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Abstract 

The Mechanism of Cytoplasmic Streaming in Drosophila melanogaster oocytes 

Corey E. Monteith 

 

Background:  The transport of cytoplasmic components can be profoundly affected 

by hydrodynamics.  A striking example is ooplasmic streaming in Drosophila.  

Forces from kinesin-1 are initially directed by a disordered meshwork of oocyte 

microtubules, generating slow disordered cytoplasmic flows.  When microtubules 

shift into parallel alignment, kinesin generates fast ordered flows that mix nurse cell 

and oocyte cytoplasms.   

Results:  To understand the hydrodynamic mechanism of streaming, we used 

fluorescence microscopy to analyze microtubule organization and cytoplasmic flows, 

while using mathematical modeling to identify physical conditions that contribute to 

kinesin-driven self-organization.  In the fast ordered state, microtubules align and 

undergo correlated bending in a subcortical layer.  Cytoplasmic flows follow the 

curving microtubule paths with velocities that are slow near the cortex, faster within 

the microtubule layer, and fastest beneath it.  FRAP and photoconversion indicate that 

minus-ends of the aligned microtubules are stationary relative to the cortex.  Using 

known values for microtubule stiffness and kinesin velocity, we developed and tested 

a coupled hydrodynamic model that revealed key variables that can shift the system 

between disordered and ordered states, including:  1) the distance from the cortex at 

which microtubules can lie parallel to its plane, and 2) the intensity of kinesin force 



 viii 

on its cortical microtubule tracks, which can be controlled by cytoplasmic viscosity. 

Conclusions:  Cytoplasmic streaming in Drosophila oocytes is a result of viscous 

drag on moving kinesin motors that mediates equal and opposite forces on 

cytoplasmic fluid and on microtubules whose minus ends are embedded in the cortex.  

Fluid flows toward plus-ends and microtubules are forced toward stationary minus-

ends.  Under certain conditions, this causes microtubules to align in bending arrays, 

creating constantly varying directions of flow that facilitate cytoplasmic mixing 
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Chapter 1 

Introduction 

 

Cytoplasmic Streaming  

     Cytoplasmic streaming is a process that occurs in many different organisms in all 

kingdoms of Eukaryota, involving the movement of the viscous internal fluid of the 

cell by cytoskeleton and motor proteins. It has fascinated scientists for hundreds of 

years, ever since it was first discovered in plant cells in the late 1700s. However, it 

was not until recently that the molecular players behind streaming began to be 

understood. This work seeks to further elucidate the physical processes of the 

mechanism of streaming: how molecular motors and cytoskeleton work together to 

produce force on the viscous cytoplasm and allow the mixing of nurse cell cytoplasm 

and ooplasm in the Drosophila oocyte.   

 

Historical Context of Cytoplasmic Streaming 

The discovery of intracellular cytoplasmic convection, called cytoplasmic 

streaming, protoplasmic streaming, or, in plants, cyclosis, is credited to Bonaventure 

Corti in 1774 (Pfeffer 1906); (Kamiya 1959); (Loewy 1949), in his observation that 

the stonewort plant Chara showed a circular movement of what he believed to be the 

sap (Corti 1774). A few years later these observations were repeated by Fontana 

(1781). These movements were forgotten until 1811, when they were rediscovered L. 

C. Treviranus and later in 1819 by Giovanni Battista Amici (Sharp 1921), an Italian 
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astronomer, microscopist, and botanist, who is best known for making improvements 

in the mirrors used in light microscopy. Amici observed “transparent globules” 

moving in the fluid, and that the fluid in the stem moved in two separate streams 

going in different directions. When one stream was cut into, the other stream kept 

flowing. Amici attributed this movement to galvanic agency (Brewster and Jameson 

1829). Robert Brown discovered a more complex form of protoplasmic streaming in 

the stamen hairs of Tradescantia in 1831 (Sharp 1921), and Meyen too studied 

protoplasmic streaming in the same year and attributed it to the power of the fluid 

itself, as he could not detect any organs that moved the fluid. He was reminded of the 

movement of the planets around the sun and referred to streaming as “a gravitation of 

plants” (Conklin 1940).  

As streaming continued to be studied, it was discovered that forces outside the 

plant cells could affect the movement of the fluid.  Nägeli discovered that temperature 

had a direct relationship on the velocity of streaming in 1860 (Nägeli 1860), and 

Kühne found oxygen was essential for streaming, although further research showed 

that a plant could be deprived of oxygen for a prolonged period of time and streaming 

was not affected (Ewart 1896); (Kühne 1897); (Ritter 1899). Other external stimuli 

tested included light, electricity, and magnetic force. Streaming would stop entirely, 

or move more slowly, or only occur in certain localities within the organism or the 

cell (Allen and Allen 1978); (Ewart and Gotch 1903); (Kamiya 1981); (Nachmias 

1969). Ewart noted that it was rare that streaming continued during the entire 
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existence of the adult cell, and in those cases, if there is no streaming, the cell is 

fatally injured (Ewart and Gotch 1903).  

Despite being studied extensively over the span of the next two hundred years, the 

motive force behind cytoplasmic streaming remained a mystery. Many different 

theories were offered but it was not until 1956 that a seminal paper came out that first 

began to shed light on the molecular mechanism of cytoplasmic streaming, by 

proposing that it might be possible that the motive force was mechanical and located 

on the interface between the streaming cytoplasm and stationary structures beside it 

(Kamiya and Kuroda 1956). Soon after, bundles of microfilaments were discovered at 

this interface (Kamitsubo 1966); (Nagai and Rebhun 1966). When these actin bundles 

were disrupted, streaming was disturbed; once the bundles were allowed to 

regenerate, streaming resumed normal velocity (Kamitsubo 1972). This movement 

was then attributed to myosin in later studies (Kamiya and Kuroda 1975); (Shimmen 

and Tazawa 1982).  

While cytoplasmic streaming was initially discovered and studied in plants, fungi, 

and various protists, more recent research has shown that it is present in animal cells 

as well, although in animals it is often restricted to certain cell types at specific time 

points. In most animals studied, cytoplasmic streaming takes place in early 

development. It is seen in the one-cell C. elegans embryo, where flows moving in 

opposite directions are coupled in order to pull the male and female pronuclei 

together (Niwayama and Kimura 2012), as well as during oogenesis in the gonad core 

to load mRNA and proteins made by oocytes in earlier stages of development into 
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transcriptionally and translationally quiescent oocytes in later stages of development 

(Wolke, Jezuit et al. 2007). Streaming also occurs in one-cell mouse embryos, where 

it functions to hold the meiotic spindle against the cortex of the embryo, to allow for 

asymmetric division of the oocyte and the polar body once fertilization has taken 

place (Yi, Unruh et al. 2011); (Yi, Rubinstein et al. 2013). In Drosophila, streaming 

takes place during oogenesis, mixing an influx of cytoplasm from nurse cells, which 

make mRNA and proteins that the egg will need to function.  

 

Microtubules and Motor Proteins 

Cytoplasmic streaming in most organisms is mediated by actin and myosin; however, 

in Drosophila melanogaster, it is driven by microtubules (Gutzeit and Koppa 1982) 

and Kinesin-1 (Palacios and St. Johnston 2002). Microtubules are long, polarized 

cytoskeletal filaments that are composed of alpha and beta tubulin dimers laid head to 

tail (Amos and Klug 1974). Because of the differences in the speed of polymerization 

between the alpha and beta subunits, one end of the microtubule grows faster when 

polymerizing—this is referred to as the plus end, while the more slowly-growing end 

is referred to as the minus end (Desai and Mitchison 1997); (Allen and Borisy 1974). 

There are two families of motor proteins that walk hand-over-hand unidirectionally 

along microtubules by hydrolyzing ATP: kinesins and dyneins. Kinesins are plus-end 

directed motors while dyneins are minus-end directed motors. Kinesin-1, the 

canonical kinesin, was the first to be discovered (Vale, Reese et al. 1985). It consists 

of a dimer of two kinesin heavy chain (Khc) subunits. Kinesin heavy chain  
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Figure 1.1. A microtubule with Kinesin-1 and Dynein. The microtubule is made up 
of alpha and beta dimers, represented in the figure as white and blue ovals, 
respectively. Kinesin-1, pictured here with Kinesin light chain in grey and bound to a 
green cargo, moves towards the plus end. Dynein, shown here with the Dynactin 
complex and a green cargo, moves towards the minus end of the microtubule.   
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has three major domains: the head domain, the neck linker, and the tail domain. The 

head domain binds to microtubules and to ATP, while the neck allows the flexibility 

needed for the hand-over-hand movement, and contains binding sites for linker 

proteins such as kinesin light chain (Klc) which bind the kinesin to its cargo (Vale 

and Fletterick 1997). The tail domain is important for motor regulation (Cai, Hoppe et 

al. 2007); (Coy, Hancock et al. 1999); (Dietrich, Sindelar et al. 2008). See Figure 1.1 

for details. 

 

Oogenesis in Drosophila melanogaster 

The Drosophila melanogaster female has two ovaries, each consisting of around 

18 ovarioles. Each of these ovarioles contains at the anterior end a germarium and a 

vitellarium at the posterior end, where later stages of oogenesis take place (King 

1970) (Figure 1.2). The germarium contains somatic pre-follicle cells, germline stem 

cells, and early germ cell-follicle cell cysts. The stem cell divides asymmetrically to 

produce another stem cell and a cystoblast, which matures as it proceeds to the 

posterior end of the ovariole until it is a fully developed, fertilizable egg (Bastock and 

St. Johnston 2008).   The cystoblast divides incompletely four times, giving rise to 16 

cells, termed cystocytes, that remain connected by intercellular cytoplasmic bridges, 

or ring canals (Brown and King 1964) (Figure 1.3). The ring canals are surrounded by 

rings of F-actin (Warn, Gutzeit et al. 1985). The geometry of the cell divisions in the 

cystoblast depends on a structure of continuous endoplasmic reticulum called the 

fusome that connects through the ring canals and forms along the remnants of the  
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Figure 1.2. Ovariole and oogenesis through stage 6. In the lower left side of the 
figure, the reproductive track is shown with both ovaries and one ovariole separated 
from the rest to show the germarium and vitellarium. The germarium is pictured at 
the top of the figure, and the progression of oocyte development up until stage 6 is 
pictured from left to right. The oocyte is marked with a star in each of the egg 
chambers. (Image from (Cummings and King 1969)).  

 

 

 

 

 

 

Figure 1.3 Cystoblast and cytocyte division and development.  
The fusome is indicated in this figure, as are the ring canals and the incomplete 
division of the cytocysts. Ring canals connect the cytocysts. One of the cells from the 
initial division will become the oocyte, as indicated in the rightmost panel of the 
figure. (Image from (Máthé 2004)) 
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mitotic spindle (Storto and King 1989); (Lin, Yue et al. 1994).  The two cells from 

the first division are called pro-oocytes and contain 4 ring canals. Cell fate markers 

and meiotic chromosome pairing markers are restricted to these pro-oocytes. By the 

time the cystoblast is surrounded by somatic cells, these determinants are restricted to 

one cell that will become the oocyte; the other 15 cells become nurse cells (Figure 

1.3) (Bastock and St. Johnston 2008). Microtubule inhibitor studies have shown that 

the localization of these determinants relies on microtubules to move into the oocyte 

(Theurkauf, Alberts et al. 1993). Posterior ring canals associated with the oocyte are 

largest, while ones further from the oocyte are smaller (Theurkauf, Smiley et al. 

1992). Follicle cells begin to surround the cystocytes while the cluster remains in the 

germarium. Once a full complement of follicle cells has surrounded the germ cell 

cyst, it pinches off from the germarium and begins its journey down the ovariole. The 

cystoblast and somatic cell complex is referred to as the egg chamber. Oogenesis has 

been divided into 14 stages, dependent on egg morphology (Cummings and King 

1969).  The forming egg chamber, while still in the germarium, is said to be in Stage 

1; once the egg chamber pinches off from the germarium, it enters Stage 2 (Figure 

1.2).  

 

Early Oogenesis 

During stages 2-6 of oogenesis, nurse cells become polyploid and are highly 

transcriptionally active, while the oocyte is transcriptionally inactive and goes 

through meiotic prophase (King and Burnett 1959). The egg chamber remains 



 10 

roughly spherical as it grows larger, with the oocyte growing at about the same rate as 

the nurse cells (Cooley and Theurkauf 1994). Oocyte growth is dependent on 

nutrients synthesized in and transported from nurse cells (Koch and Spitzer 1983). 

Throughout this period of oogenesis, microtubules emanate from an MTOC in the 

oocyte through the ring canals and throughout the 16-cell syncytium; this MTOC 

forms in stage 1 and is required for oocyte differentiation (Theurkauf, Alberts et al. 

1993); (Koch and Spitzer 1983). This MTOC moves to the posterior end of the oocyte 

in Stages 2-6 (Theurkauf, Smiley et al. 1992).  

 

Mid-Oogenesis 

During stage 7, the follicle cells surrounding the oocyte become columnar, while 

those surrounding the nurse cells remain cuboidal (Cummings and King 1969). This 

same stage sees the oocyte beginning to endocytose yolk nutrients synthesized in fat 

bodies and the follicle cells surrounding it, which causes the oocyte to grow faster 

than the nurse cells (Cooley and Theurkauf 1994). By stage 10a, the oocyte comprises 

fully one half of the egg chamber (King 1970). During stage 7, lipid droplets begin to 

form in the nurse cells and are transported into the oocyte (Cummings and King 

1969). The posterior MTOC degenerates in stages 7 and 8, and microtubule 

nucleating centers instead become associated with the anterior end of the oocyte, and 

by stage 9 an anterior to posterior gradient of microtubules has formed. The 

microtubules extend their plus-ends inward, forming a dynamic 3-D meshwork 

(Serbus, Cha et al. 2005); (Parton, Hamilton et al. 2011); (Theurkauf, Smiley et al. 
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1992), and are necessary for transporting the morphogenetic determinants that are 

localized throughout the oocyte during this period of oogenesis (Wang and Hazelrigg 

1994); (Pokrywka and Stephenson 1991); (Clark, Giniger et al. 1994). Bicoid mRNA, 

an anterior morphogen, is localized to the anterior end of the oocyte (Berleth, Burri et 

al. 1988) while oskar is localized to the posterior (St. Johnston, Beuchle et al. 1991) 

and gurken accumulates between the oocyte nucleus and the dorsal cortex of the 

oocyte (Neuman-Silberberg and Schüpbach 1993) (Figure 1.4).  These morphogens 

are anchored to the cortex so they are not disrupted during the next stages of 

oogenesis (for a review of this, see (Kugler and Lasko 2009)). During this same 

period of oogenesis, a small group of follicle cells called border cells begins 

migrating from the anterior end of the egg chamber by squeezing through the nurse 

cells to its eventual destination at the anterior end of the oocyte, adjacent to the 

oocyte nucleus (Figure 1.4). During stage 9, the follicle cells surrounding the oocyte 

begin secreting vitelline membrane, and during stage 10b, the anterior columnar 

follicle cells begin an inward centripetal migration until they meet with the border 

cells, enclosing the oocyte in follicle cells. By this stage, the oocyte is entirely 

surrounded by vitelline membrane, aside from the 4 ring canals, which remain until 

the nurse cells have completely regressed (Cummings and King 1969).   

 

Late Oogenesis 

Between stage 10b and stage 12, the microtubule cytoskeleton undergoes a 

massive rearrangement, forming parallel arrays below the oocyte cortex  
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Figure 1.4 Mid-oogenesis egg chamber. The position of determinants is indicated 
by colored lines within the oocyte. The migrating border cells are shown as they 
begin traveling towards the oocyte to form the anterior follicle cells. (Image from (Li, 
Xin et al. 2007)). 
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Figure 1.5 Stage 10B streaming oocyte expressing GFP-tubulin. Microtubules 
form parallel arrays just below the cortex. The black circles are yolk endosomes, 
some of which are streaming with the cytoplasm and others of which are caught 
above the microtubules against the cortex. Blue bar is 30 µm. 
 
 
 

 

 



 14 

(Theurkauf, Smiley et al. 1992) (Figure 1.5). Once this rearrangement happens, the 

ooplasm begins a global, long-range movement called cytoplasmic streaming (Gutzeit 

and Koppa 1982). 

     During these stages, the nurse cells transfer all of their cytoplasm to the oocyte in 

a process known as dumping. As this occurs the oocyte doubles its size and the nurse 

cells completely regress (Mahajan-Miklos and Cooley 1994). Once the nurse cells 

have completely regressed, the subcortical microtubule arrays depolymerize and the 

meiotic spindle forms (Theurkauf and Hawley 1992). When dumping begins, the 

nurse cell nuclei become permeable and the karyoplasm is permitted to flow into the 

oocyte as well; however, the membranes and chromatin are retained in nurse cells 

(Cooley, Verheyen et al. 1992). Cytoplasmic actin networks form around the nurse 

cell nuclei (Gutzeit 1986). In mutants that do not permit this actin mesh to form, the 

nuclei get stuck in the ring canals like a cork in a bottle, and nurse cell cytoplasm is 

not allowed to flow into the oocyte. This results in small, infertile eggs (Cooley and 

Theurkauf 1994). The oocyte mixes the influx of nurse cell cytoplasm with its own 

ooplasm through cytoplasmic streaming, a microtubule and Kinesin-1 dependent 

process. Streaming gradually slows down in stage 12 as the bulk of cytoplasm has 

already been transferred in earlier stages. Once the nurse cells have completely 

emptied into the oocyte, streaming stops at the beginning of stage 13. In stages 13 and 

14, the meiotic spindle assembles and the cell remains in metaphase of meiosis I until 

fertilization and egg activation begins (Cooley and Theurkauf 1994).  
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Cytoplasmic Streaming in Drosophila Oogenesis 

Cytoplasmic streaming in Drosophila oocytes was first observed when it was 

discovered that oocytes could survive for long periods in Robb’s medium in vitro 

(Robb 1969), and so time-lapse movies could be taken of the oocytes to record 

cytoplasmic behavior (Gutzeit and Koppa 1982).  Streaming occurs in two stages: the 

first, termed slow cytoplasmic streaming, can be seen between stages 7-10a, and 

involves disordered oscillatory movements that occur in the anterior of the oocyte 

(Theurkauf 1994); (Serbus, Cha et al. 2005). This process aids in the targeted 

localization of polarity determinants bicoid, oskar, and gurken to their respective 

locations in the anterior, posterior, and dorsal areas of the developing oocytes, which 

establish the major body axes of the future organism (Ephrussi and Lehmann 1992); 

(Berleth, Burri et al. 1988); (Kim-Ha, Smith et al. 1991); (Riechmann and Ephrussi 

2001) (Figure 1.4). Kinesin-1 is abundant and diffusely distributed with elevated 

concentrations around the cortex and at the posterior (Palacios and St. Johnston 

2002); (Brendza, Serbus et al. 2002), and the paths of slow cytoplasmic flows are 

short and randomly directed (Figure 1.6 A and B, left side).  The second, termed fast 

cytoplasmic streaming, occurs between stages 10b and 13, and involves long-range 

ordered movements of cytoplasm throughout the whole oocyte (Serbus, Cha et al. 

2005) (Figure 1.6 A and B, right side). At the beginning of stage 10B, ooplasm begins 

to engage in fast cytoplasmic streaming, but nurse cell cytoplasm has not yet begun to 

dump into the oocytes (Gutzeit and Koppa 1982). Shortly after, nurse cells begin 

dumping their cytoplasm into the anterior end of the oocyte, beginning with the nurse  
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Figure 1.6 Microtubule organization and streaming in the Drosophila oocyte. 
A) Schematic of the change in microtubule organization in stage 9 and 10b oocytes. 
Minus ends are shown embedded in the actin-rich cortex (yellow) and plus ends are 
shown free in the cytoplasm (Image adapted from Serbus et al., 2005). B) Time-lapse 
projections of movies from slow and fast streaming oocytes. Streaks represent yolk 
endosomes that are moving in the cytoplasmic flow, while stationary endosomes 
appear as dots. A stage 9 oocyte showing slow streaming at the anterior where MTs 
are enriched (left). Fast streaming is distributed througout the whole oocyte during 
stage 10b until stage 13. (Image from (Moua 2009).)  
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cells adjacent to the oocyte (Cummings and King 1970). Gutzeit and Koppa 

conjectured that fast cytoplasmic streaming and dumping must be independent 

processes; fast streaming cannot be predicated by dumping as it begins before 

dumping does.  Once all nurse cell cytoplasm has been transfered into the oocyte, 

cytoplasmic streaming begins to slow down, and microtubules begin forming shorter, 

denser bundles; the cortex at the anterior end also grows thicker, up to 15µm thick 

(Gutzeit and Koppa 1982). By stage 13, all cytoplasmic streaming has ceased.  

 

Cytoskeleton and Motor Proteins in Cytoplasmic Streaming 

Cytochalasin inhibits the movement of cytoplasm from the nurse cells, but 

ooplasmic streaming continues, implying that nurse cell dumping is an actin-

controlled process but ooplasmic streaming is not (Gutzeit 1986). When oocytes are 

treated with colchicine, eggs do not develop (Koch and Spitzer 1983), and 

cytoplasmic streaming doesn’t occur (Gutzeit 1986). The movement involved in 

streaming, then, is a microtubule-driven process. This is supported by the appearance 

at stage 10b of long, evenly distributed arrays of microtubules between 5 and 10 µm 

below the surface of and parallel to the oocyte cortex (Theurkauf, Smiley et al. 1992); 

(Serbus, Cha et al. 2005) (Figure 1.5).  

Kinesin-1 was discovered to drive the movement behind cytoplasmic streaming in 

the Drosophila oocyte.  Mutations in the head of kinesin and null Khc mutants 

stopped streaming entirely, both slow and fast streaming (Palacios and St. Johnston 

2002). Klc null oocytes continue to stream, though they show a significantly reduced 
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rate of streaming, implying that Klc is not essential for this process, but may still have 

some influence (Moua 2009). Khc mutants show a stratification of ooplasm and nurse 

cell cytoplasm, which suggests that cytoplasmic streaming is necessary for mixing the 

two cytoplasms together (Serbus, Cha et al. 2005).  

While Kinesin-1 drives cytoplasmic streaming, dynein also has an influence. 

When inhibitory dynein antibodies were injected into oocytes in the slow streaming 

stages, fast streaming started prematurely (Serbus, Cha et al. 2005). These data 

suggest that Kinesin-1 is important in both slow and fast streaming, but dynein is only 

active during slow streaming; there may be some endogenous dynein inhibition that 

takes effect at the beginning of stage 10b.  

Although the actin cytoskeleton is not directly involved in force production in 

cytoplasmic streaming in Drosophila, it does influence the timing of streaming in a 

way similar to the role of dynein. Myosins do not seem to be involved in streaming, 

although Myosin II is involved in transport from the nurse cells to the oocyte 

(Wheatley, Kulkarni et al. 1995). However, when F-actin is disrupted by 

cytochalasin, premature fast streaming can be seen as early as stage 4 (Emmons, Phan 

et al. 1995), and mutations in actin regulators cappuccino, spire, and chickadee cause 

premature fast streaming (Dahlgaard, Raposo et al. 2007); (Magie, Meyer et al. 

1999); (Manseau, Calley et al. 1996); (Otto, Raabe et al. 2000); (Verheyen and 

Cooley 1994); (Wellington, Emmons et al. 1999); (Theurkauf 1994). Over-expression 

of spire causes the actin meshwork to perdure beyond stage 10b, when it normally 

dissociates, which keeps fast streaming from occurring (Dahlgaard, Raposo et al. 



 19 

2007).  As a result of this premature fast streaming, oskar and gurken mRNA are 

mislocalized, likely due to not being anchored correctly to the cortex and being swept 

away by fast streaming (Manseau, Calley et al. 1996); (Manseau and Schüpbach 

1989); (Wellington, Emmons et al. 1999). This mislocalization leads to polarity 

defects and embryo death, showing that the precise control and timing of the start of 

fast streaming is vital to the survival of the organism. The transition from slow 

disordered to fast-ordered streaming coincides with a centripetal shift of cortical 

microtubule minus-end nucleation factors and with loss of a filamentous actin (f-

actin) meshwork that permeates the ooplasm (Dahlgaard, Raposo et al. 2007); (Wang 

and Riechmann 2008).  It is particularly interesting that cytoplasmic f-actin 

depolymerization can trigger premature microtubule alignment and fast streaming in 

mid oogenesis (Theurkauf 1994); (Dahlgaard, Raposo et al. 2007).  These and other 

observations suggest that microtubule disorder and slow streaming reflect plus-end 

directed kinesin-1 motion that, although capable of organizing microtubules and fast 

fluid flows, is somehow opposed by microtubules disorder and a cytoplasmic f-actin 

meshwork.  Unknown signals at the beginning of stage 10B allow a kinesin-1 

dominated self-amplifying loop of microtubule alignment and fast plus-end directed 

fluid motion that mixes oocyte and nurse cell cytoplasm (Serbus, Cha et al. 2005); 

(Dahlgaard, Raposo et al. 2007). 

To gain insight into kinesin-driven microtubule alignment and fluid flows, we 

used confocal fluorescence microscopy of live oocytes to examine spatial and 

dynamic relationships between the oocyte boundary, microtubule behavior, and 
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cytoplasmic motion.  We then used basic physical principles to develop a detailed 

mathematical model for the streaming mechanism.  Starting with known values for 

kinesin-1 velocity on microtubules and an estimate of cytoplasmic viscosity, the 

model explores kinesin cargo size/spacing relationships that could generate enough 

viscous drag to drive the observed velocity of fast streaming.  This leads to an 

interesting conclusion that the naked motor without any organelle cargo could drive 

the observed fast ooplasmic flows.  The model then focuses on the influence of 

kinesin-like force on a filament with the stiffness of a microtubule whose minus end 

is tethered in an unbounded cytoplasmic flow field.  Starting from any configuration, 

a random filament bending pattern evolves into a stable helical wave.  To examine a 

complex situation more similar to that of an oocyte, we coupled the models for 

cytoplasmic flow generation and filament bending to test a field of many filaments 

with minus ends held tethered to a cortex-like barrier plane.  Simulations showed 

filament behaviors ranging from a largely disordered bending state to a remarkably 

ordered state with aligned bending arrays that lay parallel to the cortical plane.  A key 

factor for evolution of the ordered state is the distance between the cortical barrier 

and the level at which filaments can become parallel to it.  The other important 

variables were those that influenced bending; filament stiffness and the determinants 

of motor force density on them, notably including cytoplasmic viscosity. 
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Chapter Two 

Kinesin-driven self organization of microtubules and fast 
cytoplasmic streaming: A mechanism for mixing fluid at low 

Reynolds number. 
 

Introduction  

Transport processes that purposefully move organelles, chromosomes, and 

other objects from one place to another are fundamental to the reproduction, growth, 

and development of eukaryotic cells.  A great deal is known about how molecular 

motors generate processive stepping forces that move objects along directional 

cytoskeletal filaments.  Motors couple cycles of ATP-driven motor conformation 

change to cycles of filament binding and release that advance in one direction along 

the filament (Vale and Milligan 2000).  Less attention has been paid to the influences 

of motor generated forces on the filament tracks and on the cytoplasmic fluid through 

which motors and their cargoes move.  We report here analysis of a transport process 

in the Drosophila oocyte that offers unique insights into how filament and fluid 

responses can have profound long-range influences on cytoplasmic organization.  Our 

results shed light on the hydrodynamic underpinnings of transport processes, they 

elucidate a general and hitherto unknown form of filament self organization, and they 

point out a novel mechanism for mixing fluid at low Reynolds number, which is a 

problem that has been difficult to solve. 

In the Drosophila ovary, a germline stem cell generates an egg chamber with 

15 nurse cells that are connected by cytoplasmic channels to one another and to the 
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anterior end of a new oocyte.  During the early and mid stages of oogenesis, mRNAs, 

protein complexes and organelles that are synthesized in nurse cells are selectively 

transported into the oocyte (Cooley and Theurkauf 1994).  Slow disordered 

cytoplasmic flows help disperse the new components after they enter the oocyte 

anterior.  During this period, developmental determinants, such as bicoid and oskar 

mRNAs, are concentrated in particular regions of the oocyte cortex and anchored, 

thereby establishing the major body axes of the future organism (Ephrussi and 

Lehmann 1992); (Berleth, Burri et al. 1988); (Kim-Ha, Smith et al. 1991); 

(Riechmann and Ephrussi 2001).  Substantial amounts of other materials synthesized 

in somatic tissues, such as yolk granules, are transferred into the developing oocyte 

through its lateral and posterior walls by endocytosis.  In late oogenesis, at the 

beginning of stage 10B, nurse cells transfer all their remaining cytoplasm into the 

oocyte anterior en masse.  To mix this new material with the existing yolky ooplasm, 

the slow disordered flows convert to massive fast flows that follow long, curving 

paths throughout the oocyte (Gutzeit and Koppa 1982).  Mutations that allow 

premature fast streaming during mid oogenesis prevent proper anchoring of molecular 

determinants to the cortex and thus disrupt the development of body axis polarity 

(Theurkauf 1994).  Mutations that allow no fast streaming prevent the mixing of 

oocyte with nurse cell cytoplasm and cause embryonic lethality (Brendza, Serbus et 

al. 2000); (Palacios and St. Johnston 2002); (Serbus, Cha et al. 2005). Therefore, the 

mechanisms that control the transition from slow to fast streaming are crucial. 
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Results 

Streaming flows and microtubule bending. 

To gain insight into the behaviors of microtubules and cytoplasm during 

streaming, we used time-lapse fluorescence microscopy to image living oocytes 

dissected from females that expressed GFP-tubulin specifically in their germlines 

(Figure 2.1, and Movies S1-3).  Comparison of stage 9 (slow streaming) and 10B 

(fast streaming) oocytes revealed striking differences.  Fibrous fluorescence from 

microtubules in stage 9 was diffuse and exhibited a disordered writhing behavior, 

with yolk particle motions that were disordered, slow, and accomplished little net 

displacement over time (Figure 2.1A, B, and Movie S1).  This pattern did not vary 

substantially at different depths beneath the oocyte surface.  In stage 10B near the 

oocyte margin, microtubule fluorescence was diffuse amongst a layer of yolk 

granules that moved slowly if at all, presumably constrained by association with the 

cortex (Fig. 2.1C, D, lower left, and Movie S2).  Further in, about 5um beneath the 

plasma membrane, and parallel to it, there was a thin dense zone of aligned 

microtubules that exhibited remarkable wave-like bending behaviors.  Yolk granules 

just beneath that layer moved fast over long distances, generally following the paths 

of the nearby microtubule arrays.  These observations suggest important biophysical 

relationships between distance from the oocyte surface, microtubule ordering, and 

cytoplasmic flow velocity during stage 10B that are not present in the earlier slow 

streaming stages of oogenesis. 
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Figure 2.1 Microtubule organization and yolk granule motion in Drosophila oocytes.  
Single optical sections from beneath the plasma membrane of live oocytes that contained 
GFP-a-tubulin.  A) A stage 9 oocyte with the centers of three yolk granules marked by yellow 
dots.  B) The same oocyte 5min later with the positions of the three yolk granules marked at 
intervening 10sec intervals. The optical section is near the surface of the oocyte at the right 
side and is ~10µm beneath the surface at the left side. Note the similarly disordered 
microtubules and slow granule movements at all depths.  C) and D) A stage 10B oocyte with 
granules marked and tracked as in A and B.  In this case, the optical section is just beneath 
the oocyte surface at the lower left and is ~10µm deeper on the right. Note the thin layer of 
parallel microtubules at ~5µm depth. Organelle motion was slow between the microtubule 
layer and the oocyte surface (left side), and was fast just beneath the microtubule layer (right 
side). Only yolk endosomes that remained in the focal plane were used to mark streaming 
motions in this figure. Similar oocytes can be observed in Movies S1-S3.  Scale bars = 10µm. 
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Microtubule minus ends are tethered to the cortex. 

One of the key assumptions for oocyte cytoskeleton organization is that many 

microtubule minus-ends are tethered in or near the oocyte cortex (Theurkauf, Smiley 

et al. 1992).  During slow streaming stages, gamma-tubulin, which nucleates α β 

tubulin polymerization and binds minus-ends, is concentrated in the dense f-actin 

network of the oocyte cortex (Wang and Riechmann 2008); (Cha, Serbus et al. 2002).  

Microtubule polymerization begins in or near the cortex with tubulin dimers adding to 

the plus-ends, which extend toward the center of the oocyte or generally away from 

the cortex (Theurkauf, Smiley et al. 1992); (Parton, Hamilton et al. 2011); (Cha, 

Serbus et al. 2002).  However, the change from slow disordered to fast ordered 

streaming correlates with a shift of gamma-tubulin inward to a more diffuse 

distribution, suggesting that microtubule minus-ends could be freed from cortical 

anchors at the beginning of fast streaming (Wang and Riechmann 2008). 

 

If microtubules are not tethered to the cortex during fast streaming, they 

should be carried along in the cytoplasmic flow.  To test this, we analyzed GFP-

tubulin dynamics by fluorescence redistribution after photobleaching (FRAP) in stage 

10B oocytes using a two-photon microscope.  Well aligned subcortical microtubules 

were marked by photobleaching then the positions of the bleached zone and of 

streaming yolk granules were subsequently followed by time-lapse imaging (Figure 

2.2, Movie S4).  If minus-ends were not tethered and microtubules were thus free, the 

bleached mark should move along with yolk granules in the cytoplasmic flow.   
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Figure 2.2 Subcortical arrays of microtubules are stationary during streaming. 
Top: GFP-tubulin in a stage 10B oocyte imaged by time-lapse two-photon 
fluorescence microscopy.  Intense 2-photon excitation was used to photobleach a 10x 
30µm area (orange box) in well aligned subcortical microtubules. White arrows mark 
the positions of a yolk granule carried by fast streaming at 0.3µm/sec. Bottom: 
Fluorescence intensity was scanned from bottom (0µm) to top (24µm) of images at 
various time points (noted in seconds).  The bleached zone did not move laterally and 
fluorescence recovery was symmetrical, despite streaming of cytoplasm through the 
area (see Movie S4). 
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The bleached zones recovered fluorescence rapidly over the course of 

approximately one minute, but their recovery was symmetrical and they made no 

discernible shifts in position, despite fast flow of yolk granules through the zones.  

This shows that aligned arrays of subcortical microtubules are not carried along by 

cytoplasmic streaming flows, indicating that minus-ends are indeed tethered to the 

stage 10B cortex. 

In order to further test this, we observed streaming in flies expressing the 

photoconvertible fluorescent protein Dendra fused to tubulin monomers in oocytes. 

Using the MOSAIC system to expose a small selected area of subcortical 

microtubules to blue light for 6 seconds caused the exposed protein to go from 

fluorescing green to fluorescing red. If microtubules were anchored to the cortex, we 

would expect to see a number of red microtubules remain in the area and not move 

with the direction of flow. In our movies, a number of red microtubules remain in 

place for the duration of the movie, despite what may be free tubulin moving in the 

direction of flow (Figure 2.3, Movie S8). This provides further evidence that 

microtubules are tethered to the cortex. 
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Figure 2.3 Subcortical microtubules are stationary during streaming. 
Photoconvertible Dendra2-tubulin protein expressed in Stage 10b oocytes time-lapse 
imaged with confocal microscopy. A-C: 18 seconds, immediately post-conversion 
with blue light. A. is the red channel, B. the green, and C. is the two colors merged. 
D-F: 360 seconds, D. is the red channel, E. is the green channel, and F. is the two 
merged. Area converted is approximately 24µm wide and 40µm tall. Microtubules 
converted from green to red remain in the same area and do not travel with the 
cytoplasmic flow. General direction of flow is in a broad clockwise horseshoe 
beginning at the top right of the image. Scale bar is 12 µm.  
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A mechanism for kinesin-driven fluid flow and microtubule bending 

Our findings, joined with past observations cited above, support a mechanism 

for fast streaming that is unique in its simplicity, relying primarily on a single 

filament type, microtubules, and a single motor protein species, kinesin-1.  At the 

beginning of stage 10B, changes occur that allow robust movement of kinesin-1 along 

microtubules whose minus-ends are tethered to the cortex.  The kinesin-1 motors and 

their organelle cargoes transfer force to adjacent cytoplasmic fluid by viscous drag 

and hence cytoplasm moves toward plus-ends.  The force of each kinesin-1 on fluid is 

matched by an equal and opposite force on its microtubule that would displace it with 

the minus-end leading, if it were free to move.  However, because its minus-end is 

tethered to the cortex, the microtubule responds to the kinesin force by bending.  In 

the fast streaming state, hydrodynamic force transfer between neighboring 

microtubules, combined with drag on them from cytoplasmic flow toward their plus-

ends, encourages parallel alignment and a correlation of bending behaviors. The 

correlated bending patterns change over time, creating directions for fluid flows 

whose continuous variation facilitates non-laminar and thus efficient mixing of 

cytoplasm, despite its high viscosity and the small scale of the process. 

 

Fluid flow caused by kinesin-driven motion  

To elucidate the proposed mechanism in quantitative terms, we considered 

three lines of inquiry:  1) How can bulk cytoplasmic fluid flows be driven by the 

movement of kinesin motors toward microtubule plus-ends?  2) How does 
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microtubule bending occur in this situation? and 3) How can the combination of these 

two effects lead to a self organizing system of fast flows, aligned microtubules, and 

correlated bending behavior?  To address these questions, a mathematical model was 

developed based on the physical principles of hydrodynamics.  Simulations of the 

model were used to determine if it can explain the disordered and the aligned phases 

and, if so, what the key parameters are for self-organization. 

 

We first developed a physical model for fluid flows based on known 

properties of microtubules, kinesin-1, and cytoplasm.  A small moving object will 

interact with its surrounding cytoplasm by viscous drag (Berg 1983); (Purcell 1977), 

moving the fluid such that flow velocity decreases with distance away from the 

object, r, as 1⁄r.  Thus, a single kinesin-cargo complex traveling along a microtubule 

can move neighboring fluid, but the velocity of that movement becomes negligible at 

large distances.  However, as illustrated in Figure 2.4, a linear array of spherical 

objects (e.g. kinesin-cargos) of diameter a, moving at velocity v0 , that are separated 

by distances of d,  will create drag similar to that of a long rod.  For distance scales 

>> d, this train of objects is equivalent to a solid rod of diameter a, moving at a 

velocity of approximately (a/d) v0.  A moving rod generates a flow field with 

velocities that can be substantial at large distances.  In fact, the effect of a moving rod 

of length L is similar to the effect of a moving sphere of diameter L, up to slowly 

varying logarithmic corrections (Berg 1983).  Thus, fluid velocity will be comparable 

to the velocity of the rod out to distances of order L.  With kinesin-cargo complexes  
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Figure 2.4.  Fluid movement by viscous drag on a train of impellers at low 
Reynolds number. A train of spherically shaped impellers of diameter a and 
separation d, all moving in a fluid with low Reynolds number at velocity v0. The fluid 
velocity v(r) is measured at a point distance r from the axis. Separated by small 
distances, these impellers should behave as a rod of length L.  
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closely spaced all along a microtubule, L will be equivalent to the length of the 

microtubule, which in an oocyte could average tens of microns.  

 

This analysis leaves out the effect of the oocyte cortex, which will inhibit fluid 

flow next to its surface.  To analyze this situation, as with the many aligned 

microtubules that are in the subcortical layer during fast streaming, we considered an 

infinite array of parallel rods lying above a wall (Figure 2.5).  Here each rod is 

moving along its length causing viscous drag and thus hydrodynamic flow into or out 

of the page.  The cortex-like barrier below it maintains a velocity of zero (dark blue) 

at its surface.  The hydrodynamics of this situation can be understood by electrostatic 

analogy because it maps onto the problem of an array of rods at constant potential 

above a grounded plane, and can be solved by the method of images.  In this case, 

fluid far from the wall and the rods moves at a constant intermediate velocity (green 

in Figure 2.5). Therefore, a two dimensional layer of microtubules above the cortex 

with closely spaced kinesin cargoes moving along their surfaces could cause mass 

fluid flow in an oocyte. 

 

Now we are in a position to determine the relationship between the velocity of 

kinesin and that of ooplasm during fast streaming.  The velocity of ooplasm should be 

less than that of kinesin moving on cortical microtubules by the factor of 

approximately a⁄d.  Kinesin-1 driven motions in metazoan cells vary from ~100 to 

1000nm/s depending on which cargo type is being tracked, and perhaps on regulatory  
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Figure 2.5. Model of a fluid flow velocity field generated by kinesin-like motion 
along microtubules.  A cross-sectional view of an array of infinitely long 
microtubule-like rods (red dots) suspended in fluid at a depth of 1 (arbitrary) unit 
above a non-moving cortex-like barrier.  Coated evenly with kinesin-cargo complexes 
moving at a constant velocity (1, red in scale bar), into or out of the page, each rod 
generates fluid flow in that same direction.  Relative fluid velocities are represented 
by colors as shown above in the color bar, with red being equivalent to the kinesin 
velocity, yellow and green intermediate, and blue slow.  Velocity is fastest around 
each microtubule, goes linearly to zero at the cortical barrier plane (y=0), and 
asymptotes to a constant intermediate value above the microtubule plane (green). 
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influences or how many kinesins are engaged in moving each cargo (Pilling, Horiuchi 

et al. 2006); (Zimyanin, Belaya et al. 2008); (Shubeita, Tran et al. 2008); (Kural, Kim 

et al. 2005).   

 

We elected to use the velocity of kinesin-1 itself measured directly in cells at 

v0 = 780nm/s (Cai, Hoppe et al. 2007). In our tests, the average velocity of fast 

streaming just beneath the microtubule layer is 217 +/- 38nm/s (n=12 oocytes), 

suggesting that a/d is 0.28.  With an average cargo diameter of a = 250nm (e.g. lipid 

droplets), a spacing of d = 0.9µm along microtubules should be sufficient to support 

the observed streaming velocity.  Electron microscopy has, in fact, shown that there 

can be close association between lipid droplets and subcortical microtubules in stage 

10B oocytes (Theurkauf, Smiley et al. 1992).  However, any kinesin-cargo complex 

should suffice if appropriately spaced along microtubules; e.g. 40nm diameter small 

vesicles would need to be spaced at 140nm.  This logic leads to consideration of the 

possibility that kinesin-1 motors, each with its own rod-like geometry 30-80nm long 

(Amos 1987), could drive fast streaming with no cargo attached if they were closely 

spaced along microtubules.  In summary, this fluid flow analysis indicates that 

kinesin forces that are transferred to surrounding cytoplasmic fluid by viscous drag 

can indeed explain the magnitude and velocity of fluid motion in fast streaming 

oocytes, even at substantial distances from the cortical microtubule layer. 
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Dynamics of kinesin-driven microtubule bending 

Can kinesin forces explain the correlated wave-like bending motions of 

microtubules seen during fast streaming?  The general logic we use to analyze this 

considers the multiple forces that act on cortical microtubules.  One is the force 

kinesins exert directly on a microtubule; a force tangent to its long axis.  This 

buckling force is resisted by the elastic stiffness of the microtubule.  Another force is 

that which moving cytoplasmic fluid exerts on the microtubule.  Thus, the analysis 

must incorporate the determinants of fluid motion, which begin with moving kinesin 

complexes, but also must include the motions and conformations of the microtubules.  

It is consideration of these coupled effects that allows one to evolve the entire 

hydrodynamic system in time. 

 

First consider the magnitude of the force exerted by an individual kinesin 

motor on its point of attachment to a microtubule. This is equal and opposite to the 

viscous drag on the motor-cargo complex as it moves toward the plus-end.  With a 

motor complex of linear dimension 𝑎, the force due to Stokes drag is 3𝜋𝜂𝑎v .   

Assuming a cytoplasmic viscosity 𝜂 of 8 times that of water (Luby-Phelps 2000), and 

an in vivo kinesin velocity  v of 780nm/s, the drag force from even a large cargo 

(𝑎 = 2𝜇m) would be only 0.12pN, and from a small cargo, or just the motor itself (𝑎= 

60 nm) would be 0.007pN.  The force per unit microtubule length, 𝑓!, generated by a 

train of kinesin complexes walking along the microtubule can be estimated because it 

is proportional to 𝜂, v, and as discussed above, 𝑎/𝑑, so that   𝑓_𝑘     = 𝜂v𝑎/𝑑. This 
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force density is independent of microtubule length, up to logarithmic corrections, and 

the load on a kinesin due to drag is far less than its stall force (>5pN) (Svoboda and 

Block 1994). 

 

We now use these observations to construct a model for the motion of a single 

minus-end tethered microtubule interacting with many kinesins in fluid.  Consider the 

multiple forces that act at any point on the microtubule (Figure 2.6).  As a kinesin 

steps toward the microtubule plus-end, it applies force to the surrounding fluid and it 

transfers an equal-opposite force (𝑭!) to the microtubule that is tangent to its long 

axis.  Assuming that the microtubule is inextensible, the force on the microtubule 

creates a tension T acting on nearby elements in opposing directions, giving a net 

force that we denote 𝛥𝑇.  The microtubule has an elastic bending constant 𝐶 that will 

produce a force 𝑭! perpendicular to the microtubule long axis.  The total local force 

acting on an element of fluid next to a microtubule is the sum of the above forces, 

 

 𝒇   =   𝑭!   +   𝑭!   +   𝛥𝑇                                                                                             (1) 

 

This equation, supplemented with more detailed expressions for the terms on the right 

hand side (described below), gives the force acting on a point in the fluid, but this is 

not enough to determine the motion of the system.  Hydrodynamic theory can be used 

to obtain that motion:  The total force acting on an element of liquid has a long-range 

influence on velocities far from that point.  The velocity of the fluid due to a force  
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Figure 2.6. Force diagram for a microtubule-kinesin system.   A small section of a 
microtubule (gray), is shown being acted on by kinesin forces all along its length that 
cause bending. A single kinesin (red) is shown to focus attention on multiple forces 
(arrows) that act at its point of attachment to the microtubule.  A force tangent to the 
long axis of the microtubule is exerted by kinesins causing a total force in this section 
of 𝑭!.  The microtubule has an elastic bending constant which will produce a force 
(𝑭!)  in this section, that will oppose the microtubule bending.  Tension (T ) acts on 
neighboring elements of the microtubule in opposing directions tangent to the long 
axis.  Force transfers from the microtubule to surrounding fluid that moves at a 
velocity v. 
 

 

 

 

 



 39 

acting on a point, is given by the Oseen tensor, which dictates that far from any 

surfaces, fluid velocity will diminish as the inverse of distance from the point of 

force, with an additional prefactor of order unity, depending on the force's direction. 

Conversely, the velocity  𝐮 𝐫  of fluid at an arbitrary point 𝐫, is the weighted sum over 

all forces.  In more precise terms, this weight is the Oseen tensor 𝐉(𝐫, 𝐫′), which 

connects the force density 𝐟(𝐫!) at point 𝐫′ in the fluid to the velocity at another 

location, 𝐫, so that 

 

𝐮 𝒓 =   ∫ 𝐉 𝐫, 𝐫! 𝐟 𝐫! 𝑑!𝑟!.                                                                              (2)                  

 

The Oseen tensor can also take into account the presence of a wall (e.g. the oocyte 

cortex) where the velocity vanishes.  These equations of motion for a microtubule are 

supplemented with the boundary conditions that the minus-end is fixed in space, 

while the plus-end is free to move.  

 

Before advancing to a detailed mathematical analysis, we approximated 

microtubule motion under simplified physical conditions.  Because the 𝑭! kinesin 

forces are acting, on average, tangent to the microtubule all along its length, they will 

cause buckling if the microtubule is long enough.  To understand this, we can make 

use of buckling theory for a rod supporting a load.  Consider a section of microtubule 

of length 𝐿.  The critical buckling force the load must apply is   𝑓!   =   𝜋!  𝐶/𝐿! if the 

directions of the end segments are not constrained.  This will differ by a factor of 
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order unity if there are such end-constraints, or if the load is distributed evenly over 

the rod rather than being confined to its ends.  The longitudinal force 𝑓!, due to 

kinesin, as discussed above, is 𝑓!   =   𝑓!𝐿.  As 𝐿 increases, 𝑓! will increase and   𝑓! 

will decrease.  The point at which they are equal, gives the value of 𝐿 at which 

buckling will first occur.  The radius of curvature (𝑅) for buckling will be 

proportional to 𝐿 and will occur at 𝑅   =    !
!!!

!
! where 𝛽 is a constant that will be 

determined by a more rigorous analysis outlined below that will allow comparison of 

theoretical predictions to measured microtubule curvatures in oocytes.  We emphasize 

that this simplified buckling analysis is not precise, because it assumes a static load.  

With each kinesin force tangent to its local microtubule axis, as a microtubule bends 

over time, it redirects those forces, implying that the load on the fiber is time-

dependent.  We now present a more complete analysis of this dynamic situation. 

 

To understand the motion of a single microtubule, one must consider that the 

surrounding fluid creates drag on it.  We first consider a single microtubule with a 

local drag coefficient 𝜈, but with no long-range hydrodynamics.  A full hydrodynamic 

treatment must include the motions of kinesins on many adjacent microtubules and 

the more complex flow field they generate.  However for a simple single microtubule 

simulation, we will assume that the only effect of the other microtubules is to produce 

a constant fluid velocity field v!, which we will regard as a fixed external parameter.  
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The single microtubule dynamics model is similar to one developed 

previously for filament bending in gliding assays on glass surfaces coated with 

motors (Bourdieu, Duke et al. 1995). However, our model is 3-dimensional in an 

external fluid velocity field, rather than 2-dimensional with no external velocity field.  

The configuration of the microtubule, 𝐫(𝑠), is parameterized as a function of 

arclength,  𝑠.  Assuming drag is only local and writing out the forces on the right hand 

side of Eq. 1 explicitly,   

 

𝜈 !𝐫
!"
  =   −𝐶 !!𝐫

!!!
+ !

!"
(𝑇(𝑠) !𝐫

!"
)   −   𝑓!  

!𝐫
!"
  + 𝜈v!𝑘                                                     (3) 

 

where the position dependent tension 𝑇(𝑠) enforces the inextensibility of the chain 

| !𝐫
!"

|=1.  

 

We can now use Eq. 3 to determine the 3-dimensional motion of a 

microtubule subjected to kinesin forces while its minus-end is tethered in free space.  

Mathematical analysis yields a set of traveling wave solutions for long chains.  The 

equation for their shape can be mapped onto the equation for a spherical pendulum 

and their form can be analyzed in several situations.  For the case v! = 0 there are 

circularly rotating solutions with angular velocity 𝜔 =   𝑓!/(𝜈𝑅), where 𝑅  is the 

radius of curvature.  We have studied numerically how 𝑅 depends on the fluid 

velocity field and found it is quite insensitive over a wide range of v!  velocities.  The 

precise value of 𝑅 is determined by the boundary conditions, so we applied boundary 
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conditions numerically that held the minus-end at a fixed location but allowed it to 

pivot, while the plus end was completely free.  Starting from random initial 

conditions, the equation rapidly goes to a steady state that typically is described by a 

curve that asymptotically becomes a helix that rotates uniformly at constant angular 

velocity 𝜔  (Figure 2.7, Movie S5). The crumpled initial conditions are clearly not 

attainable with a real microtubule, but are shown to demonstrate that, even from such 

extreme starting configurations, the dynamics approach the same helical solution. The 

handedness that develops for the helix is random, but is stable once steady state is 

attained.  A combination of this numerical work and our analytical results agree with 

our much simpler buckling analysis discussed above that gives 𝑅   =    !
!!!

!
! and also 

agree with the power law found previously (Bourdieu, Duke et al. 1995).  But now we 

can determine that 𝛽 =   0.05  ± 0.0005 .  The asymptotic radius varies only slightly 

over a wide v! flow field velocity range. 

 

We have studied variants of this model in which the boundary condition of the 

tethered minus-end is altered such that it is no longer freely hinged about a fixed 

point, but rigidly oriented in one direction.  This, plus the stiffness of the microtubule, 

shifts bending for the first circular wave away from the minus-end.  We have also 

studied the influence of a short ranged repulsive wall potential that is positioned near 

the minus-end and parallel with the flow field.  This acts as a barrier similar to the 

oocyte cortex.  The solution allows traveling waves, but for most values of the 

imposed fluid flow velocity (v!) the waves evolve into cycloidal or sinusoidal  
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Figure 2.7 Single filament bending behavior generated by kinesin forces and an 
externally imposed fluid flow.  Six time-points from a 200 frame simulation of a 
microtubule-like filament with its minus-end fixed in space (white ball) but free to 
rotate (see Movie S5 and Supplemental Information, Section 4.6).  Starting from 
initial random compressed configurations of the filament (left side), tangent forces 
from kinesins walking toward the free plus-end, combined with an externally imposed 
fluid flow field (arrow) generates a stable rotating helical wave. Reasonable values 
for microtubule stiffness, kinesin force, and fluid viscosity produce a final radius of 
curvature between 25 and 61µm. For viewing purposes, the diameter of the filament 
here is 2000-fold that of a microtubule.  
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configurations parallel to the barrier, because the helix solution would violate the 

constraint of the wall.  This behavior can also be understood in detail analytically, in 

excellent agreement with the simulations. 

 

To determine if the wave-like behaviors in the simplified model simulations have 

similarities to real microtubule bending behavior in oocytes, we examined analytical 

solutions using elastic constants for microtubules of C=0.5 to 2×10!!"  𝑁𝑚!, as 

reported previously (Felgner, Frank et al. 1996); (Gittes, Mickey et al. 1993).  With a 

kinesin velocity of 780nm/s, cargo diameter/spacing a⁄d between 0.28 and 1, and 

assuming a cytoplasmic viscosity in fast streaming oocytes of 8 times that of water 

(Luby-Phelps 2000), the radius of curvature R is predicted to be 25-61µm and the 

wave period 𝜏 is predicted to be 203-405s.  We performed gliding assays in order to 

compare in vitro radius of curvature numbers to what we could attain mathematically. 

While gliding assays are primarily used to perform motility assays on microtubule 

motors, here we were interested in microtubules that encounter a non-functional 

Kinesin-1 protein. When this occurs, the leading end of the microtubule sticks for a 

period of time to this kinesin, but the other functional kinesins continue to apply force 

to the microtubule. This causes the microtubule to bend and spiral around this non-

functional kinesin, until the microtubule becomes unstuck and continues on its way. 

We measured the curvature of these microtubules in several gliding assays in order to 

provide biologically relevant numbers in our physical mathematical models. Figure 

2.8 shows an example frame from one of the movies (Movie S9) taken on a wide field  
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Figure 2.8. GFP-tubulin microtubules in gliding assay.  
One frame from a microtubule gliding assay. Microtubules were polymerized from 
tubulin monomers from Cytoskeleton, and slide was coated with Kinesin-1 proteins. 
The curved microtubule in the top right of the image is spiraling around the leading 
end of the microtubule, which has encountered a non-functional Kinesin protein. 
Curvature was measured from this and other spiralling microtubules.  
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microscope of an active gliding assay. In it there are several spiraling microtubules. 

Curvature was measured in ImageJ using a three-point circle calculator. Average 

radius of curvature of an in vitro microtubule is 14.59 µm, s.e.m.=1.4, n=36. 

 

For in vivo comparison, time-lapse confocal fluorescence microscopy was 

used to image GFP-tubulin microtubule arrays during fast streaming in stage 10B-11 

oocytes.  The average minimum array curvature radius was R = 19.5 + 5µm (n=9).  

For arrays that remained in the optical section for sufficient time to determine wave 

velocity, 𝜏 was measured to be 294s (n=4) (see Experimental Procedures).  These 

values are close to those predicted by the single microtubule bending model, 

suggesting that its physical explanation for oocyte microtubule bending is 

fundamentally correct. 

 

Self organization of many microtubules using simulation 

To develop a more realistic model, the same physical ingredients were 

considered, but with an array of 100 filaments tethered by their minus-ends to a 

cortex-like barrier plane at which both fluid and filament velocities must be zero.  

Furthermore, fluid flows were not externally imposed, rather they were generated 

internally by kinesin motion toward plus-ends.  Thus, kinesin force and microtubule 

motion coupled to the surrounding fluid should generate a complete hydrodynamic 

model as described by Eqs. 1 and 2.  Constant kinesin velocity toward plus-ends is 

combined with Eq. 2 to evolve the system in time. The added complexity of this 
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system pushes solutions beyond the scope of current analytic treatments, but it can be 

modeled numerically.  We focused on three general questions:  1) Can a collection of 

many microtubules acted on by kinesin forces spontaneously self-organize into 

aligned arrays and undergo correlated bending, as observed in fast streaming?  2) Can 

parameter changes within this model explain the transition from slow to fast 

streaming?  and (3) If so, what parameters control that transition? 

 

The microtubule-like filaments were modeled with their minus-end pivot 

points tethered at height 𝐻 above the cortex-like barrier, representing a height at 

which microtubules that are constrained by minus-end segments rigidly oriented 

within the cortex could bend enough to lie parallel to it.  The semiflexible nature of 

the filaments and their interactions with each other were ensured by modeling them as 

chains of balls with spring potentials between them and next nearest neighbor 

repulsive potentials. The equilibrium distance between adjacent balls in a chain was 1 

in the units used for the simulation.  In Figure 2.9A and B, adjacent minus-end tether 

points are separated by 2 units, and chain lengths were 16 units.  In simulations, two 

distinct behaviors of the system emerged.  First, at very high kinesin generated force 

density or with filaments close to the barrier (e.g.  𝐻 = 1.0), bending dynamics did not 

become well ordered (Figure 2.9A,  and Movie S6). In addition, at very low kinesin 

generated forces ordering did not occur except at very long times.  Small groups of 

filaments did correlate over short distances for brief time periods, creating patterns 

similar to those observed for microtubules in slow streaming oocytes (Figure 2.9C, 
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Movies S1 and S6), but long-range correlations did not develop.  In the second 

behavior, simply shifting minus-end pivot points to a greater height above the barrier 

(𝐻 = 2.0) allowed a striking self-organization of filaments into uniformly oriented 

bending arrays that lay parallel to the barrier (Figure 2.9B, Movie S7).  Some 

filaments at the array edges, where there were few neighbors, exhibited independent 

helical behaviors akin to those of the single filament simulation (Figure 2.7, Movie 

S5), but those with a full set of neighbors exhibited strongly correlated bending 

dynamics similar to those of microtubules in fast streaming oocytes (Figure 2.9D, 

Movies S2, S3, S7).  Repeated trials identified parameters that favor this correlated 

behavior:  intermediate filament stiffness akin to that measured for microtubules 

(Felgner, Frank et al. 1996); (Gittes, Mickey et al. 1993), intermediate kinesin force 

densities along the filaments, and minus-end pivot points above the wall at a distance 

equivalent to the spacing between microtubule minus-ends.  With a spacing between 

microtubule tether points of 2 units and with the intermediate values for stiffness and 

force held constant, the transition between weak and strong correlation occurred near 

a height 𝐻 = 1.5 units for chain lengths of 16 and 32, and for filament populations of 

50 to 100.  This suggests that the shift of the distance away from the cortex at which 

microtubules can form a parallel layer is an important parameter for controlling the 

transition from slow disordered to fast ordered streaming. 

 

 

 



 49 

 

 

 

 

 

Figure 2.9 Correlated microtubule array bending generated by kinesin shear 
force between fluid and filaments near a membrane barrier. A, B) Views from 
above arrays of 100 microtubule-like filaments with minus-end pivot points at two 
elevations (A) 𝐻 = 1.0 and (B) 𝐻 = 2.0 above a cortex-like wall that suppresses 
filament and fluid motions near it. These are outcomes after 200 iterations of 
simulations under the following conditions: 1) spacing between minus-end pivot 
points of 2 units;  2) initial randomized filament configurations;  3) kinesin-like fluid-
filament shear forces tangent to each filament axis at all points; and  4) fluid 
movements generated exclusively by the kinesin-filament shear forces (see Movies 
S6 and S7).  Note the largely non-correlated bending behavior in A versus the 
correlated bending behavior in B. Shown in C and D) are confocal images of GFP-α-
tubulin at 0-10um distance from the oocyte membrane.  C) Stage 10A slow streaming 
(see Movie S1).  D) Stage 10B fast streaming (see Movies S2, S3).  Scale bar = 10µm 
for C and D.  
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To test the model, we considered ways to alter key parameters in living 

oocytes and compare their effects on streaming with those predicted by the model.  

There is currently no way to alter 𝐻, but kinesin mutations provide a means to alter 

force density on microtubules.  Khc23 and Khc17 are two well characterized mutant 

alleles of the kinesin heavy chain gene that, by changing single amino acids in the 

force-generating head domain, cause 3.8-fold and 1.6-fold slowing, respectively, of 

motor velocity on microtubules (Brendza, Rose et al. 1999).  Slowed kinesin velocity, 

when used in model simulations with 𝐻 = 2.0, are predicted to reduce the force 

density along microtubules, which would reduce bending force and slow the rate of 

fluid flow toward plus-ends.  The predicted outcome is that the evolution of filament 

alignment will be delayed substantially and the velocity of the eventually attained 

correlated cytoplasmic streaming is reduced.  In stage 10B-11 wild-type oocytes, 

correlated streaming velocity was 217+/-38nm/sec (n=12 oocytes).  In stage 10B-11 

mutant oocytes, three different types of streaming behavior were observed:  1) 

uniform non-correlated patterns of yolk particle motion (Khc23, 26 + 5 nm/sec, n= 12 

and Khc17, 38 + 6 nm/sec, n=12); 2) non-uniform patterns with small patches of 

correlated streaming; and 3) uniform correlated streaming at slowed velocity (Khc23, 

79+19 nm/sec, n=12 and Khc17, 102+31 nm/sec, n=12).  The three states in the 

mutants could reflect different stages in a slowed self-organization, consistent with 

the prediction from the model.  Alternatively, they could reflect three different stable 

states.  Because oocyte physiology is robust for only ~1hr post dissection, long-term 

time-lapse imaging that could address this question was not fruitful.  Advances in 
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observation techniques and tests of additional model parameters, for example 

attractive forces between microtubules from crosslinking factors and modeling an 

oocyte-like concave rather than a planar barrier, could provide additional important 

insights into the streaming mechanism.   

 

Discussion 

In general, processes involving the transport of protein complexes, 

cytoskeletal polymers and organelles with a strong directional bias should be 

profoundly affected by hydrodynamics, because at low Reynolds number the motions 

of distant objects are coupled through viscous drag.  Elegant studies of pronuclear 

migration in sand dollar zygotes established that there can be length-dependent 

pulling forces on astral microtubules emanating from a centrosome (Hamaguchi and 

Hiramoto 1986).  The authors suggested that such forces are generated by drag on 

organelles that are carried toward minus-ends that are attached to the sperm 

pronucleus centrosome.  It has since been shown that drag on minus-end directed 

dynein motor complexes indeed generates important length-dependent pulling forces 

on microtubules attached to pronuclei (Kimura and Kimura 2011); (Longoria and 

Shubeita 2013); (Shinar, Manab et al. 2011).  Our work presented here has focused on 

what is in essence the reverse process: predominantly plus-end directed transport 

driven by kinesin-1 along microtubules that are tethered by their minus-ends to a 

cortex.  In contrast to the microtubule straightening-pulling effects of dynein walking 

toward anchored minus-ends, kinesin movement away from anchored minus-ends 
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causes cortical microtubules to buckle and, under some conditions, to self organize 

into bending parallel arrays.  Drag on the kinesin-cargo complexes that move on those 

bending microtubule arrays drives long-range fluid flows in constantly varying 

directions. 

 

In developing oocytes, the timing of the switch from mid-stage slow 

streaming to late-stage fast streaming is crucial.  If fast streaming occurs too early, the 

proper concentration and anchorage of key body axis determinants at their cortical 

sites fails and subsequent embryo development proceeds without normal patterning 

(Theurkauf 1994); (Manseau, Calley et al. 1996).  On the other hand, if streaming-

mediated mixing does not occur, embryos fail to develop beyond the early cleavage 

stages (Serbus, Cha et al. 2005).  Our hydrodynamic modeling shows that oocytes 

could control the slow-fast streaming transition by changing a single parameter 𝐻: the 

distance between the cortical barrier plane and the underlying layer at which 

cortically tethered microtubules can align.  This is because fluid motion between the 

barrier plane and the microtubule layer makes an important contribution to 

hydrodynamic coupling and thus to the correlated behavior of neighboring 

microtubules.  Since for fast streaming, the critical distance of microtubules from the 

barrier is approximately twice the distance between microtubule tether points, the 

inward shift away from the cortex need not be large.  High resolution fluorescence 

images of stage 9 oocytes (Parton, Hamilton et al. 2011) suggest a spacing of cortical 

microtubules from one another of roughly 1mm.  Thus, a spacing between the cortical 
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barrier and the microtubule layer of ~1mm could be sufficient to allow the transition 

from slow to fast streaming.  Evidence consistent with a multi-micron inward shift of 

microtubules during the slow to fast streaming transition has been reported (Wang 

and Riechmann 2008).  How such a shift could be accomplished while keeping 

minus-ends tethered is an interesting question.  One possibility is that if the initial 

segments of microtubules are rigidly oriented and if they emerge from the cortical 

plane at an average angle of 90 degrees, their stiffness would define the radius over 

which they could bend to form a subcortical layer and thus the distance between the 

two planes.  Future ultrastructural analysis of the organization of microtubules and 

the cortex during fast streaming could provide important new insights into how the 

slow-disordered to fast ordered streaming transition is controlled. 

 

Other model parameters influence the slow-fast streaming transition: the microtubule 

stiffness, kinesin velocity, microtubule spacing, and cytoplasmic viscosity.  Because a 

reduction in viscosity induces long range ordering, this alone should account for the 

transition seen from slow to fast streaming.  Further evidence for this is the premature 

fast streaming that is induced by lowering the viscosity of the cytoplasm through f-

actin depolymerization (Theurkauf 1994); (Dahlgaard, Raposo et al. 2007).  If 

instead, one reduces the force density on microtubules by lowering kinesin velocity, 

this decreases bending, fluid velocity, and hydrodynamic coupling of neighboring 

microtubules, which greatly slows correlated alignment.  Our tests of slow-Khc 

mutant oocytes confirmed that reducing kinesin velocity indeed inhibits correlated 
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alignment and streaming velocity.  Model simulations also show that high force 

density on cortical microtubules will increase microtubule bending to the point that 

the self-organizing correlated state cannot evolve.  Consistent with this, stabilizing 

the f-actin meshwork in ooplasm, which should sustain high viscosity and thus high 

kinesin generated force density on microtubules, prevents the transition to fast 

streaming in stage 11 oocytes (Dahlgaard, Raposo et al. 2007).  Conversely, 

destabilizing f-actin allows premature fast streaming in stage 8-9 oocytes (Theurkauf, 

Smiley et al. 1992); (Dahlgaard, Raposo et al. 2007); (Manseau, Calley et al. 1996).  

Thus, intermediate conditions for force transfer between kinesin, microtubules, and 

cytoplasmic fluid, along with sufficient distance between the microtubule layer and 

the cortical barrier are ideal for rapid self organization into the fast streaming state.  

 

Interestingly, model simulations show that increasing the separation distance 

between the subcortical microtubule layer and the cortical wall (beyond 2 units) 

facilitates more rapid alignment into parallel arrays, but the amplitude of bending 

becomes much smaller. Considering the purpose of fast streaming in oocytes, this 

suggests that the transition from slow to fast streaming re-sets the self-organization 

parameters such that the system is at the edge of a symmetry-breaking phase where 

there is sufficient order to align microtubules and generate robust fast cytoplasmic 

flow, yet enough bending of the arrays to facilitate semi-chaotic variations in flow 

directions.  In regard to a need for such variation, rigorous analysis in two dimensions 

using the Thurston-Nielsen classification theorem has shown that topological chaos is 
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crucial for efficient fluid mixing (Thurston 1988).  This is particularly the case for the 

low Reynolds number regime of small scale and high viscosity in an oocyte.  Thus, 

control of the stage 10A to 10B parameter transitions for encouraging both fast flows 

and bending pattern variation is likely a crucial element for successful mixing of 

oocyte and nurse cell cytoplasm. 
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Chapter 3 

Impellers and Other Studies 

 

Introduction 

     Our work in the last chapter focused on the physical properties behind the 

mechanism of streaming, and the roles microtubules and Kinesin-1 play in streaming. 

Another avenue to explore is whether any cargoes carried by Kinesin act as an 

impeller during streaming.  

One possible streaming impeller is the lipid droplet. This is supported by the 

observation that in streaming oocytes, lipid droplets are found in close proximity to 

microtubules, whereas other organelles are excluded from this region (Theurkauf, 

Smiley et al. 1992) (Image 3.1). In order to study the role of lipid droplets in 

streaming, I looked at the lipid droplet associated protein Klarsicht. Klarsicht, or Klar, 

is a regulating protein of microtubule motors in Drosophila that was first 

characterized in the early developing Drosophila embryo (Welte, Gross et al. 1998), 

when neutral lipid storage vesicles, called lipid droplets, are transported to the 

periphery of the embryo. Klar mutants show disturbed transport of these lipid 

droplets, causing the embryos to appear more or less transparent (Wieschaus and 

Nüsslein-Volhard 1986). Klar is a crucial player in regulating the bidirectional 

transport of lipid droplets; in Klar mutants, bidirectional transport of lipid droplets 

was impeded. However, the only organelle affected was lipid droplets, implying 

specific targeting of Klar (Welte, Gross et al. 1998). The protein is found in  
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Figure 3.1. Electron micrograph of stage 10b oocyte. On the left is a micrograph of 
an oocyte approximately 4 µm wide. Subcortical microtubules are indicated by the 
arrows, and yolk endosomes are seen here as black circles. The white circles are lipid 
droplets, and are excluded from the area between the cortex and the subcortical 
microtubules. The yolk endosomes are seen on both sides of the microtubules. On the 
right is a higher magnification view of lipid droplets closely associated with 
microtubules. The white bar in the right corner is 300 nm. (Image from (Theurkauf, 
Smiley et al. 1992).) 
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conjunction with dynein in immunofluorescence assays, and has been shown to form 

a complex with Kinesin-1 (Welte, Gross et al. 1998); (Shubeita, Tran et al. 2008); 

(Gaspar, Yu et al. 2014), suggesting that it may coordinate which motor is active on a 

cargo at a given time (Gross, Guo et al. 2003); (Gross 2003); (Welte 2004). Klar 

mutants also show disturbed nuclear migration in the imaginal disc of the eye (Welte, 

Gross et al. 1998); (Fischer-Vize and Mosley 1994). 

The Klar gene spans approximately 110 kb of the fly genome, and contains 19 

exons (Kim, Cotton et al. 2013). There are five confirmed protein isoforms, two of 

which contain a lipid droplet binding domain (β and ɛ), and 3 of which include a 

nuclear envelope-targeting domain known as the KASH domain (α, γ, and 𝛿) 

(Mosley-Bishop, Li et al. 1999); (Starr and Han 2002); (Guo, Jangi et al. 2005); (Yu, 

Li et al. 2011). The sequence for the KASH domain is located in exon 18. The lipid 

droplet binding isoforms are alternatively spliced to include a 640 base pair extension 

to exon 15 (Guo, Jangi et al. 2005); (Berkeley Drosophila genome project), which 

when included with exon 15 is referred to as 15x, which contains an in-frame stop 

codon. Thus, exons 16-18 are not included in the β and ɛ messages of Klar, and thus 

this isoform lacks the nuclear-envelope-targeting KASH domain. The α and β 

mRNAs are transcribed from a promoter in exon 0, whereas the 𝛿 and ɛ promoter is 

located in exon D, between exons 4 and 5. The promotor for the γ isoform is between 

exon 15x and exon 16; its function is currently unknown (Kim, Cotton et al. 2013) 

(Figure 3.2).  
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Figure 3.2 Overview of Klar locus. At the top of the image is the klar gene in the left 
arm of the third chromosome. Exons are represented by black vertical bars and are 
labeled with their number or letter above the bars. Other small putative genes are 
shown where they may occur in introns and are labeled with CG and a number. 
Different isoforms are shown with which exons they include. Beta and epsilon are the 
lipid droplet binding isoforms. (Image from Michael Welte.)  

 
 
 

 

 



 60 

     Several mutations affect the lipid droplet binding protein isoforms. These include 

mutations that excise a number of exons, that introduce a stop codon in exon 15, or 

are in the promoter and prevent Klar from being expressed. In order to study whether 

the lipid droplet isoforms of Klar are involved in the process of cytoplasmic 

streaming, I looked at mutants ∆515, Klar1, YG3, and KlarMW. ∆515 is a deletion 

mutant that removes exons 5-15, and is effectively a null mutation, but leaves intact 

certain small predicted genes in earlier introns without which the mutant flies are not 

viable (Michael Welte, personal communication). The ∆515 mutant removes most of 

the Klar message of all isoforms. As this mutation is generally lethal when 

homozygous, the heterozygous mutant must be crossed with a deficiency strain, 

Df(3L)emcE12, which deletes the klar locus along with several surrounding genes. 

Klar1 introduces a stop codon in exon15, which truncates the protein before the lipid 

binding domain can be included. YG3 is a mutation in the promotor region of α and β 

isoforms. KlarMW specifically deletes a 25 bp region of exon 15x, which codes for 

the lipid droplet binding domain. The mutation causes a frameshift and a trunctation 

of much of the lipid binding domain (Yu, Li et al. 2011) (Figure 3.3). 
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Figure 3.3. Klar mutant alleles. As in the previous figure, exons are represented by 
vertical black bars over the klar locus, and different isoforms are shown below. 
Different mutations are represented here above the locus. In orange are deletion 
mutations, such as ∆515 and YG3. Red stop signs show nonsense mutations, purple 
lightning bolts show chromosomal breaks, and mutants in blue are poorly understood. 
(Image from Michael Welte.)  
 

 



 62 

Results 

To gain insight into whether lipid droplets are involved in the mechanism of 

cytoplasmic streaming, I used confocal microscopy to image live oocytes dissected 

from female Klar mutant flies of several different strains. First, I replicated an 

experiment done in Klar 1 mutant flies, as slowed cytoplasmic streaming had been 

observed in this line (Michael Welte, personal communication). This mutation 

introduces a stop codon in exon 15, before the exon containing the lipid droplet 

binding domain. I injected flies with Trypan blue approximately two hours before 

dissecting oocytes in halocarbon oil. Trypan blue fluoresces red when observed with 

a 590 nm wavelength laser, and is taken up in the yolk endosomes of the oocyte from 

the female abdomen. The yolk endosomes are then visible and can be used to 

determine the velocity of cytoplasmic streaming. I used female 700W flies as a 

control. Comparison of streaming velocity in the control to Klar 1 mutants is striking: 

while streaming still takes place in the mutants, it is at approximately 25% wildtype 

velocity. Average control velocity in this experiment was unusually fast at 463 nm/s, 

and average Klar1 velocity was 136 nm/s (for standard error and p-values for all 

mutations observed, refer to Table 3.1 and Figure 3.4). I then observed streaming in 

∆515 mutant flies, which arose from a different mutagenesis experiment than Klar 1. 

The velocity of streaming in ∆515 flies is even slower than that of Klar1 flies, at just 

70 nm/s. When the two lines were crossed with each other to rule out background  
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Figure 3.4. Results from tracking velocity of cytoplasmic streaming in Klar 
mutants. All Klar mutants studied show significantly reduced streaming, particularly 
the deletion mutant ∆515. Velocity is showed on the y-axis and genotype is displayed 
on the x-axis. N=5 for all genotypes quantified. 
 
 
Genotype Average Velocity Standard Error p-value 
Control 0.463	  µm/s	   0.055	    
Klar 1 0.136	  µm/s	   0.026	   0.0020	  
Klar 515 0.070	  µm/s	   0.013	   0.0015	  
Klar 1/515 0.077	  µm/s	   0.018	   0.0013	  
Klar MW 0.102	  µm/s	   0.038	   0.0009	  
YG3 0.082	  µm/s	   0.015	   0.0016	  
KlarRNAiControl 0.093	  µm/s	   0.023	    
Klar RNAi  0.077	  µm/s	   0.016	   0.4647	  

 
Table 3.1 Velocity results from tracking cytoplasmic streaming in Klar mutants 
and RNAi. Genotype is listed in the left-most column, followed by the average 
velocity, standard error of the mean, and p-value compared to the control used. P-
values for all mutants show significance, while results from the klar RNAi do not. 
N=5 for all genotypes measured. 
 
 

0	  
0.05	  
0.1	  
0.15	  
0.2	  
0.25	  
0.3	  
0.35	  
0.4	  
0.45	  
0.5	  
0.55	  

1	  

µm/sec	   Cytoplasmic	  Streaming	  

Control	   Klar	  1	   Klar	  515	   Klar	  1/Klar515	   KlarMW	   YG3	  



 64 

 
genetic effects, velocity remained low at 77 nm/s. 

 

In order to determine whether the ɛ isoform is involved in driving cytoplasmic 

streaming, I observed streaming in the YG3 Klar mutation, which contains a small 

mutation in the promotor for the α and β isoforms. This abolishes expression of the β 

isoform, which is the main lipid droplet binding isoform; however, it leaves the ɛ 

isoform intact. In this mutant, streaming velocity was measured at 82 nm/s, a similar 

velocity to what is seen in the ∆515 mutant. Since the ∆515 mutant affects the 

expression of all isoforms, but the YG3 mutation only affects the α and β isoforms, 

these data imply that the ɛ isoform is not involved in driving cytoplasmic streaming. 

The last mutant in which I observed streaming was the KlarMW mutant, which 

contains a deletion in the middle of the lipid droplet binding domain. In KlarMW 

mutant oocytes, streaming velocity was 102 nm/s. The data from this experiment 

provide further support for the Klar1 mutant results.  

While these data are very promising, I wanted to ascertain whether the effect 

could be from some unknown genetic background. I next looked at flies with RNAi 

against the klar message. The recognized sequence is in exon 6, which affects all 

isoforms aside from the γ isoform. In these oocytes, streaming velocity is slightly 

reduced, but not significantly (Figure 3.5). This result goes against the results found 

in the mutation studies. It is possible that the klar mutants contain background 

mutations that affect streaming; however, it is likely that klar RNAi is not strong 

enough to knock down sufficient mRNA to show an effect on streaming. 
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Figure 3.5 Results from tracking cytoplasmic streaming in flies treated with Klar 
RNAi. In Klar RNAi flies, streaming velocity was slightly reduced, but not 
significantly. Velocity is shown on the y-axis and genotype is shown on the x-axis. 
N=10 for both genotypes. 
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Discussion 

My results with Klar mutants suggest that Klar and lipid droplets are involved in 

cytoplasmic streaming, and that the β isoform specifically affects streaming in 

oocytes. It is possible that lipid droplets serve as an impeller for streaming. Our 

results from mathematically modeling streaming showed that Kinesin-1 by itself can 

drive streaming if it is spaced closely on the microtubule. This might explain the 

reduction but not complete cessation of streaming; perhaps Kinesin is able to create 

some fluid flow, but lipid droplets complement the force put on the surrounding 

cytoplasm. Further mutant studies should include mutants that knock out the ɛ but not 

β isoform of Klar to ascertain whether the ɛ isoform has any effect on streaming, and 

mutants that knock out the α, γ, and 𝛿 isoforms, but leave the lipid droplet binding 

isoforms intact.  

Another possibility is that lipid droplets are not acting as impellers, but Klar acts 

in its role as a motor regulator to inhibit dynein or otherwise affect the normal 

functioning of kinesin in streaming. While the lowered velocity of streaming in lipid 

droplet binding domain mutants would seem to imply that lipid droplets play a role, it 

is possible that somehow disrupting this region of Klar also affects its ability as a 

motor regulator in some fashion, or that lipid droplets carry Klar in from the nurse 

cells and so it is unable to reach the oocyte without this binding domain. This could 

be addressed both by using immunofluorescence to determine where Klar is in the 

streaming oocyte in these mutants and by looking at mutants which lack lipid 

droplets; the midway mutant does not produce lipid droplets in oocytes, but the 
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oocytes in these mutants generally stop developing before they ever get to the 

streaming stage. However, there is some evidence that disrupting the ecdysone 

pathway by crossing E75 mutants and midway mutants allows the oocytes to survive 

longer (Michael Welte, personal communication). It would be important to do an 

immunofluorescence assay to find where Klar localizes in these mutants as well. 

The results from the RNAi of Klar are somewhat confounding. One possibility is 

that the genetic background of the klar mutants is causing the slowed velocity of 

streaming; this is unlikely to be the case as many of these mutants were developed in 

different ways, years apart from each other, and a cross between Klar 1 mutants and 

∆515 mutants shows reduced streaming. Another possibility is that the RNAi against 

klar is not strong enough and is not knocking down a sufficient amount of message to 

adversely affect streaming. This could be addressed by using quantitative PCR to 

look at how much klar mRNA is present in streaming oocytes. Another way this 

could be tested is by observing clearing in developing klar RNAi and YG3 embryos. 

The YG3 mutant undergoes normal clearing in cycle 14, but does not cloud up again 

with lipid droplets; if the RNAi were knocking down sufficient amounts of Klar, I 

would expect this failure to cloud up after cycle 14 (Michael Welte, personal 

communication; (Welte, Gross et al. 1998). 
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Additional Studies of Cytoplasmic Streaming 

     In order to better hone the mathematical model of streaming, it is important to 

know such things as how the microtubules are organized at the cortex and how far 

apart they are from each other. Earlier electron microscopy has shown parallel 

microtubules just below the cortex (Figure 3.1) (Theurkauf, Smiley et al. 1992), but 

these studies were not detailed enough to determine microtubule spacing or 

organization at the cortex.  

In order to keep the internal structure and organization of the oocytes as close to 

life-like as possible, I attempted to use a high-pressure freezing technique in order to 

prepare the oocytes for electron microscopy. This method freezes samples in a matter 

of milleseconds, as opposed to chemical fixation, which takes longer to perfuse the 

sample, particularly with large samples such as whole cells (McDonald 1999). In this 

method, samples are placed in a small metal carrier with an indentation in the center 

for the sample, and then this carrier is capped and put into a high pressure freezer. 

The sample must not contain any air bubbles, so in the case of oocytes, the area 

surrounding the oocytes must be filled with a viscous fluid that will allow rapid 

freezing to occur. I used two different fluids: 20µm/µL bovine serum albumin (BSA), 

and 20% glycerol. The small volumes of BSA dried out too quickly for the samples to 

be used, but I was able to image samples placed in 20% glycerol (Figure 3.6 and 

Figure 3.7).  

Despite seeing a few microtubules in these micrographs, there were not as many 

as expected, and when I used confocal microscopy to determine whether oocytes  
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Figure 3.6 Electron micrograph of Drosophila oocyte with few microtubules. In 
this micrograph, a few microtubules are evident at the center of the image. This area 
contained the most microtubules of any area we imaged. Scale bar is 100 nm.  
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Figure 3.7 Electron micrograph of Drosophila oocyte with cross-sectioned 
microtubules. In this micrograph, there are five lipid droplets and the edge of a yolk 
endosome. Of note are the two microtubules side by side in the center of the image. 
Scale bar is 100 nm.  
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were able to perform cytoplasmic streaming in 20% glycerol, I determined that they 

stopped streaming before I was able to image them. Further, the oocytes appeared 

shriveled and dead.  

 Next, I attempted to use chemical fixation in order to do standard electron 

microscopy. I used oocytes expressing GFP-tubulin and a fix of 1:1 cacodylic acid 

and 16% paraformaldehyde (after (Theurkauf, Smiley et al. 1992) and (Serbus, Cha et 

al. 2005)), and then used, variously, a primary antibody against GFP, a FITC-

conjugated monoclonal antibody against tubulin, and a primary antibody against 

tubulin, in order to see whether parallel arrays of microtubules survived the fixation 

process. Results were inconclusive, as it is unclear whether the antibody has stained 

microtubules in the oocyte, microtubules in the follicle cells, or an artifact. (Figure 

3.8).  

 Next, I developed some carriers with openings the same average width and 

height of an oocyte, to try again to do freeze fixation, but without the 

noncryoprotectant fluid around them. Instead, flies will be transferred with 

halocarbon oil. Halocarbon oil does not allow freezing to occur rapidly enough to 

preserve internal structure, but in small enough volumes with the oocyte able to touch 

the metal sides of the carrier, should not present a problem. I have not tested these 

yet, but this will be the next step in understanding more about the ultrastructure of the 

stage 10b streaming Drosophila oocyte.  
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Figure 3.8 Fixed stage 10b oocyte stained with antibodies against tubulin. This 
oocyte was fixed with cacodylate and para-formaldehyde, treated with an antibody 
against tubulin, and then set in a fluorescence-conjugated secondary antibody. While 
there do appear to be microtubules, it is unclear whether they are part of the oocyte or 
only in follicle cells.  
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Chapter 4 

Summary and Future Directions 

 

The goal of my graduate research work was to further the understanding of the 

mechanism of cytoplasmic streaming. The work presented here demonstrates a 

number of novel findings with regard to this physical mechanism. It provides the first 

evidence that microtubules are not flowing with the cytoplasm, but are anchored by 

their minus ends at or near the cortex, through the use of FRAP and photoconvertible 

proteins. We show that with only an anchored field of microtubules, a force-

producing motor, and the viscosity of cytoplasm, cytoplasmic streaming is possible. 

Our model can be improved by gaining more understanding of how microtubules are 

organized at the cortex, as well as how closely spaced they are. Future studies in 

electron microscopy may provide insight into these problems. 

 Previous research has suggested that there may be a cargo acting as an impeller 

pushing against the cytoplasm, but our findings show that it is possible for Kinesin-1 

alone to act in this fashion, if it is sufficiently closely spaced on the microtubule. 

However, as previous work from our lab has shown that mutations in kinesin light 

chain cause a reduction in the velocity of streaming, it is likely that there is indeed an 

impeller.  

The identity of this impeller remains unclear, but lipid droplets present a good 

candidate. My work with Klar shows preliminary results that mutations in this protein 

cause a significant, at least 4-fold reduction in the velocity of streaming. Further 
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studies should look at Klar mutants that affect non-lipid binding droplet isoforms of 

Klar, as well as mutants lacking lipid droplets. As the RNAi of this locus showed 

very little reduction in streaming, it will be important to discern how much reduction 

of mRNA there is in these oocytes. This can be done using quantitative PCR against 

this region using unfertilized embryos.  
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Chapter 5 

Experimental Procedures 

 

Genetics 

To generate fluorescent microtubules in oocytes, UASp-GFPS65c-α-tub84B was 

expressed in the female germline using a VP16-GAL4 driver transgene (P{w+ 

GAL4::VP16nos.UTR}MVD1).  To obtain egg chambers that were homozygous for 

slow-Khc mutations, germline clones were induced using a FLP/FRT mitotic 

recombination approach in females heterozygous for either Khc23 or Khc17 as 

described previously (Serbus et al., 2005). To obtain egg chambers in which 

photoconvertable protein Dendra2 is present on tubulin, female w*; P{UASp-

alphatub84B.Dendra2}5M flies were crossed with male maternal triple driver Gal4 

(MTD-Gal4): (P(otu-Gal4::VP16.R)1, w[*]; P(Gal4-nos.NGT)40; P(Gal4::VP16-

nos.UTR)CG6325[MVD1]) flies. To study Klar’s role in streaming, various mutants 

were used. These lines included homozygous [ru1] [klar1] flies; ∆5-15 mutants over 

a balancer and crossed with deficiency strain Df(3L)emcE12, as homozygotes are rare 

and quite weak; homozygous KlarMW flies; and homozygous ∆YG3 flies.  

 

Microscopy 

Egg chambers were dissected from adult females and mounted live in halocarbon oil 

on coverslips then were imaged with an Ultraview (Improvision/BioRad) spinning 

disk confocal fluorescence microscope (Figure 1, Movies S1, S2) or an Olympus 
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FV1000 2-photon fluorescence microscope (Figure 2, Movies S3, S4).  With the 

spinning disk scope, GFP-tubulin images were collected every 2 seconds.  With the 2-

photon scope, images were collected every 0.93 seconds.  FRAP tests were performed 

using the Olympus FV1000 “bleach laser” function set to a wavelength of 880 nm for 

a duration of 0.24 seconds.  Photoconversion tests were performed using a Mosaic 

Digital Illumination system on the Ultraview spinning disc confocal microscope using 

a broad-spectrum light. Yolk endosome streaming behavior was recorded using the 

spinning disk scope with oocytes from females whose abdomens were injected with 

Trypan blue two to four hours before ovary dissection.  The dye is included with yolk 

during endocytosis.  Endosome fluorescence images were collected every 2 seconds.  

 

Immunofluorescence  

Immunofluorescent studies were carried out by dissecting ovaries from GFP-tubulin-

expressing flies and separating egg chambers. A 1:1 cacodylate:16% 

paraformaldehyde solution was injected under the oil drop and allowed to fix for 10 

minutes. Samples were then rinsed in 0.1% Triton-PBS, and washed for 2 hours in 

1% Triton-PBS. Next, samples were incubated overnight at 4ºC in a 0.01% Triton-

PBS solution containing 1:100 DM alpha-tubulin FITC monoclonal antibody from 

Sigma Aldritch.  

 

Quantification 

Streaming velocities were determined for 12 oocytes per genotype by tracking net 
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position changes of 10 yolk endosomes over 50 seconds per oocyte.  This low 

frequency sampling approach for each endosome essentially filters out the influence 

of short-range multi-directional saltatory motion, thus focusing velocity values on 

bulk cytoplasmic flow instead of random acto-myosin driven motions.  Increasing 

sample sizes for endosomes per oocyte and for oocytes per genotype did not 

substantially change streaming velocities.  Endosome tracking was performed in 

ImageJ version 1.42 using the MTrackJ version 1.5.0 plug-in (Meijering and 

Dzyubachyk 2012).  Curve radii for microtubule arrays were measured from 

individual images of GFP-tubulin in fast streaming oocytes from time-lapse spinning 

disc confocal movies. For any clearly visible wave, the apex radius was determined 

by fitting with a circle. Wave velocities were measured by tracking position changes 

over time for curves that remained clearly defined for at least 4 consecutive frames. 

Photobleaching recovery was measured in ImageJ version 1.42 by determining at 

different time points the average pixel intensity of a 15µm long line along a 24µm 

path that was perpendicular to the long axis of the bleached rectangle. All statistics 

were performed in Excel using the Students T-Test to generate p-values. 
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