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ABSTRACT 

Cerebral palsy (CP) as a neurodevelopmental disorder that affects individuals’ 

movement, posture, and balance and occurs in every 2-3 out of 1,000 live births. 

Symptoms of CP can include seizures, hydrocephalus, impairment of the limbs, and 

learning disabilities. External contributors to CP are well known, but there are 80% of CP 

cases are idiopathic and in which no brain injury is reported. Recently, several genetic 

studies have shown that deleterious de novo mutations in CP patients may be implicated 

in CP pathogenesis. One such potentially deleterious de novo mutation of RhoB was 

identified in two CP patients. RhoB encodes for RHOB protein, a Rho GTPase that 

regulates the actin cytoskeleton. Biochemical and structural analyses of RhoB (S73F) 

protein suggested that the RhoB mutation generates a hyperactive form of RhoB. 

However, how the RhoB (S73F) protein may interfere with brain development and can 

contribute to CP is unknown. To determine whether RhoB (S73F) expression affects 

cortical development, we used in utero electroporations in mice to study the effect of 

RhoB (S73F) expression on cellular morphology, polarity, migration, and Golgi 

localization in the embryonic mouse model at E15.5 and P0, comparing it to a RhoB 

overexpression model as well as control. To address changes in cell morphology, we 

examined the cell size, shape, and volume of RhoB expressing cells using Imaris 

software. We show that RhoB overexpression and RhoB (S73F) expression cause 

detrimental changes in cell shape, polarity, and neuritogenesis. Furthermore, RhoB 

(S73F) expressing cells migrate less compared to RhoB overexpressing cells and control. 

Interestingly, we found that RhoB (S73F) expressing cells that did not migrate away from 

the ventricular surface still became neurons. To determine the effect of RhoB (S73F) 
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expression on the subcellular environment, we examined the localization of the Golgi 

apparatus, and found the Golgi to be mislocalized and fragmented when RhoB (S73F) 

was expressed. Overall, this study shows that overexpression of RhoB is sufficient to 

cause changes in cell morphology, polarity, migration, and subcellular localization of the 

Golgi. Importantly, expression of RhoB (S73F) is distinct and unique from RhoB 

overexpression, causing more severe changes in cell size, shape, polarity, cell process 

number, and Golgi localization that result in failed neuronal migration. This data suggests 

the potential for genetic mutations to enact changes within the structure and function of 

cortical cells, which may contribute to the pathogenesis of CP. 
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CHAPTER 1 

INTRODUCTION 

Cerebral Palsy 

Cerebral palsy (CP) is a nonprogressive, nondegenerative group of neurological disorders 

characterized by loss of movement, balance, and posture (Graham et al., 2016; Vitrikas et 

al., 2022). It is caused by injury during fetal development up to the first few years of life, 

affecting 2-3 in every 1,000 live births (Vitrikas et al., 2022). Of the patients diagnosed 

with CP, 80% have autonomic dysfunction (Yang et al., 1997), 50-90% have altered 

vision (Park et al., 2016), 50% have intellectual impairment (Hallman-Cooper & Cabero, 

2021), and 15% have hydrocephalus (Lawson & Ridley, 2018).  

CP is categorized based on the number of limbs and the brain area that is affected. 

The number of limbs that can be affected in a patient with CP ranges from one limb or 

monoplegia to all four limbs or quadriplegia. The Centers for Disease Control (CDC) 

defines four types of CP based on the affected brain area: spastic, dyskinetic, ataxic, and 

mixed cerebral palsy. Spastic CP is the most common form, diagnosed in about 70% of 

children with CP, and characterized by rigid muscles and involuntary, erratic movements 

(Vitrikas et al., 2022). The average life expectancy of a person with CP is determined by 

the type and severity of CP, access to healthcare, and other factors. The total lifetime cost 

of care for a child with CP exceeds over $1 million dollars, highlighting the need for 

better therapeutics as a matter of public health (Park et al., 2011).  

Since CP manifests through each patient differently, a patient can be classified 

through a variety of classification systems including Manual Ability Classification 

Systems (MACS), Communication Function Classification System (CFCS), and Eating 
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and Drinking Ability Classification System (EDACS) (Sadowska et al., 2020). These 

allow medical professionals to assign multidisciplinary professionals responsible for the 

patients’ care and facilitate family and patient understanding about the severity of their 

case. Practitioners and scientists have noted the limitations of the classification systems. 

For now, the usefulness of the classifications relies on understanding the etiology of CP 

and establishing an initial prognosis. While there is no cure for CP, early diagnosis and 

intervention have been fundamental to providing the patient and their families the support 

needed to alleviate symptoms and improve quality of life.  

The American Pregnancy Association (APA) estimates that approximately 70% 

of CP causes have been attributed to brain injury before they are born, 20% receive injury 

while they are born, and 10% are a result of postnatal injury. Periventricular 

leukomalacia (PVL) is one type of injury that confers risk to the fetus for cerebral palsy. 

PVL is defined by white matter damaged around the ventricles causing loss of blow flow 

and brain damage in preterm babies before 37 gestational weeks (Gotardo et al., 2019). 

There have been few studies that examined the cause of PVL in babies. One study 

showed altered gene expression in mononuclear cells in umbilical cord of preterm 

infants. These genes encode ribosomal proteins, translation elongation factor, and others 

were related to the immune response or inflammation (Okumura et al., 2010). 

Additionally, the microRNA (miRNA) in preterm babies were altered (Yang et al., 2015). 

Several pro inflammatory cytokines are produced in patients with PVL. These studies 

showed IL-6 was higher in patients with CP compared to those without CP (Bi et al., 

2014). IFN is upregulated in reactive astrocytes in diffuse white matter lesions of PVL 
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(Li et al., 2008), IFN- (Folkerth et al., 2004), TNF (Deguchi et al., 1997; Kadhim et al., 

2003), IL-6 (Yoon et al., 2003), and IL-2 (Kadhim et al., 2001).  

Prenatal injury can include malformations of cortical development as well as 

vascular events, which causes changes in blood flow. Brain bleeding during the birth 

process can occur if the fragile and delicate blood vasculature of fetuses and infants 

rupture, reducing the oxygen and blood supply to the brain. Other causes of CP include 

fetal stroke, or stroke that occurs between 14 weeks of gestation to pregnancy, maternal 

infection, and direct fetal infection. Whereas prenatal causes of injury are injury that 

occur before birth, perinatal causes of injury describe problems that occur during labor 

and delivery. Ischemia results in lack of blood flow, which in turn leads to low oxygen 

supply and brain damage. Asphyxia may occur before or during pregnancy associated 

with complications of the umbilical cord or any difficulty that may result in a long 

delivery and cause hypoxic conditions for the fetus.  

The use of treatment and therapy has been successful in alleviating the symptoms 

of CP. For example, intrathecal baclofen, a muscle relaxant, and botulinum toxin have 

been used to treat spastic or rigid muscles. Various therapies including physical, 

occupational, recreational, and speech therapies have been used to increase the quality of 

life and independence of patients. However, current therapies aim to treat the symptoms 

of CP, emphasizing the need for a better understanding of the root causes of CP.  
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Genetic Causes of CP 

While injury-based causes of CP are well understood, there are some CP cases in which 

no brain injury has been reported. Over the last several years, genetic studies have been 

published to address the potential contribution of genetics in CP pathogenesis. Recently, 

single nucleotide variants (SNVs) and genomic copy number variants (CNVs) have been 

found to be implicated in CP. CNVs – duplications or deletions that are greater than 

1,000 base pairs – can be de novo or inherited. Of the studies looking at CNV 

contribution to CP, occurrence of patients with CNVs range from 9.6 - 31% depending on 

the number of patients analyzed (Oskoui et al., 2015; Segel et al., 2015). In one study, 

microarrays from 52 patients identified 39 different CNVs in half of the patients (G et al., 

2014; McMichael et al., 2014; Segel et al., 2015). Another study identified 14 CNVs in 

50 patients (Oskoui et al., 2015). A study looking at SNVs, defined as a change in a 

single nucleotide of the protein sequence of the gene, estimated 14% of trios identified 

from 186 patients had pathogenic de novo or inherited SNVs (Corbett et al., 2018).  

Furthermore, mutations of proteins related to actin polymerization, KN motif and 

ankyrin repeat domains 1 (KANK1) and adducin 3 (ADD3) have been identified in 

patients with spastic CP (Fahey et al., 2017). Homozygous mutation of glutamate 

decarboxylase (GAD1), which is responsible for the gamma-aminobutyric acid 

neurotransmitter has been linked to ataxic CP. Additionally, mutations in inositol 1,4,5-

triphosphate receptor type 1 (ITPR1), potassium voltage-gated channel subfamily C 

member 3 (KCNC3), and spectrin beta, non-erythrocytic 2 (SPTBN2), which code for 

specific channels in the body, have also been linked to ataxic CP (Fahey et al., 2017). 

Genetic studies directly examining the genomes of CP patients have greatly contributed 



 5 

towards our limited understanding of the genetic causes of CP. These studies reveal the 

clear potential for the involvement of genetic mutations in CP pathogenesis. 

However, previous studies of CP have only used the injury-based hypoxic-

ischemic brain model, which is caused by inducing damage to the brain. The major 

challenges that have limited our understanding of genetic contributions to CP 

pathogenesis include sample size and statistical analysis posed by genetic population 

studies despite their explosion in number. Our knowledge about how genetics contributes 

to CP pathogenesis and through what mechanism is unknown. 

One notable study by Jin et al. identified a potential deleterious de novo mutation 

of RhoB in two unrelated patients, F064 and F244, with idiopathic CP. According to the 

study, the patients have a mutation, which caused a change in amino acid position 73 

from serine to phenylalanine. This amino acid change resulted in a change in charge of 

the kinase binding site, which is conserved between other Rho GTPase proteins. 

Biochemical analysis shows increased response to guanine nucleotide activating proteins 

(GAPs) and guanine nucleotide exchange factors (GEFs), which allows RhoB (S73F) to 

interact with GAP and GEF proteins more readily. RhoB active state facilitates binding of 

its downstream target effectors, like rhotekin. There are many studies that have discerned 

the function of GTPase such as Rho, primarily relating to the cytoskeleton, in a variety of 

cellular processes and their related mechanisms in various body systems. The well-

understood nature of RhoB’s function and the new genetic link to CP makes the RhoB 

mutation an excellent target to explore the potential for genetic mutations to cause 

cortical developmental defects that may contribute to CP. 
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Cortical Neurogenesis 

The formation of all the neurons in the brain and other progenitor cells, also known as 

cortical neurogenesis, is a vital process within cortical development. Neural stem cells, 

consisting mainly of apical radial glial cells located at the ventricular surface, undergo 

either symmetric or asymmetric divisions to give rise to two daughter stem cells or a 

daughter cell and neuron, respectively (Nadarajah et al., 2003). Radial glial cells have 

bipolar morphology with an apical process that extends to the ventricular surface and a 

basal process that extends to the cortical plate (Nadarajah et al., 2003). Early-born 

neurons migrate out of the ventricular zone first, while late-born neurons use the radial 

glia as a scaffold and migrate through previously established layers of neurons 

(Nadarajah et al., 2003). 

 

Rho GTPases 

RhoB, which stands for Ras homolog family member B of the Rho guanosine 

triphosphatases (GTPases), are small proteins that belong to one of the seven families 

within the Ras superfamily (Narumiya & Thumkeo, 2018). The main purpose of Rho 

GTPases is to function as binary switches in signaling pathways. Guanosine-5’-

triphosphate (GTP) binding is mediated by GEF, which activates GTPases by stimulating 

the release of guanosine triphosphate (GDP) and allowing binding of GTP. The binary 

switch turns “on,” and GTP-bound Rho GTPase can bind to its downstream effectors. 

Activated Rho GTPases are involved in pathways that regulate gene transcription, vesicle 

trafficking, and cytoskeletal reorganization (Vega & Ridley, 2018). GTP hydrolysis is 
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mediated by GAP, and the switch turns “off” when GAP facilitates the release of GTP 

from Rho, allowing GDP to be bound instead. 

In the paper that identified RhoB (S73F) in two patients, they performed several 

follow-up biochemical assays. To show that there was a change in RhoB (S73F) 

expression and activity compared to RhoB, they performed the GAP assay, which 

measured absorbance of hydrolyzed GTP in high or low level of RhoA GAP. There was 

slight non-significant decrease in absorbance measurement of hydrolyzed GTP with low 

RhoA GAP together with Cdc42, another Rho GTPase, which was compared to RhoA. 

However, there was significant increase in absorbance measurement of hydrolyzed GTP 

in low RhoA GAP with RhoB (S73F) compared to RhoB. Additionally, in the presence of 

high RhoA GAP, absorbance measurement of RhoB (S73F) was significantly increased. 

Their study suggested that RhoB (S73F) can more readily interact with GAP and GEF 

proteins which they explain could be due to the change in charge of kinase binding site as 

predicted by the Poisson-Boltzmann electrostatic graph they generated. Finally, when 

they performed a pull-down assay, they found more RhoB (S73F) was bound to 

Rhotekin, a known downstream effector of RhoB, compared to RhoB.  

 

Expression of RhoB 

RhoB differs from the other members of the Rho family, Ras homolog family member A 

(RhoA) and Ras homolog family member C (RhoC), because it has unique distribution, 

expression, and because it can be subject to a unique pattern of post-translational 

modifications. RhoB occur in the cell as two post-translationally modified forms: 

farnesylated and geranylgeranylated forms (J et al., 2005; Mazières et al., 2005; Tanabe 
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et al., 2000). RhoB is expressed in neural crest cells, motor neurons, and the floor plate of 

the neural tube (Vega & Ridley, 2018). During cortical development, RhoB is found in 

the cortical plate (Olenik et al., 1999). RhoB is primarily localized in the Golgi apparatus 

and vesicular bodies such as endosomal vesicles within cells (Rondanino et al., 2007).  

 

Roles of RhoB 

One of the most important functions of Rho GTPase is to regulate cell and tissue 

morphology through modulation of the cytoskeleton. Most studies of neurological 

disorders concerning RhoB have focused on its role in brain cancers (Conrad et al., 2005; 

Ju et al., 2020). A knockdown of RhoB in glioblastoma cells reduced their migration rate 

(Diao et al., 2017; Tseliou et al., 2022). In mouse model, RhoB was shown to inhibit lung 

metastases to the lung, suggesting a role in migration and proliferation of cells (Chen et 

al., 2000; Jiang et al., 2004). RhoB regulates the proliferation of cells by recruiting and 

promoting the expression of estrogen receptor alpha (ER-α) and progesterone receptor 

(PR) (Médale-Giamarchi et al., 2013).  

RhoB also has an important role in the regulation of endothelial and smooth 

muscle, suggesting a role for RhoB in the cardiovascular system. In response to 

inflammatory signals, RhoB is responsible for regulating endothelial cell response, 

vascular function, and angiogenesis (Vega & Ridley, 2018). RhoB also controls 

endothelial barrier recovery by inhibiting Rac1 trafficking to the cell border (Marcos-

Ramiro et al., 2016). RhoB is required for pathogenic retinal angiogenesis (Almonte-

Baldonado et al., 2019) and under inflammatory conditions, RhoB has been shown to 

regulate leukocyte diapedesis and maintain vascular barrier function (Schimmel et al., 



 9 

2020). As it has been shown in cardiomyocytes, with the activation of RhoB, an increase 

of cardiac Na+/Ca+ exchanger 1 (NCX1) mRNA was observed (Maeda et al., 2007). The 

two CP patients, F064 and F244, that were identified to have the RhoB mutation (S73F) 

also displayed several other symptoms. F064 was diagnosed at infancy with patent ductus 

arteriosus and mild aortic arch hypoplasia, whereas F244 discovered to have cardiac 

murmur because of mild aortic arch hypoplasia/mild coarctation of the aorta and patent 

ductus arteriosus. This presents a potential role for RhoB in the cardiovascular system. 

Together, the known functions of RhoB suggests its importance in neurogenesis and 

neuronal migration. The significance of neurological disorders such as CP are 

consequences of the defects that arise during cortical development which result in 

abnormal development. 

 

RhoB in Neurological Disorders 

Changes in Rho-GTPase signaling activity have been associated with neurological 

diseases and disorders. Many causes of neurological disorders and diseases such as 

Parkinson’s disease (PD), Huntington’s disease (HD), amyotrophic lateral sclerosis 

(ALS), schizophrenia, Alzheimer’s disease (AD), autism spectrum disorder (ASD), and 

psychiatric disorders have been associated with abnormal Rho signaling. For example, a 

mutation in Rac family small GTPase 1 (Rac1)/cell division cycle 42 (Cdc42) GEF has 

been associated with X-linked mental retardation resulting in decreased Rho-GTPase 

activity. Dedicator of cytokinesis 3 (Dock3) regulates Rho-GTPase signaling and is 

implicated in AD, ASD, schizophrenia, and PD. Rac1, Cdc42, and RhoB have been 

shown to be modulated by EF-hand domain family member 2 (EFHD2), and its altered 
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expression has been linked to AD, PD, HD, ALS, and schizophrenia (Borger et al., 2014; 

Liscovitch & French, 2014; Valeriano-Zapana et al., 2012). While EFHD2 also regulates 

Rac1 and Cdc42 (Vega, 2016), it also modulates RhoB activity suggests a role in synaptic 

plasticity and neuronal morphology which is critical in cortical function (McNair et al., 

2010). 

In addition to upstream regulators, RhoB itself has been implicated in AD. -

amyloid (A) plaques have been shown to increase the binding of tumor necrosis factor 

alpha-induced protein 1 (TNFAIP1) to RhoB, suggesting that RhoB expression may play 

some role in AD pathogenesis (Aguilar et al., 2017). Additionally, overexpression of 

TNFAIP1 in neurons of AD patient brains may have a role in apoptosis and RhoB 

signaling (Xiao et al., 2021). However, the manifestation of these disorders has not been 

attributed to either a gain- or loss-of-function mutation in the RhoB gene until now. 

 

Hypothesis 

We hypothesize that RhoB mutation found in CP patients is deleterious and pathogenic 

that when RhoB containing the S73F mutation is expressed, the mutant protein will result 

in more severe cellular alterations when compared to overexpression of wild type RhoB. 

There are several considerations to make when choosing to study the RhoB mutation. As 

described earlier, what is known about Rho GTPase comes from studies performed on 

RhoA and other GTPases. While what is known about RhoB is minimal and despite the 

share functions of Rho GTPases, RhoB may have unique functions that have not yet been 

discovered. As genetic studies have suggested, RhoB may be required for mouse 

development (Liu et al., 2001), but it is implicated with molecules or pathways that 
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continue to make their effects relevant to neurological diseases and disorders such as CP 

(Privat et al., 2020). The same de novo mutation of RhoB was identified in two unrelated 

male patients. They both displayed spastic-dystonic CP and PVL. The results of the 

biochemical assays and pulldown with downstream effector, rhotekin, shows that the 

RhoB mutation allows the protein to interact with GAP and GEF more readily, and active 

RhoB binds with downstream effectors. Whether or not the RhoB mutation found in CP 

patients is pathogenic role in CP or other neurological disorders and diseases are still not 

known. However, whether RhoB (S73F) expression affects cellular function and whether 

it has more severe outcomes than RhoB overexpression will be explored in this study.  
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CHAPTER 2 

METHODS 

Mice 

All animal experiments were performed in accordance with the guidelines of the 

Institutional Animal Care and Use Committee of Temple University Lewis Katz School 

of Medicine. Mice were time-mated and on embryonic day 13.5 (E13.5), the fetuses of 

time-pregnant females underwent in utero electroporation described below. Two days 

later, embryonic day 15.5 (E15.5), the embryonic mice brains were harvested. An 

additional group of mice also underwent in utero electroporation on embryonic day 14 

(E14) were harvested on postnatal day 0 (P0). Embryonic mice E15.5 and P0 were 

decapitated. Mouse brains (E14 and P0) were fixed in 4% paraformaldehyde (PFA) at 

4°C overnight. PFA was removed and changed to phosphate buffered saline (PBS) the 

following morning. 

 

Construct and Expression Vectors 

The constructs that were used in this experiment consists of separate expression of 

pCAG-GFP and expression of empty vector, vector containing RhoB gene, or vector 

containing RhoB (S73F) gene (Figure 1). The genes, RhoB and RhoB (S73F), were 

generated using Gene Wiz. Control consisted expression of pCAG-GFP and empty 

vector. RhoB condition consisted of overexpression of pCAG-GFP and pCAG-RhoB. 

RhoB (S73F) condition consisted of expression of pCAG-GFP and pCAG-RhoB (S73F).  
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Figure 1: RhoB and RhoB mutation protein coding domain. RhoB protein domain 

contains regions that are conserved between other Rho proteins. RhoB mutation protein 

has phenylalanine in amino acid position 73 instead of serine, which is located within the 

switch domain.  

 

In utero Electroporation 

In utero electroporations were performed. Timed pregnant females at E13.5 or E14 were 

anesthetized using isoflurane gas anesthesia (Figure 2). The uterine horn was then 

exposed to allow the injection of 2 μL plasmid DNA containing RhoB or RhoB mutant 

(4ug/μL) and 0.05% fast green dye (Sigma) in PBS into the lateral ventricles of the 

embryos. Injections were performed manually using a pulled glass micropipette. 

Electroporation was induced using an electroporation generator (ECM 830, BTX, 

Harvard Apparatus). Each injected embryo received five 50-millisecond pulses at 40V 

with intervals of 950 milliseconds. Three to four embryos were electroporated per dam. 

The embryos were allowed to develop until E15.5 or birth. Embryos were harvested for 

their brains and screened for GFP expression. 
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Figure 2: Embryonic mouse brain timeline and schematic diagram of in utero 

electroporation. The flowchart details time mating female mice and electroporation on 

E13.5 and E14 before harvesting of mouse brain on E15.5 and P0, respectively. After the 

brains are fixed, embedded, and sectioned, they are immunostained for various 

antibodies. (A-D) Schematic detailing in utero electroporation in pregnant female mice 

after timed mating. (A and B) The abdominal cavity of the pregnant female mouse is 

opened, and the uterus is exposed. (C) A solution of plasmids and fast green dye is 

injected into the lateral ventricle. (D) Electrical pulses are delivered using electrodes of 

opposite charges. The uterus is returned to the abdominal cavity and re-sutured. 
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Tissue Processing 

For microtome sectioning, after samples were fixed, they were embedded in paraffin 

using a tissue processor then sectioned using a microtome at 7 μm. For cryosectioning, 

samples were put in 30% sucrose overnight in 4 °C, embedded in optimal cutting 

temperature (OCT) compound at -80 °C overnight, and sectioned at 20 μm thickness. 

OCT sections were post-fixed in PFA for 10 minutes at room temperature and were 

washed three times for 10 minutes each in PBS.  

 

Immunohistochemistry 

Paraffin sections were rehydrated through xylene, 100% ethanol, 70% ethanol, 50% 

ethanol, 30% ethanol, and distilled water. Paraffin and cryosections were incubated in 

boiling citrate buffer (10 mM< pH 6.0) for 30 minutes for antigen retrieval. Sections 

cooled for 30 minutes and were washed three times for 10 minutes each in PBS before 

primary antibodies were added. 

Sections were incubated in a solution of primary antibodies and 5% normal goat 

serum for blocking in PBS at 4 °C overnight. Sections were washed three times for 10 

minutes each in PBS and incubated in a solution of secondary antibodies and 5% normal 

goat serum in PBS for three hours. Samples were washed three times for 10 minutes each 

with PBS and stained with Hoechst 22358 (1:500; Invitrogen). Primary antibodies that 

were used were Pax6 (1:200, Covance, RBP-278), RhoB (1:400, Santa Cruz, sc-8048), 

GFP (1:200, Aves, GFP-1020), Tuj1 (1:500, Biolegend, MMS-435P), Tbr2 (1:200, 

abcam, ab23345), Sox9 (1:200, Millipore, AB5535), N-cadherin (1:200, BD, 610153), γ-

tubulin (1:200, Proteintech, 15176-1-AP), and GM-130 (1:200, BD Biosciences, 
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610822). Species-specific secondary antibodies conjugated to Alexa Fluor 488 (1:200; 

Invitrogen), Alexa Fluor 647 (1:200; Invitrogen), or Cy3 (1:200; Jackson 

Immunochemical) were used for immunofluorescence. Mounting medium was used to 

mount the samples. Images were acquired using confocal microscopes (SP8, Leica) and 

analyzed with LAS AF (Leica), ImageJ (Java), Imaris (Bitplane), and Photoshop 

(Adobe). 

 

Image Analysis 

To determine the structure of GFP+ cells, lateral cortex z-stacks of mouse brains were 

taken at 0.5 intervals through 20 μm of tissue. Three-dimensional models of the z-stacks 

were reconstructed using Imaris. Cell size and shape was examined as well as volume 

and intensity were measured using the software (Figure 3). 

 To determine how far electroporated cells were from the ventricle, maximum 

projections were constructed in Leica software and were aligned in Photoshop from high 

magnification 40x images of lateral cortex z-stacks. Maximum projections were imported 

into ImageJ and distances were measured using the Line Tool. The entire thickness of the 

cortex from ventricular surface to cortical plate was measured. A ratio was calculated 

from the distance of electroporated cells from the ventricular surface and divided by the 

measured thickness of the entire cortex. This ratio was obtained for cells in each of the 

conditions, and the conditions were compared between each other. To determine the 

cells’ distribution, the thickness of the cortex was dived into five equal bins, and the 

location of the cells was determined by the bin number they were located in. The number 
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of cells in a particular bin number were divided by the total number of cells to find the 

distribution of the cells throughout the cortex as determined by their bin number.  

To quantify the changes in neuritogenesis because of RhoB (S73F) expression, 

maximum projections from z-stacks were used to trace each cell and count the number of 

cell processes that extended from the cell bodies.  

To quantify the cell clusters that were observed in RhoB overexpression and 

RhoB (S73F) expression conditions, the number of cells in each cluster were counted 

according to the N-cadherin staining that outlined each cell denoting it as an individual 

cell. 

 To quantify the cells that displayed GM-130, cells were traced, and their Golgi 

was indicated. Cells were categorized and counted by the number of the different types of 

cells that were seen in each condition.  

 

 
Figure 3: Schematic diagram of 3-D modeling using Imaris. The Leica z-stack file is 

converted into Imaris files using the Imaris File Converter program. To create 3-D model 

of cells, the Imaris file is then opened, a “surface layer” is created, and the area of interest 

is selected. The channel is chosen to generate the 3-D model that will be represented. 

Then, the number of voxels is adjusted to remove background. Next, the appearance of 

the model can be changed as well as various measurements such as volume or intensity 

can be quantified. 
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Statistical Analysis and Data Quantification 

Cell counting and quantification was completed manually in Photoshop. For all 

quantitative analysis, two to four non-consecutive sections from a minimum of three mice 

per test group were counted. Unpaired nonparametric t-tests (Mann-Whitney test), unless 

otherwise noted in the figure, was used to test for statistical significance of RhoB volume 

and RhoB intensity data. One-way ANOVA was performed, followed by post-hoc Tukey 

test for statistical significance for ratio of distance of cells from the ventricular surface by 

the cortex thickness data or Dunn’s multiple comparisons tests for number of cell process 

analysis. Graphs were generated using Excel (Microsoft) and Prism (GraphPad). 
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CHAPTER 3 

RESULTS 

Construct Co-expression in Mouse Embryonic Brain  

and RhoB Expression in Neural Progenitors 

Although biochemical assays of mutant RhoB (S73F) proteins have shown S73F 

mutation in RhoB, there have been no studies showing that the RhoB mutation can alter 

cellular and biological activities. Therefore, to study whether RhoB (S73F) expression 

affects cortical development and has an effect that is distinct from RhoB overexpression, 

mouse embryos of pregnant females from timed mating were electroporated with pCAG-

GFP and either of the three constructs (plasmid containing empty vector, vector 

containing RhoB gene or vector containing the RhoB gene mutation). The number of 

RhoB+ and GFP+ cells were counted and divided by the total number of GFP+ cells to 

quantify co-expression. We found that GFP and RhoB or RhoB (S73F) co-expressed 

similarly in mouse embryonic brains (Figure 4B). GFP and the RhoB gene co-expressed 

71% of the time while GFP and the RhoB mutation gene co-expressed 74% of the time 

(Figure 4B). Due to the use of separate constructs to express RhoB and label 

electroporated cells with GFP, some cells were only RhoB+ (Figure 4A). RhoB and RhoB 

(S73F) were not N- or C-terminal tagged directly with GFP because we are not able to 

confirm whether the activity or the localization of RhoB (S73F) would be affected. 

Together this suggests that electroporation of the embryos was successful and that 

electroporated cells could express both GFP and the RhoB constructs with high 

efficiency. 
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Figure 4: RhoB expression in progenitor cells is in the cytoplasm and cell processes. 

(A) The control (pCAG-GFP and empty vector) expression shows migrating cells that 

have traveled a distance from the ventricular surface reach the cortical plate and 

endogenous expression of the RhoB protein is undetectable. The RhoB construct (pCAG-

GFP and pCAG-RhoB) electroporated cells show similar degree of RhoB expression 

detected by RhoB immunostaining. RhoB expression is limited to the cytoplasm and cell 

processes as indicated by co-expression with GFP. Arrows indicate cell processes that are 

RhoB+ GFP- extending from the cell body. RhoB n = 2 mice (total of 42 cells, 21 cells 

each sample); RhoB (S73F) n = 3 mice (total of 95 cells, at least 16 cells per sample) (B) 

Quantification showing co-expression of RhoB+ GFP+ cells in both conditions. Mann-

Whitney test reveals co-expression of GFP and RhoB overexpression or RhoB (S73F) is 

not statistically significant (p > 0.9999). Error bars represent mean ± SEM. (C) Pax6, a 

radial glial cell marker, shows a majority of Pax6+ RhoB+ GFP+ cells located near the 

ventricular surface in RhoB and RhoB (S73F) conditions. Scalebar = A, C (top 

scalebars): 50 μm and A, C (bottom scalebars) 20 μm. 
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In the embryonic mouse nervous system, RhoB is widely expressed within the 

brain, spinal cord, and cells of the cortical (Olenik et al., 1999). The pattern of expression 

for the RhoB messenger RNA (mRNA) in the embryonic mouse brain at E14.5 can be 

seen in the GenePaint dataset (https://gp3.mpg.de/results/RhoB). Despite these findings, 

our study shows that there is no detectable endogenous expression of the RhoB protein in 

cells expressing only GFP in electroporated mouse brains (Figure 4A). To examine the 

expression of the RhoB protein early in cortical development, we took static confocal 

images of mouse brains electroporated on E13.5 and harvested on E15.5. In RhoB (S73F) 

expressing cells, cells that co-express RhoB and GFP show varying degrees of RhoB 

expression. The GFP construct that was used in this experiment localizes within the 

cytoplasm of the electroporated cells. RhoB proteins are known to localize at the plasma 

membrane. RhoB is known to be bound to the membrane and is therefore, not expected to 

be diffuse like GFP. We observed overlap between GFP and RhoB expression, which 

shows that the RhoB protein is also expressed within the cytoplasm and cell processes 

(Figure 4A). To determine the identity of the cells at this timepoint, we stained for the 

progenitor marker, Pax6. Most of the cells were found to be Pax6+, suggesting that they 

are radial glial cells (Figure 4C). 
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Figure 5: RhoB expression at P0 are localized to the cytoplasm and cell processes. 

(A) Low magnification of lateral cortex staining for DAPI, GFP, and RhoB. (B) In the 

control electroporated cells, endogenous expression of the RhoB protein remain 

undetectable. In the RhoB protein overexpressing cells, they remain near the ventricular 

surface and consist of cells expressing the RhoB protein in the cytoplasm and cellular 

processes. Many RhoB (S73F) expressing cells remain near the ventricular surface, 

consisting of cells expressing the RhoB protein in cytoplasm and cell process. RhoB 

protein expression also localize within cell processes. Arrows indicate cell processes. 

Scalebar = A: 100 μm and B (both scalebars): 50 μm. 
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The location of RhoB protein was also determined in cells of embryonic mouse 

brains electroporated at E14 and harvested at the later timepoint of P0. RhoB expression 

was found within the cell processes and cell processes of the cell (Figure 5B). RhoB 

protein is also uniquely expressed in cell processes coming off from the cell body or off 

other cell processes that were not GFP+. This expression was present in more cells 

expressing RhoB (S73F) compared to control and cells expressing the RhoB protein 

(Figure 5B). Next, to determine the identity of these cells, we stained for various cell fate 

markers. When we stained for Sox9, which is a marker for neural progenitors, and found 

that the cells were Sox9-, suggesting that the cells were not neural progenitors (Figure 

6A). Then, we stained the cells for Tbr2, which labels intermediate progenitors, we found 

that the cells were Tbr2- and therefore, not intermediate progenitors (Figure 6B). 

Additionally, we stained for the neuronal marker, Tuj1. Despite abnormal morphology 

and their location near the ventricular surface, RhoB overexpressing or RhoB (S73F) 

expressing cells are Tuj1+ at P0 (Figure 6C).  
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Figure 6: At P0, RhoB expressing cells are neurons. (A) Sox9, a marker for neural 

progenitors, shows that control cells and RhoB expressing cells, indicated by the white 

arrows, are Sox9- and therefore not neural progenitors. (B) Tbr2 shows that cells are 

Tbr2-, suggesting that they are not intermediate progenitors. (C) Tuj1 shows that cells are 

Tuj1+ as shown by outline of GFP+ cells overlapping with Tuj1 staining suggesting that 

they are neurons. Scalebar = A, B, C (top scalebars): 100 μm and A, B, C (bottom 

scalebars): 50 μm. 
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RhoB (S73F) Expression Alters Cell Morphology 

As GTPase proteins have a role in actin cytoskeleton and growth cone dynamics, 

measurable changes in cell morphology can be expected when RhoB is mutated or 

overexpressed. We found that expression of RhoB is observed in the cytoplasm and cell 

processes of electroporated cells. Therefore, to determine how the expression of the 

RhoB or RhoB (S73F) protein affects cell morphology, we used Imaris to make 3-D 

models of the electroporated cells from z-stacks. Control cells expressing GFP and the 

empty vector have typical cell morphology with an elongated cell body, a leading process 

pointed perpendicular to the cortical plate and a lagging process perpendicular to the 

ventricular surface (Figure 7A). One of the first noticeable differences between RhoB 

(S73F) expressing cells and RhoB overexpression was in the shape of the cell. Cells 

expressing the RhoB or RhoB (S73F) protein displayed a much rounder cell body 

compared to the smooth and elongated cell body of control cells (Figure 7A). In addition 

to the round shape observed in RhoB overexpressing cells, the disruption of apico-basal 

polarity is more pronounced in the cells expressing RhoB (S73F) protein compared to 

RhoB wild type overexpressing cells (Figure 7A). Apico-basal polarity disruption is 

evidenced by the altered orientation of the cell body and the direction of the cell 

processes in RhoB (S73F) expressing cells. These data suggest that expression of RhoB 

(S73F) disrupts polarity and causes morphological changes in cortical cells.  

With changes in cell structure, changes in the level of expression or activity of the 

protein can be expected. To quantify changes in expression or activity of RhoB proteins, 

we measured volume and intensity of RhoB expression. The level of RhoB expression 

may correlate with cellular changes. Therefore, to determine whether immunolabeling 
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volume or intensity reflects the levels of RhoB or RhoB (S73F) that is expressed within a 

cell, we quantified the RhoB volume and intensity using Imaris. While GFP and RhoB 

co-label electroporated cells, RhoB provides a better representation of cell structure but is 

still incomplete without membrane labeling. Quantification of intensity also shows no 

difference between the two groups (Figure 7C). Imaris quantification of cell volume 

shows that RhoB volume in cells expressing RhoB (S73F) stayed the same compared to 

cells overexpressing RhoB, suggesting that the RhoB levels in both the RhoB 

overexpression and RhoB (S73F) expression conditions are similar (Figure 7D). There 

was no correlation between RhoB volume, quantified from Imaris software by the extent 

of RhoB staining, and intensity within the RhoB overexpression and RhoB (S73F) 

expression conditions (Figure 7E). For consistency the cell volume taken from 3-D 

modeling of RhoB immunostaining will be used in further quantification. Importantly, 

the changes seen in RhoB (S73F) expression concerning shape and polarity is more 

severe compared to RhoB overexpression which may be mediated by pathways that have 

been discussed in previous literature such as Rho-ROCK or other pathways (Amano et 

al., 2010). 
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Figure 7: Volume and intensity analysis shows RhoB (S73F) protein expressing cells 

are the same compared RhoB protein overexpressing cells. (A) In both conditions, 

RhoB protein expressing cells located at the ventricular surface display cell morphology 

changes such as cell size and shape. (B) Three-dimensional models of the RhoB protein 

expressing cells using the Imaris reveal that RhoB (S73F) protein is expressed throughout 

the cell and cellular processes as well as outside of the GFP expressing area. In many 

cells, RhoB wild type protein in the overexpression condition is limited to where it 

overlaps with GFP. (C) Imaris quantification of intensity was approximately the same 

between both conditions. (D) Imaris quantification of RhoB volume was the same 

between both conditions. Mann Whitney test reveals neither volume (p = 0.1757) nor 

intensity (p = 0.2944) shows statistical significance between RhoB (S73F) expression and 

RhoB wild type expressing cells. Error bars represent mean ± SEM. RhoB n = 4 mice 

(total of 28 cells, at least three cells per sample), RhoB (S73F) n = 3 mice (total of 15 

cells, at least two cells per sample). (E) RhoB volume plotted against intensity between 

the RhoB overexpression and RhoB (S73F) conditions. Scalebar = A, B (top scalebar): 50 

μm and B (bottom scalebar):10 μm. 
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Expression of RhoB (S73F) Protein Disrupts Normal Migration 

The morphological changes in mouse brains electroporated on E13.5 and harvested on 

E15.5 seen in RhoB (S73F) expressing cells may hinder the cells’ ability to migrate from 

the ventricular zone. To determine whether RhoB overexpressing or RhoB (S73F) 

expressing cells are in the right area after migrating, we examined the distribution of 

RhoB+ GFP+ cells. The lateral cortex of each mouse was divided into five bins and cells 

were categorized based on their bin allocation (Figure 8A). This was quantified as the 

ratio of the distance traveled by the cell divided by the width of the cortex (Figure 8B). 

While most of the electroporated cells expressing GFP had migrated, many of the RhoB 

or RhoB (S73F) expressing cells were located at or near the ventricular surface compared 

to control, suggesting a disruption in the migration pattern of the cells. The thickness of 

the cortex was divided into five equal bins with Bin 1 representing the ventricular surface 

and Bin 5 representing the cortical plate. In the control condition, a majority of the GFP+ 

cells were located within Bin 4 and 5, which indicate cells close to the cortical plate and 

normal migration (Figure 8C). GFP+ cells overexpressing RhoB were found mainly in 

Bin 3, and GFP+ cells expressing RhoB (S73F) were mostly found in Bin 1 and 2, 

denoting areas close to the ventricular surface (Figure 8C). Together, this suggests 

migration defects are more severe in RhoB (S73F) expressing cells compared to that of 

RhoB overexpressing cells.  

To determine the effect of RhoB expression, analysis tools of Imaris were used to 

measure RhoB volume and the corresponding distance from the ventricle were compared 

between the conditions. Approximately half of the cells in the RhoB overexpression 

condition did not travel more than half the thickness of the cortex (Figure 8D). 
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Interestingly, all the cells in the RhoB (S73F) expression cortices remained within the 

bottom half of the cortex (Figure 8D). We found that an increase in RhoB volume was 

associated with a shorter distance traveled within the cortex. This distribution further 

emphasizes the disruption in migration and the cellular features exhibited by RhoB 

overexpressing and RhoB (S73F) expressing cells, which are correlated with the level of 

overexpression in some degree. 

 

  



 30 

 
Figure 8: Migration defects suggested by RhoB expressing cells restricted to layers 

near the ventricular surface in P0 mice. (A) GFP staining of electroporated cells shows 

a majority reached the cortical plate. RhoB overexpressing cells and RhoB (S73F) 

expressing cells remained near the ventricular surface denoted by a lower bin number. 

(B) RhoB (S79F) protein expressing cells were located a shorter distance away from the 

ventricular surface compared to cells in the RhoB overexpression condition and control. 

One-way ANOVA and Tukey’s multiple comparisons test shows statistical significance 

between GFP vs. RhoB (S73F) (***p < 0.0001), RhoB vs. GFP non-RhoB (***p = 

0.0003), RhoB vs. GFP non-RhoB (S73F) (***p < 0.0002), GFP non-RhoB vs. RhoB 

(S73F) (***p < 0.0001), and RhoB (S73F) vs. GFP non-RhoB (S73F) (****p < 0.0001). 

Error bars represent mean ± SEM. (C) RhoB (S79F) protein expressing cells were in the 

lower-level bins, Bin 1 and Bin 2, compared to RhoB protein overexpressing cells, which 

were in Bin 2 and 3. In the controls, GFP+ cells were in Bin 4 and 5. (D) Distribution of 

RhoB protein overexpressing and RhoB (S73F) expressing cells throughout the cortex 

(R2 = 0.4602, p = 0.0002). RhoB (S73F) expressing cells do not migrate past half the 

thickness of the cortex. GFP n = 3 mice (total of 45 cells, at least six cells per sample), 

RhoB n = 5 mice (total 26 cells, at least three cells per sample), GFP non-RhoB n = 4 

mice (total 80 cells, 20 cells per sample), RhoB (S73F) n = 3 mice (total 17 cells, at least 

three cells per sample), GFP non-RhoB (S73F) n = 3 mice (total 49 cells, at least 13 cells 

per sample). Scalebar = A (top scalebar): 50 μm and A (bottom scalebar): 25 μm. 
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Cell Process Development Affected by Expression of RhoB (S73F) Protein 

We have shown that cell shape and migration are changed by RhoB expression. Cell 

process formation may also be a factor affecting the cells’ ability to migrate from the 

ventricular zone. To analyze the effect of RhoB expression on cell process formation, we 

quantified the number of cell processes extending from the soma. Maximum projections 

of z-stacks were used to make traces of the cells and to count the number of cell 

processes, defined in this study as any process that extended from the cell body (Figure 

9A). RhoB immunostaining was used to count the number of cell processes. Cell 

processes that had clear and distinct processes were counted. However, cell processes that 

extended from a process extending from the cell body were considered branches and 

were not counted. Control cells that migrated to the cortical plate and were of neuronal 

identity exhibited one or two processes, which can be indicative of the leading and 

trailing processes (Figure 9B). The leading process attaches cells to the extracellular 

matrix, allows cells to sense their environment, and gives cells polarity, while the trailing 

process is where the leading process is reabsorbed into migrating cells (Valiente & 

Martini, 2009).   
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Figure 9: Cellular morphology defects are caused by RhoB overexpression or RhoB 

(S73F) expression. (A) Schematic of cell process number quantification counted by 

number of cell processes that extend from the cell body. (B) Control cells located at the 

cortical plate have normal cell morphology. RhoB protein expressing cells that have not 

reached the cortical plate have retarded migration. RhoB expression stay limited to the 

cell surface. RhoB (S73F) expressing cells that have neither migrated to the cortical plate 

nor from the ventricular surface. RhoB (S79F) protein expressed outside of GFP 

expression, localized within cytoplasm and cell processes. (C) RhoB (S73F) expressing 

cells harbor greater number of cell processes compared to both RhoB overexpressing and 

control cells. One-way ANOVA and Dunn’s multiple comparisons test reveals 

significance between GFP vs. RhoB (S73F) (***p = 0.0001), RhoB vs. GFP non-RhoB 

(***p = 0.0003), and RhoB (S73F) vs. GFP non-RhoB (S73F) (****p < 0.0001). Error 

bars represent mean ± SEM. GFP n = 3 mice (total of 30 cells, at least six cells per 

sample), GFP non-RhoB n = 4 mice (total 80 cells, 20 cells per sample), RhoB n = 5 mice 

(total of 16 cells, at least three cells per sample), GFP non-RhoB (S73F) n = 3 mice (total 

49 cells, at least 13 cells per sample), RhoB (S73F) n = 3 mice (total of 14 cells, at least 

two cells per sample). (D) RhoB (S73F) expressing cells (R2 = 0.3700) with more cell 

processes move smaller distance compared to RhoB overexpressing cells (R2 = 0.1972). 

GFP non-RhoB and GFP non-RhoB (S73F) exhibit one two cell processes. RhoB n = 5 

mice (total of 16 cells, at least three cells per sample), GFP non-RhoB n = 4 mice (total of 

80 cells, at least 20 cells per sample), RhoB (S73F) n = 3 mice (total of 14 cells, at least 

two cells per sample), GFP non-RhoB (S73F) n = 3 (total of 49 cells, at least 13 cells per 

sample). Scalebar = 50 μm. 
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RhoB (S73F) expressing cells showed more cell processes extending from the cell 

body compared to control cells (Figure 9C). While the number of cell processes was 

significantly increased between RhoB (S73F) expressing cells and control, the change 

was not significant between RhoB over overexpressing cells and control cells (Figure 

9C). When the number of cell processes was plotted against the ratio of the distance of a 

cell from the ventricular surface divided by the thickness of the cortex, a downward trend 

can be seen, showing that the more cell processes a cell has, the shorter the distance it 

migrates (Figure 9D). Together, this data shows that RhoB (S73F) expressing cells 

develop more cell processes compared to control which may be associated with reduced 

migration. Importantly, RhoB (S73F) expression was more likely to be associated with 

excess cell processes and reduced migration compared to RhoB overexpression, 

suggesting a more severe phenotype caused by the RhoB mutation. 

 

Fragmentation of the Golgi Apparatus  

Into Compartments by RhoB (S73F) Expression 

In migrating neurons, the Golgi apparatus is normally localized at the base of the leading 

process of the cells and is reliant on cell polarity for proper localization (Bisel et al., 

2008). To determine whether polarity disruptions correlate with abnormal localization of 

the Golgi apparatus, we stained for GM-130, which labels the cis-Golgi apparatus. To 

examine normal GM-130 localization in neuronal cells that have migrated to the cortical 

plate, we visualize all the electroporated cells and their GM-130 localization as well as 

assign a cell with its respective Golgi. In control cells, GM-130 was localized at the 
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junction where the leading process extends from the cell body, which is consistent with 

normal expression of GM-130 (Figure 10B). 

Next, we examined electroporated cells that were in the intermediate zone. Like 

cells located in the cortical plate, control cells located in the intermediate zone displayed 

Golgi labeling where the base of leading process extends from the cell body, suggesting 

normal cell morphology. In half of the cells overexpressing RhoB protein located in the 

intermediate zone, the localization of GM-130 were observed at the base of the cell 

process. In the other half of cells overexpressing RhoB protein located in the intermediate 

zone, GM-130+ Golgi is not localized at the base of the leading process but are localized 

within the body of the cell (Figure 10C). In the subventricular zone, all GFP+ cells 

showed similar pattern such as few spots distributed in the cell body (Figure 10D). RhoB 

(S73F) expressing cells at the ventricular surface frequently form clusters. Cells within 

clusters retain GM-130 labeling, but the Golgi is no longer associated at Golgi outposts in 

the leading process (Figure 10E). The Golgi apparatus in clustered RhoB (S73F) 

expressing cells are fragmented and mislocalized (Figure 10E).  

We performed cell counting to determine the proportion of cells that display 

various phenotypes of GM-130 expression. In control cells, 95% of cells expressed GM-

130 at their leading process (Figure 10F). This is consistent with our data showing that 

control cells do not have polarity disruptions or impeded migration. Only 5% of cells did 

not show GM-130 labeling at the base of the leading process, and these cells were located 

at the ventricular surface (Figure 10F). Of the RhoB overexpressing cells that were found 

in the intermediate zone, 34% of the cells have normal GM-130 expression at their 

leading process (Figure 10F). However, 30% of RhoB overexpressing cells in the 
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intermediate zone exhibited abnormal localization of GM-130+ Golgi concentrated within 

the cell body rather than at the cell process (Figure 10F). Finally, approximately 16% of 

RhoB overexpressing cells harbored Golgi fragments that were mislocalized throughout 

individual cells and 20% of cells harboring Golgi fragmentation were located within cell 

clusters (Figure 10E).  

There were no RhoB (S73F) expressing cells that had normal phenotypic 

expression of GM-130 when they were associated as cell clusters since many of the cells 

expressing RhoB (S73F) protein did not migrate out of the ventricular zone. 

Approximately 20% of the RhoB (S73F) expressing cells had GM-130 expression 

slightly localized away from the junction between cell body and leading process (Figure 

10E). The other 50% of RhoB (S73F) expressing cells display diffused GM-130 

distribution within the cell body (Figure 10E). Lastly, 30% of RhoB (S73F) expressing 

cell clusters exhibited GM-130 fragmentation (Figure 10F). This data suggests that 

polarity defects resulting from RhoB (S73F) expression may cause Golgi apparatus 

fragmentation. 

Altogether our data shows that RhoB (S73F) expression results in more severe 

cellular alterations than RhoB overexpression in cortical cells. RhoB (S73F) expression 

causes defects in cell shape, polarity, migration, cell process formation, and Golgi 

apparatus localization that indicate crucial and abnormal effects of RhoB (S73F) 

expression, even compared to RhoB overexpression. 
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Figure 10: GM-130 is numerous and mislocalized in RhoB (S73F) expressing cells 

compared to RhoB expressing cells. (A) Low magnification images showing areas of 

cortex where cells were compared. (B) Electroporated GFP+ cells that have migrated to 

the cortical plate. In each of the conditions, GM-130 signal is localized near the base of 

cell processes. (C) GM-130 expression of electroporated cells positioned in the 

intermediate zone. Control cells have GM-130+ Golgi localized where the base of cell 

process extends from the cell body. In RhoB overexpressing and RhoB (S73F) expressing 

cells, GM-130+ Golgi is localized in the correct area in some cells while in other cells, it 

is abnormally localized in the soma (arrow). (D) Electroporated cells located at the 

subventricular zone showed that all GFP positive cells showed similar pattern of GM-

130+ Golgi localization such as few concentrated spots in the soma. (E) RhoB 

overexpressing and RhoB (S73F) expressing cells show mislocalized GM-130+ Golgi in 

the center of clusters. (F) Proportion of cell types expressing GM-130. GFP = 3 (total of 

36 cells) RhoB n = 3 mice (total of 38 cells) RhoB (S73F) n = 3 mice (total of 68 cells). 

Scalebar = A: 200 μm, B, D: 10 μm; C: 15 μm 
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Clustering of Cells Caused by Expression of RhoB (S73F) Protein 

Many wild type RhoB overexpressing or RhoB (S73F) expressing cells were found stuck 

in the ventricular zone localize together and form abnormal clusters (Figure 11A). To 

examine the pattern of how the cells are clustering, clusters were categorized based on 

the number of cells: one-cell, two to three cells, four to five cells, six to seven cells, and 

more than seven cells. Among cells that expressed RhoB at the ventricular surface, 

clumps of cells were present (Figure 11A).  

To further characterize the clusters that formed at the ventricular surface at P0 in 

RhoB overexpression and RhoB (S73F) expression conditions, we stained for Tuj1 and 

GM-130. When the cell clusters were stained for Tuj1, it was confirmed that cell clusters 

in RhoB overexpression and RhoB (S73F) expression conditions consisted of individual 

neurons (Figure 11B).  

Clusters of RhoB overexpressing or RhoB (S73F) expressing cells varied between 

two to more than seven cells in close contact with each other (Figure 11C). RhoB 

overexpressing cells exhibit as individual cells or clusters consisting of two to three cells 

at the ventricular surface (Figure 11D). In RhoB (S73F) expressing cells, single cells are 

less prevalent than clumps containing two or more cells, suggesting RhoB (S73F) 

expressing cells are more likely to aggregate into clusters (Figure 9E).  
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Figure 11: Disruption or loss of polarity and changes in cell morphology may 

contribute to the clustering of cells at the ventricular surface. (A) RhoB 

overexpressing and RhoB (S73F) expressing cells attach to each other, forming clusters. 

(B) N-cadherin staining show clumps are made up of individual RhoB overexpressing or 

RhoB (S73F) expressing cells. (C) Ratio of cell clusters divided by total number of 

clusters compared between RhoB overexpression and RhoB (S73F) expression 

conditions. RhoB n = 3 mice (total of 50 clusters); RhoB (S73F) n = 3 mice (total of 51 

cell clumps). Ratio of different quantities of cell clumps shown in B are represented 

individually as pie charts: (D) Cluster pattern of RhoB protein overexpressing cells. 

RhoB n = 4 mice (total of 50 clusters of cells, at least seven clusters for each sample) (E) 

Cluster pattern of RhoB (S73F) expressing cells. RhoB (S73F) n = 3 mice (total of 51 

clusters of cells, at least 2 clusters for each sample) Scalebar = A (top scalebar): 50 μm 

and A (bottom scalebar), B, and C (both scalebars): 20 μm. 
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Next, we stained for phalloidin, a marker for actin filaments to determine if 

neurons of cell clusters associated with each other through their cell processes. In control, 

actin was found to be localized in the cell processes of cells (Figure 12B). In addition, the 

actin in cell processes of RhoB overexpressing cells aggregating as two- or three-cell 

clusters localized similarly to control cells (Figure 12B). However, in cell clusters 

expressing RhoB (S73F), there was noticeable high expression of actin in cell processes 

that concentrated at the center of the cell cluster, suggesting the presence of junction with 

bundled actin (Figure 12B). These observations suggest that the persistence of adhesive 

junctions among RhoB (S73F) expressing neurons may hinder migration in addition to 

the disruption of polarity and cell process formation. 
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Figure 12: F-actin are concentrated in the center of cell cluster formed by RhoB 

(S73F) expressing cells. (A) Low magnification images of lateral cortex images stained 

for DAPI, GFP, and phalloidin (F-actin marker). (B1-B2) RhoB overexpressing cells in 

two-cell clusters (B3-5) RhoB (S73F) expressing cell clusters consisting of more than 

two cells as identified by Tuj1 staining. Scalebar = A: 100 μm; B: 50 μm.  
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CHAPTER 4 

DISCUSSION 

The significant role of Rho GTPase activity in mammalian cortical development is well 

understood (Ridley, 2006), but details about the expression and cellular effects of RhoB 

are not clearly defined. Many Rho GTPase studies have focused on RhoA and its role in 

cytoskeletal dynamics, vesicle trafficking, cell cycle progression, and migration 

(Stankiewicz et al., 2014). While proteins in the Rho GTPase family share roles in 

maintaining and regulating the cytoskeleton and transport within cells, there is emerging 

evidence that each of the Rho GTPases may have unique functions that still need to be 

uncovered. For example, in several studies, RhoA, RhoB, and RhoC have distinct and 

unique function in cancer migration, tumorigenesis, and endothelial barrier function 

(Pronk et al., 2019; Ridley, 2013; Wheeler & Ridley, 2004). 

 For a long time, studies about cerebral palsy have focused on injury-based causes 

of CP or hypoxia-ischemia models in mice. While these studies are necessary for 

investigating therapeutic strategies, there is emerging evidence that genetic factors may 

also contribute to CP pathogenesis. Therefore, in the present study, our goal was to 

evaluate the impact that one potential CP-related genetic alteration, the RhoB (S73F) 

mutation, has on cortical development. The S73F mutation in the RhoB gene is a 

heterozygous do novo mutation that was previously identified in two unrelated patients. 

This mutation alters the charge of the RhoB kinase binding domain, allowing it to interact 

more readily with GAP and GEF, and thus bind more effectively to downstream effectors 

such as rhotekin (Jin et al. 2020). Furthermore, biological assays investigating the activity 

of the RhoB (S73F) protein showed enhanced GTP binding and increased pulldown with 
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rhotekin. However, while this study shows changes in the 3-D conformational structure 

of RhoB and enhanced binding to RhoB’s effectors, it does not determine whether the 

mutation alters RhoB-mediated activity in vivo. Therefore, in this study we aimed to 

investigate whether the S73F RhoB mutation impacts cellular and biological activity 

during cortical development. Using a cortical electroporation paradigm in mice, we 

demonstrate measurable changes in cell morphology, migration, cell process formation, 

and localization of the Golgi and F-actin, which may contribute to disruptions in cortical 

development and CP pathogenesis. 

 

RhoB Expression Causes Changes in Morphology 

We first aimed to study the effects of RhoB (S73F) expression and RhoB overexpression 

on cell morphology. Our study shows that cells become more rounded and abnormally 

shaped when RhoB is expressed. This suggests that RhoB GTPase activity alters cell 

shape via its role in regulating the actin cytoskeleton. Previous studies show that the 

application of lysophosphatidic acid (LPA) to cortical explant cultures causes neuroblast 

morphology to shift from fusiform to rounded shape, an effect that is mediated by Rho 

GTPase activity (Fukushima et al., 2000). Changes in cell shape have also been observed 

in Drosophila in which salivary gland lumen size is affected by cell shape changes 

resulting from Rho1-mediated actin polymerization (Xu et al., 2011). Another aspect of 

cell morphology that may be changed through RhoB (S73F) expression is the number of 

processes that extend from the cell body. The Rho GTPase homolog in plants, Rho-of-

plants (ROPs), can induce polarized membrane growth mediated by WAVEs, formins, 

phospholipase D, and NADPH oxidase (Ridley, 2006). Another study in monocytes 
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examine the requirement of RhoA for retracting cell processes of the monocyte which 

require Rho-ROCK interaction by regulation of integrin adhesion to attach, spread, and 

crawl through the endothelial layer requires Rho-ROCK (Worthylake et al., 2001). 

Additionally, RhoB has been shown to regulate dendritic and spine morphology in which 

genetic deletion in RhoB mice show increased the degree of dendritic branching, 

increased the length of spines, and increased the number of stubby spines compared to 

thin spines (McNair et al., 2010). These previous studies support ways that expression of 

RhoB could alter the morphology of cells. 

 Our data characterizes the loss of polarity in neuronal cells expressing RhoB and 

RhoB (S73F) as evidenced by changes in cell body and cell process orientation. This 

suggests that mechanical forces mediated by RhoB activity alters cell morphology, 

cytoskeletal dynamics, and cell polarity, alluding to a close association between 

morphology and expression of RhoB. GTPase expression within a cell is not spatially 

uniform. This dynamic expression, called “wave pinning”, describes how unequal 

GTPase expression can determine regions of high or low GTPase activity with “front” 

and “rear” cell directionality (Zmurchok & Holmes, 2020). Previous studies show that 

this gradient of GTPase activity can mediate cell polarity, cell size, and the presence of 

cellular protrusions involved in cell motility (Buttenschön et al., 2020). In a different 

study examining Rac1, another Rho GTPase, its spatiotemporal expression determines 

the dynamics and architecture of branched F-actin during cell migration, which is 

mediated through WAVE (Mehidi et al., 2019). This could explain why we note 

morphology differences between RhoB (S73F) expression or RhoB overexpression. 
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 In further examination of the relationship between RhoB expression and cell 

morphology, we found that expression of RhoB in cells is limited to the cytoplasm and 

cell processes in mice electroporated on E13.5 and harvested on E15.5. However, RhoB 

expression included the cell processes in RhoB (S73F) expressing cells at P0. We also 

found that most cells expressing RhoB at E15.5 and P0 are Pax6+ and Tuj1+ respectively. 

While RhoB expressing cells transition from progenitor to neuronal cell types over time, 

our quantitative analysis showed distinct morphological changes in the presence of RhoB 

overexpression and RhoB (S73F) expression. Previous studies examining the Rho 

GTPase family members Rif and Cdc42 show that their expression induces filopodia 

extension (Pellegrin & Mellor, 2005). Our analysis of cell process number in cells 

overexpressing RhoB or expressing RhoB (S73F) found that RhoB expression correlates 

with an increased number of cell processes extending from the cell body, like the 

filopodia induction reportedly caused by Rho GTPase family member expression. 

 Due to the irregular shape and inconsistent cell process number, length, and 

directionality, it is apparent that RhoB expressing cells lose their polarity. Rho GTPases 

are known to control polarity in many cell types (Loudon et al., 2006; Nobes & Hall, 

1999). The partial loss of polarity in RhoB expressing cells can be observed by the 

increase in cell process numbers at E15.5. Complete loss of polarity is more apparent at 

P0, at which timepoint RhoB expressing cells display process extensions in a variety of 

directions, regardless of what is expected in polarized neurons. Notably, the effects we 

observed on cell polarity and morphology are measurably more severe in the presence of 

RhoB (S73F) compared to mere overexpression of RhoB. 
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Neuronal Migration is Disrupted by RhoB (S73F) Expression 

Our work shows that overexpression of RhoB and expression of RhoB (S73F) in neurons 

induces migration deficits. When we quantified the migration distance of RhoB and 

RhoB (S73F) expressing cells, we found that these cells remain at or near the ventricular 

surface even through the P0 timepoint. Furthermore, the volume of RhoB expressing cells 

correlated well with migration distance. The larger a cell’s RhoB volume, the less its 

migration distance. Similarly, we found that cell process number also correlates with 

interruptions to migration. RhoB (S73F) expressing cells with more cell processes 

traveled shorter distances in the cortex. Altogether, our data suggests that defects in cell 

morphology and polarity caused by RhoB expression in neurons hinders their ability to 

migrate during corticogenesis. Rho GTPase family members function as binary switches 

that are critical regulators of cell migration. Previous studies have detailed the importance 

for RhoA effectors in influencing directionality of migrating cells (Bidaud-Meynard et 

al., 2019). Rho GTPases are known to influence neuronal migration through cell 

adhesion, motility, and endocytosis (Govek et al., 2011). However, previous work has not 

established a role for RhoB in neuronal migration. During epithelial-to-mesenchymal 

transition, RhoB expression increases and is required for feather bud formation in chick 

embryos and neural delamination in Xenopus (Vega & Ridley, 2018). RhoB binds to 

ROCK and mDIA, which results in the transformation of cells by contributing to its 

metastasis and invasion (Narumiya et al., 2009). This study provides clear evidence that 

RhoB (S73F) expression and RhoB overexpression affects neuronal migration. 

 Impaired migration may be related to the cell clumping phenotype we described 

among RhoB expressing cells. One study showed that myotubes in Drosophila exhibit 
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clustered cell migration because of Rho localization at the filopodia (Bischoff et al., 

2021). In another study examining constitutively active YAP (5SA) mutation that was 

introduced into mice at E13.5, Sox2- cell clusters consisting of ectopic and mesenchymal 

cells were found in the ventricular zone at E16.5, suggesting that high YAP activation 

allows these cell clusters during mid-neurogenic periods to maintain neural stem cell 

characteristics (Han et al., 2020). This is significant as Yap has been identified as one of 

several critical developmental genes that are dysregulated in neurological disorders and 

cancers (J. Jin et al., 2020; Sahu & Mondal, 2021). Additionally, it has been reported that 

Rho GTPase signaling can give rise to cell “attractors” that can influence cell shape 

through a variety of polarization states (Zmurchok & Holmes, 2020). The cell clumping 

effects quantified in this study suggest a potential role for crosstalk between Rac in its 

membrane-bound form and hyper-activity of RhoB that may result in abnormal inter-cell 

associations. The results of this study support the theory that RhoB activity may cause 

aberrant membrane associations between cells, which could potentially be mediated by 

the Rho/ROCK pathway (Bischoff et al., 2021). Importantly, clustering was observed 

most frequently in RhoB expressing cells that did not migrate during corticogenesis, 

harboring F-actin and centrosomes in the center of cell clusters, indicating a relationship 

between impaired migration and cell clustering as a result of RhoB expression. 

There are no known studies showing that the upregulation of RhoB stabilizes 

specific molecules, however, the stabilization of specific molecules when RhoB is 

activated continues to be studied. RhoB and other GTPases are main regulators of 

cytoskeletal dynamics and when it activates its downstream effectors such as mDIA and 

formins, which are Rho GTPase effectors that directly bind and stabilize actin and the 
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microtubule cytoskeleton (Chesarone et al., 2010). More generally, RhoB has been 

shown to stabilize lamellipodial protrusions by regulating beta1 (β1) integrin surface 

levels and activity (Vega et al., 2012). Interestingly, a previous study has shown that 

cytoplasmic filaments and microtubules are necessary to transport mRNA within the 

cytoplasm and anchor them to subcellular locations (Bassell & Singer, 1997; Nasmyth & 

Jansen, 1997). Rho-mediated changes in actin and cytoskeletal components have been 

suggested to play an important role in the compartmentalization and stabilization of 

specific mRNAs such as endothelial nitric oxide synthase (eNOS) or β-actin (Laufs & 

Liao, 1998) and as shown in this study by the altered expression of actin and localization 

of the centrosome in RhoB (S73F) cells could cause abnormal subcellular localization as 

a result of RhoB (S73F) expression. 

 

RhoB Overexpression and RhoB (S73F)  

Expression Causes Subcellular Changes 

Our work supports a role for Rho GTPase activity in Golgi apparatus localization. We 

observed mislocalization and apparent fragmentation of the Golgi apparatus in the 

presence of RhoB and RhoB (S73F). In the presence of RhoB and RhoB (S73F), the 

Golgi apparatus becomes smaller compartments when they are associated as clusters and 

GM-130 is not frequently associated with the leading process as is expected. The 

association between Rho GTPase family members and the Golgi complex has been well 

described (Blom et al., 2015; Espinosa et al., 2009; Quassollo et al., 2015). Golgi 

apparatus compartmentalization is also tied to cell polarity in Drosophila (Yang & 

Wildonger, 2020). In addition to the partial loss of polarity, the mislocalization of the 
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Golgi in RhoB overexpressing cells contribute to a cell’s abnormal phenotype and lack of 

migration. Furthermore, Golgi mislocalization may contribute to the cell process 

formation changes we observed in RhoB (S73F) expressing cells. 

 

Expression of RhoB (S73F) Causes a More  

Severe Phenotype Than RhoB Overexpression 

The differences we observed between RhoB overexpression and RhoB (S73F) expression 

indicate that expression of these proteins can result in different effects on neuronal cells. 

Importantly, the changes to cell shape, cell process number, cell polarity, cell migration 

and Golgi localization that we described in this study are more severe in cells expressing 

RhoB (S73F). When we quantified cell volume and cell process numbers, our data 

revealed that RhoB (S73F) expressing cells are larger and have more cell processes than 

cells overexpressing RhoB. This data suggests that while polarity is disrupted in many 

cells overexpressing RhoB, polarity is completely lost in cells expressing RhoB (S73F). 

This effect is also apparent in the migration impairment we quantified. While some cells 

overexpressing RhoB still migrate normally, most cells expressing RhoB (S73F) remain 

close to the ventricular surface even by the time they have become Tuj1 expressing 

neurons at P0. When observing the subcellular localization of the Golgi, RhoB 

overexpression was able to induce a shift in the location of Golgi away from their 

outposts in the leading process in cell clusters. One study showed that Rho can interact 

with FAM65A, another downstream effector, and this will mediate Golgi reorientation 

(Mardakheh et al., 2016). While one study shows that Golgi outposts may regulate 

microtubule orientation, it is not required for polarity of the dendritic cytoskeleton (Yang 
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& Wildonger, 2020). Other studies have correlated the increased disruption of polarity 

with the fragmentation of the Golgi (Bershadsky & Futerman, 1994; Caracci, 2022; Yin 

et al., 2008).  

In every measure we performed, expression of RhoB (S73F) resulted in more 

aggressive alterations to cell characteristics than overexpression of RhoB. This study has 

overarching implications for the important role RhoB activity plays in normal neuronal 

cell morphology and migration during corticogenesis. Previous biochemical assays 

asserted that RhoB (S73F) was more active than wild type RhoB proteins and suggested 

that this may provoke the effects of idiopathic CP found in the patients with the RhoB 

mutation (S. C. Jin et al., 2020). Our studies confirm that RhoB (S73F) alters the 

trajectory of neuronal cell development to a degree that aligns with and surpasses 

changes due to the overexpression of RhoB, supporting previous evidence that RhoB 

(S73F) proteins are hyperactive. 
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CHAPTER 5 

CONCLUSIONS 

This study has shown that expression of the RhoB protein containing the S73F mutation 

found in two unrelated CP patients causes alterations to neuronal cell biology that are 

more severe than RhoB overexpression. The expression of RhoB (S73F) causes changes 

in cell morphology, such as abnormally round shape (Vega et al., 2012) and loss of apico-

basal polarity. Additionally, RhoB (S73F) expressing cells were located at or near the 

ventricular surface at P0, suggesting impaired cortical migration. Many of the RhoB 

(S73F) expressing cells exhibiting impaired migration aggregated into unusual clusters, 

displaying clustering more frequently than RhoB overexpressing cells. Finally, at the 

organelle level, the Golgi apparatus are mislocalized and fragmented away from the cell 

process and the localization of actin and centrosomes are concentrated at leading 

processes in the presence of RhoB (S73F) expression. Together, this data indicates that 

both RhoB overexpression and RhoB (S73F) expression can cause deficits in neuronal 

cell morphology, polarity, migration, and subcellular environment. Importantly, while the 

alterations we described are similar, the negative consequences of RhoB (S73F) 

expression are more severe than RhoB overexpression. Thus, our results suggest that 

RhoB (S73F) can have deleterious effects in cortical cells and may contribute to 

disruptions in cortical development and CP pathogenesis. 

 

Limitations of the Study 

While the embryonic mouse model is informative with regards to the expression of RhoB 

(S73F) in developing neural progenitors, mouse models are limited in describing human 
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disease. More relevant effects of RhoB expression would be better characterized and 

analyzed in human cerebral organoids. Cortical organoids represent a human model of 

disease as they are human in origin and can be developed from CP patient cells 

(Jabaudon et al., 2022). Additionally, the ease of genetic manipulation in stem cell 

cultures allows for experimental design that closely mimics human mutations (Lancaster 

& Knoblich, 2014).  

 Furthermore, this study used in utero electroporations to introduce RhoB 

containing the S73F mutation. In utero electroporations are useful to investigate cell 

biology but are limited to describing cell autonomous effects in a specific population of 

neuronal cells. Additionally, since the endogenous expression of RhoB in this study was 

negligible, it cannot be certain whether the RhoB (S73F) mutation can impose cellular 

defects on cells with little expression. However, as this study also showed, wherever 

RhoB (S73F) was expressed, the detrimental effects on cell morphology and other 

aspects of cell function were widely seen. At the same time, a mouse model containing 

the RhoB mutation will more accurately represent and may exhibit CP-like 

developmental defects. 

While the scope of this study does not encompass sex-based differences, CP is 

reportedly more common in males than females. Male risk of CP is attributed to preterm 

males being more vulnerable to white matter injury and intraventricular hemorrhage than 

females (Jarvis et al., 2005). Germline genetic mutations are unlikely to be affected by 

sex differences (Kelava et al., 2022), but proportionally higher occurrence of CP in males 

due to white matter injury susceptibility raises important questions about the contribution 

of genetic mutations to CP pathogenesis. It is possible that genetic mutations are merely a 
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cofactor in CP pathogenesis, denoting increased risk. Further studies might benefit from 

the use of a genetic mutation and co-injury model to investigate whether newly described 

genetic mutations can result in more severe CP pathogenesis. 

 

Future Directions 

This study provides plentiful evidence that the RhoB S73F mutation that was found in 

two human patients causes aberrant effects on cells which may contribute to the 

pathogenesis of CP. To further characterize the human relevance of abnormal RhoB 

expression and mutation, human cerebral organoids could reveal more about the RhoB 

(S73F) phenotype in human cells. The culture of cerebral organoids has become an 

established model of human brain development that is widely used to study neurological 

and neurodevelopmental diseases and disorders (Jabaudon et al., 2022; Lancaster & 

Knoblich, 2014). One of the main benefits of cerebral organoids is the ability to use 

patient-derived cells. The effects of RhoB (S73F) expression on cell size, shape, volume, 

cell process number, and subcellular localizations reported in this study can be assessed 

in human cortical organoids cultured from iPSCs.  

In addition to cell shape, size, volume, and cell process number, there are other 

characteristics of cell morphology that can be examined. For example, to continue 

quantifying the effects RhoB (S73F) expression has on neuritogenesis, the length of cell 

processes can be measured. Branching is another important aspect of neuritogenesis that 

was not fully characterized in this study, suggesting that the effects of RhoB (S73F) 

expression on neuritogenesis may be more expansive than this study described. Our 

observations of cell process changes, along with the fragmentation of the Golgi we 
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reported, indicate that cytoskeletal alterations play a role in RhoB (S73F) pathogenesis, 

presenting an avenue for future studies.  

 Furthermore, the two CP patients that were reported to have the RhoB (S73F) 

mutation also displayed PVL, which can be investigated in a knock-in mouse model in 

which the mutation is introduced. Because PVL affects white matter tracts, analysis of 

oligodendrocyte-lineage cells, myelination, and microglia response to RhoB (S73F) 

expression can be studied in the future. The strength of this study resides in 

characterizing a new model of CP pathogenesis, which can be used alongside established 

hypoxic-ischemic and injury-based models. While our goal was to examine one 

promising mutation found in CP patients, other such mutations have been reported, and 

future studies exploring the contribution of genetic mutation to CP pathogenesis are 

necessary to better understand CP overall. 
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