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ABSTRACT 

FILSYSAMUEL 

ALTERATION OF PRENYLATION: EFFECT ON NEURITE OUTGROWTH AND 
RHO GTPASE SIGNALING 

MAY2010 

The action of the 3-hydroxy-3-methyglutaryl coenyzme A (HMG-CoA) reductase 

inhibitor, lovastatin, promotes neurite outgrowth in some systems and inhibits it in others 

(Schulz et al., 2004; Holmberg et al., 2006). Anecdotally, lovastatin also contradictorily 

relieves or exacerbates memory loss in Alzheimer's patients (Wagstaff et al., 2003; 

Sparks et al., 2008). We postulate that some of lovastatin effects are due to inhibition of 

prenylation precursors that alter Rho GTPase localization and loading of GTP. We show 

here that lovastatin decreases neurite initiation and concurrently increases GTP loading of 

RhoA in the cytosol and decreases GTP loading of Rae 1 associated with the plasma 

membrane. We also assess how lovastatin affects the activity of cofilin, which is 

inactivated by phosphorylation by the common Rho GTPase effector, LIM kinase. We 

correlate cofilin phosphorylation with effects on actin filament content since cofilin is an 

actin depolymerizing agent. We use western blot analyses and immunocytochemistry to 

assess phosphorylated and total cofilin and find no significant deviations from control 

conditions. However, the amount of filamentous actin decreases in growth cones with 

lovastatin and lovastatin plus geranylgeraniol reversing this effect. Treatment with 
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lovastatin increases GTP loading of RhoA in the cytosol fraction and decreases GTP 

loading of Rae 1 in the membrane fraction. Together, these results suggest that lovastatin 

may promote actin depolymerization via Rho GTPases signaling leading to a decrease in 

the neurite initiation aspect of outgrowth. Elucidating the biochemical actions of 

lovastatin improves our understanding of how this treatment might mediate its effects in 

Alzheimer's disease and may facilitate the development of effective therapies for other 

nervous system disorders like traumatic brain or spinal cord injury. 
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CHAPTER I 

INTRODUCTION 

Statistics from the National Spinal Cord Injury Statistical Center indicates that 

there are about 250,000 spinal cord injured (SCI) individuals living in the United States 

(National Spinal Cord Injury Statistical Center, 2009). About 99% of these have either 

paraplegia or quadriplegia (National Spinal Cord Injury Statistical Center, 2009). 

Usually the spinal injury occurs between the ages of 19 and 30, and 90% of survivors 

have normal life spans. The life time cost of one SCI individual is $600,000 to $1.35 

million (Ginop, 2009). By developing therapies for the injured and preventing new 

injuries, the United States can save $250,000 on the SCI life time cost for one case 

(O'Hare and Hall, 2001). In the adult central nervous system (CNS), full functional 

recovery requires axon regeneration (Holmberg et al., 2006). For this, the most effective 

therapies would be to encourage regrowth of damaged axons and their reconnection to 

appropriate targets for the restoration of lost functions. Unfortunately, regeneration is 

limited by inhibitory molecules expressed in the injured CNS (Fawcett, 2006). 

Axon growth and regeneration are regulated by actin cytoskeletal dynamics in the 

neuronal growth cone, a sensory motile structure located at the tips of extending axons. 

Growth cone actin dynamics are regulated, in large part, by the guanine nucleotide 

triphosphatases (GTPases) of the Rho family (Bishop and Hall, 2000; Michaelson et al., 

2003). Rho GTPases are activated by guanine triphosphate (GTP) loading in response to 
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interaction with guanine exchange factors (GEFs). In addition, Rho GTPases are post

translationally modified by prenylation. Prenylation directs translocation of the Rho 

GTPases to the plasma membrane, perhaps facilitating their interaction with GEFs. 

However, the role of prenylation in regulating Rho GTPase signaling and axon extension 

is incompletely elucidated. It is the purpose of this dissertation to determine how 

prenylation affects: (1) neurite outgrowth; (2) growth cone actin dynamics; and (3) Rho 

GTPase signaling. To understand the rationale leading to our hypothesis that alteration of 

prenylation affects Rho GTPase activation and neurite outgrowth, a discussion of the 

current understanding of the mechanism of Rho GTPase mediated axon extension is 

warranted. 

Axon Extension and Growth Cone Actin Dynamics 

Axon growth and guidance to appropriate targets are directed by neuronal growth 

cones located at the distal tips of extending axons. Growth cones are composed of a 

peripheral (P) and central (C) domain. The P domain contains long fin~er-like 

projections called filopodia and sheet-like structures called lamellipodia (Tojima and Ito, 

2004) (Figure 1). Filopodia act as long-range sensors, continuously sampling the 

environment for guidance cues, while lamellipodial dynamics are associated with 

directional growth cone movement. Both filopodia and lamellipodia are actin-based 

structures. In filopodia, the actin filaments are arranged in longitudinal bundles and in 
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lamellipodia actin filaments form a branched network (Korobova and Svitkina, 2008) 

(Figure 1). 
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Figure. I Growth cone cytoskeletal structure. Growth cones are composed of an actin

based peripheral (P) domain and a microtubule-rich central (C) domain. The P domain 

consists of finger-like filopodia with linearly arranged actin filaments and sheet-like 

lamellipodia that have branched actin filaments. Actin dynamics including 

polymerization, depolymerization, severing and capping are controlled by specific actin 

binding proteins including profilin, cofilin, capping protein and the Arp2/3 complex. 
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Growth cone actin dynamics include polymerization, depolymerization, capping 

and nucleation. Nucleation of actin filaments may occur de nova or as side branches 

originating from existing filaments, leading to actin branching and lamellipodia 

formation (Tojima and Ito, 2004). For polymerization, actin monomers (G-actin) are 

added preferentially onto the barbed (plus) ends of filamentous actin (F-actin) and 

removed from the pointed (minus) ends, respectively. In growth cones, barbed ends are 

located toward the P domain of extending growth cones, while pointed ends are oriented 

toward the C domain. The actin binding proteins that bind to F- and G-actins regulate 

these actin dynamics. Profilin promotes polymerization by delivering ATP bound actin 

monomers to barbed ends of either linear or branched filaments. Capping proteins 

prevent the elongation of actin filaments. Nucleation proteins, including the actin related 

protein (Arp) 2/3 complex, facilitate branching of actin filaments. The actin severing 

protein, cofilin, results in depolymerization at pointed ends. The regulated action of these 

actin binding proteins directs the formation and extension of neurites. 

Once a neuronal cell body has reached it proper location, norma_l extension of 

processes occurs in stages. First an external signal initiates process formation. In 

neurons fated to extend both axons and dendrites, a subsequent polarity signal directs one 

process to become an axon and the others differentiate into dendrites (Arimura and 

Kaibuchi, 2005; Jacobs et al., 2007). In this study, we are interested in axon 

development. This, as well as dendrite extension, involves initiation of a process from a 

spherical cell body. While the process leading to initiation is incompletely elucidated, it 
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is proposed that decreasing the ratio of F- to G-actin in localized areas increases actin 

instability leading to neurite initiation (Da Silva et al., 2003). In any case, once initiated, 

neurites then extend through a regulated process. 

Axon extension occurs in three stages: protrusion, engorgement and consolidation 

(Gallo and Letourneau, 2004). In the protrusion stage, there is extension of filopodia and 

lamellipodia. Filopodia extend by bundling of actin filaments with polymerization 

occurring at the barbed ends at the filpodia tips (Mallavarapu and Mitchison, 1999). 

Expansion of lamellipodia sheets occurs by radial spreading of actin meshworks at the 

base of filopodia (Nozumi et al., 2003). In engorgement, microtubules and organelles 

invade lamellipodial protrusions, thickening the central domain. Here depolymerization 

of actin at the interface of P and C domains allows microtubules to extend into the C 

domain. Due to directed polymerization and anchoring to the substratum, the assembled 

F-actin from the P domain appears to be translocated to the C domain, resulting in the 

protrusive force in the growth cone for the extension of axons (Tojima and Ito, 2004). 

Consolidation happens when actin depolymerizes in the central domain_ of the growth 

cone, allowing the membrane to shrink around the bundle of microtubules and forming a 

new extent of axon shaft (Dent and Kalil, 2001; Gallo and Letourneau, 2004). Neurite 

elongation is promoted by consolidation and protrusive forces at the leading edge of the 

growth cone (Mingorance-Le Meur and O'Connor, 2009). 

Neurite branching occurs as the growth cone stalls and a new growth cone is 

formed for the further elongation. The actin filaments accumulate and microtubules 
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invade the stalled growth cone and create branching (Kalil et al., 2000). The repression 

of protrusive force by inhibiting actin polymerization and action of branching factors 

results in the production of a new growth cone and new branch in the neurite shaft 

(Mingorance-Le Meur and O'Connor, 2009). Thus, growth cone dynamics are controlled 

in large part by dynamic rearrangement of the actin cytoskeleton. Interestingly for this 

work, recent studies have assessed the effect of statins in regulating the process of 

branching. In dendrites, arborization was decreased by statins, which had no effect on 

branching of axons (Kim et al., 2009). However, injured CNS axons sprout and elongate 

in primary neuronal culture, but they lack branching which is required for pathfinding 

(Blizzard et al., 2009). Some of the studies conducted in this work assess how statins 

regulate axon branching in one neuronal model. 

Rho GTPases 

Actin dynamics are controlled by small GTPases of the Rho family. These small 

(21-28 kDa) cell signaling proteins are monomeric guanine-binding pro_teins that cycle 

between guanosine diphosphate (GDP) and GTP bound states (Negre-Aminou et al., 

2002) (Figure 2). Small GTPases in the GTP-bound form are active and able to interact 

with downstream effectors (Bishop and Hall, 2000; Rossman et al., 2005). The Rho 

family of GTPases consists of well characterized members, including Rae 1 and RhoA 

(Didsbury et al., 1990). The amine (N)-terminus of these proteins is well conserved 
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while the carboxy (C)-terminus varies and may be associated with different functions for 

the proteins (Chen et al., 2000). 

Effectors 

GDI 

Figure.2 Rho GTPase cycle. Modified from (Tcherkezian and Lamarche-Vane, 2007). 

Rho GTPases cycle between active, GTP-bound and inactivate, GDP-bound states. 

Activation is regulated by interaction with guanine nucleotide exchange factors (GEFs), 

GTPase activating proteins (GAPs), and guanine nucleotide dissociation inhibitors 

(GDis), as well as by membrane localization through gernanylgeranylation. Active Rho 

GTPases regulate the activity of downstream effectors. 
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Interaction with Regulators 

Activation of Rho GTPases (Figure 2) is regulated by interaction with three 

classes of proteins: GEFs, GTPase activating proteins (GAPs), and guanine dissociation 

inhibitors (GDis). GEFs facilitate activation of Rho GTPases by replacing GDP with 

GTP (Bryan et al., 2004). The prenylation status of Rho GTPases may regulate their 

interaction with these activating proteins. For example, GEFs are more active on 

prenylated Rae-GDP bound to membrane lipids than towards non-prenylated Rae-GDP 

(Robbe et al., 2003). 

Inactivation of Rho GTPases occurs through interaction with either GAPs or 

GD Is. Binding to GAPs facilitates the endogenous ability of Rho GTPases to hydrolyze 

GTP to GDP. Membrane bound GAPs have been shown to help in GTP hydrolysis of 

prenylated Rae 1 and RhoA but not unprenylated forms (Molnar et al., 2001 ). GD Is 

prevent the exchange of GDP to GTP (Hoffman et al., 2000; DerMardirossian and 

Bokoch, 2005). Binding to RhoGDI masks the isoprenoid modification of Rho GTPases 

and prevents Rho from localizing to the membrane and becoming activated through 

interaction with GEFs. When Rho proteins bind with RhoGDI, they are translocated 

from the membrane and sequestered in the cytosol. Thus, the cytosol-membrane cycling 

of Rho and Rae by GDI appears to control their activity (Dovas and Couchman, 2005; 

Moissoglu et al., 2006). However, this may not be the case. In one study, only 

geranylgeranylated RhoA interacts with RhoGDI (Allal et al., 2000). Contrary to this, a 

non-prenylatable mutant RhoA is able to interact with RhoGDI (Faure and Dagher, 
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2001 ). In addition, RhoGDI can interact with both Rae 1 and RhoA in GTP and GDP 

bound states (Hancock and Hall, 1993). Interestingly, when RhoGDI is bound with Rac

GTP, the action of GAP on Rae 1 is inhibited and causes sustained activation of Rae 1 

(Hancock and Hall, 1993). Other studies report that the GAP's activity can be 

distinguishable for Rho and Rae according to the phospholipid environment (Molnar et 

al., 2001; Ligeti et al., 2004). Prenylation, therefore, likely plays a role in Rho GTPase 

activation, but the specifics regarding this regulation are not yet co~pletely defined. 

Interaction with Downstream Effectors of Rho GTPases 

Rael and RhoA effectors. Rho GTPases exert their effects through regulation of 

downstream effectors. Immediate downstream effectors include the serine threonine 

kinases, p21-activated kinase (PAK) and Rho-associated coiled-coil forming protein 

kinase (ROCK), activated by Rae 1 and RhoA, respectively. These immediate 

downstream effectors have been shown to regulate Rho GTPase cellular functions. 

Activation of ROCK by RhoA is important for RhoA signaling in both ~eurons and non

neuronal cells. For instance, inhibition of ROCK promotes regeneration in optic nerve 

(Lingor et al., 2007), and inhibition of adhesion and subsequent lack of RhoA activation 

fails to lead to ROCK activation in endothelial cells (Bhadriraju et al., 2007). Membrane 

localization of RhoA may be important in its activation and facilitation of ROCK 

binding. In pheochromocytoma PC-12 cells, cytosolic RhoA prevents its association 

with ROCK (Nusser et al., 2002). However, in another study in non-neuronal cells, 
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ROCK is able to bind RhoA in cytosol (Miyazaki et al., 2006). Likewise, Rael mediated 

activation of PAK is important in regulating axon growth. In Drosophila neurons, 

mutant Rae 1 unable to bind to PAK results in loss of axonal guidance and branching but 

not extension (Negre-Aminou et al., 2002). Rael activation of PAK may also be 

regulated by membrane localization. In fibroblasts, cytosolic Rae 1 does not interact with 

PAK ( del Pozo et al., 2000). 

Actin binding protein - cofilin phosphorylation. The serine/threonine kinases PAK and 

ROCK in tum activate a series of actin binding proteins to regulate actin dynamics. 

Actin polymerization is promoted by complexes of actin binding proteins activated by 

Rae 1 through PAK (Pilpel and Segal, 2005) and by RhoA through direct activation of 

formins (Higashida et al., 2004). Downstream of PAK are WASP family verprolin

homologous protein (WA VE) and Arp2/3 which are involved in nucleation of actin 

filaments to create protrusive force (Suetsugu et al., 2001 ). The proteins downstream of 

RhoA are mammalian diaphanous-related formin (mDia) and profilin-II which promote 

actin elongation (Chesarone and Goode, 2009). 

Actin depolymerization is promoted by the action of cofilin. Rho GTPases can 

affect cofilin through activation of LIN-11, Islet- I, MEC-3 domain kinase (LIMK). 

Phosphorylation and activation of LIMK inactivates cofilin via phosphorylation (Ng and 

Luo, 2004) and prevents the depolymerization of actin. Both ROCK and PAK 

phosphorylate LIMK in non neuronal cells (Lundquist, 2003; Holmberg et al., 2006; 
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Gopalakrishnan et al., 2008) with LIMK2 and LIMKI being downstream of RhoA and 

Rael, respectively (Sumi et al., 1999; Gungabissoon and Bamburg, 2003). The role of 

cofilin activity in neurons is unclear. Most studies associate inactivation of cofilin with 

increased outgrowth. For example, inactivation of cofilin is associated with increased 

synapse production (Fedulov et al., 2007), and increased LIMK activation subsequent to 

knockout of the myelin-associated, inhibitory Nogo-A leads to more motile growth cones 

(Montani et al., 2009). The knockdown of Rael by siRNA in hippocampal neurons 

results in decreased F-actin levels in neurites and growth cones (Gualdoni et al., 2007). 

However, cofilin is co-localized with actin in growth cones and is required for neurite 

outgrowth (Mendoza-Naranjo et al., 2007), and Rho mediated neurite retraction occurs 

through phosphorylation of cofilin (Bito et al., 2000). In non-neuronal cells, cofilin and 

Arp2/3 work in coordination to produce the lamellipodia by initiating free barbed ends 

and nucleation (DesMarais et al., 2004). As cofilin is an effector for both Rael and 

RhoA, the activation of each should promote the phosphorylation of cofilin. In our study, 

we investigate the phosphorylation of cofilin and actin filament content after the 

treatment with lovastatin. 

Rho GTPases and Outgrowth 

The best studied Rho GTPases are RhoA, Rae I and Cdc42. Each of these is 

implicated in neurite outgrowth. Traditionally studied with consititutively active and 

dominant negative mutants, Rae I and Cdc42 are associated with increased axon 

extension while RhoA is associated with neurite retraction. From these experiments, an 
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apparently antagonistic relationship exists between activation of Rael and RhoA. 

However, recent studies indicate that the regulation of Rho A and Rae 1 function is likely 

more complex than originally realized from overexpression of Rho GTPase mutants. 

Rael GTPase 

Similar to non-neuronal cells, Rae 1 organizes actin to form lamellipodia in 

growth cones and promotes different aspects of neurite outgrowth (Nasu-Nishimura et al., 

2006). Different outgrowth promoting cues, like netrin-1, induce Rae 1 activation and 

increase neurite extension (Wassmann et al., 2002), and Rael expression is necessary for 

branching in Drosophila neurons (Negre-Aminou et al., 2002). Rael activation promotes 

neurite extension across inhibitory chondroitin sulfate proteoglycans (CSPGs) in some 

cases (Jain et al., 2004), but its inhibition results in neurite outgrowth on CSPGs in others 

(Marler et al., 2005). These apparently contradictory results may reflect a degree of 

complexity in the regulation of Rae 1 function in neurons. Indeed, inhibition as well as 

over-activation of Rae 1 results in decreased adhesion and production of protrusions in 

Xenopus neurons (Eckert et al., 2009). 

RhoA GTPase 

Increased signaling through RhoA is generally associated with inhibition of 

outgrowth, axon retraction (Kranenburg et al., 1997) and growth cone collapse (Kozma et 

al., 1996). Further evidence that RhoA is involved in inhibiting outgrowth arises from 
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studies conducted with pharmacological inhibitors and activation state mutants. 

Inhibiting RhoA directly with C3 enzyme from C. botulinum results in increased axon 

growth and branching (Ahnert-Hilger et al., 2004). Inhibiting ROCK is enough to 

promote neurite outgrowth (Hirose et al., 1998) and outgrowth is inhibited by RhoA 

activation (Fournier et al., 2003). Neurite initiation is inhibited by activated RhoA in PC-

12 cells (Nusser et al., 2002), and inhibition of the Rho/ROCK pathway increases neurite 

initiation and growth cone dynamics while axon elongation is stable (Bito et al., 2000). 

Together, these results suggest that inactivation of RhoA is important for neuritogenesis 

(Da Silva et al., 2003). Indeed, down-regulation of RhoA is important for neurite 

outgrowth and regeneration of axons following spinal cord injury (Ellezam et al., 2002; 

Wassmann et al., 2002). Interestingly, RhoA may be involved at several levels of 

neuronal development. Minimal Rho A activity results in production of four to five axons 

while maximal RhoA activity results in no axons (Arakawa et al., 2003). Additionally, 

RhoA activation is reported to be necessary for efficient neurite outgrowth. RhoA 

activation increases axonal elongation by acting through mDia (Arakawa et al., 2003). In 

Xenopus neurons, inhibition of RhoA results in poor adhesion and protrusions for neurite 

outgrowth (Eckert et al., 2009). In hippocampal neurons, dominant negative RhoA 

decreases axon elongation and branching (Ahnert-Hilger et al., 2004). In PC-12 cells, 

elongation is promoted by transient activation of RhoA in the membrane (Nusser et al., 

2002). Similar to the case with Rae 1, these results suggest an inherent complexity in the 

regulation of RhoA signaling. An example of this complexicity comes from a study 
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showing that cells expressing dominant negative RhoA produces long, unbranched 

neurites under serum starvation, but cells treated with Y27632 have increased branching 

in the presence of serum (Marler et al., 2005). 

Relationship between Rael and RhoA 

The complex regulation in RhoA and Rae 1 activation and signaling may arise 

from several sources, including intricate spatial regulation of activation or crosstalk 

between different Rho GTPases. The initial apparently antagonistic actions of RhoA and 

Rael are directly supported by some studies showing opposite effects on activation in 

subcellular regions. For instance, in fibroblasts, nerve growth factor (NGF) stimulation 

increases activation of Rae 1 and decreases activation of Rho A near the membrane 

(Kurokawa et al., 2005). In neurons, neuritogenic inhibitors generally result in RhoA 

activation and Rae 1 inactivation while outgrowth promoters like cyclic adenosine 

monophosphate ( cAMP) activate Rae 1 and inactivate RhoA (Bandtlow, 2003 ). 

Additionally, constitutively active RhoA inhibits Rae 1 activation and neurite outgrowth 

(Yamaguchi et al., 2001), and activation of Rael inactivates RhoA in NGF stimulated 

PC-12 cells (Nusser et al., 2002). Moreover, Rho GTPases may be regulated differently 

in specific axonal regions (Kurokawa et al., 2005), In dorsal root ganglion neurons and 

neuroblastoma cells, laminin preferentially increases activation of RhoA in the growth 

cone peripheral domain compared to activation in the central domain or axon shaft 

(Nakamura et al., 2005). There are some exceptions to this generally antagonistic 
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relationship. Simultaneous activation of Rho A and Rae 1 leads to cell spreading and 

lamellipodia formation needed for protrusion (Negre-Aminou et al., 2002). Rho GTPase 

functional interaction may be facilitated by interactions with regulatory proteins in 

specific cellular compartments, as seen with plexin sequestering of GIP-bound Rae to 

promote a relative increase in activation of the Rho pathway (Hu et al., 2001 ). 

Alternatively, intricate regulation of Rho GTPases may be directed in part by post

translational modification like prenylation. 

Prenylation 

Prenylation is an irreversible lipid modification consisting of addition of 

isoprenoid intermediates (famesyl (15-carbon) or geranylgeranyl (20-carbon) 

pyrophosphates) to the C-terminus of proteins (Zhang and Casey, 1996). Isoprenoid 

intermediates, famesyl pyrophosphate (FPP) and geranylgeranyl pyrophosphate (GGPP) 

are produced from mevalonate in the same biosynthetic pathway that produces 

cholesterol. These intermediates are transferred to cellular proteins by post-translational 

modification (Fenton et al., 1992). These pyrophosphates are added to a protein's 

cysteine (Cys) sulfur atom by thioether linkages (Stancu and Sima, 2001) catalyzed by 

the protein prenyl transferases, famesyl transferase (FT) and geranylgeranyl transferase 

(GGT) (Zhang and Casey, 1996). The sequence CAAX (C-Cysteine, A-Aliphatic amino 

acid, X- any amino acid) at the C-terminus determines whether a protein is famesylated 

or geranylgeranylated. GGT recognizes leucine or phenylalanine in the X position, while 
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FT utilizes mainly serine or methionine, as well as other amino acids, in the X-position 

(Kinsella et al., 1991a). The lipid makes the C-terminus hydrophobic and helps it to 

anchor to membranes. Translocation of these proteins to membranes allows the proteins 

to interact with regulatory and effector proteins. 

Role in Rho GTPase Function 

The Rho GTPases, including Rae 1 and RhoA, are modified by geranylgeranyl 

pyrophosphate (Kinsella et al., 1991 b ), a modification important for regulating their 

function (Solski et al., 2002; Mazieres et al., 2005). The post translational modification 

targets proteins to the plasma membrane (Wherlock and Mellor, 2002); for example, 

isoprenylated Rae 1 localizes to the plasma membrane (Didsbury et al., 1990) while 

nonisoprenylated RhoA accumulates in cytosol (Rolfe et al., 2005). Impairing 

geranylgeranylation also leads to accumulation of RhoA in the nucleus (Roberts et al., 

2008). In fibroblasts and other non-neuronal cells, prenylation is important for Rho 

GTPase function (Allal et al., 2000) where membrane attachment generally promotes 

activation of Rae 1 and RhoA (Robbe et al., 2003). In neuronal cells, functional activity 

of Rho family proteins is also regulated by the cellular location of the protein 

(Michaelson et al., 2003). Interestingly, some functions associated with activation of Rho 

GTPases may be separable from their membrane association. For instance, translocation 

of RhoA to the membrane is required for neurite retraction, but not for stress fiber 
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formation (Kranenburg et al., 1997). Thus, the role of prenylation in regulating Rho 

GTPase activity in neurons is still unclear. 

Effect of Stalins on Protein Prenylation 

Statins are cholesterol lowering drugs that inhibit 3-hydroxy-3methylglutaryl 

coenzyme A (HMG-CoA) reductase, the rate limiting enzyme for the mevalonate 

pathway. In this pathway, HMG-CoA is reduced to mevalonate which is converted, 

through a series of enzymatic reactions, to first FPP and then to GGPP (Figure 3). When 

a source of cholesterol is available, statins can be effective tools for investigating the 

functional consequences of protein prenylation. If a prenylation precursor, like 

geranylgeraniol (GGOH) is added in the presence of a statin, it can restore lost protein 

prenylation. Statins inhibit RhoA geranylgeranylation (Fernandez-Hernando et al., 2005) 

and increase the proportion of Rho GTPases in the cytosol (Holstein et al., 2002). The 

post translational modification, geranylgeranylation seen in Rho GTPases is found to be 

important in modulating their function (Solski et al., 2002; Mazieres et al., 2005). 

Activation studies in non-neuronal cells show that statins activate Rael (Dunford et al., 

2006) and inactivate RhoA (Jacobson et al., 2004; Fernandez-Hernando et al., 2005). 

The state of activation ( defined by the loading with GTP) of both Rae 1 and RhoA in 

response to manipulating prenylation has not been simultaneously studied in neuronal 

cells. With the help of Rho GTPase signaling inhibitors, such as NSC23 766 (inhibits 
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Rael) and Y27632 (inhibits RhoA signaling), we can begin to elucidate the mechanisms 

through which prenylation modulates Rho GTPase activation (see Figure 3). 

Figure 3. The mevolanate pathway. Modified from (Jacobson et al., 2004). This 

pathway produces protein prenylation precursors, famesyl pyrophosphate and 

geranylgeranyl pyrophosphate, as well as cholesterol. Treatments used in this study to 

manipulate the mevalonate pathway are shown in shaded boxes. Lovastatin acts on 

HMG-CoA reductase, GGOH promotes geranylgeranylation, GGTI acts as inhibitor for 

geranylgeranyl transferase, NSC23766 is inhibitor of Rael GTP loading, and Y27632 is 

inhibitor of Rho kinase, an effector of RhoA. 
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Prenylation and Neurite Outgrowth 

Interestingly, in some neurite outgrowth studies, statins are reported to inhibit 

outgrowth (Koch et al., 1997; Schulz et al., 2004), while other studies report statins as 

promoting neurite outgrowth (Fernandez-Hernando et al., 2005; Pooler et al., 2006). 

Most of the earlier studies have investigated how prenylation affects the activation state 

of RhoA and show inhibition of prenylated RhoA signaling is important for neurite 

outgrowth (van de Donk et al., 2005), but few address Rael activation in relation to 

prenylation. In dendrites, Rae 1 activation by geranylgeranylation is important for 

arborization (Liang et al., 2006), and activated Rae mutants incapable of localizing to the 

plasma membrane fails to activate PAK ( del Pozo et al., 2000). One of the goals of this 

study is to determine the role of Rae 1 and RhoA prenylation in regulating neurite 

outgrowth. 

Summary and Hypothesis 

The investigations detailed above present some intriguing aspects associated with 

statins, including anectdoctal evidence that statin use is associated with a decreased 

incidence of Alzheimer's disease. This response, rather than being attributable to 

decreases in cholesterol, might be due to promotion of neural plasticity through synapse 

formation and axon and dendrite extension. If this is true, then prenylation may have an 

important role in regulating process outgrowth during development and for regeneration 

after injury. However, recent studies reporting the action of statins on neurite outgrowth 
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yield contradictory results with statins both inhibiting and promoting outgrowth. Several 

of these works also investigate statin effects on Rho GTPase activity because of the 

importance of these proteins in regulating outgrowth. However, these generally only 

assess activity in signaling from a specific GTPase. Thus, while statins appear to have 

important roles in regulating Rho GTPases and subsequent neurite outgrowth, the studies 

outlined above also leave several questions unanswered, including: "How does 

prenylation of Rho GTPases modulate neurite outgrowth?"; "Does prenylation affect 

activation of Rho GTPase effectors?"; and "What effect does prenylation have on GTP 

loading of Rho GTPases generally thought to have opposite effects on neurite outgrowth 

( e.g. RhoA and Rae 1 )?" The study described herein was conducted to answer these 

questions. Our initial hypothesis, based on an analysis of the literature, was that 

treatment with the statin, lovastatin, would decrease neurite outgrowth by facilitating 

activation of RhoA over Rael. We tested this hypothesis using three Specific Aims: 

(1) To determine how pharmacological manipulation of Rho GTPase 

geranylgeranylation affects neurite outgrowth (initiation, elongation, 

arborization). 

(2) To assess how Rho GTPase geranylgeranylation alters phosphorylation and 

subsequent inactivation of cofilin and downstream effects on actin content. 

(3) To determine how pharmacological manipulation of Rho GTPase 

geranylgeranylation affects the GTP loading of Rae 1 and Rho A in cytosol and 

membrane fractions. 
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If our hypothesis is correct, treatment with lovastatin should decrease outgrowth 

and lead to an overall increase in activation of the common downstream effector, cofilin. 

In addition, lovastatin effects should be reversed by the addition of the prenylation 

precursor, geranylgeraniol. Predicted outcomes are shown in Table 1. Predictions are 

based on our current understanding of Rho GTPase signaling pathways and Rho GTPase 

prenylation (Figure 4). 

Table 1. Predicted outcomes of the study 

.Treatment 
\Study 

Scm 

Lov 

Outgrowth RhoA•GTP 

· · 111111111111 
Basal Basal Basal Basal Basal 

Decrease Decrease Decrease Increase Basal 

Racl-GTP 

---Basal Basal 

Decrease Basal 

Phospo
cofilin 

Basal 

Actin 

Basal 

Decrease Decrease 

Lov+ 
GGOH 

Increase Increase Increase Basal Decrease Basal Increase Increase Increase 

To facilitate understanding of our experimental design, action of our treatments are 

shown by shaded components in Figure 4. 
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Q Inhibit 
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Figure 4. Proposed signaling pathway. Prenylation of Rho GTPases, RhoA and Rael, 

promotes their membrane localization and GTP loading, GTP loaded Rael and RhoA 

activate downstream kinases (ROCK and PAK) leading to cofilin inactivation and 

increased F-actin. Shaded components represent the action of treatments and aspects 

studied in this project. 
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Cell Culture 

CHAPTER II 

MATERIALS AND METHODS 

General Methods 

B35 rat neuroblastoma cells were routinely maintained at 37°C in 1: 1 Dulbecco's 

modified Eagle's medium and nutrient mixture F12 (DMEM/Fl2, Invitrogen) 

supplemented with 10% fetal bovine serum (FBS, Sigma). Cultures were passaged when 

90% confluent. For experiments, cells were seeded in 10 cm plates at approximately 

20,000 cells/cm2 for guanine nucleotide triphosphatase (GTPase) activation assays and 

other assays assessed by western blotting, and on collagen coated 25 mm glass coverslips 

in 6-well plates at a density of 5,000 cells/cm2 for neurite outgrowth and 

immunocytochemical studies. The coverslips were coated with 25 µg/ml of collagen in 

phosphate buffered saline (PBS) by incubating overnight at 3 7°C. Coverslips were 

washed with PBS two times before cells were seeded. 

Treatment Groups 

Treatments (Table 2) were applied for 24 hours in serum containing media (scm) 

to provide a source of cholesterol. Treatments that decrease geranylgeranylation included 

the HMG-CoA reductase inhibitor, lovastatin (20 µM, generous gift from Dr. Huanbiao 

Mo), or geranylgeranyl transferase inhibitor (GGTI-286, 20 µM, Calbiochem), which 
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inhibits transfer of the geranylgeranyl moiety to proteins (used only in activation studies). 

Prenylation was promoted with the geranylgeranylation precursor, geranylgeraniol 

(GGOH, 10 µM, Calbiochem) in the presence of 20 µM lovastatin (Crick et al., 1998) as 

geranylgeraniol alone inhibits the mevalonate pathway through a feedback mechanism. 

In all experiments scm serves as the control. In outgrowth experiments, we also 

manipulated Rho GTPase signaling to attribute prenylation effects to specific proteins, 

using 50 µM NSC23766 (Calbiochem) to inhibit Rae and 10 µM Y27632 (Calbiochem) 

to inhibit ROCK, a downstream effector of Rho. 

Table 2: Treatments used in this study 

Treatment Action 

Lovastatin (20 µM) Inhibits prenylation 

Geranylgeranyl transferase Inhibitor (GGTI- Inhibits prenylation 

286)(20 µM) 

Lovastatin (20µM) + Geranylgeraniol (10 µM) Promotes prenylation 

NSC23766 (50 µM) Inhibits Rae 1 activation 

Y27632 (10 µM) Inhibits RhoA kinase 

24 



Western Blotting 

After treatment, cells were either lysed in 25 mM Tris-HCl (pH= 7.4), 150 mM 

NaCl, 1.5 mM EDTA, and 1.0% IGEPAL CA-630 (lysis buffer) or subcellular proteome 

extraction kit (S-PEK) lysis buffer, and protein content was determined by BCA protein 

assay (Pierce). Samples of cell lysates ( 40 µg total protein) or entire pull-down were 

electrophoresed through 12% sodium dodecyl sulfate polyacrylamide gel electrophoresis 

(SDS-PAGE) gels (Mini protean III, BioRad) and then electrotransferred to nitrocellulose 

(0.2 µM, BioRad). The nitrocellulose was blocked in 5% non-fat milk in Tris-buffered 

saline (TBS) containing 0.1 % Tween-20 (TBST) for one hour. After blocking, blots were 

incubated overnight at 4°C with primary antibodies in TBST with either 5% non-fat milk 

or bovine serum albumin. Membranes were washed three times with TBST and blots 

were incubated for 2 hours at room temperature with horseradish peroxidase (HRP)

conjugated goat anti-rabbit or goat anti-mouse antibodies (1 :2500, Jackson Immunolabs). 

After three more 10 minute washes with TBST, blots were visualized with SuperSignal 

west pico chemiluminescent substrate (Thermo Scientific). Immunoreactive bands were 

quantified using the integrated area for each band obtained from densitometric scans of 

film images (Alpha Innotech FluoroChem HD2). 
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Specific Methods 

Measurement of Neurite Outgrowth 

Fixation, microscopy and quantification. Following treatments, cells were fixed in 4% 

paraformaldehyde for 20-30 minutes at room temperature. Fixed cultures were washed 

three times with PBS and mounted onto slides with mounting media containing 4, 6-

diamidino-2-phenylindole (DAPI, stains double-stranded DNA; Vector Laboratories). 

Digital images ( 4-5 per condition in each experiment) were captured from coverslip 

quadrants through a 40X objective using a Zeiss Axiovert 200M interfaced with the 

Axiovision image analysis system. Each culture was designated as the sampling entity 

and was analyzed for number of neurite/cell, the percentage of neurite-bearing cells, the 

longest neurite length/cell, the total neurite length/cell, and number of branches/neurite. 

The elongation parameters, longest neurite length and total neurite length, were measured 

only on neurite bearing cells. All quantifiable cells in each image were analyzed (8-15 

cells/image). A neuron was considered quantifiable if it and all its neurites were 

contained in the image. For these experiments, a neurite was defined as a cell extension 

greater than 10 µm; branches were bifurcations where each extension terminated in a 

growth cones; and the total neurite length was the sum of all neurites and branches from a 

single cell. We compared the results among treatment groups as well as to the control 

using one-way analysis of variance (ANOVA). The significance of pair-wise 

comparisons was determined by Least Significant Difference (LSD) post hoc tests. The 

level of significance was set at a_::: 0.05. 
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Measurement of Cofilin Phosphorylation and Actin Filament Content 

We assessed cofilin phosphorylation by using western blotting and 

immunocytochemistry for phosphorylated and total cofilin. We measured the subsequent 

effects on actin filament content using phalloidin labeling of actin filaments. 

Western blotting for phospho-cofilin and cofilin. After treatment the cells were lysed 

with IGEPAL CA-630 lysis buffer. Lysates (20 µg) were electrophoresed through 12% 

gels, transferred to nitrocellulose, and immunoblotted for phospho-cofilin (p-cofilin) 

using rabbit anti-phospho-serine 3 (S3) cofilin primary antibodies (1 :200, Abeam) and 

horse radish peroxidase (HRP) conjugated goat anti-rabbit secondary antibodies (1 :2500, 

Jackson Immunolabs ). Blots were stripped and immunobloted for total cofilin using 

either mouse or rabbit anti-cofilin antibodies ( 1: 1000, Abeam). The ratio of band density 

of phospho-cofilin to cofilin was calculated from the integrated area obtained from 

densitometric scans. Differences between treatment groups were determined by 

Friedman ANOV A and subsequent Wilcoxon signed rank post hoc pair-wise 

comparisons at a::: 0.05. 

Immunocytochemistry for phospho-cofilin and cofilin. Following treatments, cells were 

fixed in 4% paraformaldehyde for 20 minutes, washed with PBS, and blocked for 30 

minutes in PBS containing 0.1 % bovine serum albumin, 0.1 % triton X-100 and 1.5% pre

immune secondary serum (blocking buffer). The samples were incubated overnight at 
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4°C with goat anti-cofilin (1 :50, Santa Cruz) primary antibodies. Following three 5 

minute washes in blocking buffer, samples were incubated with 1 :200 rabbit anti-goat 

AlexFluor-488-conjugated secondary antibodies ( 5 µg/ml, lnvitrogen) for 30-60 min at 

room temperature. After two more 5-min washes, cells were double-labeled using rabbit 

anti-phospho-serine 3 (S3) cofilin antibodies (1: 150, overnight, 4°C Abeam) and donkey 

anti rabbit Alexa Fluor-555-conjugated secondary antibodies (1 :200, Invitrogen). The 

secondary antibody dilution of 1 :200 was bright enough to observe staining without 

incurring non-specific binding, as determined by omitting the primary antibody. After 

the final washes, coverslips were mounted on slides with mounting media (Vectashield, 

Vector Labs) containing DAPI. Digital images (4-5 per condition in each experiment) 

were captured from four quadrants and the center (when 5 images/condition were 

captured) through 40X and 1 00X objectives using a Zeiss Axiovert 200M interfaced with 

the Axiovision image analysis system. Image capture conditions, including lamp 

intensity and exposure time, were held constant. From images captured through the 40X 

objective, regions of interest included cell bodies, neurites and growth cones. From 

images captured through a 1 00X objective, regions of interest included lamellipodia, 

filopodia, and central domains. From each image only isolated, intact regions of interest 

were quantified. From double labeled images, the ratio of fluorescence intensity of 

phospho-cofilin to cofilin staining was calculated from each region of interest. 

Significant differences between treatment groups were determined using Kruskal Wallis 

ANOV A followed by Mann Whitney U post hoc tests. Individual cultures were the 
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sampling unit for these experiments, corresponding ton= 5 separate experiments. The 

level of significance was set at a::: 0.05. 

Actin filament staining. After treatment, cells were processed as described above. Fixed 

cultures were incubated with 3.3 µM Texas Red phalloidin (Invitrogen) in PBS for one 

hour, washed twice in PBS, and mounted onto slides with Vectashield mounting medium 

with DAPI (Vector Laboratories). Digital images (4-5 per condition in each experiment) 

were captured through 40X and 1 00X objectives using a Zeiss Axiovert 200M interfaced 

with the Axiovision image analysis system. Only the isolated regions of interest were 

quantified from each image. Regions of interest included cell bodies, neurites and 

growth cones for images captured through a 40X objective, and central domain, 

lamellipodia and filopodia for images captured through a 1 00X objective. The 

normalized average fluorescence intensity for each region of interest was used in Kruskal 

Wallis ANOV A. The significance of pair-wise comparisons was determined by Mann 

Whitney U post hoc test. The level of significance was set at a::: 0.05. 

Quantification of RhoA and Rael GTP Loading in Cytosol and Membrane Fractions 

We used commercially available enzyme-linked immunosorbant assay (ELISA) 

kits and pull-down assays to determine the effects of membrane targeting on Rael and 

RhoA GTP loading in membrane and cytosolic cell fractions. 
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Gel shift assay. This assay was done to differentiate prenylated and unprenylated Rho 

GTPases. It is based on the demonstration that prenylated proteins migrate faster in SDS

p AGE than nonprenylated forms (Fiordalisi et al., 2003). After treatment with lovastatin, 

geranylgeranyl transferase inhibitor or lovastatin plus geranylgeraniol as described above, 

samples were assessed by western blotting for Rae 1 or RhoA. 

Cell fractionation. As prenylated Rho GTPases will be in the membrane and 

unprenylated localized in the cytosol (Zhang and Casey, 1996; Koch et al., 1997), in an 

alternate approach, activation assays were done using the cytosol and membrane cell 

fractions. The cells were grown in 10 cm plates until 90% confluent and treated with 

lovastatin, geranylgeranyl transferase inhibitor, or lovastatin plus geranylgeraniol as 

described above. Cells were lysed into cytosol and membrane fractions using the S-PEK 

Kit (Calbiochem) as per the manufacturer's instructions. In brief, cells were exposed for 

10 minutes to extraction buffer I, which solublizes cytosol proteins only. Samples were 

centrifuged at 2000 x g for 10 min to release cytosolic proteins in the supernatant. The 

pellet was then treated with extraction buffer II for 30 min at 4°C to solublize the 

membrane proteins. After centrifugation at 5000 x g for 10 min, the supernatant that 

contain membrane proteins was collected. The cytosol and membrane fractions were 

either used immediately or snap frozen in liquid nitrogen and stored at -80°C. 
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G-LISA activation assays. We assessed Rho GTPase activation in membrane and cytosol 

using an ELISA-based assay (Rael and RhoA G-LISA, Cytoskeleton) according to the 

manufacturer's instructions. Cell lysates (0.5-1 mg/ml in binding buffer), prepared as 

described above, were loaded onto provided PAK or Rhotekin-bound 96-well plates and 

incubated with shaking for 30 minutes at 4 °C. Plates were washed and incubated with 

anti-Rae (1: 100) or anti-RhoA (1 :62.5) antibodies at room temperature for 45 minutes. 

After washing, plates were incubated with HRP-conjugated secondary antibodies for 45 

minutes at room temperature. The plates were then washed and incubated with an HRP 

colorimetric substrate for 15 minutes at 37°C. The amount of active Rael or RhoA, 

defined as GTP loaded, was determined from blank-corrected optical densities (O.D) at 

490 nm. Assay efficacy was evaluated using OTP-loaded RhoA or Rael (positive 

controls). Friedman's ANOVA was used to test the main effects, and pairwise 

comparisons were done using Wilcoxon signed ranked post hoc analysis with a 

significance level of a :S 0.05. 

Pull down activation assays. Samples ( 400 µg total protein) from fractionation were 

incubated for 45 minutes with either 20 µg of PAK-protein binding domain (PBD) or 

rhotekin-rho binding domain (RBD) conjugated to agarose beads (Cytoskeleton) to 

precipitate GTP-loaded Rael or RhoA, respectively. Beads bound with active GTPases 

were washed three times in either lysis buffer or wash buffer (25 mM Tris pH 7 .5, 30 

mM MgCh, 40 mM NaCl). Precipitated proteins were separated from beads by boiling 
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for 10 minutes in 20 µl Laemmli sample buffer (Sigma). Entire pull-down and 40 µg of 

the corresponding cell lysate were western blotted for either Rae (1 :500, polyclonal rabbit 

anti-Rae 1/2/3; Cell Signaling Technologies) or RhoA (1: 1000, monoclonal rabbit anti

RhoA; Cell Signaling Technologies). The relative amount of Rael and RhoA GTP 

loaded in each fraction was estimated by determining the ratio of GTP loaded to total 

GTPase using scanning densitometry (integrated area) for each cell fraction. 
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CHAPTER III 

RESULTS 

Prenylation and Neurite Outgrowth 

Lovastatin Decreases Neurite Initiation 

Part of the neuroprotective effect of statin treatment (Sparks et al., 2008) may be 

due to promotion of plasticity via modulating activation of Rho GTPases. However, 

prior results assessing statins effect on neurite outgrowth were inconclusive with some 

studies showing statins inhibited outgrowth (Koch et al., 1997; Schulz et al., 2004; 

Fernandez-Hernando et al., 2005) and others showing statins increased outgrowth 

(Holmberg et al., 2006; Pooler et al., 2006). We, therefore, studied the effect of 

manipulating prenylation on several aspects of neurite outgrowth. Phase contrast images 

captured through a 40X objective of scm, control cultures (Figure 5A, left panel), cells 

treated with lovastatin (Figure 5A, center panel) and lovastatin plus geranylgeraniol 

(Figure 5A, right panel) showed dramatically altered morphology in lovastatin-treated 

cells compared to the other two conditions (Figure 5A). There was a significant effect of 

treatment on the percentage of neurite-bearing cells (F2,11 = 8.47, p :S 0.01) and the 

number of neurites/cell (F2,17 = 9.532, p :S 0.01), measures of neurite initiation. Post-hoc 

analysis revealed that treatment with lovastatin decreased the precentage of neurite

bearing cells (Figure 5B) by 22% (p :S 0.03) and decreased the number of neurites/cell 

(Figure 5C) by 49.2% (p :S 0.02). Lovastatin plus geranylgeraniol returned these 
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measures to values similar to those observed in control cultures. There was not a main 

treatment effect in a measure of neurite elongation, the total neurite length/cell (F2, 17 = 

0.19, p ::S 0.82), for cells with neurites (Figure 5D). For neurite arborization, estimated by 

the number of branch points/neurite, the main treatment effect (F2,17 = 1.22, p ::S 0.32) was 

not significant. However, treatment with lovastatin increased this measure by an average 

2.8 fold compared to scm control and by an average of 1.65 fold compared to lovastatin 

plus geranylgeraniol (Figure SE), an effect observed in four of six experiments. We 

interpret these data as evidence that altering protein prenylation decreases neurite 

initiation of neurite outgrowth. 
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Figure 5. Lovastatin, but not lovastatin plus geranylgeraniol, decreases neurite initiation. (A) 

Representative images captured through a 40X objective showing phase contrast of control (scm, left), 

lovastatin (Lov, center) and lovastatin plus geranylgeraniol (Lov+GGOH, right) treated cells. Scale bars= 

20 µm. Lovastatin decreased measures of initiation including the percent ofneurite-bearing cells (B) and 

the number of neurites/cell (C), without affecting neurite elongation measured by the total neurite 

length/cell (D). There was a non-significant but consistent trend for lovastatin to increase the average of 

number of branches/neurite (E). Data are means ± SEM from 6 separate experiments. * indicates significant 

difference from scm at p :S 0.05 (ANOV A with subsequent LSD post-hoc test). 
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Effect of Rho GT Pase Signal Inhibitors on N eurite Outgrowth 

The experiments detailed above do not determine whether lovastatin induced 

changes in neurite outgrowth involved Rho GTPase signaling .. To determine this, we 

next analyzed outgrowth from cells treated with Rho signaling inhibitors and 

geranylgeranylation altering treatments. There was no main effect due to treatment by 

two-way ANOV A when measuring the number of neurites/cell (F2,36 = 1.540, p :S 0.211) 

(Figure 6A). Likewise, using the percentage of cells bearing neurites as a second 

measure of neurite initiation, did not reveal a significant effect of treatment (F2,36 =1.493, 

p :S 0.225) (Figure 6B). 

Assessment of neurite elongation did not reveal any significant differences in 

Iovastatin or lovastatin plus geranylgeraniol treated cells compared to control (Figure 

7 A). There was no significant treatment effect on the length of the longest neurite/cell 

(f 2,36 = 0.202, p :S 0.936) (Figure 7 A) or the total neurite length/cell (F2,36 = 0.485, p :S 

0.746) (Figure 7B). Inhibitors of Rho GTPase signaling elicited no treatment effect on 

branches/neurite (F2,36 = 0.124, p :S 0.973) (Figure 7C). We interpret these results to 

indicate that using pharmacological inhibition to detennine the contribution of RhoA and 

Rae J to lovastatin inhibition of neurite initiation yields effects too subtle to allow 

definitive attribution to Rho GTPase signaling. 
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Figure 6. Inhibitors of Rho GTPase signaling do not alter lovastatin effects on neurite 

initiation. B35 neuroblastoma cells were treated with serum containing media (SCM), 

lovastatin (LOV), or lovastatin plus geranylgeraniol (LOV + GGOH) in the absence 

(Con) or presence of Rae inhibitor NSC23 766 (NSC) or Rho kinase inhibitor Y27632 

(Y27). No significant differences were noted when quantifying the average number of 

neurites/cell (A) or the percentage of neurite bearing cells (B). Data are means ± SEM 

from 5 separate experiments. 
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Figure 7. Effect of Rho GTPase inhibitors, 50 µM NSC23766 and IO µM Y27632 on 

neurite elongation and branching. B35 neurob lastoma ce1ls were treated with serum 

containing media (SCM), lovastatin (LOY) or lovastatin plus geranylgeraniol (LOY + 

GGOH) in the absence (Con) or presence ofNSC23766 (NSC) or Y27632 (Y27) . No 

significant main treatment effects were observed when measuring the average length of 

the longest neurite/cell (A), the average total neurite length/cell (B) or the average 

number of branch points/neurite (C). Data are means ± SEM from 5 separate 

experiments. 
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Effect of Prenylation on Cofilin Phosphorylation 

Lovastatin Does not Affect Cofilin Phosphorylation 

Rho GTPases activate downstream effectors that affect actin dynamics. RhoA 

and Rae 1 have distinct ways of activating actin polymerization (Marler et al., 2005), but 

both can inactivate cofilin via phosphorylation at serine 3 (S3) by the Rho GTPase 

effector, LIM kinase (Ng and Luo, 2004). Analyzing global and spatial aspects of this 

common mechanism provides important clues into the consequences of 

geranylgeranylation on Rho GTPase signaling. Therefore, we next used western blotting 

and immunocytochemistry to determine the phosphorylation state of cofilin in response 

to prenylation altering treatments. In western blotting experiments, phosphorylated and 

total cofilin were detected in whole cell lysates using anti-phospho-S3 cofilin and anti

cofilin antibodies, respectively. To control for interassay variability, we matched data on 

assay day and compared by Friedman's nonparametric procedure. Immunoblot for 

phospho-cofilin, lovastatin treatment for 2 or 24 hours and exposure to .lovastatin plus 

geranylgeraniol for 24 hours showed decreases in phospho-cofilin immunoreactive bands 

(Figure 8A, top blot). In this same experiment, the levels of total cofilin in each 

treatment were relatively constant (Figure 8A, bottom blot). Quantification by scanning 

densitometry and determination of the ratio of phospho- to total cofilin indicated that 24 

hours exposure to either lovastatin or lovastatin plus geranylgeraniol decreased the 

median ratio by 69% and 33%, respectively when compared to control. This pattern 

occurred in four of the experiments (Figure 8B). However this decreases in ratio of 
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phospho-cofilin to total cofilin in the treatment group did not reach statistical significance 

(X2 = 3.867, df = 5, p ::; 0.424). 
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Figure 8. Effect of lovastatin (lov) or ]ovastatin plus geranylgeraniol (lov + GGOH) 

treatments on cofilin phosphorylation. B35 cells were treated with lovastatin (lov), and 

lovastatin plus geranylgeraniol (lov + GGOH) for 2 and 24 hours, lysed and western 

blotted for phospho-cofilin and cofilin. (A) Immunob]ots of phospho-cofi1in (p-cofihn) 

(top blot) and total cofilin (bottom blot) from whole cell lysates showing a subjective 

decrease in phospho-cofilin in both treatment groups compared with control. (B) 

Quantification of the median ratio of phospho-cofilin to cofilin. Data are medians ± 

interquartile ranges (n = 6 experiments). 
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The western blot experiments listed above provide a global evaluation of the 

phosphorylation state of cofilin. They do not provide any information about the cofilin 

phosphorylation in different regions of neurons. Therefore, we next assessed cofilin 

phosphorylation in the neuron by immunocytochemistry. The amount of cofilin 

phosphorylation was determined by taking the ratio of intensity of phospho-cofilin to 

cofilin staining in each region of interest identified from phase contrast images captured 

through a 40X objective (Figure 9A, top left panel). In double-labeled cultures, the 

pattern of staining using anti-phospho-cofilin antibodies (Figure 9A, top right panel) was 

distinct from the pattern observed with antibodies that labeled total cofilin (Figure 9A, 

bottom left panel). In merged images (Figure 9A, bottom right panel), there were cell 

areas immunoreactive for cofilin (green) that did not co-label for phospho-cofilin (yellow 

areas indicate co-labeling). We interpret these data to indicate minimal cross-reactivity 

between the two antibodies. We determined the ratio of phospho- to total cofilin in cell 

bodies, neurites and growth cones (Figure 9B). Kruskal Wallis ANO\: A did not reveal a 

significant effect of treatment in growth cones (X2 = 0.187, df = 2, p ~ 0.911), neurites 

(X2 =0.519, df= 2, p ~ 0.772) or cell bodies(X2 = 3.547, df= 2, p ~ 0.170). 
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Figure 9. Double immunolabeling for phospho-cofilin and cofilin, 40X. B35 cells were 

treated with lovastatin (lov), or lovastatin plus geranylgeraniol (lov + GGOH) for 24 

hours, fixed, immunolabeled for phospho-cofilin and cofilin. (A) Representative images 

captured through a 40X objective showing phase contrast (top left), phospho-cofilin (p

cofilin, top right) and total cofilin (bottom left) immunostaining, as well as the merged 

fluorescence image (bottom right) of cells in the control (scm) condition. Scale bars = 20 

µm. (B) Median ratio of p-cofilin to total cofilin, normalized to scm ( control). Data are 

median ± interquartile ranges (n = 5 separate experiments). 
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Axon navigation is directed by cytoskeletal changes in the growth cone (ten 

Klooster et al., 2006). Because of this, changes in cofilin phosphorylation in growth 

cones may have important consequences for neurite outgrowth. Therefore, we assessed 

the ratio of phospho- to total cofilin in different growth cone regions to determine where, 

if anywhere, cofilin activity is affected. Growth cone regions of interest were determined 

from differential interference contrast (DIC) images captured through a 1 00X objective 

(Figure 1 0A, top left panel). Similar to results described above, single fluorophore 

imaging showed different patterns of immunoreactivity for phospho-cofilin (Figure 1 0A, 

top right panel) and total cofilin (Figure 1 0A, bottom left panel), as well as non

overlapping distributions evident from merged images (Figure 1 0A, bottom right panel). 

Analysis of the ratio of phospho- to total cofilin (Figure 1 OB) did not show a significant 

treatment effect in growth cone central domains (X2 = 2.261, df = 2, p ::S 0.323). We 

similarly did not observe significant main effects due to treatment in lamellipodia (X2 = 

2.676, df = 2, p ::S 0.262) or filopodia (X2 
= 1.887, df = 2, p ::S 0.389). Taken together, we 

interpret these data to indicate that either inhibiting or promoting prenylation does not 

affect the activity of the common Rho GTPase effector, cofilin, in any regions of 

neurons. It may also be possible that a complex pattern of Rho GTPase activation may 

be nullifying observable effects on the activity of cofilin. For instance, if lovastatin 

increases RhoA activation but decreases Rae 1 activation, it would signal both an increase 

(via ROCK to LIM kinase signaling) and a decrease (via decreased PAK to LIM kinase 

signaling) in cofilin phosphorylation. 
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Lovastatin Decreases Growth Cone Actin Filament Content 

Cofilin is an actin depolymerizing protein and, when it is inactivated by 

phosphorylation, actin polymerization is promoted (Gungabissoon and Bamburg, 2003). 

Even though we did not observe an effect on cofilin activity, altering prenylation could 

still alter actin filament content by influencing actin polymerization pathways. To 

determine the actin filament content in response to prenylation altering treatments, we 

used phalloidin labeling of actin filament and microscopic image analysis. We defined 

regions of interest (growth cones, neurites, cell bodies) from phase contrast images 

captured through a 40X objective (Figure 1 lA, left) and measured average fluorescence 

intensities from images captured through appropriate fluorescence channels (Figure 11 A, 

right). Quantification and analysis by Kruskal-Wallis ANOV A (Figure 11 B) showed an 

overall significant treatment effect in actin filament content in growth cones (X2 = 6.217, 

df = 2, p ~ 0.045). Mann Whitney U post-hoc analysis revealed a significant decrease (p 

~ 0.014) in growth cone actin filament staining in lovastatin treated cells compared with 

control. Similar results were seen in neurites with a main treatment effect reaching 

significance (X2 = 7 .214, df = 2, p ~ 0.027) and post-hoc revealing that lovastatin 

decreased neurite actin filament content significantly compared to control (p ~ 0.014) and 

lovastatin plus geranylgeraniol increasing neurite actin filament content compared with 

lovastatin treated cells (p :S 0.043). There was not an alteration of actin filament content 

in cell bodies across treatments (X2 
= 0.000, df = 2, p :S 1.000). 
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Figure 11. Pha11oidin staining for filamentous actin, 40X. B35 cells were treated with 

lovastatin (Lov) or lovastatin plus geranylgeraniol (Lov + GGOH) for 24 hours, fixed and 

stained for filamentous actin (A) Representative images captured through a 40X 

objective showing phase contrast (left) and phalloidin staining (right) of cells in the 

lovastatin plus geranylgeraniol (lov+GGOH) condition. Scale bars = 20 µm. (B) Median 

staining of actin, normalized to scm ( control) showing a decrease in growth cone actin 

filament content with lovastatin that is reversed by co-treatment with geranylgeraniol. 

Data are medians ± interquartile ranges (n = 4 separate experiments),* indicates a 

significant difference from control and # indicates a significant difference from lovastatin 

at p :S 0.05 (Kruskal Wallis ANOVA with subsequent Mann Whitney U post-hoc test). 
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We also determined changes to actin filament content in growth cone sub-regions. 

Growth cone regions of interest were determined from DIC images captured through a 

lO0X objective (Figure 12A, left panel) and phalloidin staining was used to assess actin 

filament content (Figure 12A, right panel). Analysis of the actin filament content (Figure 

12B) gave significant treatment effects in growth cone central domains (X2 
= 7.448, df = 

2, p :S 0.024), and post-hoc reveal that lovastatin treatment resulted in a significant 

decrease in central domain actin filament content (p :S 0.037) compared with control. In 

this same region, lovastatin plus geranylgeranyl increased actin filament content 

compared to scm control (p :S 0.037) and lovastatin treated cells (p :S 0.050) respectively 

(Figure 12B). There was no significant overall treatment effect in lamellipodia (X2 = 

5.793, df = 2, p :S 0.055) or filopodia (X2 = 1.195, df = 2, p :S 0.550) (Figure 12B). We 

interpret these results to show that lovastatin decreases the actin filament stabilization 

while addition of geranylgeraniol reverses this effect. 
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Figure 12. Phalloidin staining for filamentous actin, lO0X. B35 cells were treated with 

lovastatin (lov) or lovastatin plus geranylgeraniol (lov + GGOH) for 24 hours, fixed and 

stained for actin filaments. (A) Representative images captured through a 1 00X objective 

showing DIC (left) and phalloidin staining (right) of cells in the lovastatin (lov) 

condition. Scale bars = 10 µm. (B) Median staining of actin, normalized to scm ( control) 

showed a decrease with lovastatin and an increase with lovastatin plus geranylgeraniol in 

actin filament content. Data are medians ± interquartile ranges (n = 3 separate 

experiments), * indicates a significant difference from control and # indicates a 

significant difference from lovastatin at p :S 0.05 (Kruskal Wallis ANOV A with 

subsequent Mann Whitney U post-hoc test). 
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Effect of Prenylation on GTP loading of RhoA and Rael 

Geranylgeranylation of Rho GTPases is associated with their localization to the 

plasma membrane (Koch et al., 1997; Zhong et al., 2005). However, it is unclear whether 

membrane localization of RhoA and Rael promotes their activation as defined by binding 

of guanosine triphosphate (GTP). Therefore, we first sought to determine the difference 

in GTP loading in prenylated (membrane localized) and unprenylated ( cytosol localized) 

Rae 1 and RhoA of B35 rat neuroblastoma cells using gel shift assays. 

Geranylgeranylation increases the mobility of Rho GTPases in polyacrylamide gels, 

resulting in a gel shift with the prenylated GTPase appearing as a lower band in gels 

(Fiordalisi et al., 2003). In our gel shift experiments, control cells in serum-containing 

medium (scm, control) showed a sharp non-prenylated band and a faint prenylated band 

when immunoblotted for Rael (Figure 13A). In cells treated only with dimethyl 

sulfoxide (DMSO), the solvent for lovastatin, two distinct bands were evident ( data not 

shown). In some blots, treatment with increasing concentrations of lovastatin or 

geranylgeraniol (GGOH) correlated with the disappearance of a lower band in Rael 

western blots (Figure 13A). However, these results were inconsistent, as we did not 

observe this gel shift in all experiments (Figure 13B). Thus, we sought an alternative 

method for assessing Rho GTPase activation following manipulation of prenylation. 
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B 

Figure 13. Gel shift assays yield inconsistent results. B35 cells were treated with 

lovastatin (lov) and geranylgeraniol (GGOH) and western blotted for Rae 1. (A) 

Representative western blot showing two bands for Rael, the lower migrating band being 

the prenylated Rael. (B) Representative blot that did not show a lovastatin-indueed gel 

shift. 

Lovastatin Increases the Amount of Rho GTPases in the Cytosol 

In a second assay to assess how membrane localization correlates with Rho 

GTPase activation, we isolated cytosol and membrane fraction using a commercially 

available S-PEK kit. To confirm the specificity of the fractionation, we assessed 

localization of the putative membrane protein, GABA ~ 2, in the obtained fractions by 

western blotting. GABA ~2 immunoreactivity was observed only in the membrane 
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fraction (Figure 14A). We interpreted these data to suggest that we were successfully 

separating membrane and cytosol fractions of B35 cells. 

A 

cytosol membrane 

Figure 14. Successful separation of cytosol and membrane proteins B35 cel1s were 

fractionated into cytosol and membrane fractions using a commercially available lysis kit 

(S-PEK). (A) Western blot of cell fractions showing increased immunoreactivity for the 

membrane protein GABA ~ 2-

We next determined the effectiveness of treatments to manipulate prenylation of 

Rho GTPases and their accumulation them in cytosol by lovastatin and membrane 

recruitment by lovastatin plus geranylgeraniol. Western blotting for Rael showed that 

lovastatin (lov) and geranylgeranyl transferase inhibitor (GGTI) increased the amount of 

this protein in the cytosol fraction (Figure 15A) without measurably decreasing the 

amount in the membrane (Figure 15B). Dose response analysis for the most effective 

dose of lovastatin is between 10 µMand 25 µM for decreasing Rael association with the 
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membrane fraction (Figure 16A). Lovastatin plus geranylgeraniol, conversely, increased 

the amount of Rael in the membrane (Figure 15B) and decreased it in the cytosol (Figure 

15A). Treatment with geranylgeraniol alone leads to decreased expression of HMG-CoA 

reductase. However, application of geranylgeraniol in the presence of statins increases 

production of geranylgeranyl pyrophosphate (Crick et al., 1998). We determined the best 

dose is 20 µM lovastatin plus 10 µM geranylgeraniol for promoting the association of 

Rae 1 with the membrane fraction (Figure 16C). Unexpectedly, GGTI increased the 

amount of Rae 1 associated with the membrane (Figure 15B) at several concentrations 

(Figure 16B). 
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Figure 15. Lovastatin increases the cytosol pool of Rael. B35 cells were fractionated 

into cytosol and membrane fractions and immunoblotted for Rae 1. (A) Representative 

irnmunoblot for Rae 1 from the cytosol fraction showing lovastatin increases and 

lovastatin plus geranylgeraniol decreases Rae 1 in this fraction. (B) Representative 

immunoblot for Rae 1 from the membrane fraction showing lovastatin plus 

geranylgeraniol increases Rael in this fraction. The value of band densitometry 

normalized to control is given below each blot. 
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Figure 16. Quantification of Rae l - treatment dose response. Treatment effect on the 

ratio of Rae 1 in the membrane to the cytosol is given. B35 cell s were treated with 

Jovastatin (lov), lovastatin plus geranylgeraniol (]ov + GGOH) or gerany]geranyl 

transferase inhibitor (GGTl) and fractionated, fo llowed by western blotting for Rael. (A) 

Dose response of lovastatin treatment effect on the ratio of Rae l in the membrane versus 

the cytosol detennined from scanning densitometry. (B) Dose response of GGTI. (C) 

Dose response of lovastatin plus geranylgeraniol for the ratio of Rae l in membrane to 

cytosol. Data are means ± SEM, n = 2-5 experiments. Statistics were not run on these 

datas. 
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We also assessed the subcellular localization of RhoA in response to lovastatin, 

GGTI or lovastatin plus geranylgeraniol. Similar to results obtained for Rae 1, lovastatin 

increased the amount of RhoA associated with the cytosol but there was not an apparent 

decrease following lovastatin plus geranylgeraniol treatment (Figure 17 A). In these 

blots, lovastatin plus geranylgeraniol increased the amount of RhoA associated with 

membrane but there was not an apparent decrease in membrane-associated RhoA 

following lovastatin treatment (Figure 17B). The failure to recruit with different 

treatments might be due to the dynamic nature of Rho small GTPases to be produced and 

translocated to membrane (Tanaka et al., 2000). Treatment with GGTI also did not 

appear to decrease the amount of RhoA associated with the plasma membrane. The lack 

of effect due to GGTI might be attributable to its inability to readily cross the plasma 

membrane so we did not continue using this treatment group. 
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Figure 17. Lovastatin effect on the cytosolic pool of RhoA. B35 cells were fractionated 

into cytoso l and membrane fractions and immunoblotted for RhoA. (A) Representative 

irnmunoblot for RhoA in the cytosol showed lovastatin increases protein. (B) 

Representative irnrnunoblot for Rho from the membrane showed lovastatin plus 

geranylgeraniol increases immunoreactivity in this fraction. The value of band 

densitometry normalized to control is given below each blot. 
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The most effective dose for lovastatin (Figure 18A) to recruit RhoA to cytosol 

was 20 µM. In these experiments, 20 µM lovastatin plus 10 µM geranylgeraniol did not 

efficiently recruit RhoA to the membrane (Figure 18B). 
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Figure 18. Quantification of the effect of treatment on the ratio of membranous to 

cytosolic RhoA. B35 cells were treated with lovastatin (lov) or lovastatin plus 

geranylgeraniol (lov + GGOH) and fractionated , followed by western blotting for RhoA. 

(A) Dose response of lovastatin treatment effect on the ratio of RhoA in the membrane 

versus the cytosol detennined from scanning densitometry. (B) lovastatin plus 

geranylgeraniol treatment effect on the the ratio of RhoA in membrane to cytosol. Data 

are means± SEM, n = 3 experiments. Stats were not run on these datas. 
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Lovastatin Increases GTP loading of Cytosolic RhoA 

RhoA prenylation targets it to the plasma membrane (Zhang and Casey, 1996), a 

process that facilitates its GTP loading in non-neuronal cells (Jacobson et al. , 2004). 

However, it is unclear how prenylation affects RhoA GTP loading in neurons as 

inhibiting prenylation has led to both increases (Fernandez-Hernando et al. , 2005) and 

decreases (Schulz et al. , 2004) in neurite outgrowth. To measure how prenylation affects 

RhoA GTP loading in membrane and cytosol, we assessed GTP loading using G-LISA 

and pull-down assays. In the G-LISA assay, the absorbance of each sample at 490 nm 

correlates positively with the amount of active RhoA. In the following experiments, we 

had an a priori assumption that two of the three treatment groups would yield similar 

results, potentially diluting any main effect. Thus, we ran post-hoc analyses. In this 

assay Friedman's test for the main effect of treatment was not significant (X2= 5.20, df = 

2, p ::: 0.074) in the cytosol, however Wilcoxon post-hoc tests revealed lovastatin 

increased GTP loading of RhoA by 126% in cytosol fraction (Z= -2.023 , p ::: 0.043) 

(Figure 19A), compared to cells in serum containing medium (scm). Lovastatin had a 

negligible increase in membrane-associated RhoA activity (X2 
= 1.20, df = 2, p ::: 0.549). 

(Figure 19B). 
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Figure 19. RhoA GTP loading in cytosol and membrane fractions, assessed by G-LISA. 

B35 cells were treated with lovastatin (lov) or lovastatin plus geranylgeraniol (lov 

+GGOH), fractionated into membrane and cytosol and evaluated for GTP loading of 

RhoA in each fraction by RhoA G-LISA. (A) Median absorbance at 490 nm of cytosol 

fraction , normalized to serum containing medium (scm) control, showed an increase in 

GTP loading of RhoA in lovastatin treated cells compared to scm. B) Relatively small 

changes in GTP loading of RhoA were evident across conditions for O.D.490 obtained 

from the membrane fraction. Data are medians ± interquartile ranges from 5 separate 

experiments. * indicates a significant difference from control, p :S 0.05 (Friedman test 

with Wilcoxon post hoc analysis). 
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We used pull down assays to confinn the results obtained by G-LISA assay for 

the effect of lovastatin and lovastatin plus geranylgeraniol treatment on GTP loading of 

RhoA. In this assay, the ratio of GTP loaded to total RhoA was increased in the cytosol 

(Figure 20A) more than that observed in membrane fractions (Figure 20B). 
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Figure 20. RhoA GTP loading in cytosol and membrane fractions , assessed by pull-down 

assay. B35 cells were treated with lovastatin (lov) or lovastatin plus geranylgeraniol (lov 

+GGOH), fractionated into membrane and cytosol and evaluated for GTP loading of 

RhoA in each fraction using pull down assays. (A) Representative pull down (top blot) 

and lysate (bottom blot) from cytosol fractions, showing lovastatin (lov) increases GTP 

loading of RhoA in this fraction. (B) Representative pull down (top blot) and lysate 

(bottom blot) from membrane fraction showing relatively less change in GTP loading of 

RhoA across treatments. Ratios of GTP loaded to total RhoA were calculated for each 

fraction in this experiment and are shown at the bottom of each panel. 
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Lovastatin plus Geranylgeraniol Increases GTP Loading of Cytosolic Rael and 

Lovastatin Decreases the GTP Loading of Membranous Rael 

Similar to R110A, it is unclear whether membrane translocation promotes the GTP 

loading of Rael in neurons. We measured how membrane localization affects GTP 

loading of Rael using Rael G-LISA and pull down assays on membrane and cytosol 

fractions. [n the G-LISA assay, Friedman's test indicated significant differences among 

treatment groups in cytosol (X2 =6.40, df = 2, p ~ 0.041 ). Post hoc analysis indicated that 

lovastatin plus geranylgeraniol increased GTP loading of Rael by 132% (Z = -2.023, p ~ 

0.043) (Figure 2 lA). Because in these experiments we had an a priori assumption that 

two of the three treatment groups would yield similar results, we ran post-hoc analyses. 

In membrane, a main treatment effect did not quite reach significance (X2 = 5.20, df = 2, 

p ~ 0.074), however Wilcoxon analysis indicated that lovastatin induced a significant 

decrease of70% in GTP loading of Rael (Z = -2.023 , p ~ 0.043) compared to control in 

membrane fractions (Figure 21 B). 
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Figure 21 . Rael GTP loading in cytosol and membrane fractions, assessed by G-LISA. 

B35 cell s were treated with lovastatin (Lov) or ]ovastatin plus geranylgeraniol (Lov 

+GGOH), fractionated into membrane and cytosol and evaluated for GTP loading of 

Rael in each fraction by Rael G-LISA. (A) Median absorbance at 490 nm of cytosol 

fraction , normalized to serum containing medium (scm) control, showed an increase in 

GTP loading of Rael for lovastatin plus GGOH treated cells, compared to scm. (B) 

Median absorbance at 490 nm of membrane fraction , normalized to serum containing 

medium (scm) control, showed a decrease in GTP loading of Rael with lovastatin treated 

cell s, compared to scm. Data are medians ± interquarti le ranges from 5 separate 

experiments . * indicates a significant difference from control , p :'S 0.05 (Friedman test and 

Wilcoxon signed rank analysis). 
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Similar results were found using pull down assays in cytosol fraction, but in the 

membrane, there was a slight increase of GTP loaded Rae 1, perhaps due to experiment to 

experiment variability. Here, lovastatin and lovastatin plus geranylgeraniol increased 

GTP loading of Rae 1 in cytosol (Figure 22A, left panel). However, only slight changes 

in GTP loaded Rae 1 were evident in membrane fractions (Figure 22B, right panel). From 

the data presented above, we conclude that lovastatin or lovastatin plus geranylgeraniol 

increased GTP loading of RhoA and Rael in cytosol more robustly than affecting GTP 

loading Rho GTPases in membrane fractions. Importantly, we interpret these data as 

demonstrating abundant GTP loading of GTPases in the cytosol, suggesting that 

membrane localization is not necessary for GTP loading of Rho GTPases. 
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Figure 22. Rael GTP loading in cytosol and membrane fractions, assessed by pull-down 

assay. B35 cells were treated with lovastatin (lov) or lovastatin plus geranylgeraniol (lov 

+GGOH), fractionated into membrane and cytosol and evaluated for GTP loading of 

Rael in each fraction using pull down assays. (A) Representative pull down (top blot) 

and lysate (bottom blot) from cytosol fractions , showing lovastatin (lov) or lovastatin 

plus geranylgeraniol (lov + GGOH) increases GTP loading of Rae 1 in this fraction. (B) 

Representative pull down (top blot) and lysate (bottom blot) from membrane fraction. 

Ratios of GTP loaded to total Rae 1 were calculated for each fraction in this experiment 

and are shown at the bottom of each panel. 
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CHAPTER IV 

DISCUSSION 

Statins, including lovastatin, are HMG-CoA reductase inhibitors that decrease 

production of cholesterol and prenylation precursors by inhibiting the rate limiting 

enzyme of the mevalonate pathway (Stan cu and Sima, 2001; Cordle and Landreth, 2005 ; 

van de Donk et al. , 2005). Anecdotal evidence indicates that patients treated with statins 

have decreased incidence of Alzheimer's disease (Sparks et al., 2008). It is interesting 

that there is also increased geranylgeranyl pyrophosphate (GGPP) content in the brains of 

Alzheimer's patients (Eckert et al., 2009). Whether this increased neuroprotection of 

statin results primarily from altering cholesterol levels or from effects on protein 

prenylation, perhaps promoting plasticity, is incompletely elucidated. Here, we first 

assessed the effects of prenylation of the Rho family GTPases on neurite outgrowth. We 

hypothesized that inhibiting prenylation of the Rho GTPases RhoA and Rael with 

lovastatin would decrease neurite outgrowth concomitant with activation of the common 

Rho GTPase effector, cofilin. We found that lovastatin decreases neurite initiation, but 

did not affect neurite elongation (Table 3). The effect of lovastatin on initiation was 

reversed by the addition of the geranylgeranylation precursor geranylgeraniol. Contrary 

to our hypothesis that lovastatin would decrease phosphorylation of cofilin; we found no 

significant alteration of cofilin phosphorylation with either treatment (Table 3) . 

Consistent with our hypothesis, lovastatin significantly decreased growth cone actin 
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filament content, an effect reversed by addition of geranylgeraniol (Table 3). Finally, 

consistent with our hypothesis, lovastatin increased GTP loading of RhoA in cytosol , but 

contrary to the hypothesis, addition of geranylgeraniol increased Rael GTP loading in the 

cytosol rather than at the plasma membrane (Table 3). 

Table 3 Outcomes. Clear areas represent observations that agreed with predictions while 

shaded areas represent observed outcomes that were contradictory to predictions. 

Scm Prediction Basal Basal Basal Basal Basal Basal Basal Basal Basal 

Outcome Basal Basal Basal Basal Basal Basal Basal Basal Basal 

Lov Prediction Decrease Decrease Decrease Increase Basal Decrease Basal Decrease Decrease 

Outcome Decrease Decrease 

Lov + Prediction Increase Increase 
GGOH 

Outcome Increase Increase 

These results are consistent with a model where inhibition of protein prenylation 

leads to a decrease in initiation with decreased GTP loading of Rae 1 in the membrane. 

According to this working model (Figure 23), treatment with lovastatin decreases 

prenylation of both RhoA and Rael. This decrease in prenylation leads to redistribution 

with more GTP loaded RhoA in the cytosol compared with Rael and decreased actin 
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filament content. The prenylation leads to basal level of GTP loading of Rae 1 and Rho A 

in membrane and unexpectedly increases GTP loading of Rael in cytosol, and increased 

actin filament stabilization. Since lovastatin decreases neurite initiation, this model 

predicts that prenylation promotes increased growth cone actin filament content and 

increased neurite outgrowth. 

Lovastatin 

membrane 

I cytosol I 

LIM 
kinase 

-t 
\ 
• • t 
0 
-0, 
'ft 
• 
Ill 

Inhibition 
geranylgeranyl 

Basal ~ 
Decreas Lov+GGOH 
Increase 

Basal t 
Decrease ov 
Increase 
Predicted 
Unpredicted 

Figure 23. The working model. This shows that lovastatin treatment increases GTP 

loading of RhoA in cytosol and decreases GTP loading of Rae 1 in the membrane. This 

leads to decreased actin filament stabilization without having a significant effect on 

cofilin. Addi ti ti on of geranylgeraniol (GGOH) increases GTP loading of Rae 1 in cytosol 

and results in increases actin filament stabilization without a significant effect on cofilin. 
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The results on neurite outgrowth from this study are consistent with other studies 

where lovastatin decreased neurite outgrowth (Schulz et al., 2004). We did not see any 

effect on elongation similar to one study where they report that the Rho/ROCK pathway 

controlled axon initiation, but not elongation (Bito et al., 2000). As hypothesized, we see 

an increase of RhoA GTP loading in the cytosol, but no significant effect on subsequent 

cofilin phosphorylation. This is consistent with a study where they report that statins 

increased GTP loading of RhoA (Cordle and Landreth, 2005). This is the first time it has 

been shown that a statin resulted in increased RhoA GTP loading in the cytosol. 

However, studies in non-neuronal cell have shown that lovastatin results in decreased 

phosphorylation of cofilin (Fernandez-Hernando et al., 2005). These contradictory 

results might be due to tight regulation of phosphorylation of cofilin by slingshot (ssh), a 

cofilin phosphatase (Endo et al. , 2003). However, the proposed working model leaves 

several unanswered questions including: "Why do we observe different effects of 

lovastatin than other studies;" "Why does the addition of geranylgeraniol not reverse all 

effects attributable to lovastatin;" and "How does lovastatin alteration of R110 GTPase 

GTP loading lead to effects on neurite outgrowth?" These answers may lie in effects 

attributable to altering protein farnesylation as well as geranylgeranylation, pleiotrophic 

effects of lovastatin that affect proteins other than Rho GTPases, prenylation altering the 

spatial regulation of Rho GTPases activity, or activation of alternate pathways regulated 

by Rho GTPases. 
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Attribution of Geranylgeraniol in Reversal of Lovastatin Effects 

Geranylgeraniol is the precursor of geranylgeranyl pyrophosphate and addition of 

it should reverse the geranylgeranyl pyrophosphate deficiency induced by treatment with 

lovastatin. Consistent with this, lovastatin-induced decreases in neurite initiation and 

actin filament content were reversed by the addition of geranylgeraniol in this study. In 

fact, intracellular actin content loss by lovastatin was reversed by addition of GGPP 

(Fenton et al., 1992). However, the addition of geranylgeraniol did not reverse 

lovastatin-induced increases in GTP loading of RhoA in cytosol and decreases in GTP 

loading of Rae 1 in the membrane. 

In addition, the fact that some of our observations are not attributable to protein 

geranylgeranylation may be due to effects on protein famesylation. For instance, Ras is a 

small GTPase whose activation is promoted by farnesylation and lovastatin affects Ras 

GTPase expression (Holstein et al., 2002). Ras promotes activation of Rae 1 and inhibits 

activation of RhoA (Samer et al., 2000). Neurite outgrowth promoted by Cdc42, a Rho 

family GTPase, does not require Ras activity, but neurite outgrowth promoted by Rael 

requires Ras activity (Sarner et al. , 2000). In addition, activation of famesylated proteins, 

including Ras, leads to promotion of actin polymerization (Yang and Mattingly, 2006). 

Definitively attributing the effects of lovastatin to altering geranylgeranylation of Rho 

GTPases requires an alterate approach. In future studies, we plan to assess Rho GTPase 

activation and downstream effects by generating non-prenylatable Rho GTPases by 

mutating the CAAX domain. 
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Pleiotrophic Effects of Lovastatin 

These above results suggest that some of the effects of lovastatin on Rho GTPase 

activation and neurite outgrowth may be regulated through activities other than 

geranylgeranylation. In our experiments, treatments were applied in serum containing 

medium to supply a source of cholesterol. Therefore, we attribute any effects to 

alteration of protein prenylation. However, this does not rule out any cholesterol effects 

since altering cholesterol biosynthesis may alter the composition of lipid rafts even when 

cholesterol is exogenously supplied. For instance, spatial targeting of Rho GTPases to 

the plasma membrane for association with downstream effectors require cholesterol 

enriched lipid rafts ( del Pozo et al., 2004). 

In our study, we did not see a large shift in the membrane-cytosol distribution of 

Rho A and Rae 1 with lovastatin treatment. In the same fashion, pravastatin did not fully 

translocate RhoA to cytosol (Tanaka et al., 2000). Similarly, lovastatin might help in 

Alzheimer's disease due to its ability to decrease actin filament content rather than 

plasticity. In one study it was shown that deposition of A-beta proteins and subsequent 

increased GTP loading of membrane-associated Rae 1 and accumulation of F-actin 

resulted in actin rod fom1ation leading to Alzheimer's disease (Mendoza-Naranjo et al. , 

2007). 

Spatial Regulation of Rho GTPases 

We interpret our results to suggest that there is an inherently complex regulation 

of Rho GTPase activation that leads to intricate regulation of neurite outgrowth . One 
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way through which this complexity might be realized is through regulation of the spatial 

context through which Rho GTPases are activated. For instance, if more Rael than 

RhoA is active at the leading membrane, we might observe increased axon extension. 

However, prenylated or membrane bound Rael reacts with GTPase activating protein 

(GAP) and leads to less GTP loaded Rae 1 (Molnar et al., 2001 ), presumably 

accompanied by decreased neurite outgrowth. The complexity of Rho GTPase regulation 

was reported in a study using fluorescence resonance energy transfer (FRET}, where they 

saw increased active forms of Rho A and Rae 1 in the peripheral domain of the growth 

cone while they saw a decreased active form of RhoA in central domains of extending 

neurites (Nakamura et al., 2005). In future experiments, we will assess the spatial 

location of RhoA and Rae 1 activation in neuronal growth cones using an activation assay 

based in immunocytochemistry. 

In addition, there is abundant evidence that specific Rho GTPases influence the 

activity of other Rho GTPases. For instance, some investigations show that RhoA and 

Rael antagonize each other's activation (Yamaguchi et al., 2001; Nusser et al., 2002), 

while others show these proteins to positively influence each other's activity (Negre

Aminou et al., 2002). Thus, some of the lovastatin effects we observed might be 

attributable to cross-talk between Rho GTPases. We will assess this in future studies 

using pharmacological and molecular biological inhibition of RhoA and Rae 1. 
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Activation of Alternate Rho GTPase Signaling Pathways 

Lastly, the results presented here may reflect a contribution of preferential 

activation of Rho GTPases pathways other than those regulating cofilin. We initially 

chose to focus on cofilin regulation as this protein is a common downstream effector for 

RhoA and Rae 1. For instance, dominant negative Rae 1 resulted in a decrease in F-actin 

content and active membrane attached Rael resulted in an increase in F-actin (Mendoza

Naranjo et al., 2007). In our experiments, we found that treatment with lovastatin 

increased activation of cytosolic RhoA but decreased activation of membrane Rae 1. This 

would be predicted to result in no effect in cofilin activation, as we observed. However, 

lovastatin treatment decreased actin filament content. Altering Rho GTPase activation 

could also affect actin filament content by altering signaling for actin polymerization. 

Activation of the RhoA/ROCK pathway may also lead to activation of the actin binding 

protein profilin, which functions to shuttle ATP-bound actin monomers to sites of 

polymerization (Da Silva et al., 2003). Activation of RhoA also results in activation of 

mDia to promote linear actin polymerization and F-actin accumulation (Geneste et al., 

2002). Likewise, GTP loading of Rae 1 is associated with activation of WA VE and its 

association with the Arp2/3 complex to promote branching actin polymerization (Lai et 

al., 2008). If the primary mode through which lovastatin alters Rho GTPases activity and 

signaling is through these pathways, it suggests an alternate working model where 

geranylgeranylation increases Rael GTP loading in cytosol (seen in this study), resulting 

in WA VE and Arp2/3 activation and an increase in actin filament stabilization (Figure 
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24). Conversely, RhoA prenylation results in basal level of RhoA GTP loading in 

membrane (seen in this study), leading to activation of mDia and increase in actin 

filament stabilization (Figure 24). 

In this model, lovastatin leads to unprenylated Rael decreasing its GTP loading in 

the membrane. This leads to decreased activation of WA VE and Arp2/3 and decreased 

actin filament content (Figure 24). Conversely, non-prenylated RhoA has increased GTP 

loading leading to ROCK phosphorylation of profilin, making it inactive and leading to 

decreased actin filament polymerization (Figure 24). 
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Figure 24. Alternative model. The effect of lovastatin and lovastatin plus 

geranylgeraniol treatments on actin stabilization without having no effect on cofilin 

phosphorylation. 
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Summary 

In conclusion, we have shown that treatment with the HMG CoA reductase 

inhibitor, lovastatin, in the presence of cholesterol decreases neurite initiation with out 

effecting elongation or branching in B35 neuroblastoma cells. These effects occur 

concommitantly with decreased growth cone actin filament content without a significant 

change in the activation of the common Rho GTPase effector, cofilin. However, 

lovastatin increased GTP loading and presumably activation of cytosolic RhoA and 

decreased activation of membrane-associated Rae 1. Our experiments were designed to 

allow attribution of observed effects to protein prenylation. Interestingly, the addition of 

geranylgeraniol to lovastatin-treated cells reversed the decrease of neurite initiation and 

actin filament content, but not the effects on Rho GTPase activation. We interpret these 

data to indicate an inherent complexity in the regulation of Rho GTPase activation and 

signaling for neurite outgrowth. Mechanisms involved in directing Rho GTPase 

activation and signaling are incompletely elucidated but may include an intricate 

regulation of the spatial location of activation of specific GTPases or regulation through 

famesylated, as well as geranylgeranylated proteins. In addition, cross-talk between 

different Rho GTPases and spatial regulation of this may provide an additional level of 

complexity to Rho GTPase signaling. Regardless, the experiments described herein 

clearly show lovastatin-induced changes in Rho GTPase activation and neurite 

outgrowth, indicating that membrane localization of Rho GTPases is important for 

regulating neurite outgrowth. Future studies will assess the role of prenylation of specific 
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GTPases in directing outgrowth and will further define these mechanisms. Elucidating 

the intricate mechanisms involved in regulating neurite outgrowth may lead to 

identification of novel targets to manipulate axon growth and regeneration following 

traumatic or neurogenerative lesions to the nervous system. 
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APPENDIX 

List of Abbreviations 
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LIST OF ABBREVIATIONS 

ANOV A .............................................................................. analysis of variance 

Arp ..................................................................................... acti11 related protein 

B35 ........................................................................... rat neuroblastoma cell line 

CAAX .......................... C-cysteine, A-aliphatic amino acid, X-any amino acid 

cAMP ....................... ........ ......... .................... cyclic adenosine monophosphate 

C domain ................................... .................... ............................. central domain 

CNS ................................................................................ central nervous system 

CSPGs ................. .......................................... chondroitin sulfate proteoglycans 

C-terminus ........................................................... ..... carboxy ( COO H)-terminal 

Cys ........................................................................................................ cysteine 

DAPI ......................................... .. ...................... 4' ,6-diamidino-2-phenylindole 

DIC ............ ...................................................... differential interference contrast 

DMEM/f 12 ......... dulbecco's modified Eagle's medium/ Fl2 nutrient mixture 

ELISA ........................................................ enzyme-linked immunoabsorbance 

F-actin ............................... ...................................................... filamentous actin 

FBS ....................................................................................... fetal bovi11e serum 

FPP ................................................................................ famesyl pyrophosphate 

FRET .................................................... fluorescence resonance energy transfer 

FT ........................................................................................ famesyl transferase 
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G-actin .......................................................................................... globular actin 

GAP ........................................................................... GTPase activating protein 

GDI .................................... ............... .................. guanine dissociation inhibitor 

GDP ................................................................................ guanosine diphosphate 

GEF ............................................................................. guanine exchange factor 

GGOH ....................................................................................... geranylgeraniol 

GGPP ................................................................. geranylgeranyl pyrophosphate 

GGT ......................................................................... geranylgeranyl transferase 

GGTI ........................................................ geranylgeranyltransferase I inhibitor 

GTP .............................................................................. guanosine tri-phosphate 

GTPases ..................................................... guanine nucleotide triphosphatases 

G-LISA ................................................ G-protein linked immunosorbent assay 

HMG-CoA ......................................... 3-hydroxy-3methylglutaryl coenzyme A 

HRP ................................................................................ horseradish peroxidase 

LIMK ................................................... LIN- I 1, Islet- I, MEC-3 domain kinase 

Lov ...................................................................................................... lovastatin 

LSD .......................................................................... least significant difference 

mDia ..................................................... mammalian diaphanous-related formin 

NGF ..................................................................................... nerve growtl1 factor 

N-terminus ..................................................................... amine (NH2) terminus 

PAK ................................................................................... p2 l-activated kinase 
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PBD ............................................................................... protein binding domain 

PBS ........................................................................... phosphate buffered saline 

PC-12 .................................................................. phaeochromocytoma cell line 

P domain ............................................................................... peripheral domain 

p-cofilin .......................................................................... phosphorylated cofilin 

RBD .................................................................................. Rho binding domain 

ROCK .............................. Rho-associated, coiled-coil- forming protein kinase 

S3 ...................................................................................................... ..... serine 3 

SCI ......................................................................................... spinal cord injury 

Scm ........................................................................... serum containing medium 

SDS-PAGE .......... sodium dodecyl sulfate polyacrylamide gel electrophoresis 

S-PEK ....................................................... subcellular -proteome extraction kit 

TBS ...................................................................................... tris-buffered saline 

TBST ........................................................... tris-buffered saline with Tween 20 

WA VE ......................................... WASP family verprolin-homologous protein 
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