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 The cell relies on molecular motor proteins for long range transport of vesicles 

and organelles to maintain the organization required within the cell as it changes over 

time.  Cargos move bidirectionally along microtubules due to the presence of multiple 

copies of opposite polarity motors.  Individual motor properties have been teased out in 

vitro, but understanding how multiple motors cooperate in vivo has thus far been limited 

by many obstacles.  The goal of this work is to study how multiple similar and dissimilar 

motors operate together in vivo. Since the function of motors is to generate force to haul 

cargos, I designed a novel optical trapping system capable of precisely measuring the 

forces exerted by molecular motors in their native environment, a living cell. Using this 

system, I find evidence that motors do not fight against each other, supporting the 

regulation model over the tug-of war model for bidirectional transport.  I then study 

motor regulation in axons in the context of Alzheimer’s disease.  I find that GSK-3, a 

kinase found in abnormal amounts in Alzheimer’s brains, is a negative regulator of 

transport.  I show that GSK-3 regulates motor activity rather than cargo binding.  Finally, 

I also use the optical trap to probe the viscosity of cytosol in vivo and investigate its 

implications on the cooperation of multiple motors.   
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Chapter 1:  Introduction 

 

 

 

1.1  INTRACELLULAR TRANSPORT 

 

The cell is an extremely crowded and complex system (FIG.1.1), yet cellular 

processes must be carried out at precise times and in particular locations within the cell in 

a highly coordinated manner.  This requires certain cellular constituents to be specifically 

localized at the required times to perform their tasks, in order for the cell as a whole to 

function properly and survive.  Simple diffusion is rarely a sufficient means for vesicles 

or organelles to traverse the relatively long distances from one area of the crowded cell to 

another at the necessary time scales.  The cell relies instead on active intracellular 

transport.  

 

 

Figure. 1.1: A typical eukaryotic cell.  Image courtesy of 

http://classes.midlandstech.edu/carterp/Courses/bio101/labquiz2/ss6.htm 
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 Intracellular transport is achieved by a set of molecular motor proteins that haul 

cargos along cytoskeletal filaments.  A typical configuration of the eukaryotic 

cytoskeleton is shown in FIG. 1.2.  Microtubules grow outward from the Microtubule 

Organizing Center (MTOC) near the nucleus.  Their length ranges from hundreds of 

nanometers to tens of microns, with a diameter of 25nm.  They are comprised of tubulin 

dimers that polymerize end to end, giving the microtubule certain chirality and making 

travel toward one direction distinct from travel toward the other.  The end of the 

microtubule that grows (faster than the other) is known as the plus end, while the other is 

known as the minus end and is usually located at the MTOC.  Actin filaments may form 

throughout the cell but tend to be more concentrated near the surface.  They also have a 

specific chirality but a more narrow structure (~7nm) than microtubules and tend to be 

shorter.  Both of these cytoskeletal systems serve as “roads” within the cell, providing 

paths from one area to another.  Vesicles and organelles, or “cargo”, that need to travel 

from one end of the cell to another may do so much faster than by simple diffusion if they 

have some sort of “vehicle” to haul them in a directed fashion along these cytoskeletal 

roads.  These vehicles are processive molecular motors. 

 

Figure1.2: Schematic of the eukaryotic cytoskeleton including microtubules, actin 

filaments, and motors hauling various cargos.   
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 Molecular motors are proteins that convert energy, typically from ATP 

hydrolysis, into mechanical work.  In general, the motors involved in intracellular 

transport have one cargo-binding domain and two filament-binding domains which serve 

as feet (technically called heads) that the motor uses to walk along microtubules or actin 

while carrying a cargo on the other end, as shown in FIG. 1.3.  Many motors are 

unidirectional and filament-specific, only walking in one direction along either actin or 

microtubules but not both.  This means that if a cargo needs to switch direction or change 

to another filament type, multiple motor types are required.  Multiple copies of each 

motor type may also be attached to a cargo simultaneously.  There exists much 

controversy as to the nature of cooperation between multiple similar and dissimilar 

motors.  It is of great interest to understand how multiple motors operate and to identify 

regulatory factors that enhance or inhibit cargo transport, because failure of this transport 

machinery has been linked to various cellular disorders, especially in neurons. 

 The focus of this work is to elucidate the mechanisms of cooperation between 

similar and dissimilar motors on individual cargos and how these motors are regulated. 

 

 

 

Figure 1.3: A general schematic of a processive motor hauling a cargo along a filament. 
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1.2  TRANSPORT AND NEURODEGENERATIVE DISEASE 

 

 In any cell, failure of cargos to reach their destinations at the required time to 

perform their tasks can result in cellular malfunction and even cell death.  This is even 

more apparent in nerve cells.  Neurons can be up to six orders of magnitude longer than 

the typical size of most vesicles and organelles.  Yet most protein and lipid synthesis 

occurs in the cell body and these cargos must travel between the soma and the synapse to 

facilitate inter-neuronal signaling.  To do so they must rely heavily on transport by 

motors.  If the transport machinery is impaired, cargos may accumulate abnormally in the 

axon, creating axonal swellings and blockages that interfere with further axonal transport 

and neuronal signaling and resulting in phenotypes typical of motor neuron degeneration 

[1].  For example, impairment of kinesin-1 causes increased frequency of axonal 

blockages in mouse models [2].  When neurons can no longer communicate with one 

another and synapses are not stimulated, they deteriorate and eventually die, leading to 

any of a number of neurodegenerative diseases such as Alzheimer’s disease (AD), 

Parkinson’s disease, or Huntington’s disease.  It is therefore paramount to develop an 

understanding of the factors that may regulate axonal transport in the hope of uncovering 

ways to enhance it and potentially slow the development of these devastating disorders. 
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Chapter 2:  Review of molecular motor proteins 

 

 
 In this chapter I will discuss the properties of microtubule filaments and two types 

of microtubule-based motor proteins, kinesin-1 and cytoplasmic dynein.  I will describe 

the motion of cargos which have both types of motors attached, and explain the 

importance of studying how this motion is accomplished within the living cell. 

 

 

2.1 MICROTUBULE-BASED MOTORS 

 

 This work will focus on transport by two types of motors that travel along 

microtubules: kinesin-1 and cytoplasmic dynein.  Before discussing the motors in detail, I 

will describe the filament on which they walk.  Microtubules are composed of - and -

tubulin heterodimers which polymerize end-to-end into linear protofilaments.  These 

protofilaments align side by side to form a tube with a built-in structural polarity.  The 

end of the microtubule near the microtubule organizing center (MTOC) and the nucleus 

is called the minus end, while the plus end denotes the part of the microtubule which 

grows faster due to more polymerizing tubulin dimers (FIG. 2.1).  As mentioned 

previously, the polarity of the microtubule determines which direction a motor may travel 

along it, as kinesin-1 only travels toward the plus end and cytoplasmic dynein 

predominantly travels toward the minus end.  Therefore it is important to characterize the 

orientation of all microtubules in any motor assay, especially in vivo. I will describe the 

microtubule orientation in the model system I use in 3.1.1. 
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FIG. 2.1: Structure of a microtubule. 

(http://www.erin.utoronto.ca/~w3bio315/lecture11.htm) 

 

 

 

2.1.1 Kinesin-1 

 Kinesin-1 was first discovered over 25 years ago in giant squid axoplasm [3] and 

has been extensively studied ever since, as it is responsible for long-range anterograde 

transport in most eukaryotic cells.  It is a heterodimer comprised of two light chains 

(KLC) which include the cargo-binding sites, and two heavy chains (KHC) which form a 

coiled coil stalk and contain the motor domains.  Kinesin-1 has a molecular weight of 

approximately 380kDa [4].  The structure of kinesin-1 is shown in FIG.2.2A. 
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 Kinsein-1 (“kinesin” hereafter) walks by placing one motor head in front of the 

other and alternating, as humans walk [5].  Just as we always have one foot on the ground 

while walking, kinesin always has one head attached to the microtubule unless it 

stochastically detaches.  A single motor in vitro typically walks ~1 micron before 

detaching [6].  Kinesin moves in steps of 8nm [7], meaning that the rear head swings 

forward and binds to the tubulin dimer 16nm from where it started, resulting in a 

displacement of 8nm for the center of mass of the motor.  It therefore takes about 100 

steps on average before randomly detaching.  Kinesin hydrolyzes one ATP per step [8].  

At saturated ATP levels, a single kinesin in vitro moves with a velocity of ~600 nm/s [9].  

When multiple copies of kinesin are attached (and load force is not significant), the 

velocity of the cargo is not much affected [10], but the processivity increases 

dramatically to over 8 microns [11]. 

 Given that motors need to generate force to haul cargos inside the cell, measuring 

that force amounts to directly probing the motors’ function.  Previous measurements of 

the kinesin “stall force” (the maximum force the motor can generate before stalling and 

detaching from the microtubule) in vitro have shown that a single kinesin can exert ~5 

pN of force against a calibrated load [12]. 

 

A.                 B.   

FIG. 2.2: Detailed structure of kineins-1 (A) and cytoplasmic dynein (B). [13] 
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2.1.2 Cytoplasmic dynein 

 Although cytoplasmic dynein (“dynein” hereafter) was discovered only two years 

later than kinesin [14], it has proven more difficult to study.  Weighing ~1.2MDa, it has a 

more complicated structure consisting of two heavy chains (DHCs), three intermediate 

chains, and four light intermediate chains.  While the general structure of a cargo-binding 

site and two motor domains joined by a coiled coil stalk is similar to that of kinesin, the 

motor domain in particular is quite different, including a ring of 6 AAA
+
 ATPase 

domains.  (FIG. 2.2B) 

 Dynein also walks in a similar fashion but through a different mechanism in 

which one active head can drag an inactive partner head forward, meaning that the heads 

do not need to coordinate with each other [15].  The step size of dynein has been reported 

from 8 to 32nm, depending on the applied load [16].  Dynein is also more likely to switch 

protofilaments or even shift to another nearby microtubule.  It has a similar velocity of 

~700nm/s, and like kinesin, its processivity can be significantly increased by the presence 

of multiple dyneins [17, 18].   The force dynein is able to generate remains controversial, 

with reported values from 1.1 to 7pN in vitro [16, 19-22].  In living cells, dynein is often 

associated with dynactin, a protein cofactor that can bind to microtubules and cargos.  

Dynactin is not processive on its own, but when it accompanies dynein, the latter’s 

processivity is approximately doubled [17], presumably because dynactin anchors the 

cargo to the microtubule in the event that dynein temporarily detaches. 

 

 

2.1.3 Bidirectional transport 

 Although kinesin and dynein motors are unidirectional, cargos typically have 

multiple copies of both kinesin and dynein attached simultaneously, giving rise to the 

bidirectional cargo motion which has been observed in many different biological systems 

including mitochondria [23], mRNA [24], secretory vesicles [25], pigment granules in 

frogs and fish [26], and lipid droplets in Drosophila [27].  Exactly how and why the cell 
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accomplishes net global transport of cargos to their destinations in this way remains an 

intriguing question.   

Two transport models have emerged to describe the way multiple motors work 

together to achieve the observed bidirectional motion of the cargos.  The tug-of-war 

model posits that both kinesin and dynein can attach simultaneously to the microtubule 

and pull in opposite directions.  Factors such as the number of each type of motor, the 

force they can exert, and their attachment and detachment rates determine which motor 

“team” wins on average to achieve net directionality.  While these factors must be 

changed by some higher-order regulatory mechanism of the cell to reverse net 

directionality, the bidirectional transport itself could be recreated, in theory, using only 

the mechanical properties of the motors [28].  The regulation model, on the other hand, 

emphasizes that there is a required third party which causes one type of motor to 

deactivate while the other is allowed to pull, so that the motors never fight against each 

other [27].  Evidence in support of both models has been reported, and the issue remained 

unresolved.  A major focus of my work is to study opposite polarity motor regulation, 

which I will discuss in much more detail in Chapter 5. 

 

 

2.2 FROM SINGLE MOTOR PROPERTIES TO FUNCTION IN VIVO 

The operation of single motors has been extensively studied in vitro, typically 

with purified or reconstituted motors chemically bound to carboxyl-coated beads 

manufactured commercially with known diameter and walking along microtubules which 

are fixed on a glass surface in buffer.  In these simplified, clean, and controllable 

conditions, researchers have measured properties of single motors including step size, run 

length, velocity, and stall force, as discussed earlier in this chapter. However, the 

environment motors face inside the cell is very different from the buffer conditions:  

motor-cargo binding, the existence of multiple similar and dissimilar motors on cargos, 

motor co-factors, motor regulators and the crowded environment in the cell can all lead to 
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motor function diverging from its behavior in vitro. It is hence important to understand 

how motors function in their native cellular environment. 

The challenge arises especially from the fact that in a living cell, multiple types of 

similar and dissimilar motors are attached to a single cargo.  This means to understand 

motor operation, it must be determined how many motors of various types pull the cargo, 

if and how that number changes over time, and through what mechanism it changes.  It 

also remains to understand how these groups of motors function together as an ensemble.   

Another significant bridge to cross between single motor properties and in vivo 

function is the presence of many known and unknown proteins and cofactors that can 

bind to the motors and alter their functional properties.  They may also bind to the 

microtubule and influence its stability or motor-binding ability.  To truly understand 

transport of a certain cargo by certain motors, one must also consider which of these 

factors are present and how they affect the motors and/or the filament tracks.  A 

tangential question is which single motor properties contribute most significantly to 

transport and are hence the likely targets of such factors.  These factors are likely utilized 

by the cell as regulatory methods to control net directionality and global cargo 

distributions.   

The general goal of this work is to bridge the gap between known single motor 

properties and motor function in vivo.  Molecular motors must generate forces needed to 

haul various vesicles and organelles to their required destinations in the cell.  Therefore, 

measuring the forces these motors are able to exert amounts to directly probing their 

function.  By applying the linear restoring force of an optical trap against the force of 

motors hauling a cargo, one can measure the maximum force the motors are able to exert, 

i.e. the stall force.  I designed and built an optical trapping system to measure the stall 

force of molecular motors in the living cell.  Together with other interdisciplinary 

techniques that will be discussed throughout the course of this dissertation, I used this 

system to elucidate the operation of multiple similar and dissimilar motors in vivo and 

how that operation is affected by certain factors. My findings have implications on our 

current view of motor function, as I will discuss in later chapters. 
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Chapter 3: Measuring molecular motor force in vivo 

 

 

 
 This chapter will describe the model organism and the cargos used in my studies 

and show why they are highly suitable for my measurements.  I will explain the patterns 

of cargo transport that are observed and my methods of sample preparation which allow 

for optimal imaging and manipulation.  I will then explain the principles of optical 

trapping which I use to manipulate the cargos and measure the forces exerted by the 

motors, including details of the experimental setup design and the equipment that 

comprises it.  Finally, I will describe the alignment and calibration processes required for 

making precise force measurements on moving cargos in vivo.   

 

3.1  THE MODEL SYSTEM 

 The general outline of most in vivo experiments is to characterize the wild type 

behavior and then compare the changes that arise in a system that is altered, either 

genetically or by the introduction of antibodies or some chemical to disrupt normal 

function of a relevant protein.  We also wish to measure these changes in real time in a 

living system.  Our ideal model should be genetically accessible for ease of mutation 

studies, and also convenient to prepare samples for microscopy and optical trap 

manipulation.  It should also have a known, consistent geometry of microtubule 

alignment.  The cargos of interest should be easily imaged and susceptible to optical 

trapping, with the simplest geometry possible.  I chose to study lipid droplet transport in 

Drosophila embryos as it is amenable to all of these requirements, as detailed below. 
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3.1.1  Drosophila embryos 

 By 2008, the entire Drosophila melanogaster (fruit fly) genome had been 

sequenced [29].  And already, many mutations to certain genes have been characterized, 

including several that target kinesin and dynein specifically, as well as certain proteins 

thought to play a regulatory role in transport in various settings.  Mutant flies are readily 

available from the Bloomington Stock Center.  With such a system, it is possible to 

compare the parameters of transport, such as run lengths, velocities, and stall forces, 

between wild type and these relevant mutations, all within the motors’ native 

environment.     

As shown in FIG. 3.1A, Drosophila embryos are approximately 0.5mm long, and 

since flies breed rapidly, it is easy to get a single agar plate full of hundreds of embryos 

within 3 hours.  The embryo itself, during the stage we begin working with it, is a 

syncytial blastoderm, with the many nuclei around the edge sharing the same cytoplasm.   

This gives us a very convenient geometry.  Since all the nuclei are arranged on the 

periphery of the embryo, the microtubules are consistently grown with their plus ends 

toward the center of the embryo and their minus ends toward the edge [30].  Therefore, 

all we need to know about our sample area under the microscope is the location of the 

edge, and we automatically know the orientation of the microtubules.  Consequently, we 

know that a cargo moving toward the center of the embryo is being hauled by kinesin, 

and a cargo moving toward the edge is being hauled by dynein.  This allows for simple 

separation of data into plus-end and minus-end motion.  Drosophila embryos also exhibit 

a well-characterized developmental cycle during which the cargos we study, lipid 

droplets, move in a reproducible pattern [21] as detailed in the next section. 
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Figure 3.1: (A) Transmission light image of a whole embryo mounted in a sample slide 

with the area of interest overlapping the glass groove (see section 3.1.3).  A 

schematic (B) of this area shows the orientation of the microtubules (red 

lines) around the nuclei, with spheres representing the cargos. 

 

 

3.1.2  Lipid droplet transport 

 Lipid droplets are spherical balls of neutral lipid contained in lipid monolayer that 

offer a number of advantages to our work.  Firstly, they are easily separable from the rest 

of the embryo lysate by simple centrifugation.  This is crucial for characterizing their 

physical properties as well as biochemical analysis, as detailed later.  Secondly, they are 

highly refractive, which, together with the fact that they are spherical, makes them ideal 

for optical trapping measurements.  Their high index of refraction makes them well 

contrasted in differential interference contrast (DIC) microscopy.  And finally, they 

exhibit a highly reproducible pattern of motion within the embryo that allows us to probe 

both their global distributions and their local dynamics.   
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 During what is known as Phase I of the embryo’s development (corresponding to 

stages 10-11), the periphery is somewhat clouded with primarily lipid droplets, as shown 

in FIG. 3.2A.  This transmission light image shows the large central yolk area to be very 

dark, indicating no light penetrating the embryo, whereas the periphery (region where the 

nuclei are located) is lighter due to less density.  As the embryo proceeds to Phase II, 

stages 12-14, (FIG. 3.2B), the lipid droplets at the periphery are transported inward by 

molecular motors toward the minus-end of the embryo’s microtubules.  This phase is also 

called “clearing” because it leaves a larger transparent ring around the edge.  During 

Phase III (stages 15-17), or “re-clouding”, the lipid droplets are transported back toward 

the periphery, letting less light through (FIG. 3.2C) [21]. With this regular pattern of 

global motion, first toward the minus-end and then toward the plus-end, in an area of the 

embryo that is less densely populated and therefore better suited to imaging-based 

experiments such as ours, we have a model system that allows us convenient geometry 

and accessibility. 

 

 

 

A. B. C.  

Figure 3.2: Developmental stages of the Drosophila embryo, Phase I (A), Phase II (B), 

and Phase III (C). During Phase I, the periphery is clouded by lipid droplets 

which move inward during Phase II, leaving a wide band of transparency 

(B).  In this stage, one can see the many nuclei around the periphery as well 

as the leading edge of the outgrowing membrane, which appears as a thin 

black line bisecting the nuclei. During Phase III, the lipid droplets move 

back outward, clouding the periphery so that no light penetrates in this 

transmission image.  [20] 
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3.1.3  Sample preparation 

To maximize embryo yield, several hundred flies are maintained in each of 

several plastic cups with agar-filled Petri dishes for lids.  The flies are fed by placing a 

small amount of yeast on the agar.  This also makes the lid an attractive place to lay eggs.  

The cups are turned lid-side down and placed in a drawer for darkness, which encourages 

egg-laying.  After 2.5-3 hours, the lids should be filled with embryos, many of which are 

aged to the desired developmental stage.  Phase II, as mentioned previously, is 

characterized by a clear periphery, as well as elongated nuclei being surrounded by 

membrane at the onset of cellularization.  This membrane is visible under a phase 

contrast microscope (SMZ800, Nikon) as a thin line bisecting the clear area, as in FIG. 

3.2B.  When this membrane is about halfway across the nuclei, the embryo is at the ideal 

age for the experiment.  During the subsequent stage of re-clouding the lipid droplets will 

reverse their net directionality (FIG. 3.2C).  This will make imaging and force 

measurements much more difficult as the periphery gets extremely crowded, so each 

embryo may only be used for a maximum of 15 minutes before it is too old.  This means 

the following sample preparation steps must be completed in as little time as possible, 

ideally within 2 minutes, to allow maximal time to use the sample for experiments. 

After staging an embryo in Halocarbon 27 oil which renders them trans lucent 

under the phase contrast microscope, it is dechorionated by hand with fine tweezers (Fine 

Science Tools #5 stainless steel forceps) under a stereo microscope (SMZ645, Nikon).  

To prepare the embryo for imaging, it is placed in the center of a glass channel which is 

slightly narrower than the embryo and surrounded by Halocarbon oil (FIG. 3.3).  A thin 

(#0 thickness) piece of “spacer” glass is placed on one side of the channel to serve as a 

means of adjusting the angle of the final top coverglass.  With correct positioning of the 

spacer and the right amount of surrounding oil, the sides of the embryo will spread out 

over the edge of the channel, forming a thin sliver of embryo that has minimal scattering 

and optimal imaging qualities. A schematic side view of the sample and a top view 

microscope image are shown in FIG. 3.3.  This arrangement allows immobilization of the 

embryo without killing it, as it continues to develop normally for hours. 
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A.                   B.                        

 Figure 3.3: Side view schematic (A) and top view transmission microscopy image (B) of 

an embryo in a sample slide.  Scale bar = 100 m. 

 

 

 

3.2  PRINCIPLES OF OPTICAL TRAPPING 

 An optical trap is the ideal tool for measuring molecular motor forces in vitro, and 

I decided to adapt it for work in vivo.  In this section I will describe the basic principles 

behind the operation of an optical trap.   

The effect of an optical trap may be explained in terms of conservation of 

momentum.  Consider a system composed of a dielectric sphere and a beam of photons 

with a Gaussian intensity profile, as in FIG. 3.4.  This beam can be thought of as a 

collection of rays propagating downward, with the most intense rays in the center.  When 

two of these rays pass through the sphere as shown, they will be bent by the refractive 

sphere and change directions.  Because the ray in the center is more intense, more 

photons are re-directed away from the z-axis than toward it.  So the sphere-photons 

system experiences a net change of momentum in the direction of the thick black arrow, 

away from the z-axis.  To conserve momentum, a restoring force is generated on the 

sphere which pulls it in the opposite direction, toward the z-axis.  Symmetry dictates that 

no matter where the sphere is in the x-y plane, the restoring force will pull it toward the 

center of the beam.  This is known as the gradient force of the trap.  There is also a 

scattering force due to the forward trajectory of the photons.  When the gradient force 

balances the scattering force, the sphere is trapped in all three dimensions, typically just 

beyond the beam focus.      
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Figure 3.4: Schematic of the origin of the gradient force in an optical trap. 

(http://physweb.bgu.ac.il/GROUPS/HIGHLIGHTS/mario2.html) 

 

 

 

 

 Because the beam profile is Gaussian, the restoring force associated with the trap 

(within good approximation) is a linear function of the sphere’s displacement from the 

trap center, F = -kx, like a simple spring where k is the stiffness of the trap.  This stiffness 

can be measured a number of different ways [31] and depends on several factors 

including the size and shape of the object in the trap and the difference in refractive 

indices of the object and the surrounding medium.   
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3.3  CHALLENGES OF STUDYING MOTORS IN VIVO 

Living cells pose many obstacles to such force measurements.  Firstly, the cell 

contains many cargos being hauled at the same time in different directions.  If one images 

these moving cargos with a microscope, they may be anywhere in the field of view.   

Depending on the model system, it may also be difficult to identify which motors are 

active at which times because of the orientation of the microtubules, or the general layout 

of that particular cell changing over time.  Additionally, cargos in the cell range in size 

over several hundreds of nanometers or more.  The size of the cargo affects the stiffness 

of an optical trap.  The measurement system must therefore be carefully calibrated for a 

range of sizes of cargos, which presents the further difficulty of determining actual cargo 

sizes and measuring the corresponding stiffness in an environment equivalent to that 

found in vivo, accounting for the refractive properties of the cargo and the medium.  

Finally, one must be able to view the cargos moving in real time, choose a single cargo 

(which again may be anywhere in the field of view), introduce the trap without disturbing 

the motors, and track its position as it responds to the force of the trap.  I designed an 

optical trapping system which may be dynamically positioned to any desired location in 

the field of view within a single frame of the camera, and calibrated it for force 

measurements in vivo. 

 

 

3.4  DESIGN OF IN VIVO FORCE MEASUREMENT SYSTEM  

This system (FIG.3.5) may be used to probe forces in many biological contexts.  

In this dissertation, focus will be on use in measuring forces exerted by molecular motors 

hauling lipid droplets in Drosophila embryos.  All trapping occurs within 5 microns of 

the coverslip surface to ensure minimal scattering losses and spherical aberration.  

Embryos are imaged on an inverted Differential Interference Contrast microscope (TE-

2000U, Nikon) with a camera (CCD100, Dage MTI) at 30 frames per second.  The video 

is fed live to a computer and acquired in a comprehensive trapping and tracking program 
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written in LabVIEW.  A 980nm laser (PL980P330J, ThorLabs, NJ) is used for the 

trapping beam, tightly focused in the sample plane of the microscope by a Nikon Plan 

Fluor 100x oil immersion objective lens with NA=1.3.   A second telescope serves to 

ensure that the mirror surface and the sample interface are conjugate focal planes.  As the 

cargos are observed moving, a single lipid droplet is selected on the monitor.  The 

selected coordinates are converted by the program into a calibrated voltage which is sent 

to the controller of a piezo-driven mirror located in the beam path.  This voltage tilts the 

mirror at an angle that sends the laser to the desired position in the sample plane, within a 

single frame of the camera to ensure that the droplet is still in the same location when the 

trap is applied.  When the shutter is opened, the trap is directly centered on the droplet, 

avoiding disturbances to the motors’ normal activity and allowing the restoring force of 

the trap to gradually increase with the distance the motors continue to pull.  As the 

clicked droplet fights the trap, its trajectory is recorded by an image correlation-based 

tracking algorithm [32] (see 3.3.3) and projected along the microtubule over time.  Each 

droplet may be trapped and released multiple times during its track, so the shutter state 

must be recorded in conjunction with the droplet’s position.  The location of the trap 

center for each “open” state should coincide with the position of the droplet at the time of 

opening.  This position represents the equilibrium position of the optical spring, where 

the force against the motors is zero, and to where the droplet will fall back when the 

motors detach.  
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Figure 3.5: Schematic of the in vivo force measurement system.  The trap laser is directed 

into the microscope with a piezo-driven mirror while the DIC video is fed 

live from the CCD camera to the computer where the particle tracking 

software allows for precise positioning of the trap. 

 

 

3.5  MATERIALS AND CONSTRUCTION 

 Careful consideration must be given to the choice of optical and mechanical 

components in the trapping and imaging system.  Since both imaging illumination and 

trap laser light will be entering the sample at the same time, it is important to be able to 

separate these wavelengths and direct them individually to a camera or a position detector 

as the situation warrants.  The wavelength of the trap must be well suited for use on 

biological samples.  The microscope should be able to image transparent objects in real 

time without being affected by the laser.  The objective must be able to focus the laser 

tightly enough to generate a significant restoring force on the objects to be trapped.  To 

be able to build a versatile optical trapping system intended for in vivo work, these factors 

had to be considered as detailed below. 
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3.5.1 Differential Interference Contrast (DIC) microscopy 

 To image the transparent lipid droplets in the fly embryos, I used DIC 

microscopy.  It has the benefit of involving no additional preparation (staining or 

labeling) of the objects being viewed.  DIC works by splitting linearly polarized light into 

two perpendicularly polarized and slightly spatially separated beams that are still 

coherent.  When these beams pass through the sample, they will experience different 

optical path lengths (OPL) depending on the objects they encounter, and be phase shifted 

with respect to each other as a result.  The shifted beams are then recombined and their 

phase difference  is converted into an intensity difference by 

cos


which produces the final image.  In these images of the embryo, lipid droplets appear as 

well contrasted black and white spheres against a gray background.   See FIG. 3.7A for 

examples of such images.           

 

 

 

3.5.1.1 Choice of microscope, objective, and imaging wavelength 

I constructed the optical trap around a Nikon TE-2000U inverted microscope.  For 

DIC imaging, I used a green interference filter (GIF) that selects a narrow band around 

532nm from the spectrum of the mercury lamp source.   

The trap requires an objective of high numerical aperture to focus the beam 

tightly enough.  I use the Nikon Plan Fluor 100x oil immersion objective, which has a 

numerical aperture of 1.3. This objective has good optical properties for the near IR light 

of the trap.   
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3.5.2 Choice of laser  

 For use with biological samples, certain trap wavelengths are more harmful to the 

specimen.  The most commonly used wavelengths for biological samples are in the near 

infrared.  This is because water is highly transparent in this range, which minimizes 

damage to the sample due to heating.  Several studies have probed the level of cell 

damage due to prolonged trap exposure [33, 34].  These studies independently concluded 

that 980nm lasers cause the least optical damage, followed by 830nm and finally 

1064nm.  For these reasons, I choose a trap laser wavelength of 980nm.     

The trapping laser must operate at a power that produces picoNewton forces when 

passed through a high numerical aperture objective.  Typical operating powers for such 

traps lie on the order of 100-200mW as measured along the beam path immediately 

before the laser enters the microscope.    The laser must also maintain good pointing 

stability for alignment and measurements on the nanometer scale.  I used a PL980P330J 

(Thorlabs, NJ) pigtail diode laser operated at 180mW.  

 

 

3.5.3 Custom modifications 

In order to detect very fast spatial fluctuations of objects in the trap, a quadrant 

photodiode (QPD) must be placed after the condenser lens at a location that is conjugate 

to the back focal plane [35].  However, my microscope’s oil immersion condenser is 

located tightly between the sample plane and the imaging light source, so that initially 

there is no room to insert a QPD behind the condenser to collect the laser light.  I 

designed a special arm attachment just above the condenser housing, which holds several 

filters to eliminate the imaging light and adjust intensity, a focusing lens, and a QPD 

sensor with preamplifier board supplier.    I had a hole machined in the side of the hollow 

cylinder above the condenser and inserted a dichroic mirror which directs the laser out 

the side of the cylinder along the arm attachment without blocking the imaging light from 

coming down.  This attachment is shown fully assembled in FIG. 3.6.   
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Figure 3.6: Photograph of the specially designed attachment that allows the trap beam 

(shown in red for illustrative purposes) to exit the microscope through the 

condenser lens and be focused onto a QPD (far right of the attachment). The 

pre-amplified QPD signal is collected by an A/D card and recorded. 

 

 

 

 

3.5.4 Tracking lipid droplets by image correlation  

For in vitro experiments, one can simply measure the position of beads or purified 

cargos in water using a quadrant photodiode (QPD).  However, it is not feasible to use a 

photodiode to collect such rapid spatial information from in vivo samples because the 

light would be far too scattered after traveling through the rest of the cell.  The QPD is 

also limited to sensing beam deflections of up to several hundred nanometers.  This is not 

suitable for the long (several micrometers) tracks of cargos in vivo.  Given the 

microtubules are not visible using DIC in vivo, long tracks are needed to deduce the 

orientation of the microtubule as described below.  Therefore, I use video imaging 
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mirror 
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together with correlation based tracking to track the individual lipid droplets I trap. When 

a lipid droplet is selected, the tracking program [32] saves an image of the droplet and 

uses it as the template for image correlation.  The program has a defined template size 

and a search area that is slightly larger than the template.  The templates used in these 

experiments are 60 pixels by 60 pixels (corresponding to 1.46 square micrometers), and 

the search area is typically defined as 80 pixels by 80 pixels (2.3 square micrometers).  

The center of the template’s initial location is the first coordinate.  For each subsequent 

frame of the camera, the program searches within that 80-square-pixel area for the best 

correlation to the original template image, and uses that location as the next coordinate.  

Although the single pixel dimension is 20 nm, the program is able to determine the 

location of the center of the droplet to within only a few nanometers [32].  Thus we are 

able to track lipid droplet motion with sub-pixel accuracy and are limited only by the 

time resolution of our camera (33ms) to measure the location of the droplets. 

 The location of the center of the droplet for each frame is recorded as x and y 

coordinates.  The droplet must be moving along a fairly straight path for most of the 

track, to define the orientation of the microtubule along which it is hauled.  The 

microtubule is represented later in a track analysis program as the best fit line through the 

x and y coordinates of the droplet’s path.  Then the position of the droplet along the 

microtubule is projected, giving a position vs. time plot of the droplet.  From this, the 

displacement of the droplet from the trap center is measured and the stall force is 

calculated. (See section 4.1) 

 

 

3.6 ALIGNMENT OF THE OPTICAL TRAP 

 As FIG. 3.4 suggests, there are many optical and mechanical components in the 

setup which were carefully aligned.  First the beam output was ensured to be parallel to 

the optical table by adjusting a goniometer (GN05 – Thorlabs, NJ) and measuring the 

beam height at points near and far from the source.  The beam was then expanded to a 
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diameter that overfills the back aperture of the microscope objective for maximal 

trapping efficiency. The beam was centered on all optics in its path, including the piezo-

driven mirror, the lenses of the telescopes, and the mirror that finally directs the beam 

into the microscope.  After rough alignment, the beam was visible through a 10x 

objective on a standard IR card.  The CCD camera was then used to search for the more 

precise beam location, and adjustments to the lens on the x-y-z stage and the non-piezo 

mirror were made to position the beam in the center of the field of view.  The 10x 

objective was replaced with the 100x objective, after which the beam was located 

somewhere in or near the field of view.  Finally, I further fine tuned the beam alignment 

by adjusting the lens and mirror to make the beam collinear with the optical axis of the 

microscope. 

   

 

 

3.6.1 Alignment of laser polarization axis to DIC prisms 

The DIC microscope around which the system is designed uses two Wollaston 

prisms to split the imaging light and recombine it, allowing the shift in optical density of 

the adjacent recombined beams to generate the image.  However, in my design the 

trapping laser must also travel through the prisms into the sample plane. The polarization 

of the laser was carefully aligned to the prisms to avoid splitting the trapping beam [36] 

using a /2 wave plate.  An example before and after alignment is shown in FIG.3.7, 

where each data point is a location explored by the trapped microbead measured with the 

quadrant photodiode.   
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A.  

B.  

Figure 3.7: QPD signal representing the shape of the trapping potential when the laser 

polarization is (B) and is not (A) aligned to the Wallaston prisms.  

 

 

3.6.2 Mapping piezo mirror voltage to lateral beam displacement   

The moving lipid droplet can be anywhere in the field of view.  It needs to be 

trapped quickly and precisely at its center so that the initial force acting on it is zero.  

Therefore it is imperative to be able to send the trap to that exact location as soon as the 

droplet is clicked.  In order to do this, the beam’s trajectory was carefully calibrated in 

the following way. 
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The beam bounces off a piezo-driven mirror at a 90 degree angle before entering 

the microscope and passing through the objective.  The focused beam spot is translated in 

the sample plane when the mirror is tilted, which is accomplished by applying a voltage 

to the piezo.  In order for the tracking program to send the trap to a particular location in 

the field of view, the relationship between the voltage applied to the mirror and the 

position of the trap center on the screen must be found.  To do this, I first aligned the trap 

at the lower left hand corner of the screen with zero voltage applied to the piezo (this is 

the “origin” of the field of view).  I then trapped a bead in this position and increased the 

voltage of the x-axis in small discrete increments, recording the location of the bead at 

each interval.  This was repeated at four different y-axis voltages, or in other words, four 

horizontal lines were scanned across the field of view, giving voltage and position values 

for each point.  These points were plotted and fit with a line, and the slopes of these lines 

were averaged and used as the voltage-to-position factor for that axis.  The procedure was 

repeated for the y-axis by scanning four vertical lines across the field of view.  The 

resulting Volts/nm factors for x and y were entered into the program that controlled the 

trap.  Typical values are around 0.5mV/nm for both axes. 

 

 

3.6.3 Uniform stiffness throughout the field of view 

The optical trap was aligned to have a uniform stiffness across the entire field of 

view, an area of about 122 square micrometers. To demonstrate this, a single 489 nm 

polystyrene bead was trapped and the trap stiffness was measured [37] in a grid of 9 

locations in the field of view.  This stiffness map (FIG. 3.8) shows that the strength of the 

trap varies by only 1-2% over the entire field of view. The variability of measurements 

repeated for a single bead at a single location is about 10%. 
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Figure 3.8: Stiffness map measured for a 489nm bead in water, showing that the trap 

stiffness varies by only 2% at most over the entire field of view.   

 

 

 

 

 

3.7 CALIBRATIONS 

 As stated previously, the stiffness of the trap depends on the size of the trapped 

droplet, and endogenous droplets vary in size.  Therefore, the size of each cargo must be 

determined as precisely as possible, and the stiffness of the trap must be calibrated over 

the entire range of possible droplet sizes.  Moreover, the stiffness depends on the relative 

index of refraction of the object to the medium.  A detailed calibration procedure had to 

be developed to account for these factors, as described below. 
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3.7.1 Measuring cargo size inside the living cell 

Lipid droplets in the embryo may range from 300 to 800 nm, and all that can be 

immediately known about the size of a given lipid droplet is how large it appears in the 

microscope image, which is a convolution of its actual size and the response of the 

optical system.  To determine the actual size of a lipid droplet, the microscopy image was 

calibrated using polystyrene beads of known diameter in an index-matching liquid that 

was diluted to match the differential relationship between the refractive indices of cytosol 

and lipid droplets, such that npolystyrene - nliquid =  nLD – ncytosol.  Under these conditions, 

beads in the index-matching solution should appear as large as lipid droplets of the same 

actual size appear in the cell (FIG.3.9A).  The refractive index of cytosol measured from 

cytosolic extracts is 1.355.  The index of lipid droplets was determined by placing them 

in an index matching liquid and diluting the liquid, thereby slowly reducing its refractive 

index, until the droplets disappear from the DIC image.  At this point, the index of the 

droplets and the liquid are equal and the index of the liquid is measured with a standard 

refractometer, giving nLD = 1.465.  Polystyrene beads used have a refractive index of 

1.584, giving the required value of the “difference-matching” liquid to be 1.471.  Images 

of differentially index-matched beads over a range of known sizes were recorded, and 

their cross-sections were measured at the points where the pixel intensity exceeds 10% of 

the background level (FIG. 3.9B, inset).   FIG.3.9B shows this size calibration plot which 

allows conversion from the apparent diameter of a lipid droplet to its actual diameter.  

From this data we can calculate the force experienced by lipid droplets of any given size.    
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A     

 

Figure 3.9: A 489nm bead can be made to appear the same as a 489nm lipid droplet in the 

cell by replacing the buffer with an index-matching liquid (A).  The cross 

section of beads of known diameter imaged in the index matching liquid (B, 

inset) is used to build a calibration line relating the apparent size to the 

actual size. The error in measured bead diameter is plus or minus 10nm with 

a variability of 5% for repeated measurements of the same bead. 

 

 

 

 

3.7.2 Calibrating the trap stiffness for different cargo sizes 

 

The trap exerts a restoring gradient force which pulls the cargo toward the center 

of the beam focus, and a scattering force which pushes the cargo further along the z-

direction.  The cargo becomes trapped at the position where these two forces balance, 
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slightly beyond the beam waist.  It is extremely complicated to calculate the stiffness 

directly for a single beam optical trap [38].  Instead, the stiffness is typically inferred by 

exploiting the relationship between trap stiffness and the amount of Brownian motion 

exhibited by a trapped object.  The stiffer the trap, the less the object will be able to 

fluctuate.  By rapidly measuring the position of the object with a quadrant photodiode, we 

can calculate the power spectrum of these fluctuations and determine the trap stiffness 

[39]. 

Inside the cell, lipid droplets are sticky and the rheological properties of the 

cytosol are unknown and can vary by location.  Hence, the stiffness felt by endogenous 

lipid droplets was inferred by purifying lipid droplets from embryos (see section 3.5.3) 

and placing them in an index-matching solution with a refractive index equal to that of 

cytosol measured in cytosolic extracts (n=1.355).  In such a sample, the ratio of refractive 

indices of the droplet and the medium is the same as inside the cell, and therefore lipid 

droplets in this solution will experience the same trap stiffness that they would 

experience in vivo.  I calculated the trap stiffness k from the corner frequency f0 of the 

power spectrum S(f) of the position of a droplet in the trap, measured by the quadrant 

photodiode.  The corner frequency and trap stiffness are related by  

      
   

         
  

    where   k=2f0     and   =3d.         (1) 

 

Here T is the temperature, kB is the Boltzmann constant,  is the viscosity of the medium, 

and d is the diameter of the droplet.  Power spectra were measured for a range of lipid 

droplet sizes, and the corresponding stiffnesses were plotted in a master calibration curve 

which allowed quick determination of the stiffness felt by any droplet trapped in vivo.  It 

should be noted that the trap stiffness depends also on the wavelength of the laser.  FIG. 

3.10 shows the stiffness calibration curve I measured for my 980nm laser. 
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Figure 3.10: Master calibration curve for calculating the stiffness felt by a lipid droplet of 

any particular size.  The data was fit with the solid line which is used to 

calculate the value of the stiffness for droplets that are trapped in vivo. 

 

 

3.7.3 Purification of lipid droplets from embryos 

Briefly, the lipid droplet purification process [40] by which droplets are extracted 

from embryos for these measurements is as follows.  Several agar plates full of many 

embryos aged ~3 hours are collected and the embryos are rinsed into a mesh sifter and 

placed in a test tube.  They are then lysed by blending with a vibrating pestle.  About 1 

mL of 2x PBS buffer solution is added to the embryonic contents and the test tube is 

centrifuged at 15000 rpm for 30 minutes.  Afterward, the lipid droplets remain at the top 

of the fluid and are easily removed with a fine pipette, to be added to the index matching 

liquid or buffer of choice.  
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Chapter 4: Multiple similar and dissimilar motors haul cargos in vivo 

 

 

With the optical trap built and calibrated, I wanted to measure molecular motor 

forces in vivo. In this chapter, I demonstrate that I am able to measure stall forces in the 

living cell.  I then use the measurements to show that multiple motors of the same 

polarity can work together to haul a single cargo.  Finally, I show evidence that motors of 

opposite polarity are simultaneously bound to the cargo. 

 

4.1 MEASURING MOLECULAR MOTOR FORCES IN VIVO 

FIG. 4.1 shows the track of a cargo’s position along the microtubule over time, 

with periods of time when the trap was on highlighted.  Increasing position values imply 

the droplet was moving toward the plus-end of the microtubule, and decreasing position 

implies minus-end motion.  Multiple attempts by the motors to escape the trap can clearly 

be seen in each highlighted region.  The cargo moves away from the trap center until the 

force of the motors is balanced by the force of the trap.  Then the cargo comes to a halt 

until the motors detach and the cargo falls back to the trap center.  The motors may 

detach stochastically before reaching their maximum force, in what I call a premature 

detachment.  To measure the maximal force generation of the motors, the stall force, I 

impose that the cargo must remain attached to the microtubule (flat portion of the stall 

just before the detachment) for at least 0.3 seconds after reaching its maximum distance.  

At our video frame rate, this allows about 10 data points on the track to ensure the motors 

have reached their maximum force.  After falling back to the trap center, the cargo may 

remain trapped and only exhibit Brownian motion, or the motors may re-attach to the 

microtubule and attempt to escape the trap again.  This allows me to possibly measure 
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multiple stalls during each trapping instance.  Once the trap is shuttered, the cargo freely 

moves at the typical velocity of several hundred nanometers per second.  Cargos typically 

move immediately after being released, indicating that the trap does not damage the 

motors even after exposure of several seconds.  

 

 

      

Figure 4.1: An example of in vivo stall force measurement for both kinesin-1 and 

cytoplasmic dynein.  (A) Snapshots showing a lipid droplet trapped at 

multiple positions along its trajectory shown in (B). In (C) the projection of 

the position of the lipid droplet along the microtubule is plotted as a function 

of time. Highlighted periods indicate that the trap was on. The enlarged 

graph shows that the kinesin-1 driven droplet stalls when the trap is 

switched on and then drops to the trap center. The motors attempt to move 

the droplet away from the trap center to stall again. When the trap is 

switched off, the motors haul the cargo along. The trace in (D) is for a 

dynein-driven droplet that stalls, falls back to the center of the trap and stays 

there. Increasing position indicates plus-end directed motion while 

decreasing position indicates minus-end directed motion. 
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4.2 MULTIPLE MOTORS COOPERATE TO HAUL CARGO 

 Traces of droplet position in the optical trap often show cargos pulled by a single 

motor that stalls, but before the motor detaches, a second motor engages and helps to pull 

the cargo further from the trap center (FIG. 4.2).  The second level stall force is 

consistently found to be approximately twice the stall force of the single motor, 

demonstrating that multiple motor forces in vivo are additive, as they are in vitro [11, 18].  

Since motor forces are additive, a histogram of stall forces shows peaks at multiples of 

the single motor stall force, as shown in FIG. 4.3.  As the figure shows, droplets can be 

hauled by one, two, or three motors.  Given the stiffness of the trap and the range over 

which it can apply measureable forces (up to ~150nm), the maximal force that can be 

measured with the optical trap I built is about 15pN.  Many droplets are hauled by 

enough motors to escape the trap.  In fact, about 17% of the probed droplets escape for 

the wild type fly strain used.  

 

 

 

Figure 4.2: Track of a cargo that stalls first at ~100nm from the trap center, then again at 

~200nm from the trap center, indicating the activity of two motors. 
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Figure 4.3: A histogram of stall forces for kinesin-1 in a wild type strain of embryos 

shows peaks at multiples of about 2.6 pN indicating the action of multiple 

motors. No constraints on peak position were used in the Gaussian fits. 

 

  

 

 

4.3 OPPOSITE POLARITY MOTORS BIND A SINGLE CARGO 

 Like many other cargos, lipid droplets move bidirectionally along microtubules. 

Previous work has shown that cytoplasmic dynein [41] and kinesin-1 [20] drive the 

droplets towards the minus- and plus-ends of microtubules, respectively. Lipid droplets in 

the optical trap that stall in one direction often show rapid motion and stalling in the 

opposite direction after they fall back to the trap center. Figure 4.4A shows a trace of a 

lipid droplet moving in the minus-end direction and stalling when the trap is switched on. 

About a second after the trap is switched on, the stalled droplet drops to the center of the 

trap and immediately starts moving in the opposite direction and stalls. The plus-end 

motors then detach and the droplet falls back to the trap center and stays there for an 

extended time. The plus-end motors start pulling the cargo within one video frame (0.033 



 37 

seconds) after it drops to the trap center at ~1.6 s. Another trace with fast direction 

switching is shown in Figure 4.4B. This short time suggests that both polarity motors are 

attached to the cargo at the same time so that direction switching can happen without 

waiting for a motor to bind the cargo. This was previously suggested for lipid droplets 

[27, 42] and is consistent with findings in other systems where fluorescently-labeled 

motors co-localized and moved with a cargo hauled by the opposite polarity motor [43-

45]. 

 

 

Figure 4.3: Opposite polarity motors are attached to a single cargo.  (A) A minus-end 

directed lipid droplet stalls in the trap and drops to the trap center after the 

motors detach (at ~1.6 s). It is then immediately pulled by the plus end 

motors to stall again and detach.  See also FIG. 5.2A. 
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Chapter 5: Probing the nature of bidirectional cargo motion in vivo 

 

 

 

 

 

 Given that cargos carry multiple motors of both polarities simultaneously and 

move bidirectionally in vivo, different models have been proposed to explain how these 

motors interact to result in this bidirectional motion. In this chapter I present the details of 

the two major models of bidirectional transport, what assumptions they make, and 

previous work that supports each of them.  I will then present experimental evidence 

from in vivo measurements using my optical trapping system that enabled me to test their 

predictions and argue against one of them. 

 

  

 

5.1 INTRODUCTION AND MODELS 

 As introduced in Chapter 2, the ubiquitous bidirectional motion of cargos hauled 

by kinesin and dynein has been explained by two distinct models: tug-of -war and 

regulation.  The tug-of-war model posits that both “teams” of motors are active and can 

attach and pull in opposite directions simultaneously.  Given a fixed number of total 

bound motors on each team, a variable subset of these motors bind and unbind to the 

microtubule stochastically, changing the load on the remaining active motors with time.  

This gives rise to a time-varying probability that a certain number of motors of each type 

are actively engaged.  When the probability is high that only one team remains active, the 

model cargo will exhibit typical fast transport in that direction.  When the probabilities 

for both teams are comparable, very little motion is observed as both teams are 

generating similar forces simultaneously.  While the tug-of-war model relies solely on the 

mechanical properties of the motors to explain the observed bidirectional motion of 
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cargos (FIG, 5.1), a regulator is still required to alter these properties in order to change 

the net directionality of the cargo.  By fitting their model to experimental data from 

motor-driven lipid droplets in Drosophila embryos, Lipowsky and colleagues have found 

values of single motor parameters that agree with experimental results [28].  A crucial 

requirement of their model is that motors’ detachment rates increase exponentially with 

opposing force, in a manner reminiscent of Bell’s [46].  This is required so that the 

moment one motor of one team detaches, the load on the remaining engaged motors in 

their team is increased, making them more likely to detach as well.  This would result in a 

sort of “unzipping” of the motors of that team from the microtubule, allowing the other 

team to pull freely.  Such a load dependence of detachment rates has, however, not been 

measured for motors in vivo.  Moreover, experimental evidence consistent with this 

model is scarce.  For endosome transport in dictyostelium cells it was proposed that the 

observed elongation and fission of the vesicles is due to the motors pulling in opposite 

directions [47].  However, no direct evidence has been reported. 

 

 

 

Figure 5.1: The tug-of-war model explains bidirectional motion using only the 

mechanical properties of the motors. Both kinesin and dynein can attach to 

the microtubule simultaneously and fight against each other. 
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The regulation model, on the other hand, relies on a distinct third party to 

coordinate the switching of direction for the motor-cargo complex (FIG. 5.2).  The main 

difference between these models is that in regulation, the motors never fight against each 

other.  The regulator acts as a switch, turning one polarity of motors “off” while the 

others are allowed to pull unopposed.  The details of this mechanism are still very 

elusive.  For example, it is not known whether the same regulator would be responsible 

for switching both directions, or if one regulator would switch from plus- to minus-end 

directed motion and a second regulator would switch from minus- to plus-end motion.  

One possible candidate for such a regulator is dynactin, a protein complex which 

typically associates to dynein and can bind to microtubules and cargos and other motors 

as well [17].  Studies have also shown that dynactin may be required for bidirectional 

transport, as it influences not only dynein but kinesin as well [48].  Other proteins that 

have been suggested as regulators of bidirectional transport of lipid droplets are klar, 

halo, and LSD2 [21, 42, 49].  While these reports are suggestive that these proteins could 

play a direct role in regulating bidirectional transport, it is yet to be demonstrated that 

they do. 

 

 

 

Figure 5.2:  The regulation model for bidirectional transport relies on at least one 

biochemical on/off switch that disables motors of one polarity and activates 

the others. In this scenario, the motors do not fight each other.  There may 

be many such regulators that operate through different mechanisms 

depending on the cargo and/or the cell’s developmental stage. 
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5.2 KINESIN AND DYNEIN DETACHMENT RATES RESPOND DIFFERENTLY TO LOAD 

Given that the tug-of-war model is based on the assumption that motor 

detachment rates increase exponentially with load, I set out to test this model by direct 

measurement of motor detachment rates over a range of applied load force. Since cargos 

are hauled by multiple motors it is not possible to measure the detachment rate of the 

individual motor in vivo. However, using the optical trap I can compare the detachment 

rate under varying opposing loads of plus-end and minus-end moving cargos. For that, I 

used the same methodology described above for force measurements, but altered the 

positioning of the trap to be some fixed distance behind the moving cargo instead of 

being right at its center. Thus, as soon as the shutter is opened, the moving cargo 

experiences as sudden opposing load and the time that elapses before it drops back to the 

center of the trap, or the residence time, is measured. Since lipid droplets are of varying 

size, applying the trap of constant power at distances of 50-160nm generates forces of 

varying magnitude that increase with the diameter of the cargo. Given that it was 

previously shown that the distribution of motor numbers coincide for plus-end and 

minus-end motors [20], the measured residence time reflects the properties of the motors 

rather than differences in motor numbers. Figures 5.3A and B show sample traces of a 

lipid droplet detaching immediately after applying the sudden load, and another holding 

on for 0.53 seconds before eventually falling back to the trap center. 

 I measured the residence times of both plus-end and minus-end driven lipid 

droplets (FIG. 5.3C and D). Kinesin’s residence time drops with increasing opposing 

load, meaning the detachment rate does increase though it does not appear to do so 

exponentially.  However, the precise trend for individual motors cannot be stated with 

certainty from this data due to the presence of multiple motors, and a general decreasing 

trend may still be sufficient for the tug-of-war model to produce bidirectional motion.   

Surprisingly, however, the residence time of dynein under similar conditions increases 

with opposing load, meaning the detachment rate decreases. This suggests that dynein 

might interact with the microtubules via a catch-bond [50], unlike what is typically 

assumed in models.  The bond between actin and myosin in rat skeletal muscle has 
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recently been shown to behave as a catch bond in vitro as well [51].  These results have 

implications on tug-of-war models of bidirectional transport. The essence of these models 

is that motors of one polarity detach under the effect of the load applied by the opposing 

motors as well as by the intrinsic detachment rate of the individual motors. With this 

process happening stochastically, the net effect is cargos that move bidirectionally with 

the net directionality determined by the attachment and detachment rates of the individual 

motors of both directions. With the detachment rate increasing exponentially under 

opposing load as is typically assumed for both polarity motors, a team of motors will 

detach if one of the motors in the team happens to detach. This is because the remaining 

motors now experience a larger opposing load which increases their likelihood to detach. 

I find that unlike kinesin, dynein’s detachment rate decreases rather than increasing with 

larger opposing load. This requires revisiting the tug-of-war models to account for this 

fact. Recent in vitro work showed that at “super-stall” forces individual dynein motors 

remain attached to the microtubule for long times and used these single molecule 

observations to revise the tug-of-war model [52]. My findings confirm that these single 

molecule properties hold for lipid droplet transport in the cellular context. 
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Figure 5.3: Kinesin, but not dynein, is more likely to detach from microtubules under 

larger opposing loads. By positioning the trap away from the center of the 

moving lipid droplet, a sudden opposing force is applied to the motors. The 

time the motors hold on before detaching –the residence time- is measured 

and can either be long (A) or short (B). (C) and (D) show that kinesin-1 

behaves differently from dynein under opposing load. While kinesin is more 

likely to detach, dynein is less likely to detach under larger loads, which 

suggests a catch bond interaction between dynein and the microtubule. (The 

plots represent 90 binned measurements for kinesin and 61 binned 

measurements for dynein). 

 

 

 

5.3 SWITCHING STATISTICS SUPPORT REGULATION MODELS 

Given that my measurements thus far do not support the tug-of-war model, I 

decided to directly test the predictions of the model. In the tug-of-war model, both 

polarity motors are active and can always binds to the microtubule.  Thus the prediction 

is that if the cargo is forcibly detached from the microtubule, it is likely to bind again and 
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move in either direction.  To address this question, I compare the probability of a cargo 

switching direction after falling to the trap center to the probability of a cargo to restart 

moving in the same direction.  Figure 5.4 shows that cargos moving in either the plus-end 

or minus-end direction will more likely continue to move in the same direction after the 

optical trap detaches them from the microtubule. The fact that this is true for both plus-

end and minus-end moving cargos eliminates the possibility that the overwhelming plus-

to-plus transition is an artifact of the lipid droplets’ net plus-end motion during this phase 

of development of the embryo. Indeed, the less dramatic minus-to-minus transition 

probability is likely a manifestation of this plus-end bias.  

 

 

 

Figure 5.4: Switching statistics for both anterograde and retrograde motion.  A droplet 

moving in one direction may stall and then switch direction (A), but it is 

much more likely to attempt motion in the same direction again (B), 

regardless of the initial direction of motion, as summarized in (C). In the 

rare switching instances, stall forces are balanced in both directions 73% of 

the time (D). 
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One might argue that this phenomenon could be explained without ruling out a 

tug-of-war by positing the existence of two populations of lipid droplets, “plus-movers” 

and “minus-movers” that have an overwhelming number of motors of that polarity 

resulting in their net directionality.  However, the direction reversals I observe exhibit 

equivalent forces in both directions 74.1% of the time for plus-to-minus transitions and 

71.6% of the time for minus-to-plus transitions, translating to equal motor numbers 

pulling in both directions.  FIG. 5.4A is an example of a switching event where the forces 

in both directions are equal.  These data suggest that motors of only one polarity are 

active on the cargo at any point in time, which argues against a tug-of-war model. 
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Chapter 6: Glycogen Synthase Kinase 3 regulates microtubule-based 

transport 

 

 

 

 Given that there is only a handful of different motor types, the only way to get 

hundreds of different cargos to different destinations in the cell at the appropriate times is 

by regulating transport.  In the previous chapter I demonstrated that even local direction 

switching is regulated.  In this chapter I will discuss how failure to regulate transport is 

linked to neurodegenerative disease.  I will address the particular case of Alzheimer’s 

disease where overexpression of GSK-3 has been suggested to alter transport.  I will 

describe the role GSK-3 plays in regulating transport and illustrate the work I have done 

to unravel the mechanism by which it achieves that regulation.  This work was done in 

collaboration with Carole Weaver in Lawrence S. B. Goldstein’s lab in UC San Diego.  

Data using neurons as a model system were collected in San Diego while those that used 

lipid droplet transport were collected in Austin.   

 

 

6.1 TRANSPORT AND ALZHEIMER’S DISEASE  

 Neuronal survival and function require axonal transport, the process by which 

microtubule-associated motors move essential cargos between the cell body and the 

synapse. Transport failure has been implicated as an early event in many 

neurodegenerative diseases including Alzheimer’s disease (AD) [53, 54]. Understanding 

how axonal transport is controlled is critical for identifying the molecular events that 

cause transport dysfunction in disease. 
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AD is characterized by the formation of amyloid plaques along the axon.  These 

plaques form due to accumulation of the Amyloid Precursor Protein (APP) (FIG. 6.1), a 

phenomenon that is exacerbated by inhibition of the motors that transport APP in the 

axon [2].  Failure of the transport machinery may lead to premature plaque deposition 

and neurodegeneration [55].  FIG. 6.2A shows a healthy neuron compared to a neuron 

with excessive plaque formation.  Over time, the loss of neuronal function results in 

deterioration of brain tissue, as shown in FIG. 6.2B.  Symptoms begin with memory loss 

and dementia and eventually lead to death.  It is of great interest to identify endogenous 

factors that regulate APP transport and understand their mechanisms of action, so that we 

may uncover methods of enhancing transport and possibly slowing the development of 

such devastating diseases. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.1: Computer rendering of APP (left) embedded in a membrane.  When APP is 

improperly cleaved, the smaller yellow portion (right) is known as beta-

amyloid, which is chemically “sticky” and clumps together with other pieces 

of beta-amyloid to form the plaque blockages in AD brains. (Courtesy of the 

Alzheimer's Disease Education and Referral Center, a service of the 

National Institute on Aging) 
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A.  

 B.  

Figure 6.2: A healthy neuron with many functional dendrites (A, left) and a neuron 

decaying from AD (A, right).  Loss of brain tissue in an advanced AD brain 

(B, left) compared to a healthy brain (B, right).    [A: 

http://www.psyweb.com/Documents/00000003.jsp] [B: Credit - The 

Commonwealth Scientific and Industrial Research Organization of 

Australia] 

 

 

 

Fast anterograde transport toward the synapse is mediated by members of the 

kinesin superfamily, including kinesin-1 and kinesin-3, and fast retrograde transport 

toward the cell body is mediated by cytoplasmic dynein [56-58]. These motors are 

regulated by several means, including interactions between opposite-polarity motors on 

the same cargo and regulation by kinases and scaffolding proteins [59, 60].  I will 

investigate the role played by a particular kinase that has been implicated in other aspects 

of AD development, as detailed below. 
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6.1.1 GSK-3 found in high levels in Alzheimer brains and suggested to regulate 

kinesin 

The serine-threonine kinase Glycogen Synthase Kinase 3 (GSK-3) (FIG. 6.3) has 

been suggested to regulate axonal kinesin-1 [61-66]. Such a relationship could have 

important clinical implications, as GSK-3 has been found in abnormally high quantities 

in brains of patients who died of AD, and appears to be a major player in the pathology of 

AD, other neurological and neuropsychiatric disorders, and normal neuronal development 

and plasticity [67-71]. Although several previous studies have implicated GSK-3 as a 

regulator of axonal transport using in vitro approaches [61-66], no in vivo studies have 

yet concretely demonstrated that endogenous GSK-3 plays a bona fide role in regulating 

the transport of essential cargos to and from the synaptic terminal.  In this collaborative 

work, I evaluated whether manipulating endogenous GSK-3 levels impacts axonal 

transport in living animals.  

 

 

Figure 6.3: Ribbon structure of human GSK-3.  N-terminus = blue.  C-terminus = red. 
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To determine whether endogenous GSK-3 is required for axonal transport, we 

examined Drosophila melanogaster larvae with loss-of-function mutations in the Shaggy 

(Sgg) gene, which encodes the sole Drosophila GSK-3homolog, dGSK-3 [72]. 

Defects in axonal transport lead to characteristic phenotypes in Drosophila larvae, 

including posterior paralysis and the formation of cargo-filled axonal swellings in the 

segmental nerves that innervate body wall muscles [73].  

We immunostained dissected larvae for cysteine string protein (CSP), a synaptic 

vesicle precursor (SVP)-associated protein that localizes to cargo accumulations [74].  In 

contrast to the diffuse staining observed in the segmental nerves of wild-type larvae, 

nerves of dGSK-3 (sgg) mutants with either of two strong hypomorphic alleles (sgg
1
 and 

sgg
M1-1

) exhibited large CSP-positive axonal swellings (Figure 6.4A-D). sgg
1
 mutants 

exhibited severe posterior paralysis and died as second instar larvae, while sgg
M1-1

 

mutants exhibited a variable phenotype ranging from almost normal movement to strong 

posterior paralysis and died in the third instar stage, presumably as a result of a less 

complete reduction in dGSK-3 function.  The severe axonal transport phenotypes in 

dGSK-3 loss-of-function mutants suggest that endogenous dGSK-3 is required for normal 

axonal transport in vivo. 

Elevated levels or inappropriate activation of GSK-3 have been implicated in AD, 

amyotrophic lateral sclerosis (ALS), bipolar disorder and schizophrenia [67, 70, 71, 75]. 

The effects of GSK-3 over-expression on axonal transport have not been carefully 

examined in vivo. We used the GAL4-UAS system [76] to induce panneuronal 

overexpression, using the elav-GAL4 driver, of wildtype dGSK-3 (UAS-Sgg) or 

constitutively activated dGSK-3 (UAS-SggS9A) which carries a mutation in a conserved 

target site for inhibitory phosphorylation [77, 78]. Both dGSK-3 constructs potently 

induced CSP-positive axonal swellings (Figure 6.4E-H). Swellings were also induced by 

overexpression of activated dGSK-3, but not wild-type dGSK-3, using a different 

panneuronal driver, Appl-GAL4.  
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Thus, both loss and gain of dGSK-3 function lead to axonal swellings caused by 

defects in axonal transport. Together these results suggest that endogenous dGSK-3 plays 

a pivotal role in axonal transport. 

 

 

 

Figure 6.4: Axonal swellings and blockages are exacerbated in larval segmental nerves 

when dGSK-3 is reduced or overexpressed.  Scale bar = 20m.  Axons were 

immunostained for the synaptic vesicle precursor marker CSP which 

localizes to cargo accumulations, denoted by arrows.  (Courtesy of Carole 

Weaver, Goldstein Lab, University of California, San Diego.) 

 

 

6.1.2 GSK-3 negatively regulates kinesin-1 and cytoplasmic dynein 

We examined APP transport in vivo to further test the hypothesis that GSK-3 

negatively regulates kinesin-1, and to examine the impact of GSK-3 on APP transport. 

We visualized human APP tagged with Yellow Fluorescent Protein (APP-YFP) in single 
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axons of living larvae, using SG26.1-GAL4 to induce UAS-APP-YFP expression in a 

subset of central nervous system neurons [79]. 

In control axons, APP-YFP particles moved in both anterograde and retrograde 

directions, at times pausing or undergoing rapid directional switches (FIG. 6.3, top). 

Immobile particles were also observed. Overexpression of wild-type or activated dGSK-3 

caused a striking behavioral change, with most APP particles immobilized (FIG. 6.3, 

center). Surprisingly, the proportion of stationary particles increased at the expense of 

both anterograde and retrograde APP movement, suggesting that dGSK-3 may target both 

kinesin-1 and dynein. Full-length APP-YFP was expressed at identical levels in WT and 

dGSK-3-overexpressing larval brains, indicating that changes in APP gene expression or 

cleavage were not responsible for the phenotype.  

We also examined APP-YFP behavior in larvae where dGSK-3 was genetically 

reduced (sgg
1
/+). Endogenous dGSK-3 protein levels were reduced to 57% of normal in 

sgg
1
/+ brains with no effect on protein expression of APP-YFP or endogenous Khc. 

Unlike strong loss-of-function, dGSK-3 reduction did not induce axonal swellings or 

death, allowing us to examine the consequences of dGSK-3 reduction on APP-YFP 

transport in otherwise healthy animals.  APP-YFP moved robustly in dGSK-3-reduced 

axons (Figure 6.3, bottom).  We used particle-tracking software to analyze several 

parameters of APP-YFP behavior in the context of dGSK-3 reduction. Analysis showed 

that dGSK-3 reduction markedly stimulated both anterograde and retrograde transport. 

APP vesicles displayed significantly longer anterograde and retrograde run lengths in 

dGSK-3-reduced axons, faster anterograde and retrograde velocities, and shorter and less 

frequent pauses. The frequency of directional switching was unchanged. 
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Figure 6.3: Kymographs tracking the motion of YFP-labeled APP in larval axons.  

Compared to WT motion (top panel), APP transport was halted in larvae 

with over-expression of dGSK-3 (center panel), while APP transport was 

enhanced in larvae with reduced amounts of dGSK-3 (bottom panel).  Scale 

bar = 10m.  (A kymograph is a composite image formed by stacking slices 

of consecutive images from a movie taken at the same position.  Slanted 

lines indicate motion while vertical lines indicate stationary particles.)  

Courtesy of Carole Weaver, Goldstein Lab, UC-San Diego. 

 

 

 
To test for the specificity of this phenomenon, we imaged synaptotagmin-GFP 

(SYT-GFP), which is transported bidirectionally in axons as a component of SVPs [80]. 

In Drosophila segmental nerves, SVP transport is mediated by dynein and kinesin-3 [81, 

82].  Reduction of dGSK-3 did not cause enhancement of transport parameters in either 

anterograde or retrograde directions for SVPs as it did for APP, showing that GSK-3 
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specifically regulates transport of APP, and it does so through a mechanism associated 

with kinesin-1 but not kinesin-3.  The lack of retrograde transport inhibition for SVPs 

implies that GSK-3 regulates dynein indirectly via kinesin-1. 

It is possible that, as GSK-3 can destabilize microtubules in various contexts by 

phosphorylating microtubule-associated proteins (MAPs), GSK-3 could accomplish the 

observed transport inhibition not by interacting with the motors, but by altering the 

stability of the microtubules.  To rule this out, we quantified microtubule stability in two 

independent ways.  First, we measured the acetylated tubulin levels in genotypes with 

both reduced and overexpressed dGSK-3, and found no change between these levels and 

WT.  We also tracked the motion of microtubule end-binding protein EB1-GFP, which 

associates to the growing plus-end of microtubules, and found no change in the frequency 

of axonal microtubule growth events for overexpressed dGSK-3.  Reduction of dGSK-3 

actually increased microtubule stability.  Therefore, dGSK-3 does not regulate transport 

by destabilizing the motor’s tracks. 

 

 

6.1.2 GSK-3 negatively regulates embryonic lipid droplet transport 

The work on APP transport in neurons demonstrated that GSK-3 negatively 

regulates bidirectional transport.  This neuronal system, however, is not amenable to 

biochemical and biophysical studies that could help unravel the mechanism by which 

GSK-3 regulates transport.  To be able to address this question, I turned to the embryonic 

lipid droplet system which is amenable to both biophysics and biochemistry.  Both APP 

and lipid droplets are kinesin-1 and cytoplasmic dynein cargos, which suggests that their 

transport could be regulated similarly by GSK-3, but I needed to demonstrate that by 

analyzing lipid droplet transport parameters. 

I recorded DIC microscopy video of lipid droplets moving bidirectionally in fly 

embryos with both WT and reduced dGSK-3 levels, and tracked the motion of individual 
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droplets using a single particle tracking algorithm that employs the correlation method 

[32].  For optimal tracking, the cargo should be well defined and contrasted from the 

background, and it should not change appearance due to leaving the focal plane or run 

into another object during the course of tracking.  Each 1-2 minute video had multiple 

droplets moving in the field of view, which were tracked for further analysis of transport 

parameters.  A snapshot of a frame of video is shown in FIG. 6.4 with tracks of individual 

droplets shown in yellow.  It should be noted that the diagonal alignment of the tracks 

reflects the orientation of the microtubules in the embryo.   

 

 

 

Figure 6.4: A DIC image of a portion of the embryo showing lipid droplets.  The yellow 

traces are lipid droplet tracks from consecutive images of this area.  The 

edge of the embryo is toward the upper right corner, hence the microtubule 

plus-ends point inward to the bottom left. 

 

 

 

I used a Bayesian method to algorithmically segment the tracks into uninterrupted 

runs in both directions along the microtubule [83].  The algorithm works by dividing the 

track into segments of constant velocity the length of which is determined by the quality 

of the fit.  The latter is subject to noise from the Brownian motion of the tethered cargo.  
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This Brownian motion is incorporated into the algorithm to get the best fit.  Once the 

track is divided into segments, segments in the same direction and having a velocity 

larger than a set threshold are analyzed and combined into runs.  A run is the distance a 

cargo moves in one direction before pausing or switching direction.  This means that a 

single run may contain segments of different velocities.  Runs with velocities of 50nm/s 

or less are considered pauses if they continue for at least 7 frames.  The first and last runs 

of each track are ignored, since the true lengths are shortened by the limited data 

collection time.      

The runs of all tracks for a single genotype were compiled and separated into 

plus-end and minus-end motion and analyzed for length and velocity.  The distribution of 

run lengths follows a second order exponential decay (FIG. 6.5), and so rather than use an 

average run length for comparisons, we obtain a short and long characteristic run length 

that is calculated from fitting the decay.  Velocities of individual segments are also 

compiled for each direction of motion, which are weighted by the duration of that 

segment so that a certain velocity counts more if the droplet was moving that fast for a 

longer time.  Comparisons of run length and cargo velocity for both WT and reduced 

dGSK-3 embryos are summarized in FIG. 6.6.  Transport is clearly enhanced in both 

directions by reducing the amount of endogenous dGSK-3, confirming that dGSK-3 is a 

negative regulator of both kinesin-1 and dynein transport in embryos as well as axons.   

To be sure that the difference in mean run lengths and velocities is statistically 

significant and not a coincidence of random sampling, we performed a permutation t-test 

for each data set.  The resulting p values are denoted by asterisks in FIG. 6.6.  If the p 

value is 0.01, that means that there is a 1% chance of observing a difference as large as 

what is observed even if the two population means are identical.  In other words, random 

sampling from identical populations would lead to a difference smaller than that observed 

in 99% of experiments. 

 



 57 

 

Figure 6.5: Run length distributions of each direction of motion for WT and embryos 

with reduced dGSK-3.  The distribution follows a double exponential decay 

(fit) from which the long characteristic run length was extracted for 

comparisons. 

 

 

 

          

 

Figure 6.6: Both cargo velocity and run length are significantly enhanced by the 

reduction of dGSK-3 in embryos.  Error bars are SEM. (*** denotes 

p<0.001, ** denotes p<0.01)  
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6.1.3 How does GSK-3 regulate motors? 

 Now that we have established dGSK-3 as a negative regulator of bidirectional 

transport, it remains to discover the mechanism by which this regulation is achieved.  A 

model has been proposed in which GSK-3 inhibits kinesin-1 by phosphorylating kinesin 

light chain (KLC) and causing cargo to dissociate from the motor complex. This model is 

based on in vitro studies in which membrane fractions from squid axoplasm with active 

GSK-3 immunoblotted for kinesin heavy chain (KHC) have shown the amount of motors 

bound to membrane-bound organelles reduced by 70% compared to controls  [62].  

However, no in vivo evidence for this model has been reported.  We performed western 

blots for kinesin heavy chain on lipid droplets purified from both WT and mutant 

embryos, and found kinesin to be present in equal amounts (FIG. 6.7A).  Quantitative 

analysis of the Western blots shows sensitivity to changes in KHC content of less than 

10% with a linear response over a wide range of concentrations (FIG. 6.7B). Since 

motors are present in equal amounts on lipid droplets in both genotypes, dGDK-3 cannot 

be regulating transport by inhibiting motor-cargo binding. 

                    A.        B.  

Figure 6.7: (A) Immunoblot for KHC on lipid droplets purified from wild-type and 

dGSK-3 reduced embryos showing that both have the same amount of 

kinesin-1 bound to the droplets. The quantification is showing the Mean ± 

s.d. for six individual experiments. (B) Immunoblot of KHC on lipid 

droplets purified from WT embryos showing a dilution series with a 

progressively smaller sample concentration as indicated. Quantification of 

band intensity reveals the known loaded concentration verifying that 

differences of about 10% are easily resolvable.  
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 Another possible way for dGSK-3 to regulate transport is by modifying the 

properties of the motors themselves, making them weaker and more likely to detach from 

the microtubule under load. This would be consistent with the observed changes in 

velocity and run length as weaker motors would slow down the cargo they are hauling in 

the crowded cellular environment.  Moreover, motors that detach more easily are likely to 

shorten the average run length of the cargo.  Histograms of plus-end stall forces in WT 

embryos show peaks that are multiples of the single motor stall force as described in 

section 4.1 (Figure 6.8A). The single-motor stall force in WT embryos is approximately 

2.6pN. Strikingly, kinesin-1 motors in dGSK-3-reduced embryos were still able to 

generate approximately 2.6pN each, and the location of higher-order peaks did not shift 

(Figure 6.8B), indicating that GSK-3 does not influence the force exerted by kinesin-1.  

However, the histogram from dGSK-3-reduced embryos shows more weight at the third 

and fourth peaks corresponding to lipid droplets pulled by three and four motors, 

respectively. These peaks are sparsely populated in the WT histogram, in which most 

lipid droplets are hauled by one or two motors. We conclude that, on average, while each 

cargo has the same number of motors attached, more motors actively haul the lipid 

droplets when dGSK-3 is reduced. 

A.          B.  

Figure 6.8: Stall force histograms for WT (A) and embryos with reduced dGSK-3 (B).  

More weight lies in the higher force range for mutants, suggesting more 

frequent instances of 3 or 4 motors pulling the cargo than in WT. 
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Cumulative histograms of the stall forces reported in Figure 6.8 show that a larger 

fraction of lipid droplets in WT embryos stall at smaller forces compared to lipid droplets 

from dGSK-3-reduced embryos (FIG.9A). Error bars are standard deviations calculated 

by randomly sampling 50 stall force data points from each dataset and calculating the 

cumulative histogram for a hundred such samples for each genotype. The fact that the 

error bars do not overlap indicates that the difference I report is not due to counting 

errors.  

 

 

A.   B.  

Figure 6.9: (A) Cumulative histograms for the stall force histograms in Figure 6.8, 

constructed by adding the counts of each bin to the sum of the counts in 

preceding bins. The WT cumulative histogram (black squares) is 

consistently higher than the mutant (red circles) until ~10pN.  This 

illustrates that a larger proportion of WT lipid droplets are hauled by a 

smaller force and therefore by fewer motors. (B) Distribution of total droplet 

trapping attempts.  A droplet may stall at a distance within the linear range 

of the trap so that its stall force may be quantified (yellow), or it may escape 

the trap entirely without falling back to the trap center (green).  It may also 

fall back to the trap center before exerting enough force to generate a stall, 

suggesting the activity of only one motor that stochastically detaches (gray). 
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In further support of the conclusion that more motors actively haul droplets in the 

embryos with reduced dGSK-3, a significantly larger fraction of lipid droplets in these 

mutant embryos are hauled by enough motors to escape the trap, and a smaller fraction 

drop to the trap center without exerting enough force to stall (Figure 6.9B).  Included in 

this latter category are the premature detachments mentioned in section 4.1 (see also FIG. 

4.1).  Since these occur before the cargo has actually stalled, it is likely that the 

detachment is simply stochastic and results from only one motor actively engaging on the 

microtubule.  The fraction of droplets that escape the trap in mutant embryos is 

approximately twice that in WT.   

Our findings highlight both kinesin-1 and dynein as regulatory targets of dGSK-3 

activity in vivo and raise the question of whether dGSK-3 acts by phosphorylating them 

directly. Kinesin-1 regulation may occur through direct phosphorylation of Klc, as has 

been previously proposed [62, 65]. Although Drosophila Klc lacks the specifically 

proposed GSK-3 phosphorylation sites that were suggested as regulatory targets in rat 

KLC2, it contains several other GSK-3 consensus sites. Khc does not appear to be 

phosphorylated by GSK-3 [62].  Dynein regulation is likely either indirect or occurring 

on only a subset of cytoplasmic dynein, as dGSK-3 reduction stimulated minus-end 

transport of two kinesin-1 cargos, but not a kinesin-3 cargo. We hypothesize that dGSK-3 

inhibits dynein activity indirectly via a coordination mechanism with kinesin-1, an idea 

which is supported by a large body of work showing that kinesin-1 and dynein are 

required for each other’s activity and can be coordinately regulated [59, 84-87], including 

our previous finding that kinesin-1 and dynein stall forces are coupled on Drosophila 

lipid droplets [20]. Our observation that dGSK-3 reduction stimulated both kinesin-1 and 

dynein is of particular interest as it suggests that in some contexts the activation of these 

motors may be coordinated such that opposing velocities and run lengths are balanced.   

Alternatively, GSK-3 may act by phosphorylating an intervening regulator which 

could likely be one or several microtubule associated proteins (MAPs), many of which 

are known to be phosphorylated by GSK-3 [88-90].  If a certain MAP is 

hyperphosphorylated by the over-activity of GSK-3, it could cause the MAP to clump 
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irregularly on the microtubule and interfere with the motors’ ability to walk unobstructed 

(FIG.6.10).  Such an effect has been observed with some isoforms of tau (a MAP) in in 

vitro experiments [11, 91].  Future work will be required to identify the GSK-3 target that 

leads to the reduced motor activity we observe.   

 

 

 

Figure 6.10:  Schematic of our proposed mechanism by which dGSK-3 regulates 

bidirectional transport indirectly through hyperphosphorylation of MAPs, 

thus altering the motor-microtubule binding rates. 
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Chapter 7: Using the optical trap to probe the effects of cytosolic 

viscosity on multiple motors 

 

 

 

 
In this chapter I describe experiments I performed to probe the cytosolic viscosity 

in the fly embryo by employing the optical trap.  I describe the methodology I developed, 

show preliminary data, and discuss its implications on intracellular transport.   

 

7.1 HOW DOES VISCOUS DRAG AFFECT TRANSPORT IN VIVO? 

Motors such as kinesin-1 and cytoplasmic dynein have been extensively studied 

in vitro where viscous drag has negligible effects on the motion of cargos.  However, the 

issue of whether cytosolic drag in vivo is large enough to significantly slow cargo motion 

has remained controversial.  One implication of large viscous drag is that cargos which 

move faster must be pulled by more motors, because more motors sharing the load would 

be required to overcome the opposing drag force and move faster.  I have shown that 

motor stall forces may be used as a means to effectively count the number of motors 

engaged for this reason, but the same may not be true for cargo velocities.  The force-

velocity curves for kinesin [92] show that in the low opposing force regime  (≤ 1–2pN at 

abundant ATP levels) cargo velocity does not change appreciably with varying motor 

numbers, while velocity drops precipitously as the opposing force increases above 2pN.  

If cytosolic drag forces are smaller than typical single motor stall forces, then the motion 

of motor-driven cargos will not be significantly affected by it, and cargos with more 

motors engaged will not necessarily move faster.  Therefore, cargo velocities could not 

be used as a reliable counting mechanism for active motors as suggested in recent works 

[93-97].  A wide range of values of cytosolic viscosity have been reported for different 
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model systems and by various methods [98, 99].  The range of reported values covers 

many orders of magnitude and is likely a reflection of the length and time scales probed 

as well as the biological system studied.  By using the motor-cargo complex itself as the 

probe, I ensure that the values I measure are relevant to the time and length scales of 

cargo transport. 

To probe the importance of viscous drag on cargo motion, I tracked lipid droplets 

being hauled by kinesin motors in Drosophila embryos.  The optical trap was used to 

apply a force on these cargos sufficient to make them stall and fall back to the trap center 

as described in Chapter 4.  The magnitude of the cytosolic drag force determines how 

quickly the lipid droplets can fall into the trap, as schematized in FIG. 7.1A.  The trap 

pictured exerts a force on the motor-droplet complex toward the left, while the drag force 

experienced by the complex once it detaches from the microtubule is toward the right, 

slowing the complex’s recoil back to the trap center.  The higher the effective viscosity, 

the longer the droplet’s “recoil time” will be.   

 

  

Figure 7.1: Schematic of a recoil following a stall.   
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 I calculate the decay constants of these recoil tracks and place an upper limit on 

the value of the drag force experienced in vivo.  The calculation is based on modeling the 

cargo as a damped harmonic oscillator with the equation of motion 

 

(2) 

 

where the first term can be ignored due to negligible inertia at the scales studied and for 

the small Reynolds numbers involved.  This gives a solution that reduces to a single 

exponential: 

(3) 

 

where is the cytosolic viscosity, r is the cargo radius, k is the trap stiffness, and t is the 

decay or recoil time which the cargo takes to fall from position x0 back to the trap center.  

To find the viscosity, I measure t1/e, the time it takes for the cargo to fall a distance 1/e of 

its final pre-detachment or stall position, by fitting the recoil portion of the lipid droplet’s 

track.  This gives the recoil time                       which allows me to solve for the viscosity: 

 

(4) 

 

Stall traces like those presented in section 4.1 provide the required measurement.  

Given the low time resolution of the camera used for video tracking (0.033s), the fast 

recoil is comprised of only a few data points when measured this way, which would not 

allow extracting a precise measure of the recoil time.  Faster recording was required.  To 

that end, I recorded the position of the trapped lipid droplets with a quadrant photodiode 

(QPD) which detects the deflection of the focused trap beam as the lipid droplet moves in 

it.  This deflection is linearly related to the droplet’s distance from the center of the trap 

up to ~150nm, which is sufficient for the needed measurements.  I simultaneously used 

the video tracking program to produce tracks to which I could compare the QPD signal 

and confirm the quality of any stalls and the correspondence of the recoil traces between 

the two methods.  This was necessary because unlike the microscopy light, the laser light 
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had to pass traverse the rest of the embryo after passing through the lipid droplet being 

probed, and is thus subject to scattering.  Only traces that coincided in the QPD data and 

the video track were used (FIG. 7.2).  Using video tracking was also necessary to 

determine microtubule orientation, because the QPD cannot track beyond ~200nm from 

the trap center and cannot receive any signal while the laser is shuttered for trap 

repositioning.  Since the photodiode is capable of rapid sampling, I am able to measure 

many points within a single recoil and fit the decays with larger certainty.  FIG. 7.3 

presents several recoils measured with the QPD at 1kHz with their exponential fits.  The 

traces are aligned so that the points where the different lipid droplets detach from the 

microtubule coincide for clarity.  Different droplets clearly have different recoil times 

due to their sizes, as the figure shows.   
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Figure 7.2: Several examples of recoil traces recorded with video tracking (left) and their 

corresponding QPD signals (right).  Fitting the decays of the QPD gives a 

much more precise measure of the recoil time than fitting the video traces 

which have so few data points.  Only traces such as these which have good 

agreement between the two acquisition methods were used for analysis. 
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Figure 7.3:  Several recoil traces from different lipid droplets measured with the QPD at 

1kHz and their corresponding decay fits (smooth curves). 

 

Equation 4 implies that the product of the recoil time and the trap stiffness (k.t1/e) 

should be linearly related to the radius of the lipid droplet with the slope proportional to 

the viscosity experienced by the lipid droplets in the fly embryo. I measured the recoil 

time to the trap center after 120 stalls. The natural size distribution of the lipid droplets 

discussed in chapter 4 enabled me to generate the plot in Fig. 7.4. 

 

 

Figure 7.4: The product of the recoil time by the trap stiffness (k.t1/e) is linearly related to 

the radius of the lipid droplet. The viscosity of the cytosol, , measured 

from the slope is three thousand times the viscosity of water. (R = 0.6) 
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The plot shows a wide scatter with the spread increasing for larger droplets. The 

scatter suggests that the environment encountered by the droplets is heterogeneous. The 

correlation of the spread with the droplet size can be explained by the existence of a 

cytosolic meshwork –presumably comprised of cytoskeletal filaments- with a 

characteristic mesh size. For droplets comparable to the size of the mesh, the larger the 

size of the droplet the more likely it will be obstructed differently leading to a wider 

spread in the measured decay time. For droplets much smaller than the mesh size, the 

filaments would be mostly invisible and the medium they encounter would be 

homogeneous. The nine measurements in FIG 7.4 for the smallest droplet size all cluster 

around a mean value with a spread comparable to the experimental uncertainty. This 

suggests that the mesh size is larger than around 350 nm. For droplets much larger than 

the mesh size, the expectation is that the behavior changes as the discreteness of the mesh 

would no longer affect the droplets and the measured decay times would show a smaller 

spread. This regime was unfortunately not accessible with the droplet sizes available in 

the fly embryo.  

Due to the likely viscoelastic properties of the cytosol, equation 4 may not fully 

describe the true relationship between effective viscosity and recoil time.  Previous work, 

however, has found viscosity to be the dominant factor in similar environments for 

comparable length scales [100, 101]. The slope of the line in FIG 7.4 gives an effective 

viscosity value of 3.4 Pa.s - 3400 times the viscosity of water. This value is indicative of 

the crowdedness of the cytosol and the drag it implies on a moving cargo is likely to 

impact the function of the molecular motors. To estimate the effect of the measured 

viscosity on molecular motor function, let us estimate the drag force experienced by a 

typical lipid droplet of 500 nm diameter moving at 500 nm/s. The drag force it 

experiences is ~ 8 pN. This is much larger than the stall force of an individual motor, 

implying that the cooperation of multiple motors is necessary to achieve such cargo 

speeds given their force-velocity relation [92].   

The details of how this viscous drag affects transport by multiple motors will 

require future experiments to determine the origin of this drag and any elastic 
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contribution to the measured recoil time. Rough analysis leads to the conclusion that 

under these conditions, one should observe a cargo velocity distribution with peaks 

corresponding to the number of motors hauling the cargo as more motors would move the 

cargo faster [93-97].  However, no such peaks were observed for lipid droplets [83]. To 

test whether lipid droplets hauled by more motors move faster, I also measured the 

velocity of multiple lipid droplets immediately prior to applying the optical trap force, 

and plotted that velocity as a function of the maximal force the motors were able to 

generate – the stall force. The scatter plot in FIG. 7.5 shows no significant increase in 

velocity with stall force.  If cytosolic drag were large enough to slow the motors, one 

would expect to see a much more dramatic dependence over this range of forces, since 

stall force scales with the number of actively pulling motors and the range of forces 

measured covers 1-4 motors. 

   

 

Figure 7.5: Distribution of cargo velocities prior to applying the trap force as a function 

of their associated stall forces. No strong correlation is observed implying 

that the velocity of the cargo is not indicative of the number of motors 

hauling it. 
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That the velocity of the lipid droplets is not dependent on the number of motors 

hauling it is consistent with the recent observation that genetically reducing the number 

of motors hauling the lipid droplets does not significantly alter the average droplet 

velocity [20]. 

It is possible that modeling the cytosol as a viscous Newtonian fluid as implied by 

equation 3 is the cause of this inconsistency between the measured viscous drag and the 

observed velocities and motor forces. Future work will be needed to build a model that 

bridges these measurements. Measuring cargo velocities as well as recoil times as 

described in this chapter in embryos lacking actin filaments (depolymerized using drugs), 

for example, could help resolve this inconsistency as actin is the major cytoskeletal 

component that could be forming a meshwork in the embryo. 

 

  



 72 

 

Chapter 8: Conclusions and future work 

 

 This chapter will summarize the findings of my work, highlight their importance, 

and lay the motivation for various related studies in the future.  Several of these possible 

future directions will be discussed in more detail. 

 

8.1 SUMMARY AND PERSPECTIVE 

With my versatile optical trap, I was able to measure stall forces of kinesin and 

dynein in their native environment, and capture behaviors such as immediate direction 

switches and double stalls.  Together these observations show that multiple motors in 

vivo cooperate to exert additive forces of magnitude that agrees with previous findings 

[20], and that both kinesin and dynein are present on the cargo simultaneously.  My 

calibration methods allowed for precise measurements of motor forces on single cargos.  

Tug-of-war models of bidirectional transport require the motors to detach 

exponentially more rapidly under increasing load to achieve the unzipping effect that 

makes the model reproduce the observed in vivo behavior.  I was able to measure the 

detachment rates from microtubules of kinesin-1 and dynein-driven lipid droplets. Unlike 

what is commonly assumed, I find that kinesin’s detachment rate increases non-

exponentially with increasing load, and most strikingly that dynein’s detachment rate 

follows a decreasing trend. This suggests that dynein’s interaction with microtubules 

behaves like a catch bond and indicates that current tug-of-war models of bidirectional 

transport are erroneous or incomplete. 

To further test the tug-of-war model, I quantified the probability of the cargo 

switching its direction of motion once the motors hauling it detach from the microtubule. 

I find that it is much more likely for the cargo to resume motion in the same direction 
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rather than switch. This suggests that only motors of one polarity are active on the cargo 

at any instant in time and is inconsistent with the tug-of-war models of bidirectional 

transport where both polarity motors can actively pull against each other at the same 

time.   

Since my aforementioned data shows bidirectional transport to be regulated, I set 

out to investigate this regulation in greater detail.  As thousands of different cargos are 

hauled by only a handful of motor types, it is obvious that regulation works differently 

for different cargos.  Therefore, I chose to examine the effects of a specific potential 

regulator that has been linked to Alzheimer’s disease in collaboration with the Goldstein 

lab in UC-San Diego.  We found that endogenous GSK-3 is a required negative regulator 

of kinesin-1 that also strongly inhibits dynein. Careful analysis of GSK-3’s impact on the 

in vivo transport of APP, a cargo of kinesin-1 and cytoplasmic dynein, revealed that 

GSK-3 is essential for the normal transport of APP and that reduction of GSK-3 increases 

APP velocities and run lengths in both directions but has little effect on a kinesin-3 cargo. 

Finally, we used optical trapping and biochemical approaches in the well-established 

embryonic lipid droplet system to demonstrate that GSK-3 exerts its regulatory effects on 

another kinesin-1 cargo and that it does so by altering the number of active motors 

moving a cargo without affecting the number of total associated motors.  

GSK-3 activity may be elevated in Alzheimer’s brains [67], which based on our 

findings would stall APP transport in axons and potentially cause increased plaque 

deposition. Moderate reduction of GSK-3 activity with GSK-3-inhibiting drugs could 

stimulate APP transport, presumably enhancing synaptic growth and function  [102].  

However, while moderate reduction of GSK-3 activity in the brain appears to be 

beneficial, our observation that dGSK-3 mutants have severe transport defects suggests 

that excessive inhibition of GSK-3 may be toxic to neurons by dysregulating transport 

and causing axonal blockages. Therefore, maintenance of an exquisite balance of GSK-3 

activity appears to be critical for axonal transport and neuronal health.  GSK-3 inhibitors 

are currently under investigation as potential AD therapies [103, 104], and are already 

widely used to treat psychiatric disorders including bipolar disorder and schizophrenia 
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[70, 71]. Our results reveal the importance of closely monitoring both positive and 

negative responses of axonal transport to any new therapies involving GSK-3-targeting 

drugs. In the long term, the identification of GSK-3 as an endogenous axonal transport 

regulator may facilitate the discovery of new therapeutic targets for both 

neurodegenerative diseases and neuropsychiatric disorders. 

I was also able to use my trap in conjunction with a quadrant photodiode to 

rapidly record the decays of individual cargos falling back to the trap center and calculate 

the effective viscosity experienced by the motor-cargo system.  My results suggest that 

the cytosol should not be modeled as a Newtonian fluid, since the large drag force I 

measure would imply that more motors are required to pull faster despite observations 

that cargo velocity is not significantly altered by varying motor numbers. 

 

 

8.2 FUTURE WORK 

 The optical trap I have constructed and the methodology I have described in this 

dissertation may be used for a broad range of experiments.  By altering the model system 

or its properties or the specific positioning of the trap, one has the freedom to explore the 

effects of various changes to the motors or their environment in a number of different 

ways as highlighted below.   

The setup in its current state may be used to perform stall force measurements in 

embryos with mutations that are relevant to motor activity in general.  Specifically, our 

studies of GSK-3 would be enhanced by teasing out the details of its regulatory 

mechanism, which could be done through similar measurements on double mutations that 

reduce expression of both dGSK-3 and microtubule associated proteins like MAP-2 and 

KHC. 

Several proteins involved in early fly embryo development like Halo and Klar 

have been shown to affect the global distribution of lipid droplets [21, 42, 49]. However, 
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their regulatory mechanisms have been elusive.  The optical trapping methodology I 

developed could help unravel these mechanisms. 

The size dependence of the spread in my viscosity data may be due to the 

presence of actin filaments which form a sort of network in the cytosol, influencing the 

effective viscosity experienced by the motor-cargo system.  Performing these 

measurements on embryos which have been treated with Cytochalasin B or Latrunculin A 

in order to depolymerize the actin filaments will allow us to discern any changes in 

viscous behavior due to the network.  This information will provide clues as to how the 

cellular environment should be modeled for its effects on transport by multiple motors.    

To further probe the nature of effective viscosity in the cell and its influence on 

transport by multiple similar motors, an in vitro motility assay may be done involving 

rheology modifying agents to control the viscoelastic properties of the buffer in attempts 

to recreate the viscous drag motors experience in the cytosol.  Changes in stall forces and 

velocity histograms resulting from changes in viscosity would shed light on how multiple 

motors work against viscous drag in the cell and may be used to reconcile my 

observations in chapter 7.  
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