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ABSTRACT 

 

Cytoplasmic particles and organelles owe their distribution within cells to their 

affinities to the cytoskeleton and cellular membranes. This cargo is carried along the 

cytoskeleton and membranes using a variety of cytoskeletal motors and adapter proteins. 

Viruses hijack these pathways to distribute their proteins and genetic material. Vesicular 

stomatitis virus (VSV) is a prototype Rhabdovirus that has been used to study transport 

within the cell.  We developed a new method of analysis of fluorescence within the 

cytoplasm called the border-to-border distribution method (BTBDM). The well 

characterized effect on the distribution of the glycoprotein of VSV in response to 

Brefeldin A (BFA) was used here to validate the BTBDM. This method was used to 

describe the distribution of the nucleocapsid of VSV during infection, and analyze the 

importance of the cytoskeleton on this distribution. To determine the mechanism by 

which nucleocapsids migrate during infection, pulse-chase analysis of protein translation, 

plaque assays, and live cell imaging were used in conjunction with the BTBDM. In the 

work presented here, we show a necessity of both microtubules and actin filaments on 

nucleocapsid migration during infection and virus assembly. 
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INTRODUCTION 

 

The goal of this project was to clarify the mechanism by which the 

ribonucleoprotein, nucleocapsid, of vesciular stomatitis virus (VSV) is transported within 

an infected cell. VSV is a prototype virus for negative-strand RNA viruses. Thus, what 

we learn about VSV will be important when studying related viruses such as influenza 

virus, rabies virus, and measles virus. VSV is an arbovirus that infects livestock [1,2]. It 

resides in sandflies, blackflies, and midges, but can be spread by contact between 

swine[3]. However, research regarding transmission among horses and cattle has yielded 

conflicting results [4]. VSV infects the epithelial cells of livestock, including the mucous 

membranes of the mouth, teats, lips, and feet causing vesicles. In cows, VSV infection 

affects milk production, as it raises somatic cell counts and induces fever [5]. It is one of 

the four vesicular viruses that infect livestock, often confused with foot and mouth 

disease virus (FMDV). The other two are swine vesicular disease virus (SVDV) and 

vesicular exanthema of swine-like viruses (VESV).  In mice, VSV is neurovirulent, but it 

is rarely pathogenic in humans. If infected intranasally in mice, VSV spreads first to the 

olfactory bulb. By 7 days, VSV will spread to the brain stem via retrograde transport 

starting from axons that innervate the olfactory bulb [6]. This results in hind-limb 

paralysis and death. If injected into mice via the footpad, the virus enters the 

bloodstream. However, the presence of macrophages in the lymph nodes prevents 

migration of VSV to the nervous system [7]. 

VSV encodes for five proteins in its negative, single-stranded RNA genome. 

Glycoprotein, or G protein, is a type I transmembrane protein that is involved in 
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attachment to the host cell, and release of the nucleocapsid during endocytosis. Matrix 

protein, or M protein, is translated as a soluble protein and is involved in abrogating the 

host antiviral response and is also involved in attachment of the nucleocapsid to the 

envelope during the last stages of the viral replication cycle. The remaining proteins, 

phosphoprotein (P), the large polymerase protein (L) and nucleocapsid protein (N) 

together with the RNA form a ribonucleoprotein called the nucleocapsid.  

VSV attaches to the host cell via interactions between G protein and the members 

of the LDL receptor family [8]. The virus then penetrates and enters the cell via 

endocytosis in the clathrin-mediated pathway [9]. The parental RNA genome that enters 

the cell serves as a template for primary transcription, and also for the positive-strand 

anti-genome. This anti-genome is then utilized as a template for progeny negative-strand 

genomes. Progeny genomes are used as templates for secondary transcription beginning 

at 2-3 hours postinfection. Translation of mRNAs produced by secondary transcription is 

responsible for the majority of viral proteins that are produced. G protein is translated in 

the rough ER, and then travels to the Golgi apparatus for glycosylation. G protein is then 

moved from the trans-Golgi within secretory vesicles to the plasma membrane. N, M, P 

and L proteins are translated as soluble proteins. Soluble N binds with P, and then 

associates with the genome and antigenome as they are replicated [4]. Association of N 

protein with RNA is required for genome replication, thus assembly of nucleocapsids is 

coincident with RNA replication [10]. The three components of VSV, G protein, M 

protein, and the nucleocapsid, congregate at the plasma membrane of the cell during the 

last stages of the replication cycle and form a budding site [11]. There, the virion acquires 

its envelope, and pinches off from the plasma membrane, utilizing the ESCRT pathway. 
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First, the membrane wraps around the budding virion, followed by the second step, the 

severance of the bud neck.  This second step utilizes the ESCRT machinery, which draws 

the membranes together and controls membrane fission [12]. M protein is synthesized as 

a soluble protein that associates with the inner plasma membrane in microdomains 

separate from the microdomains that G protein resides in. Previous studies have 

described an association of N protein with the microdomains where G protein resides 

[11], but the mechanism that the nucleocapsid uses to reach the plasma membrane 

remains unclear. This question will be addressed with the following experiments.  

 

NEURONS AND POLARIZED CELLS 

 

In non-polarized cells, the virion can bud from any part of the plasma membrane. 

However, in cells types such as polarized epithelial cells and neurons, the virus may only 

bud from specific sites, so protein sorting is essential. For example, VSV buds from the 

basolateral side of polarized epithelial cells. In contrast, influenza virus buds from the 

apical side of polarized epithelial cells [13]. In Madin-Darby Canine Kidney (MDCK) 

polarized epithelial cells, VSV infects the basolateral surface with 100 times higher 

efficiency than the apical surface. In the same cell type, 98% of virions released from 

cells infected basally were found in the basal medium. In that same study, 98% of G 

protein staining was found on the basal side until 10 hours post-infection [14]. At this 

point, apical labeling had increased due to disassembly of tight junctions due to 

cytopathic effect. VSV has also been found to have a different envelope composition than 
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viruses that bud from the apical surface. This was shown by radioactively labeling 

cellular membranes [15]. The relative amounts of various phospholipids present in the 

viral envelope were analyzed to describe each of the viruses and determine from which 

membrane the viruses acquire their envelopes.  An experiment using temperature shifts 

has shown that the sorting occurs within the cell before the G protein reaches the cell 

surface [16]. Viral proteins were radiolabeled, followed by a chase with a temperature 

decrease to 20°C. This allowed for the accumulation of labeled glycoprotein within the 

cell. When the temperature was shifted back to 37°C, most of the G protein was quickly 

transported to the basolateral side, indicating that the G protein was not sorted to the 

apical surface first. Similar studies utilizing the apical sorting of the hemagglutinin (HA) 

protein of influenza virus proves that sorting to the basolateral surface is not a default 

mechanism [13]. This implies that sorting of secretory proteins occurs within the cell and 

not at the cell surface. When infected MDCK cells were treated with cytoskeletal 

inhibitors, it was found that the sorting of the HA protein of influenza was affected [17], 

causing immunofluorescence to be present in the basolateral side of cells. However, the 

G protein of VSV, remained unaffected and was only present in the basolateral surface. 

These studies show that in polarized cells, protein sorting is essential for completing the 

viral replication cycle.  

Another cell type in which protein sorting and viral budding is essential is 

neuronal cells. Neurons are composed of four parts, the cell body, the dendrites, the axon, 

and the axon terminals [18]. When introduced to mice intranasally, VSV spreads from 

epithelial cells to the brain.  The virus first infects the olfactory bulb, and then at 7 days 

postinfection, VSV spreads further along to the brainstem [19,6]. Following the 
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movement of VSV using immunohistochemistry, it was found that VSV spreads in a 

retrograde manner during infection along neurons that innervate the olfactory bulb. 

Retrograde spread in neurons involves infection at the axon, followed by transport to the 

cell body. The virus then buds from the dendrite, allowing it to infect the next axon in the 

circuit. This characteristic of VSV allows for the analysis of the connections among 

neurons, such as the observation of the visual pathway after infection of murine eyeballs 

[20]. Studies have also been performed by substituting the wild type (wt) VSV G protein 

for other viral glycoproteins. Substituting other viral glycoproteins, such as the G protein 

from lymphocytic choriomeningitis virus or rabies virus [21,22] can change the 

directionality of VSV to retrograde movement or to anterograde movement. 

 

 

CYTOSKELETON, MOTORS, AND ADAPTERS 

 

 Due to the heterogeneity and high viscosity within the cytoplasm, some particles 

and organelles, including the viral nucleocapsid, are too large to diffuse [23,24]. 

Cytoplasmic particles and organelles are distributed throughout the cell via their 

movement along the cellular membranes and the cytoskeleton. The cytoskeleton is 

composed of three types of filaments, but only two, actin filaments and microtubules, 

have been implicated in transport [25]. Actin filaments in the cytoskeleton are composed 

of a double helix of actin monomers with a diameter of 5-9 nm. Actin filaments exhibit 

specific polarity. One end is barbed and is termed the plus end. The other end is pointed 

and is termed the minus-end [26].  Actin filaments are built primarily from the plus-end 
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in an ATP-dependent process [27].  Microtubules are composed of the protein tubulin. 

They are formed as hollow cylinders with a diameter of 25 nm, alternating between 

alpha- and beta-tubulin. The process of building microtubules is an energy-dependent 

one, using GTP as an energy source. Microtubules also are polar, with a minus end and a 

plus end. Growth of microtubules occurs primarily at the plus end, but slow growth does 

occur at the minus-end. The plus-end of microtubules is directed towards the plasma 

membrane. The minus-end ends of microtubules come together at the microtubule 

organizing center (MTOC) near the nucleus. Cells can have more than one MTOC. The 

major MTOC is organized by the centriole. Others are organized at Golgi membranes.  

Transport along the cytoskeleton is achieved through ATP hydrolysis causing 

conformational changes of motor proteins that affects their affinity to the filament. There 

are two motor protein families that are involved in transport along microtubules, called 

kinesins and dyneins. Kinesin-family motors more towards the microtubule plus-end in a 

processive manner. They are composed of two light chains and two heavy chains, as well 

as two motor domains and a coiled-coil needed for heavy-chain dimerization. Humans 

have around 40 distinct kinesins. However, dyneins, move toward the minus-end of 

microtubules. They have 2-3 heavy chains, and many light chains. Actin filaments only 

have one type of motor, myosins, most of which travel in the plus direction. Out of the 13 

myosins [18] that have been discovered, there is only one, myosin VI, which travels in 

the minus direction [28]. Affinity to cargo is regulated through the tail end of the motor 

proteins, and a multitude of adapter proteins that associate with cargo and motor proteins.  

Transmembrane proteins such as the VSV G protein travel within vesicles in the 

secretory pathway, which are transported along microtubules and actin filaments [29]. 
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The cell contains many membranous structures that are involved in the secretory 

pathway. These include the nuclear envelope, the endoplasmic reticulum (ER), Golgi 

apparatus, transport vesicles, and the plasma membrane. The nucleus contains the 

genome and is the site of most RNA and DNA synthesis. It is contained by a nuclear 

membrane that consists of two lipid bilayers connected with proteins forming nuclear 

pore complexes. The nuclear pore complex serves as a gate for traffic in and out of the 

nucleus [25]. The ER is located throughout the cytoplasm, but is continuous with the 

outer nuclear membrane. The membranes in the ER account for half of the cellular 

membranes, and take up approximately 1/10 the volume of the cell [26]. Its specific 

localization within the cytoplasm is due to both microtubules and actin filaments. When 

new ER tubules form, they attach to the growing microtubule plus end [30]. Studies 

involving actin inhibitors have shown an association between the ER and retrograde 

movement along actin filaments [31]. There are two distinct forms of ER within the cell, 

the rough ER, containing ribosomes for protein translation, and the smooth ER, which is 

involved in lipid biosynthesis.  

Secretory proteins translated in the ER are then transported to the Golgi 

apparatus. The Golgi membranes are primary located near the MTOC and are dependent 

on dyneins for their localization. Proteins within the Golgi apparatus are usually modified 

and secreted towards the plasma membrane, but in some cases, proteins can be recycled 

back to the ER. This transport occurs via vesicles that are coated in proteins that dictate 

the final location of their cargo.  

Certain inhibitors, such as Brefeldin A (BFA) can be used to study the secretory system. 

BFA binds to ARF-GDP (ADP-ribosylation factor; guanosine diphosphate) during 
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nucleotide exchange, trapping it in a conformational state [32]. This prevents movement 

of proteins from Golgi membranes to the ER. After BFA treatment, Golgi membranes 

distribute in an ER-like pattern [33]. This redistribution has been characterized by 

fluorescent microscopy, often in studies utilizing VSV G protein’s well-defined 

movement through the secretory pathway.  

 

TRANSPORT OF VIRAL CAPSIDS 

 

Microtubule transport has also been implicated in VSV nucleocapsid transport 

[39], but the mechanism by which this occurs is still inadequately characterized. The 

experiments in this thesis address the question of whether microtubules are solely 

responsible for nucleocapsid transport. Capsid proteins of other viruses utilize numerous 

transport mechanisms during egress. Unlike the nucleocapsid of VSV, herpesvirus capsid 

proteins are assembled in the nucleus, and form an envelope with the inner nuclear 

membrane [34]. That membrane fuses with the outer nuclear membrane, allowing the 

capsid to escape to the cytoplasm. In Sendai virus, it has been shown that the 

ribonucleoprotein associates with microtubules, and treatment with microtubule 

inhibitors cause a reduction in nucleoprotein movement as well as a decrease in virus 

production [35]. In Mason-Pfizer monkey virus (M-PMV), viral proteins Gag and Env 

travel in an anterograde fashion along microtubules during infection [36]. Adenoviruses 

utilize both plus and minus end microtubule motors during capsid transport towards and 
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away from the MTOC [37].  Studies involving a fusion of GFP to HSV1’s capsid protein 

VP26 has also shown bidirectional movement along microtubules [38].  

 

BORDER-TO-BORDER DISTRIBUTION METHOD 

 

The location of cytoplasmic particles and organelles is complex due to the 

numerous factors contributing to their distribution with in a cell. Their steady state 

distribution reflects combined effects of all motors and adapters. To get a snap shot of 

this steady state distribution, fluorescence microscopy is often used. Analysis of these 

images, however, can be subjective. In an attempt to rectify this, a method of describing 

characteristics of fluorescence was created, called the border-to-border distribution 

method. In the experiments presented here, the two borders used for analysis are the edge 

of the cell and the nucleus. Those were delineated using the membrane dye PKH26 and 

the nuclear stain DAPI. Once those two borders were created, fluorescence within the 

cytoplasm could be described quantitatively. Fluorescence intensity and distance for each 

pixel along segments radiating from the nuclear border to the edge of the cell was 

analyzed. Then, regions of interest, either annuli or radial segments, could be 

distinguished from the remainder of the cell and analyzed. Comparison can be made 

between regions within individual cells, or between populations of cells. This allows for 

comparison of localization of cytoplasmic particles and organelles in untreated cells 

compared to drug treated or genetically silenced cells, as well as comparison between 

transformed cell lines to primary cells.  
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The experiments presented here utilized the border-to-border distribution method 

two ways. The first was to analyze the effect of BFA on the distribution of G protein in 

Chapter 1. The second way the border-to-border distribution was utilized was to analyze 

nucleocapsid distribution throughout the infectious cycle, and after treatment with 

cytoskeletal inhibitors, shown in Chapter 2. For analysis of G protein distribution, the 

radial segments were divided into two distinct collections based on their fluorescence 

intensity in a perinuclear annulus. Sectors are collections of three adjacent segments to 

account for variability between pixels. Sectors composed of pixels with the brightest 

fluorescence and their flanking sectors are termed perinuclear high (PNH), and the 

remaining sectors are termed perinuclear low (PNL). For analysis of nucleocapsid 

distribution, a different region of interest was chosen. Instead of analyzing an annulus 

and all radial sectors within the cell, only the longest 10% (approximately 36 per cell) of 

segments were analyzed. This region of interest was chosen due to the likelihood of 

perturbation of nucleocapsid distribution after the incubation of cells with cytoskeletal 

inhibitors. 

 

PULSE-CHASE 

 

 There are multiple reasons for viral proteins to migrate within a cell. One of these 

is to acquire an envelope from the plasma membrane in the late stages of the viral 

replication cycle. Previous data has shown that the nucleocapsids of VSV associate with 

and travel along microtubules [39]. However, the cytoskeleton is also required for the 
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translation of mRNA [40]. Thus, a ratio of protein in virions to the viral protein within 

the cell will allow for analysis of the role of the cytoskeleton in virus assembly. One way 

to quantify the importance of the cytoskeleton on virus assembly is to incubate infected 

cells with cytoskeletal inhibitors and perform pulse-chase analysis. The proteins within 

the cells are labeled with radioactive methionine for a specific amount of time, or a 

‘pulse’, washed, and then followed by a ‘chase’ with non-radioactive media. Samples 

taken after this chase will be used to determine quantities of the protein that have been 

labeled. Protein from samples that have been treated with various inhibitors are then 

compared to samples that have not been treated to illustrate the effects of the inhibitors 

on protein translation. However, in order to calculate the effect on protein assembly into 

virions, the protein in virions that have budded from the cell must be measured. 

Therefore, a ratio of protein in treated cells to untreated cells in the supernatant is 

quantified. This does not take into account the reduced (or increased) amount of viral 

protein present within the cell. To control for the effect of cytoskeletal inhibitors on 

translation, a ratio of normalized protein in the virion is compared to the normalized 

protein in the cell extract. This double ratio will allow for comparison of virus assembly 

between untreated and treated samples. Our results using this approach in Chapter 2 show 

that actin filaments have a greater role than microtubules in the assembly of virions. 

 

PARTICLE TRACKING 
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 Analysis of the replication cycle of VSV with pulse-chase analysis, the border-to-

border distribution method, and plaque assays only allow for observation of cells at a 

certain time during the course of infection. In order to examine the effects of inhibitors on 

a shorter time scale, video microscopy can be used. To visualize the movements of the 

nucleocapsid in live cells, a VSV mutant was used. The VSV-PeGFP mutant has the gene 

enconding eGFP inside the hinge region of the P protein of VSV [39].  Insertion of eGFP 

into the P protein, a component of the nucleocapsid, causes a 50% reduction in the 

efficiency of the nucleocapsid to incorporate into the virion. The P protein mutant also 

has reduced rates of replication and transcription, but is a fully functional virus. The 

mutant virus was used to infect HeLa cells for 5 hours in the presence or absence of the 

cytoskeletal inhibitor Cyto D. The fluorescence within the cells was then imaged over a 

period of 100 seconds, at a rate of 100 frames per second. However, to prevent 

photobleaching of the samples, for every 1 second of imaging, there was a 9 second gap. 

This allowed for a compromise between length of video being recorded and sample 

integrity. The results from this analysis are shown in Appendix A. In cells incubated with 

Cyto D, there was a reduction in movement of nucleocapsids. When multiple 

nucleocapsid clusters were analyzed in Cyto D treated cells, a smaller mean square 

displacement (MSD) was calculated compared to the MSD of untreated cells.  

 

MODEL 
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The results from the multiple experiments presented here have allowed for the 

formation of a comprehensive model of nucleocapsid migration in VSV infected cells. 

This model describes the mechanism by which nucleocapsids use cellular transport 

during egress. The border-to-border distribution method demonstrated that the steady-

state distribution of nucleocapsids during the infectious cycle is perturbed when cells are 

incubated with cytoskeletal inhibitors. The data indicate that nucleocapsids travel along 

actin filaments towards the minus-end in addition to associating with and traveling 

towards the plus-end of microtubules. This analysis was done by determining the mean 

distance and skew of the nucleocapsid fluorescence within the cytoplasm of infected 

cells. Plaque assays were performed to determine the affects of cytoskeletal inhibitors on 

virus assembly, and it was found that inhibiting the polymerization of actin had a greater 

affect on the formation of plaque forming units (PFU) compared to microtubule 

inhibitors. Pulse-chase analysis was also used to calculating the relative amounts of viral 

proteins in the supernatant compared to the cell extract and it was determined that actin 

filaments play a larger role in the assembly of viral proteins into virions. 
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Abstract  

 

Comparing the distribution of cytoplasmic particles and organelles between 

different experimental conditions can be challenging due to the heterogeneous nature of 

cell morphologies. The border-to-border distribution method was created to allow for 

statistical analysis of fluorescence distribution in the cytoplasm of multiple cells from 

images obtained by confocal microscopy. The method consists of four steps: 1) 

fluorescent labeling and imaging of cells, 2) division of the image of the cytoplasm into 

radial segments, 3) selection of segments of interest, and 4) population analysis of pixel 

intensities either as a function of distance along the selected radial segments or as a 

function of angle around an annulus. The method was validated using the well-

characterized effect of brefeldin A (BFA) on the distribution of the vesicular stomatitis 

virus G protein, in which intensely labeled Golgi membranes are redistributed within the 

cytoplasm. Contrary to what we expected, in untreated cells, the distribution of 

fluorescence in Golgi membrane-containing segments was similar to the distribution of 

other G protein-containing segments. Treatment with BFA caused a slight shift in the 

distribution of the brightest G protein-containing segments that had a distribution similar 

to that in untreated cells. Instead, the major effect of BFA was to alter the annular 

distribution of G protein in the perinuclear region.  
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Introduction 

 

 Cytoplasmic particles and organelles are never randomly distributed. Instead, they 

are organized into different regions of the cell that play important roles in cellular 

function [1]. For example, the Golgi apparatus is often localized near the nucleus and the 

microtubule organizing center (MTOC) [2-4], whereas the endoplasmic reticulum (ER) is 

more widely distributed in the cytoplasm.  The localization of cellular particles and 

organelles is frequently analyzed by microscopy.  However, interpretation of microscopy 

data is often subjective, particularly if there is a substantial amount of heterogeneity 

among the cells being analyzed. This led to the development of methods to quantify 

microscopy data.  The goal of the experiments presented here was to develop methods for 

quantifying the distribution of elements between the nucleus and the edge of the cell. 

This method will be useful for analysis of drugs or other perturbations that alter the 

distribution of particles and organelles within the cytoplasm. The goal of our border-to-

border distribution method is to analyze fluorescence microscopy data using the location 

and intensity of the fluorescence of individual cells to determine parameters that describe 

the distribution of fluorescence, such as mean distance and skew. These parameters can 

then be used to compare populations of cells under varying conditions. As an example of 

the utility of the approach, we analyzed the effect of brefeldin A (BFA) on the 

distribution of the vesicular stomatitis virus (VSV) G protein. 
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 BFA is an inhibitor of intracellular protein transport [5, 6], which causes a 

redistribution of Golgi membranes in the cytoplasm [7, 8]. BFA targets a subset of GTP-

exchange factors [9-11] that activates proteins required for the recruitment of COPI to 

transport vesicles involved in recycling membranes from Golgi to ER. The decrease in 

transport of membranes from the Golgi apparatus to the ER causes a fusion of Golgi and 

ER membranes [12], leading to a distribution that is more typical of ER than Golgi 

membranes. The redistribution of membrane proteins, such as the VSV G protein, caused 

by BFA has been well characterized by fluorescence microscopy [7, 13, 14]. 

VSV G protein is a type I membrane glycoprotein that has been extensively 

utilized to study the secretory pathway. G protein in VSV-infected cells is intensely 

labeled in Golgi membranes, in what is described as a typical “perinuclear” localization 

[15, 16]. The remainder of G protein labeling is distributed between the ER, secretory 

vesicles, and the plasma membrane. When cells are treated with BFA, the intense 

“perinuclear” localization appears to vanish. Instead, G protein labeling appears to have a 

more diffuse pattern throughout the cytoplasm [7, 13, 14]. The goal of the experiments 

described here was to quantify this redistribution in a population of VSV-infected cells 

treated with BFA. 

The border-to-border distribution method consists of four steps: 1) fluorescent 

labeling and imaging of infected cells, 2) division of the image of the cytoplasm into 

radial segments, 3) selection of segments of interest, and 4) population analysis of pixel 

intensities either as a function of distance along the selected radial segments or as a 

function of angle around an annulus. For analysis of Golgi membranes, the segments of 

interest were those containing high perinuclear fluorescence. These were selected using a 



	  24	  

“search annulus” around the nucleus. Using the search annulus, the segments in each cell 

were separated into a perinuclear high (PNH) population that contained the area of the 

cell with the brightest Golgi membranes. The remaining segments comprised the 

perinuclear low (PNL) population. Surprisingly, in untreated cells, the PNH and PNL 

segments had fluorescence distributions with very similar mean distance and skew, 

indicating that the presence of Golgi membranes in PNH segments did not shift the 

distribution of G protein towards the nucleus compared to the PNL segments. In cells 

treated with BFA, the PNH segments shifted slightly in distribution away from the 

nucleus and towards the edge of the cells as expected, whereas the distribution in PNL 

segments was very similar to that in untreated cells. The more striking effect of BFA was 

in the annular distribution of fluorescence around the nucleus, which had a pronounced 

peak in untreated cells that corresponded to the brightest Golgi membranes, but treatment 

with BFA caused a redistribution that resulted in a more even distribution around the 

nucleus.  
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Results  

  

 The border-to-border distribution method was developed to quantify distribution 

of cytoplasmic particles and organelles. In the experiments described here, the two 

borders were the nucleus and the edge of the plasma membrane, i.e., the borders that 

define the cytoplasm. The goal of this approach is to provide a quantitative description of 

the distribution of elements in individual cells using mathematical parameters used to 

describe the distribution of any population (i.e., mean, standard deviation, skew, etc.). 

Statistical methods can then be used to combine the results from many cells to determine 

a “representative” distribution and to determine whether experimental perturbations have 

a statistically significant effect on any of the distribution parameters.  To validate this 

method, we used the well-established phenomenon of the effect of BFA on the cellular 

secretory pathway to alter the localization of VSV G protein within infected cells (Figure 

1). HeLa cells were treated with BFA for one hour before infection to inhibit the 

secretory pathway. The cells were infected with VSV for 4 hours, fixed, permeabilized 

and labeled with an antibody against G protein, then imaged with confocal microscopy.  

 In untreated cells infected with VSV, the G protein was concentrated in focal 

regions near the nucleus and was also present throughout the rest of the cytoplasm in a 

reticular pattern (Figure 1a). In BFA treated cells, these focal regions near the nucleus 

disappeared and the G protein fluorescence was redistributed throughout the cytoplasm in  
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Figure 1. Effect of BFA on distribution of VSV G protein. Untreated HeLa cells (a) or 

cells treated with BFA were infected with VSV for 4 hours, fixed, permeabilized and 

labeled with antibody against G protein (green) and DAPI (blue), then imaged by 

confocal fluorescence microscopy.
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a more diffuse pattern (Figure 1b), as described previously [7, 17]. The bright focal areas 

near the nucleus in untreated cells corresponded to the Golgi apparatus, as shown by 

colocalization with the cis-Golgi marker GM130 (Figure 2a-c), whereas most of the 

remaining intracellular G protein that did not colocalize with GM130 corresponded to G 

protein in other cellular membranes.  Following treatment with BFA, both the GM130 

and G protein assumed a more diffuse pattern of labeling (Figure 2d-f). These results are 

consistent with the mechanism of action of BFA and its previously described effects on G 

protein distribution [7, 13, 14]. The goal of the border-to-border distribution analysis 

presented here was to quantify the extent to which the “perinuclear” fluorescence 

corresponding to G protein localized in Golgi membranes was redistributed to other 

regions of the cytoplasm following treatment with BFA. The initial hypothesis to be 

tested was that Golgi-localized G protein fluorescence that was skewed toward the 

nucleus in control cells would be more evenly distributed between the nucleus and the 

edge of the cell in BFA-treated cells. 

 The border-to-border distribution method consists of four steps: 1) fluorescent 

labeling and imaging of infected cells, 2) division of the image of the cytoplasm into 

segments, 3) selection of segments of interest, and 4) population analysis of pixel 

intensities as a function of distance along the selected segments. In step 1, VSV-infected 

cells were labeled with the fluorescent membrane probe PKH26, then were fixed, 

permeabilized with saponin (which does not solubilize PKH26), and labeled with 

antibody against the VSV G protein and with DAPI to label nuclei. Images were obtained 

by confocal microscopy using a slice size and focal plane that captured both the plasma  
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Figure 2. Colocalization of intense G protein labeling  with cis-Golgi marker GM130 is 

disrupted by BFA treatment. Untreated HeLa cells (a - c) or cells treated with BFA (d - f) 

were infected with VSV for 4 hours, fixed, permeabilized and labeled with antibody 

against G protein (a, d), GM130 (b, e) and DAPI (blue, merge c, f). 
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membrane at the bottom of the cell and a portion of the nucleus. The user delineated the 

borders of the nuclei and the edge of the membrane labeling with tools provided through 

ImageJ software. Examples of imaging of the untreated and BFA-treated cells from 

Figure 1 are shown in Figure 3a-c and e-g. 

 Step 2 is the division of the image of the cytoplasm into segments. Figure 3g and 

h show the borders of the nucleus and edge of the cell, and a cross that marks the centroid 

of the nucleus from which segments radiate. The cytoplasm was divided into 360 

segments that start at the first border (the nucleus) and end at the second border (the edge 

of the cell). For clarity, only 90 segments are shown in Figure 3. The segments were 

numbered beginning with the longest segment. Segments that cross more than two 

borders were excluded from the analysis because there would be a gap in the data 

following the second border. The data set for each cell consisted of the fluorescence 

intensity and distance of each pixel along the approximately 360 segments included in the 

analysis. For most of the cells analyzed here, the segment lengths varied between 5 and 

50 pixels. We also found that it is often convenient to group neighboring segments 

together into sectors to dampen large intensity variations between segments. For the 

analyses shown below, sectors contained 3 segments, so that there were up to 120 sectors 

per cell. 

Step 3 in the border-to-border distribution method is selection of the sectors of 

interest. For analysis of the effects of BFA, the sectors of interest were those that include 

bright perinuclear fluorescence, since this is the morphological feature affected by BFA. 

The approach to identify these sectors is illustrated in Figure 4. Figure 4a shows “faux  
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Figure 3. Labels used for the Border-to-Border Distribution Method. Untreated HeLa 

cells (a - c, g) or cells treated with BFA (b - d, h) were infected with VSV for 4 hours, 

labeled with PKH26 (b, e), then fixed, permeabilized and labeled with antibody against G 

protein (c, f) and DAPI (a, d). Borders defined by DAPI and PKH26 labeling are shown 

for the cell in the upper left of each image. Cell borders with 90 segments (yellow) drawn 

from the border of the nucleus to the plasma membrane superimposed on the G protein 

label are shown in g and h. 
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cell” images generated by using a logarithmic color scale to show fluorescence intensity 

of the pixels in all segments of a cell. A “search annulus” consisting of pixels 2-6 from 

the nucleus was used to define the perinuclear region. That region sufficed to capture 

most of the Golgi-like labeling in the cell (Figure 4b).   Figure 4c shows histograms of 

the fluorescence intensities in the portion of sectors contained within the annulus of 

untreated and BFA-treated cells in four independent experiments. The fluorescence 

intensities on the x-axis were normalized to the median intensity within the annulus. A 

minority of sectors contained high fluorescence. To compare the brightest sectors of the 

cell to the sectors that had low fluorescence, the sectors within each cell were divided 

into two groups. To define perinuclear high (PNH) sectors, the sector with the highest 

intensity in the annulus was chosen, along with two flanking sectors on each side for a 

total of 15 segments (Figure 4d). This was large enough to account for the size of the 

Golgi apparatus in most cells. The remaining sectors were considered the perinuclear low 

(PNL) group. 

The 4th step in the method is analysis of pixel intensities as a function of radial 

distance along the selected segments in a population of cells. Figure 5 shows results for 4 

independent experiments with approximately 10 cells analyzed in each experiment. For 

each cell, the mean fluorescence intensity in the PNH and PNL segments was determined 

at the specified relative distance interval between the nucleus and the edge of the cell (0 – 

0.1, 0.1 – 0.2, etc.). In order to control for variations in total G protein expression among 

cells, the fluorescence intensities on the y-axis were normalized to the median cellular 

fluorescence intensity. The data shown are means ± SD for the approximately 10 cells in 

each experiment. In the untreated cells, the PNH segments had higher normalized 
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Figure 4. Selection of segments containing high perinuclear fluorescence (a) "Faux cell" 

diagrams of untreated and BFA-treated cells. Purple indicates regions of high 

fluorescence, while teal indicates lower fluorescence. (b) "Faux cells" with annulus at 

pixels 2-6 from nucleus; (c) Histogram showing percent of segments as a function of their 

normalized fluorescence intensities in perinuclear sectors; (d) "Faux cells" with annulus 

and perinuclear high (PNH) segments shown.
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fluorescence intensities than the PNL segments, as expected based on the way they were 

selected. The PNH segments also had more variability among individual cells, indicated 

by the high standard deviations. In the BFA treated cells, the differences in the 

normalized fluorescence intensities between PNH and PNL segments and the variability 

among cells were reduced, reflecting more uniformity in G protein distribution in cells 

treated with BFA. The data in Figure 5 also show the reproducibility of the distributions 

among the four experiments. 

It is obvious from Figure 5 that the PNH segments in untreated cells had higher 

fluorescence intensity than PNL segments, and that difference was reduced in BFA 

treated cells. It is also clear from Figure 5 that the radial fluorescence distributions in 

both PNL and PNH segments in untreated and BFA treated cells were skewed towards 

the nucleus. However, it is not obvious whether the distributions differ in the extent to 

which the fluorescence is skewed towards the nucleus. For this analysis, the data from all 

cells in the four experiments in Figure 5 were combined to give the fluorescence 

distributions shown in Figure 6a. Figure 6b shows the mean relative distances of the 

fluorescence intensity in PNH and PNL sectors of untreated and BFA treated cells. Figure 

6c shows the skew calculated for these distributions. By convention, a positive skew 

would have a higher intensity toward the nucleus, and a negative skew would have a 

higher intensity toward the edge of the cell. Unexpectedly, the mean relative distance and 

skew in PNH sectors were not significantly different from those in PNL sectors in 

untreated cells. This indicates that the presence of Golgi membranes in PNH sectors 

results in a mean distance and skew that is similar to that of other G protein-containing  
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Figure 5. Distribution of fluorescence intensity in sectors containing high versus low 

perinuclear (PN) G protein labeling in untreated and BFA-treated cells infected with 

VSV. Data shown are from 4 independent experiments. 
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Figure 6. PNH and PNL sectors have similar distributions that are only slightly altered in 

PNH sectors of cells treated with BFA. (a) Fluorescence intensity distribution in 
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untreated and BFA-treated cells from all experiments. Closed circles are PNH sectors, 

and open circles are PNL sectors. (b) Average relative distance of fluorescence from the 

nucleus of PNH and PNL sectors in untreated and BFA treated cells from all 

experiments. (c) Skew of the fluorescence distribution of PNH and PNL sectors from 

untreated and BFA treated cells. Only PNH sectors in BFA-treated cells were 

significantly different (p < 0.05) from all other comparisons in b and c. 
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membranes in the PNL sectors. Treatment with BFA did not affect the distance or skew 

of PNL sectors. However, the mean distance and skew of PNH sectors in BFA-treated 

cells were shifted away from the nucleus, towards the edge of the cell as expected, 

although the differences in the radial distribution parameters were rather small 

considering the dramatic change in morphology following BFA treatment.  

 The effect of BFA was more pronounced when the annular distribution around the 

nucleus was analyzed. This is illustrated in Figure 7. Figure 7a shows 18 search annuli of 

untreated and BFA-treated cells sorted by brightest PNH intensity and oriented with the 

brightest sector up, which we define as an angle Θ = 0°. Sectors to the right of 0° are 

positive, and to the left of 0° are negative. The normalized fluorescence intensity in each 

sector was averaged across all cells, and is shown as a function of Θ in Figure 7b. The 

peak in normalized fluorescence intensity was substantially higher in untreated cells than 

in BFA-treated cells. Collectively, the data in Figures 6 and 7 show that the major effect 

of BFA on the distribution of G protein is not so much on its proximity to the nucleus, 

but instead it is no longer concentrated in a limited focal region around the nucleus 
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Figure 7. Regions of high fluorescence intensity in perinuclear annulus of cells infected 

with VSV are reduced after BFA treatment. (a) Selected annuli from untreated and BFA-

treated cells, sorted by highest fluorescence at Θ = 0°. (b) Normalized fluorescence 

intensity in the annulus of untreated and BFA-treated cells as a function of Θ.   
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Discussion 

 

The border-to-border distribution method is a process for quantifying the localization of 

cytoplasmic particles and organelles so that the results from multiple cells can be 

combined for statistical comparison between treatment groups. The distribution 

parameters can include mean distance, standard deviation, skew and kurtosis. The cells 

can be analyzed in multiple ways. For example, the radial distribution of fluorescence 

between the nucleus and the edge of the cell was analyzed by determining mean distance 

and skew (Figures 5 and 7). The annular distribution can also be analyzed using an 

annulus at any specified distance from either border, for example, the annular distribution 

of fluorescence in the perinuclear region of a cell (Figures 4c and 7).   For the 

experiments presented here, the radial distribution data of cells were analyzed based on 

the level of fluorescence intensity near the nucleus, with the PNH sectors corresponding 

to those containing concentrated Golgi membranes. The PNL sectors contained multiple 

types of membranes including the ER, plasma membrane, transport vesicles, and Golgi 

membranes not captured in the PNH sectors.  Many cells had one major region of Golgi 

membranes, but others had multiple regions of Golgi membranes that were not be 

captured in the PNH sectors. However, one of the surprising results of this analysis was 

that in untreated cells, PNH sectors were collectively no more perinuclear than the PNL 

sectors, because both groups of sectors had the same mean distance and skew in their 

distributions (Figures 5 and 6). This indicates that most G protein-containing membranes 

within the secretory system have a similar localization gradient from the nucleus to the 

edge of the cell.  
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 In cells treated with BFA, the fluorescence distribution in PNH sectors was 

shifted towards the edge of the cell (Figures 5 and 6). However, since BFA primarily 

affects the Golgi membranes, the distribution of G protein within the remainder of the 

endomembrane system remained unchanged. The change in radial distribution of 

fluorescence in PNH sectors was relatively small although statistically significant 

compared to what might be expected from the dramatic change in morphology (Figure 1). 

This change is better quantified by analysis of the annular distribution (Figure 7). In 

untreated cells, the Golgi membranes have an asymmetric distribution around the 

annulus. This is represented by the peak height in the annular distribution (Figure 7). In 

cells treated with BFA, the G protein had a more symmetrical distribution around the 

nucleus, represented by the reduction in the peak height in the annular distribution.  

 The location of cellular membranes is driven by transport along the cytoskeleton 

[18]. Minus end-directed motors drive retrograde transport along microtubules and actin 

filaments, resulting in the accumulation of membranes near the nucleus, whereas plus 

end-directed motors tend to drive transport toward the edge of the cell. In the case of 

Golgi membranes, the minus end-directed motors that drive accumulation around the 

nucleus are primarily members of the dynein family that transport membranes along 

microtubules [19]. 

 The ER of mammalian cells maintains its widespread distribution throughout the 

cytoplasm via its interaction with plus end-directed motors, such as kinesins that 

transport ER membranes along microtubules in an anterograde direction [20, 21]. In 

contrast to Golgi membranes, the ER is transported in a retrograde fashion through its 

association with actin-based minus end-directed motors. For this reason, it is not 
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concentrated around the MTOC. In cells treated with BFA, Golgi membranes fuse with 

the ER [22]. Thus the high peak height in the annular distribution in untreated cells 

decreased after treatment with BFA because of the different motors that drive their 

perinuclear distribution.  

 The border-to-border distribution approach can be used to analyze fluorescence 

distributions among a variety of experimental conditions, such as treatment with drugs 

that inhibit cellular processes, like BFA, or genetic changes such as gene deletion or 

RNA silencing. This method can also be used to analyze changes as a function of time, 

such as the movement of cargo through the endocytic pathway or the movement of viral 

proteins during the replication cycle. This method can also be used to determine 

differences between cell types, such as transformed cells versus primary cells. Another 

application would be to analyze the effects of separation of the basolateral and apical 

membranes in polarized cells on the distribution of elements in the underlying cytoplasm. 

These are only a few examples of how this analytical method can have broad 

applicability in cell biology. 
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Methods 

 

Cells and Virus: 

Wild-type VSV (Indiana serotype, Orsay strain) was grown at 37°C in BHK cells in 

Dulbecco's modified Eagle medium containing 2% fetal bovine serum. HeLa cells were 

cultured in Dulbecco's modified Eagle medium containing 7% fetal bovine serum. 

Infections were carried out at a multiplicity of infection of 50 PFU per cell in order to 

rapidly synchronize the infection.  

 

Antibodies:  

The primary antibodies used for these experiments were rabbit anti-G protein antibody 

(Fitzgerald Industries International) at a 1:200 dilution and Alexa Fluor 488 Mouse anti-

GM130 (BD Biosciences) at a 1:5 dilution. The secondary antibody used was Alexa 

Fluor® 568 Goat Anti–Rabbit IgG (Molecular Probes ) at a 1:500 dilution. 

 

BFA treatment and cellular imaging: 

HeLa cells were seeded at a density of 3x105 per well on 8 well chamber slides 

(Millipore) and were infected with VSV-Orsay at an MOI of 50 for four hours. The cells 

were washed with phosphate-buffered saline, then labeled with PKH26 (1:500 in diluent 
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C; Sigma-Aldrich). Samples were then fixed with 3.7% PFA (Sigma-Aldrich) for 15 

minutes and permeabilized with buffer containing 1% BSA (Sigma-Aldrich) and 0.1% 

saponin (Calbiochem) in PBS for 10 minutes. The samples were then labeled with the 

rabbit anti-G primary antibody (1:200 in blocking buffer) for 45 minutes and then with 

5µg/mL (in blocking buffer) of Alexa Fluor 488 conjugated goat anti-rabbit IgG for 45 

minutes. Confocal images were collected on Nikon C1Si Confocal Microscope System 

with a 60x multi-immersion objective.  

 

Data collection: 

Stacks containing images of the DAPI, PKH26, and G protein labels of the same field 

were analyzed by ImageJ software with the following steps: 1) The DAPI image from an 

individual cell was smoothed to prevent discontinuities in the border of the nucleus; the 

region of interest  (ROI) was defined by adjusting the threshold to include all of the 

nucleus and using the “Wand (tracing)” tool to define the border, and the position of the 

centroid was calculated from the x and y values within the ROI. 2) The same process was 

repeated with the PKH26 image to define the border of the edge of the cell. 3) The 

segment with the longest distance from the centroid of the nucleus to the edge of the cell 

was selected and defined as segment 0, the first of N segments per cell (typically N = 

360). Segments that intersected more than two borders were discarded. 4) Data collected 

for the pixels along each segment in the G protein image were segment number (seg), 

angle to centroid (angle), pixel number along the segment (n), distance in native units (d), 

if any were associated with the image, normalized (fractional) distance between the 
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nucleus and the edge of the cell (x), and fluorescence intensity (y). Data from each cell 

were recorded in a separate file whose filename included the experiment date, drug 

treatment, and cell identity. A macro containing all of these steps is available upon 

request.  

 

Data analysis: 

Data analysis was performed with the R statistical package. Fluorescence intensity 

measurements (y) for each cell were normalized to the median fluorescence intensity in 

that cell to eliminate variation in the level of G protein expression. Data from adjacent 

segments were pooled to create sectors to dampen large intensity variations between 

segments (typically 3 segments per sector). A search annulus around the nucleus was 

defined in order to identify the sector with the brightest perinuclear fluorescence 

(typically pixels with n = 2 – 6). The sector with the brightest perinuclear fluorescence 

and the two surrounding sectors (9 segments total) were labeled as perinuclear high 

(PNH) and the remaining sectors were labeled perinuclear low (PNL). 

 Sectors were analyzed to determine the spatial distribution parameters for the 

fluorescence intensity as follows. 

(1) For each pixel, the fraction of total fluorescence in the sector  

 fi = yi / S y 

(2) For each sector, mean relative distance of the fluorescence: 

 m = S fi * xi 
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(3) Standard deviation in distance distribution of fluorescence: 

 s = (S (fi * (xi - m)2))1/2 

(4) Skew in distance distribution of fluorescence (Pearson's third moment): 

 m3 = S ((fi * (xi - m)/s)3) 

(5) Kurtosis in distance distribution of florescence (Pearson's fourth moment): 

 m4 = S ((fi * (xi - m)/s)4) 

Differences among treatment groups (untreated versus BFA-treated) and sector 

characteristics (PNH versus PNL) were evaluated by analysis of variance with Tukey's 

correction for multiple comparisons. 
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CHAPTER 2 

MIGRATION OF NUCLEOCAPSIDS IS DEPENDENT ON  

BOTH MICROTUBULES AND ACTIN FILAMENTS 
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Abstract: 

 

 The nucleocapsid of vesicular stomatitis virus (VSV) is ribonucleoprotein that is 

too large to diffuse throughout the cytoplasm. Instead, the nucleocapsid must be 

transported by the cytoskeletal system. This raises the question of which components of 

the cellular cytoskeleton are used by the nucleocapsids to transverse the cytoplasm during 

infection. This question was addressed for VSV by treating infected cells with various 

cytoskeletal inhibitors including nocodazole (NOC), colcemid (COL), cytochalasin D 

(Cyto D), and latrunculin A (Lat A). Incorporation of viral proteins into virions after 

treatment with inhibitors was analyzed by plaque assay and pulse-chase analysis. Results 

from these approaches indicate a role for actin in virus assembly in addition to the 

previously described role of microtubules. During infection, nucleocapsids move from 

near the nucleus toward the edge of the cell. This was movement analyzed by the border-

to-border distribution method in the presence and absence of cytoskeletal inhibitors to 

determine the requirement of actin filaments and microtubules on the steady-state 

distribution of nucleocapsids. Results from this analysis demonstrated that both of these 

components of the cytoskeleton are involved in movement of nucleocapsids. Although 

both microtubules and actin are essential to migration of nucleocapsids, actin filaments 

are more important in incorporating viral protein into virions. 
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Introduction: 

 

Viruses use cellular pathways in multiple ways to complete the viral replication 

cycle. Enveloped RNA viruses typically replicate in the cytoplasm but acquire their 

envelope by budding from various membranes elsewhere within the cell. Viral 

nucleocapsids are transported using plus-end and minus-end directed motors along actin 

filaments and microtubules, whereas viral envelope glycoproteins travel along 

membranes of the secretory pathway, and soluble proteins move throughout the cell in a 

Brownian fashion. Vesicular stomatitis virus (VSV) is a negative-stranded RNA virus 

that has five proteins that utilize all three of these transport mechanisms during the viral 

replication cycle. G protein, the transmembrane glycoprotein, uses the secretory pathway 

to reach the plasma membrane. M protein, the matrix protein, is translated as a soluble 

protein, and does not appear to require a transport mechanism to reach the plasma 

membrane. The remaining VSV proteins, N, P and L, as well as the negative stranded 

RNA form a ribonucleoprotein called the nucleocapsid, which is too large to diffuse 

through the cytoplasm [1,2]. The mechanism by which the nucleocapsid travels to the 

membrane after synthesis in the cytoplasm has been proposed to occur primarily by 

transport along microtubules [3]. The goal of the experiments presented here was to 

elucidate the mechanisms used to transport nucleocapsids after nucleocapsid assembly by 

evaluating both microtubule-dependent and actin-dependent transport.  

 To determine which of the multiple possible pathways that the nucleocapsid uses 

to transverse the cell, the cytoskeletal inhibitors nocodazole (NOC), colcemid (COL), and 
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Cytochalasin D (CytoD) were used.  NOC and COL prevent the polymerization of 

tubulin to form microtubules and Cyto D prevents polymerization of actin polymers[4-6]. 

A pulse-chase analysis was performed to analyze the effect of cytoskeletal inhibitors on 

virus assembly. Since cytoskeletal inhibitors are known to cause a reduction in rates of 

translation [7,8], a ratio of protein in the virions in the supernatant to viral proteins in the 

cell extract was calculated to quantify the effect of the various drugs on virus assembly 

and control for the effects on translation. The results of these experiments showed that 

actin-dependent transport is more important than microtubule-dependent transport during 

virus assembly.  

 Previous data showing movement of VSV nucleocapsids along microtubules [3] 

suggested there could be changes in localization of nucleocapsid during the infectious 

cycle. To ascertain whether incubation with cytoskeletal inhibitors caused a change in 

localization of the nucleocapsid, the border-to-border distribution method was utilized, as 

described previously in Chapter 1.  Briefly, this method consists of four steps: 1) imaging 

of fluorescently labeled infected cells, 2) division of the cellular cytoplasm into 360 

radial segments, 3) selection of the segments of interest, and 4) population analysis of 

pixel intensities as a function of distance along the selected segments. The longest 10% 

of segments were chosen for this analysis due to the assumption that movement of cargo 

along longer segments is more likely to be perturbed by cytoskeletal inhibitors than 

movement along shorter distances within a cell.  To quantify the distribution of 

nucleocapsid fluorescence in the region of interest, the parameters of mean distance as a 

percent of the distance between the nucleus and the edge of the cell and skew in this 

distribution were analyzed. In the untreated cells, there was an increase in mean distance 
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and a decrease in skew as a function of time indicating that nucleocapsids are 

redistributed from near the nucleus towards the edge of the cell during infection. To 

determine whether these values are changed with the depolymerization of the 

cytoskeleton, the cells were incubated with NOC, COL and Cyto D. All three inhibitors 

caused a change in localization of nucleocapsid fluorescence, indicating an association 

with both the microtubules and actin-filaments during infection.  

 Analysis of polymerized actin following treatment with Cyto D with fluorescently 

labeled phalloidin suggested that inhibition of nucleocapsid movement could be due to 

the association with residual actin filaments. This was tested by treatment of cells with 

latrunculin A (Lat A), which caused a more extensive depolymerization of actin filaments 

than Cyto D. In Lat A-treated cells, nucleocapsids were localized at the edge of the cell, 

with very little fluorescence observed throughout the cytoplasm. This indicates that after 

a more complete depolymerization of actin, nucleocapsids associate with the plus-end 

directed motors of microtubules to travel to the edge of the cell.  

 

Results: 

 

The mechanisms of transport for the nucleocapsid of VSV from sites of synthesis to 

the plasma membrane are likely to involve elements of the cytoskeleton. Previous studies 

have shown that the nucleocapsid of VSV migrates along microtubules during the viral 

replication cycle [3]. The goal of this paper was to determine the relative contributions of 
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microtubules and actin filaments to the assembly of VSV virions and to nucleocapsid 

transport within the cytoplasm to the edges of the cell.  

Previous experiments have shown that treatment with microtubule inhibitors causes 

an inhibition in production of infectious VSV particles [7]. To determine the relative 

contribution of microtubules versus actin filaments in the production of infectious VSV, 

HeLa cells were pre-treated with the microtubule inhibitors NOC and COL, and infected 

with VSV for 6 hours. The inhibitor of actin polymerization, Cyto D, was added one hour 

after infection to prevent inhibition of virus entry [9,10].  The supernatants were obtained 

and used to perform a plaque assay (Figure 1A). Treatment with NOC yielded results 

similar to those previously determined [3], where virus yields were reduced by almost a 

log, whereas COL had slightly less effect on virus production. Treatment with Cyto D 

caused an even more pronounced effect, indicating the requirement of actin filaments 

during VSV infection. Microtubule-dependent transport of VSV mRNAs is necessary for 

their efficient translation. Thus the reduction in virus titers observed in Figure 1a could 

be due to effects on viral protein accumulation or effects on virus assembly. A pulse-

chase assay was performed to analyze the accumulation of viral proteins in infected cells 

and assembly of VSV proteins into virions. Cells were treated with microtubule inhibitors 

NOC or COL and infected with VSV for one hour. To inhibit polymerization of actin, 

Cyto D was added one hour after infection. 35S-Methionine was then added for 3 or 5 

hours to uniformly label viral proteins, followed by a one-hour chase to determine their 

incorporation into virions. The media was harvested to obtain virions, and the cells were 

solubilized to determine the levels of intracellular proteins.The samples were analyzed by  
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Figure 1. Effect of cytoskeletal inhibitors on virus assembly. HeLa cells were treated with 

nocodazole (NOC) or colcemid (COL) for one hour prior to infection with VSV, or with 

cytochalasin D (Cyto D) beginning at one hour postinfection. (A) Infectious virus was 

destermined by plaque assay at 6 hours postinfection. Data shown are mean ± SD for 3 

independent experiments. (B) Cells were labeled with 35S-Methionine for 3 or 5 

beginning at one hour postinfection and analyzed by SDS-PAGE and phosphorimaging 

after a one-hour pulse. The N and P protein bands were quantified and then normalized to 

untreated lanes, and the ratio of protein in the virion to protein in the cell extract was 

calculated. (C) Graph illustrating ratio of N + P protein in virions to cell extract 

normalized to untreated controls at 4 and 6 hours postinfection.  
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 SDS-PAGE and phosphorimaging (Figure 1B), and the N protein and P protein bands 

were quantified. The addition of nocodazole had an effect on viral protein accumulation 

in the cellular extract that was approximately 60% of control, similar to previous data, 

whereas colcemid had relatively little effect. Similarly, Cyto D caused a modest decrease 

in the amount of N and P proteins present at 6 hours postinfection in the cellular extract. 

The effects of nocodazole and colcemid on N and P protein incorporation into virions 

was similar to their effects on protein accumulation in infected cells, whereas 

cytochalasin D had a much more dramatic effect on incorporation into virions. To 

quantify the effects of these cytoskeletal inhibitors on virus assembly from multiple 

experiments, a ratio of N and P protein present in the virion compared to the cell extract 

was calculated, normalizing to the amount in the untreated sample (Figure 1C). At 4 

hours postinfection, neither microtubule inhibitor had an effect on virus assembly that 

could not be accounted for by the decrease in protein accumulation. At 6 hours, colcemid 

had a modest effect – around 75% compared to untreated. Cyto D, however, had a 

substantial effect at both 4 and 6 hours postinfection. These data indicate that actin has a 

pivotal role during assembly of nucleocapsids into virions.  

 Previous research has shown that the nucleocapsids of VSV occur in clusters in 

infected cells [7], and that these clusters move along microtubules [3]. This suggests that 

microtubules are involved in distribution of nucleocapsids within the cytoplasm from the 

center of the cell to the edge of the cell  (Figure 2). In this experiment, HeLa cells were 

infected with VSV, and at 2, 4, and 6 hours postinfection were fixed, permeablized and 

labeled for nucleocapsid protein. At 2 hours, the nucleocapsid fluorescence appears in  
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 .  

Figure 2. Distribution of nucleocapsid fluorescence over time. HeLa cells infected with 

VSV for (A) 2, (B) 4, or (C) 6 hours, then labeled for nucleocapsid protein.  
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clusters in the cytoplasm At 4 hours, the appearance of fluorescently labeled 

nucleocapsid clusters is reduced, and the fluorescence is more evenly distributed around 

the cytoplasm. At 6 hours, fluorescence is still present throughout the cytoplasm, but a 

shift in fluorescence is observed towards the edge of the cell. These data indicate that 

there is a shift in localization of nucleocapsids as the infectious cycle progresses. 

The border-to-border distribution method was used for these experiments to quantify 

the distribution of the nucleocapsid of VSV in the regions of the cell with the longest 

distance from the nucleus to the edge of the cell. Cells were infected for 2, 4 or 6 hours, 

then were labeled with PKH26 to delineate the plasma membrane, DAPI to label the 

nucleus, and anti-nucleocapsid antibodies to show the localization of the nucleocapsids 

(Figure 3). Pixel distance and intensity along 360 segments radiating from the center of 

mass of the nucleus (shown as crosshairs) were acquired. For clarity, only 90 segments 

are shown in Figure 3. Fluorescence data from the longest 10% of segments were 

evaluated. Background levels of fluorescence corresponding to soluble N protein were 

subtracted. Mean distance of the nucleocapsid fluorescence was calculated as a percent of 

the distance between the nucleus and the edge of the cell. Skew of the nucleocapsid 

distribution was also calculated, where a positive number indicates a skew of 

fluorescence towards the nucleus, zero indicates a normal distribution between the 

nucleus and the edge of the cell, and a negative skew indicates a skew towards the edge 

of the cell. 

 Table 1 shows the parameters acquired using the border-to-border distribution 

method. At 2 hours post-infection, the mean distance of 39±14% and skew of 0.77±1.13 

indicate that most of the fluorescence was near the nucleus where the replication  
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Figure 3. Labeling of VSV-infected cells for the border-to-border distribution method. 

After infection with VSV, cells were labeled with DAPI, PKH26, and an anti-

nucleocapsid antibody followed by a secondary fluorescent antibody. Data from 

segments radiating from the nucleus to the edge of the cell were collected. Here, 90 

instead of 360 segments are shown for clarity. 
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Time p.i. N Mean Distance (%) p. vs 2 hpi Skew p vs. 2hpi 

2 hour 33 39±14 - 0.77±1.13 - 

4 hour 33 51±13 5.0E-04 -0.11±0.55 9.3E-03 

6 hour 28 58±9 2.6E-08 -0.36±0.39 0.011 

 

Table 1. Mean distance as a percent and skew of nucleocapsids after a 2, 4 or 6 hour 

infection with VSV  
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machinery resides. At 4 hours post-infection, the fluorescence shifts towards the edge of 

the cell in a more normal distribution with a mean distance of 51±13% and a skew of -

0.11±.55. After a 6-hour infection, the fluorescence shifts even further towards the edge 

of the cell with a mean distance of 58±9% and a skew of -0.36±0.39. Fluorescence data 

from single cells showing the same parameters as the average values in Table 1 are 

shown in Figure 4.  The blue dots are individual pixels intensities of the longest 10% of 

segments, the red line shows the average fluorescence at each pixel distance along the 

segments, while the green lines are fitted curves that have the same mean, standard 

deviation and skew as this data, to demonstrate that the parameters that were derived fit 

the data well. These data together suggest that during the replication cycle of VSV, the 

fluorescence intensity representing nucleocapsid localization migrates from near the 

nucleus toward the edge of the cell.  

 To determine whether disabling typical transport pathways disrupt that migration 

observed in untreated cells, the cytoskeletal inhibitors used in Figure 1 were analyzed by 

the border-to-border distribution method (Figure 5A). The mean distance of fluorescence 

along the longest segments in untreated cells (data from Table 1) changes as a function of 

time. Treatment with both the microtubule and actin inhibitors substantially reduced that 

change in mean distance over time. This was due to a higher mean distance at the 2 hour 

time point (only NOC vs untreated was statistically significant) and a lower mean 

distance at thr 6 hour time point (all three drug treatments were statistically significant). 

This result was also obtained when analyzing the skew of treated samples compared to 

untreated samples. In the control cells the difference in skew over time is much greater  
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Figure 4: Distribution of fluorescence in representative cells at 2, 4, and 6 hpi. Single 

cells that show similar distributions as the averages in Table 1 are shown. The blue dots 

are individual pixels intensities of the longest 10% of segments; the red line is the 

average of the signal at a single pixel distance. The green lines are fitted curves that have 

the same mean, standard deviation and skew as these data. 
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Figure 5: Cytoskeletal inhibitors affect mean distance and skew of nucleocapsid 

fluorescence distribution in VSV-infected HeLa cells. (A) Mean distance as a percent of 

nucleocapsid fluorescence in untreated and NOC, COL and Cyto D treated cells at 2, 4, 

and 6 hours postinfection. (B) Skew of nucleocapsid fluorescence in untreated and NOC, 

COL, and Cyto D treated cells.   
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than cells treated with cytoskeletal inhibitors. However, these values for skew were only 

significant at 6 hours for NOC and COL, not Cyto D. 

The partial inhibition observed with Cyto D in Figure 5B could be due to activity 

of residual actin filaments that were not disassembled following Cyto D treatment. To 

determine if this were the case, cells were incubated in the presence or absence of Cyto D 

for 6 hours and stained using the fungal toxin phalloidin conjugated to Alexa Fluor 568, 

which fluoresces when bound to F-actin (Figure 6). In untreated cells, filamentous actin 

was visible throughout the cytoplasm. However, in Cyto D treated cells, the F-actin was 

only present in a concentrated ring around the nucleus. This residual filamentous actin is 

likely binding the nucleocapsids, preventing migration (Figure 5A) and assembly (Figure 

1) into virions. Another inhibitor of actin polymerization, latrunculin A (Lat A), has a 

different mechanism and causes disassembly of pre-existing filaments instead of actin 

simply to prevent polymerization of actin like Cyto D. To determine whether treatment 

with Lat A caused a greater reduction in the amount of F-actin compared to Cyto D, 

phalloidin was added after a 6 hour incubation (Figure 6C). While there is still a small 

amount of polymerized actin present in the Lat A treated sample, it was considerably 

reduced compared to the Cyto D and untreated samples. To examine whether the 

nucleocapsids may migrate in a different pattern with a smaller pool of polymerized 

actin, HeLa cells were infected for 6 hours in the presence or absence of Cyto D or Lat A, 

labeled, and imaged using confocal microscopy (Figure 7). In untreated control cells, 

nucleocapsid fluorescence can be detected throughout the cytoplasm, with a gradient 

starting near the nucleus and ending with higher fluorescence near the edge of the cell. 

After treatment with Cyto D, there was still nucleocapsid fluorescence present in the  
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Figure 6: Reduction in F-actin after treatment with actin inhibitors. (A) Phalloidin 

labeled filamentous actin in untreated cells (B) Phalloidin labeled actin filaments in Cyto 

D-treated cells. (C) Phalloidin labeling of F-actin in Lat A-treated cells.
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Figure 7. Distribution of labeled nucleocapsids in (A) untreated (B), Cyto D-treated, and 

(C) Lat A-treated cells. A gap is present between the nucleus and the nucleocapsid label 

in the cytoplasm of Lat A treated cells which is not present in Cyto D and untreated cells.  
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cytoplasm between the nucleus and the edge of the cell. After treatment with Lat 

A, however, the fluorescence within cells formed a ring around the perimeter of the cell, 

with a partial gap between the nucleus and the fluorescence. Incubation with Lat A in 

conjunction with VSV infection caused the cells to undergo cytopathic effect at 6 hours 

postinfection. This caused the cells to round, making it difficult to use the border-to-

border distribution method. The difference in localization of nucleocapsid fluorescence 

between Lat A treated cells and the untreated control was clear even without analysis 

using the border-to-border distribution method. This points towards a model where the 

presence of actin filaments causes the fluorescence to be more perinuclear, and removing 

actin allows the fluorescence to escape to the edges of the cell.   

To determine whether this change in localization of fluorescence corresponding to 

the nucleocapsid had an effect on virus assembly, a pulse-chase was performed on 

untreated and Lat A treated cells (Figure 8). Cells were infected with VSV and treated 

with Lat A at one hour postinfection. 35S-Methionine was also added at one hour 

postinfection for 3 or 5 hours, followed by a one-hour chase. The supernatant and cell 

extract was collected, and ran on an SDS-PAGE gel. A phosphorimage of a 

representative experiment is shown in Figure 8B. A normalized ratio of N and P protein 

bands in the virion to the cell extract was calculated (Figure 8C). Lat A had a substantial 

effect on virus assembly, shown by the approximately 75% reduction in N and P protein 

assembled into virions at 4 and 6 hours. 
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Figure 8: Effect of Lat A on virus assembly. (A) Phosphorimages of SDS-PAGE gels of 

radioactively labeled protein in supernatant and cell extracts after either a 3 or 5 hour 

pulse with 35S-Methionine in Lat A treated and untreated control cells. (B) Bar graph 

representing the ratio of N and P protein in virion to cell extract, normalized to protein in 

untreated control cells.  
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Discussion 

 

 Transport along microtubules and actin filaments are two main cellular 

mechanisms used in movement of cargo. During the viral replication cycle, viruses hijack 

these pathways to transport proteins and genetic information within cells. During 

endocytosis, the movement of endosomes switches from actin dependent to microtubule 

dependent along dynein motors [26, 27]. This accounts for the fact that nucleocapsids are 

skewed towards the nucleus early in the infectious cycle. After these early events, the 

nucleocapsids must be transported to the plasma membrane. It has been shown that the 

nucleocapsid of VSV utilizes microtubules to migrate [3], but our data has shown that 

actin is also important not only in nucleocapsid migration (Table 1 and Figures 5 and 7) 

but also virus assembly (Figures 1 and 7).  Our model accounts for the effects of each of 

the inhibitors and describes the potential mechanism for this process. A limitation to the 

approach with inhibitors is the potential for off-target effects.  Nonetheless, the model 

accounts for all results based on specific effects of the inhibitors. Nucleocapsids associate 

with both minus-end and plus-end directed motors along microtubules and actin 

filaments. At any given time, there is a steady state distribution of nucleocapsids due to 

its affinity with various microtubule and actin motors and/or adapter proteins. 

Disassembly of microtubules using NOC and COL allows for an increase in association 

of nucleocapsid with the motors and adapters of actin filaments. The mean distance and 

skew of nucleocapsids after treatment with microtubule inhibitors is more towards the 

nucleus. This indicates an association with minus-end directed motors along actin 

filaments. With partial inhibition of actin after treatment with Cyto D, a similar result is 
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shown. This is likely due to an association with actin that is trapped around the nucleus. 

However, after a more complete inhibition of actin polymerization, the distribution of 

fluorescence is primarily located near the edge of the cell. This illustrates that without 

actin motors and adapters to associate with, the nucleocapsids associate with the plus-end 

directed motors along microtubules.  

 The major effect of actin filaments on nucleocapsid distribution involves minus-

end directed motors. This is shown by a shift in distribution of fluorescence towards the 

edge of the cell after treatment with actin inhibitors. However, there must be an 

association of nucleocapsids with plus-end directed motors in order to reach the plasma 

membrane where VSV acquires its envelope. This transport likely occurs along 

microtubules. However, this transport is not sufficient to complete the virus assembly 

process. This was shown by the effect of Lat A, where the nucleocapsids traveled to the 

edge of the cell, but virus assembly was still inhibited. This indicates an actin dependent 

step in virus assembly. Transport along microtubules is typically for longer distances, 

whereas transport along actin filaments is for shorter distances, such as the path to the top 

of the cell rather than the edge of the cell. Transport across long distance in the cell can 

be particularly important when considering cell types such as polarized epithelial cells 

and neurons. 

 VSV is a prototype for negative strand RNA viruses. Researching the mechanisms 

by which VSV completes the viral replication cycle can add insight to mechanisms of 

similar viruses that have significant impacts on human and animal health, such as 

influenza virus, ebola virus, and rabies virus. It is well known that viruses utilize the 

cytoskeleton for both entry and egress during the replication cycle [11-13]. Movement 
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along the cytoskeleton has been observed with Sendai virus [14], vaccinia virus [15,16], 

and Marburg virus [17]. It has been shown that the P protein of the closely related 

negative-sense single-strand RNA virus, rabies virus, associates with dynein, the minus-

end directed motor along microtubules [18].    

 Why VSV moves to the edges of the cell when it has access to membranes at 

shorter distances can likely be explained by the cell types that VSV infects. In cattle, 

VSV infects epithelial cells of the mouth, tongue, gums, and the hooves [19].  In mice, 

the virus spreads in a retrograde fashion when introduced intranasally [20]. In both of 

these cell types, the virus enters and exits the cell in specific regions. In the polarized 

epithelial cell line Madin-Darby Canine Kidney (MDCK), it is shown that 98% of VSV 

G protein buds from the basolateral side, until 10-12 hours after infection [21]. This is 

due to the loss of tight junctions caused by viral-induced apoptosis. In neurons, VSV 

infects at the axon, replicates in the body of the neuron, and buds from dendrites. The 

plus-ends of microtubules point towards the basal surface of epithelial cells and towards 

the ends of axons [22,23]. Microtubules in dendrites do not have specific polarity. Thus, 

microtubules may be more important for polarized budding, whereas actin may be more 

important for budding from the cell body of neurons and the lateral surface of epithelial 

cells.  
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Methods: 

Cells and Virus: 

The wild-type VSV (Indiana serotype, Orsay strain) was grown at 37°C in BHK cells in 

Dulbecco's modified Eagle medium containing 2% fetal bovine serum. HeLa cells were 

cultured in Dulbecco's modified Eagle medium containing 7% fetal bovine serum. 

Infections were carried out at a multiplicity of infection of 50 PFU per cell to rapidly 

synchronize infection.  

 

Pulse-chase analysis: 

Cells were pretreated with NOC, COL, or taxol for one hour before infection, or treated 

with Cyto D and Lat A one hour after infection. Media containing radioactive methionine 

± cytoskeletal inhibitors was added one hour post-infection for 3 or 5 hours, followed by 

a one-hour chase. The supernatant was collected and spun at 1000 rpm to remove cell 

debris, then placed on a sucrose gradient and spun at 35,000 rpm for one hour. The pellet 

was resuspended in RIPA. The cells were washed with PBS and treated with RIPA and 

the cellular extract was collected. The cell extract and virions were loaded on an SDS-

PAGE gel, stained with coomassie blue, then imaged using a Typhoon FLA 9500 and 

analyzed using ImageQuant software.  
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Antibodies:  

The primary antibody used for these experiments was the mouse monoclonal antibody 

against VSV nucleocapsid protein (10G4) as previously described [24], and was 

produced as described by Lefrancois [25]. The secondary antibody used was an Alexa 

Flour 488-conjugated rabbit anti-mouse IgG (Molecular Probes).   

 

BFA treatment and cellular imaging: 

HeLa cells were seeded at a density of 3x105 per well on 8 well chamber slides 

(Millipore) and were infected with VSV for 2, 4, or 6 hours. The cells were washed with 

PBS, and then labeled with PKH26 (1:500 in diluent C; Sigma-Aldrich). Samples were 

then fixed with 3.7% PFA (Sigma-Aldrich) for 15 minutes and permeabilized with buffer 

containing 1% BSA (Sigma-Aldrich) and 0.1% saponin (Calbiochem) in PBS for 10 

minutes. The samples were then labeled with the mouse anti-N protein antibody for 60 

minutes and then with 5µg/mL (in blocking buffer) of Alexa Fluor 488 conjugated rabbit 

anti-mouse IgG for 60 minutes. ProLong® Gold Antifade Mountant with DAPI (Life 

Technologies) was added to label the nucleus. Confocal images were collected on Nikon 

C1Si Confocal Microscope System with a 60x multi-immersion objective.  

 

Analysis of fluorescence in VSV-infected cells 

ImageJ was used to define the borders of the nucleus and the plasma membrane. The 

threshold was set for the positive nuclear label, and the outline of the nucleus was 



	  75	  

defined. The center of mass of the nucleus was then calculated. The threshold was reset 

using PKH26, and the edge of the plasma membrane was defined. Then, the segment 

with the longest distance was selected and defined as segment 0, the first of 360 segments 

per cell. Segments that intersected with more than two borders were discarded. For each 

pixel along the 360 segments the intensity was recorded.  The data for the longest 10% of 

segments was analyzed. Background levels of fluorescence corresponding to soluble 

nucleocapsid protein were subtracted. Mean distance of fluorescence as a percent and 

skew were calculated on the remaining fluorescence.  
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APPENDICES 

Appendix A) 
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b 
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c 

 

Appendix A. (a) Progression of a single nucleocapsid cluster in untreated control cells 

over a period of 100 seconds, taken in 1 second bursts with a 9 second gap in between. 

(b) Progression of a single nucleocapsid cluster in Cyto D treated cells. (c) Average MSD 

in untreated and treated cells at different time delays between measurements. 
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Another approach to gain insight into the movement of nucleocapsids is live cell 

imaging. To accomplish this, a VSV mutant called VSV-PeGFP was obtained from Dr. 

Asit Pattnaik at the University of Nebraska. This mutant has the sequence encoding 

enhanced green fluorescent protein (eGFP) inserted into the VSV genome in the sequence 

encoding the hinge region of the P protein of VSV. Previous studies have described that 

this mutant has reduced but functional assembly and transcription [1].  To assess the 

effect of Cyto D on nucleocapsid movement, HeLa cells were grown on glass-bottom 

dishes for live cell imaging. Cells were infected with the VSV-PeGFP in the presence or 

absence of Cyto D for 5 hours, and then imaged. Image acquisition took place for 100 

seconds in one-second bursts of 100 frames per second followed by nine-second gaps. 

This was to prevent excessive photobleaching, but also to acquire images during a longer 

time scale. Individual nucleocapsid particle clusters were tracked to sub-pixel resolution 

using Video Spot Tracker software and analyzed using MatLab software. Movement that 

occurred to all clusters simultaneously due to stage drift or cell migration is subtracted. 

Mean square displacements were then calculated for each particle.  

The effect of Cyto D on movement of nucleocapsid clusters was observed both by 

visualization of individual particle tracking (Appendix A panels a and b) and after 

calculating MSD (Appendix A panel c). The movement of nucleocapsid clusters was 

severely inhibited in the presence of Cyto D compared to untreated control cells, both 

during short and longer time delays. We hypothesize that this decrease in movement is 

due to the association of nucleocapsids with actin, due to the incomplete inhibition of 

actin polymeriation with Cyto D as demonstrated with Phalloidin binding experiment 

presented  in Chapter 2 Figure  6. Nucleocapsid clusters are likely binding to the 
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polymerized actin that is found near the nucleus and are unable to associate with the plus-

end directed motors of the microtubule transport system. This causes a reduction in 

movement of nucleocapsids during short time scales shown here, as well as a reduction in 

movement required for virus assembly (Chapter 2 Figure 1).   
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Appendix B) 

a          b 

 

Appendix B: Change in distribution of nucleocapsid protein after treatment with BFA. 

(a) Untreated samples labeled for nucleocapsid protein at 6 hours postinfection. (b) BFA 

treated cells labeled for nucleocapsid protein at 6 hours postinfection.  
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The G protein of VSV plays multiple roles in virus replication. It is the G protein 

that binds to members of the LDL receptor family on the host cell [2], allowing infection 

to occur. However, G protein also plays an important role in virus assembly. Without G 

protein, budding virus is reduced 100 fold [3]. In polarized cells, the sorting of viral 

glycoproteins to the apical or basolateral surface dictates the budding site for the virus, 

where all viral proteins must converge. In the case of VSV G protein and nucleocapsids 

colocalize in areas of plasma membrane outside of virus budding sites, which are 

proposed to be precursors to virus budding sites [4]. These observations lead to the 

hypothesis that transport of nucleocapsids may be coupled to transport of G protein-

containing membranes. 

G protein is synthesized and sorted via the secretory pathway, and its localization 

can be affected by Brefeldin A (BFA) as shown in Chapter 1. In the untreated control 

cells, G protein was present in bright focal regions near the nucleus. In BFA-treated cells, 

G protein label continued to be perinuclear, but the fluorescence was more evenly 

distributed around the nucleus in a pattern more typical of ER. To determine whether 

nucleocapsid transport is coupled to membrane transport in the secretory pathway, HeLa 

cells were treated with BFA, infected VSV for 6 hours, and labeled for nucleocapsid 

protein, the nucleus, and the plasma membrane, then imaged.  

 In the untreated control cells, labeling for nucleocapsid was present 

throughout the cytoplasm, with a slight increase in fluorescence around the edge of the 

cell, as seen in Chapter 2. After treatment with BFA, the nucleocapsid fluorescence had a 

drastic change in localization. There is still fluorescence present throughout the 

cytoplasm, but at much lower levels. The majority of fluorescence is localized near the 
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farthest edges of the cell in large clusters. This result supports the hypothesis that the 

distribution of nucleocapsids is coupled to the secretory pathway. However, G protein 

and nucleocapsids do not appear to colocalize when analyzed via fluorescence 

microscopy. A possible explanation for that may be that not all of the nucleocapsids 

within a cell are destined for virus assembly. Less than 10% of nucleocapsids are 

incorporated into virions. While nucleocapsids and G protein do not colocalize in the 

cytoplasm, it is known that these two components do colocalize at the plasma membrane, 

as described using electron microscopy [4]. In order to explain the unusual distribution in 

BFA-treated cells, we propose that the association with minus end-directed motors is 

dependent on membranes derived from the Golgi apparatus or an association of 

nucleocapsids with the recycling endosome pathway [5]. Once that pathway is disabled 

through treatment with BFA, the nucleocapsids are free to associate with the plus-end 

motors and adapters within the cell resulting in transport to the farthest edges of the cell.
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Appendix C) 

a         b 

   c 
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d 

Appendix C: Incubation with Taxol has little effect on nucleocapsid distribution in VSV-

infected cells. (a) Untreated cells at 6 hours postinfection labeled for nucleocapsid 

protein. (b) Taxol treated cells at 6 hours postinfection labeled for nucleocapsid protein. 

(c) Phosphorimage of SDS-PAGE gel of cell extracts after 5 hour pulse with 35S in 

untreated and Taxol treated cells at 4 and 6 hours. (d) Ratio of N and P protein in the 

virion to the cell extract in untreated and Taxol-treated cells at 4 and 6 hours 

postinfection. 
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Treatment with the microtubule-stabilizing drug Taxol was used as a control to 

determine if a drug that altered the function of the cytoskeleton without disrupting it 

would affect the localization of nucleocapsid fluorescence during infection. Taxol binds 

to a subunit of beta-tubulin and prevents microtubule disassembly through stabilization 

[6]. Cells were pretreated with Taxol for one hour, followed by a 6 hour infection with 

VSV. Cells were imaged, then labeled for nucleocapsid protein and stained with DAPI. 

Treatment with Taxol did not change the distribution of nucleocapsid fluorescence 

notably compared untreated control cells (Appendix C Panel a). To determine whether 

treatment of infected cells with Taxol could affect virus assembly, a pulse-chase assay 

was performed. Again, cells were pretreated for one hour with Taxol before infection. At 

one hour postinfection, 35S-Methionine was added to radioactively label newly 

synthesized proteins for 3 and 5 hours. After a 1 hour chase, supernatant containing 

virions and cell extracts were obtained and ran on an SDS-PAGE gel (Appendix C Panel 

b). The N and P protein bands corresponding to Taxol treated cells were quantified for 

the virion and cell extracts and normalized to the protein in the untreated control cells. 

Then, a ratio of normalized virion to cell extract was calculated (Appendix C Panel c) to 

determine the effect of Taxol treatment on VSV assembly. VSV assembly was not greatly 

impacted by incubation with Taxol. This leads to the conclusion that Taxol, a drug that 

affects microtubule function by increasing the stability of microtubules, does not have an 

effect on the distribution of nucleocapsids or on VSV assembly. 
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Appendix D) 

Appendix D: Model depicting nucleocapsid migration during VSV infection. 
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Appendix D is a diagram illustrating the model of nucleocapsid migration during 

infection supported by the data presented here. At the top of the diagram are represented 

the actin filaments and the plus-end and minus-end directed myosins that transport cargo 

along these actin filaments. Minus-end directed motors predominate in the distribution of 

nucleocapsids driven by actin filaments. The drugs that affect movement along actin are 

Cyto D, Lat A and BFA. Treatment with Cyto D causes residual actin filaments that keep 

the nucleocapsid trapped near the nucleus. However, when cells are treated with BFA or 

Lat A, nucleocapsid fluorescence redistributes to the edge of the cell. We propose that 

this movement is due to the predominance of plus-end directed motors on microtubules 

shown at the bottom of the model. This would explain the contrasting effects of Cyto D 

and Lat A, in which treatment with Cyto D did not dramatically change the distribution of 

nucleocapsid fluorescence, whereas treatment with Lat A had a considerable impact on 

the localization of nucleocapsid fluorescence compared to untreated control cells, as 

described in Chapter 2. This also is likely to explain the effects of BFA on nucleocapsid 

distribution, where the majority of fluorescence is localized at the outermost edges of the 

cell. However, there are likely to be plus-end directed motors responsible for movement 

to the plasma membrane that promote assembly. When actin inhibitors are added during 

infection, there is a significant reduction in virus assembly that is not observed with 

microtubule inhibitors (Figure 1). There are two possible explanations for this result. One 

possibility is that transport along microtubules does not allow the nucleocapsid to reach 

all the way to the plasma membrane. Therefore, the nucleocapsids are unable to bind to 

the plasma membrane, and budding cannot occur. The second explanation is that there is 

an actin dependent process that occurs once the nucleocapsids have reached the plasma 
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membrane. This fits with the previous model where N and G protein colocalize at the 

plasma membrane without M protein described previously [4]. Movement of 

microdomains is an actin dependent process. Therefore, preventing M from colocalizing 

with N and G at the plasma membrane could be preventing the budding site from 

forming. It is likely that nucleocapsid transport to the edge of the cell occurs in 

association with plus-end directed kinesin motors that transport nucleocapsids along 

microtubules. Previous studies have shown that nucleocapsids travel along microtubules. 

Treatment with microtubule inhibitors causes a redistribution of nucleocapsid 

fluorescence toward the nucleus and away from the edge of the cell. Thus, transport along 

microtubules likely occurs predominantly towards the plus-end of microtubules that are 

located near the edge of the cell.  Taxol has little effect on the migration of nucleocapsids 

because it does not disrupt movement of plus-end directed microtubule motors towards 

the edge of the cell. 
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SUMMARY 

 

 The original goal of this project was to quantify the distribution of nucleocapsids 

as a function of time postinfection and after treatment with cytoskeletal inhibitors. To do 

that, we devised the border-to-border distribution method. We decided to validate this 

method using the well-known effect that treatment with BFA has on the localization of G 

protein, expecting to distinguish differences in the distribution between parts of the cell 

that contained mostly Golgi membranes (PNH) and those that lacked Golgi membranes 

(PNL). In fact, PNH and PNL sectors had very similar G protein distributions throughout 

the cytoplasm. In both groups, the mean distance of from the nucleus to the edge of the 

cell and skew of G protein fluorescence were not significantly different. The area where a 

significant difference between the untreated control cells and the BFA-treated cells could 

be observed was in the cytoplasm in an annulus which we defined from 2-5 pixels away 

from the nucleus. By visual inspection of the fluorescence micrographs, the distribution 

of G protein fluorescence after BFA treatment appears to be distributed more towards the 

edge of the cell.  Instead, BFA treatment causes a redistribution of perinuclear 

fluorescence from the focal distribution of Golgi membranes in untreated to more evenly 

distributed around the nucleus in BFA treated cells. This highlights the necessity of 

quantifying distributions, using the power of statistical analysis of multiple cells. The 

differences observed in annuli in BFA-treated cells compared to untreated control cells is 

likely due to the molecular motors keeping G protein-containing membranes in position 

near the nucleus. After BFA treatment, Golgi membranes are modified to have a more 
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ER-like distribution, likely shifting their affinity for minus end-directed motors from 

dyneins to minus end-directed myosins.  

 In Chapter 2, we were able to create a model that describes the transport 

mechanisms of nucleocapsids within infected cells, which is shown in Appendix D. 

Using pulse-chase analysis and plaque assays, it was demonstrated that the incubation of 

infected cells with microtubule inhibitors has a slight effect on virus assembly; however, 

a greater effect on virus assembly was described when infected cells were incubated with 

actin inhibitors. This led to the conclusion that actin filaments are more important than 

microtubule filaments in VSV assembly. In order to account for this result, the model 

includes the transport of nucleocapsids by plus end-directed motors on actin filaments. 

 The border-to-border distribution method was used to determine whether 

incubation with these cytoskeletal inhibitors also had an effect on the steady-state 

distribution of nucleocapsids during infection. Treatment with microtubule inhibitors 

caused a decrease in the mean distance of nucleocapsid fluorescence as a percent of the 

distance from the nucleus to the plasma membrane and an increase in the skew. This led 

to the conclusion that the predominant transport on microtubules was driven by plus end-

directed motors, i.e., kinesins. The addition of taxol, a microtubule-stabilizing drug, little 

difference was observed using confocal microscopy in the distribution of nucleocapsid 

fluorescence within the cytoplasm. 

 Similar to the effects of microtubule inhibitors, treatment of cells with Cyto D 

caused a decrease in the change of mean distance of nucleocapsid fluorescence over time, 

whereas the difference in skew was not statistically significant. When the P protein 
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mutant VSV-PeGFP was used for live cell imaging, a reduction in movement of 

nucleocapsids was also detected with treatment of Cyto D. To determine if this reduction 

in movement was due to residual actin after Cyto D treatment, fluorescent phalloidin was 

applied to untreated and Cyto D-treated cells, as well as cells that had been treated with 

an additional actin inhibitor, Lat A. Although there was a decrease in fluorescence 

compared to untreated cells, residual filamentous actin was seen in Cyto D-treated cells 

around the nucleus. This distribution of F-actin was not seen in Lat A-treated cells.  

When cells were treated with Lat A and labeled for nucleocapsid protein, the distribution 

of fluorescence was vastly different compared to untreated and Cyto D-treated cells. In 

Lat A-treated cells, a fluorescent ring around the edge of the cell was present, with a gap 

of fluorescence in the cytoplasm between the DAPI labeled nucleus and the edge of the 

cell.  

 A similar distribution of nucleocapsid fluorescence described after Lat A 

treatment was seen after cells were treated with BFA. Cells were pretreated with BFA 

and infected for 6 hours, labeled for nucleocapsid protein and the nucleus, and imaged. 

BFA-treated cells had similar cellular morphology compared to untreated control cells, 

but the distribution of fluorescence in the treated cells was in focal regions at the longest 

stretches of the cells, compared to the more uniform distribution around the edge of the 

cells observed in control cells. This leads to the hypothesis that G protein-containing 

membranes may be involved in the migration of nucleocapsids during infection. There 

are numerous proteins involved in secretory transport, the most common being the Rab 

family of proteins. It is possible that the nucleocapsid is associated with Rab proteins, or 

other proteins that recycle secretory proteins to the Golgi apparatus to keep the 
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concentration of nucleocapsids high near the nucleus and the cellular replication 

machinery. When the secretory system is disabled after BFA treatment, the nucleocapsid 

may be able to have greater association with molecular motors that travel towards the 

plasma membrane.  

Future directions of this project include determining the roles of microtubules and 

actin filaments in cell types where sorting is essential, such as polarized epithelial cells 

and neurons. In MDCK cells, a polarized cell line, the minus-end of microtubules extends 

to the apical region of the cell, whereas the plus-end of microtubules extends towards the 

basal region [1]. Therefore, there may be a role of microtubules in the transport of 

nucleocapsids in epithelial cells to the basolateral surface where VSV budding occurs [2]. 

In neurons, the microtubule plus-end extends towards axons and both the minus-end and 

plus-end of microtubules is present in dendrites [3-6]. The sorting of the G protein 

dictates the budding site of VSV in neurons. G protein sorting to dendrites can be 

affected by the addition of nocodazole [7]. This leads to the hypothesis that transport of 

nucleocapsids into dendrite might also be dependent on microtubules. Using cell lines 

such as MDCK cells and PC12 cells, the role of microtubules and actin filaments in 

polarized cells such as epithelial cells and neurons may be explored. 
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