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ABSTRACT 

 Astrocyte migration is integral to maintenance of the adult central nervous system, 

guiding neuronal development, and is involved in a variety of glial pathologies. Understanding 

astrocyte behavior when cultured on various extracellular materials and matrix proteins gives 

insight into outside-in signaling and presents avenues for biomedical exploration. Astrocytes 

migrate by manipulating the actin cytoskeleton through activation of Rho GTPases and 

subsequent effectors and this activation is accomplished by guanine nucleotide exchange factors 

(GEFs). Of particular interest to regulating actin dynamics is the primarily migratory GEF Solo, 

a short isoform of Trio, which is expected to activate Rac1 and bind Filamin A based on 

structural similarity between protein family members. This study aims to determine how C8-S 

astrocytes alter migration and morphology on electrospun fibers and fibrous extracellular matrix 

proteins, explore the expression of Dbl family GEFs in a serum induced migratory context, 

define which downstream proteins Solo interacts with, and elucidate the role which Solo plays in 

astrocyte migratory signaling. 

 My study indicates that astrocytes migrate robustly on aligned poly-L-lactic acid and 

when cultured on collagen IV, preferentially adhere to laminin 1, 1, 1, and spread most on 

fibronectin. Additionally, C8-S astrocytes migrate in a GTP-binding protein dependent manner 

which is facilitated by the GEF Solo. Solo co-precipitates with Rac1, RhoA, and Filamin A and 

relocates to regions of actin dynamics in migrating astrocytes indicating that it takes part in 

GTPase activation and possibly in forming signaling scaffolds on actin fibers through Filamin A 

binding. Additionally, astrocyte migration is significantly curtailed when Solo expression is 

knocked down via siRNA. Astrocyte cell length, cell area, and stress fiber numbers decreased as 

well and this indicates the possibility that Solo plays a crucial role in astrocyte migratory 

signaling. 

 I believe that these data indicate that Solo activation of Rac1 and RhoA GTPases 

induces GTPase-effector preference in a conformationally dependent manner. I propose that 
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particular GEFs binding particular GTPases causes activation as well as a slight conformational 

change which could predispose the GTPase to preferentially bind downstream effectors due to 

altered protein binding affinity; I have dubbed this the “GEF-induced-GTPase preference” 

theory. I believe that the effects on astrocyte migration and morphology upon Solo knock down 

indicate that Solo interaction with Rac1 could predispose Rac1 to activate the PAK/Erk1/2 

pathway and that Solo interaction with RhoA could predispose RhoA to activate the 

ROCK/LIMK pathway. Additionally, Solo’s interaction with Filamin A and localization to the 

cell periphery in migratory cells indicates that Solo plays a role in the spatial activation of Rho 

GTPases and could be involved in formation of signaling scaffolds which bring cellular 

receptors, actin binding proteins, GTPases and GEFs in close proximity to influence 

spatiotemporal signaling.



1 

 

1. Introduction 

1.1 SIGNIFICANCE 

 Astrocytes were originally described in the late 1800’s as a component of the neuroglia, 

or “nerve cement”, which describes the extracellular region surrounding neurons of the central 

nervous system (Fiacco, Agulhon, & McCarthy, 2009). The term “astrocyte” alludes to these 

cells’ star shaped morphology (Fiacco et al., 2009) but does not characterize the heterogeneity or 

functions of this cell population (Parpura & Haydon, 2009). Generally, astrocytes function as 

structural support for neurons and neuronal synapses, formation and maintenance of ionic 

gradients, transmitter synthesis and removal, glutamate-glutamine metabolic cycling, glycogen 

storage, and maintenance of extracellular pH (Magistretti & Ransom, 2002). These functions 

vary depending on the astrocytic subtype being described and, unfortunately, these sub-

classifications of cells which comprise the astrocyte family are poorly characterized and often 

not yet defined (Fiacco et al., 2009). Despite the length of time since their discovery, astrocytes 

are commonly described in relation to their better understood relative, the neuron; astrocytes are 

routinely “classified via exclusion as all cells which are not neurons, oligodendroglia, microglia, 

or ependymal cells” (Parpura & Haydon, 2009). As recently as 2009 an article titled “Sorting out 

astrocyte physiology from pharmacology” included a supplemental article titled “What is an 

astrocyte?” (Fiacco et al., 2009) which candidly exposed how poorly astrocytes are understood 

in their own right, instead of as a neuronal serf, within central nervous system research. 

Astrocytes, as a family and as distinct subtypes, must be better characterized and understood in 

order to subsequently appreciate their diverse metabolic and structural roles in the central 

nervous system. 

 In addition to being poorly defined as a cell type, astrocytes are also commonly 

investigated in the context of their roles in development or pathology, rather than in healthy, 

mature tissue. Developmental behavior gives great insight into how astrocytes facilitate central 
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nervous system organization but generally illuminates embryonic rather than mature cell 

behavior and undoubtedly embryonic cells inherently differ from their mature 

counterparts(Panchision, 2012). Additionally, in order to understand pathology, we must have a 

healthy base-line against which to determine aberrant astrocyte behavior which has yet to be 

established well enough to my satisfaction.  

 This study seeks to better understand astrocyte migration through use of the C8-S type II 

astrocyte cell line which the distributor describes as having the “morphology of Golgi 

Bergman[n] radial cells” (ATCC, n.d.). This astrocyte sub-type is cerebellar in origin, and 

characterized by a bottle-brush morphology which extend from the cerebellar molecular layer to 

the pial surface or ependymal cells of the perivasculature in vivo (Sild & Ruthazer, 2011). 

Developmentally, these cells assist in migration of Purkinje neurons and granular cells through 

the molecular layer of the brain, extend processes to ensheathe Purkinje somata, dendrites, and 

synapses, and assist in clearing gamma-Aminobutyric acid (GABA) and glutamate from the 

extracellular space (Sild & Ruthazer, 2011).  

 Although the ATCC asserts that C8-S cells resemble Bergmann glia (ATCC, n.d.), I did 

not observe the characteristic bottle-brush morphology described, and therefore, I believe these 

cells are best characterized as radial glia. Radial glia are described as “key organizers in CNS 

development” and thus play a critical role to the normal structure and function of the brain 

(Barry, Pakan, & McDermott, 2014). Radial glia differentiate from neuroepithelial cells and 

function as a major progenitor pool for early development and later form adult neurogenic niches 

in addition to their canonical role as structural support for neuronal growth and migration (Barry 

et al., 2014). Therefore, abnormalities in radial glial function correlate directly to neuronal 

dysfunction which often results in patients with epilepsy, mental retardation, abnormal motor 

and speech control, and in extreme cases, mortality within a few months of parturition (Barry et 

al., 2014; Parpura et al., 2012). 
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 Additionally, the ability of radial glia to function as progenitor cells in development and 

adulthood implicates these cells in the formation and progression of glioma (Barry et al., 2014). 

These cells have high potential for malignant transformation indicating that they could be the 

originators of glioma, that glioma could originally initiate during development, and that these 

properties of radial glia make them prime targets for oncological research (Barry et al., 

2014).Glioma is characterized by highly invasive and proliferative astrocytes which, though they 

generally do not metastasize outside of the central nervous system, migrate both perivascularly 

and parenchymally throughout the brain resulting in less than 10% patient survival over 5 years 

(Ellert-miklaszewska, Ciechomska, & Kaminska, 2013; Fortin Ensign, Mathews, Symons, 

Berens, & Tran, 2013). Glioma cell migration strongly resembles the saltatory migration of 

neuronal progenitor cells which further supports the possibility that radial glia originate glioma 

(Barry et al., 2014; Ellert-miklaszewska et al., 2013). Up-regulation of GEF Trio, parent to my 

protein of interest Solo, correlates with tumor grade and poor survival of glioma patients which 

indicates that Trio and its splice variants also deserve further exploration in radial glia (S. 

Schmidt & Debant, 2014).  

 Parpura et al. assert in their comprehensive review of “Glial cells in (patho)physiology” 

that, “it is clear that much more work still needs to be done to solve the puzzle of how the brain 

operates in health and disease” (Parpura et al., 2012). Researchers must therefore begin to give 

credence to astrocytes as more than just a neuronal relative or a pathological nuisance and 

thereby do justice to the cellular and structural complexity of the central nervous system. My 

thesis project attempts help “solve the puzzle” by increasing understanding of radial astrocyte 

migration and proposing a model for how this migration is spatiotemporally regulated.  

1.2 BACKGROUND 

 In order to adequately understand astrocyte motility it is critical to understand the 

external cues to which the cell responds as well as the subsequent internal mechanisms which the 
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cell uses to alter its behavior. Although there are innumerable proteins involved in this “outside-

in” method of signal transduction, this chapter will focus primarily on the role of extracellular 

matrix proteins, integrins and enzymatic surface receptors, guanine nucleotide exchange factors, 

Rho family GTPases, and their downstream effectors which directly influence astrocytes during 

migration.  

 Transmembrane proteins bind extracellular targets inducing a conformational change of 

the receptor which subsequently propagates a given cellular signal. It is important to note that 

receptors are characterized by protein binding efficiencies which correspond to specific ligands 

and thereby cause receptor-ligand specificity which induces distinct downstream signaling 

cascades (Becker WM, Kleinsmith LJ 2008). The type and amount of receptors expressed on a 

given cell influences the strength of specific signals and interestingly the cell can modify its 

receptor expression in response to extracellular input (Lodish H, Berk A 2000). Thus, not only 

does the cell sense its environment via these receptors, it also is capable of becoming more or 

less attuned to its given environment by altering its receptor expression and also altering 

expression of its own extracellular matrix proteins and cellular signaling proteins (Ciobanasu, 

Faivre, and Le Clainche 2013). 

 The extracellular matrix is a three dimensional environment in which cells are embedded 

and can form a basement membrane which cells adhere to in order to create tissue structure and 

organization. Importantly, the matrix is composed of various proteins depending on the tissue 

type as well as on the context of cellular behavior; for example, cells produce matrix proteins in 

different ratios in the brain as in the liver as well as when migrating versus not (Lawson and 

Burridge 2014). Cells sense both the mechanical and biomechanical properties of their 

extracellular environments through use of integrins and cell surface receptors respectively. First, 

I will focus on extracellular matrix proteins which astrocytes encounter and produce as well as 

the role that integrins play in sensing and reacting to said environment. Collagen I, collagen IV, 

laminin, and fibronectin are commonly employed in experimental in vitro studies as coating 
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proteins to facilitate cellular adhesion, migration, or other cellular behaviors depending on the 

experimental goal and are expressed by astrocytes. It is important to understand the intrinsic 

properties of these proteins in order to understand both cellular binding as well as the 

information which cells glean from said proteins.  

 Collagen I is fibrillary in structure and is the most prevalent protein in the human body 

due to its involvement in formation of all fibrous tissues excepting cartilage; collagen type I 

typically binds primarily to itself as well as to integrins and is stiffer than the other matrix 

proteins discussed here (Shoulders and Raines 2009). Collagen IV is termed network collagen 

and is critical to the formation of the cellular basement membrane which functions as the basis 

for animal tissue creation and organization (Shoulders and Raines 2009). Collagen IV is much 

less rigid has significantly more protein-protein binding partners than collagen I which explains 

its involvement in the basement membrane though other extracellular matrix proteins contain 

collagen IV binding sites while collagen IV does not have many matrix specific binding domains 

(Yurchenco 2011; Schwarzbauer 1999). Collagens are triple helices commonly composed of two 

homogeneous strands and one heterogeneous strand. Their formation progresses from 

transcription of collagen genes to the translation and formation of protocollagen strands flanked 

by N- and C-terminal propeptides which are then assembled into procollagen triple helices by 

various hydroxylases and isomerases. Procollagen N- and C-proteinases cleave N- and C-

terminal propeptides differentially for varying collagen types and form tropocollagens which 

self-assemble extracellularly to form collagen microfibrils. Last, lysyl oxidase enzymes crosslink 

collagen microfibrils to form fibers which perform differing functions dependent on their 

subtype (Shoulders and Raines 2009).  

 Laminins, like collagen IV, are critical to the establishment of the basement membrane 

which has been shown to associate with nearly all the organized cells in the body. As expected, 

laminin, collagen IV, and fibronectin are all capable of binding to each other due to their 

fundamental roles in basement membrane formation though, again, this binding is dependent on 
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the specific protein subtypes (Yurchenco 2011). These large heterotrimeric, multidomain 

proteins are composed of three chains, α, β, γ, which could comprise up to 60 different proteins 

though only 16 different laminins have been identified in vivo. Their structure resembles a “t” or 

cross with different cellular and extracellular binding domains on each of its three branching 

arms as well as at the protein’s base (Domogatskaya, Rodin, and Tryggvason 2012). Again, the 

binding capability of different laminins is dependent on the combination of α, β, and γ chains; 

thus, different laminins are bound by different integrins and thus imbue the cell with distinct 

signals to alter behavior. Like collagen, laminin is too large a protein to assembly intracellularly 

and therefore it’s respective α, β, and γ subunits are moved to the extracellular matrix where they 

self-assemble and form a lattice-like structure to contribute to the basement membrane and 

extracellular matrix (Cheng et al. 1997). This study did not explore specific laminins and rather 

utilized a heterogeneous laminin solution for sample coating in order to explore the more general 

laminin-astrocyte interaction. Additional work will be required to determine astrocyte interaction 

with distinct laminin isoforms. 

 Fibronectin, also a component of the basement membrane, is a dimer of two nearly 

identical subunits which contain three distinct repeating units responsible for subunit association 

or protein binding capacity. Subunits one and two contain disulfide bonds which create the 

protein dimer while unit three contains the RGD (arginine-glycine-asparagine) sequences for 

which fibronectin is best known. The RGD sequence is responsible for cellular binding and is 

why fibronectin is colloquially referred to as extracellular matrix “superglue” and is the means 

by which fibronectin is capable of binding over a dozen integrins (Pankov and Yamada 2002). 

Additionally, fibronectin is capable of binding several collagen isoforms, heparin, trypsin, fibrin, 

and a variety of other proteins important in cell adhesion and migration among other functions 

(Pankov and Yamada 2002). Again, due to the massive size of extracellular matrix proteins, 

fibronectin subunits are moved out of the cell before undergoing self-assembly in the 

extracellular space (Baneyx and Vogel 1999). 
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 The extracellular matrix (ECM) is comprised primarily of proteoglycans, fibrous 

proteins, and water and together these components give form to tissues. The extracellular 

environment varies significantly between mammalian organs and is heterogeneous to some 

extent within a given organ as well. Not only does the ECM provide morphological organization 

and structure to tissues, its biochemical and biomechanical components influence cell function 

via signal transduction which influences downstream effectors which directly alter the cell by 

altering gene expression (Lodish H, Berk A 2000). The fibrous components of the ECM 

primarily refer to the collagens, fibronectins, and laminins which comprises the structural 

component of the matrix environment which are capable of binding other matrix proteins as well 

as distinct cell receptors like integrins; the former results in matrix and basement membrane 

formation while the latter results in signal transduction (Ciobanasu, Faivre, and Le Clainche 

2013; Campbell and Humphries 2011). This study explored astrocyte interaction with collagen I, 

collagen IV, fibronectin, and laminin 1, 1, 1 and therefore it is important to delineate the 

mechanism by which they influence cell migration. 

 Fibrous proteins are bound by extracellular receptors including discoidin domain 

receptors, syndecans, and integrins. Discoidin domain receptors, part of the receptor tyrosine 

kinase (RTK) family of proteins, are unique because their activation is dependent on binding the 

collagen family of matrix proteins while most RTKs bind soluble peptide ligands including 

growth factors (Valiathan et al. 2012). Syndecans are a family of transmembrane proteoglycans 

which are expressed in mammals and are capable of binding extracellular matrix proteins, 

participating in cell-cell adhesion, and can act as co-receptors for heterotrimeric G proteins 

(Couchman 2010). Integrins are heterodimeric transmembrane proteins are characterized by 

binding ECM proteins and transducing signals into the cell in order to induce a cellular response 

including altering transcription, regulating the cell cycle, and stimulating migration among many 

other pathways (Campbell and Humphries 2011; Ciobanasu, Faivre, and Le Clainche 2013). In 

summation, these proteins transduce information gleaned from the extracellular space in order to 
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influence the cell to perform a given function in response to said input. It is important to realize 

that the ligand-receptor binding occurs with distinct protein binding specificity and stimulates 

specific intracellular signaling cascades and that these nuances create the complexity and 

diversity of cell behaviors. 

 In order to understand their biomechanical and biochemical environment, cells employ 

integrins to interact with matrix proteins to determine which proteins are present, create 

intracellular tension in response to matrix mechanical properties, propagate specific intracellular 

signaling cascades, and thereby alter their phenotypic behavior as well as their own protein 

expression. Integrins are heterodimeric, membrane spanning proteins comprising of alpha and 

beta subunits of which there are 18 α and 8 β subunits which interact to form 24 distinct integrin 

receptors (Lawson and Burridge 2014; Campbell and Humphries 2011). Not only do integrins 

differ in their subunits, but their expression is largely tissue specific and both expression and 

receptor number can be altered by the cell in response to integrin mediated signals (Campbell 

and Humphries 2011).  

 Although integrins bind matrix proteins with differing efficiency, and can therefore be 

described as “preferential,” the specifics of integrin-matrix protein binding are not as interesting 

to this study as downstream is integrin-mediated signaling. Functionally, integrins bind their 

extracellular ligand which causes an intracellular conformational change of the cytoplasmic tail 

which subsequently recruits and interacts with a variety of scaffold proteins (Lawson and 

Burridge 2014). It is believed that integrin cytoplasmic conformational change is unique to each 

integrin-ligand binding and that integrins relay distinct signals both due to their own subtype and 

specific ligand (Lawson and Burridge 2014). This study will investigate intracellular signaling 

during astrocyte migration and therefore will not address specifics of integrin function in 

“inside-out” signaling or specifics of intracellular tension during stasis but rather the distinct 

downstream effects of integrin-ligand binding (Campbell and Humphries 2011).  
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 Upon recruitment of focal adhesion scaffold proteins, integrins participate in formation 

of three distinct adhesion complexes which vary in their size, complexity, and temporal 

occurrence. Nascent adhesions form early in migration at the leading edge of the cell and either 

quickly disassemble or proceed to form more stable adhesions deemed focal complexes. While 

nascent complexes depend only on actin polymerization, focal complexes are dependent both on 

actin and myosin II activity and therefore are capable of actomyosin contractility which 

increases the cells ability to create migratory force. These complexes then progress to form 

mature focal adhesions which are capable of anchoring actin stress fibers and imparting serious 

force on the substratum and within the cell (Lawson and Burridge 2014). As the cell begins to 

migrate, these nascent and focal complexes occur primarily at the leading edge to assist in 

pushing the cell’s lamellipodia forward while later in migration, focal adhesions at the cell’s 

lagging edge provide traction for the cell’s directional movement and eventually disassemble, or 

undergo focal adhesion turn over, in order to allow the lagging edge to translocate with the cell 

body (Lawson and Burridge 2014). Thus, the cell demonstrates the five stages of cellular 

migration; leading edge extension, formation and stabilization of focal adhesions, proteolysis of 

extracellular matrix, actomyosin contractility of the cell body, retraction of the lagging edge 

(Murali and Rajalingam 2014).  

 Among the best studied intracellular proteins involved in cell migration, morphology, 

and differential gene expression are GTP binding proteins including tubulins, heterotrimeric G 

proteins, and small G proteins all of which utilize GTP as a regulator of their functional state 

(Etienne-Manneville 2013; Milligan and Kostenis 2006; Narumiya 1996). The most common 

members of the tubulin superfamily, α- and β-tubulin, make up microtubules which are a 

component of the cellular cytoskeleton and are involved in cellular architecture and migration 

(Etienne-Manneville 2013). Microtubules are cylindrical polymers of tubulin monomers which 

are always in a state of remodeling dubbed ‘dynamic instability’ characterized by growth at the 

microtubule plus end called ‘rescue’ and rapid de-polymerization called ‘catastrophe’ (Gardner, 
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Zanic, and Howard 2013). This dynamic instability is critical to cell migration because 

microtubule polymerization and de-polymerization regulates migration by establishing cell 

polarity, functioning as “tracks” for protein transportation, and participating in focal adhesion 

dynamics (Etienne-Manneville 2013; Brunner 2002). The ‘dynamic instability’ and remodeling 

of microtubules is GTP dependent because polymerizing microtubules contain GTP bound 

tubulin monomers which is stable while hydrolysis of said GTP to GDP makes tubulin 

monomers less stable and facilitates de-polymerization. The GTP cap model of microtubule 

dynamic instability states that the majority of tubulin found in microtubules has hydrolyzed GTP 

and is thus GDP bound meaning that individual monomers are primed for de-polymerization. 

However, the tubulin monomers at the plus end of microtubules have not hydrolyzed GTP and 

therefore stabilize the microtubule plus end and thus the entire microtubule until they hydrolyze 

their GTP and thus instigate ‘catastrophe’ (Gundersen and Bulinski 1988). 

 Heterotrimeric G proteins, unlike tubulin, are not directly involved in the formation or 

modification of the cytoskeleton but are rather function in conjunction with G-protein coupled 

receptors and transduce receptor signals into downstream effects including regulation of 

metabolic enzymes, ion channels, and production of second messengers (Milligan and Kostenis 

2006). Heterotrimeric G proteins are comprised of three subunits of which there are 16 α-

subunits, five β, and 14 γ subunits indicating many different receptor conformations (Milligan 

and Kostenis 2006). Transmembrane G-protein coupled receptors are activated by binding 

extracellular ligands which causes a conformational change in the cytoplasmic region which then 

interacts with the Gα subunit to facilitate GDP release. Cytosolic GTP then binds the Gα unit 

which causes a conformational change allowing dissociation of the Gα from the Gβγ subunit 

which allows both subunits to activate downstream signaling cascades, second messengers, or 

effector proteins many of which stimulate cell migration (Oldham and Hamm 2008). 

 Lastly, and of most interest to this study, is the GTP binding capacity of small G 

proteins, also called GTPases or monomeric G proteins. Monomeric G proteins are active when 
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GTP bound and inactive after hydrolysis to GDP which is regulated by guanine nucleotide 

exchange factors (GEFs) and GTPase activating proteins (GAPs). When active, GTPases bind 

downstream proteins to propagate and amplify cellular signals which regulate cell cycle, 

proliferation, adhesion, migration, morphology, and gene expression among other functions 

(Narumiya 1996). The monomeric G proteins fall into two families, the Ras superfamily, and the 

Rho family both of which play diverse roles within cellular signaling and regulation of various 

functions. Discovered in the 1960’s, the Ras family became an interesting topic of research in 

the 1980’s due to the increased utilization of cell culture techniques and molecular biology 

advances which led to the discovery of Ras mutation in both patient tumors and tumor cell lines 

and the determination that Ras was an oncogene (Cox and Der 2010). Ras mutations have since 

been implicated in 30% of human cancers making it the most important human oncogene and 

strongly indicating that other GTPases could be implicated in cancer development and 

progression (Hernández-Alcoceba, Del Peso, and Lacal 2000). The Rho family of GTPases and 

their GEF activators are the subject of Chapter 3 of this study and have been extensively studied 

in relation to cellular migration since their discovery in the 1980s (“Rho like GTPases Their 

Role in Cell Adhesion and invasion_1999.pdf”). Rho GTPase activation has been strongly linked 

to actin cytoskeleton dynamics via effectors including Arp2/3, mDia, cofilin, and myosin light 

chain all of which directly manipulate actin dynamics and thus cell migration. 

 GTP binding proteins clearly play diverse roles within cell functions and are major 

regulators of cell migration across many cell types and via many mechanisms. Understanding 

these signaling cascades is critical to understanding the basic biology of healthy cells and 

identifying the aberrant regulation of said cascades to determine the source of pathologies and 

potential therapeutic strategy to combat said pathologies. In order to truly understand signaling 

cascades, it is important to understand how proteins determine their downstream binding 

partners; for example, how small G proteins “choose” their effectors and thus influence distinct 

cascades and cellular behaviors. 



 

 12 

 The above description of cellular adhesion formation is vague due to the omission of the 

involvement of Rho family GTPase signaling and their manipulation of actin dynamics in 

cellular migration. Rho family GTPases, also termed small G proteins, are a subset of the greater 

Ras protein superfamily and are comprised of 22 members between 21-25 kDa in size (Murali 

and Rajalingam 2014). These proteins are described as “molecular switches” because they are on 

or off when GTP or GDP bound respectively and because, once on, GTPases are capable of 

stimulating a wide variety of cellular activities (Murali and Rajalingam 2014). Rac1 and RhoA 

are two of the best understood Rho family GTPases and play important roles in actin 

cytoskeleton dynamics via their activation of actin effectors as well as transcription factors 

which alter cellular behavior. The previous description of adhesion complex formation and 

maturation is actin dependent and therefore regulated by Rho family GTPases. Nascent 

adhesions occur at the new cellular leading edge and mature into focal complexes due to 

increased Rac1 activation and concurrently decreased RhoA activation. Mature focal adhesion 

induction and stability is dependent on RhoA activity giving insight into the antagonistic and 

cyclical role which Rac1 and RhoA activation play in many cellular activities (Murali and 

Rajalingam 2014). Generally speaking, Rac1 is responsible for lamellipodia formation and RhoA 

is responsible for focal adhesion stability as well as actin stress fiber formation as is evidenced 

by the previous example, Rac1 and RhoA function in a dynamic cyclical manner simultaneously 

working with and against each other (Murali and Rajalingam 2014). This complex relationship is 

spatiotemporally regulated meaning that cellular GTPase activity analysis is insufficient to 

describe signaling nuances; the location and timing of activation is critical.  

 This spatiotemporal Rho GTPase activation has been observed in detail via Forsters 

Resonance Energy Transfer (FRET) over the last decade and general activation patterns occur 

across a variety of cell types  (Kurokawa et al. 2005). Generally speaking, Rac1 activity ensues 

as a gradient with highest activity at the lamellipodia and leading edge plasma membrane while 

RhoA activity is highest at the leading edge plasma membrane and at the uropod where the 
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lagging edge plasma membrane shrinks to facilitate cellular migration (Kurokawa et al. 2005). 

Although these general patterns have been observed, more specific analysis of Rho GTPase 

activation shows variability in spatiotemporal activity regulation between cell types (Kurokawa 

et al. 2005). For example, while the general pattern holds true for Rho GTPase activity in 

migrating fibroblasts, neuronal migration differs slightly; Rac1 is transiently activated across 

large areas of the plasma membrane while RhoA activity declines sharply at the plasma 

membrane followed by repetitive activity cycling of both Rac1 and RhoA throughout the neuron 

(Kurokawa et al. 2005). It is important to keep in mind that the majority of GTPase activity 

assays are performed in immortalized cell lines which inherently do not behave exactly like their 

in vivo counterparts which could compound possible error. Additionally, cellular GTPase 

expression levels do not vary tremendously between cellular phenotypes indicating that GTPase 

spatiotemporal regulation is not controlled by expression levels but rather by the proteins which 

regulate Rho GTPase activity. Once activated, Rho GTPases alter the actin cytoskeleton through 

activation of downstream effectors and therefore parsing the context by which distinct effector 

pathways are activated is critical.  

 Signaling scaffolds are one means by which cells regulate protein-protein interactions in 

space and time by facilitating these interactions through “enforced proximity” (Zeke, Lukács, 

Lim, & Reményi, 2009). These signaling scaffolds are formed when scaffold proteins gather 

relevant proteins in a specific location, usually near the plasma membrane, (Good, Zalatan, & 

Lim, 2011) and thereby enables “context-dependent fine-tuning” of signaling pathways. In this 

study, I explore my protein of interest’s interaction with Filamin A, an actin binding scaffolding 

protein which can interact with over 30 cellular proteins (Feng & Walsh, 2004). Filamin A’s 

primary function is to induce branching and crosslinking of actin into 3D structures critical to the 

formation of cellular leading edge projections of migrating cells. Filamin’s ability to bind many 

other proteins also indicates its capacity to function as a scaffolding protein and thereby 

facilitates “connecting and coordinating a variety of cellular processes to the dynamic regulation 
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of actin cytoskeleton” (Feng & Walsh, 2004). The combination of specific proteins in the same 

location at the same time directly influences the ability and rate of protein-protein interaction and 

these protein combinations thereby influence which signaling pathways are activated and when. 

This study proposes that Filamin A-Solo-Rho GTPase scaffolding combinations directly impact 

actin dynamics pertaining to migration as is outlined in Chapter 3. Determining specific scaffold 

protein combinations in distinct cellular contexts could help elucidate how cells make decisions 

in a spatiotemporal manner and therefore warrants extensive future study (Zeke et al., 2009). 

Though scaffolding helps to explain spatiotemporal regulation of signaling pathways, we must 

remember that “scaffolding is just one of the basic constituents of the complex signaling code” 

(Pincet, 2007) and thus accounts for only a sliver of signaling complexity.  

 Guanine nucleotide exchange factors (GEFs) and GTPase activating proteins (GAPs) are 

the primary regulators of Rho GTPase activation by facilitating the GTP binding or hydrolysis to 

GDP which delineates Rho GTPase activity versus inactivity (Rossman, Der, and Sondek 2005). 

Although GEFs are integral to Rho GTPase activity, signaling diagrams often fail to label the 

specific GEF within a given system which perfectly symbolizes the state of the majority of the 

GEF research field: GEFs are important because they turn GTPases on but generally haven’t 

been deemed important enough to characterize individually. Until we determine the specific 

GEF-GTPase interactions which drive specific downstream effectors, migratory cell signaling 

will require more guesswork than researchers generally deem acceptable.  

 Dbl family GEFs are comprised of over 60 members which are comprised of, at 

minimum, a Dbl homology (DH) domain and adjacent pleckstrin homology (PH) domain which 

together facilitate GTPase activity (Bos, Rehmann, and Wittinghofer 2007). The DH domain 

binds the GTPase catalytic site inducing a conformational change which releases GDP and 

consequently has high binding affinity for cytosolic GTP while the PH domain has been 

implicated in a variety of functions, specifically localization to the plasma membrane via 

phosphoinositol binding and auto-inhibition of GEF activity by associated with the DH domain 
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(Viaud, Gaits-Iacovoni, and Payrastre 2012). The question of how GEFs are activated requires 

explanation of the previously mentioned intrinsically enzymatic receptors, also known as 

receptor tyrosine kinases or receptor serine/threonine kinases depending on the residues which 

they phosphorylate (Lodish H, Berk A 2000). Transmembrane receptor kinases are activated 

upon ligand binding which induces auto-phosphorylation of the cytoplasmic region which can 

then either phosphorylate other proteins or recruit adaptor proteins via their SH2 domain and 

subsequently bind and activate GEFs (SL. 1995; Becker WM, Kleinsmith LJ 2008). 

Additionally, integrin mediated signaling is itself mediated by activating GEFs and thus 

GTPases; conformational change of the cytosolic integrin domain facilitates formation of 

intracellular protein scaffolds which recruit and activate non-receptor tyrosine kinases including 

FAK and Src which have been shown to activate GEFs via tyrosine phosphorylation (Lawson 

and Burridge 2014). The means by which specific GEFs are activated are mechanistically 

distinct and extremely varied due to both the sheer number of GEFs as well as by the variable 

domains which flank the DH-PH activity domain (Rossman, Der, and Sondek 2005). In other 

words, phosphorylation is a common means of GEF activation though there are a variety of 

means by which GEFs can be activated. 

 Lastly, we must touch on the role of GTPase activity on downstream signaling proteins 

which are the functional agents in regulation of actin dynamics. The actin cytoskeleton is 

responsible for cellular shape, structure, and polarity and is constantly remodeling which 

facilitates the formation of migratory structures including lamellipodia, filopodia, stress fibers, 

and focal adhesions (Murali and Rajalingam 2014). Lamellipodia occur at the cells leading edge 

and are described as thin cytoplasmic sheets containing actin filaments in a crisscross pattern 

which allows the cell to push forward in a general direction (Rottner and Stradal 2011). Actin 

filament formation occurs at the lamellipodium via continuous polymerization at the fiber plus 

ends as well as continuous nucleation of new fibers thus pushing the cell forward (Rottner and 

Stradal 2011). Additionally, formation of stress fibers and focal adhesion complexes is largely 
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regulated by Rac1 and RhoA activity cycling and the specifics of this cyclic activity are both 

context and cell type dependent (Hanna and El-Sibai 2013). The formation and turn-over of focal 

adhesions and their associated stress fibers are understandably closely interrelated because actin 

stress fibers are anchored within the focal adhesion protein matrix. Stress fibers anchoring within 

mature focal adhesions and both adhesions and stress fibers require actin contractility to form 

and to exert stress on the cellular substratum to facilitate cellular motility (Rottner and Stradal 

2011). Rac1 and RhoA are capable of activating multiple downstream effectors which 

manipulate actin dynamics and this study will focus primarily on the two most common 

downstream effectors of each GTPase and their roles in cellular migration.  

 Rac1 primarily activates p21 associated kinase (PAK) and the Wiskott-Aldrich 

Syndrome family protein WAVE while RhoA primarily activates Rho-associated protein kinase 

(ROCK) and mouse diaphanous homolog of Drosophila (mDia) (Hanna and El-Sibai 2013). 

These effectors either directly manipulate the actin cytoskeleton or indirectly influence 

cytoskeleton dynamics by activating other downstream effectors and/or each other  (Hanna and 

El-Sibai 2013). As with many cellular signaling cascades, these pathways exhibit crosstalk and 

feedback loops which are largely context dependent (Guilluy, Garcia-Mata, and Burridge 2011). 

 Rac1 activates WAVE which binds and activates Arp2/3 complex and thereby 

contributes to actin nucleation and polymerization critical to lamellipodia formation. PAK 

activation is also capable of activating Arp2/3 and thus further increasing actin fiber 

polymerization and lamellipodia formation (Murali and Rajalingam 2014). PAK activation by 

Rac1 allows for phosphorylation of myosin light chain kinase (MLCK) which functions as an 

activator of myosin light chain (MLC) and thus increases actomyosin contractility. However, 

when PAK phosphorylates MLCK, the kinase is inactivated and cannot phosphorylate MLC 

which results in decreased actin contractility and works in direct opposition to RhoA and ROCK 

activation. When ROCK is activated by RhoA, it phosphorylates and activates MLC and thus 

induces actomyosin contractility which reiterates the antagonistic activation effects of Rac1 and 
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RhoA (Hanna and El-Sibai 2013; Murali and Rajalingam 2014). In addition to activating MLC, 

ROCK phosphorylates and thus deactivates myosin light chain phosphatase (MLCP) which 

prevents the inactivation of MLC and together these phosphorylation events contribute to stress 

fiber formation and actomyosin assembly and contraction. ROCK also phosphorylates and 

activates LIM kinase (LIMK) which inhibits cofilin, an actin severing protein. Although severing 

sounds severe, cofilin function is necessary to relieve actin of its end-capping proteins and 

facilitates actin fiber polymerization and growth; essentially RhoA/ROCK/LIMK induced cofilin 

inhibition and results in actin fiber stasis. RhoA also activates mDia, a formin, which binds 

actins barbed plus ends and accelerates nucleation and polymerization (Hanna and El-Sibai 

2013). PAK is capable of activating LIMK and thus stabilizing actin dynamics via a Rac1 

signaling cascade (Hanna and El-Sibai 2013). The crosstalk between signaling cascades as well 

as distinct roles of each effector displays the complexity of migratory signaling and makes a 

logical argument for determining how GTPases “choose” their downstream effector rather than 

just determining general Rho GTPase activity patterns.  

1.3 HYPOTHESIS 

 Taken together the above information argues that astrocyte migration and the regulation 

thereof are areas which require further elucidation. Furthermore, the mechanisms regulating 

astrocyte morphology and migration must be elucidated in healthy cells in order to determine a 

base line of astrocyte function. To achieve this goal I am guided by the following hypothesis: 

My hypothesis proposes that astrocytes migrate through signaling by Rac1, RhoA, and Filamin 

A function and that said signaling is regulated by guanine nuclear exchange factor Solo. 

 

 To rigorously test my hypothesis I pursued the following aims: 
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Specific Aim 1: Identify morphological and migratory impact of C8-S astrocyte growth on 

different extracellular matrix proteins, determine which guanine nuclear exchange factors 

(GEFs) are expressed by this astrocyte cell line, and determine Solo interaction with scaffold 

proteins Rac1, RhoA, and Filamin A. 

 

Specific Aim 2: Develop a signaling scaffold model for the role of Rac1, RhoA, Filamin A, and 

Solo in spatiotemporally regulated astrocyte cell migration. 

 

Specific Aim 3: Validate the model proposed in Specific Aim 2 through inhibition of Solo and 

observation of subsequent changes in C8-S astrocyte morphology and migration. 

 

 Reflecting on my completed work in conjunction with the current literature, I believe 

I’ve discovered a concept which could potentially open avenues to new research within the field 

of guanine nucleotide exchange factor (GEF) function, Rho GTPase activation, and regulation of 

signal transduction. I postulate that Solo binding one of its protein targets may cause a distinctive 

conformational change in Rac1 and RhoA which allows for GDP release, canonical GTP binding 

and activation, and that this conformational change could induce these GTPases to preferentially 

bind one downstream effector over another and thereby tunes the cell’s response in a GEF-

GTPase-effector specific manner. I address this concept in greater detail in Chapter 5. 

 

 

 



 

 19 

2. Extracellular matrix protein coatings, with or without the presence 

of electrospun microfiber substrates, as well as GTP binding proteins 

influence astrocytic alignment, adhesion, migration, and gene 

expression 

2.1 INTRODUCTION 

 The characteristics of the extracellular matrix of a given cell influence regulation of cell 

alignment, adhesion, migration, and gene expression are translated into intracellular signals 

through use of GTP binding proteins. To obtain insight into basic cellular biology, 

experimentally manipulate cells, and discover potential targets for therapeutic modification to 

achieve a given in vitro or in vivo result, biologists must understand the biochemical and 

biomechanical environment which cells interact with, in conjunction with the intracellular 

proteins that regulate cell activity. 

 The extracellular environment includes a multitude of matrix proteins which create a 3D 

environment including structural proteins, proteoglycans, and matricellular proteins that 

collectively determine location, shape, differentiation state and migration of cells in tissues 

(Yurchenco 2011; Venstrom & Reichardt 1993). Of particular interest to this study are the 

fibrous components of the extracellular matrix which include collagen type I, collagen type IV, 

fibronectin, and laminin 1,1,1 all of which help form the vascular network found in the central 

nervous system (Jones and Bouvier 2014; Fortin Ensign et al. 2013). Collagen I and collagen IV 

are triple helices which vary in the length and composition of their helical strands which imbues 

each protein with intrinsically different cellular and matrix binding regions and thus different 

functions. Collagen I is fibrillar in structure and is a component of fibrous tissues while collagen 

IV is a network collagen which plays a critical role in formation of the basement membrane 

(Shoulders and Raines 2009; Yurchenco 2011). Fibronectin contains various protein binding 

domains in addition to the canonical RGD sequence which allows for binding to over 25 distinct 

cellular integrin receptors (Pankov and Yamada 2002; Baneyx and Vogel 1999). Lastly, laminins 
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form the network which supports the basement membrane and contains many cellular and 

protein-protein binding sites found on its α, β, and γ subunits (Domogatskaya, Rodin, and 

Tryggvason 2012; Cheng et al. 1997; Yurchenco 2011). Due to their physiological relevance, 

these proteins are obvious candidates for use in biomedical research. 

 In order to utilize matrix proteins to influence cellular function, it is important to 

understand the means by which the extracellular environment impacts intracellular signaling 

proteins which include guanosine triphosphate binding proteins. These GTP binding proteins 

include tubulin, heterotrimeric G proteins, and small G proteins which are responsible for 

microtubule dynamics, regulation of transcription and signal transduction among other actions. 

GTP hydrolysis to guanosine diphosphate (GDP) promotes Gβγ subunit release from the Gα unit 

of heterotrimeric G proteins which then act as signal molecules or activates second messengers 

for downstream effects, and also regulates the activity of small G proteins which are well 

documented regulators of cell migration, morphology, and gene expression (Hyman et al. 1992; 

Milligan and Kostenis 2006; Narumiya 1996). GTP is crucial to normal cellular function and 

plays innumerable roles in regulating cellular alignment, adhesion, migration, and gene 

expression which has been studied extensively in both in vitro and in vivo experimental models. 

 The biochemical and biomechanical properties of the extracellular environment can be 

tuned to influence cellular functions including migration, adhesion, differentiation, and 

proliferation. We used poly-L-lactic acid electrospun microfiber coated with fibronectin to 

elucidate the effect of this extracellular environment on astrocyte migration and gene expression. 

Electrospun fibers are one form of biomaterial used to influence cellular alignment and 

migration and said fibers can be used in conjunction with matrix protein coatings to amplify 

cellular response (Kai, Liow, and Loh 2014; Wang et al. 2009). PLLA manipulates astrocyte 

migration and gene expression dependent on the matrix protein coating as well as the presence or 

absence of microfiber formation (Hurtado A, Cregg JM, Wang HB, Wendell DF, Oudega M, 

Gilbert RJ 2011). 
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 Cells interact with their environment via a multitude of cell surface receptors which bind 

extracellular ligands and initiate signal transduction cascades (Hynes et al. 2013). During signal 

transduction, cell surface receptors interpret the extracellular environment and induce changes in 

cellular behaviors such as migration and also alters cell gene expression (Narumiya 1996). In 

this way, a cell can sense the extracellular matrix protein composition and alter its own matrix 

protein production or alter receptor expression; thus cells receive information from and 

manipulate their environments. In this study we discuss how interaction with electrospun 

microfibers induced altered expression of proteins involved in the astrocytic glutamate uptake-

glutamine synthesis cycle which clearly demonstrates the principle that gene expression is 

regulated by outside-in signal transduction.  

 Although we understand the general principals of signal transduction, the specifics are 

opaque at cell-type and tissue specific levels. It is insufficient to merely state that signal 

transduction occurs and therefore requires investigation into the specifics of which extracellular 

parameters translate to specific intracellular information and thus alter behavior. In this study, 

we seek to understand how astrocyte morphology, migration, and gene expression change on 

various extracellular matrix proteins as well as on electrospun fibers in order to manipulate those 

behaviors. 

2.2 RESULTS 

2.2.1 Constitutive activation of GTP binding proteins with non-hydrolyzable GTP 

analog increases astrocyte migration. 

In order to accustom myself with the C8-S cell line as well as characterize C8-S astrocyte 

migratory behavior, I decided to determine the extent to which constitutive activation of GTP 

binding proteins affected 2D scratch wound migration. As outlined in the introduction, GTP 

binding proteins participate in many cellular functions and in order to explore the role of specific 

GTP binding protein proteins in C8-S migration, we needed to determine whether this cell line 
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could be induced to migrate in a GTP binding protein-specific manner. The source of this cell 

line describes C8-S astrocytes as “adherent” and makes no mention of migratory capacity 

(ATCC). Additionally, these cells are described as resembling Bergmann radial glial cells (Sild 

& Ruthazer, 2011) which are known to migrate and direct neural migration during development 

but are not described as migratory cells in mature rodent models. Thus, this necessitated an 

experiment to determine both that C8-S astrocytes could be induced to migrate and also that 

GTP binding proteins participate in regulating said migration (ATCC; Sild and Ruthazer 2011). 

 Astrocyte cell line C8-S was treated with varying concentrations of non-hydrolyzable 

GTP analog G0635 and 2D scratch wound assay determined amount of cellular migration by 

measuring the percent of pixels corresponding to cells. Low dosage treatment with G0635 

resulted in significant increase in migration compared to DMSO treated control at both 24 hours 

and 48 hours while high dosage treatment only induced significant migration at 24 hours. 

Migratory stimulation with low concentration G0635 at 24 hours and 48 hours resulted in 

significant difference between the GTP analog and control with p-value of <0.05 though Tukey’s 

multiple comparison test indicates that at 24 hours increase in migration is extremely significant 

with 0.0001<p<0.001 while at 48 hours increase in migration is merely significant with 

0.01<p<0.05. With high dosage G0635 there is significant difference between control and GTP 

analog only at 24 hours with 0.01<p<0.05 while there is no significance at 48 hours. This 

indicates that 20µM G0635 treatment stimulated migration over 48 hours while 70 µM G0635 

only stimulated migration over 24 hours and that the increase in migration was greater at 24 

hours in low dosage than in high dosage.  
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Figure 2.1 Non-hydrolyzable GTP analog applied to C8-S astrocyte cell line results in increased cell 

migration 

G0635 non-hydrolyzable GTP analog applied at 20µM induced significantly increased astrocyte 

migration at 24 and 48 hours as compared to 45µM DMSO control while 65µM GTP analog caused 

significantly increased migration only at 24 hours compared to DMSO control. The short axis is 

significantly shorter in aligned samples due to directed migration along fibers rather than radial 

migration exhibited in film and random fiber samples. 

 

2.2.2 Astrocytes align and migrate robustly on aligned poly-L-lactic acid 

electrospun fibers 

 Astrocyte alignment is linear in the healthy spinal column and said alignment can be 

manipulated through use of biomedical devices including electrospun fibers (Rolls, Shechter, 

and Schwartz 2009). As previously discussed, electrospun fibers have been used both in vivo and 

in vitro to align astrocytes. To determine the extent to which fibronectin coated PLLA fibers 

stimulate cell migration, I used a cloning cylinder migration assay to compare primary rat 

astrocyte migration on PLLA film, aligned, and random fibers. Primary rat astrocyte migration 

over four days resulted in a circular shaped migratory pattern outward from the cloning cylinder  
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seeding site on PLLA film and random fibers while aligned fibers induced an oblong or oval 

shaped migration of the cell mass skewed in the direction of fiber alignment. Astrocytes cultured  

on aligned fibers migrated 766±75µm outward from their original cloning cylinder site along the 

longest growth axis and 217±98µm along the short axis of the oblong cell mass. Conversely, 

PLLA film and random fibers induced 527-551±51µm and 476-561±6.5µm respectively and 

without a distinct directional migratory preference unlike their aligned fiber counterparts. These 

data show significant robust migration of primary astrocytes cultured on fibronectin coated 

aligned fibers compared to film or random fiber cultured astrocytes and indicates that fibronectin 

Figure 2.2 Primary rat astrocytes grown on fibronectin coated aligned electrospun PLLA fibers 

migrate robustly and in alignment with fibers 

(A) Images A, C, and E depict migratory short axis while B, D, and F depict the long axis grown on PLLA 

film, random fibers, or aligned fibers. The red line delineates where cells were seeded while cells below 

the line on the short axis or to the right of the line on the long axis over a 48 hour time period. (B) 

Analysis of migratory distance on both axes clearly indicates significant increase in migration of 

astrocytes grown on aligned fibers which run in parallel with the long axis as compared to astrocytes 

grown on random fibers or PLLA film. The short axis is significantly shorter in aligned samples due to 

directed migration along fibers rather than radial migration exhibited in film and random fiber samples. 
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coating in conjunction with PLLA electrospun fiber alignment induces directional astrocyte 

migration. 

2.2.3 Glutamate transporter GLT1 and glutamate synthetase expression is 

increased in astrocytes cultured on aligned PLLA fibers 

 The work discussed below was done in collaboration with Dr. Jon M. Zuidema, Dr. 

Maria C. Hyzinski-Garcia, Dr. Nicholas Zaccor, Dr. George E. Plopper, Dr. Alexander A. 

Mongin, and Dr. Ryan J. Gilbert and is included in this thesis as evidence to support the impact 

of extracellular composition and alignment on astrocyte gene expression. The associated 

techniques, materials, and methods can be found in our paper “Enhanced GLT-1 mediated 

glutamate uptake and migration of primary astrocytes directed by fibronectin-coated electrospun 

poly-L-lactic acid fibers.” (Zuidema et al., 2014). 

 Astrocytes influence neurons metabolically via their glutamate receptors and subsequent 

glutamine production in healthy tissue and this astrocyte glutamate uptake-glutamine production 

cycle is necessary for neuronal metabolism and health. This mechanism is severely altered 

following central nervous system trauma with glutamate flooding the extracellular space and 

overwhelming astrocyte uptake ability and eventually leading to regional cytotoxicity (Afzal et 

al. 2002). After determining aligned PLLA electrospun fibers induce robust astrocyte migration, 

Dr. Zuidema and Dr. Hyzinski-Garcia further sought to investigate the influence of PLLA 

electrospun aligned fibers on astrocyte metabolism of glutamate which is impaired in reactive 

astrocytes responding to trauma and is critical to normal neuronal function (Dzubay and Jahr 

1999). Quantitative RT-PCR analysis determined whether astrocytes cultured on PLLA fibers 

exhibited differential mRNA expression of the following glutamate-glutamine metabolic 

proteins: astrocyte specific glutamate transporters GLT1 and GLAST, glutamine transporters 

SNAT3/SN1 and SNAT5/SN2, glutamate metabolizing enzymes glutamine synthetase (GS) and 

glutamate dehydrogenase (GD), and glutamine hydrolyzing enzymes glutaminase 1 (GLN1) and 

glutaminase 2 (GLN2). Although mRNA expression was not significantly altered, Dr. Zuidema 
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and Dr. Hayzinski-Garcia determined that these proteins experienced a two-fold expression 

increase in astrocytes grown on PLLA electrospun fibers compared to PLLA film indicating that 

astrocytes cultured on fibers undergo differential gene expression (Zuidema et al. 2014). 

Additional western blot analysis showed observably increased protein expression of GLT1, 

GLAST and GS in fiber cultured astrocytes (Zuidema et al. 2014). Interestingly, unlike with 

migratory induction, the alignment of electrospun fibers did not significantly alter protein 

expression implying that, though astrocytes may not be migrating robustly on random fibers, 

their alignment on individual fibers within a random fiber matrix is sufficient to induce 

differential protein expression of these proteins. 

2.2.4 C8S astrocytes adhere to laminin 1,1,1 and migrate most robustly on 

collagen IV. 

 It is important to determine the optimal extracellular matrix protein to facilitate a desired 

cellular effect in order to utilize proteins in conjunction with biomaterials. Astrocyte migration 

was analyzed on different extracellular matrix protein coatings to determine which protein best 

stimulated migration in order to optimize protein coating in conjunction with electrospun fiber 

alignment to stimulate astrocyte migration. I performed cell adhesion and 2D scratch wound 

assays on C8-S astrocytes in order to determine extracellular matrix preference. 
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Figure 2.3 Astrocytes adhere to laminin 1, 1, 1 independent of cell seeding density 

(A) Regardless of cell density, astrocytes adhere most to laminin 1,1,1 closely followed by fibronectin and 

collagen IV. Astrocytes adhere poorly to collagen I, poly-D-lysine, and untreated tissue culture plastic.   

(B) This graph indicates cell adhesion on various substrates with cells seeded at 25,000 cells/96 well and 

indicates the pronounced preference for astrocyte adhesion to laminin 1,1,1 compared to the other 

substrates. 
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Figure 2.5 Astrocytes migrate robustly on collagen IV 

(A These images depict the 2D scratch wound migration assay on various extracellular matrix substrates 

at 24 hours post scratch. (B) Percent cell pixels per sample clearly indicates astrocytes grown on collagen 

IV migrate significantly more than fibronectin, laminin 1,1,1, and collagen I at 24 hours and that there is 

no significant difference in migration between fibronectin and laminin 1,1,1. 

Figure 2.4 Astrocytes have largest cell area when cultured on fibronectin and significantly shorter 

ferets diameter when cultured on collagen IV compared to other substrates 

(A) Astrocyte cell area was significantly greater when cultured on fibronectin than on collagen I, collagen 

IV, and glass while no significant difference was noted between cells cultured on fibronectin and laminin 

1,1,1. (B) Ferets diameter, or longest cellular axis, was significantly shorter for astrocytes cultured on 

collagen IV than those cultured on fibronectin and laminin 1,1,1. 
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The adhesion assay was performed on cell concentrations serially diluted from 50,000 to 781 

cells grown on various extracellular matrix coatings in order to ensure that adhesion efficiency 

was dependent upon extracellular matrix coating rather than on cell density. I found that after 48 

hours of cell culture, astrocytes were most adherent to laminin 1,1,1 followed by fibronectin, 

collagen IV, collagen I, PDL, and TCP in order of decreasing adhesion. The full spectrum of cell 

concentration and adhesion is presented in Figure # while Figure # demonstrates a clearer 

representation of adhesion at a single cell density of 25,000 cells/96 well. This second figure also 

demonstrates the large amount of error between samples particularly in laminin 1,1,1, 

fibronectin, and collagen IV samples and helps to explain why adhesion differences were not 

statistically significant by one way ANOVA. I believe that astrocytes preferentially adhere to 

laminin 1,1,1 with fibronectin and collagen IV as close alternatives because of the many matrix 

and cell surface binding domains these proteins possess as well as their well-established role in 

forming the basement membrane  (Shoulders and Raines 2009; Pankov and Yamada 2002; 

Domogatskaya, Rodin, and Tryggvason 2012; Yurchenco 2011). Astrocytes want to bind these 

proteins rather than TCP or PDL surfaces because matrix proteins are more physiologically 

relevant again making the argument that extracellular matrix proteins can, and should, be used to 

optimize biomedical devices. Astrocyte migration on the aforementioned matrix proteins was 

assessed using the 2D scratch wound assay which measures the capacity for cells to migrate 

from a confluent cell mass into a scratch cleared region. I determined that astrocytes migrate 

most robustly on collagen IV as compared to collagen I, fibronectin, and laminin 1,1,1 in this 

experimental model (Figure 2.4). Migration was statistically significantly different between all 

extracellular matrix proteins with the exception of fibronectin and laminin 1,1,1 when analyzed 

by one way ANOVA. 
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2.2.5 C8S astrocytes spread most on fibronectin  

 Astrocyte cell spreading on differing extracellular matrix components is as critical as 

understanding migration preference when attempting to characterize astrocyte behavior. In this 

study we explored astrocyte spreading on variable matrix protein and determined that cells 

spread most on fibronectin. Cell spreading is often correlated with stability of adhesion as well 

and thus this study was used to support data collected in the previous section. 

I analyzed astrocyte spreading by measuring cell area (µm2) and ferets diameter (µm) of actin 

stained cells. I found that cells significantly prefer to spread on fibronectin as compared to 

collagen I, collagen IV, and glass and that there was no significant difference in cell spreading 

between fibronectin and laminin 1, 1, 1. I analyzed ferets diameter, also called longest cellular 

axis, to determine whether cell length was significantly increased or decreased in presence of 

particular matrix proteins and to ensure that cell spreading was not mesenchymal and therefore 

non-migratory. Statistical analysis of cell length found no difference between fibronectin and 

laminin 1,1,1 while collagen IV was once again statistically distinct from both fibronectin and 

laminin 1,1,1. Full one way ANOVA analysis of astrocyte ferets diameter is presented in Figure 

#. This indicates, again, that laminin 1,1,1 and fibronectin are similar in their capacity to induce 

astrocyte adhesion and spreading with less migratory induction while collagen IV stands out at a 

highly migratory and lowly adhesive matrix protein. 
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2.3 DISCUSSION AND CONCLUSIONS 

 The term “astrocyte” refers to the stellate morphology of many glial cells and was 

originally coined in 1893 when investigators determined that the neuroglia, or the area 

surrounding neurons, was composed of individual cells (Fiacco, Agulhon, and McCarthy 2009). 

Although a lot of time has passed and much has been learned about astrocytes, their defining 

characteristics are still rather poorly delineated and they are commonly classified by that which 

they lack including axons, action potentials, and synaptic potentials rather than by their 

individual subtype qualities (Magistretti and Ransom 2002). It is fair to say that deductive 

reasoning is not the ideal method with which to describe a cell type; rather, common 

characteristics should be identified to classify astrocytic cell subtypes. For example, astrocytes 

are currently classified as fibrous when found in white matter and protoplasmic when found in 

grey matter, with fibrous astrocytes expressing more glial fibrillary acidic protein (GFAP), 

which is the common method by which astrocytes are identified. However, the expression of 

GFAP is woefully inadequate in identifying astrocytes due to the fact that some subtypes express 

GFAP only during development, some express GFAP weakly, and some do not express GFAP at 

all (Fiacco, Agulhon, and McCarthy 2009). Astrocytes outnumber neurons 10:1 and are the most 

prevalent cell type within the central nervous system and thus their basic biology and 

Figure 2.6 Astrocyte morphology differs when cultured on various extracellular matrix proteins 

C8-S astrocytes cultured on different extracellular matrix protein substrates exhibit 

morphological differences. These images represent typical C8-S astrocyte morphology 

with subtle differences due to extracellular environment. The general shape of these cells 

is typical of C8-S astrocytes grown in vitro.  
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classification parameters require further extensive investigation. At the moment the term 

“astrocyte” is woefully vague and does not adequately represent the diversity of glial cell types 

and functions within the central nervous system. To rectify this ambiguity in defining precisely 

what an astrocyte is, it is important to define the precise characteristics and capabilities of 

astrocytes used in experimental settings. This process is necessary to ensure that research 

findings are properly attributed to specific astrocyte subtypes and also increases the transparency 

of experimental results. 

 Primary astrocytes are utilized in in vitro experimental settings due to their direct 

organismal harvest and are therefore assumed to be more physiologically normal, however it is 

important to keep in mind that in vitro and in vivo model systems differ and have inherent flaws. 

Culturing primary astrocytes relies on a deductive means of determining that the cells harvested 

and cultured truly are astrocytes. Our study employed the conventional method used to create 

primary astrocyte cell cultures which includes harvesting newborn rat cerebral cortexes, 

extracting and dissociating cells, then plating cells and allowing them to grow for several weeks 

to reach confluence prior to experimental use (Zuidema et al. 2014). There are several issues 

with this methodology including the fact that the entire cerebral cortex is harvested, cells are 

grown on poly-D-lysine coated tissue culture plates, and that veracity of astrocyte purity is 

determined by GFAP staining. The cerebral cortex includes the temporal, occipital, parietal, and 

frontal lobes which perform many functions and are comprised of various neuronal and glial 

subtypes with the assumption that most astrocytes in this region are protoplasmic due to the grey 

matter composition of the cerebral cortex (Swenson 2006; Magistretti and Ransom 2002). The 

cerebral cortex is comprised of six layers with 10-14 billion neurons and a projected 100-140 

billion astrocytes (Swenson 2006). This means that when the cerebral cortex is harvested and 

cells are dissociated, all glial subtypes and neurons found within this region are kept and plated 

indicating an extremely heterogeneous mixture of cells that cannot justifiably be deemed an 

astrocyte cell culture. The accepted rational indicates that neurons do not grow well on stiff 
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tissue culture plastic and that therefore only astrocytes will remain adherent and thriving within 

the culture flask. However, this methodology not only selects against neurons, it also selects for 

cells which can adhere to and survive on poly-D-lysine (PDL) coated tissue culture plastic and 

thus there is no guarantee that the remaining cells are astrocytes or that all of the plated 

astrocytes are capable of surviving in such an environment. Thus, this means of primary cell 

culture is inherently biased toward cells which can and will thrive on a stiff environment entirely 

unlike their native central nervous system extracellular environment. Additionally, my work 

indicates that the C8-S cell line adheres nearly as poorly to PDL as to uncoated tissue culture 

plastic which further biases the culture population toward cells which are more capable of 

adhering, surviving, and reproducing in this physiologically inaccurate culture environment. 

Lastly, Dr. Zuidema determined astrocyte culture purity via the accepted methodology of 

staining for glial fibrillary acidic protein (GFAP) which resulted in >95% pure GFAP expressing 

cultures (Zuidema et al. 2014). As the accepted means for determining culture purity, Dr. 

Zuidema was absolutely justified in using this method; however it is important to understand the 

limitations of this analysis in conjunction with limitations of the cell culture environment. As 

previously stated, some astrocytes express GFAP only during development and some do not 

express GFAP which could mean that these cells comprise the <5% of astrocytes which do not 

express GFAP in these cultures. It is also possible that the extracellular environment of this 

culture system is driving reactive gliosis which is characterized by a steep increase in GFAP 

expression and that these astrocytes are therefore not technically normal but rather exhibiting a 

reactive phenotype similar to that which astrocytes exhibit following trauma in vivo (Pekny, 

Wilhelmsson, and Pekna 2014). Although in vitro studies allow for close control of experimental 

variables, it is important to remember that the cell culture environment inherently biases even 

primary cells toward phenotypes which are physiologically abnormal. 

 Due to the mentioned limitations of primary astrocyte cultures as well as their slow 

growth rate, we decided to use the mouse C8-S astrocyte cell line in order to study a specific 
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astrocyte subtype harvested from a precise region of the CNS with a defined morphology which 

grow faster than primary astrocyte cultures. According to the American Type Culture Collection 

(ATCC) from whom we purchased this cell line, C8-S astrocytes are classified as type II 

astrocytes and described as having two long, thin processes and the clonal cell line is originally 

derived from eight day old mouse cerebellums  (ATCC). This cell line is also described as 

having morphology similar to Golgi Bergmann radial cells found in the cerebellum which 

exhibit a bottle brush-like morphology with processes that terminate in rounded end feet as 

highlighted in Figure 2.7  (ATCC; Sild and Ruthazer 2011). Bergmann glia are found in the 

cerebellum during embryonic neurogenesis and facilitate Purkinje cell and granule cell migration 

in the developing brain. These cells persist throughout the organism’s lifetime and participate in 

the uptake and clearance of γ-aminobutyric acid (GABA) and glutamate from Purkinje synapses  

(Sild and Ruthazer 2011). Although the ATCC states that C8-S astrocytes resemble Bergmann 

radial glia, I have not observed the bottle brush-like morphology or rounded end feet during my 

use of this cell line. In my experience, this cell line morphology consistently resembles the cells 

shown in Figure 2.5 which differs distinctly from the highlighted Bergmann morphology of 

Figure 2.7. This change in morphology could be due to the extracellular environment of in vitro 

cell culture which is much stiffer and does not contain the nuanced complexity of the in vivo 

central nervous system. The morphological difference could also be due to the process of in vitro 

spontaneous transformation to create the immortalized cell line (ATCC).  



 

 35 

 

 Additionally, though the ATCC description of this cell line asserts Bergmann radial glia-

like morphology, their description of type II astrocytes states merely that these cells had small 

somata and two long processes which corresponds more closely with what I observed in this 

study (ATCC). In light of these inconsistencies in description, as well as the ambiguity in 

defining precisely what an astrocyte is, this study will define the C8-S astrocyte cell line as an 

immortalized, type II astrocyte of cerebellar origins, containing small somata, long processes, 

without rounded end feet that are adherent in the in vitro cell culture environment and can be 

stimulated to migrate by plasma induction. 

 As an interesting side note, in a review article exploring neural precursor cells in the 

central nervous system the authors began with the following sentiment which I believe can easily 

be applied to the field of astrocyte research and the need for rigorous definitions of specific cell 

types: 

Figure 2.7 Variants of radial glia cell types 

This image depicts the radical morphological diversity of radial glial subtypes found within various 

vertebrate species. The yellow rectangle highlights the morphology which C8-S astrocytes are said to 

resemble by the cell line manufacturer (ATCC). (A) neuroepithelial stem cell. (B) ventricular radial glia, 

rat neocortex. (C) ventricular radial glia ,tadpole optic tectum. (D) Müller glia, rabbit retina. (E) 

Bergmann glia, rat cerebellum. (F) Infundibular tanycyte. This image is Figure 1 taken from (Sild & 

Ruthazer, 2011). 
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“Definitions are, by definition, agreements about the terms used to communicate 

about the same thing….The more that a definition is consistent and unambiguous 

in its application, and the slower it is to change, the more useful it is in the long 

term.” 

-(Morest and Silver 2003) 

 I utilized a non-hydrolyzable GTP analog, G0635, to determine the extent to which 

constitutive activation of GTP binding proteins influenced C8-S astrocyte migration and thereby 

determined that GTP binding proteins are capable of activating astrocyte migration. As discussed 

previously, GTP binding proteins are activated due to the conformational change which takes 

place when GTP is bound, as opposed to when its hydrolysis product GDP is bound (Gardner, 

Zanic, and Howard 2013; Oldham and Hamm 2008; Takai, Sasaki, and Matozaki 2001). 

Although GTP binding proteins clearly perform many cellular functions, the rest of this study 

emphasizes the Rho family of small G proteins which are well documented in relation to their 

regulation of cytoskeleton dynamics and thus migration (Takai, Sasaki, and Matozaki 2001; 

Murali and Rajalingam 2014). It is interesting to note that in Figure 2.1 migration was extremely 

significantly (***) increased at 24 hours in samples treated with low concentrations of G0635 as 

opposed to merely significant (*) increase in migration at 48 hours. These data are different from 

high concentration G0635 samples, which exhibit significant (*) increase in migration as 

compared to DMSO control at 24 hours and no difference at 48 hours. 

 I believe that this inverse correlation may be explained in part by taking into account the 

antagonistic activities of different small G proteins as well as the mechanism by which 

microtubules are stabilized. At low concentrations of non-hydrolyzable GTP, the cell still retains 

its normal, high intracellular concentration of hydrolyzable GTP which means that, although 

some GTP binding proteins will be turned on constitutively by G0635, the majority of GTP 

binding proteins can still cycle on and off as per usual. In relation to microtubules this means 

that the majority of tubulin will still hydrolyze GTP to GDP and undergo dynamic instability 
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unless enough of the positive microtubule end tubulin monomers happen to bind non-

hydrolyzable GTP which would then stabilize the entire microtubule. However, due to the low 

concentration, the number of microtubules stabilized in this way and unable to undergo dynamic 

instability remains relatively low and therefore does not negatively affect cellular migration 

(Gardner, Zanic, and Howard 2013; Brunner 2002). Likewise, at low concentrations, some small 

GTPases will bind non-hydrolyzable GTP and turn on without being able to turn off and 

therefore continuously stimulate their downstream effectors and thus migration. For example, 

both RhoA and Rac1 Rho family GTPases are drivers of migration and thus stimulation of some, 

but not all, of these GTPases would drive actin polymerization and de-polymerization, actin 

filament branching, and stress fiber formation (Burridge and Wennerberg 2004; Fukata, 

Nakagawa, and Kaibuchi 2003). I believe that at 20µM, G0635 concentration is too low to bind 

enough tubulin to create enough completely non-hydrolyzable microtubule plus end caps and 

therefore that microtubule dynamics is not significantly, negatively impacted. Conversely, the 

activation of a fraction of the GTPases present in a cell allows these proteins to promote 

migration while the cell retains overall control of GTPase regulation and thus antagonistic or 

negative feedback loops within GTPase signaling is not stimulated. At 48 hours, the prolonged 

G0635 drug presence could cause increased microtubule stability and over activation of 

GTPases, many of whom exhibit cross talk and antagonism, which could explain the decrease in 

migratory significance as compared to the 24 hour samples (Sadok and Marshall 2014). 

 At 70µM G0635 concentration, significant migration (*) compared to DMSO control 

occurs at 24 hours but not at 48 hours which I believe is because the concentration of non-

hydrolyzable GTP analog is so high that microtubules are being stabilized enough to impact cell 

migration which is similar to the impact of applying Paclitaxel, a microtubule stabilizing cancer 

drug discovered in the 1960s, though these drug mechanisms differ greatly (Lever 2012). 

Although Paclitaxel is utilized medically to impact mitotic division, biological and biomedical 

research utilizes this drug to specifically target tubulin and stabilize microtubules for a variety of 
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assays including motility assays (Lever 2012; Gardner et al. 2013). Similar to Paclitaxel, though 

without the tubulin specificity, high enough concentration of non-hydrolyzable GTP could 

induce microtubule stability in one of two ways: tubulin at the plus end could be entirely bound 

to non-hydrolyzable GTP, or all tubulin within a microtubule could be bound to non-

hydrolyzable GTP. The result of either of these scenarios would be microtubule stability which 

prevents dynamic instability and consequently impacts cellular adhesion and migration (Etienne-

Manneville 2013). In relation to GTPases, at high G0635 concentrations I believe that so many 

of the GTPases would be constitutively activated that their antagonistic signaling could outweigh 

their pro-migratory activity. For example, Rac1 and RhoA activities are spatiotemporally 

regulated to induce cellular migration with Rac1 activation at the leading edge followed by 

RhoA activation at the plasma membrane and uropod in order to facilitate lamellipodia extension 

followed by focal adhesion formation at the leading edge and turn over at the lagging edge; 

additionally, the activation of Rac1 inhibits RhoA, while activation of RhoA inhibits 

Rac1(Kurokawa et al. 2005; Murali & Rajalingam 2014). When constitutively activated, Rac1 

and RhoA would participate in a form of “cellular grid lock” because their activation would be 

completely de-regulated both spatially and temporally and their constitutive activation would 

also cause constitutive antagonism; thus, the GTPases bound to non-hydrolyzable GTP would be 

at a signaling impasse and would also function to inhibit the activation of the GTPases not bound 

to G0635. Combining microtubule stability and de-regulation of GTPases, particularly the Rho 

GTPases, would decrease migratory induction over time and directly explains the data observed 

at high G0635 concentrations (Figure 2.1). 

 In addition to determining whether GTP binding proteins influenced astrocyte migration, 

our collaboration with the Gilbert lab sought to determine the effect which growing astrocytes on 

electrospun fibronectin coated PLLA microfibers had on their morphology, migration, and gene 

expression. Electrospun fiber scaffolds are considered valuable substrates for neural tissue 

engineering by many biomedical researchers with the eventual goal of therapeutic application to 
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combat central and peripheral nervous system trauma (Xie et al. 2015; Qu et al. 2013) As 

depicted in Figure 2.2.A, astrocytes cultured on fibronectin coated aligned fibers migrate more 

robustly along the direction of fiber alignment than astrocytes cultured on fibronectin coated 

random fibers or PLLA film. The alignment of neural cells on electrospun fibers is attributed to 

the structural similarity between microfibers and the normal central nervous system organization 

(Xie et al. 2015). To my knowledge, this is the first in vitro study of astrocyte alignment, 

migration, and gene expression on poly-L-lactic acid and this work explores astrocyte behaviors 

which are relevant to both basic biology and to biomedical engineering. A similar study explored 

the growth of primary rat astrocytes on polycaprolactone (PCL) nanofibers and determined that 

astrocyte adhesion increased, viability decreased subtly and GFAP expression was abrogated on 

PCL fibers compared to on tissue culture plastic and PCL film (Min et al. 2013). Although this 

study is similar to our work, fiber alignment and effects on astrocyte migration were not 

explored and the change in GFAP expression was analyzed via western blotting to indicate 

differential protein expression; it is important to note that GFAP expression is used as a general 

measure of reactive gliosis but otherwise gives little to no insight into astrocyte adhesion, 

migration, or viability (Brenner 2014). Another study explored astrocyte migration and adhesion 

to electrospun silk fibroin materials and found that these fibers likewise induced astrocyte 

adhesion and migration in alignment with fibers at a single cell level (Qu et al. 2013). Both 

studies employed glia harvested from the rat cerebral cortex which, again, is a heterogeneous 

cellular population and therefore, though these cells can be called “astrocytes” due to their 

stellate morphology, cannot be classified as a particular cellular subtype or class. Neither of 

these studies explored differential expression of physiologically relevant proteins necessary to 

astrocyte function while our study explored GLT1 and glutamine synthetase (GS) expression and 

function, both of which are critical components of the glutamate-glutamine metabolism cycle 

which astrocytes perform in vivo (Zuidema et al. 2014). Therefore, our work, in conjunction 

with these examples, give insight into the behavior of cerebral cortex GFAP expressing glia on 
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various biomaterials, and our work represents the most comprehensive and rigorous analysis of 

astrocytic alignment, migration, and gene expression performed to date (Zuidema et al. 2014). 

  It is necessary for researchers to acquire a basic understanding of astrocyte growth and 

migration behavior on physiologically relevant extracellular matrix proteins in order to achieve 

and optimize the creation of therapeutic biomaterials which utilize matrix protein coatings. 

Previous in vivo work indicates that astrocytes migrate on PLLA fibers implanted to bridge rat 

spinal cord transections and that their migration occurred rostrocaudally which the investigators 

could not explain comprehensively without further research (Hurtado et al. 2011). One possible 

explanation is that, though we can characterize manufactured biomaterials with great precision, 

the in vitro extracellular environment of the central nervous system is not perfectly understood 

and therefore investigators could be unaware of organismal subtleties of context which could 

drive this directed migration. Therefore, it is critical that we investigate the growth, adhesion, 

and migration behaviors of astrocytes when cultured on physiologically relevant extracellular 

matrix proteins. Traditional, fibrous extracellular matrix proteins including collagens, 

fibronectins, and laminins, are found primarily around the vasculature and pia mater of the 

central nervous system; structures which Bergmann radial glia cells interact with in the 

cerebellum and therefore physiologically relevant to the C8-S cell line. This study explores the 

migratory, adhesive, and morphological aspects of C8-S astrocyte behavior when cultured on 

tissue culture plastic coated with collagen I, collagen IV, fibronectin, or laminin 1,1,1. 

 As indicated in figure 2.3., C8-S astrocytes adhere most to laminin 1,1,1 followed 

closely by fibronectin, and collagen IV. I believe that astrocytes preferentially adhere to laminin 

1,1,1 with fibronectin and collagen IV as close alternatives because of the many matrix and cell 

surface binding domains these proteins possess as well as their well-established role in forming 

the basement membrane which surrounds the vascular endothelium (Shoulders and Raines 2009; 

Pankov and Yamada 2002; Domogatskaya, Rodin, and Tryggvason 2012; Yurchenco 2011). 

Figure 2.3.B shows the clear increase in cellular adhesion to laminin at the 25,000 cell/96 well 
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seeding density and also shows the error bars which explain why statistically there is no 

significance between the various substrates. This level of error could be due to the utilization of 

the novel floating dish adhesion assay; adhesion error could be introduced via too vigorous 

pipetting, rough submersion into PBS, or inconsistency in crystal violet binding. I believe that 

the error is introduced by the use of crystal violet to stain cells before rinsing fixed cells in PBS 

(for details see Materials and Methods). Crystal violet stains dead and live cells both and 

therefore could have stained dead cells which were subsequently not rinsed adequately and 

therefore resulted in wide margins of error. Staining in this manner is also inherently flawed 

because each cell is not uniform in size and surface area and therefore does not stain uniformly; 

in other words, you could get the same absorbance reading from a culture seeded with many, 

small cells as a culture seeded with few, larger cells. Altogether, the importance of the lack of 

significant difference between these matrix proteins pales in relation to the fact that astrocytes 

adhere to these proteins and clearly prefer physiologically relevant matrix proteins to tissue 

culture or polymer coated substrates. Astrocytes bind these proteins rather than TCP or PDL 

surfaces because matrix proteins are more physiologically relevant again making the argument 

for concurrent use of extracellular matrix proteins with biomedical devices.  

 Astrocyte migration on the aforementioned matrix proteins was assessed using the 2D 

scratch wound assay which measures the capacity for cells to migrate from a confluent cell mass 

into a scratch cleared region. I determined that astrocytes migrate most robustly on collagen IV 

as compared to collagen I, fibronectin, and laminin 1,1,1 in this experimental model (Figure 

2.4.). Migration was statistically significantly (***) different between all extracellular matrix 

proteins with the exception of fibronectin and laminin 1,1,1 when analyzed by one way 

ANOVA. Again, I believe astrocytes prefer collagen IV, fibronectin, and laminin 1,1,1 to 

collagen I, TCP, and PDL because of the formers’ role in basement membrane formation these 

astrocytes are capable of interacting with due to their similarity to Bergmann radial glial cells. 

Although astrocyte adhesion was strongest for laminin 1,1,1 followed closely by fibronectin, this 
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data is not inconsistent with astrocyte migratory preference on collagen IV. In order to migrate, 

cells must be capable of forming transient adhesions including nascent and focal complexes, 

while static, adherent cells form larger, longer lasting focal adhesions (Rottner and Stradal 

2011). I believe that the increased adhesion of astrocytes to fibronectin and laminin 1,1,1 make 

these substrates less favorable for migration due to the formation of focal adhesions rather than 

more transient complexes; astrocytes cultured on collagen IV exhibit intermediate adhesion and 

therefore can turn over focal complexes more rapidly in order to facilitate migration. In future it 

would be interesting to analyze the number and size of focal adhesions created by astrocytes on 

varying extracellular matrix proteins to determine whether migratory capacity correlates with 

transient adhesion. 

 Non-mesenchymal cell spreading generally occurs when cells are in a stable 

environment which permits adhesion and indicates cells are stationary. Determining the 

extracellular environment in which astrocytes prefer to spread and remain stationary allows 

investigators to utilize extracellular matrix proteins to tune migration by either altering protein 

ratios or using specific proteins to achieve a given experimental goal. Figure 2.5.A depicts the 

cell spread area (µm2) and shows that cell spread area is significantly larger on fibronectin as 

compared to collagen I, collagen IV, and glass while there is no significant difference in spread 

area between fibronectin and laminin, once again indicating a propensity for C8-S adhesion and 

spreading on fibronectin and laminin as compared to collagen IV. I believe, as I asserted in 

relation to Figures 2.3. and 2.4. as well, that fibronectin and laminin induce astrocyte adhesion 

while collagen IV induces astrocyte migration and that therefore future research utilizing PLLA 

electrospun fibers should substitute fibronectin for collagen IV matrix coating in order to induce 

most robust migration. This presents the possibility that astrocytes could use laminin 1,1,1 and 

fibronectin to stabilize adhesion, and collagen IV to stimulate migration during development and 

possibly pathological states like glioma invasivity (Ellert-miklaszewska, Ciechomska, & 

Kaminska, 2013). 
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 Due to the majority of astrocyte research occurring in context of development or glioma, 

there are very few studies of healthy astrocyte behavior when cultured on extracellular matrix 

proteins and therefore we know only that astrocytes morphologically similar to the C8-S cell line 

interact with and migrate upon these extracellular matrix proteins in vivo. In addition to the data 

gathered for this study, I assessed the ability of C8-S astrocytes to express these proteins to 

ensure that they are capable of creating and manipulating their environment as well as utilizing 

these extracellular matrix proteins to guide their adhesion, morphology, and migration which can 

be observed in Figure 2.7. 

According to the Rensselaer Polytechnic Institute Department of Biomedical Engineering, 

“Biomolecular science…focuses on the understanding of cellular processes at the molecular 

level and modifications of extracellular matrix. Developing an understanding and using this 

knowledge for manipulating cell and matrix processes in order to predict, prevent or ameliorate 

medical conditions are key components of biomolecular science and engineering”(RPI, 2015). In 

order to pursue therapeutic remediation of medical conditions which afflict the central nervous 

Figure 2.8 C8-S astrocytes express collagen I, collagen IV, fibronectin, and laminin 1, 1, 1 

C8-S astrocytes are capable of expression collagen I, collagen IV, fibronectin, and 

laminin when cultured on tissue culture plastic. 
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system, it is equally important for researchers to understand the nuances of the biomaterial and 

biological components which contribute to a given biomedical device. It would be unwise to 

create a biomedical device out of biomaterials with undefined mechanical properties and thus 

equally illogical to pursue research using cells with undefined characteristics and properties. To 

truly perform physiologically relevant research, investigators must clearly define not only the 

mechanical properties of an experimental model, but the astrocyte subtype and its associated 

characteristics. Numerous investigators repeat the sentiment that “there is not really a single 

definition for astrocytes” (Fiacco et al., 2009) which raises the possibility that this imprecision in 

language could represent the current limiting factor to physiological relevance within this field 

of exploration. 
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3. C8-S astrocyte Dbl family GEF expression is dependent on 

migratory phenotype and Solo is a primarily migratory GEF which 

localizes to the plasma membrane during migration, co-precipitates 

with Rac1, RhoA and Filamin A, and plays a critical role in stimulating 

C8-S 2D migration 

3.1 INTRODUCTION 

 Astrocyte migration is critical for a variety of physiological processes including normal 

neuronal development, maintenance of structural and metabolic homeostasis in the central 

nervous system, glioma pathology, and reactive astrogliosis following trauma (Bayraktar, 

Fuentealba, Alvarez-buylla, & Rowitch, 2015; Fiacco et al., 2009; Jellinger, 1978). Like most 

mammalian cells, astrocyte behavior is influenced by outside-in signaling cascades which are 

propagated by a variety of cellular proteins including Rho family GTPases (Narumiya, 1996). 

Rho family GTPases play crucial roles in astrocyte migration by activating downstream effectors 

and thereby altering actin cytoskeleton dynamics. GTPases commonly have multiple 

downstream binding partners which add to the complexity of signaling and the variety of cellular 

responses to stimuli (Lichtenstein et al., 2010; Murali & Rajalingam, 2014). Understanding the 

“decision making” process of GTPases and their preference for downstream effectors is crucial 

to understanding signaling and manipulating cell behavior.  

 Rho family GTPases alter the actin cytoskeleton and thereby play crucial roles in 

cellular activities including proliferation, adhesion, growth, and migration (Murali & 

Rajalingam, 2014). Although there are 22 members of the Rho GTPase family, this study will 

focus on Rac1 and RhoA which are two of the best characterized Rho GTPases in relation to cell 

migration (Boettner & Van Aelst, 2002; Cook, Rossman, & Der, 2013a; Murali & Rajalingam, 

2014; A. Schmidt & Hall, 2002). Generally speaking, Rac1 induces lamellipodia formation and 

RhoA participates in formation of stress fibers and focal adhesion turnover (Cook et al., 2013a). 

Though Rac1 has dogmatically been described as a “leading edge” protein, and RhoA as a 

“lagging edge” protein, these proteins are activated in a spatiotemporal manner that is not 
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dictated by changes in protein expression which helps to explain the subtleties of small G protein 

migratory signaling (Kiyokawa, Aoki, Nakamura, & Matsuda, 2011). The location and timing of 

that activation is critical to the downstream effects observed at a cellular level. 

 When active, GTPases propagate cellular signals by binding various downstream 

effectors and thus eliciting altered cellular behavior in response to outside stimuli. GTPases are 

active when bound to GTP and inactive when bound to GDP and this activation state is regulated 

by guanine nucleotide exchange factors (GEFs) and GTPase activating proteins (GAPs) 

respectively. Dbl family GEFs consist of over 60 members in humans and activate GTPases by 

binding, facilitating the release of GDP, and creating a conformational state which favors 

intracellular GTP binding (Bos et al., 2007; Rossman et al., 2005; A. Schmidt & Hall, 2002). 

Although GEFs function as activating proteins for GTPases, their protein structures vary so 

widely that one cannot determine which GTPases a GEF will activate through sequence 

similarity or phylogeny alone (Rossman et al., 2005). The Dbl homology (DH) domain and its 

adjoining pleckstrin homology (PH) domain are the minimal requirements for GTPase activation 

with the DH domain responsible for binding and activating the GTPase and the PH domain 

responsible for cellular localization and possibly stimulation or inhibition of the DH domain 

(Bellanger et al., 2000; Goicoechea, Awadia, & Garcia-Mata, 2014; Viaud et al., 2012). The 

activation of GEFs is regulated in a variety of manners and thus the precise GEF activation 

mechanisms must be determined on a case by case basis (A. Schmidt & Hall, 2002).  

 The diversity of activating mechanisms and GTPase targets can be attributed to GEF 

structural variation and presence of additional active domains. For example, the GEF Trio 

contains a GEF1 domain which binds Filamin A and Rac1, and a GEF2 domain which binds 

RhoA, as well as a serine/threonine kinase domain, spectrin-like repeats, an IgG-like domain and 

an SH3 binding region (Debant et al., 1996; Sun et al., 2006; Jos van Rijssel, Hoogenboezem, 

Wester, Hordijk, & van Buul, 2012; Jos Van Rijssel & Van Buul, 2012). Solo, which is the focus 

of this study, is a splice variant member of the Trio family, and contains only a GEF1 domain, 
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spectrin-like repeats, and an SH3 domain, and therefore should only activate Rac1 if we 

extrapolate protein interactions from its parent protein Trio (Sun et al., 2006; Jos Van Rijssel & 

Van Buul, 2012).  

 In this study, I utilized RT-PCR to determine Dbl family GEF expression in C8-S 

astrocytes and identified Solo as a participant in astrocyte migratory signaling. I demonstrated 

that Solo co-precipitates and interacts with Rac1, RhoA and Filamin A indicating that its 

structural similarity to Trio is not sufficient to extrapolate its protein-protein interactions. 

Furthermore, I discovered that astrocytes decrease their 2D migration and alter morphology in 

the absence of Solo and that Solo relocates to the membrane during migration. These data 

suggest that Solo is involved in cytoskeletal manipulation both indirectly through interaction 

with Rho GTPases as well as directly by binding Filamin A and therefore plays a complex role 

in astrocyte actomyosin based migratory behavior. 

3.2 RESULTS 

3.2.1 C8-S astrocyte Dbl family GEF expression is dependent on migratory 

phenotype 

 As of 2005, 69 Dbl family GEFs were identified in humans which we cross referenced 

with GEFs known to be expressed in mice and thus determined 46 conserved GEFs for 

analysis(Rossman et al., 2005). RT-PCR was performed on samples harvested from astrocytes 

induced to migrate via serum induction and non-migratory astrocytes to determine Dbl family 

GEF expression. Dbl GEFs fell within four expression categories; constitutive expression, no 

expression, migratory expression, and non-migratory expression (Figure 3.1). These expression 

states indicate possible roles for individual GEFs in distinct signaling cascades. Most interesting 

are the GEFs  
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expressed predominantly in the migratory phenotype, indicating that they play a robust role in 

migratory signaling as compared to other signaling cascades. Solo is primarily expressed during 

migration and is a Trio splice variant containing similar spectrin repeats, N-terminal GEF1 

binding region, and SH3 domain which predict Solo’s ability to bind and activate Rac1, bind 

Filamin A, and potentially utilize the SH3 domain to bind adaptor proteins. Solo is a target of 

interest both due to its migratory expression as well as its similarity to Trio which serves as a 

basis for comparison of protein function (Sun et al., 2006). 

3.2.2 Solo co-precipitates with Rac1, RhoA, and Filamin A and Solo expression 

can be knocked down via siRNA 

 Immunoprecipitation determined that Solo co-precipitates with Rac1, RhoA, and 

Filamin A (Figure 3.2A). Co-precipitation of Solo with Rac1, RhoA, and Filamin A resulted in 

highly reproducible, dark protein bands via western blot as depicted in Figure 3.2A. In contrast, 

western blot analysis of Solo expression repeatedly produced diffuse, granular bands which none 

the less depict the distinct difference between migratory and non-migratory Solo expression 

levels shown in Figure 3.2B. As discussed in Section 3.4, siRNA Solo knock down was achieved 

with greater than 80% protein expression decrease in knocked down astrocytes as compared to 

control astrocytes although this was difficult to determine from visual analysis of bands in Figure 

3.2C alone. Fortunately, densitometric analysis clearly demonstrates the significant decrease in 

Solo expression of siRNA knock down treated cells despite the unclear protein bands acquired 

over at least 20 western blot analyses of 10 siRNA knock down experiments. Additionally, I 

performed RT-PCR analysis of siRNA control and siRNA Solo knock down samples and 

determined 58.9% less Solo mRNA in knocked down cells which further illustrates the veracity 

of my western blot analysis (Figure 3.2D). There was also no observable difference in astrocyte 

morphology and migration of C8-S astrocytes treated with OptiMEM, transfection reagent, or a 
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combination of the two (data not shown). It is also important to note that co-precipitation of Solo 

with Rac1, RhoA, and Filamin A was initially performed using these proteins’ primary 

antibodies in A/G agarose bead immunoprecipitation followed by Solo blotting, but the repeated 

granularity of these western blots led me to use Solo primary antibody to bind A/G beads 

followed by Rac1, RhoA, and Filamin A blotting to achieve clearer bands.  

 Solo’s GEF1 domain is homologous to the Trio GEF1 domain which may explain Rac1 

and Filamin A binding due to sequence homology between Trio and Solo. However, Solo does 

not contain a GEF2 domain which is responsible for Trio’s capacity to bind RhoA, indicating 

that Solo binds this protein via a previously undescribed mechanism. This indicates that Solo’s 

protein-protein interactions cannot be solely predicted by structural homology with Trio. 

Figure 3.2 Solo co-precipitates with Rac1, RhoA, and Filamin A and expression of Solo is knocked 

down via siRNA 

(A) Co-precipitation of Rac1, RhoA, and Filamin A with Solo implies protein-protein interactions. (B) Solo 

expression is increased in migratory C8-S astrocytes compared to non-migratory astrocytes. (C) Solo 

protein expression is decreased by 82.1% and 80.9% when compared to untreated and siRNA control cells 

respectively.  
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Figure 3.3 Dbl family GEF Solo translocates to the plasma membrane of C8-S astrocytes when they 

are induced to migrate 

(A) Solo is primarily localized to the cell center, near the nucleus, in non-migratory cells (B) and is 

translocated to the plasma membrane in migratory C8-S astrocytes. 

Figure 3.4 Solo localizes to regions of plasma membrane extension and actin stress fibers during C8-

S astrocyte migration 

(A) Solo is clearly localized to the very edge of plasma membrane protrusion in migrating astrocytes. (B) 

This image demonstrates the localization of Solo to leading edge actin stress fibers which could be 

attributed to Solo’s ability to bind Filamin A, an actin binding protein.  
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3.2.3 Solo localizes to the plasma membrane during migration 

 I utilized immunofluorescence to determine whether Solo location is linked to 

actin cytoskeleton dynamics during migration. Solo is centrally located near the cell 

nucleus when in the non-migratory state (Figure 3.6A) and relocates to the cell’s 

periphery during migration (Figure 3.6.B). In Figure 3.7.A Solo clearly localizes to the 

plasma membrane’s protrusive regions, perfectly positioning it to interact with both 

Rac1 and RhoA as well as with Filamin A and participate in actin cytoskeleton 

branching which are critical behaviors to cellular migration. In Figure 3.7.B, Solo is 

located at the actin stress fiber, particularly at its branching point which again indicates 

Filamin A interaction and subsequent participation in signaling scaffold creation 

(Bellanger et al., 2000).  

Figure 3.3 siRNA Solo knock down significantly decreases 2D C8-S migration 

(A) These images depict 2D scratch wound samples at 48 hours and clearly demonstrates the decreased 

migratory efficiency of siRNA Solo knock down cells. (B) This graph indicates the percent scratch wound 

area remaining after 48 hours of migration with Solo knock down samples exhibiting significantly greater 

cellularly uninhabited scratch area compared to untreated and siRNA control samples. 
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3.2.4 Solo knock down decreases 2D migration, cell spread area, cell length, and 

stress fiber numbers 

 Subsequent to siRNA knock down, 2D scratch wound migration significantly decreased 

at 48 hours by 5.34% when compared to the untreated control, and by 4.71% when compared to 

the scramble siRNA control (Figure 3.3). Analysis via one way ANOVA determined mean 

significance with a p-value of 0.003 with no significant difference between the untreated and 

siRNA controls. Additionally, ANOVA analysis also indicated that the decrease in migration 

between Solo knock down and untreated samples was very significant (0.001>p>0.01) while the 

difference between knock down and siRNA samples was merely significant (0.01>p>0.05) with 

no significant difference between the two controls. Differences in levels of statistical 

significance as determined by GraphPad Prism Software are delineated in Table 4.1.  

 C8-S morphology was noticeably altered due to siRNA Solo knock down as is 

qualitatively demonstrated in Figure 3.4. Cell area differed significantly and untreated cells were 

on average 1,304.26 um2 larger, and siRNA control cells 648.03 um2 larger than Solo knock 

down astrocytes. One way ANOVA determined significant difference in cell area with a p-value 

of P<0.0001 and no difference between control subsets. Here, too, the difference in cell area 

between untreated control cells and Solo knock down cells was more significant 

(0.0001>p>0.001) than between siRNA control and Solo knock down (0.01>p>0.05). Cell length 

Figure 3.4 C8-S astrocyte morphology is altered in absence of Solo expression 

The above images demonstrate the morphological differences between C8-S cells treated with transfection 

controls compared to siRNA Solo knock down. Quantitative analyses of morphological differences are 

demonstrated in Figure 3.5. 
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was also significantly altered with a p-value of P<0.0001 with untreated cells 64.78 um longer 

and siRNA control cells 41.52 um longer than Solo knock down cells. Lastly, actin stress fibers 

were analyzed via ImageJ and untreated control and siRNA control cells had 50.8% and 54.7% 

more stress fibers than Solo knock down cells respectively. One way ANOVA indicated 

significant difference between each of the controls and the knock down cells with a p-value of 

0.0093 (Figure 3.5.). 

 

3.3 DISCUSSION 

 The data presented in this chapter is intended to elucidate the role which guanine 

nucleotide exchange factor Solo plays in regulating astrocyte migration. Ultimately, my research 

explores Solo’s protein-protein binding partners, the effects of Solo knock down on C8-S 

astrocyte migration and morphology, and proposes a model that elucidates the specific 

downstream effectors which Solo activity stimulate in this cell type. Models like this are critical 

to understanding the specific spatiotemporal regulation of GTPase activity in astrocyte 

migration.  

 This chapter utilizes serum induction and the 2D scratch wound assay to induce and 

measure migration respectively. I used horse serum to induce a state of chemokinesis as opposed 

Figure 3.5 siRNA Solo knock down significantly decreases cell area, cell length, and stress fiber 

number per cell 

C8-S astrocyte morphology is significantly altered when Solo expression is reduced. Cell area (A), cell 

length (B), and average number of actin stress fibers per cell (C) are significantly decreased in Solo 

siRNA knock down cells. 
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to chemotaxis or haptotaxis in order to create a population of astrocytes undergoing random 

migration rather than migration along a gradient of soluble or matrix proteins (H.-C. Chen, 

2005). Investigation of astrocyte stimulation by growth hormones has primarily focused on the 

role of thyroid hormone in brain development (e.g. Martinez et al. 2011; Leonard and Farwell 

1997) and therefore I decided to use serum induction in order to avoid biasing migration through 

use of a specific growth hormone which could be physiologically irrelevant in the brain, for 

example, applying bone morphogenic protein (BMP), a robust migratory stimulator, would not 

be the foremost option for stimulating astrocyte migration (J.-C. Chen et al., 2014). Studies like 

this one which induce chemokinesis, or random cell motility, do not bias astrocyte movement in 

a particular direction or due to a specific stimulant, but rather give cells the incentive to move 

and therefore these cells can be deemed “migratory” in the most general sense (as discussed in 

Chen 2005). This migratory phenotype best suited my research goal of determining changes in 

Dbl family GEF expression during astrocyte migration and was also a simple and economical 

methodology to induce enough astrocytes to migrate to harvest for analysis.  

 The 2D scratch wound assay is a “straightforward and economical method to study cell 

migration in vitro” (Liang, Park, & Guan, 2007) and was used in this study to determine the 

migratory capacity of C8-S astrocytes grown on various extracellular matrix proteins or treated 

with siRNA Solo knock down. This model mimics astrocyte migration in vivo to some extent in 

that astrocytes normally migrate within the context of a confluent tissue structure which the 2D 

confluent cell layer attempts to recreate in vitro. Additionally, astrocyte migration is commonly 

studied via 2D scratch wound in vitro and this model is particularly amenable to exploring 

siRNA knock down in these delicate C8-S astrocytes (Bardehle et al., 2013).  

 An alternative to 2D scratch wound assays is the Boyden chamber assay which has been 

in use since the 1960’s and is comprised of two chambers of media separated by a membrane 

which measures cell migration across the membrane usually towards a soluble growth factor 

(Chen 2005; Boyden 1962). Compared to the 2D scratch wound, the Boyden chamber assay 
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takes place over fewer hours, utilizes single cell suspension rather than a confluent cell sheet, 

and is generally used to determine cell migration in a chemotactic manner while the 2D scratch 

wound assay measures cell migration into a cleared scratch field (H.-C. Chen, 2005; Liang et al., 

2007). I believe the 2D scratch wound assay is better suited to this study because of the 

physiological similarity of the confluent astrocyte sheet to the in vivo environment and also 

because transfection with siRNA increased the fragility of the C8-S astrocytes and therefore 

transfecting the confluent cells is favorable to transfecting, trypsinizing, and re-seeding cells into 

Boyden chambers. 

  Schmidt and Hall proposed in 2002 that GEF-GTPase binding specificity could also be 

influenced by cellular context, which further complicates the issue of determining whether GEF-

GTPase interactions are constant, inherent interactions or if they are open to contextual 

suggestion (A. Schmidt & Hall, 2002). Reviews of Dbl family GEFs generally discuss the 

expression of protein members within different organisms or tissue types but do not address 

more subtle contextual cues(for example, Rossman, Der, and Sondek 2005; Cook, Rossman, and 

Der 2013b). Therefore, the data presented in Figure 3.1 depicts the mRNA expression of 46 

GEFs expressed in both humans and mice(Rossman et al., 2005) and indicates whether specific 

GEF expression is influenced by exposure to serum in order to address contextual subtleties. Of 

most interest are the GEFs whose expression occurs during serum induction and not during stasis 

imply that these proteins participate in C8-S astrocyte migratory signaling. Solo is expressed 

primarily during migration and quickly became a protein of interest due to my finding that Solo 

co-precipitates with RhoA, a protein for which Solo does not have a traditional GTPase binding 

domain (S. Schmidt & Debant, 2014; Sun et al., 2006). Additionally, though Solo has only been 

investigated in two published articles (Sun et al., 2006; Tse et al., 2005), its parent protein Trio is 

better characterized and is critical to normal central and peripheral nervous system organization, 

plays a role in axon guidance and cell motility, and causes embryonic lethality in Trio knock out 
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mice (S. Schmidt & Debant, 2014). As a short isoform of Trio, Solo presents many interesting 

facets for exploration within the central nervous system and cell motility signaling.  

 Migratory signaling occurs in a spatiotemporal manner and understanding the regulation 

thereof is a pervasive issue within the field of cell biology. Signaling scaffolds are one possible 

model which explain how signaling pathways are organized and tuned within the cell (Good et 

al., 2011; Zeke et al., 2009). The organization of these scaffolds is highly cell-type and context 

specific and therefore remains a topic of interest (Zeke et al., 2009). My data indicate that Solo 

co-precipitates with Rac1, RhoA, and Filamin A which, in addition to their canonical roles in 

actomyosin-based contractility, could potentially form signaling scaffolds (Bellanger et al., 

2000; Good et al., 2011). Scaffold proteins have been investigated since the mid-1990s and their 

role in physically organizing molecular components of cellular signaling pathways is 

increasingly understood to be a mechanism by which cells establish spatiotemporal signaling 

regulation(Good et al., 2011; Zeke et al., 2009). These scaffold proteins tether proteins in a given 

location to facilitate protein-protein interactions and to tune the specificity and dynamics of a 

given signaling cascade.  These proteins are “usually composed of multiple, modular 

interaction domains or motifs,” (Good et al., 2011) which, by this definition, implies that some 

GEFs are capable of functioning both to activate GTPases and to function in a scaffolding role 

due to their diverse protein domains. Filamin A functions as a scaffolding protein due to its 

ability to bind and cross-link cortical actin in conjunction with its ability to bind Rac1, RhoA, 

Filamin A, and, as demonstrated in Figure 3.2A, Solo (Jeon et al., 2008). This raises the 

possibility that Filamin A participates in creation of a signaling scaffold with Solo in order to 

activate Rac1 and RhoA to stimulate actomyosin astrocyte migration; after all, what better place 

for GTPases to be activated and stimulate downstream effectors than immediately adjacent to 

cortical actin?  

 The concept of a Filamin A-Rac1-RhoA-Solo signaling scaffold organization depicted in 

Figure 3.6 shows the protein-protein tethering typical of signaling scaffolds and also presents the 
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possibility of multiple organizational motifs as well as the possible allosteric regulation of 

protein-protein interactions which represent the more sophisticated mechanism for signaling 

regulation by scaffold formation (Good et al., 2011). It is important to remember that Rho 

GTPases are 21-25kDa in size (Murali & Rajalingam, 2014) while Solo is larger and thus, Solo 

binding to GTPases bound to Filamin A could potentially block binding of GTPase effectors and 

thus limit the ability of GTPases to activate downstream signal cascades in a meaningful way. 

Additionally, though these proteins have been shown to interact in vivo, the interaction of Solo, 

Rac1, RhoA, and Filamin A remains to be elucidated in vitro which is, essentially, the true test 

of relevance. 

 Solo, in addition to its GEF1 domain capable of binding Filamin A and Rac1, also 

contains spectrin-like repeats as well as a Src homology 3 (SH3) domain suggesting that it could 

function as both a GTPase activator and scaffolding protein. These spectrin-like repeats serve as 

docking sites for cytoskeletal and signal transduction proteins and thereby can further facilitate 

scaffolding (Djinovic-Carugo, Gautel, Ylänne, & Young, 2002). The SH3 domain makes Solo 

capable of binding any protein containing proline-rich regions which includes adaptor proteins 

and raises the possibility that this SH3 domain could participate in Solo-GTPase binding 

(Pawson & Scott, 1997; Jos van Rijssel et al., 2012).  

 Because Trio’s SH3 domain binds the C-terminal region of Rac1 but not RhoG, I believe 

that Solo’s SH3 domain could serve to bind distinct GTPases as well. Via a protein basic local 

alignment search tool (BLAST) analysis of RhoA and RhoG sequence homology, these proteins 

exhibit 56% sequence homology, which implies a similarity of protein function. A similar 

analysis of sequence homology between Rac1 and RhoA indicates 58% sequence homology 

which is nearly the same as the homology between RhoA and RhoG. Interestingly, Rac1 and 

RhoG exhibit 72% sequence homology and yet Trio’s SH3 domain can distinguish between the 

two GTPases (Jos van Rijssel et al., 2012). The purpose of this analysis is to raise the question of 

whether the Solo-RhoA co-precipitation is truly due to a GEF-RhoGTPase interaction or rather if 
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Solo immunoprecipitates RhoA by binding via the SH3 domain; in other words, does Solo bind 

RhoA with the purpose of activating the GTPase or does it bind for an alternative purpose? I 

believe that, due to the sequence similarity of RhoA with Rac1 and RhoG, Solo could bind RhoA 

in an SH3 dependent manner and also that these data do not negate the possibility of Solo 

binding RhoA via its GEF1 binding domain.   

 This raises the question of whether co-precipitation of proteins via immunoprecipitation 

is an adequate method to determine protein-protein interactions, despite the historical use of this 

technique to tease apart the nuanced interactions within signaling cascades. Förster Resonance 

Energy Transfer (FRET) is one experimental technique that more directly teases apart 

intracellular protein-protein interactions. This technique describes energy transfer between two 

light sensitive molecules and is used in cell biology by labeling proteins with donor and acceptor 

chromophores. When these proteins interact, energy is transferred from the donor to the acceptor 

chromophore and light is emitted as a measurable signal (Hirata et al., 2012; Kiyokawa et al., 

2011). Current research focusses on use of Raichu (Ras and interacting protein chimeric unit) 

probes which measures GTPase-effector interaction and thereby measures GTPase activity. 

Raichu probes place the Rho GTPase directly adjacent to its downstream effector, labels both 

GTPase and effector with chromophores, and a FRET signal is detected when the GTPase is 

activated, binds its effector, and the donor and acceptor chromophores come into contact 

(Nakamura, Kurokawa, Kiyokawa, & Matsuda, 2006).  Although this technique is valuable in 

elucidating protein-protein interaction and allowing for live cell imaging of Rho family GTPase 

activity, understanding when and where GTPases are activated does not give insight into how the 

GTPases are activated (Nakamura et al., 2006). Additionally, FRET probes can be difficult to 

employ in GTPase analysis because addition of these probes can sterically alter the ability of the 

labeled protein to function normally. For example, in an attempt to investigate RhoA-effector 

interactions, investigators created probes using mDia, ROCK, Rhotekin, and PKN bound to 

RhoA and only the RhoA-PKN probe was viable for use in FRET experiments (Nakamura et al., 
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2006). RhoA commonly interacts with mDia and ROCK in vivo and yet these probes were not 

viable and thus this experiment gives insight into some of the limits of Raichu probes and FRET 

in general.  

 I believe it would be valuable to observe GEF-GTPase interactions in live cell imaging 

and that this research would help to elucidate Rho family GTPase spatiotemporal activation as 

well as, and equally importantly, exactly how these GTPases are activated and by whom. To date 

I have not been able to find a study which utilizes FRET to measure Dbl family GEF-Rho family 

GTPase interaction. It is possible that these GEF-GTPase FRET studies have not been pursued 

for a variety of reasons including that probes alter either GTPase or GEF structure so drastically 

that function is compromised, the size difference between small G proteins and large GEFs 

makes probe interaction problematic, or that experimental interest is not yet piqued. 

 I will analyze and compare the data presented in this study with the initial research 

describing Solo activity in the central nervous system. In the landmark paper (Sun et al., 2006) 

describing Solo function, the authors describe Solo as being expressed primarily in cerebellar 

Purkinje neurons and that expression begins at birth and increases during neuronal maturation. 

Solo expression induces neuronal outgrowth and is described as localizing to the early endosome 

in a GEF1 dependent manner, with in situ hybridization depicting expression in the adult mouse 

brain and not in the embryonic brain. The authors utilized primary cells harvested from 

embryonic day 16 mouse brains and assert that these cells are neuronal due to the use of 

neurobasal medium during culture. However, the description of neurobasal media by Thermo 

Fisher Scientific is as follows, “basal medium that meets the special cell culture requirements of 

pre-natal and embryonic neuronal cells,” (ThermoFisher, n.d.) which raises two questions: why 

did the authors use embryonic cells and can these cells truly be called a neuronal culture? First, 

the authors assert that in situ hybridization demonstrates Solo expression in the adult brain and 

therefore embryonic mice would not have been my first model for neuronal cell harvest. Second, 

the manufacturers of neurobasal medium assert that this medium supports pre-natal and 
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embryonic neuronal cell growth but makes no claims toward ensuring that only neuronal cells 

continue to grow from a heterogeneous cell population. Similar to the primary astrocyte culture 

described in Chapter 2, this heterogeneous cell population does not guarantee only neuronal cell 

growth and therefore, at best, these data suggest that Solo expression occurs in embryonic neural 

cells grown in vitro. Additionally, the ability of these cells to express Solo could be an artifact of 

growth in the in vitro cell culture environment which is supported by the assertion that Solo 

expression is observed in adult rather than embryonic cells (Sun et al., 2006).  

 Furthermore, the authors assert that Solo associates with the early endosome because, 

“only the signal for the early-endosome marker EEA1 partially overlapped the EGFP-Solo 

signal…suggesting that [Solo] localizes to the early endosome” (Sun et al., 2006). This indicates 

only that these fluorescence signals overlapped and does not directly show protein-protein 

interaction unlike analysis via co-precipitation would. The most interesting finding from this 

paper determines that the abrogation of GEF1 domain activity altered the overlapping Solo-early 

endosome fluorescence signal indicating that GEF1 could be linked to Solo-early endosome 

association (Sun et al., 2006). These data show a possible Solo-EEA1 interaction more clearly 

than the fluorescence overlay of Solo and EEA1 signal alone. The regulation of early endosomal 

trafficking is attributed in large part to Rab GTPases (Mishra, Eathiraj, Corvera, & Lambright, 

2010)which, while being GTPases, are distinctly different in function from Rho family GTPases 

and therefore will not be explored at length in this study. Taken together, the authors assert that 

Solo expression occurs in the adult brain, stimulates neural outgrowth, and could be localized to 

the early endosome (Sun et al., 2006). In light of the inconsistencies of primary cell cultures and 

subjectivity of fluorescence analysis, I believe the authors’ main contribution was the discovery 

of Solo expression in the adult brain by in situ hybridization. 

 To my knowledge, the research in this thesis is the first to explore Solo binding with 

Rac1, RhoA, and Filamin A, intracellular Solo localization within astrocytes, and the role which 

Solo expression plays in C8-S astrocyte migration and morphology. Collectively, my results 
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helped me to create a model which incorporates Solo protein binding and the effects of Solo 

knock down to predict how Solo functions in the context of astrocyte migration. Figure 3.3 

shows that Solo translocates from the cell center to the plasma membrane upon migratory serum 

induction and Figure 3.4A shows the more specific localization of Solo to sites of cellular 

protrusion in migrating astrocytes which allows Solo to participate in actin dynamics as well as 

signaling protein scaffolding. Figure 3.4B shows Solo directly adjacent to an actin fiber which 

further validates the possibility of Solo participating in signaling scaffolds in a Filamin A 

dependent manner (as depicted in Figure 3.8). Association of Solo to the plasma membrane 

could be mediated in other manners through the binding of the pleckstrin homology (PH) domain 

of the GEF1module which binds phosphoinositides (Viaud et al., 2012) or though the binding of 

the sec14 lipid binding domain to phospholipids of the plasma membrane (Saito, Tautz, & 

Mustelin, 2007). I believe that Solo’s PH and sec14 domains could account for localization to 

the plasma membrane while localization to actin fibers occurs in a Filamin A dependent manner. 

Filamin A can also bind Rac1 or RhoA which could subsequently bind Solo and thus localize it 

to actin fibers by this mechanism (Jeon et al., 2008). 

 Because Solo expression occurred primarily in migrating astrocytes, I determined that 

change in migration was the most appropriate metric by which to assess Solo function within 

C8-S astrocytes. Figure 3.5A demonstrates the poor migration of siRNA Solo knock down cells 

as compared to their untreated and siRNA control counterparts. Although there are no data 

which represents the effect of Solo knock out in experimental models, we can glean information 

from Solo’s parent protein Trio to predict whether a 4-5% difference in migration due to Solo 

knock down has physiological significance.; namely that Trio knock out mice are embryonic 

lethal and that Trio deletion in the central nervous system results in 90% pup death (S. Schmidt 

& Debant, 2014).  

 Because Solo has only been explored in central nervous system cell types, I believe the 

Trio deletion from central nervous system tissues is most relevant to my study. The 10% of pups 
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who survived Trio deletion presented with aberrant cell migration in the developing cerebellum, 

abnormal neuronal outgrowth, and severe ataxia indicating that survival without Trio is 

unhealthy and leads to extremely poor quality of life (S. Schmidt & Debant, 2014). Trio has 

many splice variants aside from Solo and, without expression of Trio, these splice variants 

cannot be found within tissues; therefore, knock out of Trio does not give insight into the subtle 

roles for Trio’s splice variants but gives insight into the importance of the entirety of the Trio 

family. Tgat function is a prime example of the importance of Trio splice variants in that its 

expression in NIH3T3 fibroblasts, “resulted in the loss of contact inhibition…anchorage-

independent growth in a semisolid medium, tumorigenicity in nude mice, and increased 

invasiveness”(Yoshizuka et al., 2004). Interestingly, Tgat is nearly the inverse splice variant to 

Solo in that it expresses the GEF2 domain and not the GEF1 domain(Yoshizuka et al., 2004). It 

is entirely possible that the embryonic lethality or central nervous system pathology is regulated 

by one of Trio’s many splice variants rather than Trio itself. Additionally, Barry et al. assert that 

“Alterations in the radial glial cell network during development may lead to disorganized CNS 

tissues resulting in different neurodevelopment disorders” (Barry et al., 2014). Notice the authors 

do not equivocate by prefacing this statement with “some” or “perhaps” and, therefore, the 4-5% 

difference in C8-S radial astrocyte migration is arguably very physiologically relevant. 

 Because Solo is expressed primarily in the adult brain rather than embryonic brain, I do 

not believe that its expression is critical to normal central nervous system developmental 

organization and instead plays a role in normal astrocyte migration to maintain the central 

nervous system’s structure and health (Sun et al., 2006). This brings us back to the question of 

whether the observed decrease in astrocyte migration is truly relevant. I believe that in the realm 

of normal cellular migration, any variation in migratory ability has the capacity to alter tissue 

structure and therefore function and thus that the observed difference in migration in my data is 

physiologically relevant.  
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 The effects of Solo knock down on C8-S morphology are interesting in that these data 

can be used to postulate the possible downstream effectors which Solo-activated Rac1 and RhoA 

interact with to induce the observed cellular effects. Chapter 1 introduces the primary Rac1 and 

RhoA downstream effectors, PAK and WAVE, ROCK and mDia, respectively, and I believe that 

the migratory and morphological effects of Solo knock down on C8-S astrocytes can give insight 

into which downstream effector is preferentially activated by Solo-activated GTPases Rac1 and 

RhoA. I believe that Solo binding primes Rac1 to activate p21 activating kinase (PAK) and 

RhoA to activate Rho associated protein kinase (ROCK) and thus LIM Kinase. Previous work in 

astrocytes indicates that alteration of PAK expression is associated with oncogenic 

transformation of astrocytes and that PAK activates Erk1/2 which is responsible for morphologic 

polarity, cell adhesion and motility, all of which are compromised upon Solo knock down 

(Lichtenstein et al., 2010; Nikolić, 2008). Activation of Erk1/2 has also been shown to increase 

lamellipodia stability which is critical to cell migration (Jos van Rijssel et al., 2012). Therefore, 

Solo knock down would decrease activation of PAK and subsequent Erk1/2 activity therefore 

destabilizing lamellipodia and negatively impacting cellular morphology, adhesion and motility. 

Likewise, RhoA activates ROCK which activates LIMK and thus causes cofilin phosphorylation 

leading to increased contractility, actin filament stability and increased stress fiber numbers 

(Koch et al., 2014; Lau et al., 2012; Scott & Olson, 2007; Jos van Rijssel et al., 2012). My work 

indicates that Solo knock down decreases stress fiber density and alters astrocyte morphology 

which supports the theory that Solo binding RhoA induces the GTPase to “choose” ROCK as its 

downstream target. Additionally, and paradoxically, PAK is capable of activating LIMK and 

thus Rac1 activity could be cross-activating a traditional RhoA pathway in astrocytes (Spratley, 

Bastea, Döppler, Mizuno, & Storz, 2011). My findings indicate that Solo is capable of activating 

Rac1 and RhoA as well as binding Filamin A indicating that it functions in C8-S astrocyte 

migration as a key migratory regulator. Additionally, Solo re-localizes from the cell center to 

areas of actin remodeling  
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when astrocytes are induced to migrate and absence of Solo distinctly compromises migratory 

ability. 
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4. Materials and Methods 

4.1 Cell Culture 

 Rat primary astrocytes were harvested from the cerebral cortex as described in detail in 

my collaboration with Dr. Jon Zuidema and Dr. Ryan Gilbert’s lab group (Zuidema et al., 2014). 

In brief, Sprague-Dawley rats were euthanized and their cerebral cortices were removed and 

dissected from meninges, hippocampi, and basal ganglia. Tissue was minced in OptiMEM 

(Invitrogen, 31985062) and cells were extracted during 10 minute incubations in a 1:1 OptiMEM 

and TrypLE (Invitrogen, 12563-011) solution with 1mg/ml DNase I (Sigma-Aldrich, AMPD1-

1KT). Extractions were combined with full serum media: Dulbecco’s Minimal Essential Medium 

(Invitrogen, 12491-015), 10% heat inactivated horse serum (Invitrogen, 26050-070), 50u/ml 

penicillin and 50u/ml streptomycin (Invitrogen, 15140-122). Cells were pelleted at 0.5 RCF for 5 

minutes and resuspended in full serum media before being plated on poly-D-lysine (Sigma-

Aldrich, P4707) coated T75 tissue culture flasks (Sigma-Aldrich, Z707546) at 200,000 

cells/flask. These cells were grown to confluence over 2-4 weeks and purity of cultures were 

assessed periodically by assessing glial fibrillary acidic protein (GFAP) expression using a 

GFAP antibody (Dako, M0761). 

 Mouse astrocyte cell line C8-S was purchased from the American Type Culture 

Collection (ATCC, CRL-2535™) and were cultured in full serum media: Dulbecco’s Modified 

Eagle Medium (Sigma-Aldrich, D5648), 1g/L sodium bicarbonate (Sigma-Aldrich, S8875), 10% 

horse serum (Sigma-Aldrich, H1270), 1% penicillin/streptomycin (Sigma-Aldrich, P4333). Cell 

passaging was performed using Trypsin/EDTA solution (Thermo Fisher Scientific, R001100). 

Cells were incubated at 37°C and 5% CO2 throughout all experiments until fixed for imaging or 

harvested for protein analysis. Serum induced migration was done by incubating cells in low 

serum media (Dulbecco’s Modified Eagle Medium, 1g/L sodium bicarbonate, 0.5% horse serum, 
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1% penicillin/streptomycin for 10 minutes followed by incubating in full serum media for 5 

minutes; non-migratory cells were harvested after 10 minutes in low serum media. 

4.2 Astrocyte culture on poly-L-lactic acid (PLLA) electrospun fibers 

PLLA electrospun fibers were created by Dr. Ryan Gilbert’s lab as described in (Zuidema et al., 

2014) as follows: 

 “Aligned, electrospun fiber scaffolds were fabricated using an apparatus described 

previously (Wang et al., 2009). Fibers were produced by electrospinning an 8% (w/w) polymer 

solution of PLLA dissolved in a 1:1 mixture of dichloromethane and chloroform. The PLLA 

solution was loaded into a 5ml syringe (BD Biosciences, 309703) and delivered at a rate of 2.03 

ml hr-1 through a 22-gauge needle (BD Biosciences, 305900) insulated with polymer tubing. 

Fibers were collected on 15.15 mm glass coverslips coated with the PLLA thin film. The PLLA 

coated coverslips were secured to a grounded, custom-made aluminum collector disc (15cm 

diameter) with double sided tape. The distance between the needle tip and the collector disc was 

set at 6cm. A high voltage power supply (Gamma High Voltage Research) connected to the 

needle was set to 10kV, and the rotation speed of the collector wheel was set to 1000 rpm. Fiber 

samples were collected onto the spinning disc over a period of 20 minutes. 

 To fabricate randomly oriented fibers, the rotating collector was removed and a flat 

conductive aluminum collector was placed below the syringe pump. One 15.15 mm glass 

coverslip coated with a PLLA film was placed on the flat collector, and randomly oriented fibers 

were collected over a period of three minutes.” (Zuidema et al., 2014) 

 All assays performed on PLLA film and fibers utilized primary rat astrocyte cultures. 

PLLA film, random, and aligned fibers were coated with 10µg/ml fibronectin (Sigma-Aldrich, 

F1141) overnight prior to seeding primary astrocytes. Migration was analyzed using a cloning 

cylinder migration assay where a glass cloning cylinder (Sigma-Aldrich, C1059) was placed on 

film or fiber coverslips coated in fibronectin, cells were seeded in the cloning cylinder overnight 
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followed by removal of the cloning cylinder which allowed astrocyte migration. Samples were 

fixed with 4% paraformaldehyde, blocked and permeabilized with 5% BSA (Sigma-Aldrich, 

A8531) in phosphate buffered saline (Invitrogen, 00-3000) with Tween 20 (Invitrogen, 00-3005) 

(PBST), stained with phalloidin 488 (Thermo Fisher Scientific, A12379) at 1/400 and DAPI 

(Thermo Fisher Scientific, D1306) at 1/20, and imaged with confocal microscopy using a Leica 

DMI 4000B microscope. Data analysis was performed using GraphPad-Prism version 5.0 for 

Windows (GraphPad Software, La Jolla California USA, www.graphpad.com). 

4.3 Inverted suspension adhesion assay  

 Adhesion assay was performed in 96-well plates (Sigma-Aldrich, CLS3300) with serial 

dilution of cells from 50,000-781 cells/well. Extracellular matrix protein coatings collagen I 

(Thermo Fischer, A10644-01), collagen IV (Sigma-Aldrich, C6745), fibronectin, (Sigma-

Aldrich, F1141), and laminin (R&D Systems, 3400-010-01) were all 20µg/ml, poly-D-lysine 

(Sigma-Aldrich, P4707) was coated at 50µg/ml. Wells were coated overnight, solutions were 

aspirated, and cells were seeded overnight. After 48 hours, wells were fixed with 4% 

paraformaldehyde for 15 minutes after which wells were filled to brimming with 1x PBS. Cell 

culture dishes were submerged in 1x PBS, inverted, and allowed to rock very slowly for 5 

minutes at room temperature to remove dead or non-adherent cells without shear stress of 

repeated pipetting. Dishes were removed and PBS was removed from wells by repeatedly patting 

dishes on paper towel. Crystal violet dye (Sigma-Aldrich, HT90132) diluted to 0.1% in 70% 

methanol and 30% 1x PBS was applied to wells for 15 minutes after which wells were filled to 

brimming with 1x PBS, submerged, and rocked as stated. Dishes were rinsed twice by filling 

wells with 1x PBS to brimming, submerging, and rocking slowly for 5 minutes to rinse crystal 

violet not staining cells. Crystal violet staining cells was resuspended with 10% SDS for 30 

minutes rocking at room temperature before wells were read at 590λ to determine cell 

concentration per well. Data analysis was performed using GraphPad Prism Version 5.0. 
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4.4 RT-PCR GEF Analysis 

 Cells were seeded at confluence (25,300 cells/cm2) in T-75 flasks and were induced to 

migrate or not migrate as described above. Cells were trypsinized and spun down at 5,000g for 5 

minutes after which RNeasy Plus Mini Kit (QIAGEN, 74134) and QIAshredder kit (QIAGEN, 

79656) were used to harvest sample RNA. cDNA was then synthesized using the QuantiTect 

Reverse Transcription Kit (QIAGEN, 205310) and cDNA was used to run PCR with Q5 High-

Fidelity DNA Polymerase (New England BioLabs, Inc., M0491S) to determine GEF expression 

using forward and reverse primers designed on NCBI website 

(http://www.ncbi.nlm.nih.gov/pmc) and ordered from Integrated DNA Technologies at 25nM. 

Protein specific forward and reverse primers can be found in Table 4.1. PCR samples were run 

on agarose gel (1.5% agarose, 4% ethidium bromide, 1x TBE buffer) and imaged using Gel Doc 

XR+ System (BioRad 170-8195). Band intensity was at least twice as bright as background noise 

when considered “expressed” versus “not expressed” as indicated in Figure 1A. 

4.5 siRNA Solo Knock Down  

 Solo knock down was performed using 50pM of either Solo siRNA (m) (Santa Cruz 

Biotechnology, sc-153683) or scramble A siRNA control (Santa Cruz Biotechnology, sc-37007) 

in conjunction with siRNA Transfection Reagent (Santa Cruz Biotechnology, sc-29528) and 

OptiMEM (Thermo Fisher Scientific, 31985062). Mixtures of siRNA, transfection reagent, and 

OptiMEM were incubated for 30 minutes at room temperature before being applied to cells. 

Mixtures incubated at 37°C, 5% CO2 for 5 hours after which full serum media was applied to 

cells. Protein harvest and cell fixation was performed at 48 hours after full serum media 

application. Solo siRNA knock down was analyzed via western blot with scramble A siRNA 

(siRNA control) and OptiMEM (untreated control) cells as control samples. 
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4.6 2D Scratch Wound Migration Assay  

 All 2D scratch wound assays were performed using the C8-S type II astrocyte cell line 

(ATCC). Cells were seeded at confluence (25,300 cells/cm2) in 12 well plates (Sigma-Aldrich, 

CLS3513) and allowed to adhere overnight before aspirating spent media, confluent cells were 

scratched in a straight line with a sterile p-200 pipette tip prior to addition of full serum media. 

Non-hydrolyzable GTP analog G0635 (Sigma-Aldrich, G0635) was applied at 20µM or 70µM 

and control samples were treated with DMSO at 45µM or 65µM depending on low or high 

concentration experiments; DMSO was used as the control because it also served as diluent for 

the G0635 powder. Migration analysis on various extracellular matrix proteins used 20µg/ml 

coatings of collagen I, collagen IV, fibronectin, and laminin respectively. Transfection samples 

were treated as described above and scratch wound was made after 5 hour incubation with 

transfection solution. After the allotted migratory time, cells were washed with cold PBS and 

fixed with 4% paraformaldehyde for 15 minutes at room temperature. 2D scratch wound samples 

for non-hydrolyzable GTP analog and migration of C8-S astrocytes on various extracellular 

matrix proteins were blocked with BSA, stained with phalloidin at 1:400, and imaged via 

confocal microscopy using a Leica DMI 4000B microscope. Scratch wound samples for the 

siRNA knock down experiment were fixed and imaged via bright field microscopy and imaged 

with an Olympus Camedia C-5060. For all 2D scratch samples, images were analyzed via 

ImageJ via the following method: image/type/8-bit, process/find edges, plugins/calculate black 

to white ratio (Schneider, Rasband, & Eliceiri, 2012). White pixels represent cells while black 

pixels represented open space. One-way ANOVA followed by Tukey test was performed using 

GraphPad-Prism version 5.0. 

4.7 Immunoprecipitation and Western Blot Analysis  

 Cells were seeded at confluence (26,700 cells/cm2) in T-75 flask and allowed to adhere 

overnight before transfection for siRNA knock down experiment. Protein harvest was performed 
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using RIPA buffer (50mM Tris-HCl pH 7.4, 1% NP-40, 0.5% Na-deoxycholate, 0.1% SDS, 

150mM NaCl, 2mM EDTA, 50mM NaF) with protease inhibitor (Sigma-Aldrich, p8340) in 

conjunction with cell scraping for complete lysis. Cell lysate was cleared by centrifugation at 

14,000g for 5 minutes and cleared lysate protein concentration was analyzed using Pierce BCA 

assay Kit (Thermo Scientific, 23225). Equal concentrations of protein lysate were then cleared 

using 5uL protein A/G PLUS-Agarose beads (Santa Cruz Biotechnology, sc-2003) for 1 hour at 

4°C while shaking to clear background IgG followed by centrifugation at 14,000g to remove 

A/G beads. Lysates were then incubated with 5uL of Solo primary antibody (Abcam, ab22007) 

for 2 hours at 4°C while shaking. 5uL of A/G PLUS-Agarose beads were added to lysates and 

allowed to shake over night at 4°C. Samples were spun down for 5 minutes at 14,000g and 4°C 

to gather A/G bead pellet which was then resuspended in 4x Laemmli sample buffer (BioRad, 

#161-0747) and boiled 5 minutes. Samples were then run on 10% SDS-PAGE gel and 

transferred to nitrocellulose membrane using Trans-Blot SD Semi-Dry Transfer Cell apparatus 

(BioRad, 170-3940). Membranes were blocked in 5% overnight at 4°C followed by blotting for 

proteins of interest with anti-mouse primary antibodies (Abcam: Rac1, ab33186, RhoA, 

ab54835, Filamin A, ab80837) followed by HRP-tagged rabbit-anti-mouse secondary (Abcam, 

ab6728). Blots were developed via chemiluminescence with Pierce ECL Western Blotting 

Substrate (Thermo Scientific, 32106) and imaged on Gel Doc XR+ System. Western blotting for 

Solo knock down confirmation was performed via the same technique with absence of A/G 

PLUS-Agarose beads. 

4.8 Cellular Morphology and Stress Fiber Number  

 Astrocyte spreading was measured on different extracellular matrix proteins which were 

all coated at 20µg/ml while morphology of siRNA Solo knock down experiment samples were 

analyzed after transfection as stated above. Cells were seeded at 40-50% confluence (10,500 

cells/cm2) in 12 well plates and were transfected to analyze cell morphology (cell length, cell 
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area, stress fiber number). After transfection, cells were fixed at 48 hours as previously 

described. Cells were blocked with 5% BSA for 1 hour at room temperature then actin stained 

with Phalloidin 488 at 1/400 in PBS. Samples were imaged via confocal microscopy using a 

Leica DMI 4000B microscope. Images were analyzed using ImageJ to manually determine cell 

length, cell area, and stress fiber number per cell area. One-way ANOVA followed by Tukey test 

was performed using GraphPad-Prism version 5.0 for Windows. 

4.9 Immunofluorescence  

Cells were induced to take on migratory or non-migratory phenotypes with serum as previously 

described and fixed to determine Solo location within cells. Cells were seeded as described for 

morphology and were fixed after induction of migratory state. After blocking with 5% BSA, 

immunofluorescence staining was performed to determine Solo location by using monoclonal 

anti-mouse Solo primary antibody (Abcam, ab139344) at 1/100 dilution in PBS. Secondary 

antibody Alexa Fluor 594 goat anti-mouse antibody (Abcam, a11032) was used at 1/300 to 

fluorescently tag the Solo primary antibody in addition to Phalloidin 488 at 1/400 and DAPI at 

1/20 to stain the actin cytoskeleton and nucleus respectively. Confocal imaging was performed 

using the same technique and equipment as described for morphology analysis. Image J was 

used to apply scale bars and sharpen images. 
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Table 4-1 Dbl family GEF RT-PCR primers 

RT-PCR primer list for Dbl family GEF analysis in Chapter 3. 
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5. Discussion/Conclusions 

 
“A single cell contains a number of regulatory molecules for Rho-family 

GTPases. Therefore, for a full understanding of the signaling cascade upstream 

of Rho-family GTPases, we next need to know when and where each regulatory 

molecule functions within the cells. Equally important as this question is the 

need to examine when and where effectors of Rho family GTPases are activated, 

because Rho family GTPases seem to select specific subsets of effectors 

depending on the cellular context.”  

[my italics] 

(Kurokawa et al., 2005) 

 The quotation above advocates the investigation of spatiotemporal regulation of Rho 

GTPase signaling and further proposes examination of specific effector activation within distinct 

cellular contexts. Spatiotemporal regulation has been explored in depth with the use of FRET-

based biosensors to create cell specific patterns of Rho GTPase activation within migrating cells. 

Although these activation patterns give insight into subcellular Rho GTPase localization and 

activation cycling, they do not elucidate the upstream activators or the downstream effectors of 

the Rho GTPase and, therefore, these patterns fail to give insight into Rho GTPase-effector 

“choice.” Proteins are clearly not sentient and therefore should not be anthropomorphized and 

imbued with the ability to “choose” their binding partner but Rho GTPases definitely do choose 

distinct downstream effectors from a massive number of possible binding partners and the 

mechanism of this choice is poorly understood.  

 In order to better realize how Rho GTPases activate one effector over another, it is 

important to explore the mechanism of GEF-GTPase activation and the currently evolving 

concepts of GEF-GTPase-effector feedback and feed-forward. The summation of this discussion 

will lead me to explore a concept which has not been published in the literature but nonetheless 
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helps to explain spatiotemporal Rho GTPase regulation and downstream effector choice in an 

avant-garde manner. The “GEF-induced-GTPase preference” concept that I will describe 

proposes that specific GEFs bind GTPase partners and create minute conformational changes in 

the GTPase structure which then influences GEF-GTPase affinity, GTPase activation, and 

GTPase-effector binding affinity and thus GEFs direct specific GTPase-effector interactions. 

This concept helps to explain the specificity of Rho GTPase signaling and presents avenues for 

future exploration. 

 In this chapter I will explore the structural components of Rho GTPase activation and 

the means by which GEF binding induces said activation in order to depict how minute structural 

changes in GTPases dictate effector activation. Rho family GTPases were first discovered three 

decades ago as a family of proteins with high sequence and structural homology and have since 

been termed “molecular switches” due to their activity or inactivity depending on GTP or GDP 

binding respectively (Schaefer, Reinhard, & Hordijk, 2014). Rho GTPases are best known for 

their regulation of cytoskeletal dynamics during cellular adhesion and migration via their 

activation of downstream effectors which act upon actin dynamics and structure (Sadok & 

Marshall, 2014; Schaefer et al., 2014). Rho family GTPases are comprised of the G domain 

containing switch I and switch II regions, the short insert region unique to Rho GTPases in the 

Ras superfamily, and the C-terminal hypervariable region (Schaefer et al., 2014).  

 Rho GTPases require minute structural changes to facilitate GEF binding, activation, 

and, later, effector binding and therefore it is important to explore the details of their secondary 

structure during activation. The G domain consists of a six-stranded β-sheet surrounded by five 

α-helices (Schaefer et al., 2014) which is extended by the short insert region between the fifth β-

strand and fourth α-helix (Murali & Rajalingam, 2014). This domain contains the guanine 

nucleotide binding site which recognizes the guanine base and coordinates the β-phosphate of 

the bound nucleotide with the Rho GTPase Mg2+ ion required for nucleotide binding (Cherfils & 

Zeghouf, 2013). The G domain also contains the canonical switch I and switch II regions which 
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sense the nature of the bound nucleotide, interact with the nucleotide base, participate in GTP 

hydrolysis, and change conformation to release GDP and create a nucleotide free conformational 

intermediary when bound by a GEF (Cherfils & Zeghouf, 2013; Murali & Rajalingam, 2014; 

Schaefer et al., 2014). The switch I region interacts with the guanine base and/or sugar of both 

GDP and GTP and the Thr37 residue of switch I and Gly62 residue of switch II work in concert 

to form hydrogen bonds with oxygen of the nucleotide γ-phosphate found in GTP and not GDP. 

Together, switch I and switch II perform intrinsic GTP hydrolysis, though this reaction is 

commonly catalyzed by the binding of GTPase activating proteins (GAPs) (Cherfils & Zeghouf, 

2013). GTP hydrolysis induces the loss of these hydrogen bonds and induces switch I and II 

relaxation into the GDP bound state which then permits the inactive Rho GTPase to be bound 

and activated by GEF binding (Cherfils & Zeghouf, 2013; Schaefer et al., 2014). Charge 

distribution differences within the G domain are critical to isoform-specific interactions of Rho 

GTPases with GEFs and effector proteins which indicates that the minor differences between 

these homologous GTPases are what imbue them with their effector specificity (Schaefer et al., 

2014). In other words, minute structural variations in Rho GTPases determine their downstream 

effector binding. 

 The short insert region is of most interest to GTPase effector choice because GEFs bind 

it to induce nucleotide exchange and this binding could potentially induce distinct 

conformational changes in a region which binds and activates effector proteins downstream. This 

region is located within the G domain is unique to the Rho family GTPases within the Ras 

superfamily and functions in GEF binding but “serves primarily in the binding and activation of 

effector proteins” (Schaefer et al., 2014). This region is highly variable between Rac1, RhoA and 

their constituent subfamilies which explains why Rho GTPases do not generally share effectors 

and thus further indicates that the short insert region “determines isoform-specific binding of 

these GTPases to several effector proteins” (Schaefer et al., 2014).  
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 The C-terminal hypervariable region facilitates the binding of GTPases to regulatory or 

effector proteins and contains the CAAX box which binds either a farnesyl or geranylgeranyl 

lipid anchor to permit Rho GTPase binding to the plasma membrane (Cherfils & Zeghouf, 2013; 

Schaefer et al., 2014). “The hypervariable region also functions as protein binding site and 

determines, at least in part, specific binding to regulatory or effector proteins” (Schaefer et al., 

2014) indicating that it can therefore facilitate Rho GTPase subcellular localization, form 

signaling scaffolds, and interact with downstream effectors, all of which are critical components 

of spatiotemporal regulation of Rho GTPase activity (Good, Zalatan, and Lim 2011). Of the two 

regions, I believe the short insert region is of most interest to my concept of “GEF-induced-

GTPase preference”; the hypervariable region merely localizes the GTPase to the plasma 

membrane while I believe the short insert region is where GEF mediated GTPase conformational 

change could take place to influence effector selection.  

 Although the Rho GTPases are sequentially and structurally homologous, point 

mutations and post translational modifications influence GTPase activity and further highlight 

how subtle structural changes can alter protein function extensively. The point mutation 

Gly14Val induces constitutive binding of GTP and therefore unregulated Rho GTPase activation 

while mutation of Thr19Asn induces low affinity of Rho GTPases for GTP and thus decreases 

GTPase activity (Schaefer et al., 2014). Mutation of the highly conserved Gln63 of the switch II 

region alters the ability of nucleophilic water to bind the GTPase γ-phosphate and therefore 

inhibits intrinsic and GAP mediated GTP hydrolysis (Schaefer et al., 2014). Additionally, single 

amino acid differences determine GEF binding specificity between closely related family 

members; for example, GEF XPLN binds RhoA and RhoB but not RhoC due to a single change 

at residue 43 which is one of only a few differences in sequence at the N-terminus between the 

Rho family members (Schaefer et al., 2014). 

 Posttranslational modifications of Rho GTPases include phosphorylation and 

ubiquitination and these alterations also cause a variety of changes in function. Phosphorylation 
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of RhoA Ser188 increases binding of RhoA to guanosine nucleotide dissociation inhibitors 

(GDIs) which sequester the GTPase and remove it from the plasma membrane thereby 

effectively incapacitating it and decreasing RhoA activity (Murali & Rajalingam, 2014). 

Phosphorylation at Ser188 also interferes with RhoA-ROCK interaction thus decreasing 

downstream effector activation in addition to decreasing RhoA activation (Schaefer et al., 2014). 

Ubiquitination is responsible for regulating Rho GTPase activity because the binding of 

ubiquitin to GTPases tags them for proteolysis thus decreasing both the prevalence of GTPases 

and their activity (A. Schmidt & Hall, 2002). Although Rho GTPases are structurally similar, 

their few differences carry tremendous weight in determining their function and further establish 

that even minor changes in Rho GTPase structure can significantly impact function. 

 Guanine nucleotide exchange factors (GEFs) facilitate the massive conformational 

change required for nucleotide exchange and therefore it is possible that GEF-GTPase binding 

could additionally alter the structure of the short insert region to influence future effector 

binding. GEFs were originally discovered in the mid-1980s and classified as oncogenes due to 

the role of GEF Dbl in diffuse B-cell lymphoma (A. Schmidt & Hall, 2002). GEFs facilitate the 

release of GDP from inactive GTPases and stabilize the nucleotide free intermediate until 

cytosolic GTP binds to activate the GTPase and release the GEF (A. Schmidt & Hall, 2002). 

GEF structure is highly variable and protein relationships and binding partners cannot be 

elucidated by phylogeny alone due to their diverse structural domains (Rossman et al., 2005).  

 Most important to GEF function are the Dbl homology (DH) and pleckstrin homology 

(PH) domains and the DH-PH module they form is the minimal required structure for nucleotide 

exchange and Rho GTPase activation in vivo (A. Schmidt & Hall, 2002). The DH domains 

among various GEFs have little sequence homology with the exception of three conserved 

regions (CR1-3) which function in binding and activating GTPases. Despite low sequence 

homology, DH domains share common three dimensional structures and form flat bundles of 11 

α-helices with CR1 and CR3 on the domain surface interacting with the GTPase switch I and II 
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regions (A. Schmidt & Hall, 2002) and CR2 functioning as a stabilizing helix for the DH domain 

(Hakoshima, Shimizu, & Maesaki, 2003). The DH domain is an elongated helical bundle which 

binds the switch I region and removes it from the GDP, remodels the switch II residues near the 

Mg2+ critical to nucleotide binding to release GDP, stabilizes the GTPase G domain lysine by 

the switch II glutamate and thereby releases GDP and stabilizes the nucleotide-free intermediate 

(Cherfils & Zeghouf, 2013). Throughout the massive conformational changes taking place in 

GTPase switch I and II, the GEF catalytic DH domain undergoes very little change (Cherfils & 

Zeghouf, 2013). The DH-PH module is linked by a long α-helix which can induce structural 

rigidity or flexibility and thereby influences the role of the PH domain in relation to the DH 

domain in distinct GEFs (Cherfils & Zeghouf, 2013).  

 The PH domain performs a more complex regulatory role in GEF function than the 

catalytic DH domain and the specific role of the PH domain is dependent on the GEF in 

question. A variety of GEF PH domains induce GEF auto-inhibition, participate in the GTPase 

nucleotide exchange reaction, target GEFs to specific subcellular locations, and induce signal 

specificity by binding upstream or downstream effectors (Cherfils & Zeghouf, 2013). The PH 

domain is best characterized as binding phosphorylated phosphoinositides and thereby localizing 

GEFs to the plasma membrane (A. Schmidt & Hall, 2002) and as an agent of auto-inhibition of 

GEF function by sterically interacting with and blocking the DH domain (Cherfils & Zeghouf, 

2013). Trio, Solo’s parent protein, contains a flexible helical linking region between DH and PH 

domains and thus utilizes its PH domain to help bind Rho GTPases and facilitate nucleotide 

exchange as evidenced by the impaired exchange activity observed in cells upon removal of the 

PH domain from Trio (Cherfils & Zeghouf, 2013). Impairment of in vivo function and 

subcellular localization of GEFs lacking PH domains illustrates the importance of this domain in 

conjunction with the DH domain in activating Rho GTPases (A. Schmidt & Hall, 2002). 

 In addition to the traditional DH-PH module responsible for nucleotide exchange, most 

GEFs contain additional functional domains including, but not limited to, SH2, SH3, 
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serine/threonine and tyrosine kinases, RasGEF, RhoGAP, RanGEF, PDZ, and additional PH 

domains which contribute both to the structural diversity of GEFs and to their many protein-

protein interactions (A. Schmidt & Hall, 2002). These domains occasionally act abnormally as 

evidenced by Trio SH3 domain which can auto-inhibit the DH domain and does so by binding in 

a manner “unrelated to the classical binding of polyproline peptides” (Cherfils & Zeghouf, 

2013). I believe that these extra-DH-PH flanking regions, which can be critical to nucleotide 

exchange and proper GEF function (Cherfils & Zeghouf, 2013; Rossman et al., 2005; Schaefer et 

al., 2014; A. Schmidt & Hall, 2002), influence GTPase-effector selection because they interact 

with the non-switch regions of the GTPase and cause conformational changes which change 

GTPase binding affinity and thereby cause the GTPase to favor one effector over another. For 

example, Trio-Rac1 or Tiam1-Rac1 interaction could cause distinct conformational changes and 

influence Rac1 to bind PAK as opposed to WAVE and thereby stimulate distinct signaling 

pathways. 

 Some experimental research in GEF-GTPase activation utilizes truncated DH-PH 

domains in order to determine direct effect of specific GEF activation of GTPases and, generally, 

researchers have determined that “overexpression of truncated GEFs containing only DH-PH 

domains generally activates all known pathways downstream of the corresponding GTPase” (A. 

Schmidt & Hall, 2002) rather than discrete pathways. What is truly being explored here is not 

GEF-GTPase interaction but rather the bare minimum structure required to facilitate in vivo 

nucleotide exchange interacting with a given GTPase. It follows, then, that particular 

downstream pathways would not directly correspond with a GEF DH-PH region activating the 

GTPase if the non-DH-PH regions of the GEF are responsible for interacting and 

conformationally influencing a GTPase to bind a particular effector. This argument further 

validates the concept that the extra-DH-PH structural regions of a GEF play a role in influencing 

particular signaling cascades while the DH-PH region primarily facilitates the release of GDP 
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and formation of a conformationally stable nucleotide free intermediate (A. Schmidt & Hall, 

2002). 

 Current research into signaling pathways still relies on what I like to call the “billiard 

ball” concept of protein-protein interaction; namely, that an upstream protein interacts with a 

downstream protein which interacts with another protein and so on and so forth. However, this 

concept does not take into account the massive number of potential interactions or the “choice 

making” I’ve been discussing in this chapter. The “billiard ball” concept indicates that Rac1 

binding an effector would be entirely dependent on the proximity of this GTPase to a given 

effector which I believe doesn’t give the subtlety of cellular signaling due credit. Signaling, as 

depicted in textbooks, does not equivocate on the linearity of signaling cascades: a growth 

hormone receptor auto-phosphorylates upon ligand binding, recruits GRB2 adaptor protein via 

SH2 domain, binds the GEF Sos via SH3 domain, GEF activates Ras which activates Raf, Raf 

phosphorylates MEK, which phosphorylates MAPK which then phosphorylates transcription 

factors and regulation of transcription factor expression levels dictates which MAPK activated 

factor functions most robustly (J. van Rijssel et al., 2012). This is a cascade which is used in 

nearly every textbook of cellular biology that I’ve encountered. Although this methodology is 

useful for teaching signaling as a concept, Rho GTPase signaling requires that, “within a 

particular cellular context, Rho GTPases find a way to selectively activate subsets of effector 

proteins at selected locations within the cell” (Schaefer et al., 2014). The mechanism of this 

choice has yet to be fully elucidated and, therefore, I propose that the regulation of Rho GTPase-

effector selection is dependent on distinct GEF-Rho GTPase interaction and subsequent 

conformational change. 

 I have established that minute structural changes in Rho GTPases have tremendous 

influence on GEF binding, Rho GTPase activation, and downstream effector binding but I have 

yet to show structural evidence that GEF-GTPase binding induces conformational changes 

capable of influencing effector binding. Unfortunately, there is not yet any evidence proving this 
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theory and thus I will present the current alternative theories of GEF feedback and feed-forward 

and explain why I believe that my proposed “GEF-induced-GTPase preference” concept is one 

mechanism of effector selection. In no way am I ruling out the importance of alternative 

mechanisms of spatiotemporal Rho GTPase regulation; this discussion merely proposes an 

additional mechanism for regulation of Rho GTPase signaling. 

 Positive feedback loops function when the product of an exchange reaction binds and 

affects its upstream activator; in this case an activated Rho GTPase binds and alters the exchange 

rate of its activator GEF. One example is the GEF Sos (son of sevenless) which activates Ras 

downstream of tyrosine kinase receptors (Cherfils & Zeghouf, 2013). In this review by Cherfils 

et al., the authors assert that Sos also contains a REM domain which can bind GTP-bound Ras 

and this REM-active Ras interaction enhances the nucleotide exchange activity of Sos in solution 

and thus indicates a possible feedback loop (Cherfils & Zeghouf, 2013). After reading the 

original work, I believe this review article overstated the importance of the Ras-REM interaction 

enhancement of Sos nucleotide exchange and that this increase is nominal at best and could be 

an artifact of in vitro analysis. The original authors state that the “enhanced affinity of Ras-GTP 

for this [allosteric] site makes SOS sensitive to the activation state of Ras” and that “Ras is able 

to localize the SOS catalytic unit to the membrane and strongly potentiate its activity” which 

indicates that the feedback loop described by Cherfils et al. is dependent on Sos activating Ras, 

Ras binding the Sos catalytic site and localizing Sos to the plasma membrane in order to 

facilitate additional GTPase activation (Cherfils & Zeghouf, 2013; Gureasko et al., 2008). 

Hence, Ras binding Sos is a feedback loop only in that it assists in localizing Sos to the 

membrane and does not directly stimulate the activity of GEF function. Additionally, this 

feedback loop concept makes no mention of how Ras determines its downstream effector and 

rather depends on the concept that increased Sos activity would increase Ras activation and 

therefore increase Ras-effector interaction. While this may constitute a feedback loop in that Sos 
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activates Ras and then Ras interacts with Sos again, it does not constitute a feedback loop which 

significantly alters Sos activity or determines effector selection. 

 More relevant than the feedback loop is the feed-forward concept which I believe 

influences Rho GTPase-effector choice but is not yet well characterized enough to account for 

the entirety of Rho GTPase-effector decision making. The feed-forward concept is closely 

related to my proposed GEF-induced-GTPase preference model in that the feed-forward concept 

describes how “GEFs channel small GTPases into binding specific effectors” (Cherfils & 

Zeghouf, 2013). Though this concept states that GEFs influence GTPases, they do not 

accomplish this via structural means but rather by proposing that GEFs bind effectors prior to 

binding GTPases and thus, that the GEF brings the effector into contact with the GTPase so that 

the GEF-activated GTPase is in close proximity to the effector (Cherfils & Zeghouf, 2013). For 

example, Tiam1 binds IRSp53 prior to activating Rac1 in lamellipodia and thereby positions 

IRSp53 directly adjacent to the Tiam1 activated Rac1 and influences IRSp53 binding over other 

effectors. The feed-forward theory is dependent on the fact that GEFs can bind an effector 

protein and also that GEFs bind specific effector proteins which are relevant to their Rho 

GTPase targets. One problem with this model is that most GEFs have SH3 domains and 

therefore can bind proteins containing proline rich regions regardless of whether the given 

effector is relevant for the GEF’s Rho GTPase target. For example, proline rich regions are 

present in the structure of both p21-associated kinase (PAK) (Kiosses et al., 2002) and in 

WASP-family verprolin-homologous (WAVE) (Miki, Yamaguchi, Suetsugu, & Takenawa, 

2000) proteins, both of which are activated by Rac1. Therefore, if this GEF-effector pairing is 

mediated via a low specificity binding such as by the SH3 domain, the GEF isn’t truly 

influencing a specific pathway purposefully, but rather bringing any given effector it’s capable 

of binding into contact with a Rho GTPase. Essentially, the feed-forward concept works in the 

same way that signaling scaffolds function, by bringing proteins into closer proximity to 
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influence their interaction; this does not fully answer the question of how Rho GTPases choose 

their effectors other than to influence the proximity of possible effectors. 

 The “GEF-induced-GTPase preference” model I am espousing states that GEF-GTPase 

binding could cause small conformational changes in the non-switch regions of the GTPase 

which alter the GTPases structure enough to influence its binding affinity for discrete effectors. 

Rho GTPases are prime examples of proteins in which minute structural changes result in large 

changes in protein function and I believe that my theory could help to explain how the results in 

Chapter 3 led me to believe that Solo-Rac1 binding induces PAK activation and Solo-RhoA 

binding induces ROCK activation. According to my theory, Solo activation of Rac1 and RhoA 

would induce a preference for the effectors PAK and ROCK respectively. 

 In specific, I believe the conformational change occurs at the Rho GTPase insert region 

due to this regions interaction with both GEFs and effectors, thus implying that any 

conformational change should occur in this region and then influence effector binding affinity 

(Schaefer et al., 2014). Zong et al. demonstrated that, by replacing the insert Rho GTPase insert 

region of RhoA with equivalent loop 8 of Ras to create a Rho∆Ras mutant, this mutant was 

capable of binding many RhoA-effector proteins but that these effectors were not subsequently 

activated (Zong, Kaibuchi, & Quilliam, 2001). This indicates that the insert region is responsible 

for effector activation and not for effector binding; in other words, conformational changes made 

by GEFs in the insert region could influence effector activation but not binding which could be 

regulated by the switch regions flanking the insert region. Rho∆Ras co-precipitated with ROCK, 

a common RhoA effector, but did not activate the effector in vivo and thus impaired stress fiber 

formation (Zong et al., 2001). Likewise, the insert region of Cdc42, another Rho GTPase, was 

required for phospholipase D activation but not binding (Walker, Wu, Cerione, & Brown, 2000). 

These data imply that the structural component of the Rho GTPase insert region is required for 

activation of downstream effectors and imply that structural differences, such as those 
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potentially caused by GEF binding, within the insert region could induce drastic differences in 

effector activation. 

 As summarized earlier, Rho GTPases utilize switch I and II regions to assess nucleotide 

binding and two hydrogen bonds formed with the γ-phosphate of GTP makes the distinction 

between rigid switch domains bound to GTP and relaxed domains bound to GDP (Schaefer et 

al., 2014; A. Schmidt & Hall, 2002). Furthermore, Schaefer et al. assert that the charge 

distributions of GTPase G domains and insert regions are important for isoform-specific 

interactions with GEFs and effector proteins (Schaefer et al., 2014). Structurally speaking, point 

mutations, differences in charge, and hydrogen bonding do not constitute massive 

conformational changes, and yet these minute alterations of GTPase structure drastically alter 

their function. It is therefore not illogical to postulate that GEF-GTPase binding could induce 

similarly minute structural changes. 

 To determine whether my model holds water, a variety of studies could be pursued 

including crystallography of GEF-GTPase complexes to determine possible structural changes, 

and total internal reflection fluorescence (TIRF) to determine if GEF-GTPase interactions 

influence effector binding. Since the mid-1950s X-ray crystallography has determined the atomic 

and molecular structure of crystals by measuring x-ray beam incidence, angles, and intensities 

and thereby producing a three-dimensional image of electrons within the crystal (Lamb, 

Kappock, & Silvaggi, 2015; Shi, 2014). X-ray crystallography would allow visualization of 

minute structural changes among various GEF-GTPase complexes and indicate regions for 

future structural investigation. TIRF microscopy, also developed in the mid-1950s, is an optical 

technique which allows for analysis of protein binding complexes through imaging of individual 

fluorophores (Fish, 2009). This technique would allow for elucidation of specific GEF-GTPase 

activation and measurement of GTPase-effector binding affinity across many GEFs and 

GTPases. Together, X-ray crystallography and TIRF microscopy could determine if a 
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conformational change occurs upon GEF-GTPase binding and if GEF specific GTPase activation 

induces effector binding specificity. 

 Thus far, 11 family specific eukaryotic GEFs and three bacterial GEFs have been 

characterized at a structural level via x-ray crystallography (Schaefer et al., 2014). 

Crystallographic structures of Rho GTPase-GEF associations should continue to be pursued to 

determine whether distinct conformational changes occur upon GEF-GTPase binding. I would 

recommend, for example, crystalizing Trio bound to Rac1 as well as Tiam1 bound to Rac1, in 

the absence of GTP to maintain the GTPase in a nucleotide-free intermediate, and analyze 

whether conformational differences in exist in Rac1. Cherfils et al. postulate that “discrete 

intermediates were captured in the crystal” (Cherfils & Zeghouf, 2013) when forming GEF-

GTPase complex crystals which indicates that the crystallization of distinct GEF-GTPase 

intermediates is at least possible and available for future exploration. 

 To my knowledge, TIRF has yet to be employed to determine whether specific GEFs 

induce GTPase-effector binding preference. In order to determine GTPase effector preference I 

would employ the following methodology: I would anneal a Rac1 monoclonal antibody to glass, 

apply purified Rac1 GTPase, use a GAP to facilitate GTP hydrolysis, apply the GEF Solo in 

presence of GTP, apply the fluorophore- bound effector PAK, and measure how much 

fluorescence signal I detected. Rinsing the glass coverslip between steps and utilizing the same 

concentration of antibody, GTPase, GAP, GTP, and GEF across experimental repetitions would 

standardize this protocol and decrease error. TIRF microscopy has been employed to visualize 

the recruitment of signaling molecules to the activated T cell receptor at the plasma membrane 

and I believe that this technique could elucidate in vitro GEF-induced-GTPase preference for 

various effectors (Crites, Chen, & Varma, 2012). 

 In closing, I believe that understanding how spatiotemporal regulation of Rho GTPase 

signaling functions requires a greater understanding and exploration of Rho GTPase signaling 

scaffolds, individual investigation of GEF-Rho GTPase binding partners, and exploration of 
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whether GEF binding of Rho GTPases could influence GTPase-effector specificity. In 2002, 

Drs. Allan Hall and Anja Schmidt, recognized specialists in the realm of Rho GTPase research, 

asserted the following: 

 “A GEF may not only switch on a GTPase, but may also, through its subcellular 

location or through additional protein-protein interactions, influence which 

downstream pathways are subsequently activated. How Rac selects which of its 

20 presently known target proteins to interact with, is a major outstanding issue 

in the field; perhaps GEF participation provides some explanation.” 

 (Schmidt and Hall 2002) 

I believe Drs. Hall and Schmidt were being facetious in this particular quote and that they 

absolutely believe that GEFs influence the mechanism by which Rho GTPases select their 

downstream effectors. The evolutionary biologist Dr. John Burdon Sanderson Haldane once said 

that “…the future will make any detailed predictions look rather silly” (Shi, 2014) which helps to 

explain why leaders in the field of Rho GTPases and spatiotemporal signaling equivocate when 

making predictions. This thesis affords me the opportunity to make an unself-conscious “detailed 

prediction” in the vaguest sense. I believe that minute Rho GTPase structural changes predicate 

effector specificity and that this correlation deserves extensive future study to further elucidate 

the mechanisms of the nuanced world of Rho GTPase signal transduction.  
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