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With the prevalence of neurodegenerative pathologies in our society today it is 

imperative that we begin to look at novel approaches to the underlying problem of dying 

neurons that are not replaced. Adult neural stem cells exist naturally and could potentially 

be manipulated into targeted repair of damaged brains, given substantial research. The 

first step in this process is to find a way to specifically mark the earliest subset of these 

cells, the quiescent adult neural stem cells. Here we provide evidence for the existence of 

a novel and unique qANSC marker in mouse telomerase reverse transcriptase (mTERT). 

mTERT has been shown to mark a slowly cycling quiescent stem cell population in the 

gut, and has been shown to be present in the brain. Here we will use two specific mouse 

models, including a lineage tracing model and a direct reporter model, in order to 

evaluate the location and behavior of mTERT+ cells within the brain. Through 

quantitative polymerase chain reaction we were able to determine that mTERT+ cell 



 

populations express higher levels common neural stem cell markers than mTERT- cell 

populations. We were able to use fluorescent staining of brain slices in order to determine 

the niches for these cells as well as their co-expression patterns. 
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CHAPTER 1 

INTRODUCTION 

Neurogenesis and its significance in current research 

         Neurogenesis research has proven to be highly relevant in the ongoing public 

health discussion in relation to neurodegeneration and neural injury. Neurodegenerative 

diseases, such as Alzheimer’s and Parkinson’s disease, typically happen with aging and 

are the result of the loss of neurons without subsequent replacement or repair. While 

mechanisms of neuronal death and symptoms caused by neurodegeneration may vary, the 

core problem of neuronal loss is conserved between such diseases. In a similar fashion, 

neural injuries, such as traumatic brain injuries (TBIs),  may also result in the death of 

neurons and subsequent deficits caused by their absence. TBIs are typically caused by 

mechanical force to the head, pressure due to swelling, or loss of blood caused by an 

injury, which is what leads to neuronal cell death. According to the CDC, approximately 

1.7 million people experience some form of TBI per year, with adults over the age of 65 

being particularly at risk. All of these alarming pathologies have the commonality of dead 

neurons without adequate compensation for the loss, and are at a disproportionate 

incidence in elderly populations.  

This thesis will focus on adult neurogenesis, which will from here on be referred 

to simply as neurogenesis. It is important to note that developmental neurogenesis is 

another neurogenic process, although one that only happens during development. 

Developmental neurogenesis begins with the formation of the neural plate in the third 

week of gestation. Migrating cells arrange themselves in this plate formation based on 

signals from the embryonic node. This plate will then form ridges at either end that will 
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soon fuse to form the neural tube with the neural progenitor cells lining up along the 

center of this tube. Over the next several weeks the neural tube will undergo drastic 

morphological changes that will eventually lead to the formation of a small smooth brain. 

During the fetal period this brain will begin to develop the familiar pattern of gyri and 

sulci. Over the next several years the connections formed in this early brain will be built 

upon with further cell population growth, pruned, and refined as the human it belongs to 

interacts with their environment. This process continues through early childhood with the 

brain reaching approximately 90% of its adult size by age six in human (Stiles & Jernigan 

2010). 

Prior to the 1960’s it was believed that after the cessation of developmental 

neurogenesis the brain was essentially static, not producing any new neurons. During the 

early 1960’s Dr. Joseph Altman and his laboratory were able to prove that postnatal 

neurogenesis existed in both rats, and cats using thymidine-H3 labeling. Thymidine 

labeling is a reliable way to mark cells that are preparing to divide as it is able to 

incorporate into newly synthesized DNA. In 1965 they were able to use thymidine 

labeling on young rats, adult rats, and rats with lesions to further support their hypothesis 

that adult neurogenesis would occur. The Altman lab was able to determine that 

neurogenesis in the dentate gyrus existed after the rat brain was fully developed although 

the number of thymidine labeled cells did steadily decline as animals aged. Lesions did 

not affect the rate of hippocampal neurogenesis in this study, although the lesions were 

made in the cortex, so it is possible that they affected the rate of neurogenesis in another 

niche.  



 3 

In 1969, again using thymidine labeling, Dr. Altman’s lab was able to show not 

only the existence of a persistent ANSC niche in the sub-ventricular zone, but also of the 

rostral migratory stream. In rats ranging in age from newborn to adult this niche was 

present and showed signs of proliferation. In addition, thymidine labeling allowed for the 

tracking of cells over up to 180 days post injection. From this a pattern began to emerge 

showing a high density of thymidine labeled cells in the SVZ up to 24 hours after 

injection, and these cells then beginning to migrate toward the olfactory bulb before 

reaching it 3-6 days after injection. This study supported the existence of a robust ANSC 

niche in the lateral ventricles of the brain.  

Adult neurogenesis is the process in which neural precursor cells can create new 

cell types in order to provide for the needs of the brain. While several kinds of neural 

precursor cells exist, the most primitive of these are adult neural stem cells (ANSCs). 

These cells can either be in a quiescent, slowly proliferating state (qANSCs) or in an 

active, dividing state (aANSCs). ANSCs are multipotent with the potential to 

differentiate into neurons, glia, or oligodendrocytes, cell differentiation and commitment 

is regulated by specific signals in the brain. The classic canon pathway of the neuronal 

lineage is qANSCs become activated and then divide and differentiate into transit 

amplifying cells (TACs). TACs can then further divide and differentiate into neuroblasts 

which will migrate and differentiate into neurons, which will integrate into the existing 

neural circuitry. If this process could be understood mechanistically it is possible that 

these cells could be manipulated to target and repair specific areas, namely injured ones. 
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Markers used to identify neural precursors 

Typically, neural precursors are characterized and distinguished from one another 

by a unique pattern of gene expression. qANSCs and aANSCs exhibit similar patterns of 

expression. The few known expression differences relate to qANSCs’ lack of common 

activation markers. The markers that are shared between the two types of ANSCs are 

Nestin, glial fibrillary acidic protein (GFAP), Hes5, and Sox2 (sex determining region Y 

box 2). Nestin is a Type IV intermediate filament which has been found to aid in the 

survival, proliferation, and renewal of neural stem cells and has been hypothesized to aid 

in the migration of these cells (Suzuki et al., 2010). Recently the presence of nestin in 

qANSCs has been contested, however it is possible that it is still present in all ANSCs at 

different levels (Chaker, Codega, & Doetsch 2016). Nestin is also expressed in the 

vascular endothelial cells of other tissues around the body, such as the pancreas (Klein et 

al., 2003). GFAP is a Type III intermediate filament commonly found in astrocytes, is 

used for support and strength, and has been shown to mark ANSCs (Doetsch et al., 1997). 

Hes5 is a basic helix-loop-helix (bHLH) transcriptional repressor known for the 

regulation of cell differentiation in several tissues throughout the body and whose 

expression is downregulated upon differentiation (Basak & Taylor 2007).  

Sox2 is responsible for maintaining ANSCs in an undifferentiated state in both 

developmental and adult neurogenesis (Graham et al., 2003). Repression of this gene 

results in premature exit from the cell cycle and differentiation. This is the most common 

ANSC marker and it has been used in several studies, however it marks both active and 

quiescent ANSCs so these studies are unable to differentiate between the two (Graham et 

al., 2003; Kazanis et al., 2010; Marqués-Torrejón et al., 2013).  
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Currently, the major differences between the expression patterns of qANSCs and 

aANSCs lie in the two activation markers which begin to be expressed by the aANSCs. 

These markers include, EGFR (epidermal growth factor receptor), a receptor tyrosine 

kinase which can lead to cell proliferation via signaling cascades (Doetsch et al., 2014) 

and ASCL1 (Achaete-Scute Complex Homolog) is a bHLH transcription factor which 

aids in commitment and differentiation of ANSCs. TACs continue to express ASCL1, 

Sox2, and EGFR but cease to express common ANSC markers. These cells undergo rapid 

proliferation and can divide up to three times (Alvarez-Buylla et al., 1999; Karl et al., 

2012). These cells will differentiate to become neuroblasts. 

Neuroblasts continue the expression of EGFR but also begin to express several 

new markers. NeuroD1 is a bHLH transcription factor and regulates the expression of the 

insulin gene. This transcription factor, is expressed in neuroblasts and has been shown to 

aid in the regulation of neurogenesis, morphogenesis of dendrites, retinal neuron 

formation, inner ear sensory neuron formation, endocrine islet cell formation, 

enteroendocrine cell formation, and hippocampal formation (Gao et al., 2009). Another 

common neuroblast marker is doublecortin, or DCX. DCX is a protein that directs 

migration in the developing brain by binding to microtubules and regulating their stability 

and organization (Gleeson et al., 1999). NeuN is a gene that begins its expression in 

neuroblasts and continues to mark mature neurons. It is an RNA binding protein involved 

in the regulation of pre-mRNA splicing. Tuj1, more commonly known as beta III tubulin 

is one of two protein families that form the microtubules found in mature neurons. It may 

also play a role in axonal migration and differentiation. In addition to Tuj1, TrkB can be 
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used to mark neurons, as it is a highly expressed receptor in neurons. A summary of all 

markers mentioned here may be found in Table 1. 

Recently, single cell transcriptomics has been used to look for combinations of 

the aforementioned markers in a single cell. In brief, a specific area of an organ, such as a 

small part of the brain, is micro-dissected out and cells from this area are sorted via 

fluorescence activated cell sorting (FACS). The sorting is accomplished based on the 

presence or absence of a few predetermined markers chosen by the experimenter. These 

cells can then be taken individually and put through RNA-sequencing which allows for 

the detection of specific gene expression in each cell. This process has allowed us to learn 

that the neuronal lineage exists on a continuum with cell clusters along this continuum 

representing distinct progenitor subtypes (Dulken et al., 2017; Shin et al., 2015). In 

addition, differences between in vivo and in vitro populations have been shown using this 

method with in vitro neurosphere cells exhibiting an increase in inflammatory and 

cytokine signaling genes (Dulken et al., 2017). Hippocampal and ventricular progenitor 

populations also exhibit some differences in marker expression, although they are very 

similar for the most part (Dulken et al., 2017; Shin et al., 2015). The most pronounced 

difference between these two populations is the presence of Hopx gene expression in 

hippocampal, but not ventricular, stem cells (Shin et al., 2015).  

Major neurogenic niches 

Currently there are two well-studied neurogenic niches, the subgranular zone 

(SGZ) of the dentate gyrus in the hippocampus and the ventricular subventricular zone 

(V-SVZ) of the lateral ventricles. In the SGZ cells will undergo the classic pattern of 

differentiation and migrate up a single cell layer into the granular cell layer of the dentate 
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gyrus, where they become fully mature granule cell neurons (Mandyam, 2013). In the V-

SVZ cells will undergo differentiation up until the point of becoming a neuroblast and 

then they migrate down the rostral migratory stream (RMS) to the olfactory bulb (OB) 

where they will integrate into the pre-existing neural circuitry (Duan et al., 2008). In 

humans, V-SVZ neurogenesis results the neuroblasts migrating to the striatum, as 

humans do not require the same level of OB turnover as rodents (Ernst et al., 2014). 

Striatal neurogenesis does occur in rodents as well, but not as commonly as OB 

neurogenesis (Song et al., 2017; Jeon et al., 2017; Kreiner et al., 2017). 

Minor neurogenic niches 

While the aforementioned niches are the most well-characterized, there exist 

other, smaller niches which have begun to be researched. These niches include the 

hypothalamus and the median eminence (ME), the cerebellum, and the choroid plexus of 

the lateral ventricles. The hypothalamus and ME work in concert with one another where 

neurogenesis is involved, but in a sexually dimorphic way. The ME is a 

circumventricular organ, meaning it is not within the blood brain barrier (BBB), whereas 

the hypothalamus is. This distinct difference allows for each to receive signals via 

different pathways. The ME receives signals from the blood and the hypothalamus is able 

to gather information from contact with cerebrospinal fluid (CSF) via tanycytes 

connected to the ventral third ventricle. Wrathall et al., 2012 was able to show in females, 

acute high fat diet (HFD) intervention increased cell proliferation in the hypothalamus 

and decrease cell proliferation in the ME, while long term HFD did the opposite in both 

regions. In males only the hypothalamus was shown to be affected, with no inverse 

correlation to the ME present.  
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The cerebellum is a vital area for balance and motor coordination. This area has 

been shown to contain nestin+sox2+S100B- cells which reside among Bergmann glia 

(Ahlfeld et al., 2017). Neurogenic stimulation in this area can be assessed by rotarod 

training. 

The choroid plexus lines part of the ventricles in the brain and filters blood in 

order to produce CSF. This vital part of the blood-CSF barrier has also been known to 

create and harbor growth factors (Krzyzanowska et al., 2015). It is composed almost 

entirely by epithelial cells linked via tight junctions and this protective chain of cells 

houses a stromal space, which houses macrophages and dendritic cells, in addition to 

blood vessels. In addition, the CSF facing side of the epithelial cells host epiplexus cells, 

which associate with the microvilli of the epithelial cells (Kaur et al., 2016). This area 

provides an ideal environment for stem cells due to its proximity to both blood vessels 

and CSF.  

Neurogenic interventions in adult neurogenesis 

Several interventions have been shown to naturally stimulate or inhibit 

neurogenesis. These interventions are usually applied in order to affect neurogenesis in a 

specific niche. Voluntary exercise has been shown to stimulate hippocampal 

neurogenesis (Van der Zee et al., 2007; Tannock et al., 2013; Zhu et al., 2007). 

Environmental enrichment, such as adding toys or tunnels the home cage, may also be 

used to enhance hippocampal neurogenesis (Kempermann et al., 2015).  

Both male and female mice experience an increase in V-SVZ neurogenesis after 

mating, with females experiencing a further increase in RMS neurogenesis under a paced 

mating paradigm (Corona et al., 2016). Exposure to the odors of a sexually experienced 
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male can stimulate SVZ neurogenesis in females with the highest new cell density in the 

ventral portion of the SVZ (Corona et al., 2016). Exposure to novel non-sexual odors, 

such as banana scent, can also cause an increase of new cells in the SVZ (Corona et al., 

2016). In addition, feeding behaviors can affect neurogenesis. Mice fed a powdered diet 

experience a marked decrease olfactory neurogenesis due to the decrease in mastication 

(Utsugi et al., 2014). This was behaviorally assessed by whether animals would avoid bad 

smells in a Y-maze and cellularly assessed by the amount of BrDU+ cells in the OB. This 

phenotype could be reversed by the replacement of the soft diet with a hard chow diet for 

three months (Utsugi et al., 2014). The aforementioned methods are known to cause the 

appearance of new cells in the olfactory pathway, but the V-SVZ niche is not limited to 

this pathway. 

Striatal neurogenesis can be increased by stimulating a small population (~0.5% 

of the cells in the striatum) of glutamatergic neurons within the striatum which then 

release glutamate which is known to enhance the proliferation and survival of neural 

progenitors (Song et al., 2017). Furthermore, striatal neurogenesis can be enhanced by 

riluzole, a drug that inhibits the release of glutamic acid and leads to an increase in serum 

levels of brain derived neurotrophic factor (BDNF) (Kreiner et al., 2017). Although low 

dose (5 mg/kg) riluzole had no effect on the behavioral deficits experienced by a 

Parkinsonian mouse model, there was an increase in the number of new cells in the SVZ. 

Behavioral recovery, or lack thereof, was assessed by rotarod trials which measure how 

long the mice are able to stay on an accelerating rotarod. Cellular recovery was assessed 

by the presence of ki67+ cells in the SVZ and the number of dendritic spines present on 



 10 

the neurons of the striatum. No significant difference was seen between drug and control 

groups in terms of dendritic spine number.  

The addition of exogenous factors into the mouse brain, another neurogenic 

stimuli, commonly involves neurotrophic factors. BDNF is a member of the epidermal 

growth factor family (EGF family). BDNF has been shown to promote the survival and 

differentiation of SVZ progenitor cell and increase the number of these cells in the RMS 

and OB (Pencea et al., 2001). BDNF has two receptors, TrkB and p75, with TrkB being a 

high affinity receptor and p75 being a low affinity receptor. BDNF and TrkB play a 

major role in energy balance as disruption of either of these can lead to changes in food 

consumption, activity level, and weight. A loss of either BDNF or TrkB has been shown 

to cause hyperphagia, obesity, and hyperactivity (Rothman et al., 2012). Injection of 

BDNF causes a decrease in the consumption of food and subsequently a decrease in 

weight (Rothman et al., 2012). This is likely linked to the high levels of expression of 

TrkB in the ventromedial hypothalamus, a lesion of which has also been shown to cause 

hyperphagia and weight gain. The relationship between BDNF and energy balance is 

reciprocal; changes in BDNF can cause diet changes just as diet changes may affect 

levels of BDNF. Alternate day fasting increased BDNF levels in mice, while food 

deprivation had an inhibitory effect (Rothman et al., 2012). This information taken 

together also lends support to the hypothalamus and median eminence as potential niches, 

as these areas are highly involved in energy balance and BDNF signaling. 

Ciliary neurotrophic factor (CNTF), similarly to BDNF induces weight loss via a 

decrease in food consumption, however unlike BDNF this dietary change is accompanied 

by an increase in energy expenditure (Ahima et al., 2008). CNTF induces cell 
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proliferation specifically in the hypothalamus which results in cells that respond to leptin, 

the body’s satiety signal. This increased response to leptin could be the mechanism which 

induces the dietary changes associated with CNTF. The proliferative capability of the 

hypothalamus is another key piece of evidence in support of the hypothalamus as a 

proliferative niche. Vascular endothelial growth factor (VEGF) has also been shown to 

increase cell proliferation via the Flk1 receptor, which is expressed in neural progenitor 

cells.  

In order to assess whether proliferation occurs in areas of interest 

ethynyldeoxyuridine (EdU) is used. EdU is incorporated into newly synthesized DNA 

and thus is able to act as a marker of proliferation. Our lab was able to show EdU 

incorporation in mice, specifically in the SVZ and the hypothalamus. 

Mouse Telomerase Reverse Transcriptase 

In the Townsend Lab we endeavored to find a specific and unique marker for 

qANSCs. The lack of such a marker has made these cells difficult to study, as currently it 

is necessary to stain for at least two antigens and determine whether one is missing. This 

experimental design is difficult to accomplish with confidence as it is unknown whether a 

flaw in staining caused the absence of a signal or whether the signal just naturally absent. 

Our goal is to determine whether mouse telomerase reverse transcriptase (mTERT) could 

be a unique and specific marker for qANSCs.  

Mouse telomerase reverse transcriptase (mTERT) expression allows for the 

telomeres at the end of DNA strands to be repaired. In typical cells these telomeres do not 

undergo lengthening and therefore are eventually depleted after numerous replication 

cycles. The loss of these telomeres results in apoptosis. In cells that must divide for 
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longer periods of time, such as stem cells, these telomeres can be replaced by mTERT in 

conjunction with the telomerase RNA component (TERC). TERC acts as a template from 

mTERT to reverse transcribe from in order to lengthen the telomeres, protecting the DNA 

and allowing cell survival. 

mTERT was originally found to mark slowly cycling stem cells deep within the 

crypts of the intestines by Dr. David Breault’s lab at Harvard Medical/Children’s 

Hospital Boston (Breault et al., 2011). This slowly cycling population could become 

activated and differentiate and divide in order to replenish lost cell types during injury. 

Since then it has also been found to mark small populations of cells in the kidney, 

endometrium, and heart (Song et al., 2011; Deane et al., 2016; Richardson et al., 2012). 

Quiescent neural stem cells have previously been described as slowly cycling astrocytes, 

which is congruent with the original discovery’s conclusion; mTERT cells are indeed 

slowly cycling. 

Our lab is able to study this marker for specificity using two unique transgenic 

mouse lines. mTERT-GFP is a direct reporter line which expresses a green fluorescent 

protein (GFP) in any cell in which mTERT is expressed and ceases expression when 

mTERT ceases to be expressed. mTERT-rtTA::oTet-Cre::ROSA-mTmG is a triple 

transgenic lineage tracing line. This line uses a tetracycline controlled cre system in order 

to allow for the indelible marking of cells expressing mTERT. The hyphens in the strain 

name above indicate genes which are linked with one another. ROSA, a ubiquitously 

expressed gene in mice, precedes the transcription of mTmG, which contains a membrane 

tomato marker, then a stop signal, then a membranous GFP. In the absence of either 

mTERT or doxycycline only the membrane tomato protein is expressed in the cell. 
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Anytime mTERT is expressed in a cell an inactivated rtTA will be as well. Once 

doxycycline, a tetracycline derivative, is introduced into the mouse via their drinking 

water the rtTA will become active. The activated rtTA will then bind to the oTet 

promoter which will allow for the transcription of Cre. The membrane tomato protein and 

the stop signal of the mTmG, which are flanked by LoxP sites, will be targeted by the Cre 

protein. Each LoxP site will be cut down the center with the sequence between them 

being circularized. The remaining LoxP sites on the strand are then spliced back together 

so the ROSA and membrane GFP are adjacent. This results in a membrane GFP marker 

being present in lieu of a membrane tomato marker.  

Due to the removal and subsequent circularization of the membrane tomato and 

stop signal the GFP marker will be indelible and the red signal will never return 

regardless of mTERT expression status. In this manner we are able to mark mTERT 

positive cells for a period of time in which doxycycline is administered called the pulse. 

Upon the removal of doxycycline from the drinking water during a period called the 

chase, these cells will remain marked and proceed with development. During the chase, 

interventions may be used in order to alter the behavior of these cells. For example, 

neurogenic stimuli can be used to increase neurogenesis which could induce 

differentiation and migration in GFP marked populations. This technique of labeling and 

following cells is referred to as lineage tracing. 
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CHAPTER 2 

METHODS 

Animals 

All mice were kept on a 12-hour light dark cycle in a room temperature 

environment. mTERT:GFP mice were obtained from Dr. David Breault at Boston 

Children’s Hospital/Harvard Medical and have C57BL/6J as a genetic background. 

mTERT:rtTA::oTet:Cre::ROSA:mTmG mice were also obtained from Dr. David Breault 

and have a mixed genetic background.  

 

Gene expression study 

Six-month old mTERT:rtTA::oTet:Cre::ROSA:mTmG mice were given a 2-week 

doxycycline pulse followed by a 2-day chase. At the conclusion of the chase animals 

were sacrificed via CO2 anesthetization followed by cervical dislocation. Brains were 

then dissected out and all brain tissue posterior to the hypothalamus was removed and 

discarded. Remaining brain tissue was evenly and finely diced in a petri dish containing 

1mg/mL pronase in artificial cerebrospinal fluid (ACSF). All of this was then transferred 

to loosely capped 50mL tubes containing 10mL of pronase/ACSF mixture. Samples were 

put into a shaking water bath set at 37°C for less than 75 minutes with vortexing every 10 

minutes. Samples were spun down in a clinical centrifuge and ACSF/pronase was 

decanted and replaced with 10% FBS in ACSF, stopping the dissociation step (serum 

inhibits pronase). This was incubated at 37°C in a shaking water bath for 15 minutes. 

Each sample was then triturated through a 600µm, a 300µm, and a 150µm fire-polished 
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pipette respectively until no chunks remained in the sample. Each sample was moved to a 

sterile loosely capped FACS tube and transferred on ice to Jackson Labs for sorting. 

Sorting was done by Will Schott of Jackson Labs. Dead cells were exluded from 

the sort via staining with DAPI, a common nuclear marker for dead cells. Each sample 

yielded a GFP+ and a GFP- results tube. GFP+ cells were sorted directly into lysis buffer, 

while GFP- cells were sorted into PBS. Upon completion of the sort, all samples were 

taken back to the University of Maine on ice where they were immediately placed into -

80°C.  

Both GFP+ and GFP- samples had RNA extracted using the Zymo Quick-RNA 

MiniPrep Kit (Zymo Research, R1051). RNA was reverse transcribed into cDNA which 

was then diluted and stored at -20°C. Gene Expression was measured by qPCR using 

SYBR Green as the fluorophore. All samples were run in replicate. Analysis was 

completed using GraphPad Prism. For primer forward and reverse sequences see Table 2. 

Neurosphere assay 

Mice were treated as previously described in the “Gene Expression Study” section 

of the methods, however instead of sorting into lysis buffer or PBS, all samples were 

sorted into NeuroCult Complete Proliferation Media. These samples were transported 

back the University of Maine on ice, where they were plated. Media was changed every 

seven days and plates were examined daily. Images were taken by Magda Blaszkiewicz. 

Immunohistochemistry 

Animals used for immunohistochemistry (IHC) were anesthetized using a 

ketamine/xylazine mixture at a concentration of 20mg/mL and 10mg/mL respectively. 

Animals were given a dose of 100µL/gram of body weight. After successful 
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anesthetization, confirmed via toe pinch, each animal was transcardially perfused first 

with PBS and then with Amresco HistoChoice Fixative (Sigma-Aldrich, H2904). Brains 

were then removed, put into individual cassettes, and fixed overnight in HistoChoice. 

After 16 hours brains were moved to a sucrose gradient with 10%, 20%, and finally 30% 

sucrose in PBS.  

Each brain was flash frozen in OCT and sliced on a cryostat at a thickness of 

7µm. Serial sectioning was achieved by adding two tissue sections to each slide for six 

continuous slides. Twelve brain slices were then discarded. This pattern was repeated 

until no tissue remained. All slides were then baked in an incubator at 37°C overnight 

and then stored in -20°C until staining. 

Staining began by allowing slides to come to room temperature for 30 minutes, 

followed by fixing the slide in ice cold acetone for 15 minutes. Slides were washed in 

Millipore Rinse Buffer (Millipore, #20845) for 3-5 minutes. Membranes were made 

permeable Nuclear antigens were retrieved using 0.2% Triton X-100 in PBS for exactly 

10 minutes. Cytoplasmic antigens were retrieved by placing slides in 0.3% Tween-20 in 

PBS for 30 minutes. Regardless of antigen localization slides were microwaved on low 

for 20 minutes total in DAKO Target Retrieval reagent (Cat #S1700) with a 3 minute 

break halfway through. Sudan Black was used to block autofluorescence by incubating 

slides in it for 20 minutes. After this incubation slides were rinsed using Millipore Rinse 

Buffer and hydrophobic barriers were drawn using a pap pen. Millipore block (Cat 

#20773) was added to each slide and slides were allowed to incubate at 37°C for 20 

minutes. Following this incubation primary antibody was added and slides were left 

overnight at 4°C. The following day slides were rinsed in Millipore Rinse Buffer and 
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then allowed to incubate in the secondary antibody for 10 minutes in the dark. Slides 

were again rinsed in rinse buffer, followed by a water rinse. Slides were counterstained in 

100ng/mL of DAPI for 5 minutes and then rinsed thoroughly in water. Fluorescent 

mounting media (Millipore Cat# 5013) and 1.5mm thickness cover slips were used to 

mount slides. For primary and secondary antibody concentrations see Table 3.  
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CHAPTER 3 

RESULTS 

Gene expression in the mTERT-GFP+ cell population  

After FACS sorting mTERT-GFP+ populations and mTERT-GFP- populations 

from 6-month old mTERT:rtTA::oTet:Cre::ROSA:mTmG mice, RNA was extracted and 

reversed transcribed into cDNA so that gene expression could be assessed via 

quantitative polymerase chain reaction (qPCR).  

In Figure 1 four out of the six tested ANSC markers show upregulation in the 

mTERT-GFP+ cell population when compared to the mTERT-GFP- cell population. It is 

important to keep in mind that due to our animal model this is a comparison of cells that 

expressed mTERT during our 2-week pulse to other brain cells of a non-specific 

population. In essence upregulation in the mTERT-GFP+ population indicates that the 

gene of interest is higher in these cells than in a collective average of other brain cell 

types. 

Gfap, hes5, sox2, and nestin are all significantly more expressed in the mTERT-

GFP+ population providing evidence for mTERT-GFP+ cells being some of the earliest 

neural precursors, ANSCs. Blbp does not show a significant difference between 

populations although there is a trend towards upregulation in the mTERT-GFP+ 

population. Cd133 is not upregulated in the mTERT-GFP+ population and no trend is 

apparent. Cd133 has been shown to be a reliable marker for developmental NSCs, it has 

been shown to mark a diffuse population in the adult brain that is not correlated to 

ANSCs (Olausson et al., 2014).  
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Several trends seem to appear in the later precursor markers as well. This could be 

due to the fact that the mTERT:rtTA::oTet:Cre::ROSA:mTmG line marks cells indelibly, 

so from the very beginning of the pulse any cell that is marked will remain marked 

despite any changes in gene expression that may occur. These trends are not significant, 

while there is significance in the difference between earlier precursor markers which 

indicates that these cells at least begin to be marked in the earlier precursor phases. Prox1 

is the only later precursor marker to be significantly different between mTERT-GFP+ and 

mTERT-GFP- populations.  

 Trkb is a BDNF receptor that is highly prevalent on neurons and shows no 

difference between populations, showing that the mTERT-GFP+ population is not 

composed of neurons. 

mTERT-GFP+ cells form neurospheres 

mTERT-GFP+ cells from a 4-month old mTERT:rtTA::oTet:Cre::ROSA:mTmG 

mouse formed neurospheres when cultured, although in very low numbers (Figure 1). 

Active and quiescent ANSCs exhibit strikingly different behavior in culture with ANSCs 

robustly giving rise to neurospheres while qANSCs only form neurospheres 0.82% of the 

time in the presence of bFGF and EGF (Codega et al., 2014). Our assay began by plating 

800 mTERT-GFP+ cells, which according to Codega et al., 2014 means we could 

reasonably expect ~6 neurospheres if no cell death occurred, indicating that as long as 

our protocol is correct our low yield may be a sign of a qANSC population.  

In vivo location of mTERT-GFP+ cells and their co-localization 

When looking at figures 2, 3, and supplemental figure 2 a pattern emerges of 

mTERT-GFP+ cells residing in the ventricles, specifically in the choroid plexus. In 
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supplemental figure 2C an mTERT-GFP+ cell is visible with a clear protrusion, S2D 

shows a potential model of how a qANSC would reside in a choroidal niche with a 

similar projection. mTERT-GFP+ cells were also regularly found in the subventricular 

zone, a classic ANSC niche. mTERT-GFP+ cells were found in the hypothalamus, albeit 

less regularly than in the lateral ventricles. Typically, in this niche mTERT-GFP+ cells 

could be found in the walls of the ventral 3rd ventricle or in the median eminence, both 

areas that have been previously shown to be neurogenic, specifically in response to diet. 

mTERT-GFP+ cells were distinctly absent from the SGZ of the dentate gyrus in all 

samples imaged, although sox2,nestin, and EGFR were present in this region.  

Figures 4, 5, and supplemental figure 4 elucidate co-staining patterns of occasional 

overlap with early markers such as sox2, nestin, and EGFR although no overlap with 

neuroblasts marker DCX. Sox2 overlap with mTERT-GFP+ cells of mTERT:rtTA mice 

were observed in the choroid plexus as well as the wall of the ventral third ventricle. 

Nestin co-localization in mTERT:rtTA mice occurred in the choroid plexus as well. 

EGFR co-staining was detected in the hypothalamus in mTERT:rtTA mice and the SVZ 

in mTERT:GFP mice. DCX was present in both the SVZ and the olfactory and was able 

to display part of the rostral migratory stream (figure 4A).  

Taken together, the above histological data highlights the need for further co-staining 

studies in both lines, although it does give us some idea of the possible identity of these 

cells. Many of these cells appear to exhibit the genetic expression and location patterns of 

ANSCs. They are not neuroblasts as evidenced by their lack of DCX as well as their 

locations within the brain, but this is the most definite we are able to be about the identity 

of these cells at this point. 
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CHAPTER 4 

DISCUSSION 

Hippocampal neurogenesis debate in the field of neuroscience 

Adult hippocampal neurogenesis has recently become a hotly debated topic, due 

to the presence of papers that draw opposing conclusions. Here we will look at two 

central papers published one month apart and a variety of peripheral papers that support 

or discredit their claims. Each of these papers uses the hippocampi of deceased human 

patients in order to establish the neurogenic changes that occur with aging. 

Immunohistochemistry is employed in order to compare the co-expression of a variety of 

neural and neural precursor markers and their relative presence or absence at each age. 

According to Sorrells et al., neurogenic activity wanes after the first year and is 

essentially non-existent in adult humans and macaques (Sorrells et al., 2018). Using DCX 

and PSA-NCAM to mark young neurons this group established a clear absence of 

neuronal production in adult subjects. This lab used cadaver brains ranging from 14 

gestational weeks to 77 years of age as well as brain samples removed from epileptic 

patients during resection surgeries.  

This is consistent with the decrease in self renewal and neurogenic capacity of 

ANSCs seen in aging (Trinchero et al., 2017). This could also be linked to the scarcity of 

adult born granule cells in middle-aged (5-8 months) mice (Trinchero et al., 2017). A 

sharp decrease in neurogenesis and ANSCs in particular could result in a correlated 

decrease in new granule cells as well. The newborn granule cells that were present in 

middle-aged mice had a significantly delayed development compared to their 

counterparts in young mice (Trinchero et al., 2017). However, this delay could be 
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mitigated through voluntary exercise which also resulted in a correlated increase of 

BDNF levels (Trinchero et al., 2017).  

 The opposing paper claims that although qANSC pools decrease in size in the 

aging human hippocampus immature neuron pools and neurogenesis remain stable 

(Boldrini et al., 2018). This lab employed the use of brains from human cadavers ranging 

in age from 14 to 79 years of age. As a control measure all subjects used in this research 

were ensured to be free of brain diseases, medications, cognitive impairments, recent 

significantly stressful life events, and global functioning impairment.  

 Although these papers will influence the interpretation of our research, the fact 

remains that our work is in mice, where the research is more decided about the existence 

of adult hippocampal neurogenesis. Thus given the stark lack of mTERT+ cells in the DG 

we have formed several possible hypotheses. The first of these is that ANSCs in the 

ventricular niches are a completely unique cell population from those in the hippocampal 

niches. Although their objectives would be the same their journeys would be vastly 

different with ventricular cells having to migrate to the OB and hippocampal cells only 

needing to move up one cell layer. This could result in different neuronal and progenitor 

markers being expressed.  

Prox1 may exhibit divergent expression in the neural lineage 

While prox1 has been previously identified as a neuroblast marker, we see its 

upregulation in our mTERT-GFP+ cell population. Several hypotheses exist to explain 

this data. It is possible that prox1 could mark earlier precursor populations in addition to 

being a neuroblast marker. Prox1 has been shown to function in a tissue-dependent 

manner, acting as a tumor suppressor in liver cells (Nagai et al., 2003) and a proto-
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oncogene in colorectal cells (Petrova et al., 2008). Neuroblasts do not divide, which 

could indicate that prox1 acts as a tumor-suppressor gene in the brain. If this is the case it 

could follow that prox1 expression is upregulated in qANSCs and then ceases expression 

in the actively dividing aANSCs only to exhibit expression once again after the cell has 

reached the neuroblast stage and ceased division.  

Neurosphere formation of qANSCs 

As mentioned previously qANSCs plated with EGF and bFGF will form 

neurospheres about 0.82% of the time. This offers a possible explanation for our low 

yield of neurospheres in our GFP+ population. In the GFP- population it is important to 

recall that these are simply cells that do not express GFP and therefore these cells could 

represent a wide variety of cell populations. In addition, if neural precursors were present 

in this population they may not have been able to form neurospheres due to the signals 

given off by the cells around them, as such a variety is not typically expected to produce 

neurosphere. 

Stem Cell Markers 

 Figures 4, 5, and supplemental figure 4 bring about the idea of expression that 

tapers on and off instead of abruptly beginning and ending. Especially in the case of 

EGFR, we see a pattern of sparse co-expression with GFP+ cells, which could indicate 

cells that are transitioning between qANSCs and aANSCs, but that have not yet fully 

assumed their new identity, nor shed their old one. Unbiased stereology should be 

considered in order to quantify the number of mTERT-GFP+ cells that express EGFR in 

order to determine whether this is the true expression of GFP+ cells or a common 

transition phase into an activated state. We would also be able to use this method to 
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determine if the majority of these cells express sox2 or other ANSC markers or if only a 

small subpopulation express these markers. If there is a majority, it may point to mTERT 

being a reliable stem cell marker. However, if these cells do not reliably co-express 

markers such as sox2 and nestin, we may need to consider if they are perhaps an 

inducible stem cell or possibly a stem cell companion cell. 

 Luo et al., 2015 brought to light the possibility of a rare stem-capable ependymal 

cell population by using single-cell transcriptomics to find minor cell populations within 

the brain. mTERT-GFP+ cells could potentially fit into this category based on the 

locations we have observed them occupying in the brain. We have seen them in the 

choroid plexus, which is known to be made of ependymal cells. We have also observed 

them in the walls of the lateral and ventral third ventricles, both of which contain layers 

of ependymal cells. Further analysis and higher resolution imaging would be needed in 

order to determine if these cells truly reside in the SVZ or if they perhaps are present in 

the ependymal layer. The existence of these rare stem-capable ependymal cells has been 

further supported by Hendrickson et al., 2018. Although promising this theory does have 

its opponents who believe that this population does not exist (Shah et al., 2018; 

Muthusamy et al., 2018), although the rarity of these cells could result in difficulty 

finding them.  

Conclusions 

Based on the above data and discussion we can support the hypothesis that mTERT 

marks a subpopulation of neural precursor cells in the adult mouse brain. The population 

as a whole expresses several ANSC markers without significant upregulation of later 

precursor markers so we can further support the position that this population is an early 
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precursor, most likely an ANSC. Neurosphere data offers further backing that these cells 

are indeed ANSCs and possibly quiescent. Histological data allowed for the emergence 

of a pattern of expression of mTERT-GFP+ cells within the brain that closely follows the 

accepted expression pattern of ANSCs. Co-localization data leaves open the possibility of 

mTERT-GFP+ cells being ANSCs, either quiescent or activated. Taken together an 

image begins to emerge of the prospect of mTERT being able to accurately mark ANSCs, 

although further experiments will be needed to draw more concrete conclusions. 
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APPENDIX A: TABLES 

Table 1: Gene Summaries 

Abbreviation Name Function 
CD133/PROM1 Prominin 1 Originally thought to mark ANSCs, proven to 

only accurately mark embryonic stem cells. In 
the adult brain CD133 marks a diffuse 
population of cells in the brain that are not 
correlated to ANSCs. Role in the organization of 
the apical domain of epithelial cells. 

EGFR Epidermal 
Growth Factor 
Receptor 

Expressed in active ANSCs, but not quiescent. 
Ultimately leads to cell proliferation via 
signaling cascades. Receptor tyrosine kinase that 
dimerizes and auto-phosphorylates upon ligand 
binding. This activates pathways that promote 
cell survival, neuronal functions, and 
metabolism. 

GFAP Glial Fibrillary 
Acidic Protein 

Class III intermediate filaments needed for 
support and strength. Only found in astrocytes. 

Hes5 Class B Basic 
Helix-Loop-
Helix Protein 
38 

Basic Helix-Loop-Helix transcription repressor 
downstream of Notch. Important regulation of 
cell differentiation. Expression is downregulated 
upon differentiation. 

Nestin Nestin Type IV intermediate filament found to promote 
survival, renewal, and proliferation in neural 
progenitor cells. May play a role in the 
trafficking and distribution of intermediate 
filaments in progenitor cell division. 

SOX2 
 

Sex 
Determining 
Region Y Box 2 

Keeps NSCs undifferentiated. Regulates several 
genes associated with embryonic development. 

DCX Double Cortin Codes for a cytoplasmic protein that binds 
microtubules. Directs migration in the 
developing brain by regulating the organization 
and stability of microtubules. 

BLBP Brain Lipid 
Binding Protein 

Small highly conserved protein that binds fatty 
acids. Involved in the establishment of radial 
glial fibers in the developing brain which are 
necessary for the migration of immature 
neurons. 
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Continuation of Table 1: Gene Summaries 
 
 

MASH1/ASCL1 Achaete-Scute 
Complex 
Homolog 
 

Codes for a Basic Helix-Loop-Helix (BHLH) 
transcription factor. Plays a role in 
commitment and differentiation in neuronal 
lineages. Essential for the generation of 
olfactory and autonomic neurons. 

NeuroD Neuronal 
Differentiation 1 

Codes for a Basic Helix-Loop-Helix (BHLH) 
transcription factor. Regulates the expression 
of the insulin gene. Involved in the regulation 
of neurogenesis, morphogenesis of dendrites, 
retinal neuron formation, inner ear sensory 
neuron formation, endocrine islet cell 
formation, eneteroendocrine cell formation, 
and hippocampal formation. Promotes 
differentiation into granule cells in the DG and 
islet cells in the pancreas. 

PSA-NCAM Polysialated 
Neural Cell 
Adhesion 
Molecule 

Common in developing nervous systems and 
areas of neurogenesis. Allows for the migration 
of precursor cells and synaptogenesis. 

Prox1 Prospero 
Homeobox 1 

Transcription factor involved in progenitor cell 
regulation and cell fate determination. Heavily 
involved in embryonic development and 
neurogenesis. 

TrkB Neurotrophic 
Receptor 
Tyrosine Kinase 
2 

“TRKB is the high-affinity receptor for BDNF 
and mediates BDNF signaling, regulating 
several aspects of neural plasticity including 
long term potentiation, neurogenesis and 
memory” (de Miranda et al., 2015) 
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Table 2: Antibodies Used 
 

Antibody Species Type Concentration Color Catalog 
Number 

Anti-GFP Rabbit Primary 1:1000 N/A  Ab6556 
Anti-Ki67 Rabbit Primary 1:1000 N/A Ab15580 
Anti-BrDU Sheep Primary 10ug/mL N/A Ab1893 
Alexa Fluor 
488 

Goat anti-
rabbit 

Secondary 1:1000 Green A11070 

Alexa Fluor 
350 

Goat anti-
rabbit 

Secondary 1:1000 Blue A11046 

Alexa Fluor 
350 

Donkey 
anti-sheep 

Secondary 1:1000 Blue A21097 

Anti-GFP Goat Conjugated  1:1000 Green Ab6662 
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Table 3: qPCR Primers 
 

Primer Forward Sequence Reverse Sequence 
Cyclophilin CAAATGCTGGACCAAACACAA AAGACCACATGCTTGCCAT 
Hes5 GCACCAGCCCAACTCCAA GGCGAAGGCTTTGCTGTGT 
BLBP TAAGTCTGTGGTTCGGTTGG CCCAAAGGTAAGAGTCACGAC 
EGFR GCATCATGGGAGAGAACAACA CTGCCATTGAACGTACCCAGA 
GFAP CGGAGACGCATCACCTCTG AGGGAGTGGAGGAGTCATTCG 
Nestin AGGACCAGGTGCTTGAGAGA TGGCACAGGTGTCTCAAGGGTAG 
SOX2 GCGGAGTGGAAACTTTTGTCC CGGGAAGCGTGTACTTATCCTT 
Prox1 CGCAGAAGGACTCTCTTTGTC GATTGGGTGATAGCCCTTCAT 
CD24 GTTGCTGCTTCTGGCACTG GGTAGCGTTACTTGGATTTGG 
DoubleCortin CATTTTGACGAACGAGACAAAGC TGGAAGTCCATTCATCCGTGA 
NeuroD ATGACCAAATCATACAGCGAGAG TCTGCCTCGTGTTCCTCGT 
MASH1 CCACGGTCTTTGCTTCTGTTT TGGGGATGGCAGTTGTAAGA 
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APPENDIX B: FIGURES 

Figure 1: mTERT-GFP+ cells express ANSC markers and form neurospheres in 
culture 
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Figure 1: mTERT-GFP+ cells express ANSC markers and form neurospheres in 
culture 
Precursors along the neuronal lineage may be differentiated by patterns of gene expression 
(A). qPCR shows that after a 2-week pulse and 2-day chase, mTERT-GFP+ cells from six  
6-month old mTERT:rtTA::oTet:Cre::Rosa:mTmG mice express a significant upregulation 
in 4 out of 6 well-studied ANSC markers, namely, GFAP, nestin, Hes5, and SOX2 
(B).  qPCR analysis of later precursor markers and mature neurons reveal that mTERT-
GFP+ cells only express upregulation in 1 out of 7 of these genes (C). Notably the marker 
for activation, EGFR, is not significantly upregulated in the mTERT-GFP+ population. 
TrkB, a receptor commonly found on neurons does not show any significant difference 
between populations (D) (n=4). mTERT-GFP+ cells from a 4-month old 
mTERT:rtTA::oTet:Cre::Rosa:mTmG mouse behave like ANSCs in culture by forming 
neurospheres (E). (n=1) 
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Figure 2: GFP+ cells only reside in ventricular niches, including the SVZ, choroid 
plexus, and the ventral third ventricle. 
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Figure 2: GFP+ cells only reside in ventricular niches, including the SVZ, 

choroid plexus, and the ventral third ventricle. 

Immunostaining with an anti-GFP primary antibody (abcam, ab6556) and AlexaFluor 488 
(Life Technology, A11070) in 6 (4 males, 2 females) 1 year old mTERT:GFP mice show 
GFP+ cells (marked by arrows) in the choroid plexus & the SVZ (A,B), the ventral third 
ventricle (C,D). mTERT-GFP+ cells were not found in the SGZ (n=6). Representative 
images are used here (A-D), but further images may be found in supplemental figure 2. 
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Figure 3: GFP+ cells only reside in ventricular niches, including the SVZ, choroid 
plexus, the hypothalamus, and the olfactory bulb 
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Figure 3: GFP+ cells only reside in ventricular niches, including the SVZ, choroid 
plexus, the hypothalamus, and the olfactory bulb 
Immunostaining with an anti-GFP primary antibody (abcam, ab6556) and AlexaFluor 488 
(Life Technology, A11070) in 6 male 18 month old mTERT:GFP mice show mTERT-
GFP+ cells (marked by arrows) in the choroid plexus & the SVZ (B,C), and the 
hypothalamus (D,E). mTERT-GFP+ cells were not found in the SGZ. 40X sagittal view 
for orientation (A) (n=6). Representative images are used here (B-D), but further images 
may be found in supplemental figure 3. 
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Figure 4: GFP+ cells do not co-express with neuroblasts marker doublecortin 
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Figure 4: GFP+ cells do not co-express with neuroblasts marker doublecortin  
Using fluorescence microscopy in conjunction with immunostaining, in 6 male 18 month 
old mTERT:GFP mice, mTERT-GFP+ cells were not found to co-express with the 
neuroblast marker doublecortin (abcam, ab18723) in the lateral ventricle (A,B) or the 
olfactory bulb (C-E). AlexaFluor 594 was used as a secondary (Life Technology, 
A11012) (n=6). Representative images are used here (A-E), but further images may be 
found in supplemental figure 4. 
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Figure 5: GFP+ cells sometimes co-express with activation marker EGFR 
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Figure 5: GFP+ cells sometimes co-express with activation marker EGFR  
Using fluorescence microscopy in conjunction with immunostaining, in 6 male 18 month 
old mTERT:GFP mice, mTERT-GFP+ cells were seen to rarely co-express with the 
activation marker EGFR (abcam, ab 32562) in the lateral ventricle. Images A-D show no 
co-expression, while image E shows mTERT-GFP+ and EGFR co-expressed (marked by 
arrows). AlexaFluor 594 was used as a secondary (Life Technology, A11012) (n=6). 
Representative images are used here (A-E), but further images may be found in 
supplemental figure 5. 
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Supplemental Figures 

Supplementary Figure 1: GFP+ cells only reside in ventricular niches, including the 
SVZ, choroid plexus, the ventral third ventricle, and the median eminence 

 
Supplementary Figure 1: GFP+ cells only reside in ventricular niches, including the 
SVZ, choroid plexus, the ventral third ventricle, and the median eminence 
Immunostaining with an anti-GFP conjugated antibody (abcam, ab6662) in a 20 month 
old mTERT:rtTA::oTet:Cre::ROSA:mTmG mouse show mTERT-GFP+ cells in the 
choroid plexus & the SVZ (A, B, & C), the ventral third ventricle, and the median 
eminence (E, F, G). mTERT-GFP+ cells were not found in the SGZ (H). Included is a 
diagram of the possible arrangement of qANSCs in the choroid plexus niche (D). (n=1) 
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Supplementary Figure 2: GFP+ cells only reside in ventricular niches, including the 
SVZ, choroid plexus, and the ventral third ventricle 
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Supplementary Figure 2: GFP+ cells only reside in ventricular niches, including the 
SVZ, choroid plexus, and the ventral third ventricle 
Immunostaining with an anti-GFP primary antibody (abcam, ab6556) and AlexaFluor 488 
(Life Technology, A11070) in 6 (4 males, 2 females) 1 year old mTERT:GFP mice show 
GFP+ cells in the choroid plexus & the SVZ (A-F), the ventral third ventricle (G-J). 
Representative images can be found in Figure 2. (n=6) 
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Supplemental Figure 3: GFP+ cells only reside in ventricular niches, including the 
SVZ, choroid plexus, the hypothalamus, and the olfactory bulb 
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Supplemental Figure 3: GFP+ cells only reside in ventricular niches, including the 
SVZ, choroid plexus, the hypothalamus, and the olfactory bulb 
Immunostaining with an anti-GFP primary antibody (abcam, ab6556) and AlexaFluor 488 
(Life Technology, A11070) in 6 male 18 month old mTERT:GFP mice show mTERT-
GFP+ cells in the choroid plexus & the SVZ (B-G), and the hypothalamus (H-K). mTERT-
GFP+ cells were not found in the SGZ (L-N). 40X sagittal view from the Allen Brain Atlas 
for orientation (A). (n=6) 
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Supplemental Figure 4: GFP+ cells do not co-express with neuroblasts marker 
doublecortin 
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Supplemental Figure 4: GFP+ cells do not co-express with neuroblasts marker 
doublecortin  
Using fluorescence microscopy in conjunction with immunostaining, in 6 male 18 month 
old mTERT:GFP mice, mTERT-GFP+ cells were not found to co-express with the 
neuroblast marker doublecortin (abcam, ab18723) in the lateral ventricle (A-F) or the 
olfactory bulb (G-L). AlexaFluor 594 was used as a secondary (Life Technology, 
A11012). (n=6)  
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Supplemental Figure 5: GFP+ cells sometimes co-express with activation marker 
EGFR 
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Figure 5: GFP+ cells sometimes co-express with activation marker EGFR  
Using fluorescence microscopy in conjunction with immunostaining, in 6 male 18 month 
old mTERT:GFP mice, mTERT-GFP+ cells were seen to occasionally co-express with 
the activation marker EGFR (abcam, ab 32562) in the lateral ventricle (A-H) or the 
olfactory bulb (I-N). AlexaFluor 594 was used as a secondary (Life Technology, 
A11012). (n=6) 
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Supplementary Figure 6: GFP+ cells sometimes co-express with well-known ANSC 
markers, but not with the neuroblast marker doublecortin 

 

 
Supplementary Figure 6: GFP+ cells sometimes co-express with well-known ANSC 
markers, but not with the neuroblast marker doublecortin  
Using fluorescence microscopy in conjunction with immunostaining, in 7-month old 
mTERT:rtTA::oTet:Cre::ROSA:mTmG mice, GFP+ cells were seen to co-express with 
ANSC markers nestin (abcam, ab 11306) (A,B) and sox2 (Millipore, AB5603) (D,E), and 
activation marker EGFR (abcam, ab 32562) (G,H). AlexaFluor 594 was used as a 
secondary (Life Technology, A11012). These markers also appeared in their respective 
niches within the brain (C, F, I). (n=2) 
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