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Astrocyte subtypes are key cellular players to study in vitro for identifying specific 

cues that increase axon growth of neuron populations in potential translation to develop 

a scalable astrocyte-derived solution for axon regeneration post SCI. I characterized the 

use of transgenic puromycin selectable cell lines to enrich protoplasmic and fibrous 

astrocytes differentiated from mouse embryonic stem cells (mESCs) through viability 

and glutamate uptake assays, immunocytochemistry, flow cytometry, quantitative 

polymerase chain reaction (qPCR), and calcium imaging. It was demonstrated that 

selected astrocyte subtypes maintain low levels of other cell types (mature neurons and 

oligodendrocytes and undifferentiated stem cells) and high levels of astrocyte markers 

with functionality by glutamate uptake, inflammatory response, and calcium transients. 

Furthermore, selected protoplasmic astrocyte components, specifically ECM, 



 

demonstrated significant increases in axon growth of mESC-derived V2a interneurons, 

a critical excitatory neuron population found in grey matter of spinal cord, compared to 

selected fibrous astrocytes in both 2D and 3D HA-based hydrogel setting. With bulk-

RNA sequencing of astrocyte subtypes and proteomic analysis of selected astrocyte 

subtype ECM, selected protoplasmic astrocytes demonstrated upregulation of critical 

adhesion and ECM-related genes and proteins that could contribute to the positive 

impact on axon growth. Based on the criteria of protein availability and manufacturing, 5 

selected protoplasmic ECM proteins at defined combinations and concentrations (based 

on design of experiments- DoE approach) in HA-based hydrogel were shown to 

significantly increased axon growth of V2a interneurons compared to selected 

protoplasmic ECM hydrogel. Overall, this thesis demonstrates the importance of 

studying in vitro properties of astrocyte subtypes for axon growth and the use of 

astrocyte-derived factors in developing a scalable, cell-free permissive biomaterial for 

supporting axon regeneration in future SCI applications.  
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Chapter 1: Introduction 
1.1 Overview  

 
Research for treatments of spinal cord injury (SCI) is focused on ameliorating the 

inhibitory microenvironment in injured spinal cord to promote increased axon 

connections and neuron viability. The axon bridging and integration with host neural 

circuitry can help patients regain lost sensory and motor functions. The current research 

strategies include electric stimulation, rehabilitation, cellular transplantation, biomaterial 

implantation, and neurotrophic growth factor delivery. Our lab focuses on developing 

differentiation protocols for neural and glial cell types to study neural plasticity and glial-

derived factors as potential drivers of promoting axon in SCI. The long-term goal is to 

understand the mechanisms of interneuron-neuron connections and the effects of glial-

derived growth factors and ECM proteins that promote axon growth and functional 

outcomes after SCI. These findings can ultimately help us develop biomaterial platforms 

incorporating glial- derived factors that provide a regenerative niche in an injured spinal 

cord.  

  Previous research initially thought astrocytes, a key glial cell in healthy and 

injured spinal cord microenvironment, were harmful cellular players in SCI as they 

undergo reactive astrogliosis and secrete axon-growth inhibitory chondroitin sulfate 

proteoglycans (CSPGs). However, reactive astrocytes and astrocyte subtypes can limit 

secondary damage and inflammation to the host tissue, suggesting there are beneficial 

factors provided by astrocyte phenotypes that can play a role in neural repair.  
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 In this chapter, I convey the rationale and significance of this thesis based on the 

foundation of past research of astrocyte roles in SCI. The sections that follow 

demonstrate the motivation of this thesis work, the importance of microenvironment 

changes for neurons in the spinal cord, the impacts of astrocytes on neuronal 

populations, biomaterial strategies for SCI applications, and the use of stem cell 

platforms to study astrocytes.   

1.2 Spinal cord injury  
 

 Spinal cord injury (SCI) is a severe, debilitating condition with complex 

pathophysiology that renders patients to endure permanent disabilities with complete or 

partial loss of sensory and motor functions depending on the severity and location of 

injury1–4. The main causes of falls, car accidents, violence, and sports injuries result in 

more than 90% of SCI being traumatic (SCI produced by a physical impact) and 

predominantly (~60%) cervical SCI1,2,5–7. Traumatic SCI currently affects 305,000 

people in the United States with an incidence rate of nearly 18,0005. SCI patients 

experience a spectrum of impaired neurological outcomes with other complications such 

as respiratory dysfunction and frequent bladder and kidney infections1. In addition, SCI 

patients in the US face significant social and financial burdens with medical care costs 

ranging from $1.1 to 4.6 million per patient, causing additional stress on the patient and 

their support system2,7. 

 While it is possible for incomplete SCI to result in neural sprouting that promote 

plasticity for functional recovery, complete SCI results in severed ascending and 

descending neural pathways and create a microenvironment harsh for plasticity and 

functional improvements1,4,8,9. With no current effective treatments for SCI, there is an 
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imminent research need to discover strategies that promote a regenerative 

microenvironment for restoring neural connections and facilitating functional recovery. 

This section describes the key cellular players contributing to microenvironment 

changes from SCI, the loss of neural connections that result in disabilities for patients, 

and different research strategies for SCI treatments. 

1.2.1 Pathophysiology of spinal cord injury 
 After the immediate physical impact, SCI progresses through two stages, primary 

and secondary, that result in an inhibitory microenvironment detrimental to central 

nervous system (CNS) cell types, such as neural connections2,6,7,9,10. This occurs over a 

timescale that defines acute stages as less than 48 hours, subacute as 2 days to 2 

weeks, intermediate as 2 weeks to 6 months, and chronic as more than 6 months in 

mammals6,7,11. During the primary phase, the traumatic forces result in buildup of 

inflammation, cytokine release, disruption of ion homeostasis, free radical formation, 

neural cell death, and demyelination of axons through apoptosis of 

oligodendrocytes1,2,10. The secondary phase continues the disruption of ion 

homeostasis, free radical formation, and astrocyte and fibroblast proliferation at the 

injury site to form the glial border and fibrotic core. The formation of these boundaries 

changes the ECM composition to include axon -growth inhibitory proteins, such as 

chondroitin sulfate proteoglycans (CSPGs). Overall, these two phases create a 

microenvironment imbalance in the spinal cord.  

The definition of glial border has changed to provide nuanced definitions of 

perivascular fibrotic lesion core and astrocyte glial scar as an astrocyte border 

instead4,8,12. The injury site is divided into fibrotic scar consisting of proliferative 
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fibroblasts secreting collagen matrix and astrocyte border that surround this fibrotic 

core. The border serves to protect the spared neural projections in host tissue from 

increases in inflammatory cells. The research is ongoing to tease out the different 

development and microenvironment cues that trigger reactive astrocytes for therapeutic 

target identification to regain lost neural connections8.  

1.2.2 Key glial cell types in spinal cord injury  
There are three major types of glial cell that exist in the central nervous system: 

astrocytes, oligodendrocytes, and microglia13. Each cell type performs specific functions 

throughout the brain and spinal cord to support neurons and other glial cells. These 

three glial cell types undergo morphological and molecular changes, enabling them to 

play complex roles in SCI and modify the microenvironment that impacts axon growth.  

Astrocytes  

 

 

 

 

 

 

 

 

 

Figure 1.1 Schematic diagram demonstrating the concept of astrocyte reactivity on a spectrum 
There are two main observed reactive astrocyte subtypes, A1 (neurotoxic) and A2 (neurorepair), that 
develop under inflammatory stimuli and ischemia. It is believed in the astrocyte field that astrocytes adopt 
a reactivity state in a spectrum between A1 and A2 due to a mixture of signals in the SCI 
microenvironment.  
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Under normal physiological conditions, astrocytes are considered the CNS helper 

cells providing support for neuron viability, synapse formation, neural metabolism, 

blood-brain barrier maintenance, and axon guidance14–17. Astrocytes are sensitive to 

cytokines (such as tumor necrosis factor (TNF)-a), chemokines, and reactive oxygen 

species (ROS) in the injured spinal cord microenvironment and can adopt reactive 

subtypes18–20. Reactive astrocytes have altered key cellular functions, such as 

decreased glutamate uptake, an ion imbalance, and loss of contacts with endothelial 

cells, resulting in losing their  capacity to support neurons2,10,20. Researchers are 

forming clear definitions of A1 reactivity (inflammation-induced) as neurotoxic and A2 

(ischemia-induced) reactivity as neurorepair, in which A1 reactive astrocytes are more 

in the acute SCI phase and A2 reactive astrocytes are more present during chronic 

phases of SCI19,21 (Fig 1.1). Specifically, reactive border astrocytes secrete neuro-

repulsive components, such as chondroitin sulfate proteoglycans (CSPGs), detrimental 

to axon and oligodendrocyte survival in intermediate and chronic phases of SCI1,3,7,14. 

More nuanced definitions show that astrocytes adopt reactivity states in the continuum 

spectrum between A1 and A2 as a response to SCI.  

For a long time, the field considered astrocytes to be a harmful player and ablation 

of astrocytes could be the key for functional recovery. However, studies have shown 

that disruption of reactive astrocytes in the scar-border worsens the functional outcomes 

and axon growth potential in vivo22–27. Pekny et al. demonstrated that mice containing 

null mutations for both glial fibrillary acidic protein (GFAP) and vimentin (Vim), which are 

intermediate filaments commonly expressed by reactive astrocytes, produced aberrant 

glial scar structure post dorsal transection upper thoracic SCI. Furthermore, the 
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aberrant astrocytes led to observed fissures containing blood vessels and debris that 

caused more bleeding22,23,27. Thus, border-forming astrocytes are beneficial in limiting 

inflammation to the SCI injury site. 

A pivotal study by Anderson et al. illustrated the benefits of astrocyte border around 

the lesion post severe crush SCI at T10 using targeted loss of astrocyte function in adult 

mice to produce losses of scar-forming reactive astrocytes, glial border formation, and 

chronic astrocytic scar processes. The mouse model with astrocyte expression of 

herpes-virus thymidine kinase (TK) plus ganciclovir (GCV) was used to kill scar-forming 

reactive astrocytes and the mouse model knock-out of Stat3 in astrocytes led to 

disruption of scar formation26. Both these types of mice failed to produce astrocyte 

borders in 2-8 weeks post SCI and did not have any axon growth of descending CST 

axons in spared tissue, leading to further potential functional deficits at 8 weeks26. In 

addition, RNA-sequencing of border-forming astrocytes demonstrated gene expression 

of axon growth-permissive factors such as laminin, syndecan, decorin, and glypicans, 

indicating beneficial properties of astrocytes post SCI26. 

There are multiple key astrocyte phenotypes in the spinal cord that support different 

neuron populations28. Current research is involved in understanding various axon-

growth permissive properties of these astrocyte phenotypes and reactive states for 

SCI17,29. It is also important to consider the maturity states of the astrocyte phenotypes 

since it has been shown that immature astrocytes can support more axon growth19.  

Oligodendrocytes 

Oligodendrocytes are critical in generating myelin sheath for surrounding axons 

and facilitating transmission of electric signals across neural circuits for motor and 
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sensory functions13. This glia arise from oligodendrocyte precursor cells (OPCs), or 

NG2-glia, which are self-renewing cells that replace mature oligodendrocytes30. The 

inflammatory cascade activates microglia, generating a harmful milieu through 

apoptosis of neurons and oligodendrocytes31. Furthermore, high glutamate and calcium 

levels in the microenvironment contribute to oligodendrocyte apoptosis and thus 

demyelination32.  

One strategy to increase axon growth and regain functional improvement is to 

increase remyelination with oligodendrocyte or OPC transplantation. In response to SCI, 

NG2+ progenitors can differentiate into phagocytic and reactive astrocytes that help in 

phagocytosis of myelin debris and contribute to inhibitory microenvironment33. After a 

week post SCI, NG2+ progenitors differentiate into proliferating immature 

oligodendrocytes (APC+), but more studies are needed to determine if new 

oligodendrocytes can remyelinate32,33. Research into oligodendrocyte differentiation and 

transplantation with signals promoting mature oligodendrocyte formation can play roles 

in SCI repair.  

Microglia  

Microglia are the resident immune cells of the CNS and adopt specific reactive 

phenotypes (between M1 pro-inflammatory and M2 anti-inflammatory spectrum) 

dependent upon the chemical and immunological conditions of the CNS 

microenvironment13. These cells constantly monitor physiological condition of the CNS 

and secrete cytokines in reaction to vascular damage, changes in blood-spinal cord 

barrier (BSCB) permeability, and damaged axons34,35. In addition, microglia are 

activated to M1 phenotype through TNF- a activating toll-like receptor (TLRs) on 
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microglia and M1 secrete inflammatory cytokines, such as interleukin Il-6 and IL-1b, in 

acute SCI36,37. The role of microglia has also been explored in vitro with 

lipopolysaccharide (LPS) exposure to quiescent microglia36,38. Activated microglia 

secrete IL-1a that continues immune cell infiltration at the injury site and leads to 

oligodendrocyte death and myelin loss39. The phagocytic function of M2 microglia in 

acute SCI phase helps uptake of myelin debris, reducing factors contributing to axon 

growth inhibition38. Neurotoxic M1 microglia secreting TNF-a and Il-a causes activation 

of astrocytes and adoption of A1 astrocytes40. On the other hand, anti-inflammatory 

cytokines from M2 microglia can suppress the reactivity in astrocytes and could have 

implications in neuron survival and axon growth40. Both microglia phenotypes are 

essential for SCI and potential functional improvements.  

1.3 Protoplasmic and fibrous astrocytes in spinal cord 
Protoplasmic astrocytes interact with capillaries and provide functional synaptic 

support (Fig. 1.2)40. Fibrous astrocytes support nodes of Ranvier along axons (Fig 

1.2)40. The main astrocyte subtypes are conserved through different organisms with 

humans having complexity of astrocyte subtypes mainly found in the cerebral cortex 

with highly specific roles41. Studies demonstrated that these two phenotypes can differ 

in axon regeneration in vitro and in vivo with protoplasmic astrocytes being more axon-

growth regenerative42–44. Thus, this thesis focuses on studying stem cell derived 

astrocyte phenotypes for their axon-growth related components.   
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1.3.1 Astrocyte phenotypes in spinal cord development 

Figure 1.2 Two main astrocyte subtypes to study for understanding astrocyte-specific roles 
Fibrous and protoplasmic astrocytes reside in white and gray matter of spinal cord respectively with 
different properties impacting axon health and express different levels of key astrocyte markers that help 
distinguish these phenotypes as more researchers explore astrocyte phenotypic properties. 
 

In the developing spinal cord and neural tube, competing gradients of ventral 

sonic hedgehog signaling and dorsal BMP signaling are critical in patterning of the 

neural tube to establish the dorsal-ventral axis of progenitor domains. The ventral 

progenitor domains of p1-p3 and progenitor motor neuron (pMN) differentiate into the 

ventral spinal interneurons, motor neurons, and astrocytes. Different combinations of 

transcription factors Pax6 and Nkx6.1 expressions in progenitors lead to astrocyte 

heterogeneity during differentiation45–47. Pax6 is dominant in progenitors for VA1 and 

VA2 and Nkx6.1 is needed for VA347. The positionality of these astrocyte subtypes is 

influenced by Reelin (extracellular glycoprotein) and Slit1 (ligand protein)45,47. The 

patterning of spinal cord in development is the foundation for astrocyte heterogeneity.  

Radial glia are important intermediate cells to characterize markers of astrocyte 

progenitors, immature astrocytes, and mature astrocytes. These cells demonstrate a 
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bipolar, elongated morphology with extensions starting within the cell soma in the 

ventricular zone and ending away from the apical surface25. Radial glia is a 

heterogeneous population of neural and glial progenitors with various gene expressions. 

Radial glia express markers shared with astrocytes, such as the intermediate filaments 

vimentin and GFAP, glutamate aspartate transporter (GLAST), brain lipid binding 

protein (BLBP), and calcium binding protein S100b at the onset of neurogenesis48,49. In 

fact, the expression of BLBP is in response to activation of Notch signaling in radial glia 

and regulates neuronal migration49. Both neuroepithelial progenitors and radial glia do 

share some markers, such as nestin, despite being intermediate populations48. Radial 

glia are complex cell types with the ability to differentiate into different CNS cell types. 

A key marker that plays a complicated role in gliogenesis is Olig2, a basic helix-

loop-helix (bhlh) transcription factor. Olig2 expression in the pMN domain gives rise 

mainly to motor neurons and oligodendrocytes but can also be involved in astrocyte 

production47,50,51. Certain mature astrocytes are identified by GFAP+/Olig2+ particularly 

in white matter52. In addition, Olig2 lineage tracing demonstrates that Olig2 is co-

expressed with platelet-derived growth factor receptor (PDGFRa)+ and NG2+ (cell 

surface glycoprotein) OPCs and continued expression in mature oligodendrocytes53,54. 

Overall, Olig2 is a critical factor in deriving white and gray matter astrocytes and 

demonstrates how motor neuron and oligodendrocyte lineages are intertwined with 

astrocyte fate.  

Since it is important to study astrocyte heterogeneity for identifying beneficial glial 

cues in SCI repair, mESC and PSC differentiation protocols mimic mouse astrocyte 

development to generate astrocyte phenotypes in 30-plus day period15,44,55. Most 
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protocols differentiate into fibrous (A2B5+/GFAP+)  and protoplasmic astrocytes (A2B5-

/GFAP+)  using neuroepithelial progenitors, NSCs, or glial restricted progenitors (GRPs) 

as an intermediate point and then addition of CNTF or BMP4 respectively42–44.  Our lab 

protocol utilizes chemicals Shh agonist (smoothened agonist- SAG) and retinoic acid 

(RA) to provide patterning cues for generation of ventral spinal cord progenitors250. The 

proliferation of these progenitors is mediated by time and the addition of epidermal and 

fibroblast growth factors (EGF and FGF)15,44,56. Specifically, CNTF and BMP4 are key in 

activating the janus kinase (JAK) signal cascades in progenitor cells to commit for 

astrocyte fate and inhibit oligodendrocyte lineage57. The resulting astrocytes express 

mature astrocyte markers GFAP, Aquaporin-4 (Aqp4), and GLT-1 and mostly 

demonstrate neuron support58. Furthermore, astrocyte differentiation has included 

exposure to serum, such as fetal bovine serum (FBS), and FGFs to produce a more 

mature phenotype, while low percentage of serum can give rise to more immature and 

reactive astrocytes15,59. Furthermore, pivotal studies demonstrate that protoplasmic 

astrocytes support more axon regeneration in vivo compared to fibrous42,43,60. This 

demonstrates astrocyte phenotypic differences in molecular expressions and 

functionality for axon growth and the need for stem cell protocols to produce an 

unlimited source of fibrous and protoplasmic astrocytes for identifying axon growth 

permissive astrocyte-derived cues.  

1.3.2 Properties and markers of astrocyte phenotypes  
After development from radial glia, the two main astrocyte phenotypes migrate 

away from the ventricular zone into final destinations of white and gray matter in 

different regions of CNS, including spinal cord28,61. One of the first indications of two 
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main types of GFAP+ astrocytes was found in cultures of developing rat optic nerves in 

which some astrocytes (type 1) did not express A2B5 (cell surface ganglioside) and 

others (type 2) did express A2B562. As the field grew, the morphology and protein 

expression correlated with classification of type 1 and type 2 astrocytes into 

protoplasmic and fibrous respectively63. Protoplasmic astrocytes have more branches 

that spread from the cell body to form a large, flat morphology while fibrous have longer, 

fiber-like extensions with less complex and smaller cell body47,61,64,65. Bushong et al. 

found protoplasmic astrocyte processes form clear boundaries (‘tiling’) parallel to 

dendrites from pyramidal neurons66,67. However, the neighboring processes and 

intermediate filaments of fibrous astrocytes interact with each other in no clear 

organization61. Furthermore, fibrous astrocytes have variable lengths of processes that 

interact with oligodendrocytes61,67. In response to SCI, processes of protoplasmic 

astrocytes adjacent to the lesion overlap spatial domains to form the astrocyte 

border61,68. The astrocyte morphology is critical for functionality.  

The astrocyte phenotypes contribute to the diverse roles in support of neuron 

health through regulation of neurotransmitters and metabolites, blood-brain barrier 

maintenance, and synaptogenesis. Protoplasmic and fibrous astrocyte processes and 

end feet are in contact with blood vessels to control blood flow in the CNS61. There are 

more capillaries present in the gray than white matter, suggesting protoplasmic 

astrocytes might impact vascularization69. Aqp4, a water channel membrane protein, is 

most abundantly expressed in the end feed of astrocytes that contacts with blood 

vessels in the spinal cord70. Protoplasmic astrocytes express more Aqp4 than fibrous in 

rodents and thus can be a characteristic astrocyte marker69–71. SCI causes Aqp4 to be 
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redistributed away from the end feet, contributing to astrocyte swelling and disrupted 

blood flow71. In addition, Aqp4 knockout mice demonstrate reduced magnitudes of long-

term potentiation (LTP), a measurement of synaptic plasticity in brain slices, suggesting 

the role of Aqp4 in synapse formation72. 

Astrocytes are key in regulating metabolic support for neurons through glutamate 

uptake via glutamate transporters in astrocyte membranes to prevent excitotoxicity for 

neurons73. Glutamate transporter 1 (GLT-1) is found in both subtypes and is used as 

marker with GFAP to isolate two astrocyte populations: GLT+/GFAP- (protoplasmic) and 

GLT+/GFAP+ (fibrous) from murine cortex74. Developing mouse spinal cord sections 

show GLAST and GLT-1 are present in postnatal spinal cord astrocytes. GLT-1 

corresponded to axon pathways in the spinal cord, indicating the astrocytic glutamate 

transporter playing a role in axon growth75. GLAST is also present in cell bodies of 

radial glia and astrocyte precursor cells76. Furthermore, glutamine synthetase (GS), an 

enzyme catalyzing conversion of glutamate, ammonia, and adenosine triphosphate 

(ATP) into glutamine, is present in all astrocyte types with co-expression of Aqp4 in rat 

spinal cord and is increased in reactive astrocytes 7 days post SCI77,78. Interestingly, 

GS is found in oligodendrocytes and OPCs in the white matter tracts77–79. These 

markers are critical in demonstrating the metabolic functions of astrocytes. 

Lastly, astrocytes support neurons through calcium signaling in response to ATP 

stimulation. Astrocytes mainly express gap junction proteins connexin 30 and 43 (Cx30, 

43) to couple astrocytes for transmitting calcium transients80,81. Furthermore, astrocyte 

targeted deletion of Cx30 and 43 in double knockout mice from postnatal day 23 and 

older displayed edema in hippocampal protoplasmic astrocytes and widespread 
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vacuolation of oligodendrocytes in white matter tracts81. This led to functional deficits in 

double knockout mice, such as falling off the rotarod more frequently, suggesting the 

importance of astrocyte calcium signaling81. Immunohistochemical staining of rat brain 

slices at various ages demonstrates Cx43 is widely expressed with more prominent 

staining observed in fibrous astrocytes82. In addition, Cx30 can be expressed higher in 

mature protoplasmic than mature fibrous astrocytes83. Overall, calcium signaling in 

astrocytes is facilitated by gap junction proteins that modulates the polarization of 

neuron membrane in synaptic units for neurotransmitter release and action potential 

production, establishing astrocyte-neuron crosstalk84.  

 As astrocyte differentiation protocols are developed, it is critical to characterize 

expression of astrocyte markers in the resulting cell cultures to understand the 

composition for tailoring studies of astrocyte phenotypic functions. The most prominent 

astrocyte marker is GFAP. While GFAP is a general astrocyte marker, there is evidence 

that GFAP expression is higher in white matter astrocyte populations than gray matter53. 

In addition, there is an astrocyte population that is characterized as Olig2+ and GFAP+ 

85. In fact, the astrocyte differentiation protocol developed by Thompson et al. produces 

fibrous astrocytes that express high levels of Olig2, suggesting this astrocyte phenotype 

resembles white matter astrocytes44. Olig2 is used as a selection marker for the 

transgenic selectable cell line in the thesis to enrich fibrous astrocytes44. Other general 

astrocyte markers are aldehyde dehydrogenase L1 (Aldh1L1) and S100b, a calcium 

binding protein. S100b, has greater expression in protoplasmic astrocytes and 

developing oligodendrocytes in the white matter14,68,86. However, S100b is expressed by 

GFAP+ and A2B5+ astrocytes, suggesting these astrocytes are from the Olig2+ 
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progenitor lineage in development87. This resembles the expression profile of 

differentiated fibrous astrocytes in this thesis. It is important to highlight that S100b is 

also expressed by Schwann cells87,88. A2B5 is expressed both in radial glia and 

immature astrocytes and differentiates into brain lipid binding protein (BLBP)+ 

protoplasmic and A2B5+ fibrous astrocytes42,44,63,89. However, A2B5 is also expressed 

by O4+ immature oligodendrocytes90. Overall, the markers GFAP, S100b, Olig2, A2B5, 

GLAST, GLT-1, Aqp4, Cx30, and Cx43 are mainly used to characterize astrocytes 

phenotypic cultures in the spinal cord. 

Immature astrocytes favor interactions with neural growth cones and promote 

axon growth91–93. Immature astrocyte markers originate from glial precursors in spinal 

cord development. A selective marker of immature astrocytes and astrocyte precursor 

cells is CD44, a hyaluronate receptor that biases progenitors to an astrocyte fate. The 

number of CD44+ cells and astrocytes increase with exposure to BMP-4 and FGF-2, 

indicating these two factors are important for astrocyte differentiation94. Specifically, 

CD44+ cells in postnatal development do not express CC1, a mature oligodendrocyte 

marker, and can co-express Olig2 that ultimately undergo astrocyte differentiation95. 

Vimentin, another intermediate filament protein, has greater expression in developing 

fibrous astrocytes with staining also in fibroblasts89. There still needs to be more 

characterization of gene and protein expressions of immature versus mature astrocytes 

to expand the current toolkit of markers.  
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Table 1.1 Key markers for characterizing protoplasmic and fibrous astrocytes used in this thesis 

Marker Hypothesis 

Aqp4 Present in astrocyte subtypes with higher 
expression in protoplasmic than fibrous 

Olig2 Higher in fibrous astrocytes 
GFAP Present in astrocyte subtypes with higher 

expression in fibrous than protoplasmic 
Aldh1L1 Present in both astrocyte subtypes 

CD44 Immature astrocyte marker 
Vimentin Immature astrocyte marker with higher 

expression in fibrous 
A2B5 Higher expression in fibrous 
GLT-1 Present in both astrocyte subtypes with 

higher expression in fibrous 
Cx30 Present in both astrocyte subtypes 
S100b Present in both astrocyte subtypes 

 

1.3.3 Multi-omics approach to characterize astrocytes 
To identify more astrocyte specific markers and proteins that impact functionality, 

researchers are utilizing bulk and single-cell ribonucleic acid (RNA) sequencing and 

proteomics. RNA-sequencing studies have been conducted with single-cell resolution to 

identify specific characteristics of astrocytes compared to other CNS cell types28,96–100. 

Andersen et al. conducted transcriptomic mapping of the developing human spinal cord 

over 22 weeks of gestation to profile single cell and nuclei from samples100. The study 

produced different clusters based on gene expression for different CNS cell types, such 

as motor neurons, oligodendrocytes and OPCs and astrocytes. The clustering analysis 

identified ventral and dorsal glial progenitor populations with Sox9 expression and lower 

levels of mature astrocyte markers, Aqp4100. Clusters were characterized as either 

fibrous astrocytes with higher expression of GFAP, CRYAB, and ATP1A1 (ATPases for 

sodium and potassium exchange) or protoplasmic astrocytes with SLC7A10 (amino-

acid transporter involved with neurotransmitters), GLUL (glutamine synthetase), and 
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SLC1A2 100. This demonstrated the presence of astrocyte heterogeneity in the 

developing spinal cord. 

Transcriptomics elucidates gene expression differences between primary and 

stem cell-derived astrocyte phenotypes59,96,101–103. Zhang et al. isolated purified 

astrocyte precursor cells and astrocytes from fetal and adult brain tissue samples with 

immunopanning using HepaCAM (cell adhesion glycoprotein) antibody and utilized 

RNA-sequencing with differential gene expression analysis to show proliferation genes 

were upregulated in astrocyte precursors and gap junction genes, aldh1l1, and glul 

were upregulated in mature astrocytes96. Furthermore, analysis of differentiated 

astrocytes from human NPCs exposed to serum, CNTF, and BMP4 demonstrated 

genes in pathways related to gliogenesis, proteoglycan metabolic process, and negative 

regulation of MAP kinase activity59. In addition, GFAP, CD44, Notch1 (known to inhibit 

neuron maturation), and chemokine CCL2 were upregulated in the astrocytes59. RNA-

sequencing can aid understanding genes that define immature and mature astrocyte 

presence in cell cultures. 

Proteomic studies of isolated primary and stem cell-derived astrocytes provide 

more insights into the composition of astrocyte ECM and membrane proteins under 

various conditions of healthy and injured CNS to further identify potential targets104–107. 

For example, Dowell et al. analyzed the secretome of cultured primary postnatal day 1 

murine astrocytes with liquid chromatography and electrospray mass spectrometry (LC-

MS) to focus on astrocyte extracellular signaling pathway targets104. It demonstrated 

overall 423 proteins identified in astrocyte conditioned media with expression of 
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SPARC, nidogen-2, spondin-1, and biglycan being potential protein targets for 

modulating axon growth pathways105.  

Proteomics can be done in parallel with transcriptomics to gain insight on 

translated protein targets expressed by astrocytes for neuron communication. Chai et 

al. analyzed striatal and hippocampal astrocytes from P30 Aldh1l1-eGFP mice with both 

mass spectrometry and transcriptomics to show 2879 common proteins in both types of 

-omics data sets108. Gene ontology analysis shows that these proteins are involved in 

cell cycle, cytoskeleton, and metabolite generation and might prove to be astrocyte-

secreted factors affecting axon growth108. Proteomic studies are also instrumental in 

identifying proteins associated with inflammatory responses to elucidate proteins that 

inhibit axon growth after SCI. Keene et al. exposed primary neonatal cortical astrocytes 

to inflammatory stimuli (TNF-a, IL-1b, and interferon-g) for 1 day (acute) or 7 days 

(sustained) and utilized LC-MS analysis to analyze astrocyte conditioned media to 

identify secreted protein abundance in response to inflammation mimics109. 

Complement C3, chemokine ligand 1, MMP3, Il-6, and nerve growth factor were 

discovered in the stimulated astrocyte secretome and might play complex roles in 

astrocyte disruption of neural support post SCI109. The proteomic analysis of astrocyte 

subtype ECM can thus provide protein target insights for modulation axon growth of 

various neuron populations.  

1.3.4 Astrocyte-neuron interactions for axon growth  
 
Astrocytes in the healthy CNS have been shown to support neurite growth of 

various types of neurons and has led to investigating molecular and cellular 

mechanisms involved in the astrocyte-neuron interactions110–113. Effects of astrocytes 
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purified from newborn mouse forebrain on embryonic and adult dorsal root ganglion and 

retina neurons were assessed111. It was demonstrated that only embryonic neurons 

extended axons profusely on astrocytes, suggesting maturity state of neurons might 

have certain protein expression that can interact with astrocytes111. Secreted astrocyte 

proteins influence synapse formation and axon growth. Thrombospondins are 

prominently secreted by astrocytes and increase synaptic puncta of synaptotagmin and 

PSD95 colocalizations in retinal ganglion cell (RGC) culture114. In addition to secreted 

protein acidic and rich in cysteine (SPARC), Hevin is expressed in mostly mouse 

Aldh1l1+ protoplasmic astrocytes and is necessary for regulating excitatory synapse 

formation in size and number115. Furthermore, biochemical fractionation of rat cortical 

astrocyte conditioned medium identified glypican 4 and 6, which is part of the heparan 

sulfate proteoglycan family, as astrocyte-secreted proteins that increase amplitude and 

frequency of excitatory postsynaptic current (EPSC), AMPA receptor (AMPAR) 

clustering at synapses, and synapse size observed in RGC cultures in vitro116. In 

addition, mass spectrometry analysis of mouse astrocyte conditioned media identified 

chordin-like 1 (Chrdl1) is expressed in upper cortical layers through developing 

postnatal mouse brain and induces mature synapse formation observed by VGlut 

staining117. Chrd1 increased AMPAR clustering at synapses of RGCs in vitro and 

cortical synapses in vivo with decrease in EPSC decay time117. These previous studies 

show secreted factors influence synapse formation and activity.  

1.4 Astrocyte purification from stem cell sources  
It is important to study the biochemical and functional properties of astrocyte 

phenotypes in vitro to understand potential roles on axon growth of neuron populations 
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during SCI and recovery. In vitro stem cell-derived cultures of astrocyte phenotypes are 

promising for investigating nonreactive and reactive astrocyte phenotypes (Fig 1.3). 

Classic astrocyte isolation procedures based on McCarthy & DeVellis can produce more 

reactive astrocytes during tissue dissection118. Stem cell-derived astrocyte cultures can 

be a great alternative to primary astrocytes that are plagued with low viability during 

tissue extraction and post-isolation methods, as well as the potential to be non-

reactive13 (Fig 1.3). Previously, our lab developed a protocol generating fibrous and 

protoplasmic astrocytes from mESCs lines utilizing glial-restricted progenitors with 

application of CNTF and BMP4, respectively44. In this thesis, we utilize these fibrous 

and protoplasmic astrocytes to study phenotypic properties important for axon growth.  

 

 

 

 

 

 

 
 
 
Figure 1.3 Stem cell sources for differentiating glia Stem cells have proven to be an unlimited source 
of astrocyte phenotypes with differentiation protocols developed to produce protoplasmic and fibrous 
astrocytes from using an intermediate precursor cell stage such as neural stem cells and glial restricted 
progenitors. The main growth factor used to generate protoplasmic is BMP4 and fibrous is CNTF.  

1.4.1 Purification methods to remove other cell types  
Similar to primary astrocytes, stem cell-derived astrocyte cultures are 

heterogeneous, containing other cell types that might make astrocyte-specific effects 

difficult to discern58. Thus, it is crucial to purify these stem cell-derived astrocyte cultures 
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with reduction of other cell types. Furthermore, it is important to characterize the purified 

astrocytes with expression of astrocyte markers, transcriptomic profiling, and cellular 

functionality to validate purified stem cell-derived astrocyte cultures as models for 

studying CNS physiology and disease. Specifically, characterization of astrocyte 

phenotypes in immature and mature astrocyte states can elucidate roles of astrocyte 

development on axon growth. 

There are a few common purification methods that have been applied to isolate 

astrocytes from tissue. Fluorescence and magnetic flow sorting are based on astrocyte 

cell surface antigen expression119–121. The binding specificity of antibodies and magnetic 

beads to specific markers are still being investigated. It is important to include astrocyte 

specific markers for either reactive or quiescent astrocytes to properly study certain 

states. Certain antigens for cell surface markers can be affected during post-

trypsinization and heating in isolation procedures122. Immunopanning is another 

common method for purifying isolated primary astrocytes resulting in high purity in 

astrocyte cultures. The protocols require several antibodies to remove other cell types 

from cultures and thus can be expensive21,123. Specifically, immunopanning results in 

decreased viability of white matter astrocytes providing potential phenotypic differences 

in purification methods21. Thus, it is crucial to utilize an easy, quick, inexpensive method 

for selection of in vitro derived astrocyte cultures with removal of other cell types, such 

as antibiotic selection.  

1.4.2 Puromycin selection with genetic engineering of stem cells for 
purification  

Puromycin selection is a common method in cloning experiments that allow 

researchers to verify proper transfection of transgenic cassettes into cells124,125. 
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Puromycin selection is mediated through the expression of puromycin N-acetyl 

transferase (PAC- enzyme that results in cells being puromycin resistant) under the 

control of specific promoter expressed in transfected cells126. Thus, the cells that 

express PAC survive under puromycin exposure. There have been multiple studies 

utilizing transfection or insertion with CRISPR of PAC enzyme that results in cells being 

puromycin resistant) to purify variety of cell types such as stem cell-derived 

cardiomyocytes127–129.  

Our lab has employed this puromycin selection to generate transgenic selectable 

cell line for enriching various interneuron, motor neuron, and neural progenitor 

populations to study circuitry and other neuron interactions51,130–133. This thesis utilized 

transgenic selectable cell lines with PAC under the promoter of specific genes, Olig2 

and Aqp4 to aim for enriched populations of mESC-derived fibrous and protoplasmic 

astrocytes. This purification method has the advantage of ease with puromycin addition 

and ability to determine optimal selection parameters by temporally identifying maximal  

PAC expression and testing effects of various puromycin concentrations on cell 

viability126. Generating selected astrocytes can then be used as a platform for studying 

astrocyte cues important in axon regeneration. 

1.5 V2a interneurons in spinal cord  
V2a interneurons in the spinal cord are well-characterized and are known to be part 

of the central pattern generator (CPG) that controls right-left alternation and other 

rhythmic locomotor movements, such as walking and respiratory functions. This thesis 

utilizes astrocyte phenotype-derived ECM proteins as potential axon-growth permissive 
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factors in a biomaterial platform to support V2a interneurons in vitro and may have 

implications for cervical SCI treatments in vivo.  

1.5.1 Neural plasticity in injured spinal cord 
The key detriments of SCI are the significant apoptosis of neurons and loss of 

axon connectivity for motor and sensory functions, caused by SCI cascades6. The 

physical force itself can disrupt neuronal membrane permeability leading to necrosis at 

the injury site134. While there is significant death of neurons in incomplete SCI, there are 

neural projections in the spared tissue near the astrocyte border (caudal or rostral) that 

contains potential for synaptic plasticity and sprouting with new synapse formations 

amongst both motor and sensory neuron pathways 8,31,135,136. These reorganizations are 

possible due to the circuits below and above the SCI lesion site being anatomically 

intact and is more observed in incomplete SCI models4,136. There is significant ongoing 

research to understand the molecular signals that support axon growth of specific tracts 

that are instrumental to functional recovery. Axon guidance and growth with proper 

connections between neuron populations in ascending and descending axon pathways 

are key to adaptive plasticity mechanisms.   

A critical population to activate for neural connectivity and synapse formation are 

spinal cord interneurons7,137–140. Interneuron plasticity for functional improvements was 

demonstrated in a seminal study by Barerye et al19. With weeks after an incomplete SCI 

rat mid-thoracic dorsal hemisection model, Barerye et al. discovered that the injured 

hindlimb corticospinal tract (CST) collaterals had sprouted into the cervical grey matter 

3 weeks after injury to contact long propriospinal neurons in spared tissue19. After 12 

weeks, the synaptic contacts on parvalbumin+ long propriospinal neurons increase with 
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axons that connect with lumbar motor neurons region below the injury lesion137. The 

rewiring and formation of new circuits resulted in increases in hindlimb placing 

responses after 5 weeks and hindlimb flexor responses after 12 weeks137. The study 

suggests that neurons in the grey matter form connections in the lumbar locomotor 

circuits and increasing axon growth of gray matter neurons can be important. 

Understanding the physiology of spinal interneuron connections can reveal 

potential factors that support circuit formation. These networks are essential for 

locomotor outputs and provide organized rhythmic inputs to motor neurons, facilitating 

repetitive movements such as walking and controlling flexor and extensor141. The key 

interneuron population focused on in this thesis is excitatory V2a interneurons, which 

are critical for right-left alternation in walking and diaphragm function142. Discovering cell 

type-specific factors that support V2a interneurons in vitro can aid in understanding 

ways to promote recovery post SCI in vivo.   

1.5.2 V2a interneurons in spinal cord development 
CPGs are intricate rhythm-generating networks of interneurons and motor 

neurons that drive critical motor functions, such as ipsilateral flexor-extensor activity, 

and are located primarily in the lumbar spinal cord143–145. The spinal interneurons that 

provide signals to motor neurons are V0, V1, V2, and V3 classes and are defined by 

their location in the ventral spinal cord. These interneurons are derived from the 

respective progenitor domain pools p0, p1, p2, and p3143,146. The dorsal-ventral 

orientation and differentiation of the neuroepithelial-derived progenitor cells are 

influenced by a sonic hedgehog (Shh) gradient in the floorplate for the ventral neural 

tube patterning. Whereas, the dorsal signals are generated from the bone morphogenic 
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proteins (BMPs) and wingless integrants (Wnts) gradients from the roof plate145,147. In 

addition, the ventral populations are organized along the rostral-caudal axis gradient 

with subsets of V2 interneurons being homogeneously distributed on the axis143. The 

V2a interneurons are positioned in medial and ventral sections within the brachial 

segment, making it important in the connectivity within CPGs143.  

The different progenitor populations in the ventral spinal cord are defined by 

expression of homeobox genes, specifically Pax6 and Nkx2.2, with Pax6 expression 

exhibiting low to high gradient in dorsal regions and Nkx2.2 expression in progenitors 

that do not express Pax6147,148. V2 interneurons derive from Pax6-expressed 

progenitors in p2 domain. V2 interneuron subclasses are defined by expressions of 

Chx10, Lim3, and Gsh4 with being ventral to V1 interneurons and close to motor neuron 

subsets. Lhx3, a homeobox protein, is instrumental in defining the glutamatergic 

excitatory and inhibitory V2 interneurons144. This thesis focuses on identifying astrocyte-

derived factors that can impact the axon growth of V2a interneurons. V2a interneurons 

are well-characterized excitatory neuron in locomotor circuits contributing to 30% of 

glutamatergic neurons in the ventral spinal cord with expression of vesicular glutamate 

transporter 2 (vGlut2) and identified mainly by Chx10 transcription factor expression144. 

Numerous studies demonstrated that V2a interneurons play a crucial role in generating 

rhythmic signals to motor neurons, facilitating respiratory breathing and right-left 

alternation. V2b and V2c interneurons are being studied to understand their inhibitory 

roles in the CPG-regulated locomotion145,149. The parameters in the connectivity can be 

modulated to determine changes in the motor outputs for potential functional outcomes. 

With V2a interneurons being a well-studied population for their plasticity in respiratory 
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functions post-SCI, it would be advantageous to promote the axon growth of these 

neurons, potentially leading to gains in functional outcomes. 

Stem cells are a useful source of V2a interneurons to further explore their roles 

for SCI applications. Chx10 promotes V2a interneuron identity in developing spinal cord 

with repression of motor neuron pathways by competitive binding to gene regulatory 

elements of motor neuron150. There are differentiation protocols of V2a interneurons 

derived from mouse embryonic stem cells (mESCs) and human induced pluripotent 

stem cells (hiPSCs) that utilize concentrations of retinoic acid (RA), mild Shh agonist 

purmorphamine (Pur), and N-[N-(3,5-difluorophenacetyl-l-alanyl)]-(S)-phenylglycine t-

butyl ester (DAPT) to mimic Shh gradient and inhibition of Notch signaling to generate 

cultures with around 20% Chx10+ V2a interneurons132,151,152. This thesis utilized the 

enriched V2a interneuron population derived from Chx10-puro mESC cell line132.  

1.5.3 Important functions of V2a interneurons  
Interneurons are activated post-SCI to facilitate plasticity in spared tissue. 

Ablation of V2a interneurons elucidates roles of these interneurons in CPG for 

controlling locomotion. CPG is a complex neural circuit in which excitatory glutamatergic 

neurons provide rhythmic drive to inhibitory glycinergic interneurons and motor 

neurons153. Crone et al. utilized a mouse model with Cre-activated diphtheria toxin 

(DTA) in Chx10 locus to efficiently ablate V2a interneurons expressing Chx10155. The 

ablation demonstrated variability in cycle periods and burst amplitudes of motor outputs, 

suggesting V2a interneurons regulate locomotor rhythm154,155. The spinal cords from 

Chx10-DTA mice, under drug-induced locomotor activity, demonstrated altered left-right 
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alternation in raw traces of ventral root activity compared to spinal cord from wild 

mice155. Thus, V2a interneurons are critical for rhythmic motor outputs. 

V2a interneurons are also important for the rhythmic motions required in 

respiratory muscle activity for breathing. Jensen et al. generated neonatal and adult 

mice that decreased excitability of the interneurons with inhibitory designer receptors 

exclusively by designer drugs (V2a-(Gi) DREADD) and injections of clozapine-N-oxide 

(CNO) to understand the roles of V2a interneurons in respiratory muscle activity156. 

Using whole body plethysmography, CNO injection in V2a-(Gi)DREADD neonatal mice 

caused reduction of respiratory rate and disrupted regularity of breathing with increase 

in breathing frequency156. Also, diaphragm activity increased with higher excitability of 

V2a interneurons157. With V2a interneurons playing a significant role in respiratory 

muscle activity, it has become a population of interest for transplantation post cervical 

SCI and increasing axon growth of these neurons in an injury microenvironment can aid 

in potentially regaining critical respiratory functions.  

1.5.4 Effects of injured microenvironment on V2a interneurons  
SCI demonstrates that interplay between multiple cell types contributes to 

secretion of factors in the microenvironment, causing rapid cell death in the acute phase 

and inhibition of axon growth in chronic phase. The inflammatory cytokines and 

chemokines are key contributors to signaling apoptotic pathways for neuron 

populations, including V2a interneurons in especially cervical SCI. The loss of V2a 

interneurons by protein misfolding at the lesion site leads to loss of motor neurons and 

thus contributes to the functional deficits158,159. This degeneration of V2a interneurons 

interrupts excitatory drive for motor neurons to increase inspiratory parameters of 
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accessory respiratory muscles as a breathing compensatory mechanism post injury159. 

Thus, it is crucial to promote axon growth and viability of V2a interneurons in a 

permissive microenvironment to engage in the plasticity potential post injury and 

potentially regain respiratory functions.  

1.6 Role of ECM in healthy and injured spinal cord 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1.4160 Extracellular matrix can shape the microenvironment in the spinal cord Astrocytes are 
main contributors to a variety of ECM molecules that compose the healthy CNS for neuron support and 
maintenance of blood vessel function and BBB. These ECM molecules are key in neural development 
with some promoting growth and others pruning excessive synapse formation. 

 
The ECM is a critical component of the spinal cord microenvironment and consists 

of structural proteins that contribute to metabolic and functional support to the CNS. 

ECM from glia consists of key proteins necessary for synapse formation, development, 

and axon growth (Fig. 1.4). The ECM can also provide a feedback loop in maintaining 

glial function. However, the ECM composition changes detrimentally with higher axon-
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growth inhibitory proteins during SCI with reactive glia contributing to cell death. A 

therapeutic strategy for SCI is to increase axon-growth permissive ECM proteins in the 

microenvironment to promote connections between neuron populations for potential 

functional recovery. Understanding ECM composition differences between healthy and 

injured spinal cord cell types is important in developing SCI treatments. This section 

details the effects of ECM changes and composition on axon growth and neuron 

support and some explored ECM-based treatments for axon regeneration. In addition, 

the section proposes the idea of ECM composition playing a potential role in astrocyte 

reactivity.  

1.6.1 ECM contribution in healthy CNS 
Proteins produced and secreted from different cell types throughout the 

developing CNS constitutes ECM, which makes up 10-20% of the adult brain volume, to 

support the CNS cellular morphology, progenitor proliferation, differentiation into 

specialized regional subtypes of glia and neurons, and migration of adult cells into 

different CNS compartments160,161. During development, the accumulation and changes 

of proteins secreted by variety of cell types makes the ECM a complex mixture to study. 

ECM protein-protein and ECM-receptor interactions at the cell membranes activate 

signaling pathways downstream that prompt cellular events160,162. The CNS ECM can 

be localized between 3 components: 1) basement membrane- collagen, fibronectin, 

perlecan, laminin, and nidogen 2) perineuronal nets (PNNs)- matrix consisting of mostly 

HA, tenascin-R, proteoglycans (core proteins with glycosaminoglycan chains), and 

linker proteins (stabilize interactions between hyaluronan and proteoglycans) 

surrounding neurons 3) neural interstitial matrix dispersed in CNS tissues160,161,163,164. 
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With these compositions, the basement membrane is more regenerative than the other 

components. PNNs prevent aberrant axon growth and sprouting in regulating plasticity 

and thus also consist of various CSPGs, such as versican and neurocan in immature 

CNS and aggrecan, versican, and brevican in mature CNS165,166.  

1.6.2 ECM proteins affecting neural development and axon growth  
The complex ECM composition involves a balance of different proteins that have 

varying impacts on axon growth of neuron populations in white and grey matter of the 

spinal cord. Research has shown certain ECM proteins, such as laminins, collagens, 

fibronectin, and heparan sulfate proteoglycans (perlecan), are more axon-growth 

permissive and chondroitin sulfate proteoglycans and tenascin are non-permissive167. 

The non-permissive proteins play roles in controlling aberrant axon growth167. This 

subsection discusses the important findings (mostly in vitro) of certain ECM components 

for axon growth and neural development and incorporation into biomaterial strategies 

for SCI applications in vivo.  

Laminin 
Laminin is a set of trimeric proteins consisting of a, b, and g subunits and is 

present in various brain tissues and cell types in CNS168. There are numerous isoforms 

of laminin with the most common ones being laminin-1, 2, and 3 that have axon growth-

promoting effects. Specially, laminin subtypes are present at synapse sites of 

neurons169. Most studies utilizes laminin-1 (consists of a, b, g subunits) for studies of 

positive effects of laminin on neurite growth and for stimulating neural differentiation170. 

Integrin receptors on neurons are important in interacting with active domains of laminin 

isoforms to activate signaling pathways in supporting neural survival and axon length 

and branching171,172. The interactions between b1 integrin and laminin are involved in 
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forming neocortical layers and positioning of laminin that affects migrating neurons173. In 

addition, laminin secreted by astrocytes maintains blood-brain barrier (BBB) integrity 

and Aquaporin-4 (Aqp4) expression. Furthermore, myocilin+ glia limitans astrocytes is 

found bundled in laminin along blood vessels at the BBB during murine postnatal 

development, indicating laminin role for astrocyte development174. Astrocytes are a 

source of laminin that positively impacts axon growth post SCI.  

Collagen 
While collagen is a well-known ECM protein characterized by triple quaternary 

structure, it is less prevalent in CNS with its presence mainly in the basement 

membranes. Collagen type IV, and non-fibrillar XVII aid in axon guidance during neural 

development and growth cone migration175–177. Collagen type IV interacts with laminin to 

form tracts that interconnect the ventral horn and root in the feline spinal cord to 

become substrates for regenerating motor axons in both white and gray matter178. 

Varying concentrations of collagen type IV substrate with N1 domain as proteolytic 

fragment increases neurite extension of rat sympathetic neurons as demonstrated by 

application of anti-N1 serum inhibiting axon growth in short term cultures of less than 24 

hours179. In long-term culture, collagen type IV substrates increase axon growth of 

sympathetic neurons but do not promote dendritic growth. Thus, certain collagen 

subtypes, such as collagen type IV, can be incorporated in hydrogels for potentially 

promoting axon regeneration180–182. 

Fibronectin 
Fibronectin is a key glycoprotein secreted by cells throughout spinal cord neural 

development and differentiation183. Fibronectin plays roles in adhesion and migration of 

different neural cell types. Fibronectin substrates or recombinant fibronectin fragments 
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support axon growth of adult mice hippocampal and cortical neuron processes for 3 

days of culture with a5b1 integrin receptor mediating this effect184. During CNS injury 

progression with demyelination, astrocyte-derived fibronectin can increase proliferation 

and maturation of OPCs to combat myelin loss185. However, fibronectin is produced by 

fibroblasts forming the fibrotic core and increases inhibitory proteoglycan production186. 

The positive impacts of fibronectin on CNS cell types make it an ideal candidate to be 

incorporated into biomaterial strategies for axon regeneration in vivo.  

Hyaluronan (HA) 
HA is the critical backbone for the CNS ECM, surrounding cells.  HA can attach 

tenascins and sulfate proteoglycans (chondroitin and heparan) through linker proteins 

for thermodynamic stability18,187.It is a linear glycosaminoglycan that is part of the 

perineuronal nets in the cerebral cortex and gray matter with high molecular weight 

hyaluronan being produced by transmembrane synthetases188,189. Astrocytes 

expressing CD44 can play a role in interactions with HA for influencing the 

microenvironment.  The binding of HA to HA-receptor for HA-mediated mobility 

(RHAMM) has been suggested to influence actin and microtubule dynamics for aiding 

migration of glia and neurons in neural tube development. The receptor is expressed by 

proliferating cells of ventricular zone for neural stem microenvironment and migrating 

neural crest cells190,191. The high molecular weight of HA is crucial for gelation, 

biocompatibility, and larger hydrogel pore size for axon regeneration and neural stem 

cell differentiation studies191. Upon SCI, inflammatory cascades begin to digest the HA 

to lower molecular weights and are damage-associated molecular patterns (DAMPs)161. 

Thus, high molecular weight HA can be an ideal candidate for supporting neuron 

viability and producing a permissive microenvironment.  
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Heparan sulfate proteoglycans (HSPGs) 
 

HSPGs are present in almost all tissues with two forms in CNS tissues as 

perlecan in the ECM and syndecans on cell surface192. Perlecan aids in FGF-2 binding 

in fractones for rat, mice, and human neural development to regulate cell proliferation, 

differentiation, and survival193,194. Perlecan also plays critical role in motor axon 

guidance with its expression dominant in areas close to fasciclin+ motor axon pathways, 

motor neuronal cell bodies, and decision points in guidance using a Drosophilia embryo 

model195. This shows the potential use of HSPG in creating an axon-growth permissive 

environment. 

CSPGs  
This family of proteoglycans is instrumental in maintaining synaptic connections 

through mostly the GAG chains and is present in the perineuronal nets. Astrocytes, 

adult neural progenitor cells, and radial glia are all found to express CSPGs with 

particularly neurocan, brevican, phosphacan, and versican upregulated post CNS 

injury34. The most dominant effect researched about CSPGs is their role of inhibition in 

axon growth both in healthy and injured CNS. Reactive astrocytes in lesion borders are 

main contributors to these inhibitory CSPGs inhibiting axon-growth through PTPs 

binding34,196,197. This axon repellent activity influences their role in proper CNS 

development with preventing axons from extending beyond the roof plate in spinal cord 

as an example198. Due to CSPG contribution to an axon-growth inhibitory 

microenvironment post CNS injury, numerous studies utilized ChABC to digest the 

CSPG deposits and demonstrated recovery with axon growth and modulation of 

macrophage phenotype to anti-inflammatory in different animal models199–201. Thus, a 

type of SCI treatment is to combat the CSPG effects. 
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1.6.3 ECM composition changes during spinal cord injury 
Upon the physical insult initiating SCI cascades, neurons undergo severe 

apoptosis at injury site and astrocytes are activated to secrete more axon-growth 

inhibitory ECM molecules contributing to a microenvironment imbalance18,202,203. ECM 

remodeling is a key part of the secondary injury response for SCI, starting cascades 

that change cellular functions in the lesion. The key hallmark change is the upregulation 

of CSPGs (neurocan, brevican, phosphacan, and NG2), which are axon-growth 

inhibitory molecules and mainly produced by reactive astrocytes34,167,202,204. The 

increased CSPG production changes the potential for neural plasticity by PNNs and 

interstitial matrix and leads to aberrant LTP and synapse formations205. Specifically, 

after a dorsal column spinal cord lesion at C3, neurocan and brevican staining 

increased 24 hours after injury, peaked at 2 weeks near the lesion site, and persistent at 

4 weeks post SCI, only returning to basal levels at 8 weeks206. Phosphacan staining 

increased steadily for 8 weeks post SCI in tissue surrounding lesion site206. In vitro 

studies of NG2, a proteoglycan, seem to inhibit neurite outgrowth by application of the 

main three domains of NG2 in fusion proteins in neural cell culture and treatments with 

NG2-antibody rescue the neurite outgrowth207. The CSPG method of action to inhibit 

axon growth is through binding to PTPs. This indicates the complexity of ECM 

responses that impact axon growth post SCI.    

A key ECM molecule in matrix of the fibrotic scar is elevated type I collagen 

genes (Col1a1, Col1a2) expressed 14 days after mouse thoracic contusion injury with 

border-forming astrocytes colocalizing with type I collagen staining208. Furthermore, the 

collagen elevation causes increases in N-cadherin and collagen-binding integrin 

receptor expression in reactive astrocytes when they switch to border-forming 
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astrocytes in vitro208. Type IV collagen is also present in the glial border with reactive 

astrocytes expressing the collagen isotype in vitro after 24-hour treatment of 

proinflammatory cytokines and in vivo within 1 month after rat SCI model186,209. Another 

major source of the collagen isoforms in the fibrotic scar is the proliferating perivascular 

fibroblasts that infiltrate the lesion site in response to inflammatory cascades18,24,186. The 

fibroblasts also secrete fibronectin composing the fibrotic scar186. Thus, these critical 

ECM components are instrumental in the inhibition of axon growth post SCI and are 

essential targets in ECM remodeling.  

These reactive astrocytes seem to have a dual role in axon regeneration with 

their ECM secretion profiles. The disruption of blood flow causes reactive astrocytes to 

secrete high levels of nidogen, fibronectin, laminin, and collagen VI to repair the lost 

basal lamina into a restored glial limitans to separate peripheral and CNS and can aid in 

axons growing over this permissive matrix18,203. In addition, not all reactive astrocytes 

produce elevated levels of CSPGs as observed with rat thoracic crush and stab injury 

demonstrating GFAP- areas in spinal cord with increased CPSG staining and GFAP+ 

areas in corpus callosum with no CSPG staining204. Furthermore, some of the CSPGs 

secreted by astrocytes might have some axon growth permissive role such as 6-

sulfated CSPGs. 6-sulfated CSPGs are synthesized by chondroitin 6-sulfotransferases 

(C6ST-1) and C6ST-1 knockout mice demonstrated low number of dopaminergic axons 

crossing into lesion site with clear retraction in 35-day period compared to wild type 

mice210. This suggests astrocyte heterogeneity in reactivity and is a rationale for even 

reactive astrocyte subtypes being beneficial for axon regeneration93. Thus, there is a 

need to further understand astrocyte complexity to influence ECM strategies in SCI. 
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1.7 Current research strategies for spinal cord injury 
therapies 
 
  

 

 

 

 

 

 

 
 
 
 
 
Figure 1.5 Current approaches for research in SCI treatments Combinatorial approaches of cellular 
transplantation, axon-growth permissive proteins in biomaterial, and drug delivery growth factor depots 
can aid overcome the inhibitory environment of the SCI fibrotic core to regenerate axon connections and 
bridge the lesion.   

 
Since SCI involves complex molecular and cellular events detrimental to CNS 

cell types, it is important to utilize combinatorial approaches to address the different 

factors in the harsh spinal cord microenvironment. Key goals in SCI treatments are to 

decrease effects of the inhibitory microenvironment and increase axon growth through 

cell, neurotrophic factor, and biomaterial delivery (Fig 1.5). The delivery of permissive 

components to the injury site can improve neural plasticity, reorganize neural circuits, 

and ultimately lead to motor functional recovery. Furthermore, electrical stimulation at 

various spinal cord levels can provide excitatory drives for motor neurons in an injured 

spinal cord. To study the effects of these treatments for functional recovery from SCI, 
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compression and contusion SCI animal models can aid in understanding the 

mechanisms for promoting an axon growth permissive microenvironment. 

1.7.1 Biomaterial treatment for spinal cord injury  
Biomaterial strategies are widely researched for promoting a permissive 

microenvironment in injured spinal cord211. There are several design considerations in 

supporting neurons and axon guidance. Materials with soft, tunable properties favor 

neural differentiation and growth and thus are conduits for forming nerve guidance 

channels. Tailoring the material chemistry modulates the mechanical moduli to be 

similar to spinal cord tissue. Biomaterials with degradable components prevent the need 

for removal of the biomaterial implant and improve cellular viability in transplantation, 

depending on impacts of degradation rate and products. Furthermore, certain 

biomaterial crosslinking occurs at quick reaction times and room temperature with no 

need of a catalyst, such as materials based on hyaluronic acid (HA)-methylfuran (mF) 

crosslinking with polyethylene glycol (PEG)-dimaleimide in Diels-Alder click chemistry. 

All these properties make biomaterials an important consideration for clinical 

translation212. This section will highlight studies of a few important types of biomaterials 

and discuss the choices of biomaterial strategies employed in this thesis.  

Natural biomaterials 
 

Biomaterial scaffolds from components naturally present in human systems have 

been used in drug delivery platforms and for cellular transplantation due to their 

biocompatibility. Fibrin scaffolds have been researched for SCI treatments due to its 

role in wound repair. For example, controlled delivery of neurotrophin-3 (NT3) by fibrin 

scaffolds implants in the lesion site immediately after rat suction aspiration SCI injury 
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produced nerve fiber growth and reduced glial scar components in the white matter, but 

did not result in functional recovery213. In general, pre-polymerized fibrin scaffold 

implants in rat dorsal hemisection subacute SCI model also demonstrated significant 

decreases in GFAP+ reactive astrocytes 2 and 4 weeks later, suggesting this could 

increase axon sprouting214. Overall, fibrin scaffolds can be neural supportive materials 

in vitro and in vivo, offering flexibility in delivering growth factors to SCI lesion site. 

Collagen is utilized in natural biomaterials for SCI treatments. Three-dimensional 

gelatin sponge scaffolds implanted in monkey hemisection SCI model demonstrated no 

additional immunological responses after 8 weeks of implantation and interestingly 

showed decreased a-smooth muscle actin staining of activated fibroblasts at the injury 

site215. This suggests alleviation of the fibrotic scar formation and thus nerve tract 

regeneration into the lesion site215. The tissue remodeling further protected surrounding 

lesion tissue from deformation and myofibroblast-mediated compression during SCI and 

further increased laminin, collagen, and fibronectin deposition to support nerve fiber 

growth into the lesion215. This helped in mainly regaining motor function in ipsilateral 

hindlimb muscles215. Collagen scaffolds can facilitate cellular delivery in which porosity 

of the fabricated materials sustainably supports NSCs for delivery in SCI lesion site and 

promotes functional recovery216. Furthermore, porous, biodegradable collagen scaffolds 

support NSC viability and proliferation in vitro with fast calcium signals presented in 

networks of differentiated mostly gamma-aminobutyric acid (GABA) inhibitory 

neurons216. These NSC-loaded collagen porous scaffolds demonstrated substantial 

decreases in fault rate 11-12 weeks after mouse dorsal column crush SCI model to 

levels of uninjured mice, displaying the importance of natural biomaterials for SCI 
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recovery216. Overall, the use of natural biomaterials proves to be biocompatible and aid 

in axon regeneration.  

Hydrogels 
Due to its hydrophilic nature, hydrogels are powerful foundation for biomaterials to 

incorporate different chemistries and shear-thinning properties for easy injection into SCI 

lesion site and be biocompatibility217–219. Hydrogels can incorporate natural (collagen, 

cellulose, and silk fibroin) proteins or synthetic (PEG) base materials to house cells, 

growth factors, and exosomes for SCI treatments218,220. The material can be fine-tuned to 

have mechanical properties similar to the spinal cord tissue for integrating better in host 

environment218,219. There are different gelation strategies employed, such as 

photopolymerization and click-chemistry, as timesaving and easier chemical crosslinking 

methods without catalysts212,217. Click-crosslinked HA can be an injectable material for in 

vitro controlled release of growth factors, such as BDNF, to support neurons, making it 

an ideal chemistry for axon regeneration research212,221. Several studies used HA-based 

hydrogels to decrease glial scarring and inflammation after SCI222,223. Cell and growth 

factor delivery in HA-methylcellulose (HAMC) material are showing promise for retinal 

degeneration and SCI. Gupta et al. developed a fast-gelling, injectable material based on 

HAMC that reduced inflammatory response in a rat SCI model222. HAMC with platelet-

derived growth factor (PDGF) promoted neural stem cell (NSC) differentiation into 

oligodendrocytes and reduced lesion size in rat SCI models224. HA-based hydrogels are 

commonly researched biomaterials for generating permissive spinal cord 

microenvironment. Thus, HA is used as the base material for our proposed combinatorial 

protein and astrocyte ECM containing biomaterial for promoting axon growth. 
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Tailoring hydrogel properties to incorporate ECM components for synthesis of 

ECM biomimetics in SCI treatments have become an important area of research. For 

example, protein- and peptide- containing hydrogels mimic properties of ECM promoting 

in vitro neurite extension and testing for therapeutic benefits in CNS injury models225. 

Laminin-derived peptides are immobilized on fibrin matrices through the enzymatic 

activity of coagulation Factor XIIIa and these peptide-containing fibrin gels produced 

significantly higher neurite outgrowth of dorsal root ganglion (DRGs) compared to native 

fibrin gels over 48 hours in culture226. These laminin-peptide modified fibrin matrices 

supported extensive neural regeneration in dorsal root bridging the gap from transected 

dorsal root nerve, demonstrating the in vivo applications of peptide-modified 

biomaterials226. In addition to impact on neurite growth, laminin peptide IKVAV 

amphiphile molecules that can self-assemble into polymers in vivo reduces apoptosis by 

caspase activity, increase oligodendrocyte formation for myelination potential, 

improvements in hindlimb functionality with 24 hours post SCI227. Furthermore, ECM-

mimetic materials with protein-based composition can be biocompatible and mimic 

native cues and 3D architecture to support neuronal adhesion and survival225,228. In this 

thesis, we developed hydrogel that contained a mixture of selected protoplasmic 

astrocyte ECM proteins through Design of experiments (DoE) approach for axon 

growth. This protein-based hydrogel can eliminate the need of long astrocyte 

differentiation protocol to obtain the variable astrocyte phenotypic ECM for axon growth 

testing.  

Synthetic biomaterials  
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Also, electrostatic positive and negative charged PLGA nanoparticles within HAMC 

help encapsulation of growth factors for more controlled delivery over 28 days to 

biological targets of neurons in vitro229. The pH levels and electrostatic interactions 

between the nanoparticles and growth factors can tune release over varying time 

periods for axon growth. The initial research in the synthetic polymers was focused 

more on fabrication of nerve guidance channels that align spare axons for regeneration 

to form axon bridges over SCI lesion sites211. This speared the work into polymer 

processing including electrospinning methods to generate topography found in healthy 

spinal cord. A few of the key aspects for using synthetic biomaterials as ECM mimetics 

are tunable mechanical properties through crosslinking, degradability, and 

biocompatibility230. Polymer processing adds fibrillar qualities to biomaterials and 

incorporation of bioactive peptides, such as IKAV, promotes cell adhesion and neurite 

outgrowth. These synthetic materials also can form in situ to maximize interactions with 

host tissue. This thesis work developed a protoplasmic astrocyte ECM mimetic with a 

foundation of HA crosslinked with PEG to have potential future in vivo capabilities in 

recapitulating signaling cues of astrocyte ECM for axon regeneration.  

1.7.2 Decellularized ECM-based strategies for axon regeneration  
With the ECM protein composition of glia and other neural cell types providing 

essential cues for neural development and SCI, it is important to harness axon growth 

permissive ECM signals to support axon regeneration post SCI. Initial ECM-based 

studies for SCI treatments were explored using decellularized tissue to harness 

structural, topographical cues in 3D scaffold environment to influence axon survival in 

SCI models231. Most decellularized tissues have been extensively researched for 
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skeletal muscle and cardiac applications231,232. Various methods are used for 

decellularization ranging from enzymatic with trypsin to chemical detergent treatment to 

perfusion of whole organs232. Decellularized scaffolds are produced using enzymatic 

and chemical approaches to remove the cellular components with retention of structural 

and biochemical properties.  

Decellularized spinal cords are achieved by physical agitation, detergent usage, and 

enzyme treatment and showed no residual nuclei and preserved critical ECM proteins 

such as laminin, fibronectin, and collagen type IV233. It is important to note that 

decellularized tissues can also capture secreted growth factors such as fibroblast 

growth factor-2 (FGF-2) and fibroblast growth factor-1 (FGF-1). Furthermore, in vitro 

testing of decellularized porcine brain matrix at various concentrations in hydrogel 

showed increased M2 phenotype marker (Arginase1) in cultured rat macrophages and 

in vivo injection of this decellularized scaffold in rat thoracic spinal contusion model 

demonstrated reduced lesion size with increased M2 phenotype of macrophages234. 

This shows the promise of using decellularized nerves and spinal cords as treatment for 

enhancing pro-regenerative microenvironment.  

1.7.3 Cellular transplantation  
To promote a regenerative microenvironment post SCI, transplantation of glia, 

neural stem or progenitor cells, and neurons has become a research goal (Fig 1.2)12. 

Neural transplantation is researched to directly restore neuron loss in the injured spinal 

cord. In relation to this thesis focus on V2a interneurons, the transplantation of these 

interneurons is critical in enhancing and supporting respiratory plasticity. Neural 

progenitor cells (NPCs) and V2a interneuron aggregates delivered to cervical SCI lesion 
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led to NPC differentiation into neurons, increased axon growth, and increased 

diaphragm amplitude and activity235. Excitability of V2a interneurons is required for 

improving diaphragm function post cervical SCI through transplanted V2a interneurons 

having synaptic connections with injured neural circuits and functional innervations of 

V2a interneurons by host neurons in cervical SCI models157,236. Thus, it is important to 

understand biomaterial and delivery strategies to optimize survival and excitability of 

transplanted neurons for proper connectivity in SCI recovery.  

 NPC and neural stem cell (NSC) transplantations are popular researched 

therapies that promote axon-growth permissive microenvironment in injured spinal 

cord237. These cell types are mainly considered due to their presence in developing 

spinal cord as proliferative, multipotent states for generating neuron and glial 

populations238. Utilizing NPCs isolated from embryonic (E11.5, E12.5, and E13.5) 

mouse spinal cords in transplantation 4 weeks after cervical SCI resulted in V2a 

interneuron generation, serotonergic axon regeneration, and quick response to thermal 

changes in early-stage NPC grafts with V1 interneuron generation and dorsal fiber 

regeneration in later stage NPC grafts239. Protocols using CNTF and NT3 on iPSCs 

generated NSCs/NPCs with potential to differentiate into glia expressing Olig2 for 

oligodendrocyte progenitors and NFIA for gliogenic progenitors240. Transplantation of 

these NS/PCs 12 weeks after thoracic contusive SCI mouse model produced no 

teratoma, migrated away from transplantation site into host tissue, and differentiated 

into mature myelin basic protein (MBP)+ oligodendrocytes for myelination of spared 

axons. This ultimately resulted in mice rotating on the rod and striding longer240. The 
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generation of glia and neurons from NPC and NSC transplantation aids in regaining loss 

of critical cells at the SCI lesion site. 

1.7.4 Growth factor delivery  
Delivery of neurotrophic factors promotes neuron survival and axon growth in the 

injured spinal cord. The delivery systems are fine-tuned with use of various biomaterial 

chemistries and release kinetics to present and retain growth factors at the lesion site. 

Neurotrophic factors were studied in vitro for promoting axon growth. Fabricated diblock 

co-polypeptide hydrogel depots released brain-derived neurotrophic factor (BDNF) and 

NT-3 over a prolonged period to the lesions formed by crush SCI at the thoracic levels 

in rats26. This facilitated robust growth of axons through the lesion core to the 

surrounding host tissue with laminin-blocking antibodies inhibiting these effects, 

suggesting that NT-3 and BDNF interact with laminin to stimulate axon growth26.  

1.7.5 Removal of inhibitory extracellular matrix (ECM) molecules  
 CSPGs are key ECM components that contribute to the inhibitory activity of the 

astrocyte border from SCI. A key research strategy of SCI treatments has been to 

remove CSPG mechanisms to regain axon connections. Chondroitinase ABC (ChABC), 

an enzyme that digests CSPGs, is often used to counteract the axon growth inhibition 

driven by CSPG199,241. Intrathecal administration of ChABC to lesioned dorsal columns 

of adult rats by cervical crush SCI demonstrated that within 2 weeks of treatment there 

was an increased presence of 2B6 (core protein of non-intact CSPGs) near the lesion 

site and surrounding white matter tracts. This corresponded with increased growth 

associated protein (GAP-43) in large-diameter neurons and bundles into the lesion, 

indicating CSPG degradation can play a role in axon growth199. The ChABC treatment 
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supported sprouting of CST axons into the gray matter, shown by injection of 

biotinylated dextran amine (BDA)-labeling in motor cortex, and these collaterals evoked 

strong postsynaptic potentials, indicating formation of functional synaptic 

connections199. This resulted in less errors made by treated rats on beam and grid walk 

tests199. ChABC treatments modify the axon growth inhibitory microenvironment in 

injured spinal cords and translate to functional improvements242. Furthermore, 

combinatorial treatment of ChABC injection and intermittent hypoxia 12 weeks post 

cervical rat SCI restored respiratory function by tonic firing of hemidiaphragm and 

increased serotonergic axon density243. Chronic degradation demonstrated 

synchronized ipsilateral diagram activity and increases in respiratory activity, suggesting 

functional recovery243. Overall, the removal of CSPGs can promote a regenerative 

microenvironment to support axon growth and connectivity.   

1.8 Concluding Remarks  
The roles of astrocyte phenotypes are complex with both beneficial and harmful 

aspects affecting the microenvironment for axon growth. Specifically, this thesis focused 

on investigating effects of astrocyte-derived proteins supporting V2a interneurons as a 

key neuron population involved in plasticity and functional rewiring with central pattern 

generators post SCI. However, the astrocyte field is still discovering the various non-

reactive and reactive astrocyte-derived factors that can promote a regenerative 

microenvironment. Astrocyte differentiation protocols from stem cells have advanced 

the knowledge of gene and protein expressions of astrocyte phenotypes during 

development. Genetic technologies have been employed to engineer transgenic 

selectable cell lines for purifying stem cell-derived astrocyte phenotypic populations and 
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establishing in vitro cellular platforms to study astrocyte phenotypes. This thesis focuses 

on in vitro methods to characterize the puromycin selectable transgenic cell line as a 

platform to study astrocyte phenotypes for axon growth and how these astrocyte-

derived factors can influence biomaterial design for potentially SCI. In Chapter 2, 

selected astrocyte phenotypes contain cells with high percentage of astrocyte markers 

and low percentages of other cell type markers, such as for neurons, oligodendrocytes, 

and undifferentiated stem cells. Chapter 3 details the process of identifying and testing 

a few selected protoplasmic astrocyte ECM proteins in a hydrogel platform as an ECM 

mimetic for axon growth applications. This thesis specifically focuses on studying the 

effects of selected astrocyte phenotypes and astrocyte-derived ECM proteins on axon 

growth of V2a interneurons. V2a interneurons were chosen as a target neuron 

population due to the loss of the interneurons in specifically cervical SCI. The defined 

mixtures of identified selected protoplasmic ECM proteins in HA-based hydrogel can be 

a scalable solution to bypass the 27-day astrocyte differentiation protocol for harvesting 

astrocyte-derived ECM. Furthermore, this ECM-mimic material can be a clinically 

translatable solution incorporating astrocyte-derived factors for generating permissive 

microenvironment for neurons after SCI. Overall, these chapters progress in vitro 

understanding of astrocyte phenotypes for axon growth of V2a interneurons. This work 

has also provided us with potential gene and protein targets in astrocytes that can be 

further studied for development of SCI therapies in vivo. 
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Chapter 2: Enrichment of astrocyte subtypes from 

mixed cultures using selectable transgenic mouse 

embryonic stem cell lines  

2.1 Abstract 
Astrocytes play multifaceted roles in both inflammation and axon regeneration 

following spinal cord injury (SCI), making them a key focus for identifying signals that 

promote axon growth. Previously, we developed protocols to differentiate mouse 

embryonic stem cells (mESCs) into the two main spinal cord astrocyte subtypes- 

protoplasmic and fibrous-but these methods yielded mixed cell populations. To address 

this, we engineered transgenic mESC lines expressing puromycin N-acetyltransferase 

(PAC) under astrocyte-specific promoters, enabling enrichment of protoplasmic and 

fibrous astrocytes via puromycin selection. The optimal timing for puromycin selection 

was determined using quantitative polymerase chain reaction (qPCR) analysis of Aqp4, 

Olig2, and PAC expression. The resulting enriched astrocyte cultures showed a 

reduced presence of non-astrocytic cells, including mature neurons, oligodendrocytes, 

and undifferentiated stem cells, while maintaining or increasing expression of general 

astrocyte markers as confirmed by immunostaining. Functionally, the selected 

astrocytes demonstrated calcium transients, glutamate uptake, and responsiveness to 

inflammatory stimuli. Additionally, bulk RNA-sequencing revealed significant 

upregulation of genes involved in extracellular matrix interactions and cell adhesion 

pathways in protoplasmic astrocytes, suggesting a role in promoting axon growth. these 
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enriched astrocyte subtypes offer valuable tools to dissecting astrocyte-neuron 

interactions and advancing therapeutic strategies for SCI.  

2.2 Introduction 

 Spinal cord injury (SCI) is a severe, debilitating condition with complex 

pathophysiology that results in patients facing significant physical and financial burdens 

resulting from partial to complete loss of sensory and motor functions1-4. The loss of 

axon connections is a result of inhibitory microenvironment in injured spinal cord. 

Reactive astrocytes are key in contributing to the axon-growth inhibitory 

microenvironment by secretion of chondroitin sulfate proteoglycans (CSPGs) at the glial 

border244–247. Thus, research is leading into understanding the role of astrocyte in SCI. 

Although astrocytes were once primarily viewed as detrimental following SCI, 

emerging evidence highlights their contributions to neural repair and limitation of 

inflammation24–26,248,249. In a healthy central nervous system (CNS), astrocytes help to 

maintain blood-brain barrier, supply neurotrophic factors, and regulate synapse 

health25,68,244,250,251. The two primary astrocyte phenotypes - protoplasmic in grey matter 

and fibrous in white matter – exhibit distinct morphologies and contribute to the support 

of ascending and descending axonal pathways25,251. Following injury, astrocytes can 

adopt distinct phenotypes, neurotoxic (A1) or neuroprotective (A2), which differentially 

influence axon growth21,27,68,252. Given the multifaceted roles astrocytes play in both 

healthy and injured spinal cord, it is essential to study their molecular, biochemical, and 

functional characteristics in vitro to better understand their response to injury and inform 

the development of effective SCI therapies. These studies are particularly valuable to 
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identify key astrocyte cues including extracellular matrix (ECM) proteins and signaling 

mechanisms that can support axon growth.  

Our astrocyte differentiation protocol provides a quick, renewable, reproducible 

resource of nonreactive astrocyte phenotypes, which is contrasted to the reactive 

astrocytes generally isolated from primary cultures plagued by low viability during tissue 

extraction and enrichment methods. Specifically, our lab developed a protocol to 

generate fibrous and protoplasmic astrocytes from mouse embryonic stem cell lines 

(mESCs) utilizing glial-restricted progenitors with the addition of ciliary neurotrophic 

factor (CNTF) and bone morphogenic protein 4 (BMP4) to drive fibrous and 

protoplasmic astrocyte differentiation, respectively44. Studying non-reactive astrocytes 

allows us to determine phenotype-specific cues produced for neuron support and axon 

regeneration.  

Most differentiation protocols (including the astrocyte differentiation protocol 

developed in our lab) produce heterogeneous cell populations44,256. The presence of 

other cell types can make astrocyte-specific effects on axon growth difficult to discern. 

Thus, it is crucial to enrich these stem cell-derived astrocyte cultures. Previous primary 

culture purification methods, such as immunopanning, cell sorting, and mechanical 

shaking, have the drawbacks of potentially negatively affecting cell viability and being 

expensive 118,122,123,129,254,255,257. Thus, this study utilizes transgenic ESC lines with 

puromycin selection to enrich astrocyte subtypes51,131–133. We validated our approach 

using cell viability, qPCR, immunocytochemistry and flow cytometry to assess 

enrichment. Astrocyte function was assessed by measuring glutamate uptake, reactivity 



 50 

to inflammatory stimuli, and calcium transients. Lastly, bulk-RNA sequencing of selected 

astrocyte subtypes confirmed expression of key astrocyte markers and revealed 

differential gene expression profiles associated with axon growth and neuronal support. 

These selected astrocyte subtypes can be useful in vitro cellular platforms for 

investigating interactions between astrocytes and various neuron populations for 

promoting axon-growth permissive microenvironment.  

2.3 Materials and Methods  
2.3.1 Cell lines 
 
Table 2.1 Cell lines used to generate renewable sources of enriched astrocyte phenotypes.  

Cell line name Description 
RW4 (ATCC, SRC,1018) The parental wild type mouse embryonic stem cell 

line51,131,132  
Aquaporin-4 (Aqp4)-PAC Cell line with puromycin-N-acetyl transferase (PAC) 

under the control of the Aqp4 gene regulatory 
element258  

Olig2-PAC Cell line with puromycin-N-acetyl transferase (PAC) 
under the control of the Olig2 gene regulatory 
element51  

2.3.2 mESC culture maintenance 

All mESC lines were maintained in T-25 flasks coated with 0.1% gelatin 

(MilliporeSigma, G1393; in water) in complete media (CM) consisting of Dulbecco’s 

modified Eagle’s Medium (DMEM; Thermo Fisher Scientific, Carlsbad, CA) 

supplemented with 10% newborn calf serum (Thermo Fisher Scientific), 10% fetal 

bovine serum (Thermo Fisher Scientific), and 30 μM of each of the following 

nucleosides: adenosine, cytosine, guanosine, and uridine (Sigma) with 1000 U/mL 

leukemia inhibitory factor (LIF; MilliporeSigma, ESG1106) and 100 μM β-

mercaptoethanol (BME; Thermo Fisher Scientific, 21985023) in 5% CO2 at 37°C. For 
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passaging (usually every 2 days), mESCs were dissociated with 0.25% trypsin 

ethylenediaminetetraacetic acid (trypsin–EDTA; Thermo Fisher Scientific, 25200072) for 

5 min, followed by quenching with CM and trituration to ensure single-cell suspension. 

Single cells were plated in a new flask containing CM +LIF +BME at a typical 1:5 ratio 

and grown for two days or until ~ 60-80% confluent. 

2.3.3 Design of vector for selection cassette to generate Aqp4-PAC TG 
ESC line258 

All cloning steps were carried out in DH5α E. coli. The targeting cassette was 

constructed in a Gateway compatible plasmid (pStart-K; Addgene #20346, Cambridge, 

MA) using a 718 bp SalI-AscI fragment of the 3’ end of the 2nd intron of the Aqp4 gene 

and a piece the 5’ untranslated region of the 3rd exon of Aqp4 (5’ arm) and a 618 bp 

AscI-NotI fragment containing the genomic sequence of the 3’ end of the 3rd exon of 

Aqp4 (3’ arm). A PAC/Pgk-neo dual resistance cassette was inserted in between the 

homology arms. From 5’ to 3’ order, it contains: an Asc1 site, Kozak sequence, the 

coding region of PAC with bGH polyA signal (PKO-Select Puro; Agilent Genomics, 

Santa Clara, CA), floxed phosphoglycerate kinase I (Pgk) promoter driving neomycin 

phosphotransferase II (Neo) expression with a bGH polyA signal, and another AscI site. 

Gateway recombination with the LR Clonase II Kit (Life Technologies #11791) was used 

to insert the entire region between the attL1 and attL2 sites into a pWS-TK3 vector, 

which contains thymidine kinase for negative selection of the electroporated ESCs51.  

2.3.4 Generation of Aqp4-PAC TG ESC line258 

RW4 mESCs were electroporated as described in Iyer et al 132 with Cas9 expression 

vectors (Addgene plasmid #43945), Aqp4-PAC targeting vector (described above), and 
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guide RNAs (gRNA), inserted into a derivative of Addgene plasmid #43860, were 

generated by Genome Engineering Core at Washington University in St Louis. Two 

gRNAs were used for generating selectable cell lines (Table 2). These gRNAs 

contained no polymorphisms and had at least 3 bp (base pairs) mismatch with targeting 

sequence of the vector and other sites in mouse genome, leading to less probability of 

off-target. 1 x 107 RW4 ESCs were suspended in electroporation buffer (20 mM HEPES 

pH 7.5, 137 mM NaCl, 5 mM KCl, 0.7 mM Na2HPO4, and 6 mM dextrose) with 8 µg 

Aqp4-PAC targeting vector, 1 µg Cas9 expression vector and 1 µg of the gRNA vector. 

The electroporation was performed in a cold 0.4 cm cuvette (Bio-Rad, 1652081, 

Hercules, CA) at settings of voltage parameter 0.23 kV and capacitance parameter 960 

µF on Gene Pulser Xcell Eukaryotic System (Bio-Rad, 1652661).  

The electroporated cells were seeded in CM with BME and LIF on a gelatin-coated 10-

cm dish overnight to recover followed by 10 days of CM with 150 nM fialuridine (FIAU, 

Moravek #M251, Brea, CA) for negative selection and 40 μg/mL geneticin (G418, Life 

Technologies #10131) for positive selection, replaced with fresh media every 2 days. 

After selection, 48 visible single colonies were picked, and these colonies were 

dissociated with trypsin-EDTA into 0.1% gelatin-coated 96-well plates and quenched 

with CM and maintained in CM with BME and LIF. Once confluent, the cells were 

passaged and seeded in two wells of 96 well plate. One of these wells was used to 

perform junction PCR with the forward and reverse primers (Table 2) to validate 

successful insertion of PAC in Aqp4 locus. The resulting positive clones were also 

tested with copy number assay to ensure 1 copy of PAC was inserted. The copy 

number assay involved quantitative real-time PCR with mouse telomerase reverse 
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transcriptase (Tert; Thermo Fisher Scientific, 4458368) as the endogenous control, Rw4 

ESCs as negative control, and previously established selectable cell line ESCs, Hb9-

PAC ESCs. In addition, the copy number assay was performed for glyceraldehyde 3-

phosphate dehydrogenase (GAPDH) copies in all the samples to ensure the cell lines 

all had 2 copies of GAPDH 131,132. The chosen clones that contained 1 copy of PAC 

successfully inserted in Aqp4 locus were expanded to 80% confluency in T-75 flasks for 

cryopreservation.  

Table 2.2 Oligonucleotides sequences used for generation and validation of Aqp4-PAC cell line258 

Oligonucleotide name  Sequence 
Aqp4 gRNA 1 GTGACAGAGCTGCGGCAAG 
Aqp4 gRNA 2 ACAGAGCTGCGGCAAGGCGG 
jPCR Forward ACCCCGATGCCAAGTGGCTG 
jPCR Reverse GCGCCAGGAGGCCTTCCATCTGTTGC

T 
5' gibson aqp4 Forward  CTTTGTACAAAAAAGCAGGCTTTAAAGGA

ACCAATTCACTCTGGTGGGACTTGCAACT
AT 

5' gibson aqp4 Reverse TGGCGAGGCGCACCGTGGGCTTGTACTC
GGTCATATTGGCGGAGTCAGATTACGGG
CACT 

3' gibson aqp4 Forward GGGATCCACTAGTTCTAGAGCGGCCGCC
ACCGCGGAGATGCCTTCAGGAAACAATG
CTCA 

3' gibson aqp4 Reverse CCAACTTTGTACAAGAAAGCTGGGTCTAG
ATATCTCGAGTCAAAGCATCCAAACCCGT
GA 

5’ homology arm Forward CAGTGTCGACCTCTGGTGGGACTTGCAA
CTAT 

5’ homology arm Reverse CAGTAGCAGCGGCCGCGGCGCGCCGGA
GTCAGATTACGGGCACT 

3’ homology arm Forward CAGTGGCGCGCCACTCTTTCATTGCGGG
TATCCAT 

3’ homology arm Reverse CAGTGCGGCCGCTCAATAGCAGAGCACC
CAGG 

PAC cassette Forward TCTGGATTCATCGACTGTGG 
PAC cassette Reverse GCGCCAGGAGGCCTTCCATCTGTTGCT 
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2.3.4 Glial differentiation from mESCs and puromycin selection (Fig. 
2.1)258 

Astrocytes were differentiated from Aqp4-PAC mESCs as previously described to 

generate protoplasmic astrocytes and from Olig2-PAC mESCs to generate fibrous 

astrocytes44. Briefly: 1-1.5 x 106 ESCs were cultured in suspension on agar-coated 10 

cm dishes in 10 mL DFK5 medium- DMEM/F12 (Life Technologies) plus 5% Knockout 

Serum Replacement (Life Technologies), 50 µM nonessential amino acids (Life 

Technologies), 1x Insulin Transferrin Selenium (Life Technologies), 100 µM BME 

(Sigma), 5 μM thymidine, and 15 μM of the following nucleosides: adenosine, cytosine, 

guanosine, and uridine (Life Technologies) for two days to form embryoid bodies (EBs). 

They were then cultured with media changed every 2 days for the next 4 days in 10 mL 

DFK5 with 2 µM retinoic acid (RA) and 600 nM Smoothened agonist (SAG) to generate 

ventral spinal cord progenitors. On day 6, the EBs were dissociated and seeded at 

density of 50,000-100,000 cells/cm2 onto a gelatin-coated tissue culture treated 6-well 

plates (ThermoFisher) in Astro1 media (DFK5 with 20 µg/mL epithelial growth factor 

(EGF) (Peprotech), 10 µg/mL fibroblast growth factor 1 (FGF-1) (Peprotech), and 1 

µg/mL laminin) for 5 days. On day 11 of differentiation, cultures were switched into 

astrocyte phenotypic media for an additional 4 days in the same plates (Protoplasmic 

(astrocyte) media- DFK5 with 10 μg/mL FGF-1, 10 μg/mL bone morphogenic protein 4 

(BMP-4) (Peprotech) and Fibrous (astrocyte) media- DMEM/F12 plus 1 × G5 

supplement (Thermo Fisher Scientific), 10 μg/mL ciliary neurotrophic factor (CNTF) 

(Peprotech)). On day 15, the protoplasmic astrocytes were reseeded onto gelatin-

coated plates at a density of 50,000 or 100,000 cells/cm2 and maintained in lineage 

specific media for additional 2 days. On day 17, protoplasmic astrocytes were selected 



 55 

with 2 or 4 µg/mL puromycin in protoplasmic astrocyte media for 1 day. On day 18, the 

protoplasmic astrocytes were washed with phosphate buffered saline (PBS) and 

maintained in astrocyte phenotypic media in same culture plates until day 21 for 

reseeding. On day 21, the protoplasmic astrocytes were reseeded at 25,000 cells/cm2 in 

0.1% gelatin-coated 6-well tissue culture plates for further analysis until day 2744.  

On day 17, the fibrous astrocytes were reseeded onto gelatin-coated plates at a density 

of 10,000 or 20,000 cells/cm2 and maintained in lineage specific media for additional 2 

days. On day 19, fibrous astrocytes were selected with 4 µg/mL puromycin in fibrous 

astrocyte media for 2 days. On day 21, the fibrous astrocytes were washed with PBS 

and maintained fibrous media in same culture plates until day 23 for reseeding. On day 

23, the fibrous astrocytes were reseeded at 20,000 cells/cm2 in 0.1% gelatin-coated 6-

well tissue culture plates for further analysis until day 2744. 

 

Figure 2.1 Differentiation protocol for protoplasmic and fibrous astrocyte phenotypes.  
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2.3.5 V2a interneuron differentiation  
V2a interneurons were generated from Chx10-puro-TdTomato or Chx10-puro-eGFP 

mESCs and were induced using a 2−/4+ protocol using 10 nM RA and 1 μM 

purmorphamine (Pur; EMD Millipore #540223) from days 2 to 6 and 5 μM N-{N- (3,5-

difluorophenacetyl-L-alanyl))-(S)-phenylglycine-t-butyl-ester (DAPT; Sigma #D5942) for 

days 4 to 6. On day 6, 4µg/mL puromycin was added to the 10-cm dish containing V2a 

interneuron EBs for 24 hours. On day 7, selected V2a IN EBs were dissociated with 

0.25% trypsin followed by quenching with CM and seeded at 50,000 cells/cm2 on 

laminin-coated plates. Day 9 V2a interneurons were used for the glutamate assay. 

2.3.6 Cytotoxicity assay  

Astrocyte phenotypic cultures were grown in 48-well plates for viability assays and 

image analysis by viability staining. To test various selection conditions, 2 or 4 µg/mL 

puromycin for 1 day was added on day 17 for protoplasmic astrocytes, followed by a 

rinse with PBS before culture in protoplasmic astrocyte media and the viability assay 

was conducted on the same day. To test various selection conditions, 4 µg/mL 

puromycin for 1 day or 2 days was added on day 19, followed by a rinse with PBS 

before culture in fibrous astrocyte media and the viability assay was conducted on the 

same day. The viability assay was conducted with unselected astrocyte phenotypes as 

well on the same day. The assay followed the manufacturer instructions provided by 

LIVE/DEAD Viability/Cytotoxicity Kit for mammalian cells (Thermo Fisher Scientific, 

L3224). The images obtained by the assay were analyzed by counting the number of 

cells stained by calcein-AM and Ethidium homodimer using Fiji software132,133. 



 57 

 2.3.7 Gene expression analysis44,132 

To collect astrocyte mRNA for analysis, medium was aspirated, and cells were 

detached by using 0.25% trypsin–EDTA, followed by quenching in CM. Cells were 

pelleted at 300 × g. The cell pellets were resuspended in RLT buffer as provided from 

the RNeasy Mini Kit (Qiagen, 74106). Pellets were either frozen at −80°C or 

immediately used with the RNeasy kit using on-column DNase (Qiagen, 79254) to 

isolate RNA extracted from cell pellets per manufacturer protocols. 500 ng of RNA was 

reverse transcribed into cDNA using the High-Capacity cDNA Reverse Transcription Kit 

(Thermo Fisher Scientific, 4368813) per manufacturer protocols 44,132.  

For quantitative polymerase chain reaction (qPCR), a master solution of ultrapure water, 

TaqMan Fast Advanced Master Mix (Thermo Fisher Scientific, 4444963), the TaqMan 

probe against the target gene using FAM-MGB dye, and TaqMan probe against mouse 

β-actin, a reference gene, using VIC-MGB_PL dye (Thermo Fisher Scientific, 

Mm02619580_g1), was prepared and loaded into appropriate wells of MicroAmp Fast 

Optical 96-Well Reaction Plate (Thermo Fisher Scientific, 4346906) in triplicate fashion. 

The plates were analyzed with QuantStudio 3 and 5 instruments (Thermo Fisher 

Scientific). The fold changes in mRNA expression levels were calculated using 2^−ΔΔCT 

values with β-actin as the reference gene and comparison of samples relative to 

mESCs or certain reference point in the astrocyte differentiation protocol for respective 

experiments.  
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Table 2.3 qPCR probes for determining gene expression level of various markers in astrocyte phenotypic 
cultures 

Gene  Primer ID 
PAC Custom-made: forward sequence- 

GGTGCCCGCCTTCCT 

Reverse sequence- 
CGGCGGTGACGGTGAA 

Aqp4 Mm00802131_m1 
Olig2 Mm01210556_m1 
GDNF Mm00599849_m1 
GLT-1 Mm01275814_m1 
GLAST Mm00600697_m1 
GFAP Mm01253033_m1 
Aldh1L1 Mm03048957_m1 
C3 Mm01232779_m1 
Serping1 Mm00437835_m1 
Gpb2 Mm00494576_g1 
Psmb8 Mm00440207_m1 
Interleukin-6 Mm00446190_m1 

2.3.8 Immunocytochemistry 

Cells were rinsed with PBS and then fixed in 4% paraformaldehyde (Sigma) for 20 mins 

at 4oC. The cells were then rinsed with PBS and then permeabilized in 0.1% Triton-X 

(Sigma) for 10 mins at 4oC for nuclear and cytoplasmic stains or no permeabilization 

step was done for surface markers. Cells were blocked with 5% of an appropriate serum 

(Goat (Sigma) or Donkey (Sigma)) in PBS for 1 hr at 4oC. Primary antibodies were used 

at the following dilutions: GFAP 1:500 (Thermo Fisher), A2B5 1:25 (DSHB), Aqp4 1:100 

(Millipore), Olig2 1:500 (Proteintech), S100ß 1:500 (Proteintech), Glutamate transporter 

(GLT-1) 1:250 (Millipore), Glutamine synthetase (GS) 1:100 (Proteintech), Aldehyde 

dehydrogenase L1 1:100 (Millipore), Neurofilament Medium chain 1:25 (DSHB), 

RIP/CNPase 1:25 (DSHB), O4 1:100 (Millipore), SSEA-1 1:25 (DSHB), CD44 1:250 

(Proteintech), Sox2 1:100 (Santa Cruz Biotechnology), Nestin 1:10 (DSHB), Fgfr3 1:100 
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(Sigma-Aldrich), C3 1:100 (Thermo Fisher), Col1a1 1:100 (Thermo Fisher), Wnt7a 

1:100 (Proteintech). Primary antibody incubation was carried out overnight in 2% of 

appropriate serum in PBS at 4oC. After 24 hr incubation, the cells were rinsed 3 times 

with PBS. Appropriate Alexa Fluor secondary antibodies (Life Technologies) were all 

used at a 1:1000 dilution (final concentration of 4 µg/mL) and incubated in 2% of 

appropriate serum in PBS for 1 hr at 4oC. After the incubation, the cells are rinsed with 

PBS three times. 1:1000 Hoechst (Thermo Fisher Scientific) in PBS was incubated with 

the cells for 10 min at 4oC prior to imaging on a Leica DMi8 and Nikon wide-field 

fluorescence microscope. The image analysis was performed by using Fiji software to 

count the number of nuclei by DAPI stain and the number of cells stained positive for 

the above chosen markers259. 

2.3.9 Flow cytometry 

Protoplasmic and fibrous astrocytes were removed from the plate surface with 0.25% 

trypsin-EDTA and fixed using 4% paraformaldehyde for 20 min followed by 10 min 

incubation at room temperature with 0.1% saponin for nuclear markers. Then, the 

samples were blocked in 5% normal goat serum (NGS) in PBS for 30 min at room 

temperature. Primary antibody incubation was performed for 45 min in 2% NGS using 

the same dilutions as for immunocytochemistry (ICC) for the chosen markers in 

characterization. Cells were washed twice with PBS and secondary incubation was 

performed for 45 min prior to washing two times with PBS and cells were resuspended 

in PBS for runs on Attune NxT cytometer (Thermo Fisher Scientific). For analysis, cell 

gates were drawn based on forward scatter and side scatter. The gates were drawn 

based on secondary only and unstained controls to exclude around 99% of control 
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events from the gates to minimize the false positive rate. Quadrant gates for double 

stained samples were drawn based on secondary and unstained controls.  

2.3.10 Calcium imaging of astrocyte cultures 

 On day 27 astrocytes, the media was aspirated, and fresh astrocyte subtype media 

was added with 10 µM Fluo4-AM for 1hour at 370C. The astrocyte cultures were then 

changed to calcium imaging buffer (250 mL water with 2.1 g NaCl, 20 mg MgSO4, 95 

mg KCl, 0.45 g sucrose, 90 mg CaCl2, and 0.6 g HEPES at pH 7.4) with addition of 

100µM Adenosine triphosphate (ATP) for 30 min incubation. Then, the astrocyte 

cultures were imaged at 488 nm excitation for 30 seconds at 4Hz using a Leica wide-

field microscope. For analyzing the intensity over time, regions of interest (ROIs) were 

drawn and analyzed with Nikon elements analysis. These fluorescence transients were 

plotted as DF/F curves for the ROIs with F being the average fluorescence intensity 

during the 30-second baseline with no ATP55,260,261. There are control experiments in 

which the imaging series were conducted for the same duration without any addition of 

ATP.  

2.3.11 Glutamate uptake assay  

Day 27 unselected and selected astrocytes, day 9 V2a interneurons, and mESCs were 

washed with Hank’s balanced salt solution (HBSS) with no calcium and magnesium and 

then replaced with 200 µM glutamate in HBSS with calcium and magnesium and no 

phenol red (Thermo Fisher) for incubation of 3 hours at 370C. The no cell control was 

defined as 0.1% gelatin-coated plastic wells containing only 200 µM glutamate solution 

and no cells. After 3 hours, 20 µl of each sample was added to a new well in a 96-well 
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plate and the glutamate assay was conducted as per manufacturer’s instructions 

(Sigma-Aldrich MAK004-1KT; Abcam ab83389)55.  

2.3.12 Inflammatory response characterization 

Day 27 unselected and selected astrocytes were treated with 30 ng/mL mouse 

recombinant TNF-α (Peprotech) in the astrocyte phenotypic media for 24 hrs55. 

Untreated and treated astrocyte mRNA were collected by using 0.25% trypsin–EDTA to 

detach cells, followed by quenching in CM. Cells were pelleted at 300 × g and isolated 

by aspirating medium. The cell pellets were resuspended in RLT buffer as provided 

from the RNeasy Mini Kit (Qiagen, 74106). Pellets were either frozen at −80°C or 

immediately used with the RNeasy kit using on-column DNase (Qiagen, 79254) to 

isolate RNA extracted from cell pellets per manufacturer protocols. The RNA was 

analyzed with qPCR for common astrocyte reactivity genes: C3 (Complement C3), 

Serping1 (Serpin family G member 1), Gbp2 (Guanine nucleotide-binding protein 

subunit beta-2), and interleukin-6 (IL-6)262. 

2.3.13 Bulk mRNA-sequencing  
Bulk mRNA sequencing was performed on 6 total samples from two replicate 

experiments for each phenotype before and after selection (four conditions giving 24 

total samples). Day 27 unselected and selected astrocytes were trypsinized for 5 min 

and quenched with CM. The cell suspensions were centrifuged at 300xg for 5 minutes 

and the supernatant was removed. Cells were lysed in Qiagen RNA Lysis buffer and 

RNA was extracted using RNeasy Mini Kit (Qiagen, 74106) with concentration 

calculated by Tecan plate reader instrument. The quality of RNA was assessed by 

Bioanalyzer or 4200 TapeStation System (High Sensitivity RNA – Agilent, 5067-
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5579/5067-5580/5067-5581). Samples with integrity number at 7 or higher and 400-500 

ng of samples were used in the Illumina Stranded mRNA Prep, Ligation (Illumina, 

20040532) protocol. According to the manufacturer instructions (Illumina), the steps 

were mRNA isolation, cDNA first and second strand synthesis, adaptor ligation, and 12-

13 cycles of library amplification with index adapters (Index adapters (lllumina RNA UD 

Indexes Set A, Ligation, Illumina, 20091655). Libraries were quantified using the Qubit 

High Sensitivity dsDNA assay (Thermo Fisher Scientific, Q32851) and quality control 

(QC) was performed using a 4200 TapeStation High Sensitivity D5000 assay (Agilent, 

5067-5592/5067-5593). Libraries were pooled at equal concentration and sequenced on 

an Illumina NextSeq2000 (75bp paired-end sequencing) with at least 30 million reads 

per sample. 

2.3.14 Bulk mRNA sequencing data analysis of unselected and 
selected astrocyte phenotypes 

Base calls were converted to fastq files using Illumina’s BaseSpace DRAGEN Analysis 

v1.3.0. Data was then imported as fastq files into the Partek Software platform. HISAT2 

was the alignment tool used to align the sequencing reads to the Mus musculus mm10 

reference genome. The unaligned reads were filtered out with the reads having 

minimum intron length of 20 bases and maximum of 500,000. Mismatched readings 

were allowed between 2 and 6 mismatch readings as the penalty range. The aligned 

reads went through post- quality control demonstrating all samples containing 70-80% 

of the reads that aligned to the genome with total of 30-50 million reads and close to 2 

alignments for each read amongst every sample. The average quality score of the 

aligned reads was high with an average Phred quality score close to 70. Then, these 

aligned reads were processed using HTSeq with strand specificity and union overlap 
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mode parameters to generate gene counts. Batch correction was performed using 

Partek’s general linear model to harmonize the data from the two replicate experiments 

(performed on different days). Principal component analysis was performed on the 

normalized data set to demonstrate potential variance between unselected and selected 

astrocyte phenotypic roles. Differential gene expression analysis was performed using 

analysis of variance (ANOVA) to produces the list of genes in comparison between the 

various conditions with false discovery rate (FDR) step-up being <0.05 as the main 

criteria. A gene enrichment between selected phenotypes was done with the reference 

database Genetology biological processes (GObp using the enrichplot R package) and 

Kyoto encyclopedia of genes and genomes (KEGG) pathways.  

2.3.15 Statistics 

Statistical analysis was performed in GraphPad Prism9. Multiple comparisons statistics 

were accomplished using Scheffe’s post hoc test for one-way ANOVA with a 95% 

confidence level. Values are reported as the mean plus or minus standard error. 

2.4 Results 
2.4.1 Generation of selectable cell lines for potential astrocyte 
phenotypic enrichment258 

To generate enriched astrocyte cultures, transgenic Aqp4-PAC and Olig2-PAC 

mESC cell lines were used for protoplasmic and fibrous astrocytes respectively. The 

Aqp4-PAC transgenic mESC cell line was generated using a targeting cassette to insert 

puromycin N-acetyltransferase (PAC, an enzyme conferring puromycin resistance) into 

one allele of aquaporin-4, an astrocyte-specific gene258. The gene regulatory element 

for aquaporin-4 (a critical water channel protein for maintaining water homeostasis) was 
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used to drive PAC expression. Enrichment of protoplasmic astrocytes was possible due 

to the higher expression of Aqp4 in protoplasmic versus to fibrous astrocytes44. The 

Aqp4-PAC cell line was generated using clustered regularly interspaced short 

palindromic repeats (CRISPR) with Cas9 endonuclease (CRISPR/Cas9) mediated 

homology repair to insert the resistance cassette into one of the two Aqp4 alleles in 

mESCs (Figure 2.2B)258. For purification of fibrous astrocytes, a previously generated 

transgenic cell line, Olig2-PAC, was used in which the puromycin resistance cassette 

was inserted in the Olig2 gene locus51,263. These cell lines utilize different gene 

promoters to drive PAC expression for enrichment of astrocyte phenotypes.   

 

Figure 2.2258 Generation of Aqp4-PAC mESC line using CRISPR/Cas9 genome engineering A) 
Plasmid diagram showing the Aqp4-PAC targeting cassette in pStartK plasmid. The plasmid contains 
PAC/Pgk-neo dual resistance cassette placed in between 2 homology arms for Aqp4 gene258. PAC is 
flanked by homology arms to allow for homologous recombination to occur at the Aqp4 start codon. B) 
Schematic showing PAC insertion in one of two Aqp4 alleles using CRISPR/Cas9 (1) gRNA target Cas9 

A B 

C D 
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to the exon 3 of Aqp4 locus and Cas9 creates double-stranded break, (2) Selection cassette in targeting 
vector aligns near the location of the double-stranded break, (3) Homologous recombination results in the 
insertion of selection cassette at the appropriate location in the Aqp4 locus C) Successful PAC insertion 
in the Aqp4 locus was confirmed through junction PCR with Aqp4-PAC DNA producing a 920bp band that 
is absent in the RW4 parental line. D) Copy number assay confirms that 1 copy of PAC was inserted in 
D7, D6 and B11 clones with comparison to a previously generated transgenic cell line, Hb9-PAC. RW4 
parental line does not show any PAC inserted and contains 2 copies of GAPDH as an internal reference. 
Error bars are not S.E.M., but a range of possible copies258.  

 
 The Aqp4-PAC cell line was generated using CRISPR/Cas9 strategy to insert 

the resistance cassette258. The resistance cassette includes the PAC/Pgk-neo for 

positive selection and the vector backbone contains the negative selection marker, 

thymidine kinase 3, for removing mESC colonies with random non-homology mediated 

repairs (Fig. 2.2A)258. The PAC insertion is targeted to the third exon of the Aqp4 gene 

(Fig. 2.2B)258. Surviving colonies from positive (neomycin) and negative (ganciclovir) 

selection were screened using junction PCR (jPCR) to confirm successful PAC insertion 

in the Aqp4 locus (Fig. 2.2C). A copy number assay of these two colonies demonstrated 

that only one Aqp4 locus was modified with the insertion of the cassette as indicated by 

one copy of PAC258. A previously generated Hb9-Puro cell line was used as the positive 

control for PAC insertion in one allele (Fig. 2.2D)130. Thus, the Aqp4-PAC cell line was 

successfully generated with one copy of PAC inserted in one Aqp4 locus258.   

2.4.2 Determination of selection conditions for protoplasmic and 
fibrous astrocytes  

To determine the timepoint for puromycin selection, Aqp4, Olig2, and PAC 

expression was assessed throughout the phenotypic astrocyte differentiation protocols. 

Protoplasmic astrocytes demonstrated increased Aqp4 expression over time with 

consistent higher Aqp4 expression in later stages of the differentiation with no 

significant differences (day 13 and later; Fig. 2.3A)44,70,264. However, PAC expression 
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peaked around day 17, and thus it was chosen as the selection timepoint for 

protoplasmic astrocyte enrichment. For fibrous astrocytes, Olig2 and PAC expression 

were consistently high throughout the differentiation (Fig. 2.3B). Olig2 is expressed in 

multiple cell types during neural development, thus the timing of selection is critical to 

enrichment of fibrous astrocytes (Fig. 2.3C). We observed Olig2 expression in different 

cell types during the fibrous astrocyte differentiation protocol based on observation of 

morphology of cells expressing GFP derived from a transgenic Olig2-GFP cell line. 

Based on morphological observation, we hypothesized that while Olig2 is expressed in 

many different CNS cell types during development, fibrous astrocytes were the main cell 

type contributing to the high Olig2 expression after day 15 (Fig. 2.3C)44,54,263,265.  Day 19 

was chosen as the timepoint for fibrous astrocyte enrichment due to it being a time that 

fibrous astrocytes should dominate Olig2 expression and is before the reseeding step 

utilized previously30. The timing of Aqp4, Olig2, and PAC expressions during astrocyte 

differentiation led to hypothesized timepoints for puromycin selection. 

Next, the concentration and duration of selection was assessed at the timepoints 

chosen for protoplasmic and fibrous astrocytes derived from Aqp4-PAC and Olig2-PAC 

respectively. As a starting point, selection with 2 or 4 µg/mL puromycin for 1 day was 

tested for protoplasmic astrocyte enrichment and 4µg/mL puromycin for 1 or 2 days for 

fibrous astrocytes. The viability was assessed using live/dead cytotoxicity assay with 

calcein-AM (live cell stain) and ethidium homodimer (dead cell stain). 4µg/mL was only 

tested for fibrous astrocytes due to being qualitatively proliferative, leading to potentially 

higher puromycin concentration and longer exposure being necessary to reduce cells. It 

was observed that 2 µg/mL and 4µg/mL puromycin 1 day significantly reduced the 



 67 

number of live cells in the selected protoplasmic cultures (123 ± 9) compared to 

unselected (379 ±19) (Fig. 2.3D). However, very few cells in selected protoplasmic 

astrocyte cultures were left after 4µg/mL and the morphology was affected, making the 

cells (protoplasmic astrocytes) potentially hard to proliferate after (Supplemental Fig. 

2.1). Furthermore, puromycin concentrations were added for 2 days to protoplasmic 

astrocytes and resulted in cell death with remaining viable cells having no protoplasmic 

morphology (Supplemental Fig. 2.1B). Thus, 2µg/mL for 1 day was chosen as the 

criteria for protoplasmic enrichment. For fibrous astrocytes, the 4 µg/mL puromycin for 2 

days significantly reduced the number of live cells (unselected 1054 ± 269 to selected 

352 ± 76), indicating this to be a potential condition for fibrous astrocyte selection (Fig. 

2.3E). The selection criteria decided produced significant decreases in the number of 

live cells after puromycin exposure.  
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Figure 2.3 Puromycin addition to protoplasmic and fibrous astrocytes for reduction of cells was 
dependent on Aqp4, Olig2, and PAC levels throughout differentiation A) Expression of Aqp4 and 
PAC in Aqp4-PAC cell line during protoplasmic differentiation protocol (N=3, error bars= S.E.M.). B) 
Expression of Olig2 and PAC in Olig2-PAC cell line during the fibrous differentiation protocol (N=3, error 
bars= S.E.M.). C) Schematic diagram that demonstrates our hypothesis that Olig2 is expressed by 
different cell types during the astrocyte differentiation protocol. D) Selection of protoplasmic astrocytes 
with 2 and 4µg/mL puromycin for 1 day (N=2-6, error bars= S.E.M, ** p<0.01.). E) Selection of fibrous 
astrocytes with 4µg/mL puromycin for 1 or 2 days (N=2-6, error bars= S.E.M, ** p<0.01.). 

2.4.3 Evaluating enrichment of astrocyte phenotypes cultures post 
selection 

To determine the effects of puromycin selection on astrocyte morphology and 

cellular composition post reduction of cells, ICC was utilized. The varied broad-star 

shape morphology of protoplasmic astrocytes and thin, elongated fibrillar structures of 

fibrous astrocytes was not drastically affected by puromycin selection (Fig. 2.4A-D). 

Protoplasmic astrocytes are characterized as Aqp4+/A2B5- and fibrous astrocytes as 

Aqp4+/A2B5+. Aqp4 is a water channel membrane protein common in mature astrocytes 

with protoplasmic astrocytes more positive for Aqp4 than fibrous astrocytes44,266. The 

protoplasmic and fibrous astrocytes post selection demonstrated significant increases in 

the fraction of cells staining positive for Aqp4 (0.77 ± 0.02 and 0.66± 0.03 respectively) 

compared to unselected cultures (0.43 ± 0.03 and 0.50 ± 0.04) by ICC (Supplemental 

Fig. 2.2). Selected fibrous astrocytes also had a significantly increased fraction of cells 
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staining positive for A2B5, a cell surface ganglioside marker, (0.62 ± 0.05) compared to 

unselected fibrous cultures (0.79 ± 0.04) (Supplemental Fig. 2.2)267. A2B5 is present in 

glial precursors as well as developing white matter astrocytes and thus is used as a 

defining marker for fibrous astrocytes268,269. Furthermore, flow cytometry demonstrated 

a significant increase in fraction positive for Aqp4 post-selection in both astrocyte 

subtypes and significant higher fraction of cells positive for A2B5 significantly higher in 

Olig2+ fibrous compared to protoplasmic astrocytes (Fig. 2.4E). In addition, significant 

fractions of cells positive for Olig2 and S100b (a calcium binding protein) in fibrous 

compared to protoplasmic astrocytes (Fig. 2.4E)270,271. S100b is a complex marker 

being expressed by Schwann cells, oligodendrocytes, and astrocytes87,88. With the low 

fraction of cells positive for RIP, a mature oligodendrocyte marker, in astrocyte cultures, 

S100b+ cells characterize astrocytes. ICC also demonstrated that fraction of cells 

positive for Olig2 was significantly increased in selected fibrous astrocytes (0.74 ± 0.04) 

compared to unselected fibrous astrocytes (0.54 ± 0.06) and low number of Olig2-

positive cells in protoplasmic astrocytes (0.08 ±0.03 and 0.06 ±0.02 respectively) 

(Supplemental Fig. 2.2)44,54,265. Furthermore, there were low fractions of cells positive 

for mature neurons (NFM), oligodendrocytes (RIP), and undifferentiated stem cells 

(SSEA-1) in selected astrocyte phenotypic cultures (Supplemental Fig. 2.2; Fig. 

2.4E)270–273. ICC demonstrated significant decreases in fraction of undifferentiated stem 

cells in selected astrocyte phenotypic cultures as stained by SSEA-1 (Supplemental Fig. 

2.2; 0.16 ± 0.03 to 0.05 ± 0.01 for fibrous and 0.08 ± 0.02 to 0.02 ± 0.01 for 

protoplasmic)271. Overall, selection maintains low fraction of other cell types, but does 
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not eliminate, in selected astrocyte cultures and enriches defining fibrous and 

protoplasmic astrocyte markers. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.4 Puromycin selection enriches the fraction of cells positive for astrocytic markers and 
results in a low fraction of cells positive for other cell types A, B) Aqp4, A2B5 ICC staining for day 
21 unselected and selected protoplasmic astrocytes with showing characteristic high Aqp4 (green) and 
low A2B5 (red) staining for protoplasmic astrocytes (Scale bar= 100µm). Hoechst stain (blue) is for nuclei. 
C, D) Aqp4, A2B5 phenotypic ICC staining for day 23 unselected and selected fibrous astrocytes with 
showing characteristic high Aqp4 (green) and A2B5 (red) staining for fibrous astrocytes (Scale bar= 
100µm). E) Flow cytometry analysis for fractions positive of astrocyte subtype, mature neuron, and 
mature oligodendrocyte markers in unselected and selected astrocyte cultures 4 days after puromycin 
addition; **p<0.01 (N=3-10; Error bars= S.E.M.). F) ICC imaging analysis of astrocytic markers in 
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unselected and selected astrocyte cultures with staining 4 days after puromycin addition. *p<0.05, 
**p<0.01 compared to respective unselected astrocyte phenotypes (N=4, Error bars= S.E.M.). 

Furthermore, ICC was performed with astrocyte general markers to characterize 

maturity states of astrocyte phenotypic cultures. High fraction of cells in unselected and 

selected astrocyte cultures are positive for glial fibrillary acidic protein (GFAP), a 

common astrocyte marker, and S100β with being >0.6 fraction positive in fibrous 

astrocytes (Fig. 2.4F)28,249,274. S100β+ and GFAP+ cells in Olig2+ fibrous astrocytes 

support the characterization of white matter astrocytes85,268. Specifically, there were 

significantly higher fractions of cells positive for glutamate transporter-1 (GLT-1) in 

fibrous astrocytes compared to protoplasmic, supporting GLT-1 positivity higher in white 

matter astrocytes and suggesting increased glutamate activity in the fibrous astrocytes 

(Fig. 2.4F)263. Selected astrocyte cultures showed a significantly increased fraction 

positive for astrocyte marker aldehyde dehydrogenase-L1 (Aldh1L1), demonstrating 

astrocyte enrichment (0.60 ± 0.05 to 0.78 ± 0.06 for fibrous and 0.55±0.08 to 0.76±0.06 

for protoplasmic) (Fig. 2.4F)275. Lastly, high fractions of cells in astrocyte cultures were 

positive for connexin-30 (Cx30; an astrocytic gap junction protein), CD44 (a surface 

receptor commonly found on astrocyte precursor cells) and vimentin (an intermediate 

filament found more in immature white matter astrocytes)58-60. This indicates that 

unselected and selected astrocyte cultures are a mixture of mature and immature 

astrocytes present in culture. were all present at high levels in unselected and selected 

astrocyte cultures.  

2.4.5 Assessing the functionality of selected astrocyte phenotypes 

Previously, our lab investigated the effects of day 27 astrocyte subtypes on axon 

growth. Thus, we wanted to determine astrocyte functionality for neuron support using 
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unselected and selected day 27 astrocyte subtypes. For basic characterization, qPCR 

confirmed that the day 27 fibrous astrocytes had a significantly higher Olig2 mRNA 

expression level compared to protoplasmic and protoplasmic astrocytes had a 

significantly higher Aqp4 mRNA expression level compared to fibrous (Supplemental 

Fig. 2.3). The mRNA expressions of neuronal and oligodendrocyte genes Nefm and 

Cnp respectively were low (Supplemental Fig. 2.3). This indicates that the selected 

astrocyte phenotypes highly express astrocyte phenotypic genes with low levels of 

genes indicative of other cell types at later time point of day 27.  

A key function of astrocytes is their ability to respond to pro-inflammatory cues 

and demonstrate activation. The unselected and selected astrocytes phenotypic 

cultures were exposed to 30µg/mL TNFα in phenotypic media at day 27 for 24 hrs. The 

pro-inflammatory state was characterized by using qPCR to measure Complement 3 

(C3), proteasome subunit β type-8 (Psbm8), guanylate-binding protein (Gpb2), C1 

inhibitor (Serping1), and interleukin-6 (IL-6) mRNA expression levels . Fibrous 

astrocytes respond to TNF-α stimulation with significantly increased C3, Il-6, Psbm8, 

and Gbp2 mRNA levels, indicating these astrocytes are pro-inflammatory and reactive 

post stimulation (Fig. 2.5 A, B). Furthermore, the TNFα stimulation was able to 

significantly increase Psbm8 and IL-6 mRNA levels in protoplasmic astrocytes in vitro 

(Fig. 2.5A, B). The activation of astrocytes by pro-inflammatory cytokines can be useful 

for studying the effects of reactive astrocytes on axon growth with potentially elucidating 

characteristics of neurorepair and neurotoxic reactive astrocytes. 
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Figure 2.5 Astrocyte subtype cultures respond to inflammatory stimulus post puromycin selection 
A) qPCR analysis of astrocyte reactivity (C3, Psbm8, Gbp2, and Serping1) and pro-inflammatory (Il-6) 
gene markers in unselected astrocyte phenotypes with and without 30 ng/mL TNF-α stimulation and 
shows that certain reactivity genes are upregulated post inflammatory stimulation (N=3-6; * p<0.05, ** 
p<0.01; Error bars =SEM). B) qPCR analysis of astrocyte reactivity (C3, Psbm8, Gbp2, and Serping1) 
and pro-inflammatory (Il-6) gene markers in selected astrocyte phenotypes with and without 30 ng/mL 
TNF-α stimulation and shows that certain reactivity genes are upregulated post inflammatory stimulation 
(N=3-6; * p<0.05, ** p<0.01; Error bars =SEM).  

A glutamate uptake assay was conducted for unselected and selected astrocyte 

cultures as a measure of astrocyte functionality. Glutamate uptake by astrocytes occurs 

through glutamate transporters (such as GLT-1) and aids in preventing excitotoxicity276. 

The glutamate uptake fraction in the astrocyte groups were calculated with comparison 

to the initial concentration 200µM glutamate (Supplemental Figure 2.4). For the ongoing 

glutamate assay studies, two kits were utilized based on the same exact reaction due to 
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the previously used Sigma-Aldrich kit being recently discontinued. Thus, only few 

replicates have been conducted with the Abcam kit and future studies of more replicates 

of astrocyte subtypes will need to be conducted using the Abcam kit. With the Sigma-

Aldrich kit, it can be observed that astrocytes post selection demonstrate glutamate 

uptake similar to unselected astrocytes, indicating selected astrocytes are not affected 

in this function by puromycin exposure (Supplemental Figure 2.4A). This could be 

attributed to the presence of GLT-1 positive cells found in the unselected and selected 

astrocyte cultures. However, day 9 V2a interneurons (2 days on laminin) did not seem 

to have glutamate uptake activity as well as Olig2-PAC mESCs (seems to release more 

glutamate than uptake). Similar trends of glutamate uptake were noticed with the 

Abcam kit (Supplemental Figure 2.4B). An exception is the selected protoplasmic 

astrocytes have a lower glutamate uptake similar to that of the day 9 V2a interneurons, 

compared to the fibrous and unselected protoplasmic astrocytes. This could be due to 

only one biological replicate of astrocytes being conducted with the Abcam kit, while 

three biological replicates were completed for the day 9 V2a interneurons and mESCs. 

It is also important to note that the no cell control demonstrates some amount of 

glutamate uptake and thus was accounted in the uptake fraction for astrocytes, 

neurons, and stem cells.  

Calcium flux, visualized with Fluo4-AM, by astrocytes has been one of general 

mechanisms in supporting neuron and synaptic transmission and astrocytes 

demonstrating calcium transients are thus considered functional65,66. Unselected and 

selected astrocyte phenotypes at day 27 demonstrate calcium transients as shown by 

DF/F (changes in fluorescence intensity normalized to average fluorescence intensity for 
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the time period) over time, indicating astrocyte functionality (Supplemental Fig. 2.5). 

These could be characterized as global calcium waves traveling through the ROI (entire 

astrocyte including soma) with identified increases and decreases in fluorescence 

intensity (Supplemental Fig. 2.5C)278,279. The increases and peaks occur at different 

times most likely due to the various morphology differences between astrocyte 

subtypes260. With average calcium transients calculated in various astrocyte groups, 

selected astrocyte phenotypes have peaks in calcium transients later in the duration of 

time than unselected (Supplemental Fig. 2.5D). In addition, change of fluorescence 

intensity decreased over time with no ATP stimulation to astrocytes with fibrous 

demonstrating more clear transients, indicating presence of baseline calcium transients 

that might not be sustained without ATP addition (Supplemental Fig. 2.5E). Overall, the 

selected astrocyte phenotypes are functional with generating calcium transients.   

2.4.6 Characterizing the global gene expression of selected astrocyte 
cultures 

We wanted to understand the effects of puromycin selection on differences in 

gene target expressions between selected astrocyte subtypes for neuron support and 

axon growth using bulk RNA sequencing. Unselected and selected astrocyte cultures 

were assessed by bulk RNA sequencing at a later time point post puromycin exposure, 

day 27, to characterize patterns of gene expressions across conditions. Dimension 

reduction by principal component analysis demonstrated that condition-to-condition 

differences in the overall gene expression patterns were a primary source of variation in 

the data (Fig. 2.6A). The two phenotypes before and after selection were largely 

separated by a combination of the first two PCs, which captured >45% of variation in the 
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data combined (Fig. 2.6A). Unselected and selected fibrous astrocytes were clustered 

close to each other due to Olig2, the selection marker for fibrous astrocytes, being 

highly expressed. However, unselected and selected protoplasmic astrocytes were 

separated more by PC2 and this could be attributed to Aqp4 being the selection marker 

for this subtype. Thus, the PCA analysis is important in demonstrating variance between 

unselected and selected astrocyte subtypes.   

Significantly different gene expressions between selected astrocyte phenotypes 

were identified by ANOVA with a false discovery rate (FDR) <0.05. 1105 genes were 

upregulated in selected protoplasmic astrocytes and 253 upregulated genes in selected 

fibrous astrocytes (Fig. 2.6B; Supplemental Table 2.2). Critical genes upregulated in 

selected protoplasmic astrocytes were extracellular matrix protein genes, Col6a1 and 

Col6a2, immune-regulation, neuroprotective genes, Ccn3 and Cxcl10, and axon growth-

related genes, Ngf (encodes for nerve growth factor) and Snai2 (Fig. 2.6B)280,281–283. 

Also, there are 3 main reactive astrocyte genes upregulated in selected protoplasmic 

astrocytes, C3, Igfbp5, and Tagln281,282. Critical genes upregulated in selected fibrous 

astrocytes are Neto1 and Slc6a11, genes involved in synaptic scaffolding and astrocyte 

metabolism studies284,285. These differential gene markers can be potential targets for 

characterizing functions between selected protoplasmic and fibrous astrocytes.   

Additionally, we constructed a bubble heatmap to visualize the presence of 

astrocyte genes and decreases of other cell type genes with comparison between 

unselected and selected astrocyte phenotypes (Fig. 2.6C). Vim, Aqp4, and Cd44 were 

upregulated in Z-score for selected protoplasmic astrocytes compared to unselected 
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protoplasmic astrocyte and fibrous astrocytes, supporting Aqp4 being the selection 

marker to enrich protoplasmic astrocytes. Fut4 (gene encoding for undifferentiated stem 

cells), Gfap, and S100b were decreased in Z-score for selected protoplasmic astrocytes 

from unselected protoplasmic astrocytes with these genes having low presence in 

fibrous astrocytes. Nefm was not present in selected astrocytes with high Z-score in 

unselected fibrous astrocytes only. Olig2, Slc1a3, Slc1a2, Glul, and Ki67 were highly 

present in fibrous astrocytes compared to protoplasmic. Overall, the changes in 

astrocyte subtype and other cell type genes support astrocyte enrichment.  

To identify gene targets for axon regeneration, genes with fold change above 1 

that are differentially expressed between selected protoplasmic to selected fibrous 

astrocytes (upregulated in selected protoplasmic) and genes with fold change below 1 

differentially expressed (upregulated in selected fibrous astrocytes) were analyzed 

through pathway enrichment analysis with Mus musculus database as reference. The 

Gene Ontology biological process (GObp) database was utilized to determine what 

gene pathways were significantly enriched in astrocyte phenotypic cultures. Using the 

enrich plot visualization tool, the selected protoplasmic astrocytes express 40-50 genes 

that are significantly enriched (p=1-10 to 2-10) in cell-substrate adhesion, cell-cell 

adhesion, regulation of inflammatory responses, extracellular matrix (ECM) 

organization, and collagen metabolic process that could affect interactions with neurons 

(Fig. 2.6D). The selected fibrous astrocytes expressed 20-30 genes that are significantly 

enriched (p-value= 1-56) in regulation of gliogenesis, regulation of Wnt signaling, 

synaptic vesicle mediated transport, and synapse organization (Fig. 2.6E). These gene  
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expressions could drive differentiation and synapse formation support by fibrous 

astrocytes. There are identified key genes that might have an impact on axon growth of 

neuron populations by astrocyte subtypes. 
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Figure 2.6 Bulk RNA-sequencing of unselected and selected astrocyte phenotypes demonstrate 
key differential genes and pathways that can be potential targets for future studies of 
understanding astrocyte phenotypic functions. A) Principal component analysis of all the astrocyte 
samples demonstrating the variance mostly separates the unselected and selected for protoplasmic 
astrocytes and less variance existed between unselected and selected fibrous astrocytes. B) The volcano 
plot of differential genes in selected protoplasmic astrocytes compared to selected fibrous astrocytes 
shows certain genes are upregulated and downregulated in selected and protoplasmic astrocytes with an 
FDR step-up below significance level of 0.05 with a few genes highlighted in each phenotype. C) 
Heatmap of the specific genes of astrocyte phenotype and other cell type markers used in ICC observed 
at Figure 3 demonstrated that there were low Z-scores (indicated by blue) for other cell type markers in 
the selected astrocyte phenotypes with different key astrocyte genes present at high Z-scores (indicated 
by red) in each selected astrocyte phenotype. D) Gobp analysis of upregulated genes expressed at fold 
change greater than 1 in selected protoplasmic astrocytes compared to selected fibrous astrocytes 
demonstrated that pathways related to cell-substrate adhesion, collagen metabolic process, and ECM 
organization are significantly upregulated by the color for p-value and the size of the bubble representing 
a few genes. E) Gobp analysis of upregulated genes expressed at fold change greater than 1 in selected 
fibrous astrocytes compared to selected protoplasmic astrocytes demonstrated that pathways related to 
positive regulation for cell cycle, translation at synapses, and spindle organization are upregulated.    

D 

E 
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2.5 Discussion 
Our goal was to reduce other cell types and enrich astrocyte phenotypes in mixed 

cultures derived from mESCs by using puromycin selectable transgenic cell lines. ICC 

and flow cytometry demonstrated a low level of undifferentiated stem cells, mature 

neurons, and mature oligodendrocytes in the selected astrocyte cultures. There are 

observed cells positive for mature and immature astrocyte markers present in the 

selected astrocyte cultures, indicating that the astrocytes are on a spectrum of maturity 

states21,286. Aldh1L1 is expressed in both GFAP+ and GFAP- astrocytes in grey and white 

matter and was found in both selected fibrous and protoplasmic astrocyte cultures287. 

Both astrocyte subtypes were positive for Cx30 and GLT-1, indicating maturity288,289. More 

cells in selected fibrous astrocyte cultures were positive for S100β compared to 

protoplasmic astrocytes, which aligns with S100β expression being higher in white matter 

glia290. This effect could be further attributed to Olig2 being the selection marker for fibrous 

astrocyte enrichment. The high fraction of cells in both unselected and selected astrocyte 

subtypes positive for CD44 and vimentin demonstrates presence of immature 

astrocytes291. Specifically, high fraction of cells positive for Olig2, A2B5, CD44, and 

S100β can indicate presence of immature astrocytes in the O-2A lineage for fibrous 

astrocyte cultures pre- and post-selection54. While the selected astrocyte cultures contain 

a mixture of immature and mature astrocytes, the puromycin selection can aid in astrocyte 

enrichment based on Aqp4 and A2B5 staining44. Furthermore, it is crucial to highlight that 

the puromycin selection did not eliminate other cell types even though there are high 

fractions of cells positive for astrocyte markers. Overall, we have enriched protoplasmic 

and fibrous astrocytes from Aqp4-PAC and Olig2-PAC cell lines, respectively.  
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The inflammatory and reactivity response of selected astrocyte cultures suggests 

that these astrocytes can be used with in vitro studies of neuroinflammation. Selected 

astrocyte subtypes are activated with TNF-a stimulation as observed with increases in 

mostly with Psbm8 and Il-6. Protoplasmic astrocytes contained higher C3 presence 

compared to fibrous astrocytes, and this was corroborated by the RNA-sequencing 

data. The increases of C3 might be properties of beneficial reactive astrocytes that 

might impact axon growth72,73,292. Furthermore, bulk RNA-sequencing of selected 

protoplasmic astrocytes demonstrated significant presence of both general neurotoxic 

(Igfbp5, Tagln, C3) genes and neuroprotective genes (S100a6, Ccn3, Cxcl10, Igfbp7) 

when compared to fibrous astrocyte cultures (Supplemental Table 2.1). This indicates 

selected protoplasmic astrocytes potentially having neurorepair properties of beneficial 

reactive astros. In addition, immune regulatory genes, H2ax, Serpine1, toll-like 

receptors Tlr2 and 3, Casp1 and 8, cytokine Ccl2, and H2-Dmb1, were present in 

selected protoplasmic astrocytes. Furthermore, different inflammatory factors apart from 

TNFα could be used to stimulate varied inflammatory responses and reactivity for each 

subtype40. Thus, these selected astrocyte subtypes can be an in vitro cellular platform 

for mimicking the neuroprotective roles of reactive astrocytes involving inflammatory 

and immune pathways post SCI.   

The selected astrocyte cultures demonstrate glutamate uptake as a potential 

function for neuron support. The importance of glutamate uptake by astrocytes is to 

prevent excitotoxicity for neurons. The high fraction of cells positive for GLT-1 in the 

astrocyte cultures can potentially play a role in glutamate uptake. Altering the GLT-1 

positivity in selected astrocyte cultures might affect neuron survival and be an in vitro 
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cell culture platform for studying neuron-astrocyte interactions. Furthermore, it would be 

useful to conduct further studies of glutamate uptake on different time points of V2a 

interneurons from day 9 to more mature time points with help of astrocyte conditioned 

medium to culture the neurons to 1-week and 2-week time points. It is potentially 

possible that V2a interneurons at later time points could have increased glutamate 

uptake. In addition, other coatings of plastic wells could be tested to determine potential 

reduction of glutamate uptake as close to zero in the no cell control. Also, due to the 

complication of the discontinued Sigma Aldrich kit, more glutamate uptake studies of 

astrocytes with the Abcam kit will need to be conducted for better and complete 

understanding of the glutamate uptake of selected astrocyte subtypes.  

It was observed that the astrocyte calcium transients are slower during the 30-

second duration compared to more active transients in neurons in vivo293. Calcium 

transients in neurons demonstrate sharp increase and decrease for calcium peaks 

compared steady increase and decrease for calcium transients in astrocytes294,295. This 

indicates our observed calcium transients are similar to that observed in astrocytes in 

vivo and in vitro with selected astrocytes potentially having low presence of neurons296. 

In addition, based on the waveforms, it seems that these astrocyte ROIs can be 

considered as either attached or isolated as types of potential contact with neighboring 

astrocytes279,297,298. While calcium transients were observed in selected astrocyte 

phenotypes, the changes as DF/F are quite low in percentage and could be 

characterized as noise. This is most likely due to collecting calcium imaging videos 30 

minutes after ATP addition for only a short time interval of 30 seconds compared to 

immediately upon ATP exposure for longer times as in some previous studies55,96. 
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Furthermore, the low DF/F values could be due to the 1hr incubation of Fluo-4 AM and 

thus different incubation times of 5 min and 15 minutes should be tested with imaging 

series obtained for duration of 3 minutes to verify the use of 1 hour incubation. There 

would be higher fluorescence signal with the application of GCaMP (genetically 

encoded calcium indicator) under GFAP promoter as the calcium indicator in 

transfection of astrocytes and specifically target to observe calcium transients in 

astrocytes. This could be another approach for achieving a higher DF/F in astrocytes. In 

addition, these waveforms for calcium transients in the astrocytes could be due to the 

ROI used being around a whole single astrocyte rather than focusing on smaller ROIs 

around the soma as observed with global transients295,299. Thus, there is more to study 

about the calcium transients displayed by unselected and selected astrocytes.  

 A key type of potential astrocyte-specific axon-growth permissive cue identified 

from bulk RNA-sequencing is ECM. There were numerous genes related to ECM-

receptor interactions, cell adhesion and ECM remodeling upregulated in selected 

protoplasmic astrocytes. Specifically, Col1a1, Col4a1, and Col6a1 were upregulated in 

selected protoplasmic astrocytes while the low number of cells were positive for Col1a1 

and significantly higher number of cells were positive for Col4a1 in selected 

protoplasmic astrocytes (Supplemental Fig. 2.5)300. Furthermore, MMP2 was more 

significantly present in selected protoplasmic astrocytes than selected fibrous78. This 

indicates that selected protoplasmic astrocytes could be a more neurorepair subtype 

and the ECM should be investigated for effects on axon growth of different neuron 

populations. The interactions between selected protoplasmic astrocyte ECM proteins 

and neural receptors can be important for supporting axon growth. Interestingly, genes 
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related to various key signaling pathways, such as Wnt, and synaptic vesicle 

exocytosis, were upregulated in selected fibrous astrocytes, suggesting potential 

implications in supporting astrocyte-neuron communication. Wnt7a, a critical gene in 

mTOR, Wnt, and Hippo signaling pathways that helps in blood-brain barrier 

maintenance, was upregulated in selected fibrous astrocytes with significant protein 

expression as well (Supplemental Fig. 2.5)294,301. These selected fibrous astrocytes can 

be a cellular platform for studying support of white matter neuron interactions in vitro. 

Overall, the selected astrocyte phenotypes post- puromycin selection proves to be 

instrumental in vitro cellular platforms for studying astrocyte specific function and gene 

and protein targets important for axon regeneration.  

2.6 Conclusions 
The study has shown successful generation of a selectable transgenic mESC cell 

line to enrich protoplasmic astrocytes in vitro258. This work has characterized the effects 

of puromycin selection on astrocyte phenotypes. The selection criteria reduced other 

cell types with a high fraction of cells positive for astrocyte marker expression in 

enriched astrocyte cultures. In addition, the selected astrocyte phenotypes demonstrate 

calcium transient activity, glutamate uptake, and response to inflammatory stimuli, 

indicating functionality post selection. However, it is important to recognize the 

limitations of the cell lines in astrocyte enrichment. Selection of fibrous astrocytes with 

Olig2-PAC cell line can result in low numbers of oligodendrocytes and neurons due to 

Olig2 expression in these other cell types. The selectable cell lines and puromycin 

addition does not eliminate other cell types but reduces the levels to a very low amount. 

This can allow for astrocyte enrichment with functional attributes.   
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The sequencing data can serve as an important resource for identifying genes in 

axon guidance and ECM-receptor pathways with astrocyte phenotypic differences. This 

can influence future studies for investigating the potentially important cues of selected 

protoplasmic astrocytes that support axon regeneration. Finally, these enriched 

astrocyte phenotypes are not designed for clinical, translational and ideally would serve 

as an investigative platform for examining astrocyte phenotypic differences supporting 

neuron populations. These neuron protective astrocyte cues, such as ECM proteins, 

can be incorporated in biomaterial scaffolds as potential SCI therapies in vitro and in 

vivo60.  
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Chapter 3: Investigation of astrocyte phenotypic 

components and extracellular matrix proteins on 

supporting axon growth of V2a interneurons in vitro 

 

3.1 Abstract 
Astrocytes are essential regulators of the extracellular matrix (ECM) and secrete 

growth factors that contribute to a regenerative microenvironment conducive for axon 

growth. Following spinal cord injury (SCI), axon connectivity is disrupted within a 

predominantly inhibitory milieu. Understanding between glia and neurons is therefore 

critical for elucidating mechanisms of axon regeneration. In this study, we investigated 

the influence of enriched astrocyte subtypes-fibrous and protoplasmic-derived from 

mouse embryonic stem cells (mESCs). on axon growth from V2a interneurons in vitro. 

V2a interneurons were used due to their pivotal role as an excitatory neuron population 

in the spinal cord. In both 2D co-culture systems and 3D hyaluronic acid (HA)- based 

hydrogels, protoplasmic astrocyte-derived components significantly enhanced V2a axon 

growth compared to fibrous astrocytes. Proteomic analysis of astrocyte-derived ECM 

revealed elevated expression of key axon growth -associated proteins by protoplasmic 

astrocytes, including collagen XVIII (Col18a1), perlecan, laminin-1, anti-thrombin-III, and 

fibronectin. Defined ECM protein mixtures were formulated and into HA hydrogels to 

assess their capacity to mimic the proregenerative effects of native protoplasmic ECM. 

These engineered hydrogels successfully recapitulated the axon grow promoting 

properties of protoplasmic ECM, offering a scalable, cell free platform for supporting 
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V2a interneuron growth in vitro.  This work highlights the potential of astrocyte subtype-

specific ECM mimetics in developing regenerative strategies for SCI. 

3.2 Introduction 
Spinal cord injury (SCI) is a debilitating condition that disrupts network 

connectivity between motor neurons and interneuron populations resulting in loss of 

sensory and motor functions302. One strategy to restore synaptic connectivity after injury 

involves leveraging the  plasticity of spinal interneuron heterogeneity in gray matter of 

spinal cord140,148,303. This study utilizes the model of increasing axon growth of one 

specific interneuron type, V2a interneurons, with potential application towards affecting 

axon growth of other interneurons, such as V0, V1, and V3140. V2a interneurons are an 

excitatory ventral neuron population involved in diaphragm function and respiratory 

breathing patterns in specifically cervical SCI models140,148,154,155,157,303,304.  Protocols 

have been established to derive V2a interneurons from human pluripotent cells and 

mouse embryonic stem cells (mESCs), enabling the study of their synaptic integration 

with other classes of interneurons and motor neurons132,152. These approaches have 

facilitated targeted transplant studies aimed at enhancing respiratory plasticity and 

improving diaphragm function post-SCI7. However, when V2a interneurons are 

transplanted into the hostile microenvironment of the injured spinal cord, alterations in 

cell phenotype and low survival rate of the transplanted neurons has been 

observed140,148,303.Therefore, identifying microenvironment cues from other spinal cord 

cell types that can increase axon growth of V2a interneurons is crucial.  

Astrocytes play a vital role in synapse formation and neuron support. Both 

protoplasmic astrocytes in the grey matter and fibrous astrocytes in the white matter 
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extend complex processes to ensheath axons and support neuronal homeostasis297,305. 

Glutamate transporters in astrocyte membranes aid in glutamate uptake and prevent 

excitotoxicty306. Furthermore, astrocyte calcium signaling acts as internal 

communication that regulates potassium and neurotransmitter uptake contributing to a 

balance environment297,307. Through these functions, astrocyte help to sustain excitatory 

and inhibitory synaptic networks and support regenerative responses308. Thus, 

astrocytes may play an important role in promoting axon growth after SCI.  

Astrocyte-secreted cues, including extracellular matrix (ECM) proteins and 

growth factors, have the potential to promote axon growth. Incorporating these glial-

derived cues into biomaterial-based therapies may enhance axon growth after SCI. 

Notable astrocyte-derived ECM proteins that support synaptogenesis and axon growth 

include Hevin and SPARC (secreted protein in acidic and rich in cysteine), which 

regulate presynaptic input and promote glutamatergic synapse formation.  Additional 

candidates, such as thrombospondin, glypicans, as well as ECM glycoproteins, laminin 

and fibronectin, are also known to influence axon growth17,308. Conversely, border-

forming astrocytes secrete inhibitory molecules, such as chondroitin sulfate 

proteoglycans (CSPGs), which can hinder axon regeneration. Therefore, investigating 

the specific effects of astrocyte-derived cues on axon growth is essential for 

understanding the diverse roles of astrocyte subtypes and for informing the 

development of future SCI therapies.  

In our previous work, we demonstrated that ECM derived from protoplasmic 

astrocytes differentiated from mouse embryonic stem cells supported greater axon 

growth than ECM from fibrous astrocytes, both in vitro and in vivo44. However, the 
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mESC-derived astrocyte cultures contained other cell types (neurons, oligodendrocytes, 

and undifferentiated stem cells) that may have included the observed ECM effects. To 

address this issue, we generated transgenic puromycin selectable cell lines to enrich 

specific astrocyte subtypes and minimize contributions from other cell types. Using 

these enriched cell populations, we investigated the effects of astrocytes subtype on 

V2a interneurons axon growth. ECM from selected protoplasmic astrocytes significantly 

increased axon extension of V2a interneurons compared to ECM from selected fibrous 

or unselected astrocytes, suggesting that differences in ECM protein compositions 

underlie these effects. We identified several key proteins highly upregulated in selected 

protoplasmic astrocyte ECM that could be incorporated in hydrogels. We used a HA-

based hydrogel platform with defined protoplasmic astrocyte ECM proteins to generate 

a simplified, defined astrocyte ECM mimetic support axon growth from V2a interneurons 

in vitro. This biomaterial platform offers a promising alternative to the labor-intensive 27 

day- astrocyte differentiation protocol, while ensuring consistent protein composition.  

3.3 Materials and Methods 
 
3.3.1 Cell culture media formulations44,132  
Complete Media (CM)- consisting of Dulbecco’s modified Eagle’s Medium (DMEM; Life 

Technologies #11965-092, Carlsbad, CA) supplemented with 10% newborn calf serum 

(Life Technologies #16010-159), 10% fetal bovine serum (Life Technologies #26140-

079), and 1x Embryomax Nucleosides (Millipore #ES-008-D, San Francisco, CA).  

DFK5- DMEM/F12 (Life Technologies) plus 5% Knockout Serum Replacement (Life 

Technologies #10828-028), 50 µM nonessential amino acids (Life Technologies 

#11140-050), 1x Insulin-Transferrin-Selenium (Life Technologies #41400-045), 100 µM 
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b-mercaptoethanol (BME; Thermo Fisher Scientific, 21985023), 5 μM thymidine, and 1x 

Embryomax Nucleosides.  

Astro1 media- DFK5 with 20 µg/mL epithelial growth factor (EGF) (Peprotech, #315-09), 

10 µg/mL fibroblast growth factor 1 (FGF-1) (Peprotech, 450-33A), and 1 µg/mL laminin 

(Life Technologies #23017-015)  

Protoplasmic (astrocyte) media- DFK5 with 10 μg/mL FGF-1, 10 μg/mL bone 

morphogenic protein (BMP-4; Peprotech, #315-27) 

Fibrous (astrocyte) media- DMEM/F12 plus 1 × G5 supplement (Life Technologies, 

#17503012), 10 μg/mL ciliary neurotrophic factor (CNTF; Peprotech, #450-13) 

Neuronal media- 50% Neural basal media (Life Technologies) and 50% DFK5 media 

with 1 × GlutaMAX (Life Technologies #35050-061), 1 × B27 (Life Technologies #17504-

044), and 10 ng/mL of the following growth factors for 24 h: glial-derived neurotrophic 

factor (GDNF; Peprotech #450-10, Rocky Hill, NJ), neurotrophin-3 (NT-3; Peprotech 

#450- 03, Rocky Hill, NJ), and brain-derived neurotrophic factor (BDNF; Peprotech 

#450-02, Rocky Hill, NJ). 

 3.3.2 mESC culture maintenance258 

Aqp4-puro, Olig2-puro, Chx10-puro TdTomato or Chx10-puro eGFP, and RW4 (ATCC, 

SCRC-1018) mESC lines were maintained in T-25 flasks coated with 0.1% gelatin 

(MilliporeSigma, G1393; in water) in CM with 1000 U/mL leukemia inhibitory factor (LIF; 

MilliporeSigma, ESG1106) and 100 μM β-mercaptoethanol (BME; Thermo Fisher 

Scientific, 21985023) in 5% CO2 at 37 °C. For passaging approximately every 2 days, 

mESC colonies were dissociated with 0.25% trypsin ethylenediaminetetraacetic acid 

(trypsin–EDTA; Thermo Fisher Scientific, 25200072) for 5 min, followed by quenching 
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with CM and trituration to ensure single-cell suspension. Single cells were plated in a 

new gelatin-coated flask containing CM + LIF + BME at a typical 1:5 ratio and grown for 

two days or until ~ 60-80% confluent.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.1 Astrocyte and V2a interneuron differentiation protocols for experimental design of 
investigating effects of astrocyte subtypes on axon growth A) Timed differentiation for generating 
and collecting astrocyte substrates and ECM collection B) Timed steps of V2a interneuron differentiation 
for seeding of V2a interneurons on astrocyte substrate types and V2a aggregates in astrocyte ECM and 
protein hydrogels  

3.3.3 Glial Differentiation from mESCs and puromycin selection of 
astrocyte phenotypes (Fig. 3.1A)258 

Astrocytes were derived from Aqp4-PAC mESCs as previously described to 

generate protoplasmic astrocytes and from Olig2-PAC mESCs to generate fibrous 

astrocytes. On day 0, 1-1.5 x 106 ESCs were cultured in suspension on agar-coated 10 

cm dishes in 10 mL DFK5 for two days to form embryoid bodies (EBs). On days 2 and 

4, the media was changed with 10 mL DFK5, 2 µM retinoic acid (RA; Sigma #R2625), 

and 600nM Smoothened Agonist (SAG; Fisher Scientific, #566661) to generate ventral 

A 

B 
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progenitors of the spinal cord. On day 6, the EBs were dissociated and seeded at 

density of 50,000-100,000 cells/cm2 onto a gelatin-coated tissue culture treated 6-well 

plates (ThermoFisher; #3516) in Astro1 media for 5 days. On day 11, cultures were 

switched into astrocyte phenotypic media (protoplasmic or fibrous) for an additional 4 

days in the same plates51.  

On day 15, the protoplasmic astrocytes were reseeded onto gelatin-coated plates 

at a density of 50,000 or 100,000 cells/cm2 and maintained in lineage specific media for 

additional 2 days. On day 17, protoplasmic astrocytes were selected with 2 µg/mL 

puromycin (Sigma #P8833) in protoplasmic astrocyte media for 1 day. On day 18, the 

protoplasmic astrocytes were washed with phosphate buffered saline (PBS) and 

maintained in astrocyte phenotypic media in same culture plates until Day 21 for 

reseeding. On day 21, the protoplasmic astrocytes were reseeded at 25,000 cells/cm2 in 

0.1% gelatin-coated 6-well tissue culture plates for ECM deposition that was harvested 

through modified Hudson decellularization protocol.  

On day 17, the fibrous astrocytes were reseeded onto gelatin-coated plates at a 

density of 10,000 or 20,000 cells/cm2 and maintained in lineage specific media for 

additional 2 days. On day 19, fibrous astrocytes were selected with 4 µg/mL puromycin 

in fibrous astrocyte media for 2 days. On day 21, the fibrous astrocytes were washed 

with PBS and maintained in astrocyte phenotypic media in same culture plates until Day 

23 for reseeding. On day 23, the fibrous astrocytes were reseeded at 20,000 cells/cm2 

in 0.1% gelatin-coated 6-well tissue culture plates for ECM deposition that was 

harvested through detergent-based decellularization44,60. For ECM use in hydrogel 

experiments and proteomic analysis, 1mL 50mM Trehalose was added to culture plates 
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and proteins were scraped using a cell-scraper. The resulting ECM protein suspension 

was lyophilized overnight and stored in -20oC60.  

3.3.4 Astrocyte substrate preparation 
Day 21 astrocyte phenotypic cultures were seeded onto the wells of gelatin-coated 48-

well plates at density of 20,000- 25,000 cell/cm2 and cultured in phenotypic media for 6 

days to be used at day 27 for V2a interneuron seeding (Fig. 3.1). For frozen astrocytes, 

the astrocytes were kept in the freezer overnight at day 27. On day 27, a modified 

Hudson decellularization protocol was conducted for the unselected and selected 

astrocyte subtypes. On day 1 of decellularization, the astrocytes are washed in sterile 

water for 15 minutes and then exposed to a solution of 10mM phosphate (composed of 

equal amounts of 100mM sodium phosphate monobasic-Sigma Aldrich S3139 and 

dibasic-Sigma Aldrich S5136 with water to adjust to final concentration), 50mM NaCl 

(Fisher Scientific AC424290250), 125mM sulfo-betaine-10 (Fisher Scientific 

AC459680250) for 2 hours on a rocker for more even spread of solution over the 

astrocytes. Then, the astrocytes were washed with solution of 50mM phosphate and 

100mM NaCl and placed on the rocker overnight in a solution of 10mM phosphate, 

50mM NaCl, and 0.6mM sulfo-betaine 16 (Sigma Aldrich H6883). On day 2 of 

decellularization, the astrocytes were rinsed 3 times at 5 minutes each with a solution of 

10mM phosphate and 50mM NaCl. Then, the astrocytes are placed in the solution of 

10mM phosphate, 50mM NaCl, and 125mM sulfo-betaine- 10 for 1 hour. After, the 

astrocytes are placed in the solution of 10mM phosphate, 50mM NaCl, and 0.6mM 

sulfo-betaine 16 for 2 hours. Finally, the astrocytes are washed 3 times at 5 minutes 
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each with a solution of 10mM phosphate and 50mM NaCl to produce the decellularized 

astrocyte substrates for neuron seeding.  

3.3.5 V2a interneuron culture (Fig. 3.1B)132 

V2a interneurons were generated from Chx10-puro-TdTomato or Chx10-puro-eGFP 

mESCs and were induced using a 2−/4+ protocol using 10 nM RA and 1 μM 

purmorphamine (Pur; EMD Millipore #540223) from days 2 to 6 and 5 μM N-{N- (3,5-

difluorophenacetyl-L-alanyl))-(S)-phenylglycine-t-butyl-ester (DAPT; Sigma #D5942) for 

days 4 to 6. On day 6, 4µg/mL puromycin was added to the 10-cm dish containing V2a 

interneuron EBs for 24 hours. On day 7, selected V2a IN EBs were dissociated with 

0.25% trypsin followed by quenching with CM and seeded at 10,000- 20,000 cells/cm2 

on day 27 astrocyte substrates in 48-well plate with neuronal media. Average neurite 

extension was measured using ImageJ for analysis132.   

3.3.6 Preparation of V2a interneuron aggregates (Fig. 3.1B) 
Two days after selection, V2a interneurons seeded in laminin-coated flask were lifted 

using Accutase (Sigma, A6964) treatment for 30 min and 800,000-1 million cells were 

transferred into a single well in a Aggrewell 400 (Stemcell Technologies, #34415) plate 

with 1200 microwells per well to get approximately aggregates of 500–600 cells. The 

well had been previously treated with anti-adherence rinsing solution (Stem Cell 

Technologies, #07010) to reduce surface tension and cell adhesion to aid in promotion 

of aggregate formation. The interneurons were cultured for 2 days in neuronal media in 

the aggrewell for neuro-aggregate formation. At this time, neuro-aggregates were lifted 

and collected for counting before seeding into hydrogels with astrocyte extracellular 

matrix (ECM) and individual proteins309.  
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3.3.7 Hyaluronic acid (HA)-methylfuran (mF) synthesis212  
400 mg HA (Creative PEGWorks, MW 250 kDa, #HA-103) was dissolved in 40 mL 2-(N-

morpholino) ethanesulfonic acid (MES) buffer (pH 5.5) within a round bottom flask. 750 

mg of 4- (4,6- dimethoxy-1,3,5-triazin-2-yl)-4- methylmorpholinium (DMTMM) (TCI 

America, #D2919) was added to the solution and stirred for 10 min. 124.5 µL of 5-

methylfurfurylamine (TCI, #M1311) was then added dropwise, with the reaction carried 

out for 72 hours under constant agitation by magnetic stir bar. The solution in the flask 

was dialyzed in tubing (Thermo Scientific, #88243) against DI water for two days with 

water replaced every 24 hours. The solution was lyophilized for two days to ensure 

removal of all water. The final product was collected as a white fibrous material and 

stored at -20oC until further use for hydrogel solution preparation.  

3.3.8 Determination of functionality of HA-mF using nuclear magnetic 
resonance (NMR) spectroscopy309  
 
10 mg/mL of HAmF was dissolved in deuterium oxide (Thermo Fisher Scientific) for 24 

hours and H1 NMR was used to characterize the product to calculate the degree of 

methylfuran substitution. 

3.3.9 Hydrogel synthesis309 
 
Lyophilized HAmF was dissolved in phosphate buffer saline (PBS) buffer at pH 7.4 

overnight at 11 mg/mL and crosslinked with PEG-diMal (MW 3150, Rapp Polymere, 

#113000) in PBS at 156 mg/mL and combined in a 20:1 volume ratio of HAmF to PEG-

diMal for a final molar ratio of 3:1 methylfuran to maleimide.  
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3.3.10 Preparation of HAmF-PEGdiMal hydrogels with V2a interneuron 
aggregates and proteins 
Hydrogel format was conducted in 96-well plates with a gel volume of 30-35 µL in each 

well with 3 wells for each experimental and control group. This resulted in a total gel 

volume of 120 µL for each protein/astrocyte phenotypic ECM tested in the hydrogel with 

V2a interneuron aggregates with negative control being hydrogel alone with no proteins 

and positive control with 10 µg/mL generic laminin. Additional hydrogel testing was 

conducted with protein concentrations at 5, 10, and 25µg/mL for laminin-1 and 

fibronectin to demonstrate the use of protein testing on axon growth in the hydrogel 

system. The astrocyte ECM concentrations used were all at 50 µg/mL. These 

proteins/astrocyte ECM were added to measured amounts of HA solution in 

microcentrifuge tubes for each hydrogel condition for 120 µL. Then, 45-50 V2a 

interneuron aggregates were added in DFK5/NB media to the solution. Finally, the 

PEG-dimaleimide amount was added to the hydrogel in a ratio of 20:1 volume ratio of 

HAmF to PEGdiMal for a final molar ratio of 3:1 methylfuran to maleimide. The final 

contents were mixed and added at 30-35µL to each well in the 96-well plate. Lastly, 

100µL of neuronal media was added on top of the thin hydrogels for culture of 2 days in 

incubator at 37C. After incubation, the V2a interneuron aggregates were imaged at 488 

or 555nm excitation fluorescence to observe the neurite extensions from the 

aggregates. The images were analyzed with ImageJ software to quantify the average 

neurite growth, which was calculated as the average radius of an annulus between the 

aggregated body area and the outer ring of neurite extension309. 

For the chosen 7 selected protoplasmic astrocyte ECM proteins, low and high 

concentrations were considered as Kd and 5xKd for each protein, respectively.  
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Table 3.1 The specific low (Kd) and high concentrations tested for each protein in HAmF-PEGdiMal 
hydrogel for testing effects on axon growth of V2a interneurons 

Protein name  Kd  High 
concentration  

Manufacturer 

Perlecan  2.06 µg/mL310 10.3 µg/mL Sigma Aldrich #H477 
Collagen 4a1 0.15 µg/mL311 0.75 µg/mL Biomatik RPU40899 
Nidogen-2 0.85 µg/mL312 4.25 µg/mL Biomatik RPU51609 
Collagen18a1 0.4 µg/mL313 2 µg/mL Abcam ab56290 
Anti-thrombin III 1.49 µg/mL314  7.45 µg/mL Abcam ab93233 
Laminin-1 10 µg/mL 50 µg/mL RD systems #3400-010-

02  
Fibronectin 11 µg/mL 55 µg/mL Innovation Research 

IMSFBN1MG 
 
3.3.11 Proteomic analysis of decellularized astrocyte ECM44  
Day 21 selected protoplasmic astrocytes and Day 23 selected fibrous astrocytes were 

seeded at 25,000 cells/cm2 onto gelatin-coated plates and allowed to grow until day 27 

time point and decellularization. After decellularization, the residual proteins were 

scraped off the plate into 50mM Trehalose and lyophilized overnight. The resulting 

powder was dissolved in sterile water, and the protein concentration was quantified 

using Pierce’s BCA assay (Thermo Fisher Scientific). 10µg from 4 biological replicates 

of decellularized selected astrocyte phenotypes was processed to obtain peptides 

through the EasyPep Mini MS sample prep kit instructions (Thermo Fisher Scientific), 

which reduces, alkylates, and digests the ECM proteins into peptides. The resulting 

peptide solutions were provided to the University of Washington Proteomics Resource 

Center (UWPR) for MS analysis. All samples were analyzed on an Exploris480 mass 

spectrometer (ThermoFisher Scientific) equipped with an EASYnLC 1200 Ultra-

performance liquid chromatography UPLC system (ThermoFisher Scientific) and in 

house developed nano spray ionization source. Selected astrocyte ECM peptide 

samples (4 μL at 200-400 μg/μL at start of MS prep) were loaded from the autosampler 
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onto a 100 μm ID Integrafrit trap (NewObjective) packed with Reprosil-Pur C18-AQ 120 

Å 5 µm material (Dr. Maisch) to a bed length of 3-cm with a volume of 18 µL at a flow 

rate of 2.5 µL/min. After loading and desalting with 0.1% formic acid in water (LCMS 

grade from Fisher), the trap was brought in-line with a pulled fused-silica capillary tip 

(75-μm i.d.) packed with 35 cm of Reprosil-Pur C18-AQ 120 Å 5 µm (Dr. Maisch). 

Peptides were separated using a linear gradient, from 6-35 % solvent B (LCMS grade 

0.1 % formic acid, 80 % acetonitrile in water (Fisher) in 90 min at a flow rate of 300 

nL/min. The raw files were pooled by selected astrocyte phenotype and converted to 

mzXML and searched against a mouse protein sequence database using Comet. The 

search results were then processed with PeptideProphet and ProteinProphet tools from 

the Trans-Proteomic Pipeline software suite. The results of identified protein groups 

were viewed through pepXML and protXML files. 

3.3.12 Selection of proteins for axon growth testing in hydrogel 
platform with V2a interneuron aggregates and testing on V2a 
interneurons  
Protein identifications and probabilities were assigned using the ProteinProphet 

algorithm. The Abacus software provided the quantitative results using the normalized 

spectral abundance factors for each identified protein based on peptide spectral 

counts315. The following settings were applied in the Abacus analysis: (i) a protein group 

must contain a peptide with a peptide probability of 0.99; (ii) minimum peptide 

probability of 0.5 for a peptide to be considered in the spectral counts; and (iii) minimum 

protein probability of 0.9. The results were tabulated into an Excel file. A ratio of 

normalized spectral abundance factor for selected protoplasmic astrocyte to selected 

fibrous astrocyte was calculated for each identified protein. These ratios were ranked 
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highest to lowest to determine the proteins found upregulated in selected protoplasmic 

astrocyte ECM (ratio higher than 1). 7 proteins upregulated in selected protoplasmic 

astrocyte ECM were chosen based on several criteria including the role of protein in 

extracellular space and matrix, commercial availability of human or mouse versions, 

potential axon growth evidence, and proteins available as a tag-free option to be used in 

cell culture applications.   

3.3.13 Design of Experiments (DoE) analysis to determine 
combinations of chosen proteins added to hydrogel 
Using JMP software, a custom design for DoE was conducted with the inputs of factors 

with 2 levels to represent the proteins at high and low concentrations (5xKd and the Kd 

concentration for each protein) of the proteins that produced axon growth at the high 

concentrations. The resulting table provides the concentrations and protein 

combinations to test in the HAmF-PEG maleimide hydrogel format in vitro with V2a 

interneuron aggregates (Supplemental Table 3.1).    

3.3.14 Immunocytochemistry (ICC) 
Cells were rinsed with PBS and then fixed in 4% paraformaldehyde (Sigma) for 20 mins 

at 4oC. The cells were rinsed with PBS and permeabilized in 0.1% Triton-X (Sigma) for 

10 mins at 4oC if staining for nuclear or cytoplasmic markers. Cells were blocked with 

5% of an appropriate serum (Goat (Sigma) or Donkey (Sigma)) in PBS for 1 hr at 4oC. 

Primary antibodies were used at the following dilutions: Synaptic vesicle 2 (SV2) 1:100 

(DSHB), Aquaporin-4 1:100 (Millipore), Perlecan 1:100 (Thermo Fisher Scientific), 

Decorin 1:100 (Santa Cruz Biotechnology), Endostatin Col18a1 antibody (Thermo 

Fisher Scientific), and Fibronectin antibody (Proteintech). Primary antibody incubation 

was carried out overnight in 2% of appropriate serum in PBS at 4oC and were rinsed 3 
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times with PBS after incubation. Corresponding Alexa Fluor secondary antibodies (Life 

Technologies) were all used at a 1:1000 dilution (final concentration of 4 µg/mL) and 

incubated in 2% of appropriate serum in PBS for 1 hr at 4oC. After the incubation, the 

cells are rinsed with PBS three times. 1:1000 Hoechst (Invitrogen) in PBS was 

incubated with the cells for 10 min at 4oC prior to imaging on a Leica DMi8 or Nikon 

wide-field fluorescence microscope. The image analysis was performed by using Image 

J to count the number of nuclei by DAPI stain and the number of cells stained positive 

for the above chosen markers. 

3.3.15 Statistics 
Statistical analysis was performed in GraphPad Prism9 and Microsoft Excel. Multiple 

comparisons statistics were accomplished using Scheffe’s post hoc test for one-way 

analysis of variance (ANOVA) with a 95% confidence level. Values are reported as the 

mean plus or minus standard error. 

3.4 Results 
3.4.1 Effects of astrocyte subtype substrates on V2a interneurons 

To investigate how astrocyte subtypes influence axon growth of V2a 

interneurons, we utilized mature day 27 astrocyte cultures derived from transgenic 

puromycin-selectable mESC lines to ensure subtype enrichment and minimize cellular 

heterogeneity. These mature cultures exhibited a high fraction of cells positive for 

astrocyte subtype markers and low fraction of cells positive for markers of other cell 

types (Supplemental Fig. 3.1). V2a interneurons, enriched from a separate transgenic 

selectable cell line, were seeded onto various astrocyte-derived substrates - including 

live, frozen, and decellularized astrocyte ECM, as well as conditioned media, to 
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investigate the contributions of whole cells, membrane components, ECM proteins, and 

soluble factors, respectively132. Constitutively expressed TdTomato in the V2a 

interneurons enable clear visualization and quantification of the axon outgrowth. The 

results revealed significant differences in the average neurite length depending on the 

astrocyte subtype and substrate condition. Notably, components from selected 

protoplasmic astrocytes significantly enhanced neurite extension compared to those 

from selected fibrous, unselected fibrous, and unselected protoplasmic astrocyte 

components, except for conditioned media (Fig. 3.2A). Among all conditions, 

decellularized substrates from selected protoplasmic astrocytes produced the most 

robust axon growth, markedly outperforming those from selected fibrous decellularized 

astrocytes (182± 7.5 compared to 29.1±3.1). Furthermore, the V2a interneurons 

cultured on decellularized selected protoplasmic substrates exhibited extensive neurite 

outgrowth in contrast to the sparse and short extensions observed on decellularized 

selected fibrous astrocytes (Fig. 3.2B, C; Supplemental Fig. 3.2A, B). These findings 

indicate that selected protoplasmic astrocytes provide axon growth-permissive 

components likely through distinct ECM protein composition. 

To better understand the mechanism underlying the observed axon growth 

differences, we characterized the composition of the various astrocyte-derived 

substrates. Immunocytochemistry (ICC) analysis of live astrocyte cultures on Day 27 

revealed a high fraction of cells positive for astrocyte markers, such as GFAP, S100b, 

and Aqp4, and low fraction of cells positive for other cell types, including neurons, 

oligodendrocytes and undifferentiated stem cells (Supplemental Fig. 3.1). Additionally, 

cultures of V2a interneurons on live astrocyte substrates showed a high fraction of 
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neurons positive for synaptic vesicle protein 2 (SV2), a marker of synapse formation, 

suggesting astrocyte substrates support synaptogenesis (Supplemental Fig. 3.3A, B)316. 

Decellularized astrocyte substrates retained subtype specific ECM components, with 

thrombospondin enriched in selected fibrous ECM and perlecan in selected 

protoplasmic ECM, consistent with prior proteomics analyses of astrocyte cultures 

derived from non-transgenic mESC lines44. Together these findings suggest that 

selected protoplasmic astrocytes produce ECM and growth factor cues that are 

permissive to axon growth, potentially explaining their enhanced support for V2a 

interneuron neurite extension. 
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Figure 3.2 Selected protoplasmic astrocyte components significantly promote V2a interneuron 
neurite growth. A) Effects of live (whole cell), frozen (membrane), and decellularized (ECM) astrocyte 
phenotypes on axon growth of V2a interneurons n=50-100; * p<0.05 and ** p<0.01. B) Representative 
image of V2a interneurons seeded on decellularized selected protoplasmic astrocytes; Scale bar= 
100µm. C) Representative image of V2a interneurons seeded on decellularized selected fibrous 
astrocytes; Scale bar= 100µm.  

3.4.2 Effects of astrocyte subtype ECM in hydrogel on V2a 
interneuron aggregates 

To evaluate whether axon growth-promoting effects of astrocyte-derived ECM 

observed in 2D cultures translate to a 3D environment, we incorporated phenotypic 

ECM into hyaluronic acid-based hydrogels and assessed their effect on V2a interneuron 

axon extension. This hydrogel platform allows for the incorporation of growth factors 

and ECM proteins by mixing them in the HA solution prior to cross-linking with PEG-

dimaleimide, enabling controlled presentation of bioactive cues. To optimize ECM 

protein conditions, we tested varying concentrations of two control proteins, laminin and 

fibronectin in the hydrogel. Laminin at 25 µg/mL produced the greatest enhancement in 

axon growth (Supplemental Fig. 3.4). When comparing astrocyte subtype-derived ECM, 

hydrogels containing ECM from selected protoplasmic astrocytes showed significantly 

increased V2a interneuron axon growth compared to those containing ECM from 

selected fibrous astrocytes (Fig. 3.3A-C; 149.4 ± 9.1 compared to 52.4 ± 16.5). These 

results support the conclusion that specific axon-growth permissive proteins are 

B C 
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upregulated in the ECM from selected protoplasmic astrocytes, and that these 

components retain their bioactivity in a 3D hydrogel environment.   

 
Figure 3.3 Selected protoplasmic ECM in HAmF-PEGdiMal hydrogels significantly increased axon 
growth of V2a interneurons A) Selected protoplasmic ECM significantly supported axon growth 
compared to other astrocyte groups tested with at least 50 neuroaggregates in 3 trials; * p<0.05 and 
**p<0.01 B) Representative image of V2a interneuron aggregates in selected protoplasmic ECM 
hydrogel; Scale bar =100µm C) Representative image of V2a interneuron aggregates in selected fibrous 
ECM hydrogel; Scale bar= 100µm 

3.4.3 Proteomic analysis of astrocyte subtype ECM 
To identify ECM proteins that may underlie the axon growth-promoting effects of 

astrocyte subtypes, we performed liquid chromatography- mass spectrometry (LC-

MS/MS) proteomic analysis on day 27 decellularized ECM from selected protoplasmic 

and fibrous astrocyte cultures. These data provide insight into phenotype-specific ECM 

composition and highlight candidate proteins for biomaterial-based strategies to 

enhance axon growth. Proteomics data were process using Abacus, a computational 

tool that extracts spectral counts from label-free mass spectrometry datasets315. Protein 

identification was performed against the Mus musculus (mouse) protein database and 

abundance was estimated using adjusted normalized spectral abundance factors 
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(AdjNSAF), which accounts for peptide spectra and the protein length315,317,318. A total of 

5792 proteins were identified across both astrocyte ECM types (Supplemental Fig. 

3.6A). Abacus provided multiple protein abundance metrics including total, unique, and 

adjusted spectral counts, with AdjNSAF values used for downstream comparison. 

  Majority of proteins exhibited differential abundance between selected 

protoplasmic and fibrous ECM (Fig. 3.4A), with some proteins uniquely present in one 

phenotype (Fig. 3.4B). To identify proteins highly enriched in selected protoplasmic 

ECM, we calculated the ratio of AdjNSAF values between the two phenotypes (Fig. 

3.4C). Proteins with ratios 30 or greater were considered uniquely present in selected 

protoplasmic ECM. Cross referencing with Matrix DB revealed that 351 of the 5792 

proteins are found in the matricellular space (Supplemental Fig. 3.5A). Among these, 59 

ECM proteins were found at higher abundance ratio (ratio >1) in selected protoplasmic 

ECM, with 28 proteins highly upregulated (ratio >5) and 16 exclusively present proteins 

in selected protoplasmic ECM. These proteins represent promising candidates for 

further investigation into their roles in promoting V2a interneuron axon growth.  
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Figure 3.4 Proteomics analysis identified ECM proteins enriched in selected protoplasmic 
astrocyte culture that are candidates for promoting axon growth A) Plot of spectral abundance 
values for different proteins identified in both selected astrocyte phenotypes of 3 trials. B) Proteins 
identified have different spectral abundance values for each astrocyte phenotype. C) Proteins sorted by 
ratio of spectral abundance in selected protoplasmic to selected fibrous demonstrate proteins exclusively 
found in selected protoplasmic to proteins found in both phenotypes to proteins exclusively found in 
selected fibrous  

  
Table 3.2 Ratio of ADJNSAF values for selected protoplasmic ECM to selected fibrous ECM for each 
protein chosen to test in hydrogel system 

3.4.4 Decision criteria for selected protoplasmic astrocyte ECM 
proteins for hydrogel  

To translate the proteomic findings into a functional biomaterial platform, we 

aimed to identify and incorporate key ECM proteins upregulated in selected 

Protein  Ratio of ADJNSAF selected 
protoplasmic to selected fibrous  

Perlecan 1000 
Laminin-1 15.1 
Fibronectin 15.1 

Col18a1 5.58 
Anti-thrombin III 2.72 

Col4a1 2.68 
Nidogen-2 2.08 

A B 

C D 
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protoplasmic astrocyte ECM into a hydrogel system for synthesis of an astrocyte ECM 

mimetic capable of promoting V2a interneuron axon growth. Protein selection was 

guided by four criteria: 1) an ADJNSAF ratio greater than 2 in selected protoplasmic 

versus fibrous ECM 2, 2) literature evidence supporting a role in axon growth or neural 

development, 3) availability of human and/or mouse isoforms, and 4) commercial 

availability from a reliable supplier. Using these criteria, we selected seven ECM protein 

candidates for testing in the HAmF-PEGdiMal hydrogel system at varying 

concentrations and in combination (Table 3.2). Laminin-1 and fibronectin, well 

characterized basement membrane proteins,  are known to support neurite outgrowth 

and astrocyte migration, and play roles in central nervous system (CNS) 

patterning172,184,319–323. Perlecan, a heparan sulfate proteoglycan core protein, 

contributes to axonal and synaptic integrity324,325. Collagen XVIII (Col18a1) has been 

implicated in guiding axon regrowth of retinal ganglion cells during optic nerve 

regeneration326,327. Anti-thrombin III, a secreted plasma glycoprotein, may exert 

neuroprotective effects by modulating thrombin activity and immune responses328,329. 

Collagen IV alpha 1 (Col4a1), a component of the basement membrane, supports 

granule cell development and axonal projection311. Lastly, nidogen-2 is involved in 

neuromuscular junction maturation and synaptic organization330. Together, these 

proteins represent a diverse set of ECM components with established or potential roles 

in neural development and regeneration, making them strong candidates for inclusion in 

astrocyte ECM-mimetic hydrogels aimed at enhancing V2a interneuron axon growth.  

To determine the individual contributions of candidate ECM proteins to V2a 

interneuron axon growth, we conducted an initial screening using high concentrations (5 
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times higher than the reported dissociation constant, Kd values from the literature) 

incorporated into the HAmF-PEGdiMal hydrogel310–314. V2a interneuron aggregates 

were cultured within these hydrogels to assess axonal outgrowth responses. Among the 

proteins tested, laminin-1, fibronectin, and anti-thrombin III individually significantly 

enhanced axon growth compared to the other candidates (Fig. 3.5A). In contrast, 

nidogen-2 and Col4a1 supported minimal axon growth (4.5 ± 3.1 and 6.6 ± 2.1 

respectively), whereas Col18a1 and perlecan showed moderate effects (36.3 ± 4.2 and 

44.3 ± 7.2 respectively). Notably, although laminin-1, fibronectin, and anti-thrombin III 

individually promoted axon growth relative to the negative control, their effects were still 

significantly lower than those observed with the fully selected protoplasmic ECM 

incorporated into the hydrogel. These findings suggest that no single protein fully 

recapitulates the axon growth-promoting effects of the native astrocyte ECM, indicating 

that combinations of ECM components are likely to contribute to the enhanced axon 

outgrowth observed with selected protoplasmic astrocyte ECM.  

3.4.5 Design of Experiments (DoE) approach for testing effects of 
selected protoplasmic ECM proteins on V2a interneurons 
 

To systematically evaluate the combinatorial effects of selected protoplasmic 

ECM proteins on V2a interneuron axon growth, we implemented a custom design of 

experiments (DoE) approach using five candidate proteins - laminin-1, fibronectin, 

perlecan, Col18a1, and anti-thrombin III – at defined high and low concentrations. Initial 

testing revealed that perlecan and Col18a1, when incorporated individually at high 

concentrations into the hydrogel, consistently resulted in minimal axon growth across 

all V2a interneuron aggregates. Based on these findings, we hypothesized that these 
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proteins are unlikely to promote axon growth at their Kd concentrations and thus 

adjusted their low concentration values to match their respective Kd levels (Table 3.1). 

The custom DoE included all second through fifth order interactions among the 5 

proteins generating 36 unique protein combinations at the high and low concentrations 

for the hydrogel-based axon growth assays (Supplementary Table 3.1). From these, we 

designated a subset as “high priority combinations” defined by the inclusion of perlecan 

and col18a1 at the high concentrations (Table 3.3). These high priority combinations 

produced significantly different axon growth responses from V2a interneuron 

aggregates (Fig. 3.5B), with the most effective combinations containing at least 3 of the 

5 proteins at high concentrations - mostly Col18a1, perlecan, and anti-thrombin III - 

suggesting potential synergistic interactions. However, even the most effective 

combinations did not fully recapitulate selected protoplasmic ECM effects on axon 

growth despite showing significant differences among themselves (Fig. 3.5B, D). This 

highlights the complexity of ECM-mediated signaling.   
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Figure 3.5 Effects of single proteins and combinations of 5 proteins at high and low 
concentrations on axon growth of V2a interneurons in comparison to selected protoplasmic ECM 
in hydrogel A) Individual proteins at high concentrations demonstrated that laminin-1, fibronectin, and 
anti-thrombin III significantly increased axon growth with at least 50 neuroaggregates; * p<0.05 and ** 
p<0.01 comparison to selected protoplasmic ECM (Sel Proto ECM) in hydrogel. B) Combinations with at 
least 3 proteins at high concentration increased axon growth significantly compared to other combinations 
tested with at least 50 neuroaggregates; * p<0.05 and ** p<0.01 in comparison to Sel Proto ECM in 
hydrogel. C) Representative image of V2a interneuron aggregates in HAmF-PEGdiMal hydrogel with 5 
proteins in combination with 2 µg/mL col18a1 (C), 10.3 µg/mL perlecan (P), 10µg/mL laminin-1 (l), 
55µg/mL fibronectin (F), 1.49µg/mL anti-thrombin III (a); Scale bar= 100µm D) Representative image of 
V2a interneuron aggregates in HAmF-PEGdiMal hydrogel with V2a interneuron aggregates in HAmF-
PEGdiMal hydrogel with 5 proteins in combination with 2µg/mL col18a1 (C), 2.06 µg/mL perlecan (p), 
50µg/mL laminin-1 (L), 55µg/mL fibronectin (F), 7.45 µg/mL anti-thrombin III (A); Scale bar= 100µm E) 
Additional combinations demonstrated the highest axon growth with at least 15 neuroaggregates; * 
p<0.05 and ** p<0.01 comparison to Sel Proto ECM in hydrogel 
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Table 3.3 The specific combinations from JMP custom design output (Supplementary Table 1) that 
contain only high concentrations (5* Kd) of perlecan and col18a1 with both low and high concentrations 
for laminin-1, fibronectin, and anti-thrombin III.  

Combination Col18a1 
(µg/mL) 

Perlecan 
(µg/mL) 

Laminin-
1 (µg/mL) 

Fibronectin 
(µg/mL) 

Anti-
thrombin 

III 
(µg/mL) 

Abbreviation 

1 and 27 2 10.3 10 55 1.49 C P l F a 
3 2 10.3 50 11 1.49 C P L f a 

8 and 11 2 10.3 50 55 7.45 C P L F A 
9 2 10.3 50 11 1.49 C P L f A 

18 and 24 2 10.3 10 11 7.45 C P l f A 
29 2 10.3 50 55 1.49 C P L F a 
31 2 10.3 10 11 1.49 C P l f a  
35 2 10.3 10 55 7.45 C P l F A 

 
To further explore the impact of protein concentration on axon growth, we next 

tested the remaining combinations in which the perlecan and Col18a1 were included at 

the low concentrations, aiming to determine whether these conditions could match or 

exceed the axon growth supported by selected protoplasmic ECM containing hydrogels. 

Several of these combinations resulted in axon growth levels that were comparable to – 

or significantly greater than – those observed with fully selected protoplasmic ECM in 

the hydrogels (Fig. 3.5C, E). The most effective combinations either included all five 

proteins at low concentrations or featured high concentrations of laminin-1 and 

fibronectin in combination with Col18a1 (Supplementary Table 1). Additionally, some of 

the combinations that achieved axon growth responses similar to the selected 

protoplasmic ECM contained 2 or 3 of the 5 proteins at high concentration, suggesting 

that specific concentration-dependent interactions among these proteins can 

recapitulate the ECM’s growth promoting effects. Overall, these findings demonstrate 

that modulating the concentrations of a defined set of five ECM proteins within a 

hydrogel platform can effectively mimic the growth supportive properties of protoplasmic 

ECM, offering a promising strategy for engineering biomaterial platforms. 
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Table 3.4 The high priority combinations from DoE in which the high concentrations for all the proteins 
are adjusted to 50µg/mL (Supplementary Table 2)  

Combination Col18a1 
(µg/mL) 

Perlecan 
(µg/mL) 

Laminin-
1 (µg/mL) 

Fibronectin 
(µg/mL) 

Anti-
thrombin 

III 
(µg/mL) 

Abbreviation 

1 and 27 50 50 10 50 1.49 C P l F a 
3 50 50 50 11 1.49 C P L f a 

8 and 11 50 50 50 50 50 C P L F A 
9 50 50 10 11 1.49 C P L f A 

18 and 24 50 50 10 11 50 C P l f A 
29 50 50 50 50 50 C P L F a 
31 50 50 10 11 1.49 C P l f a  
35 50 50 10 50 50 C P l F A 

 
To minimize variability in axon growth outcomes due to differences in protein 

concentration, we standardized the high concentration of perlecan, Col18a1, and anti-

thrombin III to 50 µg/mL and re-evaluated the original 36 protein combinations using this 

adjusted formulation. These combinations were tested in the HAmF-PEGdiMal hydrogel 

system, with a focus on the same nine high priority combinations (Supplemental Table 

3.2, Table 3.4). Most of these high priority combinations supported axon growth levels 

that were comparable to or significantly higher than those observed with the selected 

protoplasmic ECM hydrogel (Fig. 3.6A-C).  Notably, combinations containing at least 

four proteins at the 50µg/mL concentration yielded the most robust axon growth 

responses. In contrast, the repeated low priority combinations – also tested at 50µg/mL 

– largely failed to support axon extension (Supplemental Fig. 3.6A-C). Combinations 

with only one or two proteins at high concentrations were similarly ineffective while 

those with three proteins at high concentration showed moderate axon growth 

(Supplemental Fig. 6A-C). These findings underscore the importance of protein 

concentration and combinatorial effects in modulating axon growth within the hydrogel 

platform. They suggest that tuning the concentration of key ECM proteins can effectively 
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replicate the axon growth-promoting properties of selected protoplasmic astrocyte ECM, 

offering a promising strategy for engineering defined, reproducible ECM mimetics.  

 

Figure 3.6 Effects of combinations with high concentration being 50µg/mL for each protein on 
axon growth of V2a interneurons in comparison to selected protoplasmic astrocyte ECM in 
hydrogel A) Certain combinations increased axon growth of V2a interneurons significantly compared to 
other combinations and selected protoplasmic ECM with at least 50 neuroaggregates in 3 trials; * p<0.05 
and ** p<0.01 B) Representative image of V2a interneuron aggregates in HAmF-PEGdiMal hydrogel with 
50µg/mL col18a1 (C), 50µg/mL perlecan (P), 50µg/mL laminin-1 (L), 50µg/mL fibronectin (F), and 
50µg/mL anti-thrombin III (A). C) Representative image of V2a interneuron aggregates in HAmF-
PEGdiMal hydrogel with 50µg/mL col18a1 (C), 50µg/mL perlecan (P), 50µg/mL laminin-1 (L), 11µg/mL 
fibronectin (f), and 1.49µg/mL anti-thrombin III (a). 

3.4.6 Least squares regression model for axon growth of V2a 
interneurons by selected protoplasmic ECM mimetic hydrogels 

To identify key protein interactions influencing axon growth, we developed a least 

squares regression model based on the average axon growth values from the 36 
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protein combinations tested in the hydrogel system. The model produced a strong fit 

(R=0.98), revealing several statistically significant interactions (p=0.02) that contribute 

to axon growth outcomes (Fig. 3.7A). The effect summary highlighted perlecan as a 

major factor, with its concentration significantly impacting axon growth (Supplemental 

Fig. 3.7A). Additionally, interactions in Col18a1 and laminin-1, fibronectin, and anti-

thrombin III were found to be significant, as were interactions between perlecan and 

anti-thrombin III or fibronectin and anti-thrombin III. The interaction profiler further 

illustrates how varying concentrations between two proteins influences axon growth 

(Fig. 3.7B). For example, increasing Col18a1 in the presence of low concentrations of 

laminin-1, is predicted to reduce axon growth, while pairing it with high laminin-1 

concentrations is predicted to enhance axon growth (Fig. 3.7B). In contrast, increasing 

Col18a1 concentration is predicted to have little effect with either low or high 

concentrations of fibronectin. Given the complexity of the full model – which included all 

second through fifth order interactions – applied a stepwise regression approach to 

reduce overfitting and isolate the most impactful variables.   

The refined model maintained a strong fit (p-value= 0.0001, R= 0.96 Fig. 3.7C) 

confirming that varying concentrations of perlecan and laminin-1 significantly influence 

axon growth (Supplemental Fig. 3.7B). It also identified key interactions among Col18a1 

and laminin-1, fibronectin and anti-thrombin III, and 4 proteins of col18a1, perlecan, 

laminin-1, and anti-thrombin III as critical contributors to axon growth of V2a 

interneurons (Fig. 3.7B). These regression models provide a valuable framework for 

predicting protein interactions and optimizing ECM mimetic formulations to replicate the 

axon growth promoting effects of selected protoplasmic astrocyte ECM. 
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Figure 3.7 Standard least squares regression model from DoE observations demonstrates key 
potential interactions of the 5 proteins (tested at low concentration of Kd and high concentration 
of 5* Kd) that impact axon growth significantly A) Actual vs predicted plot that demonstrates a best fit 
line by least squares model with significant p-value and small error for the model based on the average 
axon growth values for each of the 36 combinations. B) Interaction profiler output that displays the 
predictions of axon growth based on two-way interactions at varying concentrations of specific protein 
pair. C) Actual vs predicted plot that demonstrates a best fit line by stepwise regression model reduction 
with significant p-value and small error for the model based on the average axon growth values for each 
of the 36 combinations.  

 
Using axon growth data from runs where all proteins were tested at high 

concentrations (50µg/mL), we developed the least squares regression model that 

revealed enhanced predictive power and highlighted key protein interactions influencing 

V2a interneuron axon growth. The model demonstrated a strong fit (R= 0.985, p= 

0.0006; Supplemental Fig. 7C) and the effect summary identified laminin-1, fibronectin, 

perlecan, and Col18a1 as significant contributors to axon growth (p-value <0.05; 

Supplemental Fig. 7D). Notably, the model revealed several critical interactions 

including those between Col18a1 and perlecan, laminin-1 and fibronectin, and a three-
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C
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way interaction among laminin-1, fibronectin, and anti-thrombin III. These interactions 

may serve as key targets for future studies aimed at optimizing axon growth responses. 

Interaction profiling showed that axon growth generally increased when one protein’s 

concentration was raised while the other was maintained at a high level, except in the 

case of Col18a1 and anti-thrombin III, where this trend did not hold (Supplemental Fig. 

7E). To reduce model complexity and overfitting, a stepwise regression approach was 

applied. The resulting reduced model retained the same interaction profiles and 

continued to highlight the importance of varying the concentrations of Col18a1, laminin-

1, perlecan, and fibronectin in modulating axon growth of V2a interneurons 

(Supplemental Fig. 7G). Key interactions – such as those between Col18a1 and anti-

thrombin III and between laminin-1 and fibronectin- can be further studied and optimized 

for increasing axon growth. Overall, this refined regression model offers a valuable 

predictive tool for guiding the design of ECM mimetic hydrogels and optimizing protein 

concentrations to enhance axon growth of V2a interneurons.  

3.5 Discussion 
It was observed that the selected protoplasmic astrocytes more effectively 

supported axon growth of V2a interneurons compared to selected fibrous astrocytes. 

We hypothesize that this is due to phenotypic match, where grey matter astrocytes 

support more growth of neurons that project in grey matter, while white matter 

astrocytes may better support more growth of neurons that project in white matter331. In 

the spinal cord, protoplasmic astrocytes are in close contact with both excitatory and 

inhibitory synapses in grey matter. In contrast, fibrous astrocytes interact with 

oligodendrocytes and neurons to facilitate myelination and provide metabolic support 
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essential for maintaining axon integrity. A variety of glial-derived cues influence synapse 

formation and neural signaling, which can, in turn, impact axon growth. Further 

investigation into fibrous astrocytes may reveal their potential to support axon growth 

from neurons that reside in or project through white matter331. There might be a 

potential to understand how to utilize the astrocyte subtype specific ECM to promote 

connectivity between white matter and gray matter neuron populations. This could be 

studied through application of pre- and post-synaptic marker staining with various 

neuron populations on the decellularized substrates and ECM hydrogels to demonstrate 

potential synaptic connectivity. It is also important to consider that  

Spectral counting using AdjNSAF, a reliable semi-quantitative proteomic metric, 

informed our identification of key proteins that were upregulated in selected 

protoplasmic astrocyte decellularized ECM. We demonstrated that varying 

concentrations of the five specific proteins incorporated into the HAmF-PEGdiMal 

hydrogel promoted neurite outgrowth, suggesting these proteins may play a central role 

in recapitulating the ECM composition of protoplasmic astrocytes. Additionally, proteins 

present at lower ratios (1-2) in selected protoplasmic ECM may also contribute to axon 

growth and should be considered for inclusion in future protein formulations to explore 

more complex protein-protein interactions. Some proteins used in this study, such as for 

Col18a1, were human versions, which may have influenced axon growth outcomes 

given that the neuronal cells were of murine origin. The limited availability of species-

specific protein isoforms from reliable commercial sources constrained our ability to 

include other candidates identified through proteomic analysis. Moving forward, 

incorporating known secreted growth factors identified in the ECM proteomics dataset 
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(Supplemental Table 1) could further refine the composition of the selected 

protoplasmic ECM mimic.  

This study highlights the use of a HAmF-PEGdiMal hydrogel system combined 

with interneuron aggregates as a platform for evaluating axon growth with average 

neurite length. The modular nature of this hydrogel system allows for the incorporation 

of individual proteins to assess their specific effects on axon growth. Due to the nature 

of aggregates being composed of numerous neurons, it is hard to measure neurite 

growth per neuron. The tracing of the total neurite outgrowth area can account for 

potential differences in types of neurite outgrowth. However, it is important to 

acknowledge that there are observations of aggregates producing both short and long 

neurites that can be potentially due to interactions of certain neurons with the protein 

components in the hydrogel. There can be uses in post-injury microenvironment for 

hydrogel combinations to support longer extensions from aggregates and others to 

support more sprouting of shorter neurites around the aggregates. While the initial 

results with five selected proteins are promising, further investigation is needed to 

elucidate the molecular interactions among these proteins and their collective influence 

on axon growth. Further experiments should aim to determine binding affinities (Kd 

values) of each protein within the hydrogel, which would involve quantifying specific 

binding coefficients. Additionally, it will be important to study how these proteins interact 

with the hydrogel’s individual components and to characterize their diffusion over time -

potentially using enzyme-linked immunosorbent assays (ELISA). Protein size relative to 

the hydrogels’ pores may influence accessibility for the V2a interneuron aggregates. A 

deeper understanding of these hydrogel-protein interactions will enable more precise 
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tuning of the hydrogel composition for both in vitro and in vivo applications. Moreover, 

sequencing mRNA from V2a interneurons could help identify key receptors that interact 

with the tested proteins. These insights would support more accurate determination of 

optimal protein concentrations to better mimic the native protoplasmic ECM 

environment. One limitation of hydrogel-based ECM models is the potential for 

heterogeneous distribution of proteins, which may lead to variability in protein- 

aggregate contact and axon growth responses. Overall, systematic exploration of the 

different parameters of the protein hydrogel platform interacting with V2a interneurons 

could further enhance its utility in promoting axon growth.  

In this study, we employed the foundational principles of DoE to develop a 

predictive model assessing how combinations of proteins influence axon growth. DoE 

serves as a powerful framework for identifying optimal concentration ranges that can be 

tuned to engineer biomaterials mimicking the selected protoplasmic ECM. The outputs 

from our custom DoE model provide a valuable basis for generating future hypotheses 

regarding how specific protein-protein interactions and concentration dynamics affect 

axon growth. Our analysis highlighted key two-way interactions – specifically between 

fibronectin and anti-thrombin III, Col18a1 and laminin-1, and perlecan and anti-thrombin 

III- as promising targets for further investigation. These pairings offer insight into how 

modulating protein binding affinities and concentrations may enhance axon growth. 

Notably, the least squares regression model revealed that higher concentrations of the 

five tested proteins yielded more significant interaction effects, suggesting that protein 

concentration directly influences the molecular kinetics, as well as the capacity to 

engage with V2a interneurons. These findings underscore the importance of further 
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exploring hydrogel-protein dynamics to optimize the composition of selected 

protoplasmic ECM mimetics. Such optimization could lead to enhanced axon growth in 

vitro and in vivo.  

3.6 Conclusion 
 The study demonstrated that ECM derived from selected protoplasmic astrocytes 

enhanced axon growth of V2a interneurons compared to ECM from selected fibrous 

astrocytes, in both 2D surface and 3D hydrogel environments. We hypothesized that 

this effect is due to a higher expression of axon growth promoting ECM proteins by 

selected protoplasmic astrocytes. However, clinical translation of hydrogels containing 

native protoplasmic astrocyte ECM is limited by challenges, such as quality control and 

lengthy differentiation timeline required to generate this ECM. To address this, the study 

aimed to develop a defined, protein-based mimic of protoplasmic ECM in the HAmF-

PEGdiMal hydrogel system. Proteomic analysis identified candidate ECM proteins 

enriched in selected protoplasmic astrocytes, and five key proteins were selected based 

on criteria including commercial availability, human or mouse version, and relevance to 

neuronal function. These proteins were incorporated in the hydrogel system and tested 

using a DoE approach to evaluate their individual and combined effects on axon growth 

at varying concentration. The results revealed that specific combinations of these five 

proteins could replicate or even surpass the axon growth promoting effects of native 

protoplasmic ECM. These defined protein mixtures within the HAmF-PEGdiMal 

hydrogel represent a promising, tunable biomaterial platform for SCI therapy with 

potential for future in vivo validation in SCI models.  

 



 121 

Chapter 4: Summary and future directions 
 

4.1 Summary of findings  
 This thesis characterizes mESC-derived astrocyte phenotypes and their 

associated ECM proteins that can be instrumental in promoting axon growth from V2a 

interneurons in vitro. Astrocyte phenotypes have complex, often contradictory, roles in 

vivo. Certain secreted ECM molecules contribute to an inhibitory microenvironment, 

while others limit inflammation and protect remaining neuronal connections. It is 

important to study the astrocyte-specific cues that can promote a pro-regenerative 

microenvironment for axon growth. Our lab utilized mESCs as a scalable source of 

neural cell types and developed differentiation protocols resulting in heterogeneous 

cultures of fibrous and protoplasmic astrocyte cultures, which contain also other cell 

types, such as neurons, oligodendrocytes, and undifferentiated stem cells. This makes it 

difficult to elucidate astrocyte-specific cues.  

 To overcome the challenge of heterogeneity in mESC-derived astrocyte cultures, 

we utilized and characterized puromycin-selectable cell lines for astrocyte subtypes. In 

chapter 2, we determined an optimal time point of puromycin selection in the astrocyte 

differentiation protocol that generated enriched astrocyte subtype cultures that 

contained a lower percentage of other cell types (i.e. low levels of NFM and RIP 

expression) and a higher percentage of cells positive for astrocyte markers (i.e. high 

Aqp4 expression in protoplasmic and high Aqp4 and A2B5 expressions in fibrous). 

These selected astrocyte cultures did stain positive for both immature (CD44 and 

vimentin) and mature astrocyte markers (Aldh1L1 and S100b). Furthermore, the 

selected astrocyte cultures were able to uptake glutamate, respond to an inflammatory 
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stimulus, and produce calcium transients. Bulk RNA-sequencing of the selected 

astrocyte phenotypes demonstrated that selected protoplasmic astrocytes have 

upregulated genes in pathways related to ECM reorganization and cell adhesion. 

Selected fibrous astrocytes have upregulated genes in pathways related to cellular 

proliferation and localized protein synthesis at synapses. With ICC staining, selected 

protoplasmic astrocytes express Col4a1 and selected fibrous astrocytes express Wnt7a 

and integrin7a. Furthermore, both selected astrocyte substrate types supported SV2 

expression in V2a interneurons. Overall, the selected astrocyte subtypes can be used 

as a cellular platform to study astrocyte-specific cues for promoting axon growth of 

different neuronal populations.  

 In chapter 3, we focused on observing the effects of unselected and selected 

astrocyte phenotypes on V2a interneurons, a critical excitatory neuronal population. We 

discovered that selected protoplasmic astrocytes and their membrane, ECM, and 

conditioned media components significantly increased axon growth of V2a interneurons 

compared to fibrous astrocyte components. Furthermore, we observed that selected 

protoplasmic ECM in HA-based hydrogels promotes higher levels of axon growth than 

selected fibrous ECM hydrogel, indicating there are differential proteins within the ECM 

compositions of the astrocyte subtypes that drive this axon growth difference. Through 

proteomics, we identified a list of ECM proteins that are upregulated in selected 

protoplasmic astrocytes to be further tested in the previously described hydrogel 

platform for their ability to promote axon growth of V2a interneurons.  

The proteins were chosen based on a criterion including manufacturer 

availability, mouse or human origin, and untagged modality. 5 proteins (collagen18a1, 
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perlecan, laminin-1, fibronectin, and anti-thrombin III) were tested in HAmF-PEGdiMal 

hydrogels. DoE was used to identify various combinations of high and low 

concentrations of these proteins to test. It was found that there were defined mixtures of 

proteins that can promote greater levels of axon growth compared to selected 

protoplasmic ECM. Thus, these combinations in the hydrogel can be utilized as a 

selected protoplasmic astrocyte ECM mimetic for axon growth applications without the 

need for astrocyte differentiation to harvest ECM. The defined mixture in the hydrogel 

can be a scalable approach for improving axon growth of V2a interneurons post SCI.   

4.2 Thoughts on future directions 
 Astrocyte phenotypic components can modulate axon growth to stimulate 

neuronal connectivity. In this section, I describe a few approaches that can utilize 

selected astrocyte phenotypes as a platform to study astrocyte-derived proteins and 

genes for informing SCI therapies. In vitro methods with electrophysiology can aid in 

probing astrocyte-regulated connectivity between interneurons and motor neurons. 

Furthermore, transgenic methods can modify selected astrocyte phenotypes to increase 

or decrease expression of certain axon-growth related genes. The selected 

protoplasmic ECM mimetic material has potential for understanding the interactions 

amongst the 5 proteins and proteins to V2a interneuron receptors to fine-tune the 

concentrations of proteins in the hydrogel. This material can be tested in SCI models to 

examine neuronal connectivity and potential functional recovery in vivo.  

4.2.1 Astrocyte phenotype support of neuronal connections in vitro 
 This thesis demonstrated that protoplasmic astrocytes support axon growth from 

V2a interneurons more than fibrous astrocytes. The observation could be due to 
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protoplasmic astrocytes and V2a interneurons both residing in the gray matter of the 

spinal cord. It is possible to repeat the 2D and 3D studies in this thesis to investigate the 

potential of selected fibrous astrocytes to offer greater support of axon growth to white 

matter neurons, such as CST neurons. Understanding the astrocyte phenotypic support 

for different neuron populations that connect through both gray and white matter can 

help to rebuild CPG connectivity. The proteomics data has provided a list of proteins 

upregulated in selected fibrous ECM, such as spondin-1, Col2a1, and vitronectin, that 

can be used to build also defined protein hydrogel as a selected fibrous ECM mimetic to 

support white matter neurons. It would be interesting to utilize a combination of 

astrocyte phenotypic ECM proteins to support axon growth of gray and white matter 

neurons involved in CPG connectivity for motor neuron signals332. These in vitro neuron 

connections could be assessed by utilizing multielectrode array (MEA) or whole cell 

recordings to probe electrophysiological properties of different neurons that might 

indicate rhythmicity important for locomotor movements, such as left-right alternation, 

breathing, and swimming333. The amplitude and duration of bursting in co-culture of 

different neuron populations and mono-neural cultures with astrocyte phenotypic factors 

can help determine the key microenvironment to support neuronal connectivity. 

Applying selected protoplasmic and fibrous-derived ECM proteins to co-culture of 

interneurons, CST neurons, and motor neurons can be used as an in vitro model for 

circuit formation. This in vitro investigation could give potential ideas on how 

connectivity might be probed in a future in vivo study with the inclusion of both astrocyte 

subtype ECM proteins.  
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4.2.2 Probing glial crosstalk for effects on axon growth 
 
 As observed in spinal cord development and SCI, astrocytes, oligodendrocytes, 

and microglia are influenced and matured by different cues secreted from the cell types. 

Specifically, hiPSC-derived immature astrocytes secrete tissue inhibitor of 

metalloproteinase 1 (TIMP1), a protein that regulates OPC differentiation and 

oligodendrocyte maturation92. This crosstalk between astrocytes and oligodendrocytes 

can aid in improving recovery post brain injury by promoting both axon growth and 

myelination92. During spinal cord development, fibrous astrocytes and oligodendrocytes 

are derived from the same bipolar progenitor cells, suggesting that these populations 

can influence each other’s glial fate and maturation. During reactive astrogliosis post 

SCI, it is observed that the secretion of pro-inflammatory cytokines by pro-inflammatory 

microglia M1 promotes an A1 reactive astrocyte state. This suggests the importance of 

generating in vitro tri-culture models of the main glial types to study triggers of certain 

cell type phenotypes and their effects on axon growth of neuronal populations. 

Currently, the multi-culture models consist of two types of glia and neurons. However, it 

would be interesting to expand the model to include three types of glia with 

neurons334,335. This model can utilize protoplasmic and fibrous astrocytes derived from 

the selectable transgenic cell lines as described in this thesis to further understand the 

effects of astrocyte phenotypic differences on maturation of oligodendrocytes and 

regulation of microglia phenotypes in neuroinflammatory settings.  

Specifically, it would be important to understand the ECM composition from stem 

cell-derived oligodendrocytes and other neuron populations in healthy and injured spinal 

cords to compare to the astrocyte ECM composition. This can provide understanding of 
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how different cellular players can contribute to the overall microenvironment. It can help 

also predict potential changes in tailoring the concentrations of proteins in selected 

protoplasmic astrocyte ECM mimetic material that can overcome the injured 

microenvironment to promote axon growth.  

4.2.3 Harnessing astrocyte-neuron interactions for axon growth    
 

This thesis explores the effects of selected astrocyte phenotypes on V2a 

interneurons with a simple metric of average neurite length. Axon extension is a result 

of complex receptor-ligand binding events between astrocytes and neurons that lead to 

growth cone changes. Astrocytes secrete ECM proteins and growth factors that can 

interact with neural cell adhesion molecules (NCAM), integrin receptors, and N-cadherin 

on neurons. RNA-sequencing of V2a interneurons can elucidate the presence of certain 

genes for receptors and CAMs that might specifically interact with the 5 proteins utilized 

in the selected protoplasmic ECM hydrogel336. These interactions potentially drive axon 

growth effects of the defined mixtures of proteins in hydrogel. Blocking antibody 

experiments targeting either the selected protoplasmic astrocyte ECM protein or 

corresponding neural receptor can potentially affect the axon growth of V2a 

interneurons. This will help us to understand the roles of astrocytes in neuronal 

connectivity112,337. Utilizing selected protoplasmic astrocyte ECM proteins in the 

hydrogel that could bind to specific receptors found on V2a interneurons can allow for 

synthesis of more targeted protein hydrogel design for axon growth. It would be 

interesting to conduct actin filament staining in the growth cone area with time-lapse 

super resolution microscopy for qualitative observations of growth cone dynamics in 

response to selected astrocyte ECM proteins197. Another key aspect is the role of 
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calcium oscillations in glia promoting transmitter release that can influence synapse 

plasticity and strength. It is possible that modulation of gap junction proteins, such as 

connexin 43 and 30, for selected protoplasmic astrocytes and purinergic receptors for 

selected fibrous astrocytes might alter the calcium oscillatory activity to increase 

synapse formation338. Thus, axon growth and growth cone dynamics can serve as 

readouts for blocking connexin activity and purinergic receptor, such as P2X7339.  

4.2.4 Changes in astrocyte reactivity to a more repair phenotype 
Astrocytes respond to different types of CNS injuries by 1) adopting A1 reactivity 

where changes can be detrimental to neurons and 2) adopting A2 reactivity where 

changes can be neuroprotective. It would be advantageous to identify and apply factors 

that can drive switch from A1 reactivity to A2 reactivity for potential increase in 

neuroprotection in the harmful lesion microenvironment. RNA-sequencing and 

proteomic datasets of A1 astrocytes and the data gathered in this thesis about selected 

astrocyte phenotypes can provide a starting point of identifying signals that can be 

manipulated for driving the change from A1 to A240,106. The blocking of certain 

inflammatory pathways, such as mTOR and mitogen activated protein kinase (MAPK), 

stimulated by TNF-a and LPS, that drive A1 reactivity, might increase the axon growth 

support of fibrous astrocytes40,106. After identifying a key molecule in blocking these 

inflammatory pathways, lentiviral transduction can create knockdown of pathway activity 

in primary or stem cell-derived astrocytes to test effects on axon growth. Astrocyte 

reactivity can be assessed using C3 levels as a readout for A1 reactivity and S100a10 

for A2 reactivity340. Another quality that can be tuned to change astrocyte reactivity in 

vivo is the material stiffness of an implantable biomaterial341. The astrocyte reactivity 
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can also be affected by materials with lower stiffness potentially reversing astrogliosis. 

The stiffness of HA-mF-PEG-diMal hydrogel could be modulated with less amounts of 

crosslinker to decrease the material stiffness for implantation studies. The impacts of 

implantation could be evaluated with GFAP, IL-1b, and Yes-associated protein (YAP) 

staining to visualize the decrease of A1 astrocyte reactivity, S100a10 staining to 

indicate increases in A2 reactive astrocyte presence, and neurofilament staining to 

observe axon growth44,341. In addition, astrocytic GTPase ras homolog gene family 

member A (RhoA) can modulate or restrict astrocyte reactivity through activating 

myosin, compacting actin, and increasing F-actin content to lower GFAP and CSPG 

expression342. This suggests that cytoskeletal dynamics in astrocytes could be targeted 

with application of actin inhibitors and RhoA agonists/stimulants to promote a more 

reparative astrocyte phenotype. Development of SCI therapies that can deliver 

astrocyte-derived factors promoting A2 astrocyte reactive response may generate a 

more pro-regenerative microenvironment for axon growth.  

 4.2.5 Protein engineering in biomaterial studies 
This thesis developed a hydrogel with defined mixtures of a few specific 

protoplasmic ECM proteins that can support high levels of average neurite length of V2a 

interneurons and be a potential controlled selected protoplasmic astrocyte ECM 

mimetic. The biomaterial was synthesized with the addition of commercially available 

mouse or human versions of ECM proteins at different concentrations in HAmF-

PEGdiMal hydrogels. The ECM mimetic was a simplified version since it contained only 

5 specific proteins in combination, while the ECM is composed of thousands of proteins. 
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However, the combination of a relatively few proteins in a hydrogel platform captured 

ECM effects on axon growth and could be a scalable biomaterial solution.  

While we observed high axon growth within these protein hydrogels, it would be 

helpful to further characterize the interactions of the proteins and material. The 

biomaterial is modular with parameters that can be tuned to study the impacts on axon 

growth. Each of the 5 proteins could interact with HA in solution before addition of the 

PEG cross-linker based on protein isoelectric point343,344. Thus, the binding coefficient 

for each protein should be determined for HAmF. Understanding these protein 

dynamics might affect the mechanical properties of the hydrogel and how it can facilitate 

axon extension from V2a interneuron aggregates343. In addition, protein distribution in 

the hydrogel can dictate protein interactions and presentation of cell-binding sites to 

V2a interneuron aggregates for axon extension345. The protein release can be 

evaluated with BCA assay and specific protein ELISAs to understand the timing of 

bioactivity for each protein that can impact axon growth for longer translational studies 

in vivo309. Overall, these parameters can affect biomaterial stiffness in supporting 

neuron viability and be modulated to ensure softer protein-based hydrogels343.  

4.2.6 Investigating effects of matrix metalloproteinases (MMPs) for 
axon growth in vitro  

Secreted and membrane-bound MMPs have been found to degrade ECM 

proteins to lead axons to grow over various substrates346,347. The levels of different 

MMPs in healthy and injured CNS may regulate neurite extension and synaptic stability 

of different neuron populations. Specifically, MMP2 and MMP9 have been identified as 

critical proteases that cleave inhibitory proteoglycan protein cores enriched in the SCI 

lesion core and aid in recovering axon growth347–351. While neurons can express MMPs 
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2 and 9 for ECM remodeling, it has been found that astrocytes in the healthy and injured 

spinal cord can secrete MMPs351. It would be interesting to apply MMP 2 and 9 

inhibitors to V2a interneurons seeded on selected protoplasmic astrocyte ECM 

substrate to determine if the MMPs play a role in V2a interneurons remodeling ECM as 

a way for promoting axon growth.  

 4.2.7 Combinatorial therapies in SCI models 
The main concern with astrocyte transplantation in the SCI lesion site is that 

quiescent or A2 reactive astrocytes can potentially change into A1 reactive astrocytes 

and become detrimental to functional recovery. Thus, it is important to consider utilizing 

stem-cell derived glia to identify beneficial components that are translational without the 

need for astrocyte transplantation. These glial cues can be incorporated into biomaterial 

systems and can directly activate pathways that shift A1 to A2 astrocytes. These 

combinatorial therapies can be tested in rat cervical hemisection SCI models to study 

more impacts on V2a interneuron axon growth and CST sprouting for functional 

respiratory and forelimb improvements in open-field behavioral tests145.  

Specifically, it would be important to test the effects of the selected protoplasmic 

ECM mimetic on particularly V2a interneurons in the SCI model. The V2a interneurons 

from lamina VII of the lumbar spinal cord can be identified in isolated rat spinal cord 

preparations with the dorsal surface of the lumbar segments removed352. Whole-cell 

patch clamp recordings with electrodes on the spinal cord sections can measure firing 

properties for identification of bursting and rhythmic patterns for V2a interneurons353. 

These parameters could affect diaphragm muscle activity and ventilation156. This can be 

supported with GFAP, S100a10, Chx10, and neurofilament staining to understand the 
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microenvironment response to protein-hydrogel. It would further be important to see if 

there are increases in rhythmic generation parameters contributing to motor neuron 

outputs due to increased axon growth of V2a interneurons. It would be interesting to 

modify the hydrogel to contain both selected fibrous and protoplasmic ECM proteins 

that can target axon growth of white and gray matter neuron populations in vivo. The 

dual nature of the selected astrocyte ECM mimetic biomaterial might increase axon 

growth of both V2a interneurons and CST neurons and increase potential sprouting in 

spared tissue138. 

To modulate concentrations of 5 proteins in the hydrogel for axon growth, it might 

be important to consider the changes of the 5 proteins post SCI model. This can 

increase our understanding of the certain proteins to be at high versus low 

concentrations in the hydrogel. Immunohistochemical staining of the 5 proteins and 

neurofilaments in tissue from injured rats could indicate the potential levels and 

distribution of the proteins at the injury site and how they might localize in relation to 

neural extensions. The levels of the 5 proteins in the injury microenvironment could be 

affected by severity and timescale post the rat cervical hemisection SCI. Hydrogels can 

contain either low or high concentrations of the 5 proteins depending on the presence of 

proteins post-injury to form a pro-regenerative microenvironment.  

4.3 Concluding Remarks  
As more methodologies of RNA-sequencing and proteomics are being developed 

and utilized, astrocyte phenotypic gene and protein expression can be investigated in 

different native and injury environments both in vitro and in vivo. These discovery 

studies can allow better definitions of astrocyte phenotypes and changes that might be 
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critical in generating astrocyte phenotypes that support repair. The astrocyte-derived 

factors can further be studied as targets for promoting neuronal connections to improve 

functional recovery after SCI. I am excited to see future research that continues 

evolving our understanding of astrocyte complexities and shines light on the beneficial 

functions and characteristics of non-reactive and reactive astrocytes on different neuron 

populations affected by CNS diseases. 
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Appendix A: Supplemental figures for Chapter 2 
 
 
 
 
 
 
 
 
 
 
 
 
Supplemental Figure 2.1: Selected protoplasmic astrocytes at day 18 post 4µg/mL puromycin 1 day 
exposure stained by calcein-AM to demonstrate morphology; Scale bar=100µm 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
Supplemental Figure 2.2: Immunocytochemistry analysis of astrocyte phenotypic markers at day 21 for 
protoplasmic astrocytes and day 23 for fibrous astrocytes (N=3-4; ** p<0.01; Error bars= SEM).  
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Supplemental Figure 2.3: Gene expression of astrocyte phenotypic markers and markers for other cell 
types; low mRNA expression levels present for other cell types while high mRNA expression levels 
present for astrocytes (N=5-6; ** p<0.01; Error bars= SEM).  
 
 

  
 
 

 
 

 
 
 

 
 

 
 
 
 
 
 
 
 
Supplemental Figure 2.4: Glutamate uptake fraction of unselected and selected astrocytes A) Using the 
Sigma Aldrich kit, glutamate uptake fraction of unselected and selected astrocyte subtype cultures with 
starting amount as 200µM glutamate and corrected for non-specific glutamate uptake in cell free control 
(glutamate uptake fraction of 0.37) that demonstrates astrocyte functionality post-puromycin selection 
(N=3 for astrocyte subtypes, N=1 with 2 technical replicates for neurons, N=2 for Olig2-PAC mESCs; ** 
p<0.01, Error bars= S.E.M). B) Using the Abcam kit, glutamate uptake fraction of unselected and selected 
astrocyte subtype cultures with starting amount as 200µM glutamate and corrected for non-specific 
glutamate uptake in cell free control (glutamate uptake fraction of 0.35) that demonstrates astrocyte 
functionality post-puromycin selection (N=1 for astrocyte subtypes with 2 technical replicates, N=3 for 
neurons, N=3 for Olig2-PAC mESCs and Aqp4-PAC mESCs; ** p<0.01, Error bars= S.E.M).  
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Supplemental Figure 2.5: A) Fluorescent image of Fluo-4AM (green) in selected protoplasmic astrocytes 
at time of 0 seconds (Scale= 100µm). B) Fluorescent image of Fluo-4AM (green) in selected protoplasmic 
astrocytes at a time of 28 seconds (Scale= 100µm). C) Average metric of DF/F over time of 32.5 seconds 
for 5 ROIs in unselected and selected astrocytes with ATP addition D) Average calcium transients of 20 
ROIs over 32.5 seconds imaging for unselected and selected astrocyte phenotypes E) Average DF/F over 
time of 15 seconds for each unselected and selected astrocyte phenotype without any ATP addition 
 
Supplemental Table 2.1. Least squared means, p-value, and FDR step-ups for certain genes 
upregulated in selected protoplasmic astrocytes compared to selected fibrous astrocytes 
 

  
 
Supplemental Table 2.2. P-values for top 20 significantly expressed identified genes in comparing RNA-
sequencing data of selected protoplasmic astrocytes to selected fibrous astrocytes with mouse genome 

Gene name P-value 
Slc43a3 2.15x10-7 

C3 6.45x10-7 
Ece2 1.04x10-6 
Snx10 1.46x10-6 

Rasgrf1 1.78x10-6 
Slco1a5 2.20x10-6 
Ttc12 2.25x10-6 
Ngf 3.14x10-6 

Pitpnm3 3.14x10-6 
Tep1 3.19x10-6 
Plpp2 3.31x10-6 
Eno2 3.62x10-6 
Rsph1 3.63x10-6 
Pdlim2 3.68x10-6 
Cers4 3.74x10-6 

Gene name  Selected 
protoplasmic 
astrocyte LS 

mean 

Selected fibrous  
astrocyte LS mean 

 

P-value False 
discovery rate 
(FDR) step-up 

Tlr2 21.37 3.47 8.65x10-5 7.x10-3 
Tlr3  40.90 11.23 6.11x10-4 0.02 
Casp1 9.34 1.01 7.58x10-4 0.02 
Ccl2 109.67 6.31 2.22x10-3 0.03 
Cfap126 17.12 0.87 1.71x10-4 0.01 
Cryab 138.14 15.27 2.61x10-4 0.01 
Igfbp5 6778.88 1239.31 2.43x10-4 0.01 
Tagln 503.95 14.58 7.96x10-4 0.02 
C3 1383.38 0.74 6.45x10-7 3.61x10-3 
S100a6 201.66 13.51 1.95x10-4 0.01 
Ccn3 17.05 0.68 1.54x10-5 4.66x10-3 
Cxcl10 54.69 1.33 4.63x10-5 6.53x10-3 
Igfbp7 60.38 2.03 1.16x10-3 0.02 
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Agbl2 3.81x10-6 
Gch1 3.88x10-6 

Myadm 4.21x10-6 
Micall2 5.20x10-6 
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Appendix B: Supplemental figures for Chapter 3 
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Supplemental Figure 3.1. Astrocytes cultured post-selection maintain expression astrocyte 
phenotypic markers and low fraction of cells positive for other cell types A, B) Representative 
images of Aqp4 (green), A2B5 (red) stained at day 27 for unselected and selected protoplasmic cultures 
respectively with maintenance of Aqp4+/A2B5- staining in selected protoplasmic astrocytes (Scale bar= 
100µm). C, D) Representative images of Aqp4 (green), A2B5 (red) staining at day 27 unselected and 
selected fibrous cultures showing high double positive staining post-selection indicative of maintenance of 
fibrous phenotype at that time point (Scale bar= 100µm). E) ICC analysis with fraction positive for neural 
cell type markers in day 27 unselected and selected astrocyte cultures. *p<0.05, **p<0.01 compared to 
respective unselected astrocyte phenotypes (N=5, Error bars= S.E.M.). The analysis showed an overall 
decrease in other cell types and maintenance of astrocyte-specific markers at a later time point in the 
differentiation protocol. F) ICC analysis with fraction positive for astrocytic markers in day 27 unselected 
and selected astrocyte cultures. *p<0.05, **p<0.01 compared to respective unselected astrocyte 
phenotypes (N=5, Error bars= S.E.M.). The analysis showed an overall decrease in other cell types and 
maintenance of astrocyte-specific markers at mature time point 
 

Supplemental Figure 3.2. Characterization of astrocyte phenotype substrates used to study axon 
growth effects A) Representative image of V2a interneurons seeded on decellularized selected 
protoplasmic astrocytes; these neurons are stained with bIII-Tubulin (red) and DAPI (blue); Scale bar= 
100µm. B) Representative image of V2a interneurons seeded on decellularized selected fibrous 
astrocytes; these neurons are stained with bIII-Tubulin (red) and DAPI (blue); Scale bar= 100µm 
 
 

A B 
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Supplemental Figure 3.3. Characterization of astrocyte phenotype substrates used to study axon 
growth effects A) There are high fraction of V2a interneurons positive for N=3 B) Representative image 
of SV2 (red) staining in V2a interneurons (green) seeded on live selected protoplasmic astrocytes Scale 
bar= 100µm  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Supplemental Figure 3.4. 25µg/mL laminin significantly increases axon growth compared to other 
laminin and all of fibronectin concentrations   
Single proteins at different concentrations in hydrogel-based system on V2a interneuron aggregates for 
axon growth potential with high laminin concentration having the most significant effect on axon growth; ** 
p<0.01  
 
 
Supplemental Table 3.1.  Growth factors upregulated in selected protoplasmic astrocyte ECM. 

Protein Ratio of AdjNSAF for selected 
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Supplemental Figure 3.5. Certain proteins are upregulated and are only present in selected fibrous 
ECM A) Schematic flow diagram that details the number of ECM proteins that can be identified from 
proteomic results and the number of protein candidates for selected protoplasmic astrocytes that highly 
upregulated for future studies. B) Proteins sorted by ratio of AdjNSAF in selected fibrous to selected 
protoplasmic demonstrate that there are proteins that are at low abundance in selected fibrous ECM and 
proteins with index after around 5000 are more prevalent in selected fibrous ECM compared to selected 
protoplasmic ECM. 
 
 
Supplemental Table 3.2. Custom DoE output for fifth-order interactions between perlecan, laminin-1, 
fibronectin, col18a1, and anti-thrombin-III at low for Kd and high for 5 times Kd; The last column provides 
an abbreviation to denote high and low concentrations for each protein in a particular combination as 
capital first letter of protein and lower-case first letter of protein respectively 
 
Combination 

number 
Col18a1 
(µg/mL) 

Perlecan 
(µg/mL) 

Laminin-
1 

(µg/mL) 

Fibronectin 
(µg/mL) 

Anti-
thrombin 

III 
(µg/mL) 

Abbreviation 

1 2 10.3 10 55 1.49 C P l F a 
2 2 2.06 10 55 1.49 C p l F a 
3 2 10.3 50 11 1.49 C P L f a 
4 2 2.06 50 11 1.49 C p L f a 
5 0.4 2.06 10 55 7.45 c p l F A 
6 0.4 2.06 50 11 1.49 c p L f a 
7 0.4 2.06 10 11 7.45 c p l f A 
8 2 10.3 50 55 7.45 C P L F A 
9 2 10.3 50 11 7.45 C P L f A 
10 2 2.06 50 55 7.45 C p L F A 

Pro-epidermal growth factor 1000 
Bone morphogenic protein-4 7.67 

Pleiotrophin 1.6 
Insulin-like growth factor 2 0.83 
Fibroblast growth factor 2 0.45 

Brain-derived growth factor 0.33 
Beta nerve growth factor 0 

A B 
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11 2 10.3 50 55 7.45 C P L F A 
12 0.4 10.3 10 11 1.49 c P l f a 
13 2 2.06 10 55 7.45 C p l F A 
14 0.4 2.06 50 55 1.49 c p L F a 
15 2 2.06 10 11 7.45 C p l f A 
16 0.4 10.3 50 55 1.49 c P L F a 
17 0.4 2.06 10 11 1.49 c p l f a 
18 2 10.3 10 11 1.49 C P l f a 
19 0.4 10.3 10 55 7.45 c P l F A 
20 0.4 10.3 10 55 1.49 c P l F a 
21 2 2.06 50 55 7.45 C p L F A 
22 0.4 10.3 50 55 1.49 c P L F a 
23 2 2.06 10 11 1.49 C p l f a 
24 2 10.3 10 11 7.45 C P l f A 
25 0.4 2.06 50 55 1.49 c p L F a 
26 0.4 10.3 50 11 7.45 c P L f A 
27 2 10.3 10 55 1.49 C P l F a 
28 0.4 2.06 10 11 1.49 c p l f a 
29 2 10.3 50 55 1.49 C P L F a 
30 0.4 10.3 50 11 1.49 c P L f a 
31 2 10.3 10 11 1.49 C P l f a 
32 0.4 2.06 10 55 1.49 c p l F a 
33 0.4 2.06 50 11 7.45 c p L f A 
34 0.4 10.3 10 11 7.45 c P l f A 
35 2 10.3 10 11 7.45 C P l f A 
36 2 2.06 50 11 7.45 C p L f A 

 
 
Supplemental Table 3.3. Custom DoE output for fifth-order interactions perlecan, col18a1, laminin-1, 
fibronectin, and anti-thrombin-III at low for Kd and high at 50µg/mL; The last column provides an 
abbreviation to denote high and low concentrations for each protein in a particular combination as capital 
first letter of protein and lower-case first letter of protein respectively 
 

Combination 
number 

Col18a1 
(µg/mL) 

Perlecan 
(µg/mL) 

Lam
inin-

1 
(µg/
mL) 

Fibronecti
n (µg/mL) 

Anti-
throm
bin III 
(µg/m

L) 

Abbreviation  

1 50 50 10 50 1.49 C P l F a 
2 50 2.06 10 50 50 C p l F a 
3 50 50 50 11 1.49 C P L f a 
4 50 2.06 50 11 1.49 C p L f a 
5 0.4 2.06 10 50 50 c p l F A 
6 0.4 2.06 50 11 1.49 c p L f a 
7 0.4 2.06 10 11 50 c p l f A 
8 50 50 50 50 50 C P L F A 
9 50 50 50 11 50 C P L f A 
10 50 2.06 50 50 50 C p L F A 
11 50 50 50 50 50 C P L F A 
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12 0.4 50 10 11 1.49 c P l f a 
13       50  2.06 10 50 50 C p l F A 
14 0.4 2.06 50 50 1.49 c p L F a 
15 50 2.06 10 11 50 C p l f A 
16 0.4 50 50 50 1.49 c P L F a 
17 0.4 2.06 10 11 1.49 c p l f a 
18 50 50 10 11 1.49 C P l f a 
19 0.4 50 10 50 50 c P l F A 
20 0.4 50 10 50 1.49 c P l F a 
21 2 2.06 50 50 50 C p L F A 
22 0.4 50 50 50 1.49 c P L F a 
23 50 2.06 10 11 1.49 C p l f a 
24 50 50 10 11 50 C P l f A 
25 0.4 2.06 50 50 1.49 c p L F a 
26 0.4 50 50 11 50 c P L F a 
27 50 50 10 50 1.49 C P l F a 
28 0.4 2.06 10 11 1.49 c p l f a 
29 50 50 50 50 1.49 C P L F a 
30 0.4 50 50 11 1.49 c P L f a 
31 50 50 10 11 1.49 C P l f a 
32 0.4 2.06 10 50 1.49 c p l F a 
33 0.4 2.06 50 11 50 c p L f A 
34 0.4 50 10 11 50 c P l f A 
35 50 50 10 11 50 C P l f A 
36 50 2.06 50 11 50 C p L f A 
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Supplemental Figure 3.6. Numerous low priority combinations with for same high concentrations 
(all around 50µg/mL) for all proteins in HA-based hydrogel demonstrated no growth with 
combination of 0.4µg/mL col18a1, 50µg/mL perlecan, 50µg/mL laminin-1, 50µg/mL fibronectin, and 
1.49 µg/mL anti-thrombin III producing the maximum axon growth of V2a interneurons A) 
Combination of low priority demonstrated the highest axon growth with at least 10 neuroaggregates in 2 
trials; * p<0.05 and ** p<0.01 comparison to selected protoplasmic ECM (Sel Proto ECM) in hydrogel B) 
Representative image of V2a interneuron aggregates in hydrogel with 50 µg/mL col18a1 (C), 2.06 µg/mL 
perlecan (p), 10µg/mL laminin-1 (L), 50µg/mL fibronectin (F), and 1.49 µg/mL anti-thrombin III (a); Scale 
bar=100µm C) Representative image of V2a interneuron aggregates in hydrogel with 50 µg/mL col18a1 
(C), 2.06 µg/mL perlecan (p), 50µg/mL laminin-1 (L), 50µg/mL fibronectin (F), and 1.49 µg/mL anti-
thrombin III (a); Scale bar=100µm   
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Supplemental Figure 3.7. Effect summaries of the least squares model with stepwise reduction 
generated by DoE observations  A) Effect summary that demonstrates impact of specific interactions 
with corresponding p-values; p<0.05 interactions between proteins with significance from 36 combinations 
of 5 proteins at low concentration being Kd and high concentration being 5* Kd B) Effect summary that 
demonstrates impact of specific interactions from reduction least regression model of 36 combinations 
with low concentration being Kd and high concentration being 5* Kd and the corresponding p-values; 
p<0.05 interactions between proteins with significance C) Actual by predicted plot that demonstrates a 
best fit line by least squares model with significant p-value and small error for the model based on the 
average axon growth values for each of the 36 combinations with low concentration being Kd and high 
concentration being 50µg/mL D) Effect summary that demonstrates impact of specific interactions of the 
36 combinations with low concentration being Kd and high concentration being 50µg/mL and the 
corresponding p-values; p<0.05 interactions between proteins with significance E) Interaction profiler 
output that displays the predictions of axon growth based on two-way interactions at varying 
concentrations of specific protein pair from observations of the 36 combinations with low concentration 

G 

F 
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being Kd and high concentration being 50µg/mL F) Actual by predicted plot resulting from stepwise 
regression model for model reduction and demonstrated a best fit line with significant p-value and small 
error for the model involving observations of the 36 combinations with low concentration being Kd and 
high concentration being 50µg/mL G) Effect summary of the stepwise regression model reduction that 
demonstrates key sets of interactions from the total 5th order interactions in observations of the 36 
combinations with low concentration being Kd and high concentration being 50µg/mL corresponding p-
values; p<0.05 interactions between proteins being significant  
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