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The human cerebral cortex makes up approximately 82% of the total brain mass, has 52 distinct 

Brodmann areas, and contains approximately 16 billion neurons. In recent years, neuroscientists, 

geneticists, bioengineers, and bioinformaticians, by working in collaboration have only begun to scratch the 

surface towards understanding the enormous cellular complexity and heterogeneity that exists in our brains.  

My thesis work in has focused on the investigation of the immense diversity that comprises both the 

genomic and the transcriptomic landscapes of the human brain through the use of traditional, and newly 

engineered, single-cell technologies.  

Neuronal genomic mosaicism – the phenomenon wherein neurons possess unique somatically 

altered genomes – was first identified as mosaic aneuploidies, a gain or loss of an entire chromosome. In 

recent years, multiple labs have now demonstrated that the somatic genomic changes also include LINE-1 

retrotransposons, both large (>10 megabases (Mb)) and small (<1 Mb) copy number variations (CNVs), 
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single nucleotide variants (SNVs), and regional patterns of total DNA content changes referred to as DNA 

content variation (DCV).  

Genomic mosaicism has potentially important implications for the development of somatic brain 

diseases of which there is no known cause. Sporadic Alzheimer’s disease (SAD), constitutes ~98% of 

cases, and bears a striking clinical and pathological resemblance to familial Alzheimer’s disease (FAD).  

This dissertation began by exploring the hypothesis that somatic genomic alterations occur in SAD 

brains to produce CNVs of AD related genes. We found that in the frontal cortex (FCTX) of SAD patients, 

neurons displayed an increase in total DNA content when compared to FCTX neurons from non-diseased 

patients. Importantly, this was accompanied by an increase in APP gene copy number, as determined by 

single-cell qPCR and peptide nucleic acid (PNA) fluorescent in situ hybridization (FISH), independent from 

chromosome 21 trisomy.  

 In continuation of this work, I hypothesized that the DNA content increases observed may develop 

throughout the decades of life preceding Alzheimer’s disease symptoms. Down sydome (DS) patients, 

possess three copies of APP, a gene dosage effect strong enough to result in FAD. Therefore, to test this 

hypothesis I examined Down syndrome (DS) patient samples from ages 0-65 both with DSAD and without. 

We observed a steady increase in neuronal DNA content throughout life, that began to decrease again, at 

the onset of AD. Additionally, non-diseased neurons observed a similar increase in DNA content but, at a 

significantly lower rate. This age dependent increase in DNA content is highly significant, because it is some 

of the first evidence that neuronal mosaic increases are occurring post-mitotically.  

 In addition, I have been an integral part of a highly collaborative single-cell transcriptome brain 

mapping initiative. As part of this team, we have sequenced the nuclear transcriptome of over 3,000 

neurons from 5 different brain regions. We identified 16 different neuronal subtypes that were cortical layer 

and region specific. Together, these genomic and transcriptomic assessments are integral to understanding 

the normal functioning of the human brain, in order to better understand neurological diseases.  
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CHAPTER 1 
 

INTRODUCTION 
 
 The human brain contains approximately 170 billion cells, including 86 billion neurons (1). The 

cerebral cortex, accounting for 82% of the total brain mass, contains only 16 billion, or 19%, of neurons at 

a ratio of 1 neuron for every 3.76 non-neurons. The cerebral cortex plays a key role in many essential 

functions that make us uniquely human, such as memory, attention, cognition, language, and 

consciousness. It has been subdivided into 52 Brodmann Areas (2) that have been defined by histology, 

cell morphology, connections, physiological properties, and cellular function over many decades of brain 

research. Since the days of Ramon y Cajal we have known neurons to be a hugely diverse cell type, like 

snow-flakes, because each of his drawings was intensely unique. Recent advances in technology, have 

allowed for the isolation of single cortical neurons (or nuclei), opening up new opportunities to study the 

uniqueness of each neuron. The human brain is a notoriously difficult landscape to interrogate. Regions 

are difficult to dissect, and cerebral cortex neurons can often have connections inches to meters away. To 

overcome this obstacle, scientists have turned to what is contained within the nucleus, our genomic DNA 

and our transcriptome, and begun to ask how these contribute to neuronal heterogeneity and uniqueness. 

 

TRANSCRIPTOMIC HETEROGENEITY   

 The cellular and neuronal composition of the human cerebral cortex varies across layer and region. 

Cell morphology points an immense heterogeneity in these cell types. A comprehensive map of cell types 

and gene expression within the human cortex is crucial for better understanding of neuronal function, 

interactions, and potential disease-causing mechanisms. Significant improvement of single-cell 

transcriptome sequencing technologies has allowed for a rapid advancement in the field of cell type 

classification. Single-cell characterization and mapping of the mouse brain has been well characterized in 

recent years (3; 4), while a comprehensive classification of human brain neurons is still of further interest. 

The use of post-mortem tissues provides a vastly more accessible source of both normal and diseased 

brain, and nuclear isolation and flow cytometry allows for quick isolation of neurons in an unbiased manner 

(opposed to crude dissection). By bringing together a highly collaborative team of neuroscientists, 
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geneticists, bioengineers, and bioinformaticians, we can begin to elucidate the complex transcriptomic 

landscape of the human brain. 

 

GENOMIC MOSAICISM  

 Text books in an introduction to biology define mitosis as the process of nuclear division producing 

two daughter nuclei that are genetically identical to the parent (5). This definition is then extended to 

demonstrate that all cells in an individual (with the exception of gametes) are genetically identical. In both 

cancer, where single mutations can lead to unhindered cell division and tumors, and lymphocytes, where 

VDJ recombination produces unique genomic sequences and the vast diversity of antigen binding domains, 

have countered this dogma. 

Neuronal genomic mosaicism – the phenomenon wherein neurons possess unique genomes – 

provides further evidence that not all cells are genomically identical. Neuronal mosaicism was first identified 

as mosaic aneuploidies, a gain or loss of an entire chromosome (Reviewed in (6)), nearly 16 years ago. 

Our lab first identified mosaic aneuploidy in the mouse brain, where 33% of neural progenitor cells were 

aneuploid (7).  It was later demonstrated that aneuploid cells survive and are integrated into cell circuitry in 

the adult brain (7; 8).  In 2005, Rehen et al. extended this phenomenon into the human brain, where both 

neuronal and non-neuronal cells were shown to exhibit pervasive aneuploidy (9). More recently, the advent 

of single-cell next generation sequencing technologies has allowed for the identification of large mosaic 

CNVs in single neurons of adult human brains (10-17). McConnell et al.(16) sequenced 110 single cells 

from the FCTX of three adult brains (age 20-26) and compared them to human fibroblasts or hiPSC derived 

neurons. Single fibroblasts exhibited low levels of aneuploidy and CNVs, while neurons showed one or 

more large somatic CNVs in 45 of the 110 frontal cortical neurons examined. These CNVs ranged in size 

from 2.9-75 Mb, but importantly, the resolution of this method was limited to CNVs greater than 2 Mb. Most 

interestingly, the majority of CNVs observed occurred in a small population of genomes examined with only 

7 cells accounting for 49% of the total CNVs. Cai et al. (11), using similar methods of single cell genome 

amplification and analysis, identified an average of 3.4 CNVs per single neuron (with 31% lacking CNVs) 
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at an average size of 2-17 Mb. Interestingly, two CNVs were shared between neurons, suggesting these 

CNVs are clonal and arise somatically.  

Another form of somatic genomic alterations results from Line-1 retrotransposons, or mobile 

element insertions, that have been identified in both mouse (18) and human (12; 19-23) neurons at varying 

rates (0.07 to 129 per neuron), but with a general consensus at <1 novel mobile element per cell division 

(per neuron). The smallest type of mosaic genomic change, single nucleotide variants (SNVs), have 

become of intense interest in recent years. The advents of new sequencing technologies have allowed for 

creative assessments of single genome sequencing. Lodato et al., (2015) (14) employed high coverage 

(40X) whole genome sequencing of 36 single cells, and estimated each neuron to contain ~1500 somatic 

SNVs.  Hazen et al., (2016) used somatic cell nuclear transfer (SCNT), to transfer a single neuronal nucleus, 

into an enucleated mouse oocyte for genome amplification through natural cell division. They identified 

~100 unique SNVs per neuron. There are important differences, such as species, neuronal type, and 

developmental age, that could explain the large discrepancy in SNV number identified in these two studies.  

Together, these forms of DNA alterations provide a myriad of ways that a single-neuonal genome can be 

unique. Broadly, these alterations can be referred to as total DNA content variation (DCV). To broadly 

examine DNA changes, the Chun lab has employed flow cytometric methodologies traditionally used to 

quantify DNA in species comparisons (24), cell cycle analysis (25), and DNA degradation by apoptosis 

(26). DCV assessment utilizes propidium iodide, a DNA intercalator, and flow cytometry to quantify the 

relative amount of DNA present in a single nucleus, or population of nuclei.  

 DCV assessment has been used to identify global DNA changes between cell types, and regions 

of the human brain. Westra et al. (27) examined nuclei from non-diseased human prefrontal cortex and 

cerebellum. The prefrontal cortex displayed higher levels of total DNA than cerebellum from the same 

patient. Additionally, they had a significantly larger co-efficient of variation, and a large right-handed skew. 

A key finding was that neurons in the prefrontal cortex showed consistently higher levels of DCV when 

compared to NeuN- cells in the same sample, and often compromised the entirety of the right-shoulder. 
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ALZHEIMER’S DISEASE, DOWN SYNDROME AND THE CONNECTION TO GENOMIC MOSAICISM 

Alzheimer’s disease (AD) is the most common form of dementia and can be classified as familial 

(FAD) or sporadic (SAD). FAD, or early onset, is genetically well defined and occurs through autosomal 

dominant mutations in at least three genes:  presenilin 1 & 2 (PSEN1, PSEN2), and amyloid precursor 

protein (APP).  APP encodes the precursor protein for β-amyloid (Ab), the major component of amyloid (or 

senile) plaques that characterize both familial and sporadic AD. The APP protein is primarily cleaved by the 

non-amyloidogenic pathway, where a-secretase cuts at amino acid 83, splitting the Ab fragment and 

resulting in sAPPa (28-31). The amyloidogenic pathway is initiated by the b-site amyloid precursor protein 

cleavage site enzyme-1 (BACE-1) (b-secretase), which cleaves at the top of the Ab fragment, releasing 

sAPPb. The Ab fragment remains in the membrane where γ-secretase (PSEN1 and PSEN2) cut at amino 

acids 38-43, releasing the Ab fragment into the extracellular space. Ab40 is the soluble, nontoxic, and most 

common isoform released; Ab42 is insoluble, toxic and therefore the isoform most commonly found in 

plaques. In normal brains these isoforms exist at a 10:1 ratio and many of the known AD mutations increase 

levels of Ab42, leading to a decrease in the Ab40:Ab42 ratio.  NFTs, the second major pathological marker of 

AD, are composed of hyper-phosphorylated tau. The phosphorylation of tau is regulated by kinases such 

as MAPK, GSK3b, PKA, and AKT (31).  Animal models have shown that Tau is required for the induction 

of Ab toxicity and that Tau alone is a risk factor for AD (reviewed in (32)).  

In contrast to familial AD, sporadic AD accounts for >95% of all AD cases and is currently 

genetically unlinked. APOE genotype is currently the major risk factor for sporadic AD; allele ε4 increases 

the risk for AD and allele ε2 is protective (33-35). Contemporary genome wide association studies (GWAS) 

have identified numerous candidate risk loci distinct from APP and APOE (36-38) suggesting that sporadic 

AD is a heterogeneous disease. Nearly 40 genes have been identified and include, but are not limited to, 

SORL1, BACE1, and RUNX1 (36-40). 

Down Syndrome (DS), caused by a trisomy of chromosome 21, occurs in the United states 1 in 

800 births (41), with approximately 5,300 births annually. DS, the most common form of intellectual 

disability, is associated with heart defects, leukemia, and early onset-AD. The APP gene is located on 

chromosome 21, along with other AD risk factor genes (e.g. RUNX1 and BACE1). By age 30, approximately 
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100% of DS individuals have developed the pathological hallmarks of Ab plaques and NFTs, however, by 

age 60 only two thirds of DS patients will develop dementia (42). Importantly, the prevalence of DS is 

increasing due to changes childhood survival rates and increases in life expectancy(43). It was estimated 

that in 2010 over 200,000 persons with DS live in the United States, with average life expectancy of 

someone born in 2010, at 53 years (median 58 years).  The study of DS-AD should be of high importance 

for both the AD and DS fields. Differences between FAD, SAD, and DS-AD, may help to identify novel 

disease mechanisms and lead to a better general understanding of AD.  

Genomic mosaicism has now been linked to AD in a series of studies, including Bushman & Kaeser 

et al. (Elife, 2015) (Chapter 3) (44). Other studies have focused on the presence of mosaic SNPs in known 

disease risk genes. The first, Parcerias et al. (2014) (45), compared GWAS data from blood and brain of 

the same individual and found significantly more disease associated SNPs in brain tissue, than blood. The 

second,  Frigerio et al. (2015) (46) reported three mosaic SNPs and copy number variants in SAD bulk 

brain tissue. Together, these reports suggest an important role for neuronal genomic mosaicism in the 

manifestation of SAD, with important implications for a non-diseased brain.   
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PREFACE TO CHAPTER 2 
 

Chapter 2, in full, is an invited textbook chapter for NeuroMethods: Genomic Mosaicism in Neurons 

and Other cell types (Springer) entitled “Flow cytometric and sorting analyses for nuclear DNA content, 

nucleotide sequencing and interphase FISH” by Kaeser G and Chun J. The methods described here have 

been an integral part of my thesis dissertation work. The assessment of single neurons, at the scale 

necessary for adequate assessment of genomic mosaicism and transcriptional heterogeneity, would not be 

possible without fluorescence activated cell sorting. The protocol described here has been adapted for 

multiple downstream applications, many of which have been included in the methods and notes sections 

described below. 
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ABSTRACT 

The study of genomic mosaicism amongst human brain cells is challenging.  The human brain 

contains hundreds of billions of cells that are intricately connected and difficult to separate as intact, single 

cells.  Additional challenges are encountered when interrogating small, seemingly random changes within 

single cell genomes.  Flow cytometric analysis (FCM), and fluorescence activated nuclear sorting (FANS) 

has expanded our assessment capabilities for global and specific genomic and transcriptomic changes in 

human brain cells.  The general approach is being utilized in a variety of downstream applications by many 

laboratories.  Here we provide detailed methods of nuclear DNA content assessment and sorting that 

reports population averages as well as single cell nuclear DNA content from cells of the human brain.  We 

highlight protocol modifications that allow the same nuclear preparation to be used for sub-population-

specific FANS in downstream analyses such as fluorescent in situ hybridization (FISH), and single cell 

genomic and transcriptomic sequencing.  Other downstream techniques include, but are not limited to single 

cell qPCR and estimation of line-1 copy number.  

 

KEYWORDS  

DNA content variation, flow sorting, flow cytometry, neuron, nuclei, NeuN, sequencing, FISH, genomic 

mosaicism, somatic, aneuploidy, aneusomy 
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1. INTRODUCTION  

The initial demonstration that single neurons from the same, normal brain can show somatic 

genomic variability (1) has been expanded in subsequent years to encompass a vast range of genomic 

changes, including aneuploidy (2-10), other smaller, copy number variations (CNVs) (11-15), and single 

nucleotide variants (SNVs) (16; 17).  This led to the understanding that the vertebrate brain is a genomic 

mosaic, wherein each neuron – perhaps extending to non-neuronal cells – may be genomically distinct 

within a single brain.  The functional roles for somatic genomic mosaicism are not yet known, but have been 

linked to pathological changes in sporadic Alzheimer’s disease (15]), and may contribute to high levels of 

transcriptional diversity (2) in human neurons of the cerebral cortex (18).  Genomic mosaicism may 

therefore contribute to the complex and poorly understood cellular diversity in the brain.  

Each neuron in the human brain is thought to communicate via thousands of synaptic connections, 

creating an intermixed network that is virtually impossible to separate into single, complete cells.  This high 

degree of complexity and the inability to isolate intact brain cells, makes the study of genomic mosaicism 

especially challenging.  Earlier interrogation methods that identified DNA changes in cells of the brain were 

primarily limited to fluorescent in situ hybridization (FISH), where whole chromosomes or specific 

chromosomal loci were interrogated using chromosome paints or point probes.  These methods are labor 

intensive, limited by the number of cells that can be assessed, and are not easily adaptable for studying 

sub-populations of brain cells.  By adapting methods used for the detection of cell cycle progression (19), 

apoptosis (20), and speciation changes in plants and animals (21) (reviewed in (22; 23)), our laboratory 

established methods for isolating and determining variable DNA content of brain nuclei.  Use of this method 

led to the discovery that human cortical cells – particularly neurons – possess high levels of DNA content 

varation (DCV) compared to other cell types such as lymphocytes and cells of the cerebellum (11), and 

more recent analyses identified statistically significant DNA content increases in neurons of Alzheimer’s 

disease (AD) brains compared to controls (15).  

The first use of DNA content assessment of brain cell genomic mosaicism was employed to confirm 

relative levels of hypoploidy in developing mouse neuroblasts (1).  This approach was later modified to 

allow the first use of the neuronal nuclear antigen (NeuN) (24) with fluorescence activated cells sorting 
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(FACS) to isolate and study neurons by FANS (5).  We have since used this approach for multiple 

applications including the quantification of nuclear DNA content (11; 15), quantification of aneuploidies in 

developing mouse cerebral cortices (1; 10), single cell DNA sequencing (12), and most recently, single cell 

RNA sequencing in both mouse (25) and human (18) brain.  Other groups also used similar methods for 

human single cell DNA sequencing (13; 14; 26; 27) and human DNA content measurements (28; 29).  

The use of isolated nuclei is an important development for four reasons:  1) we are able to isolate 

intact nuclei from postmortem human brain tissue that possesses high quality RNA and DNA, 2) nuclei are 

easily accessible to DNA dyes and antibodies and do not require fixation or cell permeablization, 3) nuclei 

are free of other cytoplasmic components that may cause non-specific DNA dye binding, and similarly, 4) 

nuclei are free of mitochondria that possess DNA and therefore may alter DNA content.  

DNA content assessments described here are based upon stoichiometric staining by DNA dyes.  

Multiple dyes can be used, each possessing its own strengths and weaknesses.  We will focus on three 

DNA intercalaters; 4’,6’-diamidino-2-phenylindole (DAPI), DRAQ5TM, and propidium iodide (PI). Both DAPI 

and DRAQ5 are minor groove intercalaters that bind strongly to A-T rich regions of DNA, while PI is an 

intercalating agent that binds with no sequence preference at a stoichiometry of 1 molecule per 4 bases.  

Both DAPI and DRAQ5 can be used to establish DNA content in the presence of RNA.  In contrast, 

pretreatment with RNase A must be used when PI is the dye chosen for quantitative DNA assessment.  

Additionally, when comparing amongst multiple species to calculate DNA content, it is important to consider 

the GC content ratios that can differ amongst species before choosing DRAQ5 or DAPI.  The unbiased 

binding of PI makes it an ideal tool to measure DNA content linearly, and therefore, it will predominantly be 

used throughout this protocol, however it is recommended that total DNA content be established using 

multiple dyes.  

Most importantly, intercalaters do not bind covalently, but are reversible.  Therefore, the intensity 

of the stain depends on the number of available binding sites and the number of available labeling 

molecules (22).  For accurate assessment of DNA content, there must be an equilibrium, or saturation point, 

where there are excess dye molecules compared to the number of DNA binding sites.  Therefore, it is of 
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vital importance that each researcher independently determines the saturation point for their nuclear 

preparation. 

For total DNA content determinations, it is also important to use appropriate reference samples and 

other controls.  Chicken and/or trout erythrocyte that are nucleated (CEN and/or TEN) have become 

common internal reference standards for calculating DNA content (30).  Unlike mammalian erythrocytes, 

chicken and trout erythrocytes contain a nucleus and are commercially available as a flow cytometry 

standard (e.g., BioSure, Grass Valley, CA).  We found that human blood lymphocytes/nuclei can also serve 

as a reference control for human brain cell nuclei; lymphocytes are approximately the same size, show a 

consistently low coefficient of variation, and consistent levels of total DNA content.  

The nuclear isolation method presented here for DNA content assessment differs from FANS for 

downstream sequencing, and FANS for downstream FISH in several keys ways:  use of fixation, the 

composition of staining solutions, and sorting parameters.  We present a detailed methods protocol in four 

sections:  1) nuclear extraction from human brain cerebral cortices, 2) use of an iodixanol gradient, 3) 

nuclear staining, and 4) flow cytometry/FACS and gating.  We also provide the equations necessary to 

calculate total DNA content in a population.  Each step will note modifications of the protocol for different 

downstream applications.  
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2. MATERIALS  

2.1. Materials   

1. Human brain tissue. 

2. Ice bucket. 

3. Cryostat.  

4. Optional:  Cut resistant work gloves. 

5. Weigh boats.  

6. Razor blade.  

7. Angled forceps. 

8. Optional:  Optimal cutting temperature (OCT) compound.  

9. 1.5 ml Eppendorf tubes.  

10. 40-50 µm cell strainer.  

11. 5 ml dounce homogenizer with Teflon pestle.  

12. 15 ml conical tubes. 

13. Optional:  96 or 384 well PCR plates. 

14. Chicken Erythrocyte Nuclei (CENs) (BioSure). 

15. Appropriate safety gear, precautions and IRB approvals, including use of BSL-2 

facilities. 

2.2. Solutions  

1. NEB Buffer [20 mM Tris (pH 8), 320 mM sucrose, 5 mM CaCl2, 3 mM MgAc2, 0.1 mM 

EDTA, 0.1% Triton X-100]. 

2. 1x PBSE [ 1x PBS, 2 mM EGTA]. 

3. 6x Tricine Stock [120 mM Tricine-KOH (pH 7.8), 150 mM KCl, 30 mM MgCl2]. 

4. Solution D [0.25 M sucrose, 1x Tricine]. 

5. OptiPrepTM or other iodixanol solution. 

6. 50% Iodixanol [5 volumes Optiprep, 1 volume 6x Tricine]. 

7. 35% Iodixanol [1 volume 50% Iodixanol, 2.3 volumes Solution D].  
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8. 10% Iodixanol [1 volume 50% Iodixanol, 4 volumes Solution D]. 

9. 2% BSA (Fatty acid free) in 1x PBSE. 

10. DAPI (4',6-diamidino-2-phenylindole). 

11. NeuN antibody (Recommended: rabbit anti-NeuN monoclonal, MABN140, Millipore at 

1:1500).  

12. Propidium Iodide (PI) 5 mg/ml stock solution. 

13. RNAse A. 

14. Diethylpyrocarbonate (DEP-C) treated water, or commercially available Nuclease free 

water (NFW) (Note 1). 

15. Neutral Buffered Formalin (NBF). 

16. 4% Paraformaldehyde. 

2.3. Equipment   

1. Refrigerated centrifuge with swinging buckets. 

2. Transilluminator. 

3. For DNA content analysis:  BD Biosciences LSRII, ACEA Biosciences Novocyte, or 

comparable.  

4. For FACS:  BD Biosciences FACS Aria II, III, Beckman Coulter Astrios, or comparable. 

2.4. Software  

1. FlowJo or comparable software. 

2. Statistical software (Excel, GraphPad Prism, etc.). 
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3. METHODS  

3.1. Before you begin  

1. All solutions should be cold. 

2. Samples should be kept on ice as much as possible.  

3. All spins are at 4°C for 5 minutes unless otherwise noted. 

4. All researchers must be trained in the proper safe handling of human tissues and all 

IRB and related approvals must be in place, along with access to BSL-2 or above safety 

environment, and related facilities for disposal of waste and sharp items. 

3.2. Nuclear extraction from fresh frozen human cortices 

1. Human brain tissue stored at -80°C should first be allowed to equilibrate within the 

cutting box for 5-15 minutes at -25°C to -28°C to prevent fracturing during cutting.  A 

cryostat system works well for this.  It is recommended that you use cut resistant gloves 

and care, while working in the cryostat with human specimens, along with appropriate 

eye and clothing protection.  

2. Place the brain tissue in a weigh boat, hold the tissue in place with angled forceps, and 

use a razor blade to cut the desired piece of tissue.  Alternatively, tissue can be frozen 

to a cutting block using optimal cutting temperature (OCT) compound and thickly (50-

60 µm) sectioned.  

3. Place the isolated frozen tissue into 1 ml of ice-cold NEB buffer in a 1.5 ml Eppendorf 

tube and incubate for 10 minutes on ice.  

4. Cut the tip from a p1000 filtered tip and transfer the tissue and 1 ml of NEB into an ice 

cold, 5 ml glass dounce homogenizer with Teflon pestle (Note 2). 

5. Extract nuclei with 10-20 gentle up and down strokes of the pestle; be cautious not to 

introduce bubbling.  

6. Pass the homogenate through a 40-50 µm cell strainer into a 15 ml conical. Wash the 

glass homogenizer with 4 ml of NEB buffer and pass this through the same cell strainer.  

7. Pellet nuclei at approximately 600 ×	g at 4°C for 5 minutes (Note 3). 
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8. Discard the supernatant and resuspend the pellet in 5 ml of 1x PBSE. 

9. Pellet nuclei by spinning at approximately 600 ×	g at 4°C for 5 minutes. 

3.3. Iodixanol Gradient (Note 4) 

1. Prepare solutions for the iodixanol gradient.  For each sample, use approximately 2 ml 

of Solution D, 700 µl of 50% iodixanol, 500 µl of 35% iodixanol, and 2.2 ml of 10% 

iodixanol (Note 5). 

2. Discard the supernatant and resuspend nuclei in 200 µl Solution D, then mix with 200 

µl of 10% iodixanol.  Allow mixture to equilibrate while you prepare the gradient tubes.  

3. For at least one sample, make a control tube by combining 100 µl of resuspended nuclei 

in 100 µl of DAPI (1:2000) in Solution D. 

4. In a 12x75 mm tube (one per sample) prepare the gradient (Figure 1) by first adding 

400 µl of 35% iodixanol directly to the bottom of the tube.  Mark the volume height on 

the side of the tube, this is where your nuclei will separate.  Then, slowly and without 

mixing, layer 2 ml of 10% iodixanol, followed by 300-500 µl of resuspended sample to 

the top.  If you have multiple samples, complete the first two layers for all tubes before 

adding the resuspended mixture.  

5. Centrifuge at 1700 ×	g for 15 minutes at 4°C. 

6. Visualize the DAPI control samples on transilluminator to verify nuclear separation and 

location.  

7. Save the nuclei at the 35% | 10% boundary into new 15 ml conical and add 5 ml of 1x 

PBSE to wash nuclei.  

8. Pellet nuclei at 780 ×	g at 4°C for 5 minutes. 

9. Check to ensure nuclei have pelleted, then discard the supernatant.   

10. For downstream sequencing or DNA content assessment without fixation: Resuspend 

in 1 ml of 2% BSA in PBSE and block for at least 20 minutes (can go up to 2 hours) on 

ice with rotation.  
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Figure 2.1.  Depiction of iodixanol gradient before (A) and after (B) separation.  (A) First, the sample 
containing both nuclei (colored in blue for depiction) and debris (grey clouds), is layered on top of a layer 
of 10% iodixanol and 35% iodixanol.  The tubes are then centrifuged at 1700 ×	g at 4°C for 15 minutes.  
(B) Nuclei are now located above the 35% iodixanol layer, while debris remained above or within the 10% 
iodixanol layer.  
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11. For downstream FISH:  Resuspend nuclei in 1 ml of neutral buffered formalin and fix 

for 5 minutes at room temperature with rotation.  Next, add 9 ml of 1x PBSE and pellet 

nuclei at 780 ×	g at 4°C for 5 minutes.  Resuspend in 1 ml 2% BSA in 1x PBSE and 

block for at least 20 minutes (can go up to 2 hours) on ice with rotation.  

12. For DNA content assessment with fixation:  Resuspend nuclei in 1 ml of 1x PBSE 

followed by 1 ml of 4% PFA added dropwise while gently vortexing.  Fix for 40 minutes 

with rotation.  Next, add 8 ml of 1x PBSE and pellet nuclei at 780 ×	g for 5 minutes.  

Resuspend in 1 ml 2% BSA in 1x PBSE and block for at least 20 minutes (can go up to 

2 hours) on ice with rotation (Note 6). 

3.4. Nuclear Staining  

1. Prior to pelleting nuclei, separate unstained and single color controls where necessary.  

Pellet nuclei at 780 ×	g at 4°C for 5 minutes.  Discard the supernatant and resuspend 

in 500 µl of primary antibody staining solution (Note 7).  If samples typically have a low 

yield, primary antibody staining solution can be added to blocking solution with final 

concentrations listed below. 

For downstream RNA sequencing or FISH:  Primary NeuN antibody; 20-60 minutes on 

ice with rotation. 

For downstream DNA sequencing, FISH, or DNA content assessment with PI:  RNase 

A, 50 μg/ml; Primary NeuN antibody; 20-60 minutes on ice with rotation. 

2. Add 9.5 ml of 2% BSA in 1x PBSE and rinse on ice with rotation for 10 minutes.  Pellet 

nuclei at 780 ×	g at 4°C for 5 minutes.   

3. Resuspend in 500 µl of secondary antibody solution.  The concentration of secondary 

antibody should be determined in house. 

4. Add 9.5 ml of 2% BSA in 1x PBSE and rinse on ice with rotation for 10 minutes.  Pellet 

nuclei at 780 ×	g at 4°C for 5 minutes.   
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5. Discard the supernatant and resuspend in appropriate volume of 2% BSA in 1x PBSE 

containing the appropriate DNA/RNA counterstain for flow cytometric analysis or 

sorting.  

For DNA content analysis with PI:  Add 1 ml of propidium iodide staining solution with 

50 μg/ml of PI and the internal reference standard, CENs (Note 8).  Incubate for 1-3 

hours prior to FCM (Note 9). 

3.5. Flow Cytometry Gating strategy  

1. The gating strategy (Figure 2) should be the same for nearly all applications, except 

that filter sets will change according to your selected secondary antibody and DNA 

counterstain.  

2. For DNA content assessment:  Record a minimum of 10,000 nuclear events after 

gating. 

3. Sorting for FISH:  Bulk sort nuclei into Eppendorf tubes containing 50 µl of 2% BSA in 

1x PBSE.  Following the sort procedure, drop ~20,000 nuclei on positively charged 

slides.  Dry nuclei on a heating block at 55°C for 5 minutes.  Proceed with FISH protocol 

fixation and staining.  

 

Sorting for DNA sequencing:  For small population or single cell sequencing which will 

require DNA amplification (Note 10), sort samples into PCR tubes or 96-well plates 

containing a minimum of 2 µl of storage buffer (or more as recommended from 

amplification protocol) (Note 11).  Following sorting, centrifuge briefly and store nuclei 

at -80°C which can be stored for up to 4 months.  

 

Sorting for RNA sequencing: For RNA sequencing of bulk samples, or downstream 

microfluidic assessment of single cells, nuclei are sorted into 1.5 ml Eppendorfs 

containing 50 µl of 2% BSA in PBSE (Note 11). 
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Figure 2.2. Gating strategy for DNA content assessment and nuclear sorting.  (A & B) Traditional 
doublet gating is used to eliminate debris and two nuclei stuck together.  (A) Side scatter area (SSC-A) 
versus side scatter width (SSC-W) and (B) forward scatter area (FSC-A) and forward scatter width (FSC-
W) are both used to eliminate most of the doublet nuclei.  (C) The PI (PerCP-Cy5-5-A) positive singlet 
population is selected.  The right part of this population is likely two nuclei stuck together.  (D) NeuN+ and 
NeuN- populations (FIT-C) are selected.  Pacific Blue-A is an unused filter with low levels of background, 
enabling accurate drawing of NeuN+ and NeuN- gates.  
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1.1. DNA content assessment  

The DNA index of a sample is calculated by taking the mean fluorescence intensity of each 

population and taking a ratio compared to reference standards and control populations (Table 1).  

Controls may be another species, (CENs or trout erythrocyte nuclei (TENs)), other tissue types 

(lymphocytes (LYM) or cerebellum), or other cell types (NeuN negative nuclei).  The mean fluorescence 

intensity of DNA in your sample can be calculated using FlowJo or other comparable software.  DNA 

index can be represented as a fraction, or may be converted to the average pg of DNA per nucleus, 

total megabase change, or percent of change.   
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Table 2.1.  Example calculation of the DNA Index.  In this example calculation, the mean CEN and mean 
sample fluorescence was determined following the gating strategy demonstrated in Figure 2 using the 
FlowJo software.  The DNA Inde-to-CENs is determined by #$%&	'%()*$#$%&	+,- 	.  The DNA index-to-Lymphocytes 
(LYM) is determined by ./	+,-	0%()*$./	+,-	12# .  The approximation of average picograms per nucleus is determined 
using 6.7 pg/nucleus as a standard for lymphocytes. 
 

 

 
Mean PI 
Internal 
Reference 
CENs 

Mean PI 
of 
Sample 

DNA 
Index to 
CEN 

DNA 
Index to 
LYM 

Average 
pg/nucleus 

Human 
Cortex 1 164.8 458.1 2.780 1.014 6.794 pg 

Human 
Cortex 2 169.7 489.6 2.885 1.052 7.048 pg 

Human 
LYM 168.6 462.3 2.742 1.000 6.700 pg 
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2. NOTES  

1. Solutions for downstream RNA sequencing should be made with DEP-C treated water or 

commercially available NFW. 

2. Our group has used both 1% NP40 (11; 15) and NEB buffer (18) to analyze and sort human tissue.  

No differences have been detected for DNA content assessment, however, NEB tends to have 

less clumping of more dense brain tissues like the cerebellum.  

3. This protocol can also be used for nuclear isolation from mouse brain tissue.  However, we find 

that adult mouse nuclei need to be pelleted at a speed of 650 ×	g for this first step, and all non-

iodixanol gradient steps.  

4. The iodixanol gradient will greatly improve your nuclei to debris ratio by removing excess lipid and 

white matter.  This step is not required for all analyses and is frequently skipped for DNA content 

assessment.  Extensive studies have shown that this does not impact the average total DNA 

content of a sample.  Additionally, this step can generally be skipped for fresh fetal and adult 

mouse brain tissue.  

5. Optiprep (Sigma) is a commercially available stock of 60% Iodixanol.  

6. Fixation of nuclei for DNA content assessment allows for nuclei to be collected and stored before 

analysis up to a few months.  However, we have found the preferred precipitating fixatives (e.g., 

alcohols) (22) often interfere with quality antibody staining.  Cross-linking fixatives (e.g., 

formaldehyde) cross link chromatin and compromise the stoichiometry of intercalating dyes (22), 

but preserve NeuN staining.  It is therefore recommended to analyze total DNA content without 

fixation and post-fix for long-term storage.  

7. This staining is tested to be optimal with 1-5	×105 nuclei.  For larger preparations, experimenters 

will need to optimize staining parameters.   

8. Do not use internal reference standards when sorting.  If necessary, standards can be run in 

separate tubes for gate setup and DNA content determination.  

9. Other DNA content dyes may also be used.  All dyes must be stained to saturation (equilibrium).  

The optimal concentration and staining time can be determined by keeping the number of cells 



 28 

with a sample constant, and fluctuating the concentration of PI (or other DNA counterstain) and 

the time of staining.  A concentration of 50 µg/ml is sufficient for up to 1-5	×105 human nuclei that 

must be stained at least 1 hour.  Figure 3 demonstrates saturation of DAPI at 1 µg/ml within 5 

minutes (it is suggested to stain for 20-30 minutes prior to analysis).  

10. Downstream protocols (DNA amplification or library preparation) could either benefit from, or be 

impaired by, the presence of BSA or EGTA.  It is the experimenter’s responsibility to assess if 1x 

PBS, 1x PBSE, or 1% BSA will produce more consistent results with their specific protocol. 

11. Take care that the PCR tubes and buffer are clean and sterile, and minimize the length of time the 

tubes are exposed to open air during the sort to minimize contamination artifacts.   
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Figure 2.3.  Visualization of DAPI uptake in Nuclear DNA.  Flow cytometry scatter plot demonstrating 
DAPI uptake into human brain nuclei.  1) Nuclei were first recorded prior to incubation with DAPI.  2) The 
same sample was removed, DAPI was added at a final concentration of 1 µg/ml, vortexed for 5 seconds, 
and placed back on the machine to record.  3) Next, the sample was removed, DAPI was added to a final 
concentration of 5 µg/ml, vortexed for 5 seconds, and placed back on the machine to record events.  This 
experiment demonstrates that DAPI uptake and saturation occur extremely quickly.  However, PI (not 
shown) can require up to 1 hour to reach equilibrium.  
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3. CONCLUDING REMARKS  

This protocol presents a detailed method for human brain cell nuclei extraction, DNA content 

assessment, and flow sorting for downstream sequencing or FISH.  The use of flow cytometry and FACS 

in neuroscience has greatly increased our ability to study new aspects of cellular diversity and function, 

including the occurrence and significance of somatic genomic mosaicism in the developing and adult brain.  
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PREFACE TO CHAPTER 3 
 
 Chapter 3, in full, is an article published in eLife entitled “Genomic mosaicism with increased 

amyloid precursor protein (APP) gene copy number in single neurons from sporadic Alzheimer’s disease 

brains”. This chapter was the first project I worked on upon entering the lab and set the basis for all 

subsequent work. I am thankful to Dr. Diane Bushman, a BMS graduate student who preceded me on this 

project and without whom this study would not have been possible and to Dr. Benjamin Siddoway who was 

immensely helpful in getting it to publication. The work in chapter 3 utilizes the methods described in 

Chapter 2 to assess the total DNA content of Alzheimer’s disease brain nuclei. To our knowledge, this was 

the first data to demonstrate a functional significance and consequence for genomic mosaicism in the brain.  
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ABSTRACT 

Previous reports have shown individual neurons of the brain can display somatic genomic 

mosaicism of unknown function. Here we report altered genomic mosaicism in single, sporadic Alzheimer’s 

disease (AD) neurons characterized by increases in DNA content and amyloid precursor protein (APP) 

gene copy number. AD cortical nuclei displayed large variability with average DNA content increases of 

~8% over non-diseased controls that were unrelated to trisomy 21. Two independent single-cell copy 

number analyses identified amplification at the APP locus. The use of single cell qPCR identified up to 12 

copies of APP in sampled neurons. Peptide nucleic acid (PNA) probes targeting APP, combined with super-

resolution microscopy, detected primarily single fluorescent signals of variable intensity that paralleled 

single-cell qPCR analyses. These data identify somatic changes in single neurons, affecting both known 

and unknown loci, which are increased in sporadic AD and further indicates functionality for genomic 

mosaicism in the central nervous system.  

 

IMPACT STATEMENT 

Here we provide the first data to demonstrate a plausible function of somatically derived genomic 

mosaicism in the form of increased DNA content and APP copy number in Alzheimer’s disease neurons. 
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INTRODUCTION 

The genome has been classically viewed as being constant from cell to cell in the same individual, 

with genomic differences passed on through the germline. However, within neurons of the brain, numerous 

studies have reported somatic variability producing complex genomic mosaicism but having unknown 

function. Identified forms of somatically arising genomic mosaicism include aneuploidy (reviewed in (1), 

LINE elements (2-4), copy number variations (CNVs) (5-7), and DNA content variation (DCV) (8; 9).  

AD is the most common form of dementia and is characterized by the presence of amyloid plaques, 

synaptic loss, and cell death (10), notably affecting the prefrontal cortex. The major component of these 

plaques is β-amyloid (Ab), a protein encoded by APP (11-13). Familial AD accounts for less than 5% of all 

cases and has been genetically linked to mutations in APP and two presenilins (PSEN), PSEN1 and 

PSEN2, the catalytic components of γ-secretase and the units responsible for cleavage of APP (14; 15). In 

addition, APP gene dosage is strongly associated with AD pathogenesis based on multiple lines of 

evidence. First, Down syndrome (DS), with three copies of APP, produces neuropathology virtually identical 

to AD (16; 17) and APP locus duplications are sufficient to cause familial AD (18-20). Moreover, AD-

protective effects have been reported in DS with APP deletion via partial trisomy 21 (21), as well as in 

familial AD with an APP partial loss-of-function mutation (22). However, seminal studies in the 1980s failed 

to detect evidence of APP amplification in sporadic Alzheimer’s disease peripheral blood and whole brain 

(23-25) despite strong linkage in familial AD, thus linkage between sporadic AD and APP remains unclear.  

The existence of region specific genomic mosaicism in the normal brain (9) raised the possibility 

that DCV, defined as variations in the total DNA amount present in a single cell or population, might play a 

functional role in sporadic brain diseases by altering pathogenic loci in individual cells. The validated 

pathogenicity of APP in familial AD suggested that mosaic alterations in APP copy number within single 

neurons may play a role in producing sporadic AD. Through the use of five independent experimental 

approaches, we report increased somatic genomic variation within individual sporadic AD neurons involving 

mosaic increases in both DNA content and APP copy number. 
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RESULTS 
 

Methodologies to identify genomic mosaicism in AD brain nuclei utilized independent approaches 

(Figure 1). First, neuronal nuclei were isolated from paired prefronal cortex and cerebellum of postmortem 

human brains as previously described (Figure 1A) (9; 26). Nuclei were analyzed for: DNA content changes 

(Figure 1B), APP CNVs using qPCR in small populations (Figure 1C) and single-nuclei (Figure 1D), trisomy 

21 using standard fluorescence in situ hybridization (FISH) (Figure 1E), and amplified APP loci using PNA- 

FISH (Figure 1F).  

AD cortices show increased DNA content variation (DCV) 

Previous work identified DNA content changes with regional variability in the non-diseased brain, 

where prefrontal cortical nuclei – particularly neuronal nuclei – displayed increased DCV compared to nuclei 

of the cerebellum and non-brain controls (9). The current study utilizes the same techniques for DNA 

content analysis by flow cytometry using propidium iodide (PI). PI staining is the predominant methodology 

for quantitatively differentiating nuclei or cells with variable DNA content and is routinely utilized as a gold 

standard in multiple fields including genomic comparisons across species in botany (27), studies of the cell 

cycle (28), and DNA degradation produced by apoptosis (29). Prior analyses ruled out the effects of DNA 

dyes, nuclear size, mitochondrial contamination and autofluorescent lipofuscin on DNA content, validated 

genomic increases in DNA content using quantitation of CENP-B PNA probes against human centromere 

repeats (9), and have been further substantiated by identification of copy number gains in single human 

neurons (5; 6).  

To further validate DCV in human neurons, whole genome amplification (WGA) was used on 

cortical neuronal nuclei sorted into populations of high or low DNA content based upon PI intensity. Nuclei 

with high or low DNA content were sorted into 12 replicates of 1000, 500 or 100 and were then subject to 

DNA content assessment by WGA to assess starting amounts of DNA template in each sample (Figure 

2A). Nuclei were denatured and amplified by multiple displacement amplification (MDA) during which DNA 

synthesis was continually measured by SYBR Green fluorescence (Figure 2A and 2B). In every case, nuclei 

with high PI intensity also showed increased DNA synthesis over those with low PI intensity. These results 

independently confirm, as expected, that PI staining intensity faithfully reports DNA content.   
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Figure 3.1. Methodologies used in assessing genomically mosaic AD. (A) Neuronal nuclei were 
isolated from the prefrontal cortex and cerebellum of postmortem human brain (See Experimental 
Procedures for samples used) as described (26). (B) Nuclear DNA was stained with propidium iodide (PI) 
and DNA content was quantified using flow cytometric analysis. (C) APP copy number variations were 
analyzed in small populations of nuclei (~ 75 genomes) using custom primers for exon 14 of APP. (D) 
Single-cell qPCR assessed APP copy number variations in individual neuronal nuclei via TaqMan probes 
and a modified Biomark integrated fluidic chip system (Fluidigm Corporation, South San Francisco). (E) 
FISH paints against the whole q arm of chromosome 21 and a point probe against a region on the q arm of 
21 (21q22.13-q22.2) were used to double-label and call aneusomies in AD samples. (F) Peptide nucleic 
acid (PNA) FISH was combined with super resolution microscopy for threshold detection of APP copy 
number above ~2 occurring at a single locus. 
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AD neuropathology strongly affects the prefrontal cortex. We therefore first interrogated the DNA 

content of pathologically confirmed prefrontal cortices (N=32), using previously described methodologies 

for DCV analyses in neuronal nuclei (Figure 1B) (9). In control experiments, AD cerebellar nuclei showed 

DNA content profiles similar to lymphocytes, characterized by histograms with sharp peaks and narrow 

bases (Figure 2C and 2E). By comparison, AD cortices displayed high variability characterized by right 

hand shoulders (Figure 2D and 2E (AD-7)), large right hand peak shifts (Figure 2D and 2E (AD-6)), and 

wide bases. Of the AD cortex samples examined, greater than 90% displayed a net DNA content increase, 

averaging approximately 8% gain over human lymphocyte controls (Figure 2F-H). Notably, the AD cortex 

displayed increases beyond those observed in non-diseased cortices, with an average gain of 

approximately 6% over age and sex-matched samples (Figure 2F-H). AD cortices also displayed an 

increased coefficient of variation over non-diseased cortical nuclei and all cerebellar nuclei (Figure 2I) as 

well as a consistent skewed distribution compared to AD cerebellum (Figure 2 – Figure Supplement 1A). 

In addition, we examined 14 paired sets of AD cortex and cerebellum from the same individual (Figure 3A) 

and 12 paired sets from non-diseased individuals (Figure 3B).  Each AD cortex showed unique cortical 

histograms and increases in total cortical DNA compared to the cerebellum. In AD and non-diseased brain 

samples, DNA content changes did not correlate with age, Braak score, or postmortem index (Figure 2 – 

Figure Supplement 1B-H), and DNA content was independent of nuclear size (Figure 2- Figure Supplement 

2) (9)).  

Importantly, the increase observed was significantly less than a 4N tetraploid genome (~12,800 

Mb), yet significantly more than what would be expected from a hypersomy of even the largest chromosome 

(chr1: ~250 Mb or 3.9%). These results indicate that neuroanatomically selective increases in DNA content 

represent a distinct, reproducible, and prevalent characteristic of the AD brain. 

 

Neurons produce DNA content increases  

In the non-diseased cortex, neurons were identified as the predominant cell type contributing to 

increased DCV (9). To determine whether neurons were also responsible for increased DCV in sporadic 

AD, nuclei were immunolabeled for the neuronal nuclear antigen, NeuN, and flow cytometry was used to   
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Figure 3.2. AD cortical nuclei show increased DNA content variation (DCV) by flow cytometry. (A) 
Histogram displaying gating parameters used in sorting “high” and “low” DNA content populations for 
validation of DNA content. (B) Validation of DNA content analyses using semi-quantitative MDA whole-
genome amplification (WGA) on “high” and “low” DNA content populations of 1000, 500 and 100 nuclei. (C 
& D) Representative DNA content histograms for lymphocytes (LYM), AD cerebellum (CBL), and AD 
prefrontal cortex (CTX). Each colored histogram represents a separate sample in each set; CTX and CBL 
samples are from paired brains. Chicken erythrocyte nuclei (CEN) were used as internal calibration 
controls. (E) Representative orthogonal view of DNA content versus FSC-W. For each brain sample, the 
area to the right of the vertical line indicates a DNA content increase of the population of nuclei. AD-6 CTX 
is a representative right-hand peak shift and AD-7 is a representative right-hand shoulder (see Figure 3A 
for more examples). (F) DNA content changes for all human LYM, ND, and AD brain samples examined 
(AD CTX N=32, AD CBL N=16, LYM N=15 (20 meta analysis), ND CTX= 21 (36 meta analysis), ND CBL 
= 11 (12 meta analysis)). Red bars denote average for each group relative to lymphocytes. Averages are 
as follows (including metadata from Westra et al., 2010): AD CTX 8.219%; AD CBL -0.1104%; LYM -
0.2915%; ND CTX 2.239%; ND CBL -3.358%. (G) DNA content changes of the current study (AVOVA 
p<0.0001),.(H) DNA content changes of the current study combined with meta data from Westra et al. 
(2010) (ANOVA p<0.0001). (I) Comparison of mean coefficient of variation (CV statistic from FlowJo of the 
population, included meta data from Westra et al 2010) demonstrates that there is an average increase in 
the variation of AD samples (ANOVA p<0.0001). * p =0.05, **p=0.01, ***p=0.001, ****p<0.0001, See Figure 
2 – Source data for exact P values. See Figure 2 - figure supplement 2 for age, PMI and Braak score 
correlations. See Figure 2 - figure supplement 3 for control of nuclear size analysis.  

0 200 400 600

CEN100

80

60

40

20

0

LYM
AD-7 CBL
AD-6 CBL

100

80

60

40

20

0
0 200 400

0 200 400 6000 200 400 600 600

CEN LYM

AD-6 CTX
AD-7 CTX

DNA Content

%
 T

ot
al

 N
uc

le
i

DNA Content

%
 T

ot
al

 N
uc

le
i

DNA Content

LYM

CBL

CTX

AD-6 AD-7

FS
C

-W

B

C D E

A

IF G

H

LYM ND CBL ND CTX AD CBL AD CTX
-30

-20

-10

0

10

20

30

Westra et al. 2010 data
Current Study

-5

0

5

10

-5

0

5

10

C
oe

ffi
ci

en
t o

f V
ar

ia
tio

n

****
***

**
**

******** *******

*

****
****

****
****

**

**
****

0

2

4

6

8

10

LYM  ND
CBL

 ND
CTX

 AD
CBL

 AD 
CTX

LYM  ND
CBL

 ND
CTX

 AD
CBL

 AD 
CTX

LYM  ND
CBL

 ND
CTX

 AD
CBL

 AD 
CTX

Pe
rc

en
t C

ha
ng

e 
fr

om
 L

YM

Pe
rc

en
t C

ha
ng

e 
fr

om
 L

YM

HighLow

DNA Content (Fluorescence)

1000 High

1000 Low

500 High

500 Low
100 High
100 Low

SY
B

R
 G

re
en

 F
lu

or
es

ce
nc

e
(A

rb
itr

ar
y 

U
ni

ts
)

5

10

15

20

0
0 20 40 60 80 100 120 140 160 180

Time (Minutes)

N
um

be
r o

f N
uc

le
i

Figure 2



 42 

 
 
Figure 3.3. Pairwise DNA content analyses in AD cortical nuclei vs AD cerebellum (A) Pairwise 
analysis of overlaid DNA content histograms (CTX = solid red, CBL = black dashed lines) in the same AD 
individual (each graph represents a unique AD individual). (B) Pairwise analysis of overlaid DNA content 
histograms (CTX = solid blue, CBL = black dashed lines) in the same ND individual.  
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analyze DCV in NeuN-positive and NeuN-negative nuclei (Figure 4A-C). NeuN-positive AD cortical neurons 

showed right hand DNA content shifts (Figure 4D) and increased DCV, displaying ~9% gain over that 

observed in NeuN-negative nuclei (Figure 4E). A comparison of NeuN-positive nuclei in paired samples 

from the same brain also showed significantly increased DNA content in cortical neurons over cerebellar 

neurons (Figure 4F). These distinctions do not rule out AD-specific effects on DCV of non-neuronal cells, 

but do implicate neurons as the major cellular locus for increased DCV.  

 
APP copy number variably increases in small cell cohorts 

The DNA content increases in sporadic AD neurons raised the question of what genomic loci may 

be specifically increased in AD. The most highly validated gene associated with AD is APP, wherein 

constitutive gains have previously been linked to AD through familial AD and DS (18; 19; 21; 22). However, 

prior large-scale analyses in peripheral, non-neural tissues from sporadic AD cases have not reported APP 

copy number changes (30; 31). The normal existence of genomic mosaicism might produce “hot-spots” of 

cells with increased APP copy number, and we therefore interrogated small cohorts of brain nuclei from 

paired cortex and cerebellum. Three of six AD samples displayed significant increases in APP copy number 

(3.9 to 6.3 copies compared to reference genes) over paired cerebellar samples (Figure 5A (AD-1, AD-3, 

AD-6)). Similar APP amplification was not detected in non-diseased brains (Figure 5B), and DS controls 

along with reference gene assessments demonstrated expected results (Figure 5- Figure Supplement 

1A,B). Notably, AD samples displayed substantial variability in APP copies (Figure 5C), revealing inherent 

limitations in precisely quantifying copy numbers in small, genomically mosaic cell populations and 

highlighting the necessity for single-cell analyses. 

 
APP copy number increases in AD are not due to trisomy 21 

APP gene dosage in familial AD and DS has driven hypotheses connecting AD pathogenesis with 

increased incidence of trisomy 21 (32-34). We therefore examined AD cortical nuclei using a highly liberal 

protocol for calling aneusomies whereby borderline FISH profiles suggestive of aneusomy were always 

included in quantitative assessments, in an effort to detect possible differences between AD and control   
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Figure 3.4. DNA content increases observed in AD cortical nuclei are attributable to neurons. (A-C) 
The gating procedure used for NeuN-positive flow cytometry analysis. (A) DNA content peak for identified 
nuclei. (B) A sample of unlabeled neuronal nuclei that display no NeuN-positive signal. (C) Selection for 
NeuN-positive nuclei for downstream analysis. (D) DNA content histograms of four AD samples displaying 
NeuN-positive nuclei (solid purple) vs. NeuN-negative nuclei (black dashed line). NeuN-positive populations 
display distinct cortical histograms with prominent right-shifted peaks (arrows). (E) Comparison of DNA 
index (DI) increases from NeuN-positive nuclei (solid purple) vs. NeuN-negative nuclei (black dashes) from 
AD CTX samples. NeuN-positive nuclei (DI=1.10) showed an average gain of 9% over NeuN-negative 
nuclei (DI=1.01), **p=0.0011. (F) Comparison of DNA content in NeuN-positive nuclei from AD CTX 
(DI=1.10) (red) vs. AD CBL (DI=0.94) (pink) from the same individual; CTX nuclei displayed a 15.6% gain 
over CBL nuclei, *p=0.0335. Statistics are paired two-tailed t-test. Bars indicate +/- SEM. 
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brains. Importantly, all analyses were conducted blind to the identity of samples, an approach made 

possible by interrogating purified nuclei rather than cells or tissues that themselves show identifying 

increases of plaques and tangles in AD. Nuclei were double-labeled with a commercially available 

chromosome 21 q-arm “whole chromosome paint” (WCP) and a regional “point” probe for 21q22.13-q22.2 

(220 Kb) (Figure 5D-I). The ability of this technique to detect aneuploidy was validated using interphase 

nuclei from a human trisomy 21 brain (35) revealing 3 nuclear signals (Figure 5D and 5E) (see also (36)). 

Three separate, blinded observers counted each sample. Despite using liberal counting criteria, no 

statistically significant changes in chromosome 21 aneuploidy rates, including trisomies, between AD 

(N=4974 nuclei, N=9 brains) and non-diseased brains (N=2576 nuclei, N=5 brains) were observed (Figure 

5J). Comparably high levels of aneuploidy have been reported for chromosome 21 displaying no difference 

between AD and non-diseased hippocampal cells (37). Thus, results from dual probe FISH analyses do not 

support increased trisomy 21 in AD but are consistent with alternative CNV mechanisms that could produce 

APP copy number values exceeding 3, observed in 75-genome qPCR analyses (Figure 5). 

APP copy number is increased and enriched in single AD neurons  

Mosaic single-cell increases in APP copy number could explain variations observed in small cohort 

qPCR data. To assess APP copy number in single neurons, an optimized microfluidic protocol to assess 

genomic copy number via qPCR using a Biomark HD 48.48 Dynamic Array integrated fluidic circuit (IFC) 

(Fluidigm, South San Francisco) was adapted from gene expression protocols. Nuclei were isolated and 

interrogated at two reference genes (see Extended Experimental Procedures) and two APP exons that 

flanked the majority of the coding sequence at the 5’ and 3’ ends of APP (exons 3 and 14). Samples were 

run in triplicate and assays in sextuplicate, which generated high numbers of replicate data points allowing 

for improved copy number resolution to an extent not possible by conventional qPCR (38; 39). A total of 

154 neuronal nuclei were individually examined from 3 AD and 3 non-diseased brains, within which nuclei 

from the cerebellum and prefrontal cortex were separately analyzed. In single AD cortical nuclei, significant 

increases in APP copy number, ranging up to 12 copies in a single nucleus (Figure 6A and 6B), were 

observed with a high concordance rate between exons (Figure 6 - Figure Supplement 1). AD cortical nuclei   
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Figure 3.5. Mosaic amplification of the APP locus in small cohorts of AD cortical neurons. (A) 
Comparison of relative copy number of APP in CBL and CTX fractions from six AD brains. APP locus-
specific amplification was determined relative to reference gene SEMA4A; paired CBL nuclei were used as 
a calibrator sample for each brain, normalized to 2.00 for a diploid cell. Differences in ∆∆Ct ± SEM of APP 
in the cortex vs. cerebellum were assessed in each individual using an unpaired, two-tailed t-test 
(****p=0.0001, *p=0.0165, *p=0.0489) (B) Comparison of relative copy number of APP in CBL and CTX 
fractions from 4 non-diseased brains. (C) Average relative copy number in non-diseased versus AD brains. 
Control genes and DS individuals were also examined (Figure 5 – figure supplement 1). (D-J) FISH strategy 
of chromosome 21 counting through simultaneous labeling using chr 21 q arm “whole” chromosome paint 
(WCP, green) and chr 21 regional FISH probe for 21q22.13-q22.2 (red) (See Figure 5 – Source Data for 
raw counts). (D and E) The ability to detect aneuploidy was validated using interphase nuclei from a human 
trisomy 21 brain, where 3 regional spots (red, encompassing the APP gene) were seen, despite WCP 
spatial variation (see also (36). (F-I) Chromosome 21 aneusomy was examined in prefrontal cortical nuclei. 
Examples of chr 21 (F) monosomy, (G) disomy, (H) trisomy, and (I) tetrasomy (please note tetrasomy is 
not an example of aneuploidy). (J) Quantification of individual FISH signals showed no significant 
differences in monosomy, disomy, trisomy, or tetrasomy. 5 control brains and 9 AD brains were used. At 
least 450 nuclei were quantified per brain sample. Scale bar = 10 mm. 4974 total nuclei examined. 
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displayed increased average copy numbers (~3.8-4 copies) over control samples (~1.7-2.2 copies) (Figure 

6A and 6B), with increased frequencies of high copy number nuclei (6 or more copies) (Figure 6C and 5E, 

red lines) primarily occurring in prefrontal cortex samples (Figure 6C-6F). The AD cortex showed an 

approximately 4-fold increase over the non-diseased cortex of nuclei with greater than 2 APP copies (55-

66% vs. 12-15%) (Figure 6G and 6I). In addition, nuclei with fewer than 2 APP copies were also identified. 

In neuronal nuclei with greater than two copies (Figure 6G and 6I, gold bars), AD cortical nuclei showed 

statistically significant increases (~5 copies for both exons) over the other samples (~3 copies for both 

exons) (Figure 6H and 6J). These data identify mosaic, neuroanatomically enriched and disease associated 

increases in APP copy number in single, sporadic AD neurons.  

 
APP amplified loci can be visualized by PNA-FISH 

The identification of high APP copy number nuclei by single-cell qPCR suggested the possibility 

that amplified loci could produce detectable FISH signals. In chromosome 21 non-quantitative regional point 

probe FISH experiments, we occasionally observed variable puncta sizes (Figure 5H and 5I) (36) that were 

initially dismissed as technical hybridization variability but which might potentially indicate sub-

chromosomal variation of loci containing target sequences. However, conventional point-probe FISH 

analysis, while useful for assessments of aneusomy or rearrangements, cannot quantitatively evaluate copy 

number changes occurring as contiguous copies in close proximity to one another, while other conventional 

techniques for identifying copy number in single cells, such as single cell sequencing, rely heavily on 

genome amplification, which may introduce bias or mask CNVs. We therefore developed a detection assay 

based upon PNA chemistry. PNA probes hybridize with single base discrimination and have been used to 

quantify short repeat sequences such as those found on telomeres (40; 41). This raised the possibility that 

amplified copies of APP could be identified using multiple PNA probes simultaneously hybridized to unique 

gene sequences, provided that amplification occurred in a physically constrained locus rather than being 

dispersed throughout the genome.  

Nine PNA probes of 12-18 residues, each conjugated to a single Alexa-488 fluor, were designed 

against multiple sites of the same APP exons examined by single-cell qPCR, and validated both in silico   
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Figure 3.6. Mosaic APP locus amplification in single neurons from AD brains. (A) Single nuclei relative 
copy numbers for exon 3 of APP from non-diseased (ND) CBL, ND CTX, AD CBL, and AD CTX; each black 
diamond represents one neuron. For each group, the mean is displayed in red and bars represent 95% 
confidence intervals. AD CTX showed a mean APP copy number of 3.80; this is significantly higher than 
AD CBL (2.23), ND CTX (1.60), and ND CBL (2.28). *p=0.0147, **p=0.0015, **p<0.0012, ANOVA p<0.0001. 
(B) Single nuclei relative copy numbers for exon 14 of APP, similar to (A). The two exons showed a high 
concordance (Figure 6 – figure supplement 1) where the AD CTX showed a mean APP copy number of 
3.40 while the AD CBL (2.34), ND CTX (1.44), and ND CBL (1.92) remained closer to 2 copies. *p=0.0163, 
**p=0.0016, ****p<0.0001, ANOVA p<0.0001. (C-F) Distribution of copy number calls for exon 3 (C and D) 
and exon 14 (E and F) binned by relative copy number. The AD CTX for both exons displayed unique 
distributions, with more nuclei falling into the high copy number bins. (G and I) Distribution of nuclei with 
copy numbers less than, equal to, and greater than 2 copies. (H and J) Average copy number increases in 
nuclei binned with greater than 2 copies (gold columns in G) (AD CTX: Exon 3 = 5.01, Exon 14 = 4.96, 
*p=0.0361). All statistics represent an ANOVA with a Tukey’s multiple comparison test. Bars indicate +/- 
SEM.  
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and by blotting for specificity and linear quantitative behaviors (Figure 7A, Figure 7 - Figure Supplement 

1A-C). Relative probe sequence locations were also designed to avoid fluorochrome proximity quenching. 

Single PNA probes did not produce a detectable signal in any samples using standard fluorescence 

microscopy used for aneusomy FISH (36; 42), contrasting with clearly detectable telomeric signals, which 

led to evaluation of more sensitive microscopic techniques including confocal, deconvolution (9), and 

ultimately super resolution structured illumination microscopy (N-SIM, Nikon) (43), which all failed to detect 

possible signals in AD nuclei. However, hybridization of increasing numbers of distinct PNA probes 

combined with N-SIM visualization resulted in the empirical determination of a threshold that identified one, 

and rarely two, punctate signals that were much more frequent in AD nuclei (Figure 7B), and with a 

frequency consistent with single-cell qPCR data (Figure 6). AD neuronal nuclei showed single purely green 

puncta (Figure 7B, #1 arrow, Movie S1-6) and rarer two puncta signals (Figure 7B, #3 arrow, Movie S6), all 

of which could be differentiated from lipofuscin puncta that fluoresced in all channels (Figure 7B, #2 arrow, 

Movie S4). Internal positive control signals identified telomeres (Figure 7, red fluorescent puncta). Use of 

3D-SIM enabled acquisition and analysis of super resolution projections of individual green puncta (Figure 

7B) revealing a range of morphologies and intensities (Figure 7B and 7D, Figure 7 - Figure Supplement 

1D,E) consistent with varied APP copy number and possibly distinct, intrachromosomal genomic 

organization. This threshold detection using multiple PNA probes targeting APP visualized green puncta in 

56% of AD neuronal nuclei compared to 22% in non-diseased and 14% in DS (Figure 7C). There was no 

evidence of single-copy detection in any sample, contrasting with standard FISH data (Figure 5D-I), despite 

always showing telomeric signals. Compared to single-cell qPCR data, which reports both endogenous 

alleles in addition to amplification, copy numbers at a single locus below ~2 were not visualized with PNA-

FISH, allowing focused analyses on positive profiles resulting in fluorescence intensity plots ( Figure 7D 

and Figure 7 – figure supplement 1D) that were highly reminiscent of APP copy number plots produced by 

single-cell qPCR (Figure 6). 
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Figure 3.7. Visualization of APP copy number increases in neuronal nuclei from AD brain samples. 
(A) Peptide nucleic acid probes (PNA) were developed against 9 separate sites on APP (4 sites within exon 
3 and 5 sites within exon 14). Each PNA probe consists of a peptide backbone conjugated to a single 
fluorophore, with separately conjugated nucleotides, substantially increasing specificity (40). Single copies 
of APP are not detectable because of fluorophore detection limits. Detection of increased copy number by 
PNA probes can be visualized as copies of APP increase (Figure 7 –figure supplement 1B,C). Positive 
internal controls using PNA probes directed against telomere sequences were simultaneously hybridized. 
(B) Visualization of copy number increases in neuronal nuclei. Green puncta (arrow 1, insets) indicate 
visualized APP increases. Telomere labeling (red puncta) was present in all nuclei, demonstrating probe 
accessibility and template fidelity. Lipofuscin (arrow 2, orange puncta) was detected in nuclei, visualized by 
extensive fluorescence signal in all channels, but was eliminated from quantifications. Limited nuclei 
displayed 2 green puncta (arrow 3). M1-6 Refers to the supplemental movies where 3-D projections can be 
visualized.  
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Figure 3.7. Visualization of APP copy number increases in neuronal nuclei from AD brain samples 
(Continued). (C) Graphic representation of non-diseased (blue) and DS (grey) brains displayed limited 
numbers of threshold-detected increases in APP. AD (red) brains displayed significant and consistent 
threshold-detected increases in APP. (D) Individual threshold-detected APP increases were quantified and 
plotted on a relative intensity scale (blue diamonds: non-diseased, red diamonds: AD). Dotted line 
represents the threshold below which APP copy number was undetectable, only limited puncta were 
identified in non-diseased nuclei. Bars indicate +/- SEM, *p <0.05. 
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DISCUSSION 

Our results support a mechanism for the development of sporadic AD whereby the validated familial 

pathogenic APP gene is mosaically amplified in neurons. Mosaicism was documented based on multiple 

independent criteria: increased DCV in 90% of examined AD brains, varied and increased APP copy 

number in small cohorts, increased APP CNVs in single neurons identified by single-cell qPCR, and APP 

copy number increases in single nuclei visualized by PNA-FISH. These data are consistent with our inability 

to substantiate increases in trisomy 21 in cells of the sporadic AD brain. The concomitant increase in DCV 

suggests effects on other loci that are also altered in AD, the most obvious of which would be copy gains, 

but which could also involve losses based upon the presence of increased DCV range observed in AD; 

such loci might contribute to the progeric presentation of sporadic AD and possibly familial forms of AD that 

still require decades for disease to manifest. Our working hypothesis ties the currently accepted 

pathogenicity of APP gene dosage, established by familial AD and DS, to sporadic AD through a 

mechanism of somatic, mosaically increased APP copy number in some neurons. Our data do not exclude 

the possibility that the changes observed are a downstream effect of causative factors in the disease. 

However, if mosaic genomic changes are downstream of disease onset, APP copy number changes would 

likely play a significant role in disease progression. 

Advances in single-cell genomic sequencing had initially suggested its use for identifying APP 

CNVs in single AD neurons. However, existent technology is limited to published sequence resolution 

between ~2-5 Mb and ~0.025X genome coverage (3; 5-7). Considering the <0.3 Mb size of the APP locus, 

single cell sequencing would be incapable of identifying all but the rarest APP CNVs observed here. In 

addition, whole genome single cell sequencing is limited by throughput, demonstrated by the low number 

of neurons reported in this field, and is complicated further by variable results (Cai et al. N= 82 (QC 

neurons), Evrony et al. N=6, Gole et al. N=6, McConnell et al. N=110). Notably, DNA losses predominated 

in both Cai et al. (2014) and McConnell et al. (2013) however, Gole et al. (2013) observed that two thirds 

of somatic CNVs were gains, consistent with increases in DNA content reported previously, and all three 

studies support a range of DCV amongst neurons, although none of these prior studies assessed AD 

neurons. While future advances will improve sequence resolution, throughput, and amplification fidelity in 
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single cells, the distinct single cell strategy employed here allowed copy number assessment of a single 

targeted gene, APP, an approach which may be generalizable to other loci and diseases. Compared to the 

prior single-neuron reports, 320 single, neuronal nuclei were assessed here for APP CNVs wherein single 

cell qPCR data markedly resembled PNA-FISH data. Notably, these single cell techniques also possess 

limitations. For example, single cell qPCR requires normalization to single copy reference genes and control 

populations, which presents unique difficulties in assessing mosaic neuronal populations. For example, 

changes in copy number could reflect changes in both the reference and target gene, which might result in 

artifactual increases (or decreases) in a target gene. Similarly, assessment of copy number from an 

amplified template could also produce artifactual changes, and thus results require independent techniques 

for verification, especially since the original template is consumed in the single cell reaction and cannot be 

further assessed. The use of PNA-FISH does not require any amplification or normalization, and yet PNA-

FISH and single-cell qPCR produced a highly similar distribution of APP copy number amplifications. The 

employed techniques were not capable of assessing intact neurons or their histological organization, which 

will require technological modifications. Similarly, assessments of genomic and expression data in a single 

neuron also await technological advancements. Finally, these techniques are currently capable of 

interrogating only parts of the entire APP locus; therefore, at this time the precise structure of APP CNVs 

and the mechanisms leading to their existence are unknown. 

Our data have bearing on at least 3 AD hypotheses. First, the prevailing amyloid hypothesis in AD 

posits that Ab deposition drives AD (44). Increased incidences of amyloid senile plaques are observed in 

all forms of AD and appear to be directly linked to APP dosage in DS and familial AD. The mosaic increases 

in neuronal APP copy number reported here provide an explanation for the universal presence of Ab senile 

plaques in sporadic forms – indeed, all forms - of AD despite an absence of constitutive copy number gain. 

The presence of rare neurons with APP amplifications in non-diseased brains also provides an explanation 

for the observed presence of senile plaques in otherwise normal, aged brains (45-47), consistent with the 

ages of non-diseased brains examined here, which exceeded 75 years. Along with the occurrence and 

augmentation of DCV, APP amplification in AD is consistent with dysregulation of normally occurring 

processes in the etiology of AD pathogenesis. A second hypothesis proposes increased APP dosage 
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through trisomy 21 based largely upon the neuropathology of DS (32-34). However, dual chromosome 

point-paint FISH for chromosome 21 using liberal calling criteria on ~5000 AD brain cells (N=14 brains) 

showed no relationship between total mosaic aneusomies and AD. Moreover, the lack of observed 

increases of trisomy 21 in sporadic AD are consistent with prior studies in both peripheral non-brain and 

intact brain tissues, which reported APP levels approximating 2N (15; 23-25), and is further consistent with 

mosaic CNVs observed here. The purposeful use of liberal counting criteria resulted in generally higher 

percentages of aneusomies than reported previously (36; 48), however the increases were observed in 

both AD and non-diseased samples without linkage to AD. Our results do not eliminate roles for mosaic 

aneuploidy in AD, but do not support trisomy 21 as a specific mechanism for increasing APP copy number 

in sporadic AD. A third hypothesis is that abnormal cell cycle reentry in post-mitotic neurons contributes to 

AD (49-54). Our DCV analyses detected maximum gains of ~21% and average gains of ~8.2% over 

lymphocytes, representing a fraction of the 100% increase expected in a 4N cell. The subgenomic increases 

observed here are also consistent with the reported absence of adult neurogenesis in the normal cerebral 

cortex (55; 56), and could also be relevant to reports of nucleotide incorporation in adult cortical neurons 

(57). Concepts involving changes in DNA synthesis in AD without cell-cycle progression or neurogenesis 

could be rectified through subgenomic DNA synthesis in post-mitotic neurons that might involve DNA 

synthetic proteins reported in AD (54; 58). 

The observed genomic alterations in AD could occur through both developmental as well as aging 

processes as reported for at least one form of mosaicism, aneuploidies (1) that have been linked to 

caspase-mediated cell death (59) and could have relevance to developmental APP functions (60). Perhaps 

tellingly, these developmental cell death processes also involve DNA fragmentation and double strand 

breaks (61-63) that have recently been reported in neurons exposed to physiological and AD stimuli (64). 

It is possible that somatic mosaicism may arise through dysfunction of normally operative DNA repair 

mechanisms that produce DCV in the normal brain, with augmentation in the diseased brain. We speculate 

that increased DCV and APP CNVs observed in AD may in part reflect neurons that have delayed or averted 

cell death, wherein somatic genomic changes could provide a survival advantage at a cost of altered 

neurophysiological functions.  
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The DNA content changes observed here showed not only disease relationships but also varied 

with brain region and cell type. It is important to note that the interrogated neurons are likely terminal in 

their fate: they will not divide further, contrasting with lymphocytes that, perhaps surprisingly, showed the 

least amount of DCV despite being a proliferating population. Unlike neurons, proliferating lymphocytes 

may be similar to stem and progenitor populations that can maintain germline genomes to promote 

population expansion. By contrast, neurons are, by definition, post-mitotic and therefore not subject to this 

possible requirement. We think it likely that many dividing cells that deviate significantly from the germline 

genome – and thus would be incapable of further division - are eliminated by cell death and would be 

removed from the population interrogated for DNA content. Support for this view includes reports on 

aneuploidies in neuroprogenitor cells, whereby the most extremely aneuploid forms appear to be eliminated 

by caspase-mediated cell death (59; 61; 62; 65). DNA content changes may therefore be contextual, 

enabling diverse functions in different cell types. The large differences observed even between brain 

regions and amongst neuronal nuclei would suggest the existence of distinct neuronal functions produced 

by DCV, and possibly specific processes or stimuli that can genomically alter neurons.  

Diverse stimuli previously implicated as AD risk factors including age and trauma (66; 67), might 

share common endpoints via influences on genomic mosaicism. The consequences of somatic APP 

amplification in AD may support functionality of other somatically altered genomic loci observed in single 

neurons that could contribute to the progeric presentation of AD as well as aspects of the disease itself. We 

further hypothesize that other sporadic or idiopathic brain diseases could arise through altered genomic 

mosaicism that includes somatic variations at both known and unknown pathogenic loci. 
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EXPERIMENTAL PROCEDURES 

Human tissue samples.  

 All human tissue protocols were approved by the Scripps Office for the Protection of Research 

Subjects (SOPRS) at The Scripps Research Institute (TSRI) and conform to National Institutes of Health 

guidelines. Fresh-frozen brain tissue was provided by the NICHD Brain and Tissue Bank for Developmental 

Disorders at the University of Maryland, the University of California Alzheimer’s Disease Research Center 

(UCI-ADRC), and the Institute for Memory Impairments and Neurological Disorders, the Johns Hopkins 

School of Medicine Alzheimer’s Disease Research Center, and Dr. Edward Koo at the University of 

California, San Diego. Lymphocytes from human peripheral blood were obtained from healthy donors at 

TSRI’s Normal Blood Donor Services. Detailed information about the samples used can be found in the 

table below (Table 1). 

Flow cytometry (FCM) and fluorescence-activated cell sorting (FACS).  

Human brain nuclei were isolated and prepared for FCM and FACS as previously described (26; 

68). Isolated nuclei were fixed with 2% paraformaldehyde (or 70% ethanol for microfluidic qPCR), labeled 

with mouse anti-NeuN antibody (1:100) (Chemicon) and Alexa Fluor 488 goat anti-mouse IgG secondary 

(1:250) (Life Technologies), and counterstained with propidium iodide (50 μg/ml) (Sigma) in solution 

containing 50 μg/ml RNase A (Qiagen) and chicken erythrocyte nuclei (CEN) (Biosure). Electronically gated 

diploid neuronal nuclei, determined by PI fluorescence and immunolabeling, were analyzed and sorted 

either in bulk for standard qPCR and PNA-FISH or singly in 96-well plates for microfluidics-based qPCR. 

FCM and FACS were performed at the TSRI Flow Cytometry Core using a Becton Dickinson (BD 

Biosciences) LSRII and FACS-Aria II, respectively. Post hoc DNA content analyses were performed using 

FlowJo software (TreeStar Inc.).  

DNA content assessment by whole genome amplification.  

For validation of DNA content analyses, nuclei were sorted by FACS in populations of 1000, 500, 

and 100 into 96 wells plates according to relative DNA content (Figure 2A). Nuclei were denatured by 

multiple freeze thaw cycles and potassium hydroxide, the solution was neutralized, and phi29 DNA 

polymerase (Illumina, San Diego), dNTPs, SYBR green, and random hexamers (IDT, Coralville, IA) were   
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Table 3.1: Human samples used in each experiment. Samples in Bold are paired CBL and CTX, * 
Denotes mid frontal gyrus (MFG), D=DNA content analyses, S= Small population qPCR, T=FISH Analysis, 
B=single cell qPCR on Biomark HD, P=PNA FISH, M=Westra et al. DNA content metadata. 
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N 

= 
32

 

Sex Age Paper 
Code Sample Experiment 

Post 
Mortem 
Interval 

Braak 
score 

F 81  1521 D 23 VI 
F 83  1562 D 6 U 
F 74 AD-13 1866 DT U U 
F 79 AD-5 1868 DST U U 
F 82 AD-10 1875 DST U U 
F 83  1893 D 9 U 
F 87  1899 D 5 VI 
F 62 AD-9 1912 DST U U 
F 80 AD-8 1913 DT U U 
F 54 AD-4 1916 DTB U U 
F 72 AD-2 1921 DTB U U 
F 77  2400 D 3.7 V 
F 80 AD-11 2500 DP 2.3 VI 
F 101  50341 D 19 V 
F 91  61788 D 11 V 
F 98  62405 D 11 V 
F 89  62439 D 11 V 
F 77  62509 D 18 VI 
M 88 AD-1 102 DSBP 3 IV 
M 90  268 D 91 V 
M 83  736 D 27 U 
M 82  1211 D 18 U 
M 79 AD-15 1252 D 9 U 
M 92  1748 D 5.5 V 
M 85 AD-12 1861 DT U U 
M 85 AD-14 1870 DT U U 
M 82 AD-3 2401 DSBP 3 VI 
M 84 AD-6 2499 DS 3.4 VI 
M 63 AD-7 4199 DP 3 VI 
M 80  13173 D 22 IV 
M 94  30022 D 20 V 
M 91  60987 D 22.5 V 
Mean 82.1      
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N 

= 
15

 

Sex Age Paper 
Code Sample Experiment PMI Braak 

score 
F 74 AD-13 1866 D U U 
F 79 AD-5 1868 DS U U 
F 82 AD-10 1875 DS U U 
F 80 AD-8 1913 D U U 
F 62 AD-9 1912 DS U U 
F 54 AD-4 1916 DB U U 
F 72 AD-2 1921 DB U U 
M 88 AD-1 102 DSB 3 IV 
M 79 AD-15 1252 D 9 U 
M 70  1625 D 1 U 
M 85 AD-12 1861 D U U 
M 85 AD-14 1870 D U U 
M 82 AD-3 2401 DSB 3 VI 
M 84 AD-6 2499 DS 3.4 VI 
M 63 AD-7 4199 D 3 VI 
Mean 75.9      
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Table 3.1: Human samples used in each experiment (Continued) 

NO
N-

DI
SE

AS
ED

 P
RE

FR
O

NT
AL

 C
O

RT
EX

 
N 

= 
40

 

Sex Age Code Sample Experiments PMI Braak 
score 

F 74 ND-2 1901 DSBP 2.3 II 
F 74 ND-8 299 D 2.8 II 
F 84 ND-3 703 S 5.8 III 
F 53 ND-11 1379 D 15 III 
F 73  713* T U U 
F 95  60831 D 9 II 
F 51  1568 P 22 U 
F 17  1230 P 16 U 
F 87 ND-10 1502 D 5 II 
F 80  60728 D 13 II 
M 79 ND-9 827* DT U U 
M 96 ND-1 1102 DSB 3.4 II 
M 83 ND-5 2501 DB 1.7 II 
M 95 ND-4 1301 DS 3.5 I 
M 87  1471* T U U 
F 71  1571* T U U 
M 53  1344* DT U U 
F 93  318 D 2.3 VI 
F 92  955 D 20.5 III 
F 56  4238 D 12  
M 70  4534 D 28  
F 91  11488 D 16 II 
F 79  13188 D 12.5  
F 90  13204 D 9.5 II 
F 103  60329 D 5 III 
F 85  60428 D 8.5 III 
F 99  60524 D 15 II 
F 95  62043 D 20.5  
M 71  389 M 15  
F 83  719 M 17 III 
M 69  946 M 12  
M 87  2039 M 6.3 III 
F 86  4546 M 22  
M 91  60772 M 16 II 
F 80  61218 M 5.5  
M 87  61334 M 8 II 
M 88  PDC2 M U  
M 80  PDC5 M U  
M 75  PDC8 M U  
Mean 79.54      
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N 
= 

15
 

Sex Age Code Sample Experiments PMI Braak 
score 

F 74 ND-2 1901 DSB 2.3 II 
F 74 ND-8 299 D 2.8 II 
F 84 ND-3 703 S 5.8 III 
F 77  1569 D 8 III 
F 83  719 D U U 
F 53  1379 D 15 III 
F 71  1571 DT U U 
F 87 ND-10 1502 D 5 II 
M 53  1344 DT U U 
M 96 ND-1 1102 DSB 3.4 II 
M 83 ND-5 2501 DB 1.7 II 
M 95 ND-4 1301 DS 3.5 I 
M 79 ND-9 827 D U U 
M 87  1471 D U U 
F 86  4546 M 22 U 
Mean 78.8      
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Table 3.1: Human samples used in each experiment (Continued) 
 

DS
/A

D 
N 

= 
3 

Sex Age Code Sample Experiments PMI Braak 
score 

F 51 DS-1 M1864 B 19 U 
F 47 DS-2 M3233 S 24 U 
F 44 DS-3 1258 S 13 U 
Mean 47.3      

 

LY
M

 
N=

21
 

Sex Age Code Sample Experiments PMI Braak 
score 

F 40  5162 D N/A N/A 
F 40  3963 D N/A N/A 
F 63  4984 D N/A N/A 
F 60  4519 D N/A N/A 
M 55  Lym 1 D N/A N/A 
M 35  4651 D N/A N/A 
   29 D N/A N/A 
   187 D N/A N/A 
   4781 D N/A N/A 
   4801 D N/A N/A 
   4903 D N/A N/A 
M 28  5259 D N/A N/A 
M 56  83 M   
F 52  1344 M   
F 56  4603 M   
M 54  4609 M   
M 58  Lym 2 M   
F 51  Lym 3 M   
M 52  Lym 4 M   
Mean 50.0   M   
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added (6). The MDA reaction was performed at 30oC and SYBR Green intensity was recorded every 2 

minutes on a QuantStudio RT-PCR 12K Flex (Life Technologies, Carlsbad, CA). 12 replicates were run and 

averaged for each group.  

Quantitative PCR primers.  

All qPCR was performed according to MIQE guidelines (69). For standard qPCR, primers against 

the APP gene exon 14 and reference genes SEMA4A, CCL18, and PCDH11X were designed in house and 

optimized to an annealing temperature of 59°C using Primer3 software (University of Massachusetts 

Medical School), and synthesized by Valuegene (Table 2). For microfluidics-based qPCR, TaqMan assays 

against APP exons 3 and 14 (178 kb apart) (designed from NCBI Reference Sequence: NG_007376.1), 

SEMA4A, and PCDH11X were synthesized by Applied Biosystems or Integrated DNA Technologies (APP 

exon 3) and optimized to an annealing temperature of 60°C. Primers were assessed in silico to determine 

specificity of the primer set for a single genomic region and for the presence of SNPs in the targeted 

genomic region which could decrease primer binding and amplification efficiency. The specificity of all 

qPCR assays was assessed by gel electrophoresis to confirm a single PCR product of the expected length 

and sequenced to confirm amplification of the expected product.  

Standard curves were used to determine the amplification efficiency of all primer sets used for 

qPCR. For standard qPCR primers, curves were created by serially diluting purified pGEM-T Easy plasmid 

DNA (Promega) containing a single copy of the gene of interest (70); serial dilutions of genomic DNA were 

used for TaqMan primers (71). DNA concentrations were converted to gene copy number by calculating 

the weight (in g/mol) of the DNA used for generating the standard curve. A linear regression of the curve 

comparing the log of the gene copy number versus the crossing threshold (Ct) of the primer set was 

determined from primer efficiency (E) = 10 -1/slope – 1 (70). Only standard curves with R2 values of greater 

than 0.99 were used.  

Standard qPCR on small neuronal populations.  

Genomic DNA from bulk-sorted nuclei (described above) was isolated using the DNeasy Blood and 

Tissue Kit (Qiagen) and quantified using Quant-iT PicoGreen (Life Technologies); genomic DNA was stored  



 61 

Ta
bl

e 
3.

2 
Pr

im
er

s 
us

ed
 fo

r s
m

al
l p

op
ul

at
io

n 
an

d 
si

ng
le

 n
uc

le
i q

PC
R 

Ef
fic

ie
nc

y 

0.
97

3 
 0.

99
7 

1.
00

6 

0.
99

3 

1.
04

0 

0.
99

2 

1.
01

6 

* D
en

ot
es

 p
ro

be
 s

eq
ue

nc
e 

pr
ov

id
ed

 b
y 

Li
fe

 T
ec

hn
ol

og
ie

s 

Pr
od

uc
t 

Le
ng

th
 

21
4 

17
7 

20
9 

18
8 

91
 

14
0 

90
 

Pr
ob

e 

N/
A 

N/
A 

N/
A 

N/
A 

FA
M

-
M

G
B 

RO
X-

IB
 

VI
C-

M
G

B 

Pr
im

er
 S

eq
ue

nc
e 

F-
TG

CA
CG

TG
AA

AG
CA

G
TT

G
AA

G
 

R-
AA

AG
AT

G
G

CA
TG

AG
AG

CA
TC

G
 

F-
 A

TG
CC

CA
G

G
G

TC
AG

AT
AC

TA
T 

R-
TT

CT
CC

G
AG

AT
CC

TC
TG

TT
TC

 

F-
TT

CC
TG

AC
TC

TC
AA

G
G

AA
AG

G
 

R-
CT

G
G

CA
CT

TA
CA

TG
AC

AC
CT

G
 

F-
TC

TT
TT

G
G

TC
AG

TG
TT

G
TG

CG
 

R-
CA

AC
AA

G
TC

G
CC

TA
TC

AG
G

AC
 

CG
G

TC
AA

AG
AT

G
G

CA
TG

AG
AG

CA
TC

 * 
As

sa
y 

Hs
01

25
58

59
_c

n 

F-
G

CA
CT

TC
TG

G
TC

CC
AA

G
CA

T 
R-

CC
AG

TT
CT

G
G

AT
G

G
TC

AC
TG

 

G
TT

CA
AG

G
G

TA
TG

TG
AG

G
TG

AG
AT

G
 * 

As
sa

y 
Hs

00
32

90
46

_c
n_

VI
C

 

As
sa

y 
Ty

pe
 

SY
BR

 
G

re
en

 

SY
BR

 
G

re
en

 

SY
BR

 
G

re
en

 

SY
BR

 
G

re
en

 

Ta
qM

an
 

Ta
qM

an
 

Ta
qM

an
 

Lo
cu

s 

21
q2

1.
3 

1q
22

 

17
q1

1.
2 

Xq
21

.3
 

21
q2

1.
3 

21
q2

1.
3 

1q
22

 

Pr
ot

ei
n 

Am
ylo

id
 

pr
ec

ur
so

r 
pr

ot
ei

n 

Se
m

ap
ho

rin
 4

A 

Ch
em

ok
in

e 
(C

-C
 

m
ot

if)
 lig

an
d 

18
 

Pr
ot

oc
ad

he
rin

 
11

 X
-li

nk
ed

 

Am
ylo

id
 

pr
ec

ur
so

r 
pr

ot
ei

n 

Am
ylo

id
 

pr
ec

ur
so

r 
pr

ot
ei

n 

Se
m

ap
ho

rin
 4

A 

G
en

e 

AP
P,

 
Ex

on
 

14
 

SE
M

A4
A 

CC
L1

8 

PC
DH

11
X 

AP
P,

 
Ex

on
 

14
 

AP
P,

 
Ex

on
 

3 SE
M

A4
A 

  



 62 

at -20°C before use. Standard qPCR reactions using SYBR Green (Promega) fluorescence detection (ex: 

494 nm; em: 529 nm) were performed in triplicate using 0.5 ng of sample gDNA per reaction. Reactions 

were run on a Rotor-Gene RG-3000 72-well thermocycler (Qiagen) using GoTaq qPCR master mix 

(Promega) and the following parameters: denaturation (95°C for 5 min), amplification (95°C for 25 sec, 

59°C for 30 sec and 72°C for 30 sec), and quantification through 40 cycles; and a melting curve 

determination (55-99°C, 30 sec on the 1st step, 5 sec for each subsequent step). The crossing threshold 

(Ct) was determined for each primer set within the linear region of the amplification curve. Down Syndrome 

nuclei were used as a control. 

Microfluidics-based qPCR on single neuronal nuclei.  

Single neuronal nuclei from FACS were sorted directly into a 96-well plate containing QuickExtract 

DNA Extraction Solution (Epicentre) according to the manufacturer’s instructions. Multiple independent 

sorts were completed for each group and each individual. Prior to analysis on the Fluidigm Biomark HD, 

single neuron genomic DNA was pre-amplified as per Fluidigm protocols (39; 72-76) on a Veriti 

thermocycler (Life Technologies) using locus-specific Taq-man primer sets (primer Table above) (20x initial 

concentration, 18 µM primer, 5 µM probe; combined and diluted to 0.2x) (95°C denaturation for 5 min; 18 

amplification cycles of a 95°C denaturation for 15 sec, followed by a 60°C annealing and extension step for 

4 minutes; and a final extension step at 72°C for 7 minutes). Locus-specific pre-amplification was confirmed 

on a Roche LightCycler using one targeted primer set prior to analysis on the Biomark 48.48 Dynamic Array 

integrated fluidic circuit (IFC) (Fluidigm). Samples were diluted 1:5 and loaded into the 48.48 Dynamic Array 

IFC (Fluidigm) according to the manufacturer’s protocol. DNA was loaded in triplicate and assays in 

sextuplicate for a total of 18 replicates per assay per nucleus. Samples were run across multiple arrays for 

quality control between runs (Table 3) and multiple individuals were run on each array. The thermocycling 

program was performed on the Biomark: 95°C for 10 min, then 55 cycles of 95°C denaturation and 60°C 

annealing and extension. Fluorescent probes used for these assays were 5’-FAM or 5’-VIC with a 3’-minor 

groove binding (MGB) non-fluorescent quencher, or 5’-ROX with a 3’ Iowa Black quencher. Ct values were 

determined using Fluidigm’s Real-Time PCR Analysis Software. Only nuclei with 10 or more replicates per 

assay were used for analysis.   
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Table 3.3: Quality control between 48.48 Dynamic Array runs: 
  Cell 1 Cell 2 Cell 3 Cell 4 Cell 5 Cell 6 Cell 7 Cell 8 

APP 14 
Run 1 21.37 18.77 18.02 18.34 17.11 19.33 20.12 18.02 
Run 2 20.60 18.77 18.14 18.41 17.25 19.50 20.60 18.26 

 

APP3 
Run 1 22.79 20.35 18.53 19.11     
Run 2 21.97 19.84 18.65 19.28     

 

SEMA4A 
Run 1 25.54 24.29 22.44 24.23 22.81 25.74 24.46 24.67 
Run 2 25.26 24.53 23.92 24.39 23.03 25.42 24.11 24.30 

 
 

Table 3.4: Confidence Intervals for 
(CI) calling Copy Number (CN) 

CN CI RCN 
Value 

1 Lower 0.92156 
Upper 1.08512 

2 Lower 1.84312 
Upper 2.17023 

3 Lower 2.76468 
Upper 3.25535 

4 Lower 3.68624 
Upper 4.34047 

5 Lower 4.60780 
Upper 5.42559 

6 Lower 5.52936 
Upper 6.51070 

 
 
 
  

Table 3.5: Peptide nucleic acid (PNA) probe sequences 
Gene Protein Locus Assay Sequence 

APP 
Exon 3 

Amyloid 
precursor 
protein 

21q21.3 PNA FISH 
A488-GATGGGTCTTGCACTG 
A488-CCCCGCTTGCACCAGTT 
A488-GGTTGGCTTCTACCACA 
A488-CAGTTCAGGGTAGAC 

APP 
Exon 14 

Amyloid 
precursor 
protein 

21q21.3 PNA FISH 

A488-CTCCATTCACGG 
A488-GTGGTTTTCGTTTCGGT 
A488-ACTGATCCTTGGTTCAC 
A488-ACTGATCCTTGGTTCAC 
A488-ACGTCATCTGAATAGTT 

Telomere N/A Telomeres PNA FISH TelC-Cy3 (F1002, PNA BIO) 
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Quantitative PCR analysis.  

For both qPCR strategies, relative copy number (RCN) for a diploid sample was calculated as RCN 

= 2 * (1 + E)-∆∆Ct where E is primer efficiency (E = 10 -1/slope – 1) (38; 70; 71; 77). Paired cerebellar samples 

were used as a calibrator to determine ∆∆Ct values. For single cell RCN determinations, cerebellar ∆Ct 

values for the paired cerebellum were averaged. RCNs were modeled for each copy number 1-6, assuming 

a system standard deviation of 0.25 and a 95% CI equal to the standard error of the mean multiplied by the 

critical t value for a two-tailed t-distribution (degrees of freedom = 68) with p = 0.05 (38). 95% confidence 

interval (CI) was also determined for the RCN of each assay for each single nucleus giving RCN = 2 * (1 + 

E)-∆∆Ct ± CI, and the upper and lower bounds were used to call copy numbers for APP exons 3 and 14 such 

that a CI that overlapped with the modeled RCN range was considered as belonging in that copy number 

bin (See Table 4 for modeled upper and lower bounds). Copy number bins were 1-6 and >6, as beyond 6 

copies the CIs for the given degrees of freedom begin to overlap, allowing for assessments of significant 

increases in copy number but limiting the ability to distinguish between nuclei with, for example, 8 vs. 9 

copies. There was high concordance between the APP exons 3 and 14 demonstrating minimal amplification 

bias between the primer sets.  

Statistical analysis.  

For DNA content FCM, DNA indices (DIs) were determined by taking the ratio of the mean from 

the diploid (2N) peak from the brain sample to the mean of the lymphocyte control peak, both normalized 

to the mean of the CEN standard (68; 78; 79). The percent change was calculated from DI values assuming 

a 2N diploid would have a DI of 1. P values for comparisons of mean percent change, skew and coefficients 

of variation comparisons were determined by one-way ANOVA and Tukey’s multiple comparison tests. 

Linear regression analysis was used to determine age-percent change correlation. For comparison of 

average percent change from NeuN positive vs. negative cortical nuclei, or NeuN positive cortical and 

cerebellar nuclei, P values were determined by unpaired, two-tailed t-test. For standard qPCR analyses, 

differences in ∆∆Ct ± SEM of APP in the cortex vs. cerebellum were assessed in each individual using an 

unpaired, two-tailed t-test. For single cell qPCR P values were determined by one-way ANOVA and Tukey’s 

multiple comparison tests.  
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Fluorescent in situ hybridization.  

Isolated nuclei were stained with DAPI and hybridized using dual color FISH as described 

previously (42; 80). FISH paints against the whole q arm of chromosome 21 and a point probe against a 

region on the q arm of 21 (21q22.13-q22.2) (Vysis. Downer's Grove, IL) were used. The mounted slides 

were examined on a Zeiss Axioskop microscope and Axiocam CCD camera (Carl Zeiss, Thornwood, NY). 

Approximately 500 nuclei were blindly counted for each brain, by 2 independent observers, on 14 samples 

(5 non-diseased, 9 diseased). Total AD cortical nuclei were examined using a highly liberal protocol for 

calling aneusomies whereby borderline FISH profiles suggestive of aneusomy were always included in 

quantitative assessments. All analyses were conducted blind to the identity of samples by interrogating 

purified nuclei. The ability of this technique to detect aneuploidy was validated using interphase nuclei from 

a human trisomy 21 brain (35) revealing 3 nuclear signals (Figure 5D and E). 

PNA probe design and dot blot confirmation.  

Peptide nucleic acid probes were custom designed in coordination with PNA Bio, Inc. Nucleic acid 

sequences were identified and analyzed in silico to ensure binding to only one specific genomic region on 

APP. Nine unique probes (4 on exon 3 and 5 on exon 14) were designed and conjugated to a single 

fluorophore of Alexa-488 (Table 5). Specificity of probes was confirmed using dot blot DNA detection paired 

with immunoblot via antibodies against the Alexa-488 fluorophore (AF-488) (Figure 5- Figure Supplement 

1A). Increasing DNA concentration (1.8, 3.6 and 5.4 ug) of plasmids containing one copy of each exon (all 

9 PNA binding sites) was used to verify linear increases in AF-488 signal (Figure 7 – figure supplement 

1B). For the APP copy number curve, DNA concentration remained consistent but plasmids containing 0, 

3, 6 and 9 copies of all APP PNA binding sites were used. DNA was denatured in .1M NaCl at 50oC and 

dot blotted onto a positively charged nylon membrane in distilled deionized water (DDW) and washed in 6X 

SSC. DNA was cross linked to the membrane, and PNA probes were hybridized to the membrane using 

conditions consistent with probe hybridization to nuclei on slides. Briefly, probes were prepared in 20mM 

Tris, 60% formamide, and .1ug/ml salmon sperm. Probes and membrane were heated 85oC for 5 minutes 

and probes were added to the membrane and incubated at 85oC for 10 minutes, followed by room 

temperature overnight. Membrane was then washed twice at 60oC in 2X SSC+.1% Tween-20, and then in 
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successive washes of 2X SSC, 1X SSC and DDW. Probes were visualized on the membrane using a 

Typhoon fluorescence scanner from General Electric (Fairfield, CT). For quantification, color data was 

removed, image was inverted, brightness/contrast was adjusted evenly across the entire image, and 

average pixel intensity was acquired for a region of interest with a standardized area across sample 

comparisons. 

Peptide nucleic acid fluorescent in situ hybridization.  

Probes were hybridized according to the manufacturer’s instructions (40). Neuronal nuclei from 

non-diseased and AD brains were sorted for NeuN positivity and dried onto slides. Slides were washed in 

PBS, fixed with 4% PFA, and treated with RNase (Qiagen) for 20min at 37°. Slides were then digested with 

200ug/ml proteinase K (Roche) for 5 min at 37°. Slides were dehydrated in ethanol series and denatured 

at 85° C for 5 minutes. PNA probes in hybridization buffer (20mM Tris pH 7.4, 60% formamide, 0.1ug/ml 

salmon sperm DNA) were then added for 10 min at 85° C. Slides were then removed and placed at room 

temperature for 2 hours. Slides were then washed twice in 2X SSC + 0.1% tween at 60° C for 30 min each 

and mounted using progold mounting media. Z-stacks were acquired using a Nikon N-SIM (structured 

illumination microscopy) super resolution microscope with an Andor iXon3 back-illuminated high sensitivity 

EMCCD camera with single photon detection capability. Projections were rendered using 3D-SIM Elements 

software from Nikon. Counts were averaged and analyzed by unpaired, two-tailed t-test.  
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Figure 3.2 figure supplement 1. DNA content does not correlate with Age or PMI. (A) Comparison of 
mean skew values for each sample group, skew determined as: (Mean – Mode/ Standard Deviation of the 
diploid DNA content peak). (B) No correlation was observed between DNA content and Braak score. (C-E) 
No correlation was observed between DNA content and age across all brains analyzed. (F-H) No correlation 
was observed between DNA content and post-mortem index across all brains analyzed. 
 
 
 
 
 
 

 
Figure 3.2 figure supplement 2. Analysis of nuclear size and DNA content. (A-C) Representative flow 
cytometry scatter plots of nuclei. (A) Lymphocytes (LYM), (B) CTX nuclei, (C) CBL nuclei. (D) Overlay of 
red boxes shown in (A-C), demonstrating that cortical nuclei similar in size to LYM and CBL consistently 
display a DNA content shift.  
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Figure 3.5 figure supplement 1. Controls for small population qPCR. (A) Reference genes validated in 
small population qPCR via examination of APP exon 14 in Down Syndrome (DS) nuclei as a positive control. 
(B) Representative males (AD-1 and AD-6) displayed reduced copy number of PCDH11X, a gene located 
on the X chromosome, while a representative female demonstrates two copies of PCDH11X and CCL18, 
a second single copy control gene. 
 

 
Figure 3.6 figure supplement 1. Concordance of APP exon 3 and 14 from single cell qPCR. (A) 
Relative copy numbers (RCN) for APP exon 3 and APP exon 14 displaying concordance between exons. 
100 of 115 nuclei examined for both exons display copy numbers within one copy number call. 10 of the 15 
remaining nuclei, while more than one copy number apart, were both called as gains. Bars represent RCN 
Min and RCN Max. (B) Scatter plot of average relative copy numbers. The data remains consistent with 
those displayed for individual exons (Figure 6A and 6B). Statistics represent an ANOVA with a Tukey’s 
multiple comparison test. ** p <0.01, *** p <0.001.  
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Figure 3.7 figure supplement 1. PNA FISH controls. (A) PNA probe specificity was verified via dot blots 
of APP sequence followed by PNA probe hybridization and immunoblotting against the Alexa-488 
fluorophor. Probes designed against exon 3 exhibited specific binding to the 5’ region of APP, and probes 
designed against exon 14 exhibited specific binding to the 3’ region of APP, while probes did not display 
significant binding to non-specific sequences. (B) Plasmids containing all 9 APP PNA binding sites were 
blotted at 1X (1.8ug), 2X (3.6ug), and 3X (5.4ug) DNA concentration and PNA probes were hybridized and 
an empty plasmid at 1.8 ug was used for a negative control in lane 1. Fluorescent output demonstrated a 
linear increase with increasing DNA concentration. (C) 10 ug of plasmids containing 0, 3, 6, and 9 copies 
of the APP PNA binding sites were blotted onto membrane and probes were hybridized. Fluorescent output 
showed an expected linear increase with the number of PNA probe binding sites. (D) Quantification of the 
variable APP signal increases observed across 4 brains. (E) Representative APP signals visualized and 
verified using super-resolution 3D projections displayed a range of variable intensities.   
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PREFACE TO CHAPTER 4 
 

Chapter 4, in full, is a reprint of the material as it appears in Science, “Neuronal subtypes and 

diversity revealed by single-nucleus RNA sequencing of the human brain” (2016). In collaboration with 

Professor Kun Zhang’s lab, I have been a co-author on three manuscripts that explore the single-neuron 

transcriptome. The first, “Characterizing transcriptional heterogeneity through pathway and gene set 

overdispersion analysis” was published in Nature Methods in January 2016, and the third “Integrative 

Single-Cell Analysis by Transcriptional and Epigenetic States in Human Adult Brain” is currently under 

review. These three manuscripts have been a key part of the “Single-Cell Analysis – Transcriptome Project” 

headed by the NIH and have embarked on the effort to map the human brain – one single-cell transcriptome 

at a time. As part of my work in collaboration with Professor Kun Zhang’s lab we now have a better 

understanding of the immense transcriptional diversity in present in the mouse and human brain. Work on 

the neuronal transcriptome has also been of vital importance to studying mosaicism, as described in 

Chapter 5. This chapter would have been possible without the guidance of Dr. Blue Lake, thank you for the 

dedication you have shown to bridge the gap between bioengineers, bioinformaticians, and neuroscientists, 

I know it wasn’t always easy.  
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ABSTRACT 

The human brain has enormously complex cellular diversity and connectivities fundamental to our 

neural functions, yet difficulties in interrogating individual neurons has impeded understanding of the 

underlying transcriptional landscape. We developed a scalable approach to sequence and quantify RNA 

molecules in isolated neuronal nuclei from post-mortem brain, generating 3,227 sets of single neuron data 

from six distinct regions of the cerebral cortex.  Using an iterative clustering and classification approach, 

we identified 16 neuronal subtypes that were further annotated on the basis of known markers and cortical 

cytoarchitecture.  These data demonstrate a robust and scalable method for identifying and categorizing 

single nuclear transcriptomes, revealing shared genes sufficient to distinguish novel and orthologous 

neuronal subtypes as well as regional identity within the human brain. 

 

SUMMARY 

Single-nucleus RNA sequencing of neurons from the adult human cerebral cortex revealed 

transcriptomic signatures sufficient to identify neuronal subtypes and neuroanatomical areas while also 

revealing transcriptomic heterogeneity. 
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MAIN TEXT  

While significant progress has been achieved in mice (1-3), comprehensive classification of human 

brain neurons on the basis of their single-cell transcriptomes has yet to be realized. Examination of 

individual neuronal gene expression profiles for functional patterns could provide unbiased insights into 

subtypes from defined neuroanatomical regions, which are missed by gross anatomical studies that report 

limited transcriptomic differences across the neocortex (4-7). To date, analyses of single adult human 

neurons has been dependent on methods compatible with freshly isolated neurosurgical tissues (8), which 

can be difficult to obtain, with limited regional sampling and depth.  By contrast, post-mortem tissues provide 

a vastly more accessible source of both normal and diseased brain, wherein challenges to interrogating 

single neuronal genomes can be overcome using single nuclei (9; 10) combined with RNA sequencing.  

Here, we report the development of a scalable pipeline from post-mortem brain through nuclear 

transcriptome analyses that identifies both known and novel neuronal subtypes across the cerebral cortex 

in humans.  

With the goal of defining transcriptomic profiles of single neurons, neuronal nuclear antigen (NeuN) 

was used (9) to isolate neuronal nuclei (Fig. S1) from the post-mortem brain of a normal, 51-year old female 

(Fig. 1A).  We focused on six classically defined Brodmann Areas (BAs) with well-documented anatomical 

and electrophysiological properties that were derived from a single cortical hemisphere, since inter-

hemispheric and inter-individual transcriptome differences were reported to be minimal (4-7).  Isolation of 

nuclei was used to reduce transcriptomic contamination from other cells or degradation encountered with 

whole-neuron dissociation or laser caption micro-dissection (Fig. S2).  Furthermore, sequencing of RNA 

from single nuclei on a limited scale has found gene expression values comparable to that of the whole cell 

(11; 12).  Therefore, we developed and implemented a highly-scalable, single nucleus RNA sequencing 

(SNS) pipeline (13) (Fig. 1A, Fig. S1, Fig. S3-S8) that has broad applicability for post-mortem brains derived 

from multiple brain banks/repositories (Fig. S4F). 
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Figure 4.1. Single nucleus RNA sequencing (SNS) identified 16 neuronal subtypes over 6 
neocortical regions.  A. Overview of SNS pipeline.  Post-mortem tissue from Brodmann Areas (BA) 8, 10, 
17, 21, 22, and 41/42 were dissociated to single nuclei for NeuN+ and DAPI+ sorting and capture on C1 
chips.  Resultant libraries were sequenced, mapped to the reference genome (pie chart showing averaged 
proportions) and screened for doublet removal before clustering and classification.  BA proportions are 
shown. FC = Frontal Cortex; TC = Temporal Cortex; VC = Visual Cortex.  B. Neuronal subtypes (excitatory 
(Ex) and inhibitory (In)) shown by multidimensional plotting using 10-fold or greater differentially expressed 
genes (Table S3);  NoN (no nomenclature), low expression outlier cluster.  C. Heatmap showing unique 
marker gene expression (Table S5). 
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Using this pipeline, we processed 86 Fluidigm C1 chips and sequenced 4,488 single nuclei to an 

average depth of 8.34M reads (Table S1, Fig. S5).  Genomic mapping rates revealed a high proportion of 

reads that corresponded to intronic sequences (Fig. 1A, Fig. S5A). The low percentage of intergenic reads 

argues against possible genomic contamination. Instead, the intronic reads likely captured an abundance 

of nascent RNA transcripts present in the nuclei.  Intronic reads can be used to predict de novo expression 

(14), as well as whole cell gene transcription levels (15).  Additionally, our single nuclei expression data 

inclusive of intronic reads accurately predicted cellular identity (Fig. S7), thereby providing initial validation 

for our SNS pipeline.   

After quality filtering, including removal of doublets misclassified as single nuclei (13) (Fig. 1A, Fig. 

S6), we achieved 3,227 data sets across the six cortical regions (Fig. 1A, Table S2).  To identify neuronal 

subtypes, we developed a clustering and classification strategy that was capable of resolving 17 clusters 

(13) (Fig. S8A) on the basis of differential expression of neuronally annotated marker genes (Tables S3-

S4, Fig. S8B).  These clusters showed distinct subgroup aggregation (Fig. 1B, Fig. S9A) and unique gene 

expression profiles associated with neuronal ontologies (Fig. 1C, Fig. S9B, Tables S5-S6).  With the 

exception of a single cluster (NoN, n=44) deriving from one C1 chip having reduced mapping rates, 16 of 

these clusters were generated independent of detectable batch effects (Table S2, Fig. S10).  Differential 

expression of inhibitory markers associated with GABAergic interneurons (Table S3) distinguished potential 

inhibitory (In) from excitatory (Ex) neuronal subtypes (Fig. 1B), consistent with mutually exclusive positivity 

of associated marker genes using a fraction of positive thresholding method (2) (Fig. 2A).  As such, our 

dataset first differentiated two major classifications within the cerebral cortex: 972 inhibitory neurons that 

generally encompass interneurons and 2,253 excitatory neurons that generally encompass pyramidal or 

projection neurons (16).  Furthermore, each subgroup within these classifications showed distinct 

contributions from each brain region (Fig. 2A, Table S7), likely reflecting varied proportions of these 

neuronal subtypes across BAs, with most variability present in the visual cortex (BA17) that is known to 

have distinct cytoarchitecture and gene expression profiles (7; 17).  
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Figure 4.2. SNS reveals distinct interneuron subtypes.  A. Pie charts display relative proportions of 
subtypes amongst BAs, and fraction of positive (FOP) heatmaps for inhibitory (In) and excitatory (Ex) 
marker genes.  B. Diagram of subpallial origins of interneurons from either the lateral or medial ganglionic 
eminence (LGE, MGE) with FOP heatmaps (see A for scale) for marker genes associated with cortical layer 
(L) (upper panel), subpallial origin (middle panel) and interneuron classification (bottom panel). Potential 
interneuron subtypes are indicated below.  SOM, somatostatin or SST; NPY, neuropeptide Y; CB, calbindin-
D-28k or CALB1; VIP, vasoactive intestinal peptide; RELN, reelin; nNOS, neuronal nitric oxide synthase or 
NOS1; PV, parvalbumin or PVALB; CCK, cholecystokinin; NDNF, neuron-derived neurotrophic factor; 
CRHBP, corticotropin releasing hormone binding protein.  C. Violin plots showing select marker gene 
expression values by BA (colors indicated in A) for each inhibitory neuron subtype. nGenes, total number 
of genes identified.  
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In order to further annotate inhibitory neuron subtypes, we examined expression of known marker 

genes associated with cortical layers, developmental origin, and interneuron classification (13) (Fig. 2B). 

On the basis of in situ human brain expression data (Fig. S11) (17), our inhibitory neuron subtypes were 

found to distribute spatially from the pial surface (most superficial boundary) to white matter (deepest 

boundary) of the neocortex, and could be grouped by the developmental origin of interneurons from 

subcortical regions of the medial, lateral, or caudal ganglionic eminences (MGE, LGE or CGE) (Fig. 2B) 

(18; 19).  Furthermore, distinct profiles of interneuron classification markers revealed subtypes that parallel 

those identified from the mouse somatosensory cortex (3) (Fig. 2B-C, Fig. S12A).  Cortical regional 

heterogeneity within subtypes was also observed, as evident by a layer 3 population (In4) that showed a 

specific absence of RELN/SST expression in BA17 (Fig. 2C, Fig. S11B, D). As such, our data distinguished 

inhibitory neuron subtypes having heterogeneous distributions within the neocortex. 

Most excitatory cortical projection or pyramidal neurons can be categorized by their layer position 

established during neocortical development (17) combined with their axonal projections (16) (Fig. 3A).  Our 

excitatory neuron subgroups, which were also in high concordance with subtypes identified in mice (3) (Fig. 

S12B), expressed known markers associated with a superficial-to-deep cortical distribution (13) (Fig. 3B-

D, Fig. S13), with more than one subtype occupying most layers.  Our data set was able to resolve cortical 

region specificity, as seen for the BHLHE22 positive (Fig. 3C, Fig. S13A,D) layer 4 subtypes Ex2 and Ex3 

(Fig. 4A), where Ex2 derived predominantly from rostral regions, BA8 and BA10, and Ex3 from caudal 

regions, BA17 and BA41/42 (Fig. 2A, Fig. 4B).  Consistently, these subgroups showed distinct gene 

expression (Fig. 4C, Table S8) associated with neuronal electrophysiology and connectivity (Table S9).  

Furthermore, we were able to resolve intra-subtype heterogeneity, in terms of BA-specific expression 

patterns, which was observed in all subtypes (Fig. 4B), as for example within the Ex3 subtype between 

BA17 and BA41/42 regions (Fig. 4B,D; Table S10).  As such, regional neurophysiological differences in 

cortical regions may be attributed to not only variations in the proportions of interneuron and projection 

neuron subtypes, but also to cell-intrinsic transcriptomic differences amongst single neurons within a 

subtype.  Consistent with this possibility, we found genes having known variability between the visual and 

temporal cortices from in situ hybridization (ISH) studies (17) also had transcriptomic differences that could  
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Figure 4.3. Excitatory neuronal subtypes show distinct spatial organization.  A. Schematic of the 
prefrontal cortex showing projection neuron layers (L) and expected axonal projection destinations (layer 4 
granule neurons typically receive outside inputs for distribution of signals locally). B. FOP heatmap (see 
Fig. 2A for scale) for layer specific marker genes showing expected cortical layer identity (L2-L6b) and 
excitatory neuron sub-classification.  CPN = cortical projection neuron; GN = granule neuron; SCPN = 
subcortical projection neuron; CThPN = corticothalamic projection neuron.  C. Violin plots showing selected 
marker gene expression values by Ex subtype and BA represented by colors (see Fig. 2A).  nGenes = total 
number of genes identified.  D. RNA ISH showing layer-specific expression of selected markers in the 
temporal cortex (Allen Human Brain Atlas, Table S11). 
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Figure 4.4. Neuronal subtypes reveal heterogeneity amongst BAs.  A. Multidimensional plot showing 
projection neuron subtypes distributed according to their predicted cortical layer (L) identity. Layer 4 Ex2 
and Ex3 subtypes are indicated.  B. Clusters shown in (A) colored by BA and with BA41/42 and BA17 
subpopulations of Ex3 indicated.  C. Violin plots showing differentially expressed genes between Ex2 and 
Ex3 subtypes (Table S8).  D. Heatmap showing genes differentially expressed between BA17 and BA41/42 
within the Ex3 subtype (Table S10).   
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be attributed to subtypes defined by our data set (13) (Fig. S14A, Table S11).  Therefore, our data highlight 

subtle yet region-defining gene expression signatures amongst specific neuronal subtypes that could not 

be detected from bulk analyses (Fig. S14B).   

To further understand the extent of heterogeneity that may exist within subtypes, we identified 

genes varying globally (Table S12, Fig. S15A) or expressed differentially within each BA (Table S13, Fig. 

S15B) for each subgroup.  While a subset of In and Ex subgroup-variable genes were associated with 

differential expression between brain regions, a large proportion were unique (Fig. S15C).  Therefore, the 

potential exists for not only intra-regional cortical transcriptomic differences, but also further intra-subtype 

heterogeneity.  This might reflect a technical need for increased sampling depth for further subtype 

resolution, yet may also indicate the potential for even more diversity within subtypes associated with a 

broader range of individualized neuronal activities.  Consistent with these observations, proportions of 

subgroup variable genes were associated with neuronal subtype classification, post-synaptic function and 

known regional expression variability (Fig. S15C). These data support further local and regional functional 

heterogeneity existing amongst defined subtypes.  

Our results demonstrate that post-mortem SNS can identify expected and novel neuronal subtypes 

that provide insight into brain function through distinct profiles of activity defining genes (Fig. S16, Table 

S14).  Furthermore, given that only a very small subset of layer specific markers used in our analyses 

(CARTPT, CHRNA7, PDYN, RELN) were found to have ISH differences between individual donors (17), 

our subtypes can be expected to be globally representative.  Indeed, our subtypes remain highly conserved 

in mice (3), with differences highlighting evolutionary changes in potential orthologues (Fig. S12).  Our data 

sets reveal shared gene expression signatures that can distinguish subtypes and regional identity, 

supporting a transcriptional basis for well-known differences in cortical cytoarchitecture.  Additional 

heterogeneity found within single neuronal transcriptomes may further reflect activities of complex neuronal 

networks that vary with function and time, as well as underlying genomic mosaicism that exists in human 

cortical neurons (10; 20-23).  Our study thus lays the groundwork for high-throughput global human brain 

transcriptome mapping using nuclei derived from readily available post-mortem tissues for analyses of 

normal individuals, as assessed here, as well as myriad diseases of brain and mind.  
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SUPPLEMENTAL MATERIALS 

MATERIALS AND METHODS 

Sample Origin and Nuclei Preparation 

All human tissue protocols were approved by the Scripps Office for the Protection of Research 

Subjects (SOPRS) at The Scripps Research Institute (TSRI) and conform to National Institutes of Health 

guidelines.  Patient 1568 was provided by the NICHD Brain and Tissue Bank for Developmental Disorders 

at the University of Maryland.  Patient 1568 is a 51-year-old female with a post-mortem interval of 22 hours.  

Nuclei were prepared using 1% Nonidet-P40 as described previously (10; 22) or nuclear extraction 

buffer (NEB) (0.32 M sucrose, 5 mM CaCl2, 3 mM Mg(Ac)2, 0.1 mM EDTA, 20 mM Tris-HCl (pH=8), and 

0.1% Triton X-100) (24) with an OptiPrepTM gradient (Sigma, Optiprep Application Sheet S08) with 

modifications.  Briefly, fresh frozen post-mortem brain tissue was cut and sampled using a razor blade or 

cryostat and placed in 1 ml of ice-cold NEB for 10 minutes.  Nuclei were extracted in a glass dounce 

homogenizer with Teflon pestle using 10-12 up-and-down strokes in 1 ml of NEB.  Following 

homogenization, samples were passed through a 50 µm filter (Sysmex Partec), incubated in 5 ml NEB for 

10 minutes.  Samples were spun for 5 minutes at 250-300 x g, the pellets washed in 3 ml PBS + 2 mM 

EGTA (PBSE), and resuspended in equal volumes of 10% iodixanol solution and Solution D (Sigma, 

Optiprep Application Sheet S08).  Samples were layered onto a 10% and 35% iodixanol gradient, spun at 

2500 x g for 20 minutes.  A layer of nuclei was visible and collected, washed in PBSE supplemented with 

1% fatty-acid free bovine serum albumin (FAF-BSA, Gemini), and blocked in PBSE + 1% FAFBSA for 5 

minutes.  Samples were incubated with primary antibody (rabbit anti-NeuN monoclonal, 1:1500; MABN140, 

Millipore), washed, and incubated with APC-conjugated secondary antibody (goat anti-rabbit F(ab’)2, 1:500; 

Jackson ImmunoResearch).  Samples were counterstained with 4',6-diamidino-2-phenylindole (DAPI).  

High purity single DAPI+/APC+ neuronal nuclei were isolated by flow cytometry using either a FACSAria II 

(BD Biosciences) or MoFlo Astrios (Beckman Coulter).  Nuclei were loaded directly onto a Fluidigm C1 chip 

(see below).  Alternatively, for short term storage, sorted nuclei were supplemented with 50% glycerol and 

stored overnight at -20⁰C before loading onto the C1.  For long term storage, sorted nuclei were 

supplemented with 10% dimethyl sulfoxide (DMSO) and stored in small aliquots at -80⁰C until C1 loading.  
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For bulk controls, both 50,000-100,000 identically sorted DAPI+/NeuN+ nuclei and whole tissue were used 

for RNA extraction using the ZR RNA MicroPrep™ Kit (Zymo Research) that included on-column DNase I 

treatment (per manufacturer’s protocol). 

Nuclei Loading, mRNA-Seq Library Preparation and Sequencing 

For use on the Fluidigm C1 Single-Cell Auto Prep Array for mRNA Seq (Fluidigm, Cat# 100-5761), 

nuclei were either used directly after sorting, obtained from a glycerol stock stored at -20⁰C or thawed rapidly 

from a DMSO frozen stock stored at -80⁰C.  Nuclei were loaded at ~120 nuclei/µl (5-10µm capture sites, 

small chip) or ~160 nuclei/µl (10-17µm capture sites, medium chip) as per manufacturer protocols with the 

following modifications: FAF-BSA was added at 1% to C1 blocking buffer; C1 Suspension buffer was added 

in a ratio of 7 nuclei to 3 suspension RGT.  In select experiments, where indicated (Table S1) C1 Cell Wash 

Buffer was replaced with C1 DNA Seq Cell Wash Buffer (Fluidigm, P/N 100-7158).  For automatic image 

capture and processing, a plugin for Micro-Manager (25) was developed using Eclipse. The Olympus IX-

81 inverted fluorescence microscope and Hamamatsu ORCA-R2 Digital CCD camera were controlled by 

this plugin to scan across all 96 individual chambers of a C1 chip, and optimally-focused images were 

automatically chosen to create an overlaid image of nuclei staining and brightfield for each chamber.  Nuclei 

numbers were then counted and recorded manually from these images.  cDNA synthesis was performed 

on chip using the SMARTer® Ultra™ Low RNA Kit for Fluidigm C1™ (Clontech, Cat# 634833), with the 

following modifications: ERCC RNA Spike-In Mix (Ambion, Cat# 4456740) was used at 1:40,000 dilution in 

the lysis reaction buffer; a tagged random primer (Integrated DNA Technologies (IDT); 5’ 

AAGCAGTGGTATCAACGCAGAGTACNNNNNN 3’) was diluted to 12µM in the supplied Clontech Dilution 

buffer and added to Lysis Mix A for a final concentration of 4.2µM; where indicated (Table S1), PolydIdC 

(Sigma) in 0.4% NP-40 was added to Lysis Mix A for a final concentration of 33ng/µl.  Harvested cDNA was 

quantified using Quant-iT PicoGreen dsDNA Assay Kit (Life Technologies, Cat# P7589). Bulk control 

libraries were prepared using 1 ng total RNA (or ~120 nuclei for Fig. S1C) using the C1 tube control protocol, 

but with above reaction modifications and with final PCR amplification reduced from 21 to 18 cycles.   

For selective sequencing of libraries generated from only single nuclei, 6 µL of cDNA per library (289 - 384 

libraries per batch, including approximately eight zero capture control sites), were transferred to 96-well 
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plates (Biorad, Cat# 9601), and normalized to 0.3 ng/µL in TE buffer (10 MM Tris, 1 mM EDTA pH 8.0), 

using the STARlet (Hamilton) liquid handling robot.  Sequencing library preparation from normalized cDNA 

was performed as per the Fluidigm protocol (Cat # 100-7168 I1), with several modifications:  10 µL PCR 

product from up to 96 uniquely barcoded samples of a single 96-well plate was pooled prior to bead-based 

purification and sequencing libraries were eluted in 22 µL TE buffer after two rounds of purification.  Purified 

sequencing libraries were diluted 1:10 in TE buffer and assayed for library size using High Sensitivity DNA 

Kits (Agilent, Cat# 5067-4626).  Quant-iT picogreen (Invitrogen, Cat# P7581) with a lambda DNA standard 

(Invitrogen, Cat# P7589) were used to quantify pooled library yield.  For sequencing, up to 96 samples were 

sequenced on 2 lanes of a HiSeq Paired-end Flow cell (V3) (Illumina), on a HiSeq 2000/2500 instrument 

(Illumina), with up to 384 samples being sequenced on all 8 lanes of the flow cell in a single experiment.  

Libraries were sequenced using 50 bp paired-end sequencing (2 x 50 bp) with dual index reads (2 x 8 bp).  

Raw sequence Fastq files were generated after sequencing runs using the BaseSpace Fastq generation 

algorithm (Illumina).  Data are available as part of the NIH-supported Single Cell Analysis Program – 

Transcriptome (SCAP-T) Project (http://www.scap-t.org) with the dbGaP study accession 

phs000833.v3.p1. 

 

RNA-seq data processing 

An in-house SNS pipeline was established for automatic single-cell RNA-seq processing and 

analysis. Short reads were aligned to human hg38 reference genome using STAR (2.3.0) and assembled 

and quantified by HTSeq (0.5.4p5) with Gencode v20 as annotation. ERCC spike-ins were mapped at the 

same time with human genome but quantified separately.  A single-cell sample was excluded if the total 

number of input reads was less than one million or with less than 20% of human genome mapping rate of 

total uniquely mapped reads. Transcription levels were then converted to transcript per million mapped 

reads (TPM) and log2(TPM) was calculated.  A gene was considered expressed if TPM > 1 and genes with 

more than 99% of missing values across all samples were removed.  In total, 16,242 protein-coding genes 

in 4,039 single-cells were used for the following analyses.   

Doublet Screening and removal 
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For doublet screening, we first performed “clustering and classification” method (below) on the 

4,039 quality filtered data sets and then averaged gene expression within each cluster.  Samples from 

multiple-nuclei data sets were assigned to the cluster with the highest Pearson correlation between them. 

Clusters showing more than 10% of multiple-nuclei data sets were considered as “doublets” and the 

associated datasets comprising these clusters were removed from further analyses.  

Clustering and Classification 

Single nuclei clusters were generated and verified by combined unsupervised hierarchical 

clustering and supervised classification.  At each level, (1) gene expression variation was calculated as CV2 

= variance/mean2 for each protein-coding gene across all samples within each cluster; (2) CV2 were then 

fitted to an inverse distribution and genes with CV2 beyond one standard error of the mean were selected 

as over-dispersed genes; (3) hierarchical clustering was performed using "Pearson correlation" as distance 

matrix and "ward.D2" as agglomeration method on over-dispersed genes.  Two clusters at the first split 

were determined; (4) a 10-fold random forest feature selection was then performed to select significantly 

featured differentially expressed genes (DEGs) that separated the two clusters; (5) with selected features, 

random forest was then applied on the two clusters for verification. To adjust initial classifications, samples 

with internal vote probabilities > 0.6 for each class were selected as the training set and used to predict the 

rest of the samples; (6) 100 runs of 10-fold random forest cross validation were performed using selected 

genes.  At each run, predicted classes were re-assigned to test set; (7) With two classes adjusted by cross 

validation, a random forest model was trained and samples with internal vote probabilities < 0.55 were 

discarded. (8). DEGs were identified between two verified classes; (9) repeated step 1-8 recursively on the 

newly formed classes until the random forest out-of-bag estimate of error rate of the specific cluster reached 

> 10% or sample size < 40. As a result, a total of 17 unbiased major classes were identified to separate the 

3,227 single neurons after removing doublets. 257 10-fold DEGs (Table S3) were collected along the 

"clustering and classification" process and dimension reduction plot was generated using the “Rtsne” 

package in R.  The clustering and classification algorithm was provided in R script with instructions in 

Supplementary files. 
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Expression Analyses  

Scatter plots and dendrogram (hclust method = ward.D2) plots comparing single, averaged and 

bulk expression values were generated using R software on log2(TPM+1) expression values.  Identification 

of unique subgroup marker gene expression (Table S5) was performed separately for In or Ex groupings 

using Seurat software (Version 1.2) using the find_all_markers function (thresh.test = 2, test.use = "roc") 

on log2(TPM+1) values generated from combined exon and intron reads.  All genes with a power of 0.4 or 

more were used to generate corresponding heatmaps (Fig. 1C) using the Seurat software.  Pie charts 

showing relative proportions of subtype populations (Table S7) across BA regions were generated using 

Microsoft Excel.  All fraction of positive values for each interneuron and projection neuron group were 

calculated separately from exon-only TPM values using an established excel macro (2) and a threshold of 

expression of five percent of the calculated maximum.  Heatmaps of fraction of positive values for select 

genes were generated using the R package gplots.  All violin plots showing gene expression values (Fig. 

2, 3, 4, S1, S12, S14) were calculated from exon only TPM values (Log2(TPM+1)) using the Seurat software.  

For markers differentially regulated between Ex2 and Ex3 (Fig. 4C), the Seurat function find.markers (Ex2, 

Ex3 , thresh.use = 2, test.use = "roc") was used on log2(TPM+1) values generated from combined exon 

and intron reads.  Genes with a power of 0.4 or more were used to generate violin plots from exon only 

derived TPM values (Log2(TPM+1)).  For genes differentially expressed between BA17 and BA41/42 within 

subgroup Ex3 (Fig. 4D), the find_all_markers (thresh.test = 2, test.use = "roc") function was used only on 

these two sample groups and on Log2(TPM+1) values generated from combined exon and intron reads and 

the resultant heatmap generated using Seurat software.  For genes variant by subgroup, each In and Ex 

subgroup were independently analysed using the mean.var.plot function (y.cutoff = 2, x.low.cutoff = 2, fxn.x 

= expMean, fxn.y = logVarDivMean) of the Seurat software.  For genes differentially expressed between 

BA regions within each of the 16 clusters, variable genes were selected using one-way analysis of variance 

(ANOVA) with fold change > 10 and adjusted p value < 0.05.  Venn diagrams were generated using jvenn 

(26).  Gene ontology or GO analyses were performed either using the ToppFun function of the ToppGene 

suite (toppgene.cchmc.org) using default settings or using the ClueGO (v2.1.5) application in Cytoscape 

(v3.2.0) with the following settings: Biological Processes (02.02.2015), GO terms level: 3–8; GO term 
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restriction: 2 genes and 4%; evidence code: all.  Significance cutoff was set at a Bonferroni adjusted p value 

of 0.05.   

RNA ISH and quantification  

For RNA ISH (Fig. 3D, Fig. S11, Fig. S13), adjacent sections were thawed, fixed in neutral buffered 

formalin, and stained using the RNAscope Multiplex Fluorescence Kit or the RNAscope Brown 

Chromogenic Kit according to manufacturer’s instructions (Advanced Cell Diagnostics, Cat# 322310 and 

Cat #320851) (27).  After staining, the sections were tile-imaged on an Axio Imager 2 equipped with 

ApoTome2 (Carl Zeiss) and stitched.  Images were taken across each of the layers, totaling approximately 

24 images.  Background lipofuscin autofluorescence was subtracted using ImageJ. RNAscope signals were 

manually quantified by at least two individuals, their results averaged, and the cell counts were graphed.  

Each section was imaged in two locations to ensure reproducibility.  See Table S15 for detailed methods 

for each figure panel. For RNA ISH from the visual and temporal cortices (Fig. 3D, Fig. S11, Fig. S12, Fig. 

S14), representative images were obtained from the Allen Human Brain Atlas (http://human.brain-map.org) 

and corresponding links are provided in Table S11.   

Laser capture microdissection (LCM) 

Fresh frozen post-mortem cortical tissues were sectioned at thicknesses ranging from 10-20 mm 

and mounted on nuclease-free PEN membrane slides (Carl Zeiss, Cat# 415190-9081-000), stained briefly 

in hematoxylin solution to visualize cells and layer architecture, dehydrated through 70%, 95%, and 100% 

ethanol (70% and 95% ethanol prepared with DEPC-treated water), and subjected to laser cutting and 

catapulting.  Cutting and catapulting laser power was optimized for tissue thickness and objective 

magnification, and individual cells were catapulted into clear Adhesive Cap PCR tubes (Carl Zeiss, Cat# 

415190-9191-000) or 96-well collector plate (Carl Zeiss, Cat# 415190-9151-000). 
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SUPPLEMENTARY TEXT 

Single Nucleus RNA Sequencing Pipeline 

Nuclei Preparation. Neuronal nuclei were isolated from non-neuronal (e.g. glial) nuclei using NeuN 

staining (Fig. S1).  As expected, a clear separation of neuronal and non-neuronal cell types was found in 

NeuN positive and negative fractions, respectively (Fig. S1B, C).  Furthermore, while single neurons 

showed a broad range in NeuN (or RBFOX3) expression, no bias in the sampling of these nuclei was 

observed (Fig. S1D).  Therefore, NeuN sorting of cerebral cortical tissue provided an effective method for 

specifically analyzing neuronal nuclei.     

SmartPlus Modifications. To improve efficiency of the SmartSeq method (28) for capture of 

nuclear RNA, we made several modifications that we refer to as SmartSeq Plus, for use in Fluidigm C1 

microreactors (29).  By including a random primer for cDNA synthesis, we achieved a more uniform 

transcript coverage compared to SmartSeq (Fig. S3), especially for long transcripts and protein coding 

transcripts, without affecting global gene expression values or introducing excessive ribosomal RNA reads 

(Fig. S4A-C).  Presumably this improved coverage was due to a fraction of RNA molecules in post-mortem 

nuclei being either incompletely processed or fragmented and not accessible to poly-T priming.  

Additionally, we were able to enhance sampling depth by nuclei cryopreservation for multiple cDNA 

amplification experiments from a single nuclei preparation, without affecting gene mapping rates or gene 

expression values (Fig. S4D,E).  To reduce sampling bias associated with nuclear size, we incorporated 

C1 chips with smaller capture sites.  This permitted sampling of smaller nuclei exhibiting reduced gene 

mapping rates (Fig. S4D).  To recover these nuclei, poly(dIdC) (30) was included with the SmartSeq Plus 

chemistry, leading to the efficient recovery of gene mapping rates without altering global gene expression 

values (Fig. S4D-E).  To ensure consistency of our pipeline, we compared our single nuclei data sets from 

the frontal cortex (BA10) with data sets derived from two separate brains (BA9) obtained from a different 

repository (Fig. S4F).  The high concordance of these data sets demonstrates the general applicability of 

our pipeline across patients or tissue sources. 

Quality Control. In total, we processed 86 C1 chips with an average single capture rate of 53 

percent, and sequenced 4,488 single nuclei to an average depth of 8.34M reads (Table S1, Fig. S5).  ERCC 
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spike-in RNA transcripts (31) confirmed high technical consistency across C1 runs (mean Pearson r = 0.85, 

Fig. S5) and were used to define quality cutoff parameters (see Supplemental Materials and Methods).  As 

such, data sets that had fewer than 1 million reads and/or a gene mapping ratio to ERCC spike-in transcripts 

that was less than 20% were removed, leaving 4,039 quality filtered data sets with an average detection of 

6,159 genes having more than ten read counts (Fig. S5C).  It is known, however, that a proportion of single 

C1 captures may actually represent multiple captures via masking of one cell by another at the capture site 

(32).  Since the existence of such “doublets” would confound analyses, we performed an initial screen for 

their identification and removal guided by a set of known duplicate captures.  Clusters showing high 

correlation to data generated from two nuclei were considered to also represent masked “doublets”, a 

conclusion supported by contradictory gene expression profiles (Fig. S6A) and centric positioning on 

multidimensional plots (Fig. S6B). These duplicates were prevalent in medium C1 chips (Fig. S6C,D), 

indicating that the larger capture sites promoted this technical artifact.  Using these considerations, we 

eliminated prospective “duplicate” clusters from further analyses, thereby arriving at 3,227 single nucleus 

data sets passing quality filtering metrics (Tables S1-S2, Fig 1A). 

Validation. To understand how well the transcriptome profile of neuronal nuclei represents whole 

cells, we compared data from single neuronal nuclei, pooled neuronal nuclei, and whole tissue from the 

same cortical samples (Fig. S7).  Averaged single nuclei expression data showed high correlation with bulk 

nuclei, but less so with bulk tissue containing non-neuronal cell types (Fig. S7A, B).  While single nuclei 

showed unique expression values, a higher correlation with the bulk samples could be achieved with as 

few as 10 single nuclei (Fig. S7C, D), underscoring both commonality of the global neuronal transcriptome 

and the ability of pooled neurons to mask their individual transcriptomes.  Single neuronal nuclei showed 

weaker correlation with whole brain tissues from which they were derived, indicating possibly unique 

neuronal expression profiles. Consistent with this, single neuronal nuclei showed higher correlation with 

bulk samples on the basis of known neuronal, but not glial marker gene expression (33) (Table S16, Fig. 

S7B).  Therefore, RNA sequencing data from isolated nuclei retained the ability to accurately predict their 

cellular identity. 
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Clustering. We developed a novel algorithm, “clustering-and-classification” (See Supplemental 

Materials and Methods) to identify neuronal subtypes. This combined method progressively splits single 

nuclei using unsupervised hierarchical clustering and repeatedly validates the clusters by a classification 

method random forest to ensure small out-of-bag error (Fig. S8A). Furthermore, the most informative genes 

that were selected in random forest at each round represent the markers of each cluster (Fig. S8B,C, Table 

S3). This method is easy to implement and combines the advantages of unsupervised and supervised 

learning. The “clustering-and-classification” R script is provided in Supplementary files with instructions. 

Neuronal Subtypes. Neuronal subtypes were broadly defined on the basis of inhibitory or 

excitatory marker gene expression (Fig 1B, Table S3).  To ensure consistency with prior gene expression 

studies, we chose to show fraction-of-positive values and expression-level plots from only exonic reads, 

even though intronic sequences clearly predict expression profiles that are supported by exon-only 

expression (Fig. S8B).  Interestingly, excitatory neuronal subtypes showed less distinct expression 

differences compared with inhibitory neurons (Fig. S8C), suggesting greater transcriptional diversity of 

individual inhibitory neurons.   

Inhibitory neuron or interneuron subtypes were distinguished on the basis of known marker genes 

associated with cortical layers, developmental origin, and interneuron classification (Fig. 2B, Fig. S11).  

Consistent with LGE/CGE-derived interneurons, upper cortical layer subtypes (CXCL14, CHRNA7, CNR1) 

were VIP+, RELN+, CR+ and showed positive expression of SP8 and NR2F2 (also known as COUP-TFII) 

(Fig. 2B, C).  Alternatively, interneuron subgroups that were PV+, CB+, SOM+, nNOS+, and NPY+ showed 

MGE marker gene expression, including LHX6 and the LHX6-target genes SOX6, SATB1 and MAFB (34; 

35)(Fig. 2B).  These potential MGE-derived subgroups additionally expressed markers associated with 

localization to lower layers, such as the SULF1-expressing PV+ subtype (In6) localized to layers 4-5 (Fig. 

S11B).  Furthermore, we were able to distinguish RELN+ populations originating from each of these 

developmental origins; the LGE/CGE-derived In1 population likely occupying layers 1/2 (e.g. CXCL14, 

CHRNA7, CNR1); and the In4 cluster potentially occupying deeper layer 3 (e.g. SV2C) (Fig. 2B, C, Fig. 

S11B).  This latter population appears consistent with a previously identified SOM+ NR2F2+ population 

derived from the MGE (19) and shows specific absence of RELN/SST expression in BA17 (Fig. 2C, Fig. 
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S11B, D).  Furthermore, our dataset revealed three distinct VIP+ interneurons (In1-3). The latter population 

(In3), specifically expressed PDE9A (Fig. 2C), a potential intracellular mediator of the serotonin receptor 

HTR2C (36), and showed localization to layers 2/3 (Fig. S11B, E), highlighting a putative neocortical region-

specific serotonergic signaling activity.   

Excitatory neuron or projection neuron subtypes could be classified on the basis of their layer 

position within the cortex (Fig. 3).  Subgroup Ex1 showing cortical projection neuron (CPN)-associated 

CUX2 expression (16) in conjunction with layer 2/3 marker genes LAMP5 and GLRA3 (Fig. 3B,C), 

represents the most prevalent subtype in our datasets.  We further identified distinct, putative subcortical 

projection neurons (SCPNs) associated with differential combinations of RORB, FOXP2, and the SCPN 

determinant FEZF2 (16) (Fig. 3C).  However, while Ex6 shows positivity for the layer 5 marker HTR2C, it 

additionally shows expression of layer 6 marker TLE4 (Fig. 3B,C), indicating potential crossover of this 

subgroup between layers and indicating classifications that may not simply fit with expected layer positions.  

Layer 6 subgroups (Ex7-Ex8) showing OPRK1 expression can further be resolved with 

ADRA2A/NR4A2/CTGF expression (Ex8) that is associated with layer 6b or white matter (17).  Therefore, 

our dataset identifies layer specific excitatory neurons associated with pyramidal identity (Fig. 4A), having 

both expected and unexpected spatial marker expression. 

In addition to these projection neuron subtypes, we detected two distinct CUX2/RORB expressing 

layer 4 granular neuron subtypes (Ex2, Ex3) (Fig. 3B,C), characterized by expression of a CNS specific 

transcription factor BHLHE22 (Fig. 3C) and confirmed by RNA in situ hybridization (ISH) (Fig. S13A,D).  

Comparative distribution of BHLHE22 positive neurons with those positive for the layer 2/3/6 marker CBLN2 

and the layer 5/6 marker PCP4 (17) provided confirmation of the spatial order of excitatory neuron subtypes 

(Fig. S13A,B). 

Neuronal subtypes identified in our data set revealed regional differences associated with the 

relative proportions of subtypes across BAs as well as BA-specific transcriptomic profiles within subtypes 

(Fig. 4).  To further demonstrate the latter, we examined genes having known variability between the visual 

and temporal cortices from ISH studies (17) for transcriptomic differences that may be attributed to subtypes 

defined by our data set (Fig. 4E, Table S11).  We found that the apparent downregulation of DKK3 and 
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upregulation of SYT2 in the visual cortex can be attributed predominantly to the SULF1 expressing layer 4 

interneuron subgroup In6 (Fig. 2C, Fig. 4E, Fig. S12, Fig. S14).  Further, the SOM+ population present in 

the temporal cortex, but not the visual cortex, can be attributed to the SV2C positive layer 3 subgroup, In4 

(Fig. 3C, Fig. 4E, Fig. S12, Fig. S14).  Excitatory subtypes also showed regional variation, with differential 

expression of the deep layer markers SYT6 and TLE4 contributing to the Ex6 subgroup, while expansion 

of PCP4 into more superficial layers in the visual cortex contributed to Ex1 and Ex3 (Fig. 4E, Fig. S14).    
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SUPPLEMENTAL FIGURES 

 
Figure 4.S1. Overview of single nuclei sampling methodology.  A. Schematic of human brain at the 
level of BA8 showing approximate region sampled, typical tissue quantity processed for fluorescent 
activated cell sorting (FACS), the approximate proportion of NeuN+ nuclei obtained, the quantity of NeuN+ 
nuclei needed for a single C1 loading, and the average single nuclei capture rate.  Expected sample scaling 
and minimal tissue needed for a single C1 experiment is summarized.   B.  Samples generated using pooled 
sorted NeuN+ nuclei from BA8, BA10, BA17, BA21, BA22 and BA41/42 as well as matching tissue sections 
were analyzed for expression of oligodendrocyte (Oligo.), astrocyte (Astro.), endothelial (Endo.) and 
neuronal (Neuro.) marker genes (17).   Violin plots show expression values for associated nuclear (Nuc.) 
and tissue (Tiss.) sample groupings.  C. Data sets from ~120 pooled nuclei derived from either BA21 or 
BA17 were used to confirm enrichment for neurons or glia in NeuN+ and NeuN- sorts, respectively.  D. 
Histograms showing the frequency of all single NeuN+ nuclei analyzed in this study binned by level of 
RBFOX3 (NeuN) expression. Neuronal nuclei were distinguished on the basis of either SLC17A7 
(excitatory) or GAD1 (inhibitory) marker gene expression.  
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Figure 4.S2. Limited RNA recovery from laser capture microdissection (LCM) of post-mortem brain.  
A. Fresh-frozen BA8 cerebral cortex sections stained with hematoxylin were subjected to LCM; well-
separated cells were manually outlined by software, (B) cut out of the tissue, and (C) projected into 96-well 
caps that were visually verified.  Scale bar = 75 mm.  D.  Bioanalyzer trace results showing total RNA yields 
extracted from 100 cells either hand cut or isolated using LCM from fresh frozen brain sections.  Results 
were compared with 1000 pg control human brain reference RNA.  
 

 
Figure 4.S3. SmartSeq Plus provides more uniform transcript coverage.  Exon read coverage of all 
transcripts from SmartSeq and SmartSeq Plus libraries prepared from RNA extracted from bulk sorted BA8 
neuronal nuclei.   
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Figure 4.S4. Protocol comparison and improved sampling depth.  A. Scatter plots showing high 
Pearson correlation coefficients (r) for expression values from all protein coding genes averaged across 10 
single BA8 nuclei libraries generated using SmartSeq, SmartSeq Plus (SmartPlus) and SmartSeq Plus 
containing PolydIdC (SmartPoly) protocols.  B. Proportion of reads mapped to different gene types for bulk 
tissue (t) and bulk nuclei (n) datasets generated using the SmartSeq Plus protocol, as well as single nuclei 
(1-3) datasets generated using the indicated protocols.  C.  Total number of genes detected averaged over 
indicated number of single nuclei datasets that were generated using the different indicated protocols.  
Arrow indicates improved protein-coding gene detection with SmartSeq Plus compared to the standard 
SmartSeq protocol.  D. Ratio of mapped reads that were to either ERCC or genes for a single preparation 
of BA8 nuclei, comparing libraries: from nuclei processed immediately after sorting (no preservation); after 
cryofreezing (frozen with DMSO) using a medium C1 chip; after cryofreezing (frozen with DMSO) using a 
small C1 chip; after cryofreezing using a small C1 chip and the SmartPoly protocol.  E. Corresponding 
comparison of conditions using scatter plots from averaged expression values (10 single nuclei, all protein 
coding genes) that show high correlation between conditions.  F.  Comparison of SmartPoly protocol across 
different brains using scatter plots from averaged expression values (10 single nuclei, all protein coding 
genes) that show high correlation between brain samples from different repositories (Brain 1 = BA10 tissue 
from patient 1568, NICHD Brain and Tissue Bank; Brain 2 = BA9 tissue from PT-WZTO, Genotype-Tissue 
Expression (GTEx) Biobank; Brain 3 = BA9 tissue from PT-NPJ8, GTEx Biobank).  
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Figure 4.S5. Mapping statistics.  A. Top panel: Proportion of all reads that were: unmapped; multi-
mapped; uniquely mapped to ERCC transcripts; uniquely mapped to reference genes (exon and intron 
regions); or uniquely mapped between genes (intergenic).  Middle panel: relative proportion of reads 
uniquely mapped to: ERCC transcripts; intergenic regions; or reference genes.  Bottom panel: the 
proportion of reads uniquely mapped to the genome that were associated with: intergenic regions; introns; 
or exons.   Results are shown for all 0 capture (0C), single capture (1C) and multiple capture (2+C) nuclei 
libraries (top and middle panels) or single capture only (1 Nuclei, bottom panel).  B. Plots showing the 
frequency distribution of total number of reads sequenced and ERCC Pearson correlation r values 
[log10(counts+1) versus log10(concentration)] for all single nuclei libraries.  C. Plots showing the frequency 
distributions of genes detected across single nuclei libraries using different gene count cutoffs.  
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Figure 4.S6.  Doublet screening and filtering.  A. Heatmap of expression for excitatory (SLC17A7, 
SATB2, CBLN2) and inhibitory (GAD1, GAD2, SLC6A1) marker genes across 30 groups of neuronal nuclei 
data sets generated from the first round of clustering and classification.  Arrow indicates cluster CL8 
showing co-expression of these marker types.  B. Multidimensional plot showing the 30 identified clusters 
and known two capture (2C) data sets (DIM, Dimension).  Clusters with high overlap of 2C data sets are 
indicated.  C. The percentage of data sets contributing to each cluster was calculated separately for small 
C1 chips and medium C1 chips and compared with the proportion of 2C data sets associated with each 
cluster.  Arrows indicate clusters showing the highest number of prospective “doublets”.  D. Percentage of 
identified “doublets” and their association with use of medium C1 chips across successive C1 runs.  
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Figure 4.S7. Single-nuclei RNA sequencing permits cell type identification.  A. Cluster dendrogram of 
gene expression (Log2(TPM+1)) using all protein coding genes, a subset of glial marker genes or a subset 
of neuronal marker genes (Table S16).  Analyzed samples were generated using pooled sorted neuronal 
nuclei (n) from BA8 section 7 (s7n) or section 9 (s9n), BA10, BA17, BA21, BA22 and BA41/42 (BA41n) as 
well as matching tissue (t) sections using the SmartSeq Plus protocol or original SmartSeq protocol 
(BA8s7n(Smart)).  Brain section numbers are assigned according to the University of Maryland Brain and 
Tissue Bank (Brain sectioning – Protocol Method 2).  For comparison, single nuclei data sets from combined 
excitatory (Ex) and inhibitory (In) subtypes (n = 3084) were averaged (AveSN).  B. Scatter plots comparing 
averaged single nucleus data and averaged bulk sorted nuclei or tissue data for protein coding, neuronal 
or glia marker genes.  C. Scatter plots comparing single nucleus data, averaged 10 single nuclei data, or 
averaged 100 single nuclei data from BA21, with data from matched bulk nuclei or tissue (protein coding 
genes). D. Representative scatter plots comparing single nucleus data sets (protein coding genes). 
Associated Pearson r values are indicated (B-D).  
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Figure 4.S8.  Overview of subtype clustering and classification.  A. Sample splitting at each step of 
the clustering and classification strategy showing: number of nuclei at each level; genes associated with 
each splitting (A-W, Table S3); final clusters associated with excitatory (Ex) and Inhibitory (In) neurons.  
Outlier cluster (n = 44, NoN) in the inhibitory branch is indicated by a dark circle.  B. GO annotations 
associated with differentially expressed genes (DEGs) defining cluster splitting (fold change or FC ≥ 2) 
within excitatory or inhibitory subgroup branches (A) (Bonferroni adjusted p values < 0.05) (Table S4).  C. 
Proportion of genes used for each branch of excitatory or inhibitory subgroup clustering (A) that were 
differentially expressed either between 2 and 10-fold or greater than 10 fold.  
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Figure 4.S9. Differentially expressed subtype marker genes.  A. Heatmap showing expression of 10-
fold or more differentially expressed genes (Table S3) used for multidimensional plotting of neuronal 
subtypes (Fig. 1B, Fig. 4A, Fig. S10A).  B. Heatmaps showing consistency in expression (top panel, TPM 
calculated from exon and intron reads) and corresponding fraction of positive values (bottom panel, TPM 
calculated from only exon reads) for unique marker genes (Table S5) identified for each neuronal subtype.  
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Figure 4.S10. Neuronal subtypes do not show batch bias.  A. Multidimensional plots as shown in Fig. 
1B for neuronal subgroups indicating each experimental C1 run (Table S1).  Arrow indicates an outlier 
cluster (n = 44, NoN, Table S2) derived from the 20150122B C1 run.  B. Multidimensional plot using ERCC 
expression values showing all clusters identified in our analyses, demonstrating that unlike the outlier 
cluster indicated in (A) (arrow), our neuronal subtypes were identified independently of random batch 
specific expression differences. 
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Figure 4.S11.  Confirmation of subtype identity by RNA ISH.  A. Fraction of positive heatmap of 
inhibitory (expressing GAD1) and excitatory (expressing SLC17A7) subtypes and a subset of 
representative combinatorial marker genes.  B. Allen Human Brain Atlas ISH data (Table S11).  Cortical 
stains are oriented from layer 1 (L1) to layer 6 (L6). A and B. Numbered boxes represent In subtype-specific 
combinations (e.g. 1 = In1) with spatial orientation in the cortex indicated through RNA ISH. Box 1 or In1 
represents a layer 1 VIP+CNR1+RELN+ subgroup.  Box 2 or In2 represents a VIP+CNR1+RELN- layer 2/3 
subgroup that co-expresses OPRK1, as confirmed by neurons co-stained for OPRK1 and GAD1 in this 
region (C) (indicated by * in B and C).  OPRK1 also labels SLC17A7 expressing layer 6/6b Ex7/Ex8 neurons 
(region indicated by ** in B and C).  Box 4 or In4 represents a layer 3/4 RELN+SV2C+ subgroup that co-
expresses SST in BA8, BA10 and BA21, but not in BA17, BA22 or BA41/42 (Fig. 2C).  Consistently, In4-
associated SST expression can be found within the temporal (Temp.) cortex (BA21) but not the visual 
cortex (BA17) (B).  D. RNAscope co-staining of RELN and SST in BA8 and BA17 showing co-positive cell 
distributions that are consistent with RNA-seq data.  Box 6 or In6 represents a layer 4/5 subgroup co-
expressing SULF1 and PVALB.  Box 3 or In3 represents a VIP+ RELN+ subgroup positive for PDE9A, 
which is also specifically expressed in the layer 5 Ex6 subgroup and shows a consistent expression pattern 
with HTR2C (A).  E. PDE9A-positive In3 and Ex6 expression was confirmed by RNAscope co-staining with 
GAD1 (double positive restricted to layers 2/3) and SLC17A7 (double positive restricted to layers 5/6). F.  
RNAscope counts consistent with RNA-seq data.   
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Figure 4.S12.  Subtype comparison with a recent mouse study on the somatosensory cortex (3). A. 
Violin plots showing core interneuron marker genes in In subtypes and across BA regions, indicating a 
similar proportion of VIP+, SOM+ (SST) and PV+ subtypes between mouse and human, with the exception 
of additional RELN+ subtypes likely associated with differences in sampling methods between studies.  A 
schematic for combinatorial expression summarizes species-specific differences.  Int = mouse subtypes 
identified (3); In = human subtypes.  B. Violin plots of excitatory markers used to define mouse pyramidal 
subtypes showing associated expression in human Ex subtypes and across BA regions.  A high 
concordance in the pattern of expression can be found using both human subtypes and Allen Human Brain 
Atlas ISH data (Table S11).  Cortical images are oriented from left (pial layer) to right (white matter) and 
regions sampled are indicated.  Associated species-specific similarities or differences in observed cortical 
layer identity are summarized for each marker gene, including a shift in SCPN marker THSD7A in mouse 
to CPN in human and an observed shift in a claustrum pyramidal (clauPyr) neuronal subtype in mouse to 
layer 6b in human that may reflect evolutionary changes or differences in the regions examined between 
these studies.  
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Figure 4.S13.  Confirmation of layer identity in BA8 by RNA ISH. A. RNA in situ hybridization (ISH) 
analyses on BA8 cortical sections showing counts of positive cells for CBLN2 (Layers 2/3/6), BHLEH22 
(Layer 4) and PCP4 (Layer 5) in image fields spanning from the pial layer (upper cortex) through to the 
white matter (lower cortex).  Violin plots are corresponding gene expression values for excitatory neuron 
subtypes across all BA regions.  B.  RNAscope technology was used to stain BA8 sections for the layer 
markers RELN, MFGE8, PCP4 and CBLN2.  Single-brown chromogenic or fluorescent staining (top) and 
average counts (bottom) are shown.  Insets are of representative single positively stained neurons.  Positive 
counts were derived from over 22 vertical sections spanning from pial surface and upper cortex (top) to 
lower cortex.  Positive cells were counted by two independent observers over two independent regions.  C. 
Fraction of positive heatmap showing the layer 4 specific marker BHLHE22 in Ex2 and Ex3 subgroups (*) 
which have correspondingly low positivity of its negatively regulated target gene CDH11 (37).  D. 
Representative RNAscope images of BHLHE22 positive cells used for counts shown in (A), and which also 
show the expected absence of CDH11.  Inset is a representative CDH11 positive cell that is negative for 
BHLHE22.  The proportion of BHLHE22 positive cells having an absence or presence of CDH11 expression 
is shown through RNAscope counts and is consistent with RNA-seq data.  
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Figure 4.S14.  Neuronal subtype heterogeneity between brain regions. A. Violin plots showing 
expression values (black boxes) for genes with known differential expression between BA17 (visual cortex) 
and BA21 (temporal cortex) (17).  Stains are associated RNA ISH analyses of cortical sections oriented 
with pial layer at the top (Allen Human Brain Atlas, Table S11).  Double arrows indicate regions associated 
with the indicated differential expression. B. Violin plots showing indicated marker gene expression values 
for: each inhibitory (In) and excitatory (Ex) subtype and brain region (bar colors, bottom); each brain region 
from combined neuronal (NeuN+) data; each brain region from the specific subgroup showing BA17/BA21 
expression differences (black arrows) associated with RNA ISH staining differences shown in (A).  
Additional subtypes that may account for these RNA ISH differences are indicated (gray arrows).   
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Figure 4.S15.  Subgroup variable genes.  A. Plot of average expression and dispersion (binned 
log(Variance/mean)) for subgroup Ex1, indicating genes that show variance (z-score cutoff = 2) across 
these single nuclei (Table S12).  B. Multidimensional plot on Ex1 nuclei using genes identified as being 
differentially expressed between BA regions of this subgroup (10-fold cutoff, Table S13).  Nuclei show a 
distribution consistent with their spatial origination (Occipital, Temporal, Frontal lobes). DIM = dimension.  
C. Venn diagrams showing overlap between: all subgroup-derived variable genes (A, Table S12); all 
differentially expressed genes between BA regions for each subgroup (B, Table S13); genes defining 
subgroup clustering (DEG, Table S3); genes associated with the human post-synaptic density (hPSD) (38); 
and genes within the top five percentile for stable expression differences across cortical parcels (DS 
(Cortex)) (7). 
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Figure 4.S16.  Subtype expression patterns of electrophysiological-relevant genes. Top panels: 
fraction of positive values for ion channel and neurotransmitter-related genes (see Table S14) are shown 
for In and Ex subtypes (minimum FOP value of 0.1 in at least one cluster).  Bottom panels: Fraction of 
positive values for select genes are shown for Ex subtypes, demonstrating potential for unique subtype-
specific electrophysiological properties.     
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Chapter 5 

 

 

 

Genomic Mosaicism Increases with Age in Down Syndrome Patients and is Predominantly Present in 

Excitatory Neurons 
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PREFACE 
 

This chapter began as a proposal with three main aims. Each aim will be addressed in the chapter, 

including data collected, difficulties encountered, and future directions.  

 
Aim 1: Examine Total DNA content in genetic forms of AD (DS and FAD). This aim will focus 

on expanding our knowledge of DNA content variation in other, AD related diseases. Using the established 

methods of DNA content analyses by flow cytometry, we will investigate global DNA changes in genetic 

forms of AD. 

  

Aim 2:  Determine and define the genomic structure of APP and other CNV loci in SAD, FAD, 

and DS brains.  This aim will focus on further characterization of mosaic CNVs.  Bushman & Kaeser et al. 

(eLife, 2015) identified increased APP CNVs in single neuronal nuclei, with evidence that amplifications 

occurred locally in the genome.  This aim will utilize single cell qPCR on the Fluidigm Biomark HD platform 

and next generation sequencing using Agilent DNA SureSelect target enrichment technology to identify 

genomic changes occurring in a targeted subset of genes. 

Aim 2.1: Use single cell qPCR on the Fluidigm Biomark HD to identify CNVs in DS/AD, DS, 

and FAD brains.   

Aim 2.2: Identify CNVs, SNPs, IDELs, and genomic rearrangements in AD and DS neurons 

with SureSelect targeted enrichment and next generation sequencing.  

 

Aim 3:  Probe the relationship between increased DNA content variation (DCV) and the RNA 

transcriptome by bulk RNAseq in neurons containing extra DNA vs. neurons with normal DNA 

amounts. This aim will Interrogate the relationship between increased DNA and the transcriptome and will 

expand our understanding of the consequences and mechanistic players involved in DNA content variation.   
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INTRODUCTION 

Down Syndrome (DS), caused by a trisomy of chromosome 21, occurs in the United states in 1 out 

of 800 births (1), with approximately 5,300 births annually. DS is the most common form of intellectual 

disability and is associated with heart defects, leukemia, and early onset-AD. By age 30, approximately 

100% of DS individuals have developed the pathological hallmarks of Ab plaques and NFTs, however, by 

age 60 only two thirds of DS patients will develop dementia (2). The APP gene is located on chromosome 

21, along with other AD risk factor genes (e.g. NCAM2, RUNX1, DYRK1A, BACE2) (3) and many believe 

there also may be AD protective effects from genes on Chromosome 21 (2). Additionally, upon further 

genetic testing, DS patients often have incomplete trisomy, and specific case studies may help us to better 

understand the role of each gene (4). The prevalence of DS in our population is increasing due to changes 

childhood survival rates and increases in life expectancy (5). It was estimated that in 2010 over 200,000 

persons with DS live in the United States, with average life expectancy of someone born in 2010, at 53 

years (median 58 years).  This makes the DS population an important group in which we can study the 

progression of AD prior to the onset of dementia, from both a clinical and a genetic context. Furthermore, 

differences between FAD, SAD, and DS-AD, may help to identify novel disease mechanisms and lead to a 

better general understanding of AD.  

 The aim of this chapter was to expand our understanding of DNA content increases in SAD 

neurons, and other AD related pathologies.  Recently, our lab proposed that single cell genomic changes 

might have a bearing on sporadic brain diseases by altering pathogenic genes mosaically. Bushman & 

Kaeser et al. (2015) (6) identified a significant increase in DCV, accompanied by increases in APP genomic 

copy number in the SAD prefrontal cortex. This chapter will continue to explore the functional significance 

of genomic mosaicism in other AD related pathologies.  
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RESULTS 

DNA content increases with Age in Down Syndrome Patients  

 To assess whether DNA content changes occur throughout our lifetime and build to the levels 

observed in SAD brains, ~30 DS patient samples were obtained ranging from ages 22 gestational weeks 

to 70 years of age. All brains over the age of 42 were clinically classified as DS with AD (DSAD). The DNA 

content method discussed in Chapter 2 of this dissertation and that has been extensively validated in our 

lab (6; 7), was used to quantify the total DNA content of NeuN+ nuclei (neurons) compared to NeuN- nuclei 

(non-neurons), within the same sample (Figure 5.1A). Importantly, this comparison normalizes internally, 

and is therefore independent of the increase from trisomy of chromosome 21. Patient samples were run a 

minimum of 2 times (maximum of 4) in completely independent trials and averaged for final analyses. We 

found a consistent and highly significant and linear increase with age in total DNA content of DS neurons 

(Figure 5.1B) over non-neurons. The most striking difference in DNA content appears from age 20-30 (pre-

AD), where the population appears bimodal, with half of patients within the range of controls, and half with 

large increases in DNA content. Importantly, all ages 3-10 and 40-75 show a significant increase over non-

neurons (a value of 1, Figure 5.1B, dashed line).  

 A linear regression model identified significant increases with age and a significant difference in 

the slopes between DS and non-diseased (Figure 5.1C), however, according to a replicate test for linearity, 

DS did not follow a linear model. Non-linear regression analysis of primary human tissue requires a much 

higher sample size to achieve adequate R-squared values, however we did find using multiple models (3rd 

order polynomial or segmental-linear regression) (Figure 5.1D) with a better fit for the data. They showed 

DNA content first increases, and then begins to drop, likely after the onset of AD. 

 

Excitatory neurons show increased DNA content  

 Concurrently, we were interested in identifying differences between neurons that showed large 

increases in DNA content and those with little change. This was done using traditional nuclear extraction 

and sorting methods (Chapter 2) followed by a bulk transcriptome analysis of sorted nuclei from shifted   
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Figure 5.1. DNA content increases with Age in Down Syndrome Patients. A. The methods used to 
identify DNA content. 1) Prefrontal cortex tissue was dissociated, and nuclei were extracted. 2) Flow 
cytometric Analysis (FACS) was performed on nuclei stained with propidium iodide (PI) and NeuN. 3) 
Statistical comparisons were made between populations. 4) Example statistical comparisons that can be 
made. B-D. Each point represents a single brain average where each brain sample was isolated and 
anaylzed 2-4 times in independent experiments. B. The DNA index of the mean NeuN+ over the Mean 
NeuN- population. ANOVA with Bonferroni correction for multiple comparisons (p=<0.0001), * p =0.05, 
**p=0.01, ***p=0.001, ****p<0.0001. C. Linear regression of Age and DNA Index. DS: p= <0.0001, ND: 
p=0.0204. Departure from linearity with replicates test; DS: significant p= <0.0001. ND: not significant p= 
0.2955. D. Non-linear regression of Down syndrome samples. Segmental linear regression (dashed line), 
and Third order polynomial (solid line), gave the best R-squared values at 0.4055 and 0.4121, respectively.   
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neurons (High) vs. non-shifted (Low) neurons (Figure 5.2A). The results showed that the shifted population 

was highly enriched for excitatory neuron markers like SATB2 and SLC17A7, while the non-shifted 

population was highly enriched for inhibitory neuron markers (e.g. GAD1, GAD2, VIP, SST) (Figure 5.2B). 

By data mining transcriptome data from Lake et al., (Science 2016) (8) (Chapter 4) we were able 

to identify potential candidate neuronal markers for excitatory and inhibitory neurons (Figure 5.2 C&D). 

First, genes expressed in all 8 of the excitatory neuron or inhibitory neuron subgroups were identified 

(Figure 5.2 C). Very few of those identified were known to be expressed in the nuclear compartment (Figure 

5.2 C, red arrows). The identification of new nuclear markers for neurons has been challenging, and 

discoveries like this one highlight the significance of large transcriptomic studies.  Advantageously, Lake et 

al. used the Fluidigm C1 system for transcriptome amplification and library preparation, therefore the 

transcripts per million (TPM) information is highly quantitative. Here it was used to identify the percent of 

cells expressing each gene (Figure 5.2 C), and to identify genes with the highest level of expression across 

every cell in the group (Figure 5.2 D). For example, PURA, which according to fraction of positives (FOP) 

calculations should be mostly expressed in excitatory neurons, was found to be expressed in nearly all 

neurons when individual cell TPM values were analyzed. Conversely, NPM1 showed a high preference for 

inhibitory neuron subpopulations but upon further examination shows nearly equal expression in excitatory 

neurons.  

We identified SATB2, a homeobox gene involved in transcriptional regulation and chromatin 

remodeling, as a candidate marker for excitatory neurons. By using two monoclonal pre-conjugated 

antibodies as opposed to a monoclonal primary with secondary antibody, we are able to distinguish levels 

of NeuN+ and SATB2+ expression (Figure 5.2 E). Both the NeuN- and NeuN+ population have SATB2 

positive population, making it an ideal internal control. Importantly, SATB2 is known to play a role in the 

development of neuronal connections, and we are now able to identify a pre-neuronal population in fetal 

brain tissue where there was previously very little to no NeuN staining (Figure 5.2 E, Fetal tissue). Excitatory 

(SATB2+) neurons consistently display higher DNA content than SATB2- neurons, however SATB2+ non-

neurons are not significantly increased over SATB2- non-neurons (Figure 5.2 F).  
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Figure 5.2. Excitatory neurons show increased DNA content. A. 1) Frontal cortex nuclei were isolated 
and 2) interrogated according to NeuN positivity and propidium iodide intensity 3) and sorted into three 
groups for bulk RNAseq analysis. B) Heatmap showing the resulting expression patterns (red is high, blue 
is low) of the three populations in neuron type specific markers. C. Data from Lake et al., (Science 2016) 
and Chapter 4 identifying genes whose expression is selective for all inhibitory and excitatory groups. 
FOP=fraction of positive cells. In1-8 and Ex1-8 are subgroupings of Inhibitory and excitatory neurons, 
respectively. D. Trascripts per million (TPM) counts of the nuclear genes identified in B (red arrows). E. 
SATB2 expression in patient samples. NeuN only and SATB2 only controls. Fetal tissue, with no NeuN+ 
population, but a clear SATB2+ population. Adult Brain 1 and 2 show varying SATB2+ and NeuN+ 
populations. F. Each point represents a single patient brain. The DNA index of SATB2+ Neurons is higher 
than SATB2- neurons. There is no significant difference between SATB2+ and SATB- non-neurons. Two-
Tailed T-test.   
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Single Neuron qPCR in Down Syndrome Neurons  

 To identify changes in the genomes of single neurons (Aim 2), DS neuronal nuclei were sorted and 

analyzed using the Fluidigm Biomark (San Francisco), as described in Bushman et al. (2015) with 

modifications. Briefly, we used the larger 96.96 GE microfluidics chips (Fluidigm), a commercial pre-

amplification mix (Taqman PreAmp Master Mix, ThermoFisher), and in an effort to acquire more samples, 

there were 8 total replicates per gene per cell, rather than 16.  Previous studies interrogated a single gene 

(APP) from two genomic locations and a single reference gene. For these studies, 2 reference genes, 

multiple regions on APP, chromosome 21 control genes, and more pathologically associated genes like 

PSEN1, and MAPT (Table 5.1) were assayed.  

Similar to Bushman and Kaeser et al., we identified significant increases in APP copy number of 

DS corticies when compared to controls from all 5 APP exon regions interrogated (Figure 5.3 A & C)). 

However, chromosome 21 controls genes, RUNX1 and TIAM1, showed similarly significant increases 

(Figure 5.3 B). This could be due to noise from the chromosome 21 region, a large CNV (the two genes are 

8.5 Mb and 5 Mb from APP, respectively), or a full aneuploidy. Importantly, while average and median 

changes of the three chromosome 21 genes showed concordance, not all cells showed a concordance 

within the single locus, further suggesting this is a mosaic phenomenon, potentially one concentrated on 

chromosome 21. MAPT, and other genes interrogated did not show increased copy number (Figure 5.3 E). 

The X-chromosome control gene, PCDH11X, consistently called the appropriate sex (Figure 5.3 B) and 

reference genes were not significantly different between samples (Figure 5.3 D & F).  

 

Identification of an APP genomic variant  

 Multiple lines of evidence suggest that APP is mosaically altered in brains of SAD, and now DS, 

patients. Single cell qPCR has identified copy number increases, with high concordance between exons, 

however some APP exons show large discrepancies in copy number (Figure 3.6 Supplement 1 from 

Chapter 3). Additionally, quantitative PNA-FISH signal shapes suggest that APP copy number increases 

may be appearing in tandem, and may not include the full genomic locus. Investigations of the APP locus  
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Table 5.1: Genomic Loci Interrogated with Single Cell pPCR 
 

Gene-Exon Full Name Reason for 
Interrogation Catalog Number 

APP-03 Amyloid Precursor 
Protein AD Gene with CNVs Hs00651044_cn 

APP-05 Amyloid Precursor 
Protein AD Gene with CNVs Hs00339475_cn 

APP-10 Amyloid Precursor 
Protein AD Gene with CNVs Hs00537291_cn 

APP-14 Amyloid Precursor 
Protein AD Gene with CNVs Hs01255859_cn 

APP-18 Amyloid Precursor 
Protein AD Gene with CNVs Hs01721176_cn 

BACE1 Beta- Secretase 1 AD Gene Hs06287386_cn 

MAPT Microtubule Associate 
Protein Tau AD Gene Hs00117765_cn 

PCDH11X Protocadherin 11 X-
linxed X Chromosome Control Hs03015232_cn 

PSEN1 Presenilin 1 AD Gene Hs01914395_cn 
PSEN2 Presenilin 2 AD Gene Hs01710806_cn 

RNASEP Ribonuclease P Reference Gene ThermoFisher 4403328  

RUNX1 Runt Related 
Transcription Factor 1 

AD gene, known 
recombination gene, 

Chromosome 21 gene 
Hs02956482_cn 

SEMA4A Semaphorin 4A Reference gene Hs00329046_cn 

TERT Telomerase Reverse 
Transcriptase Reference gene ThermoFisher 4403316 

TIAM1 
T-Cell Lymphoma 

Invasion And 
Metastasis 1 

Chromosome 21 gene Hs05546812_cn 
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Figure 5.3. Single Cell qPCR of Down Syndrome Samples reveals mosaic APP copy number. 
Relative copy number (RCN) was determined using the ddCT method described in Weaver et al., (9). 
Non-diseased 20 yo brain was averaged and used as the calibrator sample. Copy number bounds were 
calculated individually for each assay and classified as 1-4 and 5+. A. Heatmap depicting the RCN calls 
for APP 5 APP exons. Each group has an N of 3 brains, and >35 single neurons. B. Heat map depicting 
the RCN calls for the control genes used in this study. C. Average APP copy number from 5 exons. Box 
and whisker plot depicting 90% and 10% confidence intervals (whiskers), quartile range (Box), median 
(line) and mean (+). One-way ANOVA with Bonferroni correction for multiple comparisons was used. 
Reference genes RNAseP (D) and TERT (F) showed no significant changes. Other AD associated genes 
showed no significant changes (E).   
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structure have identified 2 genomic variants (Lee et al., in preparation, patent pending) that are increased 

in SAD brains. In order to visualize these variants without pre-amplification, a new technique from Advanced 

Cell Diagnostics (ACD), called BaseScope, allows for ISH detection of short nucleotides (50 bp), with single 

nucleotide specificity. Their unique "Z” probe approach, minimizes background, and further enhances 

specificity. We interrogated a DS patient with high DNA content and large single-cell increases in APP copy 

number for the existence of these APP genomic variants. Both DS neurons and non-neurons displayed an 

increase in nuclei with signals corresponding to these genomic variants (Figure 5.4).  
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Figure 5.4 BaseScope of APP genomic variants. At least 200 nuclei were counted for each condition 
from one single brain. A & C. Graph depicting the number of dots (copies) counted in each sorted nucleus 
for genomic variant 1 (A) and 2 (C). B & D. Representative images from each patient sample showing 
basescope signal. 
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FUTURE DIRECTIONS 

Agilent Sure Select Target Enrichment  

 In Aim 2.2 we sought to identify SNPs, INDELs, CNVs and genomic rearrangements in APP and 

other AD pathogenic genes using next generation sequencing. The Agilent SureSelect platform was 

selected because it can handle low-DNA template starting template, can identify mosaic changes occurring 

in less than 1% of sequence reads (when sufficient read depth is reached), and reduced sequencing cost 

nearly 200-fold. We designed a target set covering both introns and exons of 20 genes. Copy number 

control genes, like those used in qPCR, chromosome 21 control genes (BAGE2, RUNX1, TIAM1), and 

chromosome X control genes (MECP2 and FMR1) where a mutation would likely cause death to the neuron, 

were selected. Potential AD (e.g. APP, PSEN1, PSEN2, MAPT, PRNP) and DS (e.g. DYRK1A, DSCAM) 

pathogenic genes were selected. We also selected genes of similar size and exon number to APP, as well 

as genes that are integral to neuronal signaling such as NRXN1.   

 A pilot experiment was conducted using DNA from 10,000 sorted neuronal nuclei from 4 samples 

(ND 20 yo, ND 60 yo, DS 20 yo, SAD 80 yo). The data that was returned was extensive, and out the scope 

of this dissertation. The importance of this technique relies on the ability to identify significant mosaic 

changes that occur above background. This data clearly shows the existence of single cell genomic 

mosaicism, with many SNVs, IDELs, and inversions occurring in a fraction (1-30%) of reads, however it will 

require extensive bioinformatic expertise to parse out what is above background and of potential 

significance to neurological disease. The first assessment will be to compare neurons to non-neurons from 

the same brain, or another tissue such as blood lymphocytes, to determine whether changes occur more 

frequently in neurons.  

 

Basescope for Genomic Variants in more Ages, and cell types.  

 Another important follow up experiment, will be to assess the existence of APP genomic variants 

(Lee et al., in preparation) in more ages of DS tissue, as well as more cell types, such as excitatory and 

inhibitory neurons. These experiments are in progress.  
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DISCUSSION 

 The existence of increased genomic mosaicism in excitatory neurons suggests that there are 

activity dependent mechanisms governing the formation of genome alterations. Suberbielle et al. (2013) 

(10), found that the exploration of a novel environment, which is known to induce neuronal activity in mice, 

causes enhancement of double strand DNA breaks (DSBs). Importantly, they found mice with the APP 

transgene, a model for AD, had increased DSBs even at baseline, and more severe breaks following novel 

environment tests. This suggests, a potential mechanism for the occurrence of genomic mosaicism in the 

human brain, and for increased DNA variation in all forms of AD that affect APP protein expression and 

function. 

 Similarly, the existence of genomic mosaicism in DSAD is not surprising, and the age-related 

increase in DNA content in DS patients does suggest that DNA changes accumulate throughout a lifetime. 

This suggests a possible mechanism for genomic mosaicism. First, neuronal activity induces DSB formation 

and therefore, a potential for large DNA rearrangements. Then, DSB repair machinery then is recruited, 

where DNA synthesis from polymerases is activated. However, overtime, repair may not be completed 

properly, as in aging neurons (11), or in Down Syndrome (12). When a build-up of DSBs occur in intragenic 

regions or within regulatory elements of a potentially pathogenic gene, disease can result. This is further 

supported by the frequent reports of genomic mosaicism in Schizophrenia and Autism where neuronal 

activity is heightened (reviewed in (13)).  

Together, these findings suggest that neuronal genomic mosaicism increases throughout our 

lifetime through activity dependent mechanisms, that can lead to pathogenic alterations of disease causing 

genes, and may account for some sporadic brain diseases.   

 

 

 

 

  



 134 

REFERENCES 

1. de Graaf, G., Buckley, F., and Skotko, B.G. (2015). Estimates of the live births, natural losses, and 
elective terminations with Down syndrome in the United States. American Journal of Medical …. 

 
2. Wiseman, F.K., Al-Janabi, T., Hardy, J., Karmiloff-Smith, A., Nizetic, D., Tybulewicz, V.L., Fisher, 

E.M., and Strydom, A. (2015). A genetic cause of Alzheimer disease: mechanistic insights from 
Down syndrome. Nature reviews Neuroscience 16, 564-574. 

 
3. ALZFOURM. http://www.alzgene.org/chromo.asp?c=21. 08/20/2017 
 
4. Korbel, J.O., Tirosh-Wagner, T., Urban, A.E., Chen, X.N., Kasowski, M., Dai, L., Grubert, F., 

Erdman, C., Gao, M.C., Lange, K., Sobel, E.M., Barlow, G.M., Aylsworth, A.S., Carpenter, N.J., 
Clark, R.D., Cohen, M.Y., Doran, E., Falik-Zaccai, T., Lewin, S.O., Lott, I.T., McGillivray, B.C., 
Moeschler, J.B., Pettenati, M.J., Pueschel, S.M., Rao, K.W., Shaffer, L.G., Shohat, M., Van Riper, 
A.J., Warburton, D., Weissman, S., Gerstein, M.B., Snyder, M., and Korenberg, J.R. (2009). The 
genetic architecture of Down syndrome phenotypes revealed by high-resolution analysis of human 
segmental trisomies. Proceedings of the National Academy of Sciences of the United States of 
America 106, 12031-12036. 

 
5. de Graaf, G., Buckley, F., and Skotko, B.G. (2017). Estimation of the number of people with Down 

syndrome in the United States. Genetics in medicine : official journal of the American College of 
Medical Genetics 19, 439-447. 

 
6. Bushman, D.M., Kaeser, G.E., Siddoway, B., Westra, J.W., Rivera, R.R., Rehen, S.K., Yung, Y.C., 

and Chun, J. (2015). Genomic mosaicism with increased amyloid precursor protein (APP) gene 
copy number in single neurons from sporadic Alzheimer's disease brains. eLife 4. 

 
7. Westra, J.W., Rivera, R.R., Bushman, D.M., Yung, Y.C., Peterson, S.E., Barral, S., and Chun, J. 

(2010). Neuronal DNA content variation (DCV) with regional and individual differences in the human 
brain. The Journal of comparative neurology 518, 3981-4000. 

 
8. Lake, B.B., Ai, R., Kaeser, G.E., Salathia, N.S., Yung, Y.C., Liu, R., Wildberg, A., Gao, D., Fung, 

H.-L.L., Chen, S., Vijayaraghavan, R., Wong, J., Chen, A., Sheng, X., Kaper, F., Shen, R., Ronaghi, 
M., Fan, J.-B.B., Wang, W., Chun, J., and Zhang, K. (2016). Neuronal subtypes and diversity 
revealed by single-nucleus RNA sequencing of the human brain. Science (New York, NY) 352, 
1586-1590. 

 
9. Weaver, S., Dube, S., Mir, A., Qin, J., Sun, G., Ramakrishnan, R., Jones, R.C., and Livak, K.J. 

(2010). Taking qPCR to a higher level: Analysis of CNV reveals the power of high throughput qPCR 
to enhance quantitative resolution. Methods 50, 271-276. 

 
10. Suberbielle, E., Sanchez, P.E., Kravitz, A.V., Wang, X., Ho, K., Eilertson, K., Devidze, N., Kreitzer, 

A.C., and Mucke, L. (2013). Physiologic brain activity causes DNA double-strand breaks in 
neurons, with exacerbation by amyloid-beta. Nature neuroscience 16, 613-621. 

 
11. Rao, K.S. (2007). DNA repair in aging rat neurons. Neuroscience 145, 1330-1340. 
 
12. Patterson, D., and Cabelof, D.C. (2012). Down syndrome as a model of DNA polymerase beta 

haploinsufficiency and accelerated aging. Mechanisms of ageing and development 133, 133-137. 
 
13. McConnell, M.J., Moran, J.V., Abyzov, A., Akbarian, S., Bae, T., Cortes-Ciriano, I., Erwin, J.A., 

Fasching, L., Flasch, D.A., Freed, D., Ganz, J., Jaffe, A.E., Kwan, K.Y., Kwon, M., Lodato, M.A., 



 135 

Mills, R.E., Paquola, A.C.M.C.M., Rodin, R.E., Rosenbluh, C., Sestan, N., Sherman, M.A., Shin, 
J.H., Song, S., Straub, R.E., Thorpe, J., Weinberger, D.R., Urban, A.E., Zhou, B., Gage, F.H., 
Lehner, T., Senthil, G., Walsh, C.A., Chess, A., Courchesne, E., Gleeson, J.G., Kidd, J.M., Park, 
P.J., Pevsner, J., Vaccarino, F.M., and Network, B. (2017). Intersection of diverse neuronal 
genomes and neuropsychiatric disease: The Brain Somatic Mosaicism Network. Science (New 
York, NY) 356. 

 
 


	Microsoft Word - 01_Title and Copyright_Fall.docx
	Microsoft Word - 02_Sign_to_abstract_Fall.docx
	Microsoft Word - 03_Chapter 1_Introduction_Fall.docx
	Microsoft Word - 04_Chapter 2_Methods_Fall.docx
	Microsoft Word - 05_Chapter 3_Elife_Fall.docx
	Microsoft Word - 06_Chapter 4_Science.docx
	Microsoft Word - 07_Chapter 5_DS.docx



