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Abstract 

Adult neural stem and progenitor cells hold the potential to regenerate lost tissue 

following injury or disease to the central nervous system. Before these cells can be used 

to regenerate tissue, they must be instructed to differentiate into the appropriate cell type. 

The objectives of this thesis were to investigate the differentiation induced from the 

proneural transcription factor ASH1 with an intracellular delivery mechanism in adult 

neural stem and progenitor cells cultured in vitro and to develop an in-house biosensor 

capable of detecting the neurotransmitter glutamate from non-myelinated axons. It was 

demonstrated that the addition of the cell permeable ASH1 promoted neurogenesis in 

neural stem and progenitor cells after two weeks of cell culture. Patch-clamp 

electrophysiology and immunocytochemistry were used to verify that the cells were 

differentiating into neurons. Although the cells did not develop into mature neurons 

capable of generating action potentials, they showed neuronal characteristics including 

the expression of neurofilament and the presence of voltage-gated Na+ channels. In 

addition, it was shown, using patch-clamp electrophysiology on HEK293T cells 

transduced to express the glutamate ionotropic receptor GRIK3, that glutamate can be 

detected in the bath solution. This work shows that HASH1 can be used to induce 

neuronal differentiation in adult neural stem and progenitor cells in vitro and the in-

house biosensor can be used to detect potential glutamate release from axons of neurons 

generated by ASH1. 
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Chapter 1. Introduction 

 

1.1. Background 

While stem cells are required for early neural development, pools of neural stem 

and progenitor cells (NSPC) remain active and continue to produce new cells within the 

adult central nervous system (CNS). The stem cells that remain through adulthood hold 

the potential to regenerate neurons or glial cells lost or damaged by neurodegenerative 

diseases such as multiple sclerosis or injury to the brain and spinal cord. Thus, it is not 

surprising that research in the field of regenerative therapy using stem cells has become 

increasingly popular. Despite many recent advances, there are numerous hurdles to 

overcome, such as the inability to stimulate endogenous stem cells post injury, or the 

requirements to induce differentiation of appropriate cell types from stem cells. The 

current understanding on how adult neural stem cells differentiate into the mature neural 

cell types still remains incomplete; therefore, in vitro experiments are valuable to give 

insight on how these processes may occur naturally within the brain. 

1.2. Cells of the central nervous system 

The CNS includes the brain and spinal cord and is made up of neurons and glial 

cells.  Neurons process and transmit information by sending excitatory or inhibitory 

electrochemical signals to other neurons and cells. A typical neuron has a soma, many 

dendrites for receiving chemical signals, and a central axon to send electrochemical 

signals. The electrochemical signal consists of changes in membrane potential due to 

voltage-gated ion channels, known as the action potential, and the release of 
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neurotransmitters at the terminal button. The action potential triggers the release of 

neurotransmitters into the synapse, a small junction between the terminal of an axonal 

branch of the neuron sending the signal (pre-synaptic) and the receiving cell (post-

synaptic). They then bind with receptors on the post-synaptic cell and generate excitatory 

or inhibitory responses. 

Glial cells, oligodendrocytes, astrocytes and microglia are the most abundant 

cells in the CNS; they function to support many aspects of the nervous system. 

Oligodendrocytes (OL) are critical for proper neuronal function as they create the myelin 

sheath, a fatty insulation covering the axon (Morrison et al., 2013). The myelin sheath 

speeds the action potential through saltatory conduction, a process whereby the action 

potential jumps between the unmyelinated nodes of Ranvier (Dupree et al., 1999). OLs 

are also important for axonal integrity as the loss of OLs causes damage to the axon and 

can eventually lead to neuronal death (Morrison et al., 2013). Astrocytes support neurons 

by performing various functions such as metabolic support, up-take of neurotransmitters 

and formation of glial scars after injury (Khakh & Sofroniew, 2015). Astrocytes have 

many functions because they are heterogeneous cells that vary in morphology and 

function depending on  the region of the brain and the type of neuron they support 

(Khakh & Sofroniew, 2015). Microglia are the immune cells of the CNS and have 

similar characteristics as macrophages to help protect the CNS from infection (Ginhoux 

et al., 2013). Unlike the other neural cell types that are derived from neural progenitors, 

most microglia are derived from primitive macrophages of the yolk sac in embryonic 

development (Ginhoux et al., 2010). 
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1.3. Neural stem and progenitor cells  

1.3.1.  Neurogenic niches 

Adult NSPCs are located in two major niches; the subventricular zone (SVZ) of 

the lateral ventricles (Lois & Alvarez-Buylla, 1993) and the subgranular zone (SGZ) in 

the dentate gyrus (DG) of the hippocampus (Altman & Das, 1965; Kaplan & Bell, 1984). 

Adult NSPCs are capable of differentiating into all three types of cells in the CNS: 

neurons, oligodendrocytes, and astrocytes. Three main cell types reside in the SVZ: type 

B, C, and A cells. Type B cells make contact with the ventricle and show astrocyte-like 

characteristics, as they are positive for the astrocyte marker glial fibrillary acid protein 

(GFAP) (Doetsch et al., 1997). They divide slowly and produce type C cells known as 

transient amplifying cells because they divide rapidly to produce neuroblasts or type A 

cells that will become neurons of the olfactory bulb (OB). Neuroblasts from the SVZ 

migrate to the OB (Lois et al., 1996), at the same time undergoing morphological 

changes to become granule and periglomerular interneurons (Winner et al., 2002; Pierre-

Marie et al., 2014).  

 Like NSPCs in the SVZ, different cell types are found within the SGZ. There are 

type B cells that are GFAP+ astrocytes that divide to produce type D cells that in turn 

become neurons of the hippocampus (Seri et al., 2001; Doetsch, 2003). Mouse NSPCs 

from the SGZ differentiate into dentate granule cells within the hippocampus and take 

four weeks to become fully integrated mature neurons (van Praag et al., 2002; Esposito 

et al., 2005). The immature cells migrate radially from the SGZ into the granular cell 

layer of the hippocampus (Esposito et al., 2005). Focus will be on SVZ NSPCs because 

they are the source of neural stem cells in this thesis.  
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1.3.2.  Neurogenesis 

Neurogenesis in the SVZ is influenced by many factors released by neighboring 

cells, cell-cell interactions, and cell-extracellular matrix interactions. Newborn OB 

neurons go through distinct developmental stages; the neurons develop functional GABA 

receptors prior to development of functional glutamate receptors and dendritic spines 

(Zhao et al., 2008). They must then integrate with existing neuron circuitry and have the 

correct inputs to survive; half of the newborn neurons in the OB do not survive the first 

two months (Winner et al., 2002).  

Achaete-scute homolog 1 (ASH1) is a proneural transcription factor that belongs 

in the basic helix-loop-helix family of proteins encoded by the gene ascl1. ASH1 has a 

well-defined role in neurogenesis of the embryonic telencephalon; much of what we 

know about ASH-1 has been found in embryonic stem cells (Aiba et al., 2006; Henke et 

al., 2009; Castro et al., 2011). ASH1 is also expressed in NSPCs in the SVZ (Ponti et al., 

2013) and the DG of the hippocampus in the adult mammalian brain (Kim et al., 2007). 

There are many targets of ASH-1 including genes involved in proliferation, regulation of 

the cell cycle, promotion of neural differentiation and neurotransmitter biosynthesis 

including glutamate (Castro et al., 2011). ASH1 produces both glutamatergic and 

GABAergic neurons in the adult brain (Kim et al., 2007).   

 ASH1 also inhibits neurogenesis in neighboring cells by upregulating the 

expression of Notch signaling ligands such as Delta-like1 and Jagged1 (Imayoshi & 

Kageyama, 2014). Therefore, a role of the Notch signaling pathway is for the 

maintenance of NSPCs to ensure that the stem cell pool is not depleted when NSPCs 
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differentiate into neurons (Imayoshi et al., 2010).The Notch signaling pathway is carried 

out by cell-cell interactions and the Notch ligands are surface proteins that interact with 

the Notch receptors on adjacent cells. Once the ligand binds with the Notch receptor it 

causes the release of the Notch intracellular domain from the transmembrane portion and 

goes to the nucleus to alter gene expression, thus promoting neurogenesis (D’Souza et 

al., 2008). Activation of the Notch pathway in neighboring NSPCs induces the 

expression of transcriptional repressors such as hairy and enhancer of split that prevent 

the expression of proneural genes (Imayoshi et al., 2010). Furthermore, it has been 

reported that ASH1 can promote oligodendrogenesis and myelination in the postnatal 

brain (Nakatani et al., 2013).   

 While there are many transcription factors involved with neural differentiation, it 

has been suggested that ASH1 is sufficient on its own to drive neuronal differentiation in 

induced pluripotent stem cells (iPSCs) (Chanda et al., 2014). In other systems, addition 

of ASH1 was sufficient to induce glutamatergic neuron differentiation with rapid single 

step induction of iPSCs (Zhang et al., 2013; Chanda et al., 2014). A challenge with using 

a transcription factor to drive differentiation is how to deliver the factor to the cell, such 

as, cell viability, efficacy of transduction and insertion location of the plasmid. One 

means of delivery is by viral transduction; however, various problems can arise when 

inserting a gene into a cell. An alternative strategy for delivery is to modify the protein in 

such a way that allows the cell to uptake the protein and translocate it to the nucleus 

(Robinson et al., 2016). iProgen Biotech has developed a novel protein delivery 

mechanism that enables protein uptake by cells by creating recombinant fusion proteins. 

This novel mechanism fuses the protein of interest with a secretion signal peptide 
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sequence followed by a cleavage inhibition signal (Lee et al., 2014).  This delivery 

mechanism has been tested in human iPSCs; addition to the cell culture caused mature 

neurons to develop with a high number of branch points (Robinson et al., 2016), but this 

delivery system has not been tested with adult NSPCs and this is one of the objectives of 

this project. 

1.3.3. Oligodendrogenesis 

Most subventricular zone NSPCs become neurons in the OB, but they can also 

differentiate into oligodendrocyte precursor cells (OPCs) and into mature OLs. There are 

four stages in OL development: OPC, preoligodendrocytes, immature (pre-myelinating) 

OLs and mature (myelinating) OLs (Barateiro & Fernandes, 2014). OPCs are 

proliferative and migratory cells whereas mature OLs are not and produce myelin 

(Bercury & Macklin, 2015). There are many intrinsic and extrinsic factors such as 

extracellular matrix molecules, and the release of neurotransmitters that regulate gene 

expression that direct OPCs through the OL lineage (Bercury & Macklin, 2015). 

1.3.4. Culturing NSPCs in vitro 

When NSPCs are cultured in vitro in the presence of the mitogens epidermal 

growth factor (EGF) and fibroblast growth factor (FGF) they grow as free floating cell 

aggregates known as neurospheres (Reynolds & Weiss, 1992). The neurosphere is a 

heterogeneous population of multipotent stem cells, neural precursors and glial 

precursors that can vary in cell function and life cycle such as mitosis, apoptosis and 

phagocytosis based on the location within the sphere (Bez et al., 2003). Mitogens 

regulate the cell cycle as withdrawal of EGF or FGF promotes the differentiation of 
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NSPCs into neurons and glial cells (Johe et al., 1996). The majority of the cells isolated 

from the SVZ are transient amplifying cells (C cells), which are responsive to EGF and 

are responsible for neurosphere formation (Doetsch et al., 2002). When the NSPCs are 

grown in the presence of EGF in vitro, the amplifying cells (C cells) diverge from their 

path toward OB neurons and become multipotent, self-renewing progenitor cells capable 

of becoming neurons and glial cells (Doetsch et al., 2002). Addition of other driving 

factors is often required to differentiate NSPCs more efficiently into desired brain cell 

types in vitro. 

1.4. Glutamate receptors 

Glutamate is the most abundant excitatory amino acid neurotransmitter in the 

nervous system (Curtis et al., 1960). In addition to excitatory transmission, activation of 

glutamate receptors regulates many physiological aspects of the CNS including learning, 

memory and regeneration. Neurons and glial cells respond to glutamate via metabotropic 

and ionotropic receptors. Metabotropic glutamate receptors are G-protein coupled 

receptors that initiate various signaling cascades and increases intracellular calcium 

(Willard & Koochekpour, 2013). In contrast, the ionotropic glutamate receptors allow 

the flow of cations into the cell and increase membrane potentials (Rosenmund et al., 

1997).  There are three recognized ionotropic subtypes that are named for the artificial 

agonists that interact with the receptors: α-amino-3-hydroxy-5-methyl-4-

isoxazolepropionic acid (AMPA), N-methyl-D-aspartate (NMDA), and kainate 

receptors. Excessive stimulation of glutamate receptors can result in excitotoxicity 

whereby there is an increase in calcium ions within the neuron that leads to apoptosis 

and is implicated in many neurodegenerative diseases and injuries (Dong et al., 2009).   
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 AMPA and kainate receptors are permeable to Na
+
 and K

+
  upon activation by 

glutamate and their receptor agonists (Sobolevsky et al., 2009; Traynelis et al., 2010). 

AMPA receptors are the primary mediators of excitatory transmission by glutamate as 

they are the most abundant ionotropic glutamate receptor in the postsynaptic membrane 

and play a role in synaptic plasticity (Traynelis et al., 2010). Kainate receptors are found 

on both presynaptic and postsynaptic membranes (Lerma, 2003). Kainate receptors on 

postsynaptic membranes contribute to synaptic transmission, but do not produce as much 

current as, and desensitize slower than, AMPA receptors (Castillo et al., 1997). In the 

hippocampus, kainate receptors on the presynaptic membrane regulate glutamate release 

(Chittajallu et al., 1996). 

NMDA receptors are unique compared to the other ionotropic glutamate 

receptors because they allow the entry of calcium ions in addition to sodium and 

potassium ions (Traynelis et al., 2010). NMDA receptors also require glycine for 

activation (Kleckner & Dingledine, 1988). Furthermore, there is a magnesium ion 

blocking the channel at resting membrane potential; depolarization of the membrane 

removes the magnesium ion from the channel. For ion movement through the NMDA 

receptor there needs to be a strong depolarization; and, at higher frequencies, because of 

these unique features, the NMDA receptor has a role in synaptic plasticity through long-

term potentiation (LTP) (Lüscher & Malenka, 2012). NMDA facilitate LTP by triggering 

intracellular signaling cascades from the influx of calcium that increase the density of 

AMPA receptors in the postsynaptic membrane, thereby strengthening synaptic 

transmission (Matsuzaki et al., 2004).  
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1.5. Myelination 

In healthy adults new OLs and myelin are generated continuously throughout life 

and have been suggested as a form of plasticity important in learning in the brain (Young 

et al., 2013; Yeung et al., 2014). For myelination to occur, communication between 

migrating OPCs and unmyelinated axons is required to help guide OPCS to the 

unmyelinated axons.  While it is not clear what endogenous cues help guide OPCs to 

axons, evidence suggests secreted factors such as the neurotransmitters glutamate and 

adenosine triphosphate (ATP) may play a role. Several studies have shown that 

glutamate promotes OL differentiation and the production of myelin (Cavaliere et al., 

2012; Li et al., 2013). OPCs express glutamate ionotropic and metabotropic receptors, 

suggesting that glutamate is likely a key regulator of OPCs and myelination. It has been 

reported that electrical activity from non-myelinated neurons and activation of the 

AMPA receptors promotes OPCs to become myelinating OLs (Fannon et al., 2015; 

Gautier et al., 2015). However, there are inconsistencies in the literature because the 

NMDA receptor has also been reported to have a role in the regulation of OPCs 

(Cavaliere et al., 2012; Li et al., 2013; Gautier et al., 2015).  

While ATP is known as a form of energy storage in the cell, it has also been 

shown to be a neurotransmitter, playing a role in myelination, and can interact with 

OPCs and astrocytes (Stevens et al., 2002; Ishibashi et al., 2006). ATP is rapidly 

hydrolyzed to adenosine, with both capable of binding to purinergic receptors. It has 

been demonstrated that OPCs express purinergic receptors and activation by adenosine 

promotes OPC differentiation and myelination (Stevens et al., 2002). In addition, glial -

glial interactions have a role in the myelination process; cross-talk between astrocytes 
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and OLs has been suggested to increase myelination (Ishibashi et al., 2006). It has been 

demonstrated that ATP released from non-myelinated axons can activate purinergic 

receptors on nearby astrocytes causing the release of leukemia inhibitory factor and 

promoting OPC differentiation (Ishibashi et al., 2006).  

1.6. DRG neurons  

Doral root ganglia (DRG) neurons are clusters of sensory neurons located 

alongside the spinal cord, and release glutamate in vivo and in vitro (Rydh-Rinder et al., 

2001; Krames, 2014). DRGs are peripheral nervous system neurons that extend axons 

into the CNS to relay sensory information (Krames, 2014). DRG neurons are often used 

in in vitro myelination experiments because they are easy to isolate, grow new axons in 

cell culture, and can be myelinated by OLs in co-culture systems (Shaw & Compston, 

1996; Liu et al., 2013). 

1.7. Patch-clamp electrophysiology 

Patch-clamp electrophysiology is a technique that allows the study of whole cell 

ion channels or single ion channels in biological membranes (Penner, 2009), and thus 

gives insight to cellular interpretation of environmental stimuli. This technique was first 

used by Erwin Neher and Bert Sakmann to describe single channel currents of 

acetylcholine receptors in frog muscle fibers (Neher & Sakmann, 1976). Since then 

patch-clamp electrophysiology has been used to study many different types of biological 

membranes and ion channels. The patch clamp technique involves placing a glass 

micropipette with a recording electrode containing ionic solution onto a biological 

membrane. Negative suction is applied, creating a tight seal with high electrical 
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resistance around the membrane. The membrane within the pipette is referred to as a 

patch (Neher & Sakmann, 1976). This technique was developed to reduce electrical 

noise and enable researchers to study single channel currents (Neher, 1992). (Neher, 

1992). However, it was not until 1980 with the development of the “Gigaseal” that the 

background noise was reduced considerably and gave higher resolution recordings 

(Neher, 1992). A gigaseal is created when negative suction is applied to the patch pipette 

in the on-cell configuration; a patch of membrane is sucked into the interior of the 

pipette and prevents the leakage of ions between the pipette and the bath solution 

(Sakmann & Neher, 1984). The gigaseal allowed for the development of the many patch-

clamp configurations. 

The most basic patch clamp configuration, and the starting point of all other 

configurations, is the on-cell. To obtain the on-cell configuration the patch pipette is 

placed onto a cell and suction is applied to get a gigaseal. With the on-cell, single 

channel currents within the patch can be measured. If the patch pipette is then withdrawn 

from the cell, a piece of membrane can be excised from the cell to give the inside-out 

configuration (Sakmann & Neher, 1984). It is called the inside-out because the inside of 

the cell membrane is facing the outside environment. The whole cell configuration is 

obtained by rupturing the cell membrane within the patch. This establishes an electrical 

connection between the cell’s interior and the pipette and allows for whole cell currents 

to be recorded (Sakmann & Neher, 1984). The outside-out configuration is obtained 

when the pipette is withdrawn from the whole cell configuration to create an excised 

piece of membrane with the outside portion of the membrane facing the outside 

environment of the bath solution (Sakmann & Neher, 1984). 
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The whole cell configuration is useful to study whole cell currents; however, 

because the interior of the cell is continuous with the pipette, the cytosol gets washed out 

and cell function is lost. To prevent cytosol and functionality loss, perforated patch was 

developed. The perforated patch uses antibiotics that create small pores in the cell 

membrane which only allows the passage of monovalent ions, and prevents the cell’s 

interior from washing out (Akaike & Harata, 1994). The antibiotics nystatin and 

amphotericin B are polyene antibiotics produced by the bacteria Streptomyces nodosus, 

and are commonly used to create the perforated patch (Akaike & Harata, 1994). 

A different configuration of patch-clamp electrophysiology is the sniffer patch 

that combines the outside-out configuration to create a biosensor for the release of 

compounds such as neurotransmitters. The sniffer-patch was first used to detect the 

release of acetylcholine from growth cones of developing neurons (Hume et al., 1983, 

Young & Poo, 1983), and has been used to detect the release of other neurotransmitters 

including ATP (Silinsky & Redman, 1996), glutamate (Copenhagen & Jahr, 1989), and 

GABA (Christensen et al., 2014). In the outside-out configuration, a patch of membrane 

is excised from a donor cell with an ionotropic neurotransmitter receptor to detect 

neurotransmitter release.  

1.8. Hypotheses and objectives 

1.8.1. Hypothesis 1 

Traditionally, neurons are described as only releasing neurotransmitters from the 

synapse; however, several lines of evidence suggest that neurotransmitters are also 

released along axons. Since it has been shown that OPCs require glutamate to 
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differentiate and myelinate neurons, it is hypothesized that non-myelinated axons release 

neurotransmitters directly from axons providing a cue for migrating OPCs. 

1.8.2. Objective 1 

The objective is to detect the release of glutamate from non-myelinated DRG 

neurons using the sniffer patch technique. HEK293T cells that express the glutamate 

ionotropic receptor kainate type subunit 3 (GRIK3) will be used to verify glutamate 

detection and development of the sniffer patch to detect possible locations of glutamate 

release on non-myelinated axons. 

1.8.3. Hypothesis 2 

ASH-1 is a proneural factor required for neurogenesis. iProgen Biotech has 

developed a cell permeable human ASH1 (HASH1) peptide for delivery to the cell 

nucleus. This novel delivery mechanism has been tested in human iPSCs but has not 

been tested in adult NSPCs. Addition of the HASH1 peptide to adult NSPCs will induce 

neurogenesis. 

1.8.4. Objective 2 

The objectives in this collaboration with iProgen are to determine if the addition 

of the ASH-1 to cell culture can induce neural differentiation in NSPCs isolated from 

adult mice and also determine whether the differentiated neurons are glutamatergic (see 

objective 1). The withdrawal of EGF has shown that mitogen withdrawal can promote 

differentiation of NSPCs in vitro. Therefore, mitogen withdrawal will be used in 

combination with the cell permeable HASH1 peptide to determine the best conditions to 
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induce neurogenesis from NSPCs. Patch-clamp electrophysiology and 

immunocytochemistry will be used to determine if HASH1 can induce NSPCs develop 

into neurons in vitro. 



15 

Chapter 2. Materials and Methods 

2.1. HEK293T cell culture 

A previous student developed HEK293T cells expressing the GRIK3 receptor by 

lentivirus transduction to be used as a glutamate specific biosensor. HEK293T cells were 

cultured at 37 ºC and 5% CO2 in Dulbecco’s Modified Eagle Medium (DMEM) (Gibco, 

Cat. no. 11995) supplemented with 5% fetal bovine serum (FBS) (Gibco, Cat. No. 

12483) and 1% penicillin/streptomycin (PS) (Gibco, Cat No. 15140). The cells were 

passaged every 7 days. The cells were detached from the dish with warmed (37 ºC) 

trypsin-EDTA (Gibco, Cat. No. 25200), which was left in the dish for 3 minutes. They 

were then collected and added to an equal portion of cell media to stop the trypsin 

digestion. The cells were centrifuged at 200 rcf for 2 minutes and the supernatant was 

removed before re-suspending the cells in HEK293T media. HEK293T cells were 

always plated with 500 000 cells in a 10cm cell culture dish. The cells were counted 

using a haemocytometer and trypan blue. HEK293T cells used for electrophysiology 

were plated on 25 mm coverslips coated with poly-D-lysine (PDL) (Corning, Cat. No. 

354210). PDL was incubated on coverslips for 10 minutes, then washed with sterile type 

1 water and allowed to dry for one hour prior to adding cells. The HEK293T cells were 

stored for 2 years in liquid nitrogen prior to use. The cells were thawed by warming to 37 

ºC and adding 10ml of HEK293T media before placing in a 10 cm cell culture dish. The 

cells were allowed to attach over-night and the media was changed the following day.  
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2.2. DRG neuron isolation and cell culture 

Dorsal root ganglia (DRG) neurons were isolated from adult mice euthanized by 

cervical dislocation. The spinal cord and surrounding tissue was removed and placed 

under a dissecting scope. The DRG neurons were removed from the thoracic and lumbar 

regions of the spinal cord and placed in sterile 1X phosphate buffered solution (PBS) 

with 4% PS. PBS was removed and placed in 5 mg/mL collagenase (Life Technologies, 

Cat. No. 17104). The DRGs were incubated at 37 ºC for 30 minutes and mechanically 

dissociated with a fire polished Pasteur pipette. The tissue suspension was centrifuged at 

100 rcf for 30 seconds and the supernatant was collected. The supernatant was 

centrifuged to collect a pellet and removed. The pellet was re-suspended in DRG media 

with DMEM, Hams F12 (Gibco, Cat No. 11765), 1 % PS, 0.5 mM HEPES (Sigma, Cat 

No. H4034), 1X B27 neural supplement (Gibco, Cat. No. 12587), and 5% FBS. Fresh 

collagenase was added to the DRGs and incubated for another 30 minutes at 37 ºC. The 

tissue was mechanically dissociated with a fire polished Pasteur pipette of a smaller 

diameter than the one used in the first mechanical dissociation. DRG media was added to 

the tissue and incubated at 4 ºC for 10 minutes to allow the tissue debris to settle to the 

bottom. The supernatant containing the cells was collected and added to the cell 

suspension set aside previously. The cells were centrifuged at 200 rcf for 2 minutes and 

the supernatant was removed. The pellet containing the DRG neurons was suspended in 

DRG media and set aside in the incubator The DRG neurons were cultured on 25 mm 

coverslips coated with growth factor reduced (GFR) Matrigel (BD Biosciences, Cat. No. 

354230). Matrigel was added to coverslips and incubated at room temperature for 30 

minutes. The matrigel was removed and the coverslips were washed twice with sterile 



17 

type 1 water and allowed to dry. Each coverslip was plated with 500 µL of suspended 

DRGs and allowed to attach overnight. The culture dish was flooded with DRG media 

supplemented with 5 µM cytosine β-D-arabinofuranoside (ara-C) (Sigma, Cat. No. 

C1768) for one day to kill any mitotic cells. Fresh DRG media was added the following 

day to remove ara-C from the cell culture. The DRG neurons were cultured at 37 ºC and 

5% CO2 for minimum one week prior to electrophysiology experiments.  

2.3. NSPC isolation and cell culture 

NSPCs were isolated from the subventricular zone (SVZ) of adult mice 

euthanized by cervical dislocation. The brain was removed and placed under a dissection 

microscope to remove the tissue surrounding the SVZ and the olfactory bulb. The tissue 

was placed in sterile 1X PBS and 4% PS. The PBS was removed, replaced with 5 mg/mL 

collagenase, and incubated at 37 ºC with trituration every 30 minutes. The digested 

tissues was suspended in NSPC stock media with DMEM, Hams F12, 1% PS, and 0.5 

mM HEPES and incubated at 4 ºC for 10 minutes. The supernatant was collected and 

centrifuged at 200 rcf for 2 minutes. The supernatant was removed and the pellet was 

suspended in NSPC working media with NSPCs stock media, 1X B27 supplement, 20 

ng/mL human basic fibroblast growth factor-2 (bFGF) (Gibco, Cat. No. PHG0024), 20 

ng/mL EGF (Gibco, Cat. No. PHG0313), and 10 µg/mL heparin (Sigma, Cat. No. 

1001352521). NSPCs were cultured in T25 culture flasks in NSPC working media and 

passaged every 5-6 days. NSPCs were passaged by collecting cells and centrifuged at 

200 rcf for 2 minutes. The supernatant was removed and the pellet was re-suspended in 1 

mL of the dissociation reagent TryplE (Gibco, Cat. No. 12605028) and incubated at 37 

ºC for 20 minutes with trituration at 10 minutes to ensure proper neurosphere 
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dissociation. The cells were diluted with 1 mL NSPC stock media and triturated 50X 

with a Pasteur pipette to break up neurospheres. The cells were centrifuged and the 

supernatant was removed. The cell pellet was re-suspended in NSPC working media and 

plated at 100 000 cells/mL. The cells were counted with a hemocytometer and trypan 

blue. NSPC stocks were kept in liquid nitrogen. The NSPCs were stored with 2x10
6 

cells/cryogenic vial in 10% DMSO and NSPC stock media. The temperature was 

reduced slowly, first placing the cells for one hour each at 4 ºC, -20 ºC, and -80 ºC prior 

to the liquid nitrogen for long-term storage (up to 2 years). The NSPCs were thawed by 

warming the cryogenic vial to 37 ºC and diluting with 10 mL NSPC stock media, then to 

a GFR Matrigel coated 10 cm culture dish left overnight. The following day, the NSPCs 

were detached from the plate with 3 mL of TryplE for 3 minutes at 37 ºC. The cells were 

centrifuged at 200 rcf for 2 minutes then suspended in NSPCs working media and placed 

in a T25 culture flask. NSPCs used for electrophysiological recordings and 

immunocytochemistry were cultured on 25 mm coverslips coated with GFR Matrigel 

with approximately 2000 cells/coverslip in 500 µL and allowed to attach overnight. The 

culture dish was flooded with NSPC media the following day.  

2.4. Electrophysiology set up 

Extracellular recording solution (ERS) bathed the cells during 

electrophysiological recordings. The ERS contained the following in mM: 135 NaCl, 5 

KCl, 2 CaCl2, 2 MgCl2 10 glucose, and 10 HEPES in type I water; the pH was brought to 

7.4 with NaOH before filtering the solution. To stimulate glutamatergic receptors, 10 

mM glutamate was added to the ERS prior to adjusting pH. The whole cell recording 

solution used for the whole cell and the outside-out configurations contained the 
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following in mM: 110 K-gluconate, 25 KCl, 5 NaCl, 10 HEPES, 11 EGTA, and 2 MG-

ATP in type I water and the pH was brought to 7.4 before with NaOH prior to filtering 

the solution. The internal recording solution used in the pipette contained the following 

in mM: 135 KCl, 5 NaCl, 2 CaCl2 and 10 HEPES, and the pH was brought to 7.2 prior to 

filtering the solution. For perforated patch experiments 250 - 500 µg/mL of nystatin 

(Alta Aesar, Cat. No. J62486)  in IRS was used. The inhibitors tetrodotoxin (TTX, 

200nM) for voltage-gated Na
+ 

channels and cadmium chloride (CdCl, 50 µM) for 

voltage-gated Ca
2+

 were tested on NSPCs to determine presence of ion channels. The 

cell was first recorded in ERS, then with the inhibitor and lastly after the inhibitor was 

washed off with ERS.  

Pipettes were made from borosilicate glass capillaries and were pulled with a 

Narishige PC-10 vertical pipette puller. Pipettes used for experiments had resistances in 

the 4 MΩ and 8 MΩ range. The recording electrodes were made of bleached silver wire 

(AgCl). An Axon instrument’s CV 203B4 head stage was used and controlled with a 

Scientifica Patchstar micromanipulator. An Axopatch 200B amplifier was used with an 

Axon Digidata 1550 digitizer (Molecular Devices). On the amplifier, the output gain was 

set to 1X, lowpass filter was set to 5 kHz and the leak subtraction set to infinity. The bath 

mode was used to find the cell to obtain a gigaohm seal. The cell mode was used to 

record values for the cell. Experiments were done and analyzed with pClamp 10 software 

(Molecular Devices). 
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2.5. Immunocytochemistry  

2.5.1. Immunocytochemistry for neurofilament 

Immunocytochemistry was done to determine if NSPCs were expressing the 

heavy chain neurofilament (NF). To allow for optimal imaging, cells were grown on 

glass coverslips. The glass coverslips were removed from the dish and washed for 10 

minutes three times with ice cold PBS and fixed with 4% paraformaldehyde (PFA) for 

20 minutes. The PFA was washed off with ice cold PBS for 10 minutes three times. The 

cells were blocked for 30 minutes to one hour in a blocking solution containing 0.01% 

Triton X, 0.3 M glycine, 1X PBS, and 1% BSA. The blocking solution was removed and 

the primary antibody for the heavy chain NF in blocking solution was added (NF 1:500 

Abcam, Ab8135) and incubated at room temperature for 2 hours. The primary antibody 

was washed off with ice cold PBS for 10 minutes three times. The secondary antibody in 

blocking solution (Alexa Fluor 488 1:1000, Abcam, Ab150061) was added and 

incubated for one hour at room temperature. The secondary antibody was washed off 

with ice cold PBS for 10 minutes three times. A negative control without the addition of 

the primary antibody was included to ensure specificity of the secondary antibody to the 

primary antibody. The nuclear stain DAPI was added to a microscope slide and the 

coverslip was placed onto the microscope slide. The DAPI was left over night to dry and 

the coverslip sealed with nail varnish. Stained cells were viewed on a Zeiss Axio 

Vert.A1 epifluorescence inverted microscope (Carl Zeiss) and processed with the ZEN 

2011 Blue edition software (Carl Zeiss).   
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2.5.2. Immunocytochemistry for GRIK3 

The protocol is similar to above but with some changes to primary antibody 

incubation time. The GRIK3 primary antibody (1:500, Abcam, Ab 101882) was 

incubated overnight at 4 ºC. The secondary antibody (Alexa Fluor 647, Abcam, 

Ab150083) was incubated for 2 hours at room temperature. 

2.6. Glutamate sniffer patch experiments 

A previous student developed HEK293T cells expressing the GRIK3 receptor 

subunit to be used as a glutamate specific biosensor. To verify if the HEK293T cells 

expressing the GRIK3 receptor could respond to glutamate, they were cultured on glass 

coverslips and recorded in the whole cell and outside-out patch configurations. After the 

whole cell configuration was attained, an outside-out patch was created and tested for 

response to glutamate by adding the glutamate solution to the bath solution by a gravity 

fed system and recording in a current-clamp to confirm the presence of a glutamate 

receptor in the patch. The first stage of the outside-out patch is generating an on-cell 

patch and was identified when the membrane resistance increased to at least 1 Gohm. 

There was little inward and outward in this configuration. The patch was ruptured by 

negative pressure applied with a 10 mL syringe forming a whole cell configuration. The 

pipette was then pulled away from the cell; if the patch still retained the Gohm seal, it 

was considered a successful outside-out patch. 

2.7. HASH1 driving experiments 

To verify if the addition of the cell permeable HASH1 fusion peptide induced 

NSPCs to differentiate into neurons, NSPCs were grown for one week with or without 
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the HASH1 protein and the growth factor EGF. Patch-clamp electrophysiology was used 

to determine if the NSPCs had functional characteristics of a neuron. Three biological 

replicates of NSPCs isolated from different adult mice were used in the HASH1 driving 

experiments. The NSPCs were cultured for one and two weeks in the presence and 

absence of 20 µg/mL HASH1 fusion peptide (iProgen) and 20 ng/mL EGF to promote 

neural differentiation. There were four treatment groups tested: EGF (NSPC working 

media), - EGF (NSPC incomplete media), HASH1 + EGF, and HASH1 - EGF. Partial 

media changes were done every 3-4 days with fresh media. All experiments were 

performed on cells at passages 5 to 10. Perforated patch-clamp electrophysiology with a 

voltage-clamp was done on NPSCs to determine if NSPCs had the electrophysiological 

characteristics of a neuron. The cell currents when held at 0 mV, 20 mV, and 40 mV 

were analyzed because these membrane potentials are in the biological range to stimulate 

an action potential from the neuron. In addition, the cells were stained for the heavy 

chain NF to determine if the cells were developing neurites. The Na
+ 

channel inhibitor 

TTX and Ca
2+ 

channel inhibitor CdCl were used on a few cells to determine the presence 

of ion channels.  

2.8. Statistical analysis 

Statistical analysis was done with Origin 9 software and R. The data was tested 

for normality with the Kolmogorov-Smirnov test. To determine statistical differences 

between groups, one-way Anova and the Bonferroni post hoc tests were used. 
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Chapter 3. Results 

3.1. HEK293T +GRIK3 Electrophysiology 

To ensure they did express the subunit, immunocytochemistry was performed to 

identify the GRIK3 subunit (Figure 1). Over 90% of the cells stained positive for the 

GRIK3 receptor subunit. These cells had similar morphology to control HEK293 cells. 

Furthermore, the plasmid construct used to generate the GRIK3 expressing cells had a 

GFP fusion peptide sequence; thus, the cells expressing the functional plasmid 

fluoresced green and made identification of the cells easier.  

To validate the functionality of the GRIK3 receptor further, electrophysiology 

was performed on the cells. During a voltage-clamp, when a HEK293T cell was held at 

varying potentials, there was a dependent increase of current as membrane potential 

increased (Figure 2 A and B). In some experiments, glutamate was added to determine if 

the HEK293T cells expressing GRIK3 could respond to this neurotransmitter. In half of 

the whole-cell trials, the addition of glutamate did not elicit any significant change in 

whole cell membrane potential. In other trials following the addition of glutamate, there 

was an increase in membrane potential (Figure 2 C). The increase ranged from +10 mV 

to +50 mV. Washing the cells with recording solution returned the membrane potential 

to rest. 



24 

 

Figure 1. Immunocytochemistry for the GRIK3 subunit on HEK293T cells. 
Immunocytochemistry was done on HEK293T cells to detect the presence of the GRIK3 

receptor subunit. Cells were stained for GRIK3 (red) and the nuclear stain DAPI (blue). 

Images were taken at 200X and the scale bar is 100 µm. 
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Figure 2.Patch-clamp electrophysiology on a HEK293T cell expressing the GRIK3 

receptor in the whole cell configuration. The current (pA) versus voltage (mV) of a 

HEK293T cell expressing the GRIK3 receptor (A) and the current trace from the 

voltage-clamp (B) in the whole-cell configuration is shown. There was an increase in 

membrane potential following the addition of 10 mM glutamate (C). 
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The purpose of the biosensor was to develop an excised patch of membrane 

containing the GRIK3 receptor and be used to detect glutamate release. To demonstrate 

this capability, an outside-out patch was created from HEK293T cells (Figure 3). During 

current-clamp recordings, a baseline membrane potential of - 55 mV was observed; this 

was close to predicted values between the pipette and recording bath solutions. In some 

instances, there were no changes in membrane potential after addition of glutamate in the 

bath solution. In these cases, it was assumed that no ion channel or some other non-

glutamate ion channel was present (Figure 4). In other preparations, glutamate caused a 

reversible increase of 5 mV to 10 mV in membrane potential (Figure 3C). 

3.2. DRG neurons 

Patch-clamp electrophysiology was done on DRG neurons to generate an 

electrical profile of a neuron to be used to identify derived neurons from driven NSPCs. 

When neurons were held at varying membrane potentials, there were large inward 

currents independent of membrane voltage as determined by significant variances in 

slope (Figure 5 A and B). During current-clamp recordings, it was observed that the 

resting membrane potential of a DRG neuron varied between - 40 mV to - 65 mV and 

there were small, spontaneous changes in membrane potential observed in some cells 

(Figure 5 C). To identify neuronal identity further, immunocytochemistry was done on 

DRG neurons to visualize neurofilament on a mature neuron to compare to NSPCs in 

driving experiments. DRG neurons stained positive for NF in the axon and dendrites 

which can be seen as long filaments (Figure 6).  
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Figure 3. Outside-out patch with GRIK3 receptor from a HEK293T cell. The current-

density (pA/pF) versus voltage (mV) plot in the outside-out configuration from a 

HEK293T cell with a representative trace at 0 mV inserted. There was an increase in 

membrane potential following the addition of 10 mM glutamate (B). 
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Figure 4. Whole-cell and outside-out patch membrane potentials of a HEK293T cell. The 

membrane potential (mV) of a HEK293T cell in whole-cell (A) and the membrane 

potential in the outside-out configuration (B) is shown. After the addition of glutamate to 

the outside-out patch, the membrane potential decreased; washing the cells did not return 

to initial membrane potential. 
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Figure 5. Patch-clamp electrophysiology of a DRG neuron grown in vitro. The current-

density (pA/pF) versus voltage (mV) of a DRG neuron grown for 6 DIV at 30 ms (A), 

the current (pA) from the voltage-clamp recording (B), and the membrane potential 

(mV) of the neuron with small spontaneous changes in the membrane potential (C) is 

shown. 
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Figure 6. Immunocytochemistry for neurofilament on a DRG neuron. 

Immunocytochemistry was done on a DRG neuron grown in vitro for the nuclear stain 

DAPI (blue) and NF (green). Image is at 200X and the scale bar is 100 µm. 
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3.3. One week HASH1 driving experiments 

3.3.1. Electrophysiology 

The first factor examined was the membrane capacitance (Cm) because it is 

proportional to cell size; a larger cell will have higher current. Because the Cm is 

proportional to cell size, it can be used to standardize the differences in current in cells of 

varying sizes and compare to the larger cell size of a mature DRG neuron. The mean (± 

SEM) Cms (pF) for NSPCs treated with EGF (11.74 ± 0.15), - EGF (11.08 ± 0.19), 

HASH1 + EGF (11.56 ± 0.27), and HASH1 - EGF (11.54 ± 0.14) were not statistically 

different from each other (Anova, n=9, p=0.1) (Figure 7). 

The current-density (pA/pF) versus voltage (mV) plots of NSPCs treated for one 

week is shown in Figure 8. When held at varying membrane potentials, the HASH1 

treated groups had 1.15-fold higher currents than the groups not treated with HASH1. 

There was an inward current observed immediately after the capacitive transient (Figure 

8 A and B) in 6 NSPCs in the EGF group, 5 NSPCs in the no EGF group, 7 NSPCs in 

the HASH1 + EGF group, and 5 NSPCs in the HASH1 - EGF group when held at 

potentials greater than 20 mV. There was also an outward current following the inward 

current (Figure 8 C) 1 NSPC in the EGF group, 3 NSPCs in the HASH1 + EGF group, 

and 1 NSPC in the HASH1 - EGF group. The mean (± SEM) current-densities (pA/pF) 

of NSPCs held at 20 mV, 50 ms into the recording treated with EGF (6.00 ± 0.27), - EGF 

(5.94 ± 0.29),  
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Figure 7. Membrane capacitances of NSPCs after one week of treatment. The membrane 

capacitances (pF) from cells grown with HASH1 ±EGF in vitro for one week are shown. 

The membrane capacitances were not statistically different between groups (Anova, n=9, 

p=0.1). 
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Figure 8. Patch-clamp electrophysiology of NSPCs after one week of treatment. The 

mean (± SEM) current-densities (pA/pF) versus voltage (mV) plots are shown for 

NSPCs grown in vitro for one week with EGF (A), without EGF (B), with HASH1 + 

EGF (C) and HASH1 - EGF (D). A representative electrophysiological current trace at 

20 mV is inserted in each plot. 
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HASH1 + EGF (6.71 ± 0.39), and HASH1 - EGF (7.07 ± 0.33) were statistically 

different (Anova, p=0.013); however, the post hoc Bonferroni test showed no statistically 

significant pairwise comparisons (Figure 9). While not statistically different, the HASH1 

protein elicited an increase in current-densities in both HASH1 treated groups when 

compared to the EGF and - EGF treated groups.  

The total current amplitude was not steady over the duration of the recordings at 

the various potentials held. For example, while some groups had a transient decrease in 

outward current at various holding potentials, other groups had an increase in outward 

current over the duration of the recording. The transient inward current was observed 

between 13 ms and 43 ms, after the capacitive transient. To identify the characteristics of 

this current profile, the current anti-peak (min) amplitude, the mean, and peak (max) 

amplitudes (pA/pF) were taken for NSPCs held at 0 mV, 20 mV and the 40 mV in the 

time interval of 13 ms to 43 ms. Although all voltages are in the biological range, the 

focus was on 40 mV. 

The anti-peak was considered for the inward current that followed the capacitive 

transient. The mean (± SEM) anti-peak amplitudes (pA/pF) of NSPCs treated with EGF 

(7.64 ± 0.37), no EGF (7.51 ± 0.47), HASH1 + EGF (8.27 ± 0.44), and HASH1 - EGF 

(9.03 ± 0.42) were not statistically different at 40 mV (Anova, p=0.06) (Figure 10). The 

same result was observed held at 0 V and 20 mV (Figures 11 and 12). The means (± 

SEM) of the mean amplitude (pA/pF) at 40 mV of NSPCs treated with EGF (8.14 ± 

0.37), without EGF (7.89 ± 0.39), HASH1 + EGF (9.14 ± 0.43), and HASH1 - EGF 

(9.50 ± 0.38) were statistically different (Anova, p=0.017) at 40 mV (Figure 13). The 

post hoc test showed a statistically significant increase of current in the - EGF treated  
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Figure 9. Current-densities of NSPCs treated for one week at 20 mV. The current-

densities (pA/pF) at 50 ms into the electrophysiological recording of NSPCs treated with 

HASH1 ± EGF for one week in vitro are shown. The current-densities were statistically 

different (Anova, n=9, p=0.013); however, the Bonferroni post hoc did not demonstrate 

statistical differences between groups. 
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Figure 10. Anti-peak amplitudes of NSPCs after one week of treatment at 40 mV. The 

anti-peak amplitudes (pA/pF) of NSPCs grown with HASH1 ± EGF in vitro for one 

week between 13 ms and 43 ms of the electrophysiological recording are shown. The 

anti-peak currents were not statistically different between groups (Anova, n=9, p=0.06). 
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Figure 11. Anti-peak amplitudes of NSPCs after one week of treatment at 0 mV. The 

anti-peak amplitudes (pA/pF) of NSPCs treated with HASH1 ± EGF for one week in 

vitro between 13 ms and 43 ms of the electrophysiological recording are shown. The 

anti-peak currents were not statistically different between groups (Anova, n=9, p=0.25). 
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Figure 12. Anti-peak amplitude of NSPCs after one week of treatment at 20 mV. The 

anti-peak amplitudes (pA/pF) of NSPCs grown with HASH1 ± EGF in vitro for one 

week between 13 ms and 43 ms of the electrophysiological recording are shown. The 

anti-peak currents were not statistically different between groups (Anova, n=9, p=0.14). 
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Figure 13. Mean amplitudes of NSPCs treated for one week at 40 mV. The mean 

amplitudes (pA/pF) of NSPCs grown with HASH1 ± EGF in vitro for one week between 

13 ms to 43 ms of the electrophysiological recording are shown. The mean amplitudes 

were statistically different (Anova, n=9, p=0.017) and the post hoc showed that the - 

EGF and the HASH1 - EGF treated groups had different mean amplitudes (Bonferroni, 

p=0.039) and indicated by the asterisk. 

 

 

 

 

 

 



40 

group compared to the HASH1 - EGF treated group (Bonferroni, p=0.039). At 0 mV 

there were no statistical differences observed in the mean amplitudes (Anova, p=0.1) 

(Figure 14). In contrast, there was a statistical difference at 20 mV (Anova, p=0.04); 

however, the Bonferroni post hoc test demonstrated no differences between groups 

(Figure 15), the same result observed with the mean current-densities at 20 mV (Figure 

9). In most recordings, the peak amplitude occurred at 13 ms during the decline of the 

capacitive transient; however, there was outward current following the inward current 

after the capacitive transient that occurred between 17 ms and 25 ms in the recordings of 

1 NSPC in the EGF group, 3 NSPCs in the HASH1 + EGF group, and 1 NSPC in the 

HASH1 - EGF group. The mean (± SEM) peak amplitudes (pA/pF) of NSPCs treated 

with EGF (10.02 ± 0.62), - EGF (8.94 ± 0.37), HASH1 + EGF (10.47 ± 0.48), and 

HASH1 - EGF (11.04 ± 0.31) were statistically different (Anova, p=0.02) at 40 mV 

(Figure 16). The post hoc test also demonstrated a statistical increase of current within 

the HASH1 - EGF treated group compared to the - EGF treated group (Bonferroni, 

p=0.016). There was also a statistically significant difference held at 0 mV (Anova, 

p=0.02) between the - EGF and the HASH1 - EGF treated groups (Bonferroni, p=0.03) 

(Figure 17). In contrast, there was no statistical differences in peak amplitudes observed 

at 20 mV (Anova, p=0.36) (Figure 18). Within the HASH1 + EGF treated group, there 

was an NSPC that had inward currents similar to a neuron (Figure 7 and Figure 19 A and 

B). 

In the HASH1 + EGF treated cell with neuron properties, the inward current 

began when held at 0 mV (Figure 19 B), whereas, in the DRG neuron the inward current  
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Figure 14. Mean amplitudes of NSPCs after one week of treatment at 0 mV. The mean 

amplitudes (pA/pF) of NSPCs grown with HASH1 ±EGF for one week in vitro between 

13 ms to 43 ms of the electrophysiological recording are shown. The mean currents at 0 

mV were not statistically different between groups (Anova, n=9, p=0.1). 
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Figure 15. Mean amplitudes of NSPCs after one week of treatment at 20 mV. The mean 

amplitudes (pA/pF) of NSPCs grown with HASH1 ± EGF in vitro for one week between 

13 ms and 43 ms of the electrophysiological recording are shown. The mean amplitudes 

were statistically different between groups (Anova, n=9, p=0.04); however, the 

Bonferroni post hoc test did not demonstrate any statistical differences. 
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Figure 16. Peak amplitudes of NSPCs after one week of treatment at 40 mV. The peak 

amplitudes (pA/pF) of NSPCs grown with HASH1 ±EGF in vitro between13 ms to 43 

ms of the electrophysiological recording are shown. The peak currents were statistically 

different between groups (Anova, n=9, p=0.02) and the post hoc demonstrated a 

difference in mean currents between the - EGF and the HASH1 - EGF treated groups 

(Bonferroni, p=0.02) indicated by the asterisk. 
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Figure 17. Peak amplitudes of NSPCs after one week of treatment at 0 mV The peak 

amplitudes (pA/pF) of NSPCs grown with HASH1 ± EGF in vitro for one week between 

13 ms to 43 ms of the electrophysiological recording are shown. The peak currents were 

statistically different between groups (Anova, n=9, p=0.03) and the post hoc 

demonstrated a difference in mean currents between the - EGF and the HASH1 - EGF 

treated groups (Bonferroni, p=0.02) indicated by the asterisk. 
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Figure 18. Peak amplitudes of NSPCs after one week of treatment at 20 mV. The peak 

amplitudes (pA/pF) of NSPCs grown for one week with HASH1 ±EGF in vitro between 

13 ms to 43 ms of the electrophysiological recordings are shown. The peak currents at 20 

mV were not statistically different between groups (Anova, n=9, p=0.36). 
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Figure 19. Patch-clamp electrophysiology of an NSPC treated for one week with HASH1 

+ EGF. The current-density (pA/pF) versus voltage (mV) plot a NSPC grown for one 

week in vitro with HASH1 + EGF at 20 ms into the recording (A), the current (pA) from 

the voltage-clamp recording (B), and the resting membrane voltage (mV) (C) is shown. 
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began when held at 20 mV (Figure 7 B). In addition, the inward current were sharper in 

the DRG neuron, the inward current was less sharp in the HASH1 + EGF treated cell and 

had lower whole cell currents (Figures 7 B and 19 A and B). The resting membrane 

voltage of the HASH1 + EGF treated NSPC was approximately -68.5 mV and had 

membrane voltage fluctuations up to 5 mV (Figure 19 C).  

3.3.2 Immunocytochemistry  

 Less than 10% of NSPCs grown in +EGF stained positive NF and the cells that 

did stain positive had low fluorescence intensities (Figure 20 A). NSPCs grown in - EGF 

stained positive for NF with 80 - 90% of cells staining positive and had a brighter 

fluorescence intensities compared to the EGF group (Figure 20 B). Both groups that 

were treated with HASH1 stained positive for NF with 80 - 90% staining positive and 

had a brighter fluorescence compared to the EGF group (Figure 20 C and D). While the 

cells were positive for NF, it was localized near the nucleus and not in projections off the 

cell as it would be expected in a neuron (Figure 6).  

3.4 Two week HASH1 driving experiments 

3.4.1 Electrophysiology 

 To test if more time was needed for neural differentiation, NSPCs were grown for 

two weeks in the presence and absence of HASH1 and EGF. The mean (±SEM) Cm (pF) 

for NSPCs treated for two weeks with EGF (11.30 ± 0.14, n=9), - EGF (11.03 ± 0.09, 

n=9), HASH1 + EGF (11.35 ± 0.13, n=11), and HASH1 - EGF (11.58 ± 0.34, n=10)  
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Figure 20. Immunocytochemistry of NSPCs treated for one week NSPCs were grown in 

vitro for one week in EGF (A), - EGF (B), HASH1 + EGF (C), and HASH1 - EGF (D). 

Immunocytochemistry was done for neurofilament (NF) (green) and the nuclear stain 

DAPI (blue). Images are at 200X and the scale bar is 100 µm. 
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were not statistically different (Anova, p=0.32) (Figure 21). The mean cell sizes for cells 

treated for two weeks were similar to those of the cells treated for one week (Figure 8). 

 In the current-density (pA/pF) versus voltage (mV) plots of cells treated for two 

weeks at 50 ms into the recording, the HASH1 + EGF had the lowest current-density 

compared to the other groups (Figure 22). This observation is contrary to currents 

observed when cells were treated for one week (Figure 9). The mean (± SEM) current-

densities (pA/pF) of NSPCs at 20 mV 50 ms into the recording treated with EGF (7.85 ± 

0.44), - EGF (7.31 ± 0.39), HASH1 + EGF (6.13 ± 0.25) and HASH1 - EGF (7.45 ± 

0.43) were statistically different (Anova, p=0.003) (Figure 23). The post hoc Bonferroni 

test showed that the HASH1 + EGF group was statistically lower from all treatment 

groups (EGF p=0.032, no EGF p=0.045, and HASH1 - EGF p=0.022). After two weeks 

of treatment, the HASH1 + EGF group had 1.3-fold decrease in whole cell currents. 

There was also inward current immediately following the capacitive transient held at 

voltages higher than 0 mV; however, the inward current was observed less often than the 

23 seen at one week with 1 NSPC in the EGF group, 1 NSPC in the - EGF group, 6 

NSPCs in the HASH1 + EGF group, and 2 NSPCs in the HASH1 - EGF group.  

The total current amplitude over the duration of the recording at various 

potentials varied. The transient inward current was observed between 13 ms and 43 ms, 

after the capacitive transient. To observe the characteristics of this decrease in current, 

the anti-peak (min), mean, and peak (max) amplitudes (pA/pF) were taken for NSPCs 

held at 0 mV, 20 mV and the 40 mV in the time interval of 13 ms to 43 ms. Although all 

voltages are in the biological range, the focus is on the 40 mV. 
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Figure 21. Membrane capacitances of NSPCs after two weeks of treatment. The 

membrane capacitances (pF) from cells grown with HASH1 ±EGF in vitro for two 

weeks are shown (EGF n=9, no EGF n=9, HASH1 + EGF n=11, and HASH1 - EGF 

n=10). There were no statistical differences in membrane capacitances at two weeks 

between groups (Anova, p=0.32). 
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Figure 22. Patch-clamp electrophysiology of NSPCs after two weeks of treatment. The 

mean (± SEM) current-densities (pA/pF) versus voltage (mV) plots for NSPCs grown in 

vitro for two weeks with EGF (A), - EGF (B), HASH1 + EGF (C), and HASH1 - EGF 

(D) are shown (EGF n=9, no EGF n=9, HASH1 + EGF n=11, and HASH1 - EGF n=10). 

A representative electrophysiological current trace at 20 mV is inserted in each plot. 
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Figure 23. Current-densities of NSPCs grown for 2 weeks at 20 mV. The current-

densities (pA/pF) at 50 ms into the electrophysiological recording of NSPCs treat with 

HASH1 ±EGF for two weeks in vitro are shown (EGF n=9, - EGF n=9, HASH1 + EGF 

n=11, and HASH1 - EGF n=10). The current-densities at 20 mV were statistically 

different between groups (Anova, p= 0.003) and the Bonferroni post hoc test 

demonstrated that the HASH1 + EGF was lower than all other treatment groups (EGF 

p=0.032, no EGF p=0.045, and HASH1 - EGF p=0.022) indicated by the asterisk. 
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The anti-peak was observed to try to capture the inward current following the 

capacitive transient. The mean (± SEM) of the anti-peak amplitudes (pA/pF) of NSPCs 

treated with EGF (9.76 ± 0.54), without EGF (9.23 ± 0.50), HASH1 + EGF (7.44 ± 

0.43), and HASH1 - EGF (9.11 ± 0.55) were statistically different (Anova, p=0.01) at 40 

mV (Figure 24). The post hoc test demonstrated that the HASH1 + EGF group was 

statistically lower than the EGF treated group (Bonferroni, p=0.01). The same was 

observed at lower potentials; there was a statistical difference at 0 m V (Anova, p=0.02) 

with the EGF and HASH1 + EGF groups different (Bonferroni, p=0.05) (Figure 25) and 

a statistical difference at 20 mV (Anova, p=0.012) with the EGF and HASH1 + EGF 

groups different (Bonferroni, p=0.02) (Figure 26). The means (± SEM) of the mean 

amplitudes (pA/pF) of NSPCs treated with EGF (10.23 ± 0.51), - EGF (9.49 ± 0.50), 

HASH1 + EGF (7.90 ± 0.42), and HASH1 - EGF (9.60 ± 0.54) were statistically 

different (Anova, p=0.01) at 40 mV (Figure 27). The post hoc test showed that the 

HASH1 + EGF treated group was statistically different than the EGF treated group 

(Bonferroni, p=0.01). The means were also statistically different when at 0 mV (Anova, 

p= 0.015) (Figure 28) and at 20 mV (Anova, p=0.018) (Figure 29).  

The post hoc test also demonstrated a statistical difference between the EGF and 

the HASH1 + EGF treated groups at 0 mV (Bonferroni, p=0.018) and at 20 mV 

(Bonferroni, p=0.046). The mean (± SEM) of the peak amplitudes (pA/pF) of NSPCs 

treated with EGF (11.24 ± 0.53), without EGF (10.69 ± 0.51), HASH1 + EGF (9.08 ± 

0.39), and HASH1 - EGF (11.24 ± 0.69) were statistically different form each other 

(Anova, p=0.016) at 40 mV (Figure 30). The post hoc test showed a statistical difference   

 



54 

 

Figure 24. Anti-peak amplitudes of NSPCs after 2 weeks of treatment at 40 mV. The 

anti-peak amplitudes (pA/pF) of NSPCs grown with HASH1 ± EGF for one week in 

vitro between 13 ms to 43s of the electrophysiological recording are shown (EGF n=9, - 

EGF n=9, HASH1 + EGF n=11, and HASH1 - EGF n=10). The anti-peak currents at 40 

mV were statistically different between groups (Anova, p=0.01) and the Bonferroni post 

hoc test demonstrated a difference between the EGF and the HASH1 + EGF treated 

groups (p=0.013) indicated by the asterisk. 
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Figure 25. Anti-peak amplitudes of NSPCs after 2 weeks of treatment at 0 mV. The anti-

peak amplitudes (pA/pF) of NSPCs grown with HASH1 ± EGF for two weeks in vitro 

between 13 ms to 43 ms of the electrophysiological recording are shown (EGF n=9, no 

EGF n=9, HASH1 + EGF n=11, and HASH1 - EGF n=10). The anti-peak currents at 0 

mV were statistically different between groups (Anova, p=0.02) and the Bonferroni post 

hoc test demonstrated a difference between the EGF and HASH1 + EGF treated groups 

(p=0.05) indicated by the asterisk. 
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Figure 26. Anti-peak amplitudes of NSPCs after 2 weeks of treatment at 20 mV. The 

anti-peak amplitudes (pA/pF) of NSPCs grown with HASH1 ±EGF for one week in vitro 

between 13 ms to 43s of the electrophysiological recording are shown (EGF n=9, no 

EGF n=9, HASH1 + EGF n=11, and HASH1 - EGF n=10). The anti-peak currents at 20 

mV were statistically different between groups (Anova, p=0.02) and the Bonferroni post 

hoc test demonstrated a difference between the EGF and the HASH1 + EGF treated 

groups (p=0.02) indicated by the asterisk. 
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Figure 27. Mean amplitudes of NSPCs after 2 weeks of treatment at 40 mV. The anti-

peak amplitudes (pA/pF) of NSPCs grown with HASH1 ± EGF for one week in vitro 

between 13 ms to 43s of the electrophysiological recording are shown (EGF n=9, no 

EGF n=9, HASH1 + EGF n=11, and HASH1 - EGF n=10). The mean currents were 

statistically different (Anova, p=0.01) and the Bonferroni post hoc test demonstrated a 

difference between the EGF and the HASH1 + EGF treated groups (p=0.01) indicated by 

the asterisk. 
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Figure 28. Mean amplitudes of NSPCs after one week of treatment at 0 mV. The mean 

amplitudes (pA/pF) of NSPCs grown with HASH1 ±EGF for one week in vitro 

between13 ms to 43 ms of the electrophysiological recording are shown (EGF n=9, no 

EGF n=9, HASH1 + EGF n=11, and HASH1 - EGF n=10). The mean currents at 0 mV 

were statistically different between groups (Anova, p=0.015) and the Bonferroni post 

hoc test demonstrated a difference between the EGF and HASH1 + EGF treated groups 

(p=0.046) and a difference between the HASH1 + EGF and the HASH1 - EGF treated 

groups (p=0.045). 
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Figure 29. Mean amplitudes of NSPCs after 2 weeks of treatment at 20 mV The mean 

amplitudes (pA/pF) of NSPCs grown with HASH1 ±EGF for two weeks in vitro  

between13 ms to 43 ms in the electrophysiological recording are shown (EGF n=9, - 

EGF n=9, HASH1 + EGF n=11, and HASH1 - EGF n=10). The mean currents were 

statistically different between groups (Anova, p=0.01) and the Bonferroni post host test 

demonstrated a difference between the EGF and the HASH1 + EGF treated groups 

(p=0.018) and a difference between the HASH1 + EGF and the HASH1 - EGF treated 

groups (p=0.047) indicated by the asterisk. 
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Figure 30. Peak amplitudes of NSPCs after two weeks of treatment at 40 mV. The peak 

amplitudes (pA/pF) of NSPCs grown with HASH1 ± EGF for one week in vitro between 

13 ms to 43 ms of the electrophysiological recording are shown(EGF n=9, - EGF n=9, 

HASH1 + EGF n=11, and HASH1 - EGF n=10). The peak currents at 40 mV were 

statistically different between groups (Anova, p=0.016) and the Bonferroni post hoc test 

demonstrated a difference between the EGF and the HASH1 + EGF treated groups 

(p=0.04) and a difference between the HASH1 + EGF and the HASH1 - EGF treated 

groups (p=0.03). 
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between the EGF and HASH1 + EGF treated groups (Bonferroni, p=0.04) and between 

the HASH1 + EGF and HASH1 - EGF treated groups (Bonferroni, p=0.03). In most 

recordings, the peak amplitude occurred at 13 ms during the decline of the capacitive 

transient; however, there was outward current following the inward current after the 

capacitive transient that occurred between 17 ms and 25 ms in the recordings for 1 NSPC 

in the EGF group, 1 in the HASH1 + EGF groups and 1 in the HASH1 - EGF treated 

groups. The means of the peak amplitude when held at 0 mV were also statistically 

different (Anova, p=0.026) and the post hoc test demonstrated that the HASH1 + EGF 

and the HASH1 - EGF groups were different (Bonferroni, p=0.016) (Figure 31). The 

same was observed at 20 mV, the means were statistically different (Anova, p=0.018) 

and a difference between the HASH1 + EGF and the HASH1 - EGF treated groups 

(Bonferroni, p=0.02) (Figure 32). Overall, there was a 1.3-fold decrease in whole cell 

currents of NSPCs treated with HASH1 and EGF.  

The observations from the electrophysiology from the two week experiment were 

different than the one week experiment. In all measures of current in cells grown for two 

weeks, the HASH1 + EGF treated group had lower mean currents while the other groups 

remained similar to the EGF group. In the - EGF treated group, there was one NSPC that 

could respond to glutamate (Figure 33 D). During the voltage-clamp, there were no 

inward current at higher voltages, but there was small inward and outward currents 

observed at -20 mV and 0 mV (Figure 33 A and B). When 0.1 nA was injected into this 

cell during a current-clamp, the membrane voltage was brought from -55 mV to -5 mV 

and there were fluctuations between -10 mV and -5 mV, demonstrating an unstable 

resting membrane potential (Figure 33 C). 
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Figure 31. Peak amplitudes of NSPCs after 2 weeks of treatment at 0 mV. The peak 

amplitudes (pA/pF) of NSPCs grown with HASH1 ±EGF for two weeks in vitro between 

13 ms to 43 ms of the electrophysiological recording are shown (EGF n=9, - EGF n=9, 

HASH1 + EGF n=11, and HASH1 - EGF n=10). The peak currents at 0 mV were 

statistically different between groups (Anova, p=0.03) and the Bonferroni post hoc test 

demonstrated a difference between the HASH1 + EGF and the HASH1 - EGF treated 

groups (p=0.02). 
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Figure 32. Peak amplitudes of NSPCs after 2 weeks of treatment at 20 mV. The peak 

amplitudes (pA/pF) of NSPCs grown with HASH1 ± EGF for two weeks in vitro 

between13 ms to 43 ms of the electrophysiological recording are shown (EGF n=9,-EGF 

n=9, HASH1 + EGF n=11, and HASH1 - EGF n=10). The peak currents at 20m mV 

were statistically different between groups (Anova, p=0.018) and the Bonferroni post 

hoc test demonstrated a difference between the HASH1 + EGF and the HASH1 - EGF 

treated groups (p=0.02). 
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Figure 33. Patch-clamp electrophysiology of an NSPC treated for 2 weeks - EGF. The 

current-density (pA/pF) versus voltage (mV) plot of an NSPC grown in vitro without 

EGF with a representative current (pA) trace at 20 mV (A), the current (pA) when held 

at -20 mV and 0 mV (B), the membrane voltage (mV) at rest (top) and when the current 

is clamped at 0.1 nA (C), and the membrane voltage when glutamate is added (D) is 

shown. 
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3.3.2. Immunocytochemistry 

Because the cells were very confluent (80 - 100%) after 12 days, the stains were 

done on day 12 rather than day 14. There were less than 1% of cells that stained positive 

for NF in the EGF group and the fluorescence intensity was low (Figure 34 A). At least 

90% of the cells in the - EGF group stained positive for NF and had a brighter 

fluorescence intensity compared to the EGF group (Figure 34 B). The HASH1 treated 

groups also stained positive for NF with 50-75% of the cells staining positive (Figure 34 

C and D). The - EGF group appears to have the highest proportion of cells expressing 

NF. In most of the cells that stained positive for NF, the NF was localized close to the 

cell nucleus; however, a neurofilament can be seen in the 12 day HASH1 - EGF treated 

group (Figure 34 D top center). Immunocytochemistry was done on three biological 

replicates for the cells treated for 12 days. Growing the cells longer did not appear to 

increase the levels of NF; instead, they continued to proliferate.  

To determine if the transient inward current following the capacitive transient 

was from voltage gated sodium channels, the sodium channel inhibitor tetrodotoxin 

(TTX) was added into the recording solution.  When TTX was added to NSPCs grown 

(n=2) with EGF there was a 1.14-fold increase of current; however, washing with 

recording solution did not return the current to pre-treatment levels (Figure 35). Adding 

TTX to a NSPC treated for one week with HASH1 + EGF caused a 1.34-fold increase of 

current when held at 100 mV (Figure 36 A). Addition of TTX did not remove the inward 

current after the capacitive transient (Figure 36 B, C and D). Washing TTX off with  
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Figure 34. Immunocytochemistry of NSPCs treated for two weeks. NSPCs were grown 

for one week in vitro in EGF (A), - EGF (B), with HASH1 + EGF (C), and HASH1 - 

EGF (D). Immunocytochemistry was done for the neural marker neurofilament (green) 

and the nuclear stain DAPI (blue). Images are at 20X and the scale bar is 100 µm. 
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Figure 35. Sodium channel inhibitor on an NSPC. The current-density (pA/pF) versus 

voltage (mV) plot at 50 ms for an NSPC cultured with EGF for one week in vitro in ERS 

(before), TTX and a wash with ERS is shown. 
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Figure 36. Sodium channel inhibitor on NSPC treated with HASH1 +EGF for one week. 

The current-density (pA/pF) versus voltage (mV) plot at 50 ms for an NSPC treated with 

HASH1 + EGF for one week in vitro in ERS (before), TTX and a wash with ERS is 

shown (A). The current (pA) of the NSPC when held at 20 mV in ERS (B), TTX (C), 

and wash with ERS (D). 
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recording solution removed most of the effect and the current decreased close to the 

initial recording (Figure 36 A).  

3.5.1 Cadmium chloride   

 When CdCl was added to a NSPC treated with HASH1 + EGF for 2 weeks there 

was a 1.15-fold increase of current when held at 100 mV (Figure 37 A). Washing with 

recording solution did not return the current to pre-treatment levels (Figure 37 A). This 

NSPC had inward and outward currents (Figure 37 A); the addition of CdCl did not 

change the inward and outward currents (Figure 37 B, C, and D).  
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Figure 37. Calcium channel inhibitor on a NSPC treated with HASH1 + EGF for 2 

weeks. The current-density (pA/pF) versus voltage (mV) plot at 50 ms for a NSPC 

grown with HASH1 + EGF in vitro for two weeks in ERS (before), CdCl, and a wash 

with ERS is shown (A). The current (pA) of the NSPC when held at 20 mV in ERS (B), 

CdCl (C), and wash with ERS (D). 
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Chapter 4. Discussion 

The differentiation of neurons from various stem cell niches of the of the brain is 

of importance to understand the development of the nervous system better, as well as to 

direct the differentiation of stem cells in regenerative medicine. The main goals of this 

thesis were to drive NSPCs to neurons, and to determine whether these differentiated 

cells were functional. To test this functionality, I used electrophysiology. Furthermore, 

using an in-house biosensor system, I wanted to determine whether neurons released 

glutamate from functional axons.  

4.1. Glutamate sensitive outside-out patch 

The extrasynaptic release of glutamate from non-myelinated axons is 

hypothesized to serve as a differentiation cue for OPCs. Glutamate release from axons 

has been detected from whole cell recordings of OPCs within the corpus callosum 

(Kukley et al., 2007). In order to identify whether cells are releasing glutamate from 

either the axonal process or the synaptic cleft, we have previously developed HEK293T 

cells expressing GRIK3. This approach is novel in that is has the potential to identify 

exact locations of neurotransmitter release. The increase in membrane potential in 

outside-out patches following addition of glutamate in a whole bath solution provides 

evidence that the biosensor was functional. During a current-clamp, after glutamate 

binds to the GRIK3 receptor, there would be an inward Na
+
 current that would cause an 

increase in membrane potential, just as seen in my recordings. In other systems, 

detection of glutamate with a sniffer patch has been performed by creating excised 

patches of pyramidal neurons in the hippocampus (Maeda et al., 1995); however, to my 
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knowledge, this is the first time that excised patches with GRIK3 have been created and 

used from HEK293T cells. 

During outside-out patch recordings, a patch was found to contain an ion channel, 

most likely other than GRIK3. A glutamate current would only be observed in the 

presence of glutamate. However, this particular patch demonstrated a significant current 

in the absence of glutamate, as the membrane was stepped in various voltages. Given the 

concentrations of K
+ 

outside (5mM) and inside (135mM) the patch, with the Nernst 

equilibrium equation at room temperature, the equilibrium potential for K
+
 would be -83 

mV. The membrane potential of the outside-out patch was -73 mV, suggesting that the 

isolated membrane contained an ion channel that allowed for the movement of K
+
. The 

difference in the calculated potential and the recorded potential may be due to slight 

inaccuracies in the K
+
 concentrations in the recording solutions. This is unsurprising, 

given that K
+
 channels are found on all cells, including the HEK293T and maintain 

resting membrane potentials (Kuang et al., 2015).  

In half of the whole cell trials, there was a response to glutamate; however, there 

were only three outside-out patches that responded to glutamate. The number of 

successful sniffer patches was relatively low compared to the cells that could 

theoretically respond to glutamate. For example, in HEK293T cells that had been 

programmed with a GABA receptor, the whole cell sniffer detected GABA in more than 

80% of cells tested (Christensen et al., 2014). Because a whole cell was being used, it 

was expected that the majority of the cells would have sufficient protein expression to be 

functional. In contrast, outside-out patches require that the ion channel of interest, or at 

least one channels, be isolated and that the patch conformation be correct. Therefore, it is 
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less likely to have receptors in the patch if the cells do not express the receptor at a high 

enough density. 

The HEK293T cells expressing GRIK3 were produced via lentivirus 

transduction. The plasmid construct that allows for GRIK3 expression produces a 

GRIK3 fusion peptide with GFP and antibiotic resistance genes for selection. While the 

HEK293T cells did stain positive for GRIK3 and showed GFP expression, they may not 

have expressed the receptor at a high enough density. The probability of a channel 

opening with only a few receptors in the patch is low (Allen, 1997). This is likely the 

case with my results, because many of the donor cells responded to glutamate in the 

whole cell configuration, but the excised patches did not. Lentivirus can generate very 

stable HEK293T cell lines with prolonged expression of recombinant proteins (Mao et 

al., 2015). Even with the capability of generating stable recombinant cell lines, 

expression of the protein can decrease over time. These HEK293T cells were only 

selected by antibiotics when they were produced; thus, this may allow for low expressers 

to have survived after this selection. Furthermore, with prolonged cell culture, the low 

expressers thrive because they express less GFP; expressing high levels of GFP is toxic 

to cells and puts them at a disadvantage compared to the low expressers (Ansari et al., 

2016). There are a few approaches, such as the addition of antibiotics, or keeping large 

stocks of frozen cells, to mitigate low expressers. Regular antibiotic selection with high 

concentrations to kill the low expresser would improve the responsiveness from the cells 

in the population.  

Due to limitations in the experiment and difficulty of the technique, the extra-

synaptic release of the neurotransmitter glutamate from DRG neurons was not tested. 
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While not advancing to the sniffer patch experiment of DRG neurons, I found that DRG 

neurons do have spontaneous activity because there were changes in the membrane 

potential at rest, suggesting that the DRGs can release neurotransmitter in vitro.  In 

addition to sniffer patch experiments, the recordings from DRG neurons provided an 

electrophysiological profile to compare to differentiated cells. The large, negative current 

at higher potentials that was seen in the DRGs is from the inward flow of Na
+
 into the 

cell through voltage-gated Na
+
 channels.  

4.2. Neural Differentiation with HASH1 

ASH1 is a well-known transcription factor that induces neurogenesis. The 

addition of the cell permeable HASH1 fusion peptide to adult NSPCs in vitro caused 

changes in the electrophysiological profile and the expression of NF, indicating that the 

protein had an effect on the NSPCs. After two weeks of treatment, most of the cells did 

not develop into mature neurons capable of generating action potentials; therefore, they 

likely do not have enough voltage-gated Na
+ 

channels to generate an action potential. 

However, the HASH1 fusion peptide did have some effect on adult NSPCs and may 

promote differentiation. The withdrawal of the growth factor EGF was also tested in 

combination with HASH1 to determine the best condition for neurogenesis. The 

withdrawal of EGF from NSPCs caused increased expression of NF determined by 

immunocytochemistry. However, the electrophysiological profile remained the same as 

NSPCs cultured with EGF. In addition, there was no NF detected in neurites. Thus, the 

cells are not likely differentiating into neurons. The NSPCs were not immunostained for 

the astrocyte marker GFAP; as such, it cannot be ruled out that the NSPCs were 

becoming astrocytes. Typically, the withdrawal of EGF from NSPCs in vitro promotes 
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the majority of the cells to become GFAP
+
 astrocytes (95%) and a small proportion to 

become neurons and OLs (Prüss et al., 2011). It has, however, been reported that 

mitogen withdrawal induced 20-30% of cultured NSPCs to become neurons (Bonnert et 

al., 2006). NSPCs treated with HASH1 ± EGF immunostained positive for NF and 

continued to proliferate at high rates similar to the control group, which suggests that the 

cells are becoming neurons, because ASH1 increases proliferation in NSPCs 

(Vasconcelos & Castro, 2014).  

 The expression profile of ion channels in NSPCs and neurons differ; therefore, 

the electrophysiological profile of the cell membrane can be used to determine not only 

the ion channel function, but also the cell type. The electrophysiological recordings 

showed that NSPCs treated with HASH1 had larger whole cell currents compared to 

NSPCs not treated with HASH1 after one week. In contrast, NSPCs treated with HASH 

+ EGF had lower whole cell currents than the other treatment groups after two weeks. 

The currents recorded were whole cell currents; thus, they are a sum of the inward and 

outward currents. The higher currents recorded in NSPCs treated with HASH1 in week 

one would be a result of K
+ 

channel currents because the outward current is positive. 

NSPCs derived from the SVZ express many types of K
+
 channels including two-pore, 

inward rectifying and voltage-gated K
+
 channels (Prüss et al., 2011). Therefore, the 

increase in current seen in the week one treatment may have been from an increase in K
+ 

channel expression in NSPCs treated with HASH1. The decrease of whole cell current in 

the HASH1 + EGF treated compared to the other groups, may be from the presence of 

voltage-gated Na
+
 channels. 
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The presence of voltage-gated Na
+
 channels indicates that the cells are likely 

functional neurons, due to the involvement of these ion channels in the generation of 

action potentials. NSPCs do not express voltage-gated Na
+
 channels  (Hogg et al., 2004). 

The inward current observed following the capacitive transient in more than 50 % of the 

cells within all treatment groups, more frequently in the one week experiment, was 

unlikely from voltage-gated Na
+ 

channels because the addition TTX did not remove the 

inward current following the capacitive transient and there was no change in whole cell 

currents of NSPCs in EGF. The addition of TTX to cells with voltage-gated Na
+
 

channels should increase the whole cell currents and prevent any inward current because 

TTX blocks inward current from voltage-gated Na
+
 channels (Chong & Ruben, 2008).  

After the addition of TTX to a NSPC treated for HASH1 + EGF for two weeks, there 

was an increase in whole cell current that was reversible upon washing. This suggests the 

cells treated with HASH1 + EGF may express voltage-gated Na
+
 channels. In addition, 

there was a NSPC treated with HASH1 + EGF for one week that had a similar 

electrophysiological profile to a neuron with large inward current at higher potentials. 

The HASH1 - EGF treated NSPCs had similar whole cell currents to the ±EGF treated 

groups after two weeks suggesting they do not express voltage-gated Na
+
 channels; 

however, this was not tested thus future experiments are required.  

4.3. Conclusions and future directions 

The range of detection of the biosensor was not tested in the patches isolated. The 

next experiment would be to provide a range of concentrations that can be detected by 

the sniffer patch and the lowest concentration of glutamate that can be detected, because 

physiological concentrations are much lower in the brain (1-30 µM) (Moussawi et al., 
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2011) than the 10 mM tested. Outside-out patches from neurons in the hippocampus 

have been used to detect glutamate in hippocampal slices, where the patch could detect 3 

µM to 10 mM glutamate (Maeda et al., 1995), demonstrating that low concentrations can 

be detected. However, to detect low concentrations the patch needs to have a high 

density of receptors; it has been reported for acetylcholine detection from a sniffer patch 

a receptor concentration of 100 µm
-1

 was needed to detect 3 nM acetylcholine (as cited 

in Grinnell et al., 1989). 

After the sniffer patch is calibrated for glutamate detection, the next experiments 

would be co-culturing HEK293T with GRIK3 with DRG neurons and trying to detect 

glutamate release from axons. The co-culture experiments still require optimization prior 

to sniffing for glutamate. It was demonstrated that DRG neurons had small, spontaneous 

changes in membrane potential. While spontaneous activity was observed, it was not 

determined if DRG neurons could generate spontaneous action potentials and release 

glutamate. DRG neurons have been reported to release low basal levels of glutamate in 

vitro without stimulation (Rydh-Rinder et al., 2001). Therefore, the neurons need to be 

stimulated to release detectable levels of glutamate. There are multiple approaches to 

evoke a neuron to release NTs; an additional electrode can be placed on the neuron or the 

K
+
 concentration increased to depolarize the membrane (Allen, 1997). However, it has 

been demonstrated that high K
+ 

concentrations did not evoke the release of glutamate 

from DRG neurons in vitro; instead, the addition of bradykinin (BK), an inflammatory 

mediator, evoked the release of glutamate from DRG neurons (Rydh-Rinder et al., 

2001). BK induces the release of glutamate because DRG neurons are involved in 

nociception (pain) (Taguchi et al., 2015) and inflammatory mediators activate DRG 
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neurons in nociception (Davidson et al., 2014). Therefore, BK could be used in future 

experiments to promote glutamate release in culture.  

 This thesis shows that the addition of the HASH1 fusion peptide can induce 

electrophysiological changes in adult NSPCs and induce the expression of NF. The 

HASH1 fusion peptide likely has the potential to induce differentiation of adult NSPCs 

into neurons in vitro. The induction of neural differentiation with this HASH1 peptide 

has also been demonstrated with human iPSCs after 8 days (Robinson et al., 2016). The 

shortened time for differentiation may be a result of the different cell types and 

regenerative capabilities. Differentiation by ASH1 is most commonly induced by 

transfecting cells to express the gene of interest. With this method, it has been reported 

that ASH1 alone can reprogram astrocytes to neurons (Ding et al., 2014; Liu et al., 

2015).  

 Interestingly, the expected optimal condition would be HASH1 - EGF, but the 

electrophysiology data suggests that HASH1 + EGF was the optimal condition for 

differentiation because this was the only group with inward Na
+
 currents. However, the 

HASH1 - EGF condition cannot be ruled out because the sample set was small and the 

immunocytochemistry shows increased NF. The conclusion of this study is that the cells 

need more time to develop into functional neurons, as the current profile was that of an 

immature neuron. It has been demonstrated in other in vitro systems that neural 

differentiation can take up to 18 days (Hogg et al., 2004). In vivo differentiation can take 

2-4 weeks (Winner et al., 2002).  
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 One limitation to growing cells for a longer period of time (3+ weeks) is the 

extensive cell proliferation observed. This led to high confluency in a short period of 

time, reducing the ability to perform either immunocytochemistry or electrophysiological 

analyses of the cells. It was difficult to seed the cells at a low density as they did not 

thrive. An approach to performing longer experiments and reducing confluency 

problems would be to culture the cells on a larger surface for the first week, then move 

the cells to coverslips for the following two weeks to allow for possible neurite growth. 

However, this added manipulation could result in modifications in gene expression and 

affect cell behavior by detaching the cells. 

 It is challenging to initiate neurogenesis in cell culture, as the in vivo environment 

provides different cues during neurogenesis. It has been reported that electrical inputs are 

required for neural development (Deisseroth et al., 2004; Lledo & Saghatelyan, 2005). 

Furthermore, the in vivo environment is enriched with growth factors and 

neurotransmitters. Additional growth factors in combination with HASH1 may improve 

the generation of functional neurons from adult NSPCs. Another factor to consider in 

differentiating adult NSPCs is that regenerative capacity declines with age (Molofsky et 

al., 2006). The mechanisms of age related decline of neurogenesis remains unclear. It 

has been suggested that NSPCs lose their ability to respond to differentiation cues 

(Ruckh et al., 2012) or a decline of proliferation in the NSPCs (Molofsky et al., 2006). 

Age related decline has also been observed in OPCs and decreased myelination (Franklin 

& Kotter, 2008).  

 The NSPCs from the SVZ are destined to become OB neurons; however, 

culturing NSPCs in vitro in the presence of EGF makes them multipotent, capable of 
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also generating glial cell lineages. Thus, culturing NSPCs for long periods of time with 

EGF may have a long-term effect on neurogenesis and reduce responsiveness to neural 

differentiation cues. Performing experiments at lower passages and minimal exposure to 

EGF would help mitigate this problem.  

Due to the general bias in the electrophysiology data, flow cytometry would be 

useful to accompany this data because it is difficult to draw conclusions with a small 

sample set. Flow cytometry can give an indication of what proportion of cells are 

expressing neural and glial cell markers and the intermediate cell markers. Additional 

ion channel inhibitor experiments should be done to identify expression profile to 

provide more conclusive data and determine which ion channel is responsible for the 

inward and outward currents observed at higher potentials. There were only a few trials 

with voltage sodium and calcium inhibitors and no trials with voltage potassium channel 

inhibitors. Therefore it cannot be ruled out that the transient inward current was not from 

calcium channels because activation of Ca
2+

 channels produces negative, inward current 

and the reversal potential of calcium channels are at positive potentials. Furthermore, 

experiments with ion channel inhibitors (K
+
, Na

+
, Ca

2+
) at different time points would 

help in determining if and when voltage-gated sodium channels develop, and if they are 

capable of generating action potentials.  

Finally, neurons generated from adult NSPCs with expression of ASH1 can 

develop into glutamatergic neurons (Kim et al., 2007); therefore, neurons generated from 

the addition of HASH1 in vitro may be capable of releasing glutamate. Once mature 

neurons can be developed, the glutamate sniffer patch could be used to try to detect 

extrasynaptic release of glutamate from neurons generated from HASH1.  
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