5 were used as reference
points to identify spikes in A7 (31 total spikes depicted as raster’s below). B, Spiking
activity in A7 after stimulation of electrode D3 using a 3µA biphasic current injection,
200 µsec total duration, 500 times. Due to large stimulation artifacts a blanking
period on all electrodes was initiated before the onset of stimulation and was used as
the reference time for latency measurements for spikes in A7. C, The spike amplitude
distribution of spikes detected at A7 (n = 374 spikes) after spontaneous propagation
signals at D3/E5 (n = 572) is not significantly different than the spike distribution
of spikes detected at A7 (n = 344 spikes) after stimulation at electrode D3 (n =
500 stimulations) D, Correlation of postsynaptic spike probabilities for spontaneous
activity versus stimulated activity. Coupled neurons were identified by identifying
spontaneous propagation signal activity as references in a CCG and a Pspike was
assigned to the postsynaptic unit. Following identification of coupling relationships,
electrodes associated with presynaptic propagation signals were then stimulated in
order to obtain spike probabilities of the same postsynaptic unit. E, For the same
coupling events in D, the correlation between spike amplitudes of the postsynaptic
response in the spontaneous condition was compared to the spike amplitudes of the
stimulated condition. Error bars represent the standard deviation of spike amplitude
distributions.

addition of Cd2+ (1µM, 5µM and 10 µM) while tracking individual spiking relationships

at each Cd2+ concentration. The majority of cases resembled the coupling between PS

F4/E5 and postsynaptic electrode H11, in which distinct peaks of coupled spiking activity

identified in control conditions were no longer identifiable at 10µM Cd2+ (4.4A,B). While

the increase in cadmium resulted in a decrease in postsynaptic spikes, it was not due to a

large change in the total number of spikes of the presynaptic neuron (4.4C). We identified

83 functional couplings and tracked them over increasing Cd2+ concentrations. After the

5µM Cd2+ addition, 65 (78%) couplings were fully de-coupled (failures). At 10µM Cd2+,

an additional 8 couplings failed, for a total of 88% of failed. These results demonstrate

that the spiking activity of postsynaptic cells we are able to identify using our method

is sensitive to changes in the number of active neurotransmitter release sites. We also

examined the subset of spikes derived only from propagation signals, to determine how

small amounts of Cd2+ can alter the coupling characteristics within this subnetwork. We
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constructed network graphs that display the coupling between nodes for control versus

1µM Cd2+ conditions (4.4D). Larger nodes (1- 10) in both network graphs correspond

to the same propagation signals detected in the two conditions, while smaller nodes are

propagation signals unique to each recording. In 1µM Cd2+, the number of couplings

(edges) dropped from 57 in the control to 41. Of all the couplings between propagation

signals, only 10 (black edges) were retained between the control and 1µM Cd2+, resulting

in 47 couplings (red edges) in the control that were no longer present in 1µM Cd2+. At

1µM Cd2+, there were 31 novel couplings not present in control conditions (green edges).

At 5µM Cd2+, no couplings were detected. Hence, a decreased release probability from

the pre-synaptic element greatly alters the connectivity matrix.

4.9 Temperature alters functional coupling

properties between individual neurons

We examined the effect of increased temperature on the latency associated with func-

tional couplings. Events leading to synaptic transmission are highly sensitive to temper-

ature changes [117, 118, 21], suggesting that the spike latency between a propagating

neuron and the postsynaptic unit will be sensitive to temperature. To test the effects of

temperature on coupling, we identified a postsynaptic unit coupled to a presynaptic neu-

ron and tracked the latency of coupled postsynaptic spikes at increasing temperatures.

There was a significant decrease in the average latency of the postsynaptic response at

higher temperatures compared to the average latency at 30°C (∆t30°C= 2.75 ± 0.47

ms; ∆t32°C= 2.15 ± 1.09 ms; ∆t36°C= 1.80 ± 0.91 ms; p < 0.0001 KS test) to the

pre-synaptic propagation spikes 4.5A. In previous work using the same MEAs, we de-

termined that eAP propagation velocity at 30°C is 0.59 ± 0.28 m/s and an increase of
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Figure 4.4:

fig:cadmium
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Figure 4.4: A, Propagation signal eAP’s detected at F4 and E5 with coupled spikes
in H11 in the absence of cadmium. B, After addition of 5µM, and 10µM cadmium,
coordinated spiking activity in H11 after propagation signal spikes in F4 and E5
decreased dramatically and resulted in the absence of coordinated activity at 10µM.
C, In this example, the total number of spikes from the propagating neuron detected
in electrode F4 to E5 under control conditions was 1848 spikes and the Pspike of
the postsynaptic unit at H11 was 0.17. Addition of 5µM Cd2+ resulted in 1748
spikes in the propagating neuron but only 244 of coupled spikes in the presumptive
post-synaptic spiking unit of electrode H11 (Pspike= 0.14). At 10µM Cd2+, the spike
CCG at electrode H11 was flat and considered fully de-coupled; with 2357 spikes
in the propagating neuron. D, Network graphs were constructed to visualize the
couplings between only propagation signal spiking activity. 10 propagation signals
were consistent between control and 1µM Cd2+ (large yellow and purple nodes) while
some propagation signals were only present in control or 1µM Cd2+ conditions (small
nodes). 10 black edges represent couplings present in control and 1µM Cd2+. Red
and green edges represent unique couplings in control and 1µM Cd2+. 57 edges total
in control and 41 edges total in 1µM Cd2+. No edges between propagation signal
units were detected in 5µM Cd2+.

2°C in culture temperature results in a 10% decrease of propagation velocity. Increasing

the temperature resulted in an increase in total spiking (76,268 at 30°C and 112,649 at

36°C); this included an increase in the total spikes of the propagation signal from E8

to E9 from 367 spikes at 30°C to 992 spikes at 36°C. However, the postsynaptic Pspike

was unchanged between the two temperatures (30°C Pspike= 0.65; 36°C Pspike= 0.65).

For several functional couplings we tracked their latency changes from 30°C to 36°C and

found that the average latency of couplings at 36°C was significantly lower (4.5B, p <

0.0001 paired t-test). Finally, the magnitude of change in average latency going from

30°C to 36°C is greater for couplings where the initial (30°C) average latency was longer

4.5C. This result is consistent with fact the events preceding and during neurotrans-

mitter release (AP waveform shape, AP propagation velocity, calcium channel kinetics,

and vesicle fusion) are temperature dependent but these events have inherent biophys-

ical constraints [119]. By increasing to near physiological temperatures in our system,

we may be reaching upper limits of the dynamic range of the molecular events taking
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place and therefore it makes sense in our data that initial couplings with longer latencies

will be more sensitive and have larger changes in latencies with increasing temperature.

Taken together these results demonstrate that the latency of couplings identified by our

method are altered in manners consistent with well-known biophysical properties of the

molecular processes involved in synaptic transmission with increasing temperature.

4.10 Constructing a neuronal connectivity network

Although the coupled eAPs we identified very likely represent synaptic couplings, it is

likely uncommon that activation of synapses from single axons are sufficient to result in

postsynaptic action potentials. For example, most of our measurements of postsynaptic

Pspike were well below 1. This suggests that spontaneous firing results from the activity

of multiple presynaptic inputs. Contributing to the induction of a post-synaptic action

potential is the summation of excitatory and inhibitory dendritic depolarization events

that, according to their timing and geometry, prime the post-synaptic neuron to fire

[120]. To address how multiple inputs might influence a postsynaptic neuron, we altered

our method for identifying couplings by using propagation signal spike times of a single

neuron in a retrospective manner to identify couplings presynaptic to the neuron of

interest. For example, we identified 7 inputs as statistically coupled to post-synaptic

eAP’s in a single neuron identified by its propagation signal. Although most of the pre-

synaptic inputs could be identified as propagation signals, we expanded the number of

pre-synaptic inputs to a single neuron by including signals from single electrodes that

otherwise met the criteria for a pre-synaptic event (4.6A). Tracking the spikes of all

inputs prior to eAP’s of the postsynaptic neuron revealed distinct patterns of activity

and suggests that nearly all the presynaptic spikes associated with a postsynaptic firing

occur with a latency of 1 – 5 ms (4.6B). The probability of each pre-synaptic input
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Figure 4.5: A, Spikes from a propagating neuron detected at E8 and E9 coupled to
a postsynaptic unit in E5. At 30°C the average latency between propagation signal
spikes and the CCG peak in E5 was 2.75 ± 0.47 ms. Temperature was increased in the
same culture was increased to 32°C and 36°C sequentially, the average latency of the
CCG peaks were 2.15 ± 1.09 ms and 1.95 ± 0.91 ms, respectively. B, The distribution
of average latency of presynaptic propagation signals coupled to postsynaptic units at
30°C is significantly different than the average latency of the same couplings at 36°C
(p < 0.0001, paired t-test). C, Average latency of couplings at 30°C versus the change
in average latency of the same couplings at 36°C.
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was calculated by taking the ratio of the total number of pre-synaptic spikes detected

in the 10ms CCG window over the total number of post-synaptic spikes. We expanded

the latency time to include all spikes from the pre-synaptic neurons in a 10 ms time

window to maximize the amount of input information captured. This analysis yielded

7 inputs with efficiencies ranging from 0.09 to 0.31 (4.6C). Because all of these inputs

taken together do not reach a 100% likelihood of firing, we acknowledge that there remain

sources of missing information and note that the array does not capture the totality of

inputs that elicit a post-synaptic spike. These data indicate that a complex and variable

set of input spikes contribute to triggering a post-synaptic spike.

4.11 Neurons lacking δ-catenin have less efficient

coupling of the pre- and post-synaptic neurons

Because the voltage records of large numbers of neurons can be measured with elec-

trode arrays, we next examined whether we could apply our analyses to detect novel

coupling phenotypes during the course of network development in cultured mouse neu-

rons. Interestingly, we found that the postsynaptic Pspike changes with time in culture,

starting out higher at early times (≤12 days) then decreasing significantly at later times

(≥14 days; 4.7A,B). This result suggests a reorganization of the underlying synaptic

connections as cultures mature. Synapse formation and elimination underlies the self-

organization of neuronal circuits in culture during these developmental stages [121]. The

p120-catenin superfamily protein δ-catenin [122] is developmentally regulated [123], binds

to postsynaptic density proteins [123] and is thought to keep the pre- and post-synaptic

elements in register [124]. We examined whether cultures of neurons lacking δ-catenin

had the same time-dependent coupling phenotype seen in wild-type cultures. Unlike
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Figure 4.6: A, Location of the post-synaptic neuron in red and upstream signals in
other colors. Dots in different colors represent different upstream signals. Each two
dots in the same color represent two anchor points for one propagation signal. Pink
and purple represent two single electrode units. B, The patterns of pre-synaptic spikes.
Each row shows the pre-synaptic firing pattern within 10ms prior to corresponding
spike on the red neuron. The first 200 instances are zoomed in on the right. The colors
are consistent with (A). C, CCGs for all upstream signals. Postsynaptic spikes (red
propagation signal, n = 2124 spikes) were used as reference time points to perform
CCG on other propagation signals and single electrodes A8 and B8. Because the
postsynaptic spikes were used as the reference time points, the Pspike was calculated
by taking the ratio of presynaptic spikes in the CCG peak over the total number of
postsynaptic spikes.
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wild-type neurons, the postsynaptic Pspike distributions from KO cultures, were indis-

tinguishable from each other at the two developmental times (4.7C, D), indicating that

δ-catenin affects the ability of neurons to developmentally regulate the effects of synap-

tic input. Compared to wild-type neurons, cultured neurons from mice lacking δ-catenin

showed no differences in the total numbers of spikes per recording (WT = 74,001± 90,630;

spikes/array, KO = 63,715 ± 77,611 spikes/array, p = 0.5), the number of propagation

signals detected per culture (WT = 12 ± 6 PS/array, KO = 10 ± 6 PS/array, p = 0.2),

or in the median inter-spike intervals (p = 0.5) from wild-type (WT, n = 526 propagation

signals) and δ-catenin knock-out (KO, n = 419 propagation signals) mice. Interestingly,

the average postsynaptic Pspike from WT neurons was significantly lower than the aver-

age postsynaptic Pspike from the δ-catenin KO neurons (WT = 0.23, KO = 0.26; n =

723; Mann-Whitney U test p < 0.001). Because the postsynaptic Pspike is the ratio of

number of CCG spikes at other electrodes within 10ms over the number of propagation

signal spikes, it is possible that differences in the number or pattern of total postsynap-

tic spikes account for differences in postsynaptic Pspike between WT and KO cultures.

However, neither the total number of spikes (WT = 1587 ± 1457 spikes/electrode, KO

= 1513 ± 1234 spikes/electrode, p = 0.1) nor the median inter-spike interval (p = 0.3)

in postsynaptic electrodes were different when comparing recordings from WT and KO

neurons (4.7E,F). We also shuffled the postsynaptic spike times for all recordings, result-

ing in no significant couplings in either WT or KO. Furthermore, the spike amplitude

distributions of putative postsynaptic spikes were consistently a discreet subset of the

amplitude distribution of all spikes at each electrode suggesting that postsynaptic spikes

were from a single neuronal source and not a random sampling of all spikes in a post-

synaptic electrode. These results indicate that a higher postsynaptic Pspike in δ-catenin

KO cultured neurons is not an artifact of differences in spiking patterns, spike timing

or sampling between the WT and KO cultures. The ability to track spiking relation-
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ships of single neurons across multiple days with our algorithm allowed us to extract

subtle changes in cultured neuronal networks and can help reveal phenotypes caused by

mutations associated with neurodevelopmental disorders.

4.12 Discussion

Proper functioning of neuronal networks relies on the transmission of an electrical

signal from a presynaptic neuron to a postsynaptic neuron. We have developed ana-

lytical methods to capture direct synaptic coupling between discrete neuronal units via

extracellular recording, and used these data to assemble network relationships and detect

synaptic dysfunction a mutant mouse. The method localizes and time stamps spiking

activity from single neurons and statistically associates the signal with other spiking neu-

rons using pairwise comparisons detected with a cross-correlogram. One caveat is that

the method does not capture indirect polysynaptic drive from widespread ‘third party’

inputs, capable of synchronizing neurons that lack direct synaptic coupling [125]; how-

ever, we do not see LFPs in this system which removes one component of polysynaptic

drive. We detected an increased probability of a spike in a target neuron within a short

millisecond latency after a spontaneous spike in a reference neuron. We validated the

coupling by stimulating the putative presynaptic neuron to replicate the post-synaptic

response. While the stimulated post-synaptic neuron spikes display an amplitude profile

identical to that under spontaneous conditions, the average latency between the spon-

taneous and experimental stimulation often showed small differences, most likely due to

technical restrictions in being able to measure the propagation signal spike peak during

the blanking period. By changing the current flow of calcium ions through either the

use of cadmium in culture or increasing the temperature of the culture environment, we

confirmed that identified couplings behave in a manner that is consistent with synaptic
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Figure 4.7: A Qualitatively, the couplings between single presynaptic and post synap-
tic units are similar between WT and KO neurons B, The postsynaptic Pspike for all
detected couplings is significantly higher in KO vs WT networks C and D, To de-
termine if the difference between the postsynaptic Pspike seen in WT and KO is due
to a difference in spiking activity or spiking patterns, the total spikes and median
Isjof all spikes in the postsynaptic electrode were calculated and no difference was
found. (E and D) E and F, Recordings from WT or KO cultures were collected over
a developmental time period (6 div– 25 div). As WT cultures mature, the distribu-
tion of postsynaptic spike probabilities shifts to the left while in KO cultures Pspike

distributions were indistinguishable between young and mature cultures.
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coupling.

In vivo multi-electrode extracellular recordings have suggested that synaptic connec-

tivity can be deduced from the reliable and precise detection of spiking in one neuron

within milliseconds after a spike in another cell [126, 127, 128, 129, 130]. Some studies

have mapped connectivity among individual neurons within a larger neuronal network us-

ing in-vitro extracellular array recordings coupled with patch-clamp electrodes [131, 132]

or in-vivo extracellular recordings [133]that probed monosynaptic connections by analyz-

ing millisecond, short-latency peaks in the pairwise cross-correlograms (CCG).

The inferences derived from the observations here would be difficult to obtain with

other methodologies such as patch clamp or optical imaging methods that require fluo-

rescence indicators resulting in phototoxicity and altered cell physiology. For example,

detection of temperature effects is uniquely suited for this methodology. The patch-clamp

technique is incompatible with tracking individual neurons over a long time periods. Our

non-invasive approach to tracking individual neurons and their spiking relationships al-

lows for long term studies and was able to reveal subtle synaptic differences in genetically

engineered mouse models with neurodevelopmental disorders. Recent work has demon-

strated the utility of using MEAs to study how network properties are affected in disease

mouse models [134, 135, 136]. An otherwise difficult to obtain result was readily ob-

served in delta-catenin KO mice. These animals have a severe learning deficit, enhanced

frequency of miniature excitatory postsynaptic potentials [137] and enhanced long-term

potentiation in hippocampal slices of KO animals [107]. Our observations of develop-

mental decrease in coupling probability may suggest an underlying link between the

physiology and the molecular deficit, a loss of synaptic adherens junction protein [124].

High signal fidelity and temporal resolution with the MEA, capable of capturing spike

amplitudes while recording from multiple sites, allowed us to infer a partial connectivity

map for the culture 4.6. The presence of neurons outside the boundary of the array
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and the number of neurons in excess of the density of electrodes indicated that there

is a significant amount of missing information. Nevertheless, the connectivity map is

a cellular level functional connectome at a scale not accessible by any other method.

Another feature of the cellular functional connectivity map is that that observed map

is superimposed upon latent maps that became apparent when release probability was

reduced (4.4). Treatment with cadmium at a dose which reduced release probability, but

did not eliminate release, resulted in the expected loss of connections, but interestingly,

the emergence of new connections, likely due to suppression of inhibitory transmission.

One major challenge of defining a connectome at a cellular level is that many different

patterns of dendritic inputs can result in an action potential. The integrative proper-

ties of neurons, particularly pyramidal neurons (ref), enable them to transform multiple

synaptic input patterns, delivered through a structured network connectivity, to a single

decision: fire an action potential or not. For example, a global dendritic nonlinearity is

involved in the integration of sensory and motor information within layer 5 pyramidal

neurons during an active sensing behavior [138]. A complex summation of these dendritic

inputs sets a membrane potential optimized for the arrival of an input signal that can

trigger an action potential. In vitro studies only offer a description of the possible types

of computations dendrites can perform, but cannot determine those forms of synaptic

integration used by the brain under more natural conditions. Our data reveal a variety of

input firing events within a 5 ms window contribute, with different probabilities, toward

eliciting a post synaptic action potential.
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Chapter 5

Summary and Outlook

5.1 Summary

In summary, the work presented in this dissertation cover 3 general areas of biology

and highlights the usefulness of technological advances in elucidating fundamental bio-

logical processes. First, in chapter 2 we use high throughput and unbiased transcriptome

profiling to explore the transcriptional changes that cells undergo as they initiate and

then recover from apoptosis, a process known as anastasis. After induction of apoptosis

with 4.3% ethanol, cells recovered and were sampled at different time points during re-

covery for sequencing. Using principal component analysis (PCA), we visualized samples

undergoing a multi-step process from untreated to full recovery. Interestingly, the PCA

analysis demonstrated that the transcriptional profiles of untreated and fully recovered

cells (24-hour recovery) were more similar than the profiles of cells in early recover (4-

12 hours). We determined that cells undergo a 2-step transcriptional program. In early

stages, cells transition from growth arrested to growing states. In late stages, cells tran-

sition from a proliferating to a migratory state. The outlining of the molecular signature

of anastasis identifies putative targets for therapeutic intervention.

100



Summary and Outlook Chapter 5

Second, in chapter 3 we address an often-overlooked variable in human disease, gender,

and explore its contribution to disease phenotype by using a mouse model of neurodegen-

eration. Using wild-type mice as well as a transgenic mouse line expressing the human tau

protein with a mutation at amino acid position 301 (proline → serine), which develops

pathological hallmarks of neurodegeneration such as tau fibrillary tangles, synapse loss,

and microglial activation, we tested whether any differences in pathology exist between

female and male mice. We focused on the microglia cell type, the resident immune cell of

the CNS, since prolonged activation of this cell type is associated with neuronal toxicity

and a mechanistic molecular understanding of its activation may lead to new methods

of mitigating their cytotoxic effects. No differences were found in the mRNA profiles of

microglia or in the overall pathology (tau tangles, microglial activation) between the two

groups. Interestingly, when we analyzed the expression profiles of miRNA, we found dis-

tinct differences between female and male groups. Male microglia had higher expression

levels of miRNAs predicted to regulate immune related genes. Overall, our results show

a sex-specific response to tau pathogenesis that is partially explained by differences in

miRNA expression.

Lastly, in chapter 4 of this dissertation we develop and test a novel approach for de-

tecting neuronal coupling in dissociated hippocampal cultures using multi-electrode ar-

rays (MEA’s). We make use of inherent features of action potential propagation through

an axon to extract single neuron spike time information from noisy extracellular voltage

records. Using these spike times as references, we identify putative couplings between pre-

and post- synaptic neurons. These couplings are defined by statistical features which are

distinct from randomly sampled instances. We hypothesized that these couplings were

the result of synaptic transmission processes taking place between identified neurons. We

tested this hypothesis by directly stimulating presynaptic neurons and showing that the

postsynaptic response is similar to that of spontaneously generated responses. We altered
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the flow of calcium ions entering the presynaptic terminal with cadmium and temper-

ature and demonstrated changes in the postsynaptic response that are consistent with

synaptic mechanisms. Under normal conditions, we demonstrate the ability to extract

sub circuits of functionally connected neurons and show that we can track the influence

of multiple presynaptic neurons on a single postsynaptic neuron. Overall, the results

from these projects demonstrate the utility of technological advances in methodology in

uncovering and explaining fundamental biological processes.

5.2 Outlook

As technologies and analytical methods evolve, the imagination of experimentalists

will continue to play a major role in the advancement of our understanding of the world

around us. It will be necessary to have a complete understanding of the complex networks

that are at play in tissues at normal physiological states in order to mitigate disease

pathogenesis. While the human genome project gave scientist an extensive list of all the

major components within cells that are part of larger physiological networks, it will take

novel experimental methods to dissect how those components interact within the cell

and how those interactions result in changes in the physiological networks. Single-cell

experimentation is entering a new phase with the development of multimodal analysis

of individual cells. By simultaneously probing epigenetic states, DNA sequences, mRNA

abundance and variation, and protein expression within single cells, we are beginning

to tease apart the molecular and cellular networks of many biological systems. Just

as sequencing and single-cell techniques are allowing us to peer deeper into the complex

biological networks in cells and tissue, advancements in extracellular recording techniques

are allowing us to interrogate increasingly large neuronal circuits in the brain and in

cultured experimental settings. The ability to access spiking information from large
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amounts of neurons and develop clever analytical methods will help us to understand

how the brain performs computations will help us to identify defects in connectivity

that occur in neuropsychiatric and neurodegenerative diseases. Understanding of these

computations is also leading to treatments that allow paralyzed patients to gain control

of robotic machines that gives patients the freedom to perform tasks that were previously

not possible [139]. There may even be a future where brain implanted computer chips

will lead to a computer-assisted consciousness.
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Pyramidal Cell-Interneuron Circuit Architecture and Dynamics in Hippocampal
Networks, Neuron 96 (Oct., 2017) 505–520.e7.

[134] Z. Cao, S. Hulsizer, F. Tassone, H.-t. Tang, R. J. Hagerman, M. A. Rogawski,
P. J. Hagerman, and I. N. Pessah, Clustered burst firing in FMR1 premutation
hippocampal neurons: Amelioration with allopregnanolone, Human Molecular
Genetics 21 (July, 2012) 2923–2935.

[135] H. S. Bateup, C. A. Johnson, C. L. Denefrio, J. L. Saulnier, K. Kornacker, and
B. L. Sabatini, Excitatory/Inhibitory Synaptic Imbalance Leads to Hippocampal
Hyperexcitability in Mouse Models of Tuberous Sclerosis, Neuron 78 (May, 2013)
510–522.

[136] C. Lu, Q. Chen, T. Zhou, D. Bozic, Z. Fu, J. Q. Pan, and G. Feng,
Micro-electrode array recordings reveal reductions in both excitation and inhibition
in cultured cortical neuron networks lacking Shank3, Molecular Psychiatry 21
(Feb., 2016) 159–168.

116



[137] J. Arikkath, I.-F. Peng, Y. G. Ng, I. Israely, X. Liu, E. M. Ullian, and L. F.
Reichardt, Delta-catenin regulates spine and synapse morphogenesis and function
in hippocampal neurons during development, The Journal of Neuroscience: The
Official Journal of the Society for Neuroscience 29 (Apr., 2009) 5435–5442.

[138] N.-l. Xu, M. T. Harnett, S. R. Williams, D. Huber, D. H. O’Connor, K. Svoboda,
and J. C. Magee, Nonlinear dendritic integration of sensory and motor input
during an active sensing task, Nature 492 (Dec., 2012) 247–251.

[139] J. Meng, S. Zhang, A. Bekyo, J. Olsoe, B. Baxter, and B. He, Noninvasive
Electroencephalogram Based Control of a Robotic Arm for Reach and Grasp
Tasks, Scientific Reports 6 (Dec., 2016) 38565.

117



118


	Curriculum Vitae
	Abstract
	List of Figures
	Towards a Complete Understanding of the Brain
	Factors contributing to neuronal health and disease states
	The Synapse

	A Molecular Signature for Anastasis, Recovery from the Brink of Apoptotic Cell Death
	Abstract
	Introduction
	Whole-transcriptome RNA sequencing (RNAseq) reveals that anastasis comprises two stages.
	Distinct features of early and late recovery.
	HeLa cells transition from proliferation to migration during anastasis.
	Identification of the early-response genes common to multiple inducers and cell types.
	Recovery from apoptotic stress is distinct from recovery from autophagy.
	Cells poise for recovery during apoptosis.
	Snail knockdown impairs recovery.
	Activation of TGF signaling contributes to Snail up-regulation and migration.
	Induction of angiogenesis-related genes throughout recovery.
	Discussion
	Materials and methods
	Supplementary Figures

	Microglial MicroRNAs Mediate Sex-Specific Responses To Tau Pathology
	Preface
	Abstract
	Adult Microglia have sex-dependent miRNA expression
	 Loss of mature miRNAs affects microglia in a sex-dependent manner.
	Loss of microglial miRNAs increases DAMs and tau pathology in male PS19 mice.
	Methods
	Supplementary Figures

	Extracellular Detection of Neuronal Coupling
	Preface
	Abstract
	Introduction
	Experimental Methods
	Propagation signals are a clock that is used to detect correlated spiking.
	Detection of neuronal coupling with an automated detection algorithm.
	Stimulation recapitulates properties of  downstream spikes seen following spontaneous propagation signals.
	Decreasing release probability lowers the postsynaptic spike probability
	Temperature alters functional coupling properties between individual neurons
	Constructing a neuronal connectivity network
	Neurons lacking -catenin have less efficient coupling of the pre- and post-synaptic neurons
	Discussion

	Summary and Outlook
	Summary
	Outlook

	Bibliography



