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Mitosis is the process by which cells, after having duplicated their DNA con-

tent, segregate chromosomes equally into two identical daughter cells. Mitosis is a very

short part of a normal cell cycle (usually 24+hours) and ranges from 30 minutes to an

hour depending on cell type and environmental conditions. During this incredibly short

amount of time, the cell undergoes several complex re-arrangements, biomechanically

and biochemically. Microtubules, 20 nm width dimer polymers, play an essential role

as the building blocks that provides the cytoskeleton and mitotic spindle for the cell,

provide the force that segregates chromosomes (anaphase), to satisfaction of tension

and attachment based checkpoints (metaphase-anaphase transition). To elucidate the

key role microtubules have in mitosis, drugs such as taxol and nocodazole have been

used to impart catastrophic global damage to the mitotic spindle and study the effects

on cellular division. However, catastrophic global damage can not answer specific ques-

tions regarding highly spatially localized damage and temporally transient damage. In

elucidating the role of microtubules, chromosomes and other key biological structures,

there is the need for a transient perturbation on the mitotic process. To study the effects

xix



of transient perturbation on mitosis, a Laser microscope system (Robolase) was devel-

oped to deliver spatially localized ( 0.4 um) and temporally-specific disruption inside

living cells (nanosurgery). Specifically, the affect of ablating chromosome tips, mitotic

spindles, and chromatid are examined, and the relationship between damaged sites and

pathways controlling the progression of the cell cycle and DNA damage pathways are

examined. In conclusion, an optically based method for studying mitosis with transient

perturbation has been developed and used to determine that chromosome tip disruption

affects cytokinetic progression, prolonged disruption of mitotic spindle reveals force

sensing in the metaphase spindle, and double-strand breaks of DNA recruit CENP-A in

addition to known DNA damage proteins.
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1 Microscopy in biology

1.1 Introduction

Dynamic light-microscopy of living cells and organisms alone does not reveal

the high level of complexity of cellular and subcellular organization. All observable

processes rely on the activity of biochemical and biophysical processes. Experimentally

it is not trivial to apply a perturbation to a specific process without inadvertently per-

turbing the cell overall. Drugs and RNAi in particular have a global and catastrophic

effect on cell physiology and function. Traditional biochemical techniques affect the

entire cell and, in many cases, are permanent, lethal, or non-transient in nature and limit

the amount of information that can be gained by biochemical experiments alone.

Scientists traditionally rely on a ”reductionist” view in which a specific process

is perturbed from its’ physiological equilibrium and then the physical, biochemical, and

biological parameters are measured and characterized with respect to their role and in-

fluence on normal operating parameters. For the study of microtubules, drugs that desta-

bilize microtubules, such as nocodazole, or stabilize microtubules, such as taxol, have

contributed significantly to understanding the relationship between subcellular compo-

nents (microtubules) and their roles in signaling pathways. However, the global and

catastrophic nature, for example of nocodazole, restricts scientists ability to ask certain

questions such as ”How does the cell respond to a complete loss of tubulin?”

Pulsed laser technology allows a highly spatially and temporally specific abla-

tion event to occur at any point inside subcellular regions of a cell. Lasers provide an

ideal method for highly localized transient perturbations on a cell and the study of the

overall cell system (”Mitosis” in this thesis) without catastrophic, global, or intrinsically

permanent damage to the cell.

1
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1.2 Mitosis

Mitosis is the process by which sister chromatids carrying identical copies of

their replicated genome are segregated into two distinct daughter cells. Underlying this

precisely coordinated series of events is a complex microtubule-based spindle, motor

proteins which slide along microtubules and a complex series of molecular processes

and biomechanical changes. [1, 2, 3, 4, 5, 6]. The early stage of mitosis (prophase -

metaphase) is dominated by microtubule dynamics, motor proteins, capture of chromo-

some via kinetochore attachment and satisfaction of the spindle assembly checkpoint

(SAC) of a bipolar spindle [1, 5, 7, 8, 9, 10, 11]. After satisfaction of the SAC, the

cell initiates anaphase and sister chromatids unglue and segregate to opposite poles

(Anaphase A) while the pole to pole microtubules elongate and push the poles apart

(Anaphase B). [1, 7]

1.2.1 Microtubules

The most important subcellular structures for the successful completion of mi-

tosis are the microtubules that form the bipolar mitotic spindle. Microtubules are es-

sential cytoskeletal polymers that are made up of repeating α/β - tubulin heterodimers.

An individual microtubule (MT) is a hollow cylinder of 25 nm diameter built from 13

protofilaments [12].

Microtubules interact with a large number of microtubule-associated proteins

(MAPs), and provide structural stability to the cell. The motor proteins slide along

them, and provide force for chromosome separation. [1, 9, 13, 14, 15]

Perhaps the most interesting feature of microtubules is that they are highly dy-

namic and undergo dynamic instability [16, 17]. This is characterized by alternating

cycles of growth and catastrophe that results in a force-balance on the mitotic spin-

dle. This non-equilibrium behavior is based on the binding and hydrolysis of GTP by

tubulin subunits. Each tubulin monomer binds one molecule of GTP but β-tubulin can

hydrolyze the nucleotide resulting in GDP-tubulin subunits which are unstable. [18, 19,

20] If this ”GTP cap” is stochastically lost, or induced via laser ablation [21], then the

microtubule rapidly depolymerizes. The stability of the microtubules and its’ rate equa-
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tion change dramatically throughout the phases of mitosis and kinetochore attachment

to the mitotic spindle. Further discussion regarding laser ablation of microtubules and

the role of microtubules in the structure and dynamics of the metaphase bipolar spindle

are in Chapter 3 and 5 respectively.

1.2.2 Why use lasers to study mitosis?

Mitosis is relatively short with most organisms having a 30 minute mitotic phase

(depending on environmental conditions) out of a full 24+ hour cell cycle. Mitosis is

further split into several phases and each phase involves a complex reorganization of the

mitotic spindle including changes in protein and enzymatic reactions, and in the check-

point(s) that are necessary to ensure that mitosis proceeds normally [1-11, 22]. This

immense complexity presents several problems for traditional biochemical techniques

which are mostly global and non-specific. For example, traditional anti-MT drugs [23,

24, 25] that have been used to study mitosis, such as nocodazole, taxol and colchine

(colcemid) affect all of the main target substrates, the microtubules, present inside the

cell. These drugs cause sufficient disruption to the cell that the mitotic spindle assembly

checkpoint (SAC) will prevent the cell from proceeding further until the drug, and the

effect, and washed out. Thus any attempt to study the mitotic pathways requires pre-

cise timing for the injection of the drug and even with perfect timing, the duration of

metaphase and anaphase are so short that accurate measurement within that timeframe

is difficult. Knockout (RNAi) or depletion of key proteins may be too catastrophic and

the cell can’t enter into mitosis due to the lack of vital proteins. In addition to the

above disadvantages, most biochemical techniques are permanent such that the drug ei-

ther can’t be washed out, or injection of the protein (due to knockout) can’t easily be

accomplished because of the short duration of the key phases of mitosis. (prophase,

metaphase, anaphase, and telophase).

Laser microscopy (microbeam irradiation) permits specific spatial-temporal dis-

ruption. Consequently, studies that require the alteration of a small subset of sub-

strates can be performed. In this thesis dissertation, specific disruption of chromosomes,

chromosome tips (presumptive telomeres), kinetochores and spindle microtubules is

achieved, and subsequent cell responses are analyzed. These experiments could not be
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performed using inhibitory drugs or other biochemical/molecular approaches that affect

a much broader array of cell organelles and biochemical pathways.

1.3 Lasers in Biology Research: Mitosis

Laser surgery of biological cells and tissue has been studied and applied for over

40 years and has contributed to elucidating several key elements in mitotic systems.

[26-34]. These experiments all took advantage of the high spatial-temporal specificity

of the laser in order to study phenomena that could not be easily studied via biochemical

techniques using drugs, RNAI knockouts, etc. In each case, experiments could not be

easily performed using standard biochemical techniques to answer the specific question

about the cellular effect of the loss of a specific subcellular compartment.

1.4 Scope of Thesis

Chapter 2 introduces the theory behind optical ablation and the type of damage

done. Chapter 3 describes the optical setup used in a laser microscope and additional

material and methods involved in this thesis. In chapter 4, Laser ablation of chromosome

tips (presumptive telomere region) is performed, and the perturbation on cytokinesis is

described. In chapter 5, laser ablation of the mitotic spindle in metaphase is performed,

and the dynamic re-shaping of the spindle is described. In chapter 6, studies on the

ablation of individual kinetochores and the subsequent movement of chromosomes are

studied. In chapter 7, I present preliminary data on the perturbation of mitotic spindles

in anaphase and the mislocalization of Aurora B due to the disruption. In Chapter 8,

a collaborative study done with Samantha G. Zeitlin (SGZ) is described where laser

ablation of chromatid was performed and recruitment of DNA repair and recognition

proteins, in particular CENP-A, are analyzed. Finally, in chapter 9, I will discuss some

of the future projects possible with the Robolase (laser microscope) system and present

the conclusions of this thesis.
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1.5 Summary

This chapter described the usage of lasers in biology, and focused particularly

on the usage of lasers in mitosis. Mitosis is described since chapters 4, 5, 6 and 7 are

performed specifically when the cells are in mitosis.
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2 Optical ablation

2.1 The Laser

’Laser’ is an acronym for Light Amplification by Stimulated Emission of Ra-

diation. In a laser, an active laser medium, referred to as a ’gain medium’ is placed

within a resonant optical cavity [Reviewed 1, 2]. An external energy source, such as a

light-emitting diode array or flash lamp, pumps the electrons of the gain medium into

an excited energy state. If the electrons relax back to the ground state (nanosecond

time scale) then spontaneous emission occurs resulting in emitted photons of narrow

spectral bandwidth, random orientation, direction, polarization and phase. This spon-

taneous emission can be transient or a stable mode depending on the resonant cavity

mirrored walls and the boundary conditions supplied by them. A spontaneous emission

will eventually occur that is in a stable propagating mode within the boundary condi-

tions of the laser cavity and along the optical axis. This spontaneously emitted photon

serves as the seed catalyst whereby the dipole to dipole interactions between the photon

and the gain medium causes any further electrons that emit photons to be identical in

phase, frequency, polarization, and direction. This stimulated emission ensures that all

further photons made from the gain medium have a narrow range of phase, frequency

and polarization. Photons traveling back and forth due to reflection of the mirrored

ends of the resonant cavity will stimulate the emission of more photons with identical

characteristics resulting in a ’avalanche’ effect where the single seed photon produces

millions of identical photons. The resonant cavity’s mirrors are designed so that a per-

centage of light passes through one of the mirrors (typically 95% reflectance range) and

is totally reflected by the other. The ’power lost’ from the resonant cavity is the actual

’useful’ light and the laser beam is typically collimated, coherent, monochromatic, po-

9
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larized and of a constant power. Conventional illumination sources (halogen, mercury

arc lamp, etc.) are incoherent, have wide spectral content, are randomly polarized, and

have random intensity fluctuations.

2.2 Light

The functional principles of the laser can only be described by both wave and

particle characterization. The wave nature of light is helpful when considering the prop-

agation and focusing of light, while the particle description is necessary for describing

and understanding light-matter interactions.

In the wave description of light, light propagates as a transversely propagating

oscillation of an electric field. E = Eo∗Re[Exp(−ikx−iωt)]. In this expression, Eo is

a vector whose magnitude and direction corresponds to the amplitude and polarization

of the oscillation. k = (2π/λ) ∗ z is the wave vector and defines the direction of

propagation which is typically taken to be the z-axis (optical axis) as indicated by the

unit vector. ω = 2πc/λ is the angular oscillation frequency of the wave. λ is the

wavelength and c = 3.0 ∗ 108 m/s is the speed of light in a vacuum. In the particle

description, light is quantized such that a single photon (energy quanta) has energy of

E = hc/λ where h = 6.626 ∗ 10−34 J/s as Planck’s constant.

Dependent on the resonant cavity described previously, specific boundary condi-

tions constrain the stable modes that can propagate and continue inside the cavity. With

respect to this thesis and producing a diffraction limited Gaussian spot, we will be using

TEM00 mode. Assuming zero order mode reduces the Gaussian distribution function to

TEM00 = exp[−(x2 + y2)/(w2)] [3] and is accurate for the minimum achievable beam

spot size with our system..

2.3 Gaussian Beam

TEM00 (Gaussian beam) has several important properties that are relevant for

microbeam applications. In particular, these are the minimum focal volume that the

laser can be focused to and the stable propagation of this mode from the resonant cavity
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to the microscope as well as the energy delivered to the micron size region.

The Gaussian beam intensity profile is given by I(r) = Ioexp(−2(r2)/w2)

where Io is the peak irradiance, r is the transverse radius r = (x2 + y2)1/2. At

r = w, the irradiance has fallen to 1/e2 of its’ peak value and 86.5% of the Gaus-

sian beam’s total power is contained within radial locations smaller than w. The beam

radius w is not constant but varies as the Gaussian beam propagates and is given by

w(z) = wo[1 + ((λz)/(πw2
o))

2]1/2. At z = 0, the beam radius attains a minimum value

of wo which is known as the beam waist and 2wo is often referred to as the beam spot

size. The placement of optical elements and beam expander (Chapter 3 of this thesis)

ensures that a Gaussian beam enters into the back aperture of the microscope objec-

tive. The microscope objective acts as a thin positive lens and it is useful to define a

numerical aperture (NA) for the objective which is the radius of the objective divided

by the focal length of the objective, NA = d/2f . Since the Gaussian beam enters the

microscope such that the propagating beam width 2wo fills the aperture of the objective,

the objective is placed at the beam’s waist and thus focuses the beam to a new w′o. This

w′o can be calculated as 2w′o = 1.22λ/NA. This is used in Chapter 3 in calculating the

minimum beam spot size for a given NA and wavelength.

2.4 Types of damage

In the previous section, we discussed how a diffraction limited micron sized

beam could be focused into a microscope and deliver a specific amount of energy density

to a tight focal volume. The studies reported here only use a 532 nm, 12 picosecond laser

and the discussion about damage mechanisms will be confined to that system [see 1 and

4 for more comprehensive review].

The mechanisms of damage are typically the following: linear absorption, pho-

tothermal, photomechanical and photochemical processes. Linear absorption damage

involves the optical absorption of photons by biological chromophores. In this process

the light has a high energy density such that the absorbing material (like water, DNA,

protein, etc.) is vaporized. This is discussed in detail elsewhere [1, 4]. The absorp-

tion coefficient of the material of interest is typically 2-20 cm−1 and for an NA of 1.3,
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pulse power of 1.3 microjoules, it is not possible to microsurgically vaporize the desired

biological material.

When photons are absorbed, they excite molecules from a lower energy state to

a higher energy state. This energy can relax back to ground state via emitting of an

identical photon or it can lose energy due to vibrational modes (in particular chemical

bonds) of molecules. The energy going into vibrational modes is known as a ”electron-

phonon” interaction and typically occurs in picosecond timescale (as opposed to re-

emission of photon in nanosecond time scale). This vibrational energy increases the

temperature of the material. Of interest for this thesis is the thermal diffusion time

Td = (0.124(λ)2/κ(NA)2. Typical values for NA (0.8 to 1.3) and range of wavelength

(337-1064 nm) reveals characteristic thermal diffusion times in the range of 60 ns to 1.5

microseconds [4]. This means that laser sources with pulse durations shorter than 60 ns

(in this thesis, we use 532 nm 12 ps) have ”thermal confinement” due to the time scale

that energy is deposited into the focal volume.

Temperature increase in a material also results in thermal expansion and if the

energy is delivered on a time scale faster than the sample can expand, then significant

transient stresses can develop: I.e. If the energy deposited is on a time scale longer than

the time it takes for an acoustic wave to propagate out of the heated volume, then there

is reduced thermoelastic stress. The characteristic time for stress wave propagation can

be calculated by tm = 0.61λ/(ca(NA)) where ca is the speed of sound in the material.

Typical wavelengths ranging from 337-1064 nm have characteristic stress propagation

times in the range of 100-550 ps [4]. In this thesis, the 12 picosecond laser pulse duration

is significantly below this range such that thermoelastic stress confinement is achieved in

the focal volume. In an earlier study thermoelastic damage on microtubules is examined

and, due to small cylindrical size of microtubules (20nm) is not likely the method of

damage that occurs in the studies reported here [5].

High photonic energy can exceed the dissociation energy of many molecular

bonds [4, 6, 7] and result in chemical changes in the targeted material. This requires a

higher energy dose (UV) and is typically on a macrosize scale (tissues) and not observed

as a dominant mechanism in subcellular nanosurgery applications.
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2.4.1 Multiphoton, microplasma damage

Since 532 nm has a low absorption coefficient by most common cellular con-

stituents it can achieve a deeper penetration depth in most living cells. This ’low’ ab-

sorption and high cellular transparency implies that at low intensities photons don’t

interact with the cellular material. When light passes through it transiently interacts

with the electrons of the molecules via dipole-dipole interactions and can be consid-

ered to temporally excite electrons into forbidden energy levels. The lifetime of this

interaction is in the short femtosecond (10−15) range and the photon typically passes

straight through without permanently altering the material. In the case of high energy

density, high photon density in a confined material, then there is the probability of mul-

tiphoton absorption within this femtosecond time scale such that multiple photons are

spatially localized and k photons interact simultaneously with a molecule to promote

it from a ground state to an excited state. A multiphoton event could be considered a

”single-photon” absorption where λsp = λmp/k. In the case of 532 nm and a 2 photon

absorption, this corresponds to 266 nm which is in the UV range and is highly absorbed

by most material. Multiphoton absorption is used in this thesis to precisely deliver a spe-

cific energy dosage inside a biological material (depth penetration) without interacting

with material not in the focal plane. Multiphoton absorption could be responsible for

nonlinear absorption and vaporization of material but for microtubules and DNA (the

target substrates for this thesis) a large enough energy and interaction is probably not

provided.

Nonlinear absorption refers to changes in the intrinsic absorption coefficient of a

material at high irradiances. This typically occurs at irradiances of 1010 − 1013 W/cm2

even in normally transparent media such as water and cytoplasm [4]. The high electric

field strengths lead to ionization of the medium and generation of a quasi-free electron.

In terms of this thesis and using picosecond multiphoton absorption, a ’seed’ electron is

generated via a multiphoton absorption. This ’seed’ electron can absorb more photons

and this imparts kinetic energy to the electron which can then move and hit other elec-

trons, imparting kinetic energy to them and making them quasi-free electrons. This leads

to a avalanche effect where a quasi-free electron density of 1021 cm−3 can be created.

This is referred to as ’plasma formation’ and when induced by a laser beam produces an
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”optical breakdown” of the material. Multiphoton ionization, in which a high density of

photons all interact to generate individual quasi-free electrons, can also occur and in the

time scale of this thesis it is likely that both processes can contribute, but multiphoton

ionization is the dominant mechanism.

The elevated free electron density (plasma) formed results in extremely localized

elevation of temperature and pressure (called a plasma gas). The evolution of complex

thermomechanical processes that result in terms of thermal diffusion, thermoelastic, and

phase transition is described in the literature [1, 6, 7]. For picosecond pulse durations

used in the research reported here, the microplasma formed results in direct vaporization

of the cellular material due to the high temperature and pressure generated in the focal

volume. For microtubules, a sub-plasma ’microplasma-mediated’ ablation has been de-

scribed in which only vaporization occurs but the damage is confined [5, 8]. At higher

powers and in most plasma formation cases, the plasma expands and compresses the

surrounding material and a radiating shock-wave ensues. The expansion also cools the

plasma leading to electron-ion recombination and the formation of a cavitation bub-

ble that expands and then collapses resulting in catastrophic mechanical damage to the

immediate surrounding material.

The values used in this thesis and described in [5] can be less than the irradiances

listed here since thermal absorption coefficients can play a role in lowering the threshold

density for microplasma ablation. For DNA damage via multiphoton and microplasma

damage see [9] in which DNA is disrupted either due to a microplasma-mediated event

or due to multiphoton breakage of bonds.

2.5 Summary

This chapter described the physics behind lasers, propagation of lasers into the

microscope, optical ablation and the mechanism of damage in ablating microtubules

and DNA which, in terms of this thesis, is predominately multiphoton and microplasma

based.
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3 Hardware, software and optical

design

3.1 Introduction

For this dissertation, we developed a laser microscope system (hereafter referred

to as Robolase) to apply a specific laser energy dosage to specific regions of cells in mi-

tosis or interphase. By developing a customized system, all the laser and optical param-

eters can be precisely controlled. This chapter will describe the microscope, hardware

and software of the robolase system that is used in all experiments.

3.2 RobolaseII Microscope, hardware and software

All laser ablation experiments in this dissertation used a Axiovert 200M (Zeiss,

Thornwood, NY) with motorized objective turret, reflector turret, condensor turret, and

a 63x plan-apochromat phase III, NA 1.4 oil immersion objective. The microscope

has a built-in computer, which uses a controller area network (CAN) to communi-

cate with motors and encoders within the microscope stand. The CAN can receive

commands through a serial interface attached to a computer running an image acquisi-

tion/microscope control program. Custom-made Robolase Labview software controls

the microscope through CAN.

The motorized reflector turret is shift-free, which allows repeated switching be-

tween filter cube positions with no detectable pixel shifts. This allows fluorescence

images to be taken on one filter cube position then switched to an empty filter cube

16
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position (the laser firing port) and the laser ablation event will occur at the pre-selected

pixel location. The reflector turret contains several filter cubes for CFP, YFP and 49002

ET GFP C104267. (all filters are manufactured by Chroma Corp., Bellows Falls, VT)

Motorized objective focus control is achieved through the CAN by the Zeiss Harmonic

Drive DC motor, providing 25 nm steps with 10 mm travel for precise focus control.

Specimens were mounted in an X-Y stepper stage (Ludl Electronic Products,

Hawthrone, NY) controlled with a PXI-7344 stepper motor controller (National Instru-

ments, Austin, TX) and an MID-7604 power drive (National Instruments). The motion

board was mounted in a PXI chassis (National Instruments), connected to the host com-

puter through two MXI4 boards (one in the PXI chassis, the other in the host computer)

through the MXI-3 fiber-optic cable (National Instruments).

Robolase implements a Hamamatsu Orca-AG deep-cooled 1,344 by 1,024 pixel

12-bit digital CCD camera (Hamamatsu Photonics, K.K., Hamamatsu, Japan) with dig-

ital (fire wire) output. The ORCA can read out sub regions of the chip for increased

frame rates, bin pixels for increased signal-to-noise characteristics, and adjust gain and

exposure time to trade off between signal-to-noise characteristics and arc lamp expo-

sure times. Robolase uses Hamamatsu’s video capture Library for Labview plug-in to

communicate with the ORCA camera controller through its DCAMAPI driver.

3.3 Laser and Optical Path

Optics outside the microscope stand were used to guide the laser into the micro-

scope and supply RLII system with automated laser power control, laser exposure time,

and laser target acquisition. The laser was a 1064 nm diode-pumped Spectra-Physics

Vanguard system with a second harmonic generator (SHG). This provided a TEM00

mode 532 nm linearly polarized laser beam with 100:1 purity, 76 Mhz repetition rate,

12 ps pulse duration, and a 2 W average output power. Laser power was controlled

by rotating a glan linear-polarizer (CLPA-12.0-425-675, CVI laser, LLC, Albuquerque,

NM) mounted in a motorized rotational mount, driven by a 2-phase stepper motor with

a 0.05 degree accuracy (PR50PP, Newport Corp). The stepper motor was used to ro-

tate a 2nd polarizer and to specify the angle difference and thus the amount of power
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passing into the microscope. A mechanical shutter (Uniblitz, S6ZM2, Vincent Asso-

ciates Rochester, NY) with a 30-ms duty cycle controlled by a shutter drive (Uniblitz

VMM-D3, Vincent Associates) was used to gate the main laser beam to provide con-

trolled bursts of the 76 Mhz beam of 12 ps pulses to the microscope. The laser was

then expanded using an adjustable-beam expander (2-8x, 633/780/803 nm correction,

Rodenstock, Germany) to completely fill the back aperture of the objective. Telecentric

beam steering was achieved using a single dual-axis fast scanning mirror (FSM-300,

Newport Corp, Newport, CA) at an image plane conjugate to the back focal plane of the

microscope objectives. This image plane is formed by a 250 mm biconvex lens posi-

tioned with its front focal plane at the image plane of the microscope Berns-Keller port

(below the microscope stand) and with its’ back focal plane at the fast scanning mirror

surface. To access the sub-microscope Berns-Keller port, the microscope is raised 70

mm above the table via custom-machined metal alloy posts to leave room for a 458 mir-

ror which vertically redirects incident laser light running parallel to the table through the

Berns-Keller port. Once inside the microscope stand, the laser light passes through the

tube lens and an empty filter cube position of the reflector turret before entering the back

of the objective lens. All external mirrors in the ablation laser light path are virtually

loss-less dielectric mirrors optimized for 45 degree reflections of 532 nm S-polarized

light (Y2-1025-45-S, CVI Laser LLC, Albuquerque, NM).

3.4 Labview

The PXI-7344 computer chassis runs LabVIEW Realtime operating system,

which is a graphics-free computing environment designed to maximize performance

of control hardware. The RoboLase host computer communicates with the PXI chassis

through a local area network (100 Mbps) running TCP/IP protocols. Software for com-

puter control of all hardware and image acquisition was custom coded in the Labview

8.2 (National Instruments) programming language [1]. On the captured computer screen

image of the target, shapes were first selected (line or rectangle) and then projected on

one or more regions of interest (ROI) on the image. The Robolase software then calcu-

lates the number of pixels inside the designed ROI, and using the user-defined ablation
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spot size, calculates the number of 30 ms laser exposures necessary to fill in the target

ROI. Each 30 ms exposure received 2,280,000 of 12 ps pulses with the fast scanning

mirror (FSM) directing each laser exposure to the ROI until the entire ROI is irradiated.

The exact operation and manual for usage of the Robolase microscope using

Labview is described in the Appendix.

3.5 Okolab

The basic water jacket microscope stage incubator (MSI) from okolab can be

mounted on the Axiovert 200M Zeiss microscope for a temperature and CO2 controlled

environment. The temperature control is set to 37 degrees Celsius via a water jacket and

the CO2 is kept at 5% by injecting a calibrated mixture of CO2 and air (http://www.oko-

lab.com/182.page).

3.6 Constructs and Cell Lines

Cells and methods of cell culture used in these studies were from established

sub-lines of rat kangaroo (Potorous Tridactylis) kidney epithelium, PtK2. [2, 3].

3.6.1 Measuring laser power

Energy measurements were made by calibrating the photodiode output to laser

power measured in the specimen plane. To estimate laser power in the specimen plane,

laser output was collected onto a precalibrated laser light meter (Newport Optical Meter,

1918 C). The objective is removed from the objective turret and the shutter is kept con-

tinuously open to measure the laser power ’before objective’ but after passing through

the Berns-Keller port and reflector turret. The transmission of the objective was mea-

sured using the established dual-objective method [4]. This method corrects for total

internal reflection losses at the objective oil-glass-water interfaces. The transmission of

the Zeiss 63x/ 1.4 NA objective was determined to be 0.68. The laser pulse energy at the

object focal plane was determined by measuring the input energy at the back aperture

of the objective (’before objective’) multiplied by the transmission factor (0.68) of the
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objective. In measuring the power, the shutter is kept continuously open, but for each

ablation event, a 30ms exposure time is used which corresponds to 2.28 x 106 pulses (12

ps each) per focused spot of 0.17 µm2. Individual 12 ps pulse energy in the focal spot

was 0.098 nJ/pulse. Using a diffraction limited spot diameter of 464 nm and r = 0.61

λ/NAobj) (oil-objective 1.3 NA, 532 nm) gives a peak irradiance of 4.9 x 1010 W/cm2

in the focused spot for ablating chromosomes (discussed in detail in Chapter 6).

For spindle microtubule ablation, the power was measured at the back aperture

of the objective and it was determined that the individual 12 ps pulse energy in the focal

spot was 0.019 nJ/ pulse. Since the 63X (1.4 NA) microscope objective focuses the beam

to a diffraction limited spot diameter of 464 nm, we have a peak focal spot irradiance

of 0.885 x 109 W/cm2. For one line scan of 5 micrometer (with ≈ 10 spots/line), 0.43

µJ of total energy (energy/pulse x no. of pulses per spot x no. of spots in the line) was

delivered to each irradiation site.

3.6.2 Calibrating laser power

A series of control experiments was performed to determine the minimum laser

power needed to consistently create mitotic spindle disruption (DNA damage and mark-

ers will be discussed in Chapter 8 on CENP-A recruitment). Spindle microtubules were

fluorescently tagged (CFP) and upon laser ablation, selected regions would have a loss of

fluorescence followed by spindle collapse and partial spindle repolymerization. While

this result strongly suggests that the microtubules were disrupted, transmission electron

microscopy (TEM) was performed in order to demonstrate that the microtubules in the

laser-exposed region of the spindle were ablated and the microtubules outside the laser

exposure region were unaffected. (Figure 3) The power used was approximately the

same as reported elsewhere. [3]

3.7 Summary

For this dissertation, a custom made optical system for laser ablation studies was

designed and built. This chapter described the Robolase microscope and the materials

and methods used in performing the experiments in Chapters 4, 5, 6, 7 and 8. The
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microscope setup and material also applies to chapter 8, but chapter 8 has additional

material and methods.

3.8 Figures

Figure 3.1: A top-down view of RobolaseII Microscope and Laser Path.
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Figure 3.2: A side-view of RobolaseII Microscope.
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6 μmA B C D

E

Figure 3.3: Transmission Electron Microscope of severed microtubules. A is normal phase

image, B is pre-cut of CFP tubulin, C is post box cut of CFP tubulin, D is TEM image in

plane of chromosomes. E is TEM image in plane of cut and the arrow points to a clear area

with no microtubules present while microtubules are present on each side.
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4 Optical Manipulation of

Chromosomes in Anaphase

4.1 Introduction

Genome maintenance occurs at a variety of levels to ensure high fidelity inher-

itance by progeny cells. Base-pair lesions, breaks and unattached chromosomes are

detected and resolved by surveillance systems that act in part through inhibiting cell

cycle machinery. When the underlying genomic instability cannot be repaired, or the

surveillance mechanism is dysfunctional, there is evidence for progression to malig-

nancy [1, 2]. Lesions in DNA can occur throughout the cell cycle, and are sensed by

specific checkpoint pathways in interphase [3]. DNA damage response mechanisms

during mitosis, however, remain relatively unexamined.

Reports of responses to DNA damage in mitosis are varied, and thus far have

only addressed the period of mitosis before anaphase onset. A number of studies using

laser-mediated ablation or chemical damage of chromosomes have reported no apparent

effect on anaphase onset [4, 5, 6]. In other studies, damage during mitosis was observed

to delay anaphase onset. Notably, high levels of damage induced by laser pulses resulted

in a spindle assembly checkpoint-mediated delay of anaphase onset [7]. In addition,

bleomycin-treated nocodazole-arrested U2OS cells were delayed in mitotic exit after

both the damaging agent and nocodazole was removed [8]. Thus, while coupling DNA

damage and repair to the spindle assembly checkpoint has been observed [7, 8], it is

not clear whether these mechanisms are related to the sensing of DNA damage during

anaphase.

Cells of the long-nosed potoroo (Potorous tridactylis, PtK2) have been widely
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used to image, at high resolution, chromosome and kinetochore movements during mi-

tosis. Because of the large size and small number of chromosomes, these cells have been

used in a significant number of studies employing laser-mediated damage. An apparent

lack of response to laser exposure, even when the damage is significant, such as severing

chromosome arms from kinetochores, has been demonstrated [9]. However, upon sig-

nificant damage to kinetochores, mitosis is perturbed in a spindle assembly checkpoint-

dependent manner [7, 10]. Thus, while the threshold for damage may be specific, cells

have been observed to mount a checkpoint response to chromosomal damage at an early

stage of mitosis, which resulted in arrest prior to anaphase onset.

Here, we investigate the effect of chromosome damage imposed after anaphase

has begun, as defined by the morphological criterion that the chromosomes are visibly

beginning to separate. Using laser-mediated damage, we demonstrate that focal damage

to chromosomes at regions other than the chromosome tips does not cause cells to arrest,

with almost all cells proceeding through cytokinesis. However, targeting the chromo-

some tips, the presumptive telomeres, on chromosomes at either the cell periphery or

closer to the spindle interior, causes delay and failure of cytokinesis. Together, these ob-

servations implicate a role for a putative telomere-based signaling pathway that couples

post-segregation damage to completion of cell division.

4.2 Cell division is disrupted after damage to chromo-

some tips (presumptive telomeres)

To investigate the response to DNA damage in mitosis after anaphase onset,

laser-mediated DNA ablation was directed at cells in which the chromosomes were vis-

ibly beginning to separate. Laser energy was applied to the chromosome arms, chromo-

some tips, or cytoplasm (Figure 1A, B, C respectively) to evaluate the effects of disrupt-

ing these structures on mitotic progression. Laser ablation of the cytoplasmic region

distal from the midzone resulted in no discernable morphological changes by phase-

contrast microscopy (Figure 1C and 2A). This observation was made despite earlier

studies that detected the formation of phase-dense granules when longer pulse duration

systems (e.g ns pulses) were used on interphase cells [16]. Targeting of chromosome
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arms resulted in either a severing of the arm and production of a chromatin fragment

free from the motion of the chromosome body [Figure 1A and 2B], or an optical phase-

contrast lightening (i.e. change in refractive index) in the irradiated region of the chro-

mosome without distinct severing of the chromosome arm (data not shown, but similar

to the phase-lightening seen in Figure 1B following tip irradiation). Finally, targeting of

chromosome tips can be observed by loss of chromosome tip structure, also indicated

by a distinct phase-lightening at the irradiation site (Figure 1B). These morphological

changes helped verify that the laser targeting was accurate and of the expected dose.

Different effects were observed on the progression of anaphase and cytokinesis,

depending on the location of the laser damage. In cells targeted with selective focal laser

damage to the cytoplasm during anaphase, distal from the midzone, normal timing of

cell division was observed, as defined by comparison with non-ablated cells (20 +/- 6

minutes from anaphase ablation, mean +/- stdev, N = 45 cells, Figure 2A, and see Figure

7 for the timing of all conditions) consistent with previous reports [17, 18]. In cells

targeted with selective focal laser damage to non-telomere regions of chromosome arms

during anaphase, normal timing of cell division, including completion of cytokinesis

was again observed (Figure 2B, 16 +/- 4 minutes, N = 95 cells) and was also consistent

with previous reports [17, 18].

In contrast, targeting of chromosome tips during anaphase resulted in a signif-

icant proportion of cells with perturbed mitotic progression (61%, N = 94/132 cells).

Approximately one-third of the tip-targeted cells underwent cytokinesis with timing

similar to control non-ablated cells (29%, 27 +/- 10 minutes, N = 38 cells), whereas

the remainder of tip-targeted cells could be divided into three categories: (1) cells that

did not initiate a furrow over a period of time greater than two hours (Figure 3A, 18%,

N = 24 cells) (2) cells that were delayed in furrow formation (Figure 3B, 39%, 65 +/-

17 minutes, N = 52 cells) or (3) cells that exhibited furrow regression after initiating

cytokinesis (Figure 3C, 14%, N = 18 cells).

Chromosome tip ablation was observed to exert a dramatic effect on duration of

cell division (Figure 4A). While almost all control cells ( greater than 90%), including

non-ablated and those subjected to cytoplasmic ablation distal from the midzone or chro-

mosome arm ablation, completed cytokinesis within 30 minutes, 68% of cells in which
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chromosome tips were ablated did not complete cytokinesis within this time frame. Of

the cells that delayed, approximately half exhibited an extended delay, particularly in

the earliest stages of cytokinetic furrow ingression (Figure 4B, Blue). Cytokinesis was

completed with normal timing in those cells where furrow initiation was successful.

The remainder of delayed cells did not complete cytokinesis during the observation

time, such that 43% initiated a furrow, but eventually showed furrow regression after

an extended delay (Figure 4B, Green). The remaining cells (57%) did not initiate an

observable furrow (Figure 4B, Red). These observations indicate that, unlike damage

to a chromosome arm or even catastrophic loss of an arm fragment (Figures 1A and

2B), damage to a chromosome tip is sensed by a mechanism that impacts progression

through cytokinesis by blocking furrow formation, delaying furrow formation, or induc-

ing furrow regression.

The targeting of damage to anaphase chromosome tips likely includes telomeric

regions, and suggests a specific cellular response when these regions are damaged during

anaphase versus damage to other regions of the chromosome. Another possible cause

of these apparent cellular responses could be exposure of other cellular structures near

the chromosome tips, such as the spindle midzone, and the associated microtubule-

based structures. Catastrophic damage to the spindle midzone at this early stage of

anaphase has been shown to induce complete and irreversible arrest of cytokinesis [19].

To control for this, we performed control cytoplasmic targeting on cellular structures

other than chromosomes, including near the plasma membrane, and near the spindle

midzone were performed. In a separate control cohort consisting of 33 cells in which

the laser was focused adjacent to the tips of the longer chromosomes and near the spindle

midzone similar to tip ablation, all cells completed cytokinesis without exhibiting the no

furrow or furrow regression responses. The targeting of mitotic midzone structure did

result in some cytoplasmic blebbing and a moderate delay in completion of cytokinesis

(Figure 2C, Figure 4B, Figure 7) but not the prolonged delay seen with chromosome tip

ablation. In addition, when the tips of the smaller chromosomes located in the center of

the anaphase chromosome mass, considerably removed from both the midzone and cell

membrane, were irradiated, 12 of 20 cases (60%) exhibited either no furrow initiation,

or furrow regression. Therefore, we conclude that the chromosome tip, rather than any
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cytoplasmic or microtuble-based structure, is the source of a signal that results in altered

cytokinesis.

There are three distinct responses to chromosome tip damage: 1) lack of furrow

initiation, 2) an extended delay in furrow initiation, but eventual cytokinesis, or 3) fur-

row initiation followed by furrow regression. While we expect that the chromosomal

sites (the tips) being targeted are likely similar in all cases, the difference in outcome

could be the result of activating distinct pathways based on the timing within anaphase.

It is also possible that variations in the accuracy of targeting, and/or the amount of laser-

induced damage, are responsible for the different categories of the observed responses.

Nevertheless, our observations demonstrate that after furrow initiation, furrow regres-

sion is a frequent result when anaphase chromosome tips are damaged.

4.3 Cytokinetic defects increase with number of telom-

ere ablations.

To determine if there is a relationship between the number of chromosome tips

damaged and the effect on cytokinesis, multiple (i.e. two to three) chromosome tips

were irradiated in the same cell, each with the same energy dose. Almost half of the

cells subjected to multiple tip ablation (Figure 7 1, Figure 3D, 47%, N = 41/87) did not

form a furrow, a 2.6 fold increase when compared to single tip ablation. The remaining

cells had similar outcomes when compared to the single ablations, however the distribu-

tion of outcomes was biased towards furrow regression. With multiple ablations, 24%

of cells exhibited furrow regression, as compared to 14% in the single ablation exper-

iments. The percentage of unperturbed cells dropped from 29% to 17% as a result of

increasing the number of damaged tips, suggesting an additive effect. The remaining

11% showed a delay similar to single tip ablations (Figure 3E, 65+/-18 minutes, N =

10/87). These results demonstrate that multiple tip ablations changed the proportion of

cells with a specific outcome, without changing the timing of the cells that were affected

(Figure 7, Figure 3D, E, F). The frequency of defects in cytokinesis increased with the

number of irradiated tips, but the timing of the perturbations did not significantly change

between single and multiple ablations. This increase in frequency of cytokinesis defects
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could be due to a possible inaccuracy in the laser targeting, such that multiple laser ex-

posures simply increases the probability of successfully hitting the target. Given that

the chromosome structure may not change appreciably (other than a slight change in

refractive index), our ability to positively state that the intended target is always ablated,

is arguably statistical. Alternatively, multiple ablations may damage each tip equally,

resulting in a cumulative effect, which is reflected downstream by an increase in the

frequency of defects in cytokinesis. Distinguishing between these mechanisms to ex-

plain the increase in multiple versus single tip targeting will require further study into

the pathway that transduces the damage at presumptive telomeric loci into perturbations

of mitotic progression.

4.3.1 Conclusion

Telomeres have also been implicated in induction of DNA damage leading to

cell cycle arrest, either through senescence [20] or direct uncapping or TIFs (Telomere

Dysfunction-Induced Focus) [21-24]. Delays in cytokinesis may proceed via signaling

by these or analogous pathways. For example, a recent study suggested a link between

the telomeric poly-ADP ribosylase known as tankyrase, and mitotic progression [25].

In that study, the observed effects were proposed to be due to poorly resolved telom-

eric cohesion or catenation, indicating a mechanical defect in anaphase progression. In

our study, we observed that cells respond specifically to damage of chromosome tips

(the putative telomeres), but not chromosome arms, when the damage occurs during

anaphase. Cytokinesis failure was evident, either by the absence of furrow ingression,

delayed furrow ingression, or regression of the furrow.

Our observations are distinct from other studies wherein damage to chromo-

somes prior to anaphase resulted in mitotic arrest during metaphase [7] or delayed mi-

totic exit [6]. There are two main distinctions between our work and these previous

reports [6, 21, 24, 26]. First, we employed a narrow window of timing for the dam-

age induction after the visible initiation of chromosome segregation, i.e. mid-anaphase,

as compared to other studies where the damage was induced prior to mitosis [6, 26]

or with unknown timing [26]. Second, damage was targeted only to the chromosome

tips, as compared to non-specific chromosome-wide topological damage by chemical
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induction [6] or by a possible unknown mechanical mechanism [26].

Studies using genetic perturbations have demonstrated mitotic delay as a result

of DNA damage and telomere dysfunction [27]. In these cases, the temporal control

of the perturbation limits the interpretation to pre-anaphase timing. The use of laser-

mediated ablation allows the study of the effect of DNA damage after anaphase in a

time window after the spindle assembly checkpoint has been satisfied. We were able to

elicit the defects in cytokinesis from chromosome tip ablation near the spindle midzone

or on tips of short arms distal from the spindle midzone near the separating chromosome

masses, making it more likely to be a result of DNA damage rather than perturbation of

midzone cytoskeletal organization long known to cause cytokinetic defects [18].

Recent studies using laser microsurgery have proposed that Aurora B inhibits

completion of cytokinesis when there is chromatin trapped in the cleavage furrow. Laser

ablation of telomeres may also act through this pathway, given the common endpoint of

cleavage furrow regression [28]. However, there is at present no detailed identification

of chromosomal domains, which, when localized to the furrow and subjected to damage,

would specifically evoke the failure to complete cytokinesis.

The results reported here suggest a telomere-based signaling pathway that cou-

ples post-segregation chromosome damage to completion of cell division. This pathway

is likely linked to DNA repair; however, the possibility of other telomeric-specific pro-

tein damage/repair pathways cannot be excluded.
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4.4 Figures

Figure 4.1: A. Arm chromosome ablation in the mid-region between chromosome tip and

centromere preserving the distal remnant of the chromosome. B. Chromosome tip ablation

eliminates the distal region of the chromosome with no observable chromosome fragment

remaining. C. Cytoplasmic ablation avoids chromosomes but may be targeted within or

outside the mitotic spindle.
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Figure 4.2: A. Cytoplasmic targeting distal from the midzone (box). B. Chromosome arm

ablation (arrow). C. Cytoplasmic midzone targeting (box). Time stamps indicated in each

figure take 00:00:00 as immediately pre ablation and are formatted as hh:mm:ss. Scale bar

represents 5 micrometers.
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Figure 4.3: A-C. Single tip ablation results in A. no furrow, B. delay in furrow formation

and C. regression of established furrow.Time stamps indicated in each figure take 00:00:00

as immediately pre ablation and are formatted as hh:mm:ss. Scale bar represents 5 mi-

crometers.
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Figure 4.4: D-F Multiple tip ablations show(s) similar outcomes D. no furrow, E. furrow

delay and F. furrow regression. Time stamps indicated in each figure take 00:00:00 as im-

mediately pre ablation and are formatted as hh:mm:ss. Scale bar represents 5 micrometers.
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Figure 4.6: Time histograms of 25 representative cells each for cytoplasmic ablation distal

from the midzone, chromosome arm ablation, cytoplasmic midzone ablation, and single

and multiple chromosome tip ablation. The inset-rectangle on the right side of the figure

defines the transitions as well as the beginning and end-points of the cell data in the fig-

ure. Transitions are based on morphological criteria of anaphase onset, furrow formation,

furrow regression and successful cell division.
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Figure 4.7: Timing of mitotic exit for anaphase laser ablation to cytoplasm,

chromosome arm and chromosome tips. T = 0 at laser ablation (anaphase onset).
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5 Optical Ablation of Spindle

Microtubules in Metaphase

5.1 Introduction

During mitosis, cells form a microtubule-based bipolar spindle that exerts forces

characterized by dynamic instability, chromosomes congressing to the metaphase plate

and segregation of chromosomes to opposite poles in anaphase. Although spindles can

wildly vary and are highly dynamic in nature due to rapid microtubule turnover, overall

spindle morphology and length remain steady [1, 2, 3]. How cells organize and maintain

dynamic consistent spindle machinery is not fully understood but it is clear that force,

whether from microtubule dynamics, motor proteins, or spindle-associated proteins [2,

4] play a critical role in determination of steady-state spindle length [3]. Studies ex-

amining plus-end directed kinesin motor proteins (Eg5+) [1, 5, 6, 7, 8] and minus-end

directed dyneins-dynactin complexes [1, 9, 10] and cross-linking and sliding of micro-

tubules [11, 12, 13, 14], molecular perturbation of microtubule dynamics [1, 11, 15,

16] all indicate a force-balance mechanism that influences steady-state spindle length,

presumably through microtubule rate equations [17, 18, 19, 20].

Perturbation of microtubules in metaphase to study spindle forces and spindle

length has been performed with UV [21, 22, 23]. An observation of these studies was

that a transient perturbation of one half-spindle resulted in the ’shrinking’ of the mi-

totic spindle and in particular the uncut side shortened in response to maintain ’equal

length’ between each half-spindle. This implies that the steady state spindle length (pre-

ablation) is altered via disruption of microtubules into a new steady state length and that

the cell is able to sense this difference, presumably through adjustment of rate equations,
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and arrive at a new ’equilibrium’ steady-state length.

Recent studies [24, 25] have shown the ability to precisely ablate and disrupt

microtubules without adversely affecting the cell. In this study, we repeat the earlier UV

work with a 532 nm, picosecond laser and verify the UV experiments and in addition (1)

we apply perturbations to the mitotic spindle at an angle to the pole-to-pole axis (parallel

to metaphase plate), and (2) we apply multiple prolonged perturbation to the mitotic

spindle to prevent re-polymerization of the mitotic spindle. The results demonstrate that

the force balancing mechanism present in mitotic spindles is able to sense magnitude

and direction and that it requires bipolar spindle attachment in order to sense the tension

and rebalance its’ rate equations into a new final steady-state length.

5.2 Results

Laser ablation of the Mitotic Spindle

Ablation of defined regions of the mitotic spindle results in a 3 step process:

(1) shrinking of the cut half-spindle pole towards the cut, (2) recovery of the connection

between pole and cut microtubule stub in approximately 45-60 seconds that is defined as

the re-attachment of the bipolar spindle connection, (3) the uncut half-spindle collapses

to equal the length of the ablated side. This process can be repeated once or several times

in the same cell, and the cell is still able to successfully complete mitosis. In all further

discussion of laser ablations, L’ refers to the ablated side and L” is the unablated side

with the length being measured from pole to kinetochore/midzone. Unless otherwise

specified laser ablation was done perpendicular to the pole-to-pole axis.

5.2.1 Single Line Cut

To investigate the response of the metaphase mitotic spindle to a specific local-

ized perturbation of microtubules, laser-mediated disruption of microtubules was per-

formed. A single line cut, oriented perpendicular to the pole-to-pole axis, was applied

to the mitotic spindle (Figure 1) to evaluate the perturbation on spindle dynamics similar

to previous UV studies [21, 22, 23]. Similar phenomena are observed in which the spin-

dle experiences (1) disruption of microtubules resulting in microtubule stubs separated
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by a ’gap’ as observed by loss of fluorescence, (2) re-polymerization of microtubules

across this gap and re-establishment of bipolar spindle attachment as the pole moves

inwards towards the cut, (3) after bipolar spindle re-attachment, the spindle is uneven

in length (L” > L’) due to shrinking and pole movement, and the unablated side (L”)

begins to shrink until a new equilibrium steady-state length is achieved (L” = L’).

A time course of the disruption (Figure 2) is obtained by measuring the pole-to-

kinetochore distance (L”, L’) of the uncut and cut side with respect to the laser ablation

event. Approximately 1 micrometer on L’ (cut side) is loss immediately after laser

ablation and re-establishment of bipolar spindle connection occurs within 45 seconds.

(Figure 1, 2). After the bipolar spindle re-connection occurs, L” (uncut side) begins

to shorten (Figure 1, 2, 10) approximately 41 seconds after recovery. (N = 36, +/- 10

seconds) with the spindle reaching a new equilibrium length 6 (+/- 20 seconds) minutes

after the initial laser ablation event. Despite only an initial disruption of only 1 microm-

eter (L’), the new equilibrium spindle will have shrunk by 5.5 micrometers (L’ + L”) in

order to maintain L’ = L” steady-state.

5.2.2 Repeated Line Cut

Laser ablation of a mitotic half spindle is performed but now repeated laser ab-

lation events are performed to ablate the microtubules (single line cut every 20 seconds)

to prevent them from repolymerizing in the ’gap’ (Figure 3). This stops the half spindles

from re-establishing a link to each other and ’recovering’ the bipolar spindle attachment

during the ablation events. The repeated cuts are continued for an average of 2-3 min-

utes and then the cell is allowed to recover (Figure 3, T = 2 minute 52 seconds). The

ablated side will shorten due to the ablation but the uncut side will not react or shrink at

all until approximately 45 seconds after the ablated region has recovered (Figure 3, 10)

and then the two sides will begin to move towards a new final equilibrium length. (L” =

L’, Figure 3, 10). The progression of spindle length is graphed (Figure 4). It is evident

that by preventing the re-establishment of bipolar spindle attachment a clear ’prolonged’

delay in response is observed for the uncut side.
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5.2.3 Single Box Cut

Laser ablation of the mitotic spindle is performed but instead of a single ’thin’

line a significantly larger volume (box) is ablated (Figure 5). Despite a significantly

larger population of microtubules being disrupted in the xy plane, the timing and ki-

netics of the cell remain similar to single line cut ablation. The cut (Figure 5) shows a

loss of fluorescence, shrinkage, recovery of bipolar spindle attachment, and subsequent

equilibrium, similar to the single line cut case (Figure 5, 6, 10).

5.2.4 Diagonal Line Cut

Laser ablation of the mitotic spindle is performed but instead of ablating a region

always perpendicular to the pole-to-pole axis, the laser ablation event is at an angle

between 20-45 degrees off-axis. Cells (Figure 7) are rotated by image processing such

that they initially start off with the pole-to-pole axis aligned horizontally. In addition

to loss of fluorescence, shrinkage, and equalization of spindle lengths (Figure 7, 8, 10)

there is a distinct rotational shift in the overall spindle orientation (ranging from 10-25

degrees) with the pole always moving in towards the cut. The angled laser ablation

event also results in a larger variation of ’spindle re-attachment’ in the xy plane and

three distinct equilibrium points are observed: initial, transient, and final steady-state

length. (Figure 8)

5.2.5 Partial Off-axis Cut

Laser ablation of the mitotic spindle is performed but instead of ablating a spe-

cific xy plane or orientation, laser ablation of partial regions (small line cuts) and ’tilted’

box cuts are examined. Laser ablation results in the same loss of fluorescence, shrink-

age, reconnection of bipolar spindle attachment and equilibrium (Figure 9) but several

equilibrium points are observed as L’ and L” shrink, reach a steady-state and then shrink

again. (Figure 9, 10).
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5.3 Discussion

Different effects on spindle dynamics were observed depending on the location

of the laser damage and timing of the laser damage. Single line cut ablations reveal

similar physiological results as earlier UV studies [21, 22, 23]. If the spindle was ab-

lated with repeated laser ablations (Figure 3) in the same area (L’) then cells were still

observed to have the same visual phenomena of (1) disruption, (2) recovery, and (3)

equilibrium. Repeated mitotic cuts prolonged the duration of disruption (Figure 3, 4,

10). Repeated ablations (N = 18) resulted in a prolonged disruption time that lasts for

the entire duration of laser ablation (approximately 150 seconds). During this time, L’

is shrinking but L” does not shrink at all (Figure 4). After the last cut, the spindle re-

covers bipolar attachment (20 seconds). At 34 seconds after recovery (Figure 4, 10) L”

begins to shrink to a new equilibrium point. This demonstrates that recovery of bipolar

spindle attachment is necessary and that the 3 step process of disruption, recovery, and

equilibrium is not governed by simple rate equations or by a loss of tension.

Box ablations (significant xy plane size, 60-100 shots across spindle) were per-

formed to determine whether a larger disruption zone would increase the length of time

required for recovery of bipolar spindle attachment and subsequent microtubule dynam-

ics activity. Despite 2-3 micrometers being disrupted in L’ (Figure 5), the cut micro-

tubule stubs were still able to polymerize and subsequently re-establish a bipolar spindle

attachment in 45-60 seconds (Figure 5, 6, 10). The larger zone of disruption (2-3 mi-

crometers) results in the pole on the cut side moving in 2-3 micrometers towards the cut

as compared to a single micrometer for single line cut (N = 12, Figure 10). Presumably,

this is the reason why the bipolar attachment is achieved with similar timing to smaller

xy plane ablations with similar polymerization rates as the pole re-connection distance

is shorter. Once the spindle recovers, L” shortens with similar timing to the single cut

ablations (Figure 6, 10). This demonstrates that the ’size’ of the disruption does not

affect spindle recovery or steady state spindle length.

Diagonal ablations were performed across the spindle at approximately 25-45

degrees off the pole-to-pole axis (Figure 7). L’ pole shortens towards the direction of

the cut, with the entire mitotic spindle rotating in response (Figure 7, 8). In addition to

the 10-15 degree shift (N = 9, Figure 10), the spindle experiences multiple steady-states
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(Figure 8). This is most likely due to the variation in xy microtubule disruption, rotat-

ing reference frame, and tension variations across the spindle as it re-connects bipolar

attachment. The tension that the spindle undergoes varies during the shortening leading

to two separate transient ’steady-state’ points as L’ = L” early on but, presumably due to

rotation, new microtubule connections and motor proteins cross-linking, the tension is

still not properly balanced and the spindle shrinks again to another steady-state length.

Ablations that were not perpendicular to the pole-to-pole axis (partial or box off-axis

cuts) resulted in multiple equilibrium points despite equivalent disruption and recovery

(Figure 9, Figure 10). This shows that the mitotic spindle senses the magnitude and

direction of the tension on the spindle and it is the tension difference (force-balancing)

that governs the final steady state pole-to-kinetochore distance.

5.4 Conclusion

Here we verify the 3 step process first observed by earlier UV studies: (1) disrup-

tion, (2) recovery, (3) force balancing. These results imply that there is a force-balancing

mechanism for the overall spindle and that it influences the individual steady-state length

of each half-spindle. It could be argued that this is simply a reaction to a loss of ten-

sion that affects the rate equations and that, after a given relaxation time the spindle

will achieve a new steady-state spindle length. However, repeated ablation prolongs

perturbed spindle duration as it prevents the re-establishment of a bipolar attachment

and tension across the spindle. The resulting time delay in shrinking to a new steady-

state length implies that the force-balancing mechanism requires a bipolar attachment

and that it must sense tension before attempting to re-balance itself. Box cuts reveal

that the force balancing mechanism relies more on bipolar spindle tension than on the

amount of spindle damage (ablation). Diagonal cuts and off-axis cuts reveal that the

force-balancing mechanism senses direction in addition to magnitude. In particular the

results demonstrate that the force-balancing mechanism can arrive at multiple steady-

state lengths due to variations in the tension sensed, rotation, and the ability of the cell

to accurately adjust its’ spindle length.
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5.6 Figures

Figure 5.1: Laser ablation of ECFP metaphase mitotic spindle of PTK2 cells. Montage

begins with pre-ablation image of Metaphase mitotic spindle at T = 0. Single laser ablation

of bottom half spindle occurs at T = 14 seconds. Cut half-spindle recovers, on average

45-60 seconds (T = 1 minute), and the shrinkage of the mitotic spindle with the uncut-side

collapsing is observed (T = 2 minute, 40 seconds) and the cell finishes shrinking to a ’new

equilibrium’ state and the cell goes on to successfully divide.Time stamps indicated in each

figure take 00:00:00 as immediately pre ablation and are formatted as hh:mm:ss. Scale bar

represents 6 micrometers.
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Figure 5.2: Pole to Kinetochore distance for Single Laser ablation of one half spindle. L’

is ablated side, L” is unablated side. On Average, cut half-spindle recovers within 45-60

seconds and unablated half spindle begins to shrink and the two continue to shrink until

reaching a final new equilibrium.
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Figure 5.3: Repeated laser ablation of ECFP metaphase mitotic spindle of PTK2 cells.

Montage begins with Pre-ablation image at T=0 and first ablation at T = 18 seconds. Re-

peated ablation in that region is continued for approximately 2 minutes, 30 seconds. 45-60

seconds after final post cut, cell begins to shrink to new final equilibrium. Time stamps

indicated in each figure take 00:00:00 as immediately pre ablation and are formatted as

hh:mm:ss. Scale bar represents 5 micrometers.
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Figure 5.4: Distance from Pole to Kinetechore for ’repeat’ single line ablation on one half

spindle. L’ is ablated side, L” is unablated side. Repeated ablations prevents spindle from

recovering and by delaying recovery, the uncut-half spindle’s response (shrinking) is also

delayed.
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Figure 5.5: Distance from Pole to Kinetochore for single box ablation on one half spindle.

L’ is ablated side, L” is unablated side. Box cut disrupts a larger population of microtubules

but does not significantly delay reconnection of bipolar mitotic spindle.
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Figure 5.6: Distance from Pole to Kinetochore for single box ablation on one half spindle.

L’ is ablated side, L” is unablated side. Box cut disrupts a larger population of microtubules

but does not significantly affect timing and progression of reconnection of bipolar mitotic

spindle if done perpendicular to spindle axis.

Figure 5.7: Montage of single diagonal ablation on one half spindle. L’ is ablated side, L”

is unablated side. Cell is rotated to be along horizontal axis initially and rotation from this

axis, in direction of the cut is measured (10-15 degrees). Scale bars are 5 micrometers
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Figure 5.8: Distance from Pole to Kinetochore for single diagonal line cut on one half

spindle. L’ is ablated side, L” is unablated side. Cell is rotated to be along horizontal axis

initially and rotation from this axis, in direction of the cut is measured (10-15 degrees).

Multiple equilibrium points due to rotational recovery and longitudinal recovery.
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Figure 5.9: Distance from Pole to Kinetochore for sample off-bipolar axis cuts. L’ is

ablated side, L” is unablated side. Angled partial cut, line cut or box cut results in multiple

equilibrium points due to variations in timing and tension of re-establishment of bipolar

spindle and shrinking that occurs at each equilibrium point.

Figure 5.10: Number of trials for types of laser ablation performed and average initial

recovery time of the spindle. Line cuts, Repeated Cuts and Box cuts are done such that

they are perpendicular to the axis plane that connects pole-to-pole and observe a single

equilibrium point. Diagonal and partial off-axis cuts are angled 10-45 degrees off-axis and

result in rotation and multiple equilibrium points.
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6 Ablation of kinetochore in

metaphase spindle

6.1 Introduction

As described previously in Chapter 3 and 5, microtubules form a bipolar based

spindle that exerts force on chromosomes for congression on the metaphase plate and

segregation of sister chromatids to each new daughter cell. The essential link between

chromosomes and the spindle is through kinetochore attachment [1, 2]. Each sister chro-

matid has one active kinetochore which captures microtubules from one spindle pole and

when the opposing sister chromatid captures microtubules from the other spindle pole,

tension is established across the chromatid pair with force generation mainly occurring

at the kinetochore [1, 3, 4].

Sister chromatids with their kinetochores are initially scattered randomly through-

out the cytoplasm and microtubules attach to them through a seek-and-capture method

[5]. Monitoring of correct kinetochore-pole attachment is critical for accurate genomic

segregation [6] and is monitored through the spindle assembly checkpoint (SAC) [7].

There is a continuing debate over the role of tension [8, 9, 10, 11] and attachment [12]

in SAC release [for reviews see 13, 14].

In 1981 [15] it was observed that irradiation of a single sister chromatid resulted

not only in the loss of directed chromosome movement, but also in chromosome move-

ment away from the metaphase plate with velocities of 3 to 7 micrometers/min observed

[15]. Of the 92 kinetochores irradiated in [15], only 42 kinetochores were considered

successfully irradiated and at least 20 of them showed no visible effect from the ablation

presumably because the energy delivered was below threshold. New kinetochore mark-

60



61

ers [16] and advances in biochemical techniques allow us to target kinetochores with a

higher degree of accuracy to elucidate the affect of kinetochore destruction on kineto-

chore and chromosome movement. Of particular interest is why microtubule ablation,

as performed in chapter 5, showed no effect on directed chromosome motion or in loss

of tension on the kinetochores.

6.2 Results

6.2.1 Laser ablation of cdc20-YFP PtK2 cells

Ptk2 cells are stably transfected with cdc20-YFP [16] which binds to the kine-

tochore in metaphase mitotic cells (Figure 1). Cells are chosen where the chromosomes

have congressed to the metaphase plate and undergo a few minutes of observed oscilla-

tion on the metaphase plate. This implies that the sister kinetochores are both attached

and under tension. Cells are also chosen where the kinetochore can be distinctly and

clearly ablated without hitting other kinetochores or chromosomes in or out of the plane.

Laser ablation regions are highlighted by a green Region of Interest (ROI, Fig-

ure 2). Successful ablation of a single kinetochore results in loss of fluorescence at the

kinetochore and movement towards the opposing pole (Figure 2). This movement of

the irradiated chromosome is shown in Figure 3 along with control non-ablated kine-

tochores which show that the unablated kinetochores continue oscillation around the

metaphase plate while the ablated kinetochore moves off the metaphase plate. Out of

a total of 63 kinetochores targeted and ablated, only 9 undergo a clear cut ”slingshot”

effect (movement towards the pole facing the un-irradiated kinetochore; Figure 4).

6.3 Discussion

Laser ablation that clearly irradiates and destroys a single kinetochore of sister

chromatids (under tension) results in chromosome movement (hereafter known as ’sling-

shot’) towards the opposing pole. This result agrees with earlier observations [15], but

with cdc20-YFP fluorescence we are able to visualize and ablate the kinetochore with a

high degree of accuracy. So why are so few ”slingshot” results (9/63) observed? There
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are 3 possible explanations: (1) the targeted sister chromatids were not under tension

and ablation of the kinetochore did not result in any net force change on the chromatids,

(2) irradiation of the kinetochore did not result in a complete destruction of the kineto-

chore thus microtubule attachments were still present and maintained a bipolar tension

(3) the targeted ablation missed the kinetochore.

The first possibility (oscillating mono-oriented chromosomes positioned near the

metaphase plate) is unlikely since this would not be expected to be seen as frequently

as 57/63 cases. The second explanation is possible as in some observed cases, the laser

ablation photobleaches the cdc20-YFP but the fluorescence is observed to return within

a few minutes. In the third explanation, the kinetochore is missed completely whether

due to movement of the chromosome while positioning to fire, or irradiating it when it is

slightly out of plane due to movement. In the future, multiple z plane cuts and larger box

cuts could be used to better ensure a completely irradiated kinetochore and reduction in

the likelihood of missing the kinetochore completely. In the experiment described here,

it is likely that all three of the above explanations may have played a role in the low

number of successful ”slingshot” events.

These results indicate that complete destruction of the kinetochore is necessary

for the observed slingshot movement. In addition, in Chapter 5, routine ablation of

areas immediately in front of and in between pole and kinetochores was performed

and no slingshot movement was ever observed (Chapter 5). In the case of destroying

microtubules only and not the kinetochore anchoring point, the leftover microtubule stub

(of whatever size) is able to re-polymerize and form lateral attachments (through motor

proteins, side-side microtubule polymerization) to nearby microtubules which restores

the opposing force and tension so that the cell does not undergo any displacement at all.

Could disruption of a significant number of microtubules not have an affect on

chromosome movement in mitosis? In [17], chromosomes movement and individual

kinetochore-microtubules are counted and in many cases, the force produced, the num-

ber of kinetochore-microtubules present on each sister chromatid and the movement

observed do not match with 2 kinetochore-microtubules ’overpowering’ 11 kinetochore

microtubules [17]. These results, and ours, are inconsistent with models which predict

that force production and chromosome movement depends on kinetochore-microtubule
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number. In our case, we could ablate and disrupt a significant number of microtubules,

whether by partially disrupting the kinetochore so less can bind to it or direct ablation

of nearby kinetochore microtubules. Force is produced at the kinetochore and requires

the existence of the kinetochore and ’some’ microtubules but this can be a very small

number or even ’partial’ stubs due to interactions with microtubule motor proteins.

6.4 Conclusion

This work shows that the ”slingshot” effect first observed in 1981 [15] can be

reproduced with the 532 nm laser in fluorescent fusion-protein PtK2 cells. However,

these experiments are only preliminary in elucidating the relationship between number

of kinetochore microtubules, the kinetochore, and force production. Future experiments

could use drugs that inhibit Aurora B or select plus-end directed motor proteins. Aurora

B acts as a tension sensor at the kinetochore and ablation of the microtubules and the

kinetochore could be performed in order to see if the slingshot effect still occurs and

examining the role of cdc14 and its’ presumed inability to be transported to kinetochore

due to spindle disruption.
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Figure 6.1: phase, fluorescence and overlay of metaphase mitotic spindle with cdc20 on

kinetochores.
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Figure 6.2: Laser ablation hits kinetochore at T = 00:00:40, and the chromosome move-

ment is followed with T = 00:03:30 showing the chromosome clearly off the metaphase

plate, and no fluorescence at the hit kinetochore.Time stamps indicated in each figure take

00:00:00 pre ablation and are formatted as hh:mm:ss. Scale bar represents 5 micrometers.



66

Figure 6.3: Distance from Pole to Kinetochore is taken with zero being the pole that

the chromosome slingshots towards. Red vertical line marks time of ablation. Control

kinetochores (near ablated kinetochore) are plotted to show unaffected normal oscillation

compared to slingshot displacement.
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Figure 6.4: Ablation is targeted at kinetochores and in clear cut cases of destruction, sling-

shot is observed with high frequency, but photobleaching and ’partial’ ablation result in

incomplete destruction or complete missing of the kinetochore.
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7 Ablation of anaphase mitotic spindle

7.1 Introduction

Mitosis is a complex biomechanical rearrangement of chromosomes and or-

ganelles into two daughter cells and precise timing is required to couple anaphase pro-

gression (separation of chromosomes to each sister pole) to initiation of the cytokinetic

furrow. How the cell determines the cell division plane depends on midzone and astral

microtubules [1, 2] and the re-localization of essential midbody proteins [3, 4] to the

midzone. These distinct proteins are located on the chromosome during metaphase [5]

and are known as chromosome passenger proteins [6, 7] since they share the unique

property of being translocated from chromosome to the midzone at anaphase onset.

Prominent passenger proteins are INCENP, Aurora B and Survivin. INCENP is

the scaffold for the chromosome passenger complex (CPC) [8] and INCENP binds Au-

rora B [9] and Survivin [10] forming a INCENP-Aurora B-Survivin structure. Aurora

B gradient regulates midzone activity [6, 9, 11, 12, 13] of CPC and other key pro-

teins, and Survivin regulates Aurora B activity [14]. Temporal and spatial integration

of chromosomal and cytoskeletal events is achieved by the targeting and re-localization

of chromosome passenger proteins from chromosomes immediately after anaphase on-

set to the spindle midzone and has been shown to require dynamic microtubules [15],

MKIp2, Cdc14 and Plk1 [17], INCENP [8,10], Aurora B [11, 12, 13] and Survivin [13,

14] for successful translocation of INCENP-Aurora B-Survivin.

In this study, we use a 532 nm laser to ablate microtubules on both sides of the

mitotic spindle immediately after anaphase onset which results in (1) a disorganized mi-

totic spindle and (2) Aurora B not relocalizing to the spindle midzone and (3) failure of

cytokinesis as chromosome passenger proteins stay on the chromosomes. These results
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demonstrate that the translocation of chromosome passenger proteins occurs right after

anaphase onset and that a bipolar-organized mitotic spindle is required for the chromo-

some passenger proteins to come off the chromosome.

7.2 Results

7.2.1 Aurora B control

PtK2 cells are stably transfected to carry Aurora B-GFP as shown in Figure 1.

Aurora B localizes to centromeres and across the entire chromosome (Figure 1A, 1B)

and in metaphase, all Aurora B is localized to chromosomes (Figure 1A) which then

re-localizes to the spindle midzone within a few minutes after anaphase onset (Figure

1B).

7.2.2 Laser ablation of PtK2-CFP-Tubulin

PtK2 cells are stably transfected with CFP-Tubulin as described in Chapter 5.

A single laser ablation on one side of the mitotic spindle is identical to chapter 5 ab-

lation of metaphase spindle. Loss of fluorescence is followed by recovery and the cell

successfully divides (Chapter 5).

Laser ablation performed on both sides of the mitotic spindle immediately after

anaphase onset results in no cytokinetic furrow forming and a disorganized spindle as

shown in Figure 2. 56 cells undergo a delayed furrow formation and progress through

cytokinesis in approximately 1 hour. 27 cells do not form a furrow at all, even several

hours after anaphase onset and exhibit a disorganized bent central spindle. 34 ablated

cells divide normally (N total = 117, CFP-Tubulin, Figure 4).

7.2.3 Laser ablation of PtK2-Aurora B-GFP

PtK2 cells that are stably transfected with Aurora B-GFP are ablated immedi-

ately after anaphase onset in areas that would be presumed to sever the midzone from

each pole (N = 147, Aurora B-GFP, Figure 4). Of these, 16 were observed to not form
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a cytokinetic furrow at all and still had Aurora B stuck to the chromosomes hours af-

ter anaphase onset (Figure 3). Of the cells that do divide, Aurora B re-localizes to the

midzone and appears similar to Figure 1B but with less fluorescence.

7.3 Discussion

Ablation of a single side of the mitotic spindle does not affect spindle organiza-

tion or chromosome passenger protein movement. This agrees with monopolar spindles

being able to position the furrow and divide [2]. Ablation of both sides of the mitotic

spindle results in (1) disorganized central spindle (Figure 2) and (2) Aurora B not com-

ing off chromosomes (Figure 3).

Current models of chromosome passenger proteins involve INCENP-Aurora B

[8, 11] forming at centromeres and the complex being ’stuck’ on chromosomes un-

til Cdc14 regulates the release of the INCENP-Aurora B complex from centromeres

[17]. The INCENP-Aurora B complex binds to Tubulin [15] and the motor protein

MKIp2/plk1 [16, 17] uses the central spindle to transport the complex to the spindle

midzone. Of particular importance from this model is that Cdc14 is required to release

INCENP-Aurora B from chromosomes and that Cdc14 depends on MKIp2 for transport

to the centromere and MKIp2 plays an additional role in transporting the entire complex

to the spindle midzone.

This leads to two proposed models. (1) Disruption of the mitotic spindle causes

a dysfunctional central spindle and MKIp2 and cdc14 are unable to reach the centromere

to unlock INCENP-Aurora B or (2) the disruption of the mitotic spindle is temporary

but due to the dual roles of MKIp2 for transporting to the centromere and then to the

midzone, the first role is eliminated, and the second role proceeds on schedule which

results in Cdc14 never reaching and unlocking the INCENP-Aurora B complex from

the chromosomes.

The timing of the ablation (immediately after anaphase onset) and the fact that,

despite recovery of spindle connection within 1 minute (chapter 5, Figure 2) the mo-

mentary disruption of the mitotic spindle causes a permanent defect in Aurora B being

unable to come off centromere-chromosomes (Figure 3, Figure 4). This implies that
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Cdc14 and MKIp2 attempt to reach the centromere immediately after anaphase onset

and the central spindle is not yet disorganized (Figure 2, early). This would support the

second model.

In the cases when the cell divides but with a significant delay (Figure 2, 3, 4) it is

most likely due to incomplete ’full’ cuts on each side. As a result of a ’partial’ cut across

the spindle, some MKIp2 and Cdc14 are able to localize to the centromeres. Due to a

limited supply of motor proteins, not all Aurora B-INCENP is released from the chro-

mosomes and successfully transported to the spindle midzone. An Aurora B gradient

[11, 12, 13] is required for signaling of the cytokinetic furrow and proper cytokinesis. A

weak gradient could be unable to reach a critical signaling mass for proper cytokinesis

or could take much longer to phosphorylate target substrates resulting in the observed

delay in cytokinesis (Figure 4).

7.4 Conclusion

While this work is still preliminary in determining the exact mechanism and na-

ture of the cytokinetic defect, it is clear that disruption of the mitotic spindle on both

sides results in the mislocalization of the Aurora B-INCENP complex and that this dis-

ruption is based on microtubule-transport and the inability of Aurora B-INCENP to

come off centromere-chromosomes. The most likely model is that MKIp2 transports

Cdc14 to centromeres via microtubules and that Cdc14 directly interacts with Aurora

B-INCENP to release them from the centromere as opposed to the current model where

MKIp2 is suggested to interact directly with Aurora B. The MKIp2 attempts to reach the

centromere but there is no feedback mechanism for failure to reach the centromere, and

the transport protein moves to the central spindle zone resulting in Aurora B-INCENP

waiting at the centromere indefinitely.
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Figure 7.1: Aurora B localization at (A) metaphase and (B) anaphase. Blue is DAPI-

chromosomes, Green and Red are Aurora B-GFP and Aurora B-antibody staining respec-

tively, showing proper localization of Aurora B in control cells.
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Figure 7.2: Precut phase and fluorescence is shown in T = 00:00:00- and 00:00:15 respec-

tively. At T = 00:00:45, top is ablated, and bottom is ablated at T = 00:01:10. The cell does

not form a furrow or divide and at T = 01:10:20 and 01:11:30, a ’normal’ phase picture

is observed with an abnormal spindle present. Time stamps indicated in each figure take

00:00:00 pre ablation and are formatted as hh:mm:ss. Scale bar represents 5 micrometers.
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Figure 7.3: (A) shows anaphase spindle with Aurora B still on chromosomes after laser

ablation. (B) Shows the same cell approximately 7 hours later that has still not divided and

has Aurora B still on the chromosomes. Scale bar represents 5 micrometers.
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Figure 7.4: Table shows results for CFP-Tubulin and GFP-Aurora B respectively. All

cells were ablated on both sides of the mitotic spindle completely and immediately after

anaphase onset. Due to 3D mitotic spindle structure, timing, and ’blind’ cutting of micro-

tubules in Aurora B-GFP, the numbers show much higher occurence of ’division’ despite

the attempts at laser ablation.
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8 Optical Studies on CENP-A

8.1 Importance in biology

DNA repair in chromatin is thought to occur in a stepwise manner. Cells must

recognize a damage event, and recruit repair machinery to the site of damage. Dam-

age signaling includes phosphorylation of ataxia telangiectasia mutated (ATM), which

phosphorylates Chk2, H2AX, Nbs1, and many other proteins involved in the repair of

DNA damage. [reviewed in 1]. Chromatin remodeling provides access to the damaged

DNA (reviewed in [2, 3]) and, according to current models, chromatin is restored some

time after DNA repair is completed [4].

The kinetics of chromatin remodeling at sites of DNA damage span minutes to

hours. Histone H2AX phosphorylation is absent from up to 6 kb on either side of a

double-strand break, but spreads outward at least 40 kb on both sides [5, 6]. After UV

damage, new histone H3.1 appears approximately 30 min after damage [4], presumably

due to reassembly after DNA repair. In contrast, bound H2B was detected surrounding

double-strand breaks for up to 4 h, then replaced 10 h later [7]. Finally, despite triggering

DNA damage signaling, unprotected telomere free DNA ends do not induce detectable

chromatin turnover at all [8]. Thus, the extent and kinetics of histone turnover and

replacement to sites of DNA damage are currently unclear.

Centromere protein A (CENP-A), a component of centromeric chromatin, is an

essential histone H3 variant in all eukaryotic species examined to date. CENP-A is

known to be required for [9, 10], and may be sufficient to promote [11, 12], centromere

identity and assembly of the associated kinetochore protein complex, which mediates

chromosome segregation during cell division. Since centromeric DNA sequences are

not conserved in metazoans (reviewed in [13]), CENP-A presumably exerts its role in

80
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centromere specification via a sequence-independent mechanism. Previously, it was

observed that widespread DNA damage induced assembly of Xenopus CENP-A onto

sperm DNA in cell-free egg extracts [14]. In this study, using the Robolase system,

we tested the hypothesis that that localized laser-induced DNA damage is sufficient to

recruit human and mouse CENP-A in vivo.

8.2 Results

8.2.1 Endogenous CENP-A recruited to DNA damage sites

To generate double-strand breaks in DNA in living human cells, we used the

laser system described previously in Chapter 3 of this thesis and (Materials and Meth-

ods)[12]. Laser targeting along a 0.4 um-wide line (Figure1A) and phosphorylation of

H2AX[reviewed in [15], was routinely detected. ATM and Rad51, both thought to be

bound primarily at double-strand breaks, were also detected (Supplementary Appendix

A) as were phosphorylated Nbs1 and 53BP1 (Figure 1B). CENP-A signals in laser tar-

geted lines of interphase cells were observed in almost all cells (87% of 143b and 85%

of HeLa, n = 30 and 20, respectively). In all cases, endogenous CENP-A was still de-

tectable at centromeres (smaller foci; grayscale or green in Figure 1), demonstrating that

CENP-A is not removed from centromeres in response to DNA damage.

8.2.2 Rapid accumulation of GFP-CENP-A at sites of DNA damage

To examine the kinetics of CENP-A targeting to sites of DNA damage, laser

targeting was performed on two clonal human Hek293 cell lines expressing a GFP-

CENP-A fusion protein [10] after FRT-mediated integration at a defined locus. Similar

results were obtained with both lines. CENP-A mRNA increased approximately 7-fold

within 24 h of induction (AppendixA-S2) and the 44 kDa GFP-CENP-A protein accu-

mulated to approximately the initial level of endogenous CENP-A which was in turn

reduced to about one third of its earlier level (AppendixA-S2). The decrease in endoge-

nous CENP-A may be due to competition between transfected and endogenous CENP-

A for stabilization by CENP-A binding factors. [3, 17, 18, 19, 20] Within 4 hours of
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induction, GFP-CENP-A (AppendixA Figure 2C and D, green) co-localized with en-

dogenous centromeres (detected using human anti-centromere auto-antisera (Appendix

Figure 2C, red) and was distributed throughout nuclei (Appendix). After longer in-

duction times (>24h), all cells exhibited centromeric foci surrounded by a generalized

nuclear signal. The GFP signal was not removed by extraction with non-ionic deter-

gents before fixation (AppendixA-S2). Timing of CENP-A recruitment to sites of DNA

damage was determined after induction of GFP-CENP-A expression in the two clonal

cell lines. Cells were visualized with phase-contrast and fluorescence microscopy, and

specific areas were chosen for laser targeting (boxes in Figure 2 A-C). Laser exposure

produced an initial 1.5 um2 photobleached area (Fig 2 C and E). However, the GFP-

CENP-A accumulated in a smaller ( = 0.6 um2) spot in the center of the photobleached

region, consistent with H2AX phosphorylation (see figure 4). This was expected since

the multiphoton effect that creates double-strand breaks is limited to a smaller volume:

comparable photobleaching was observed at 6-fold lower laser doses, but this was insuf-

ficient to induce DNA damage. Fluorescence recovery within the photobleached zone

required at least 1 h( e.g., cell 8 in figure 2 E and F), much longer than the <1 s that

would be expected for a soluble approximately 45-kDa protein, confirming that most

nuclear GFP-CENP-A was not freely diffusible. Damage consistently induced CENP-A

foci in 71% of targeted cells (+- 10%, n = 176 interphase cells; for example, eight of 10

cells shown in Fig. 2), within an average of 5 min (+- 2 min, n = 82 interphase cells),

including >30 experiments on separate days (n ≈ 100 cells per experiment). Once

formed, each CENP-A focus remained stationary, and increased in fluorescent intensity

for about 1 hour (Figure 2F). Foci formed with identical frequency and kinetics at both

room temperature (25 C) and 37 C. However, at 37 C, GFP-CENP-A accumulations at

targeted sites appeared and became brighter, and then were abruptly lost (e.g., between

63 min and 68 min in Fig 2G). Foci were not lost at 25 C, as some were still visible 18

h later. Cells with foci were never observed to enter mitosis.

The high frequency with which CENP-A accumulated at sites of laser exposure

in asynchronous samples suggested that this can occur throughout the majority of in-

terphase, as seen for endogenous CENP-A. Comparing the nuclear areas of cells that

formed foci after laser exposure (n = 31, AppendixS3), with the areas of the randomly
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cycling cells surrounding them (n = 450; AppendixS3) confirmed that CENP-A focus

formation was not restricted to a subset of interphase cell cycle stages. Conversely,

no cell cycle stage (aside from mitosis) was refractory to CENP-A focus formation.

Finally, DNA damage-induced focus formation was not a phenomenon limited to im-

mortalized cells. GFP-tagged human CENP-A was transiently transfected into primary

human fibroblasts, and laser induced damage produced CENP-A foci with rapid kinetics

(AppendixS4).

8.2.3 Rapid accumulation of GFP-CENP-A at sites of I-Scel Cleav-

age

To further test whether a double-strand break is sufficient to recruit CENP-A

to DNA, we used the site-specific endonuclease I-SceI in a mouse NIH2/4 cell line

(TM815 cells) which carries a single I-SceI target site flanked by LacI repeats. A GFP-

tagged version of mouse CENP-A (GFP-mCENP-A) was constructed and expressed

by transfection in these cells. As expected, GFP-mCENP-A was recruited to sites of

laser-induced DNA damage with kinetics similar to GFP-tagged human CENP-A (GFP-

hCENP-A) in human cells (Fig. Appendix). After transient expression of I-SceI, a single

double strand break, marked by the presence of phosphorylated histone H2AX, was

generated at the lacI array [visualized using mCherry-lacR (red)] (Fig. 3A). In 47% of

cells, GFP-mCENP-A (green) was recruited along with phosphorylated histone H2AX

(blue) (Fig. 3A). (The less than 100% efficiency is expected in this triple transfection

experiment.) Additionally, TM815 cells were co-transfected with GFP-mCENP-A and

an RFP-tagged fusion of I-SceI with the glucocorticoid receptor. Before addition of the

synthetic glucocoricoid triamcinolone acetonide (TA), RFP-I-SceI-GR was cytoplasmic,

and GFP-mCENP-A was detected throughout nuclei (Fig. 3B). Within 1 h after TA

addition, RFP-I-SceI-GR translocated into nuclei, and in 57% of the cells (n = 100)

phosphorylated histoneH2AXappeared at the I-SceI cleavage site (marked with CFP-

LacR) along with a large GFP-mCENP-A focus (Fig. 3B). GFP-hCENP-A was also

recruited to double stranded DNA breaks in a diploid human cell line carrying I-SceI

sites at two loci. Transient co-transfection (Fig. 3C) was used to express GFP-hCENP-

A and RFP-I-SceI-GR (30). Before addition of TA, RFP-I-SceI-GR was detected in the
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cytoplasm, and GFP-hCENP-A was detected throughout the nucleus, with visible foci

at centromeres (Fig. 3C). After addition of TA, RFP-I-SceI-GR became nuclear within

1 h and GFP-hCENP-A formed one or two new foci in 75% of the cells (n = 100 per

experiment, repeated three times). Cells with two foci displayed one larger focus and

one smaller focus (Fig. 3D), as expected for this cell line with multiple target sites for

cleavage on chromosome 6 and a single site on chromosome 10. Remarkably, GFP-

hCENP-A formed a focus as rapidly as 1 min after addition of TA (Fig. 3E). Taken

together, these results demonstrate that CENP-A is rapidly recruited to defined DNA

double-strand breaks.

8.2.4 Histones H3.1 and H2B do not accumulate at double-strand

breaks

Next, we tested whether other histones accumulated at sites of DNA damage.

Despite CENP-A accumulation and H2AX phosphorylation at sites of laser targeting

(Fig. 1), neither YFP-H2B (n = 72 cells per experiment, repeated 3 times) (Fig. 4) nor

YFP-H3.1 (n=75 cells per experiment; see Appendix) accumulated in targeted areas in

live or fixed cells. Instead, both YFP-H2B (Fig. 4 and AppendixS6) and YFP-H3.1 (Ap-

pendixS5) expressing cells gradually recovered fluorescence in the laser targeted areas

with similar kinetics (34h, n=10 cells each), consistent with a previous study of chro-

matin reassembly of fluorescently tagged core histones. Neither YFP-H2B nor YFP-

H3.1 focal accumulations were observed, even after fixation and staining with anti-GFP

antibodies to detect photobleached YFP-tagged histones. Moreover, even using tran-

sient transfection to produce a majority of histone H3.1 as a GFP-tagged protein, no

GFP-H3.1 foci were ever observed after laser targeting (n = 63 cells; Appendix).

8.2.5 The Centromere-Targeting Domain of CENP-A (the CATD)

Can Drive Histone H3 to Sites of DNA Damage.

It was reported previously that substitution into histone H3.1 of the CENP-A

centromere targeting domain, or CATD, the central 31 amino acid portion of CENP-A

(the last 6 residues of alpha helix1, all of loop 1, and all of alpha helix 2) is sufficient
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to promote assembly of chimeric histone H3.1 to centromeres. Since CENP-A accumu-

lated at sites of DNA damage in a majority of cells, but histone H3.1 never did, we tested

whether this centromere targeting domain would cause accumulation of chimeric H3.1 at

sites of DNA damage. Genes encoding a panel of CENP-A:H3.1 chimeric proteins were

tagged with GFP and expressed in HeLa and HCT116 cells using transient transfection.

The CATD was able to drive recruitment of histone H3.1 to sites of DNA damage, al-

beit at lower frequency than wild-type CENP-A (Fig. 5 A and B). The complementary

mutations in CENP-A, replacing parts of the CATD with the analogous sequences of

histone H3.1, reduced or abolished targeting to sites of laser exposure (Fig. 5A, HSA,

HH2, H2.1, and H2.3), collectively identifying the α2 helix (mutant HH2) as the most

critical region. Thus, recruitment to sites of DNA damage and assembly at centromeres

utilizes a common targeting motif within CENP-A.

8.2.6 Other centromeric proteins are also recruited to sites of DNA

damage.

Since CENP-A recruitment to sites of DNA damage and centromeres requires

the same domains, we examined whether other centromeric proteins were also recruited

to sites of DNA damage. GFP-tagged expression constructs for CENP-N, CENP-U,

CENP-T, and CENP-M [20, 22, 23] were each transiently transfected into HCT116 cells,

and these cells were subjected to laser exposure. In most (80%) targeted cells, CENP-

N-GFP accumulated very rapidly (within 2 min) at sites of DNA damage (Fig. 5C).

CENP-U-GFP was recruited to these sites of DNA damage with comparable kinetics

(2 min) and as frequently (75%), although the foci were consistently smaller than those

formed by CENP-N-GFP (Fig. 5D). CENP-T-GFP accumulated less often (44%) at sites

of DNA damage, and only became visible later (30 min on average; Fig. 5E). In contrast,

CENP-M-GFP did not accumulate at sites of DNA damage, and its recovery within the

bleached areas was very rapid (Fig. S7B)., consistent with freely diffusing protein [21].

Taken together, these results demonstrate that, in addition to CENP-A, components of

the CENP-ANAC, including CENP-N and CENP-U, are rapidly recruited to sites of

DNA damage, while others (e.g., CENP-T) assemble after CENP-A, consistent with the

order of assembly at centromeres [22, 23, 24].
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8.2.7 CENP-A Recruitment to Double-Strand Breaks Is Enhanced

by NHEJ but Independent of H2AX.

In mammalian cells, non-homologous end joining (NHEJ) is thought to be the

predominant pathway for double-strand break repair. Early steps in NHEJ involve bind-

ing of the Ku86/Ku70 heterodimer to free DNA ends, followed by the DNA-dependent

protein kinase catalytic subunit (DNA-PKcs), and eventual ligation by DNA ligase IV.

To measure CENP-A accumulation after laser-induced damage, GFP-CENP-A was tran-

siently transfected into HCT116 cell lines lacking various components of the NHEJ

pathway. Laser exposure induced GFP-CENP-A foci at high frequency in parental (WT)

HCT116 cells (57+- 10%; Fig. 6A), whereas foci occurred approximately 5-fold less

frequently in HCT116 derivatives deficient in Ligase IV-/- or DNA-PKcs-/- (10%; Fig.

6A). In HCT116 cells heterozygous for Ku86 (Ku86+/-), CENP-A accumulation was

detected at an intermediate frequency (19%; Fig. 6A). Together, these data suggested

that the highest frequency of CENP-A accumulation at sites of damage correlates with

activity of the NHEJ DNA repair pathway. To further test this hypothesis, GFP-tagged

Ligase IV was transiently transfected into WT or Ligase IV-/- HCT116 cells (Appendix).

In the absence of DNA damage, GFP-Ligase IV localized throughout the nucleus, with

weak GFP signal in the cytoplasm, consistent with a previous report of Ligase IV lo-

calization by immunofluorescence. After laser targeting, the majority of GFP-Ligase

IV was bleached, indicating that it is highly dynamic. GFP-Ligase IV rapidly formed

a bright focus at the site of laser exposure in almost all WT (Appendix; 96%, n = 55)

and Ligase IV-/- cells (Appendix, 88%, n = 57). Similar foci were detected with a GFP-

tagged mutant, R278H, reported to have reduced (5 to 10% of WT) catalytic activity, in

both WT (Fig. S8C, 94Next, constructs encoding wild-type or mutant Ligase IV fused

to mCherry (instead of GFP) were transiently co-transfected along with GFP-CENP-A

into HCT116 WT and Ligase IV-/- cells, and double-positive cells were laser targeted

(Fig. 6B). As expected, expressing mCherry-Ligase IV did not increase the frequency

of GFP-CENP-A foci in WT cells after laser exposure (57%; n = 20), but did increase

the frequency in Ligase IV-/- cells (28%; n = 29), while mCherry-Ligase IVR278H pro-

duced an intermediate effect (17%; n=12) (Fig. 6B). The observation that CENP-A is

recruited to sites of damage so rapidly, and apparently even in the absence of Ligase
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IV activity, raised the possibility that CENP-A recruitment might participate in DNA

repair. Since CENP-A depleted cells or cells unable to load CENP-A are non-viable, to

test whether CENP-A could promote cell survival after DNA damage, inducible GFP-

hCENP-A cells were exposed in triplicate to three doses of ionizing radiation (0 Gy,

2 Gy, and 10 Gy), with or without induction of GFP-hCENP-A. Parental 293 cells

(Fig. 6C, open boxes) displayed 26% hypercondensed nuclei, indicative of cell death,

within 24 h of 2 Gy, whereas cells induced to express GFP-hCENP-A (triangles) were

protected (only 2%hypercondensed nuclei). Non-induced cells exhibited intermediate

sensitivity at 2 Gy (5% hypercondensed nuclei), probably due to basal GFP-hCENP-A

expression (see below). Both the parental and non-induced GFP-hCENP-A cells ex-

hibited extensive cell death after 10 Gy (Fig. 6C, boxes). To test whether cells could

continue dividing after radiation in a CENP-A-dependent manner, clonogenic survival

assays were performed. After 8 Gy, parental 293 cells were uniformly killed, but in-

duction of GFP-hCENP-A promoted cell survival and sustained colony growth (Fig.

6D). Intermediate numbers of surviving colonies were observed with the two indepen-

dent clonal lines in the absence of tetracycline-mediated induction of GFP-hCENP-A.

Survival was accompanied by increased levels of CENP-A (detected as increased GFP

fluorescence), (Appendix) presumably from transient stabilization of GFP-hCENP-A.

Finally, to test whether CENP-A recruitment requires histone H2AX, GFP-mCENP-A

was transiently transfected into mouse embryonic fibroblasts (MEFs) from H2AX null

mice and cells were laser targeted after 48 h (Fig. 6E and F). Absence of H2AX did not

affect GFP-mCENP-A focus formation, with similar frequencies of rapid recruitment in

laser targeted WT (43 +- 3%; n = 65) and H2AX null (32 +- 4%; n = 72) MEFs.

8.3 Discussion

Our observations using laser-induced DNA damage and I-SceI cleavage now es-

tablish that CENP-A accumulates at double strand DNA breaks in normal and immortal-

ized human and mouse cells. Recruitment of CENP-A, CENP-N and CENP-U occurs

within 12 min, a timescale as fast as that seen for phosphorylation of H2AX or other

components of DNA repair (e.g., frequencies at which each is recruited to DNA damage
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foci.) (BE) Human HCT116 cells were transiently transfected. DNAdamage was in-

duced by laser targeting, and frequencies of focal accumulation at site of DNA damage

were measured. (B)GFP-H3CATD. (C) GFP-CENP-N. (D) GFP-CENP-U. (E) GFP-

CENP-T. ATM, Nbs1; sam44]. CENP-A recruitment is transient, disappearing again

within approximately 1 h, and it is independent of H2AX. A comparison with CENP-

A spot size and intensity at centromeres, estimated to contain approximately 5,000 to

15,000 CENP-A nucleosomes, suggests that CENP-A spreads outward surrounding a

double-strand DNA break.

Mammalian CENP-A assembles into nucleosomes in vitro and has been found

in nucleosomes of asynchronous cells. It has also been proposed that CENP-N interacts

with CENP-A in nucleosomal form. We would caution, however, that it has not been

established whether DNA damage dependent CENP-A loading represents assembly into

nucleosomes. At least three models for CENP-A binding are plausible (Fig. 6G). First,

CENP-A could be assembled into nucleosomes (Fig. 6G, left). If so, the failure of H2B-

GFP to re-accumulate at these damage foci would require that CENP-A must be assem-

bled along with H2B, H2A, and H4 from the original (photobleached) nucleosomes or

an adjacent (photobleached) pool. A specific possibility is the selective removal of H3

(with or without H4) from individual nucleosomes and their replacement with CENP-A

or CENP-A/H4. Second, CENP-A (and CENP-N and CENP-U) could bind on top of

existing chromatin (Fig. 6G,middle). Third, a final alternative (Fig.6G, right) is that

DNA repair occurs in a nucleosome-free zone, as proposed previously [6]. This would

require removing histone H3-containing nucleosomes and recruiting CENP-A bound in

a non-nucleosomal form that lacks H2A and H2B, as has been proposed for budding

yeast centromeres. While it is clear that CENP-A recruitment to double-strand breaks

occurs in both human and mouse cells, including primary cells, the function of CENP-A

at double-strand breaks has not been defined. Our demonstration that CENP-A is re-

cruited to double-strand breaks independent of H2AX suggests that it is not part of the

damage checkpoint. In contrast, the cell-cycle independence of CENP-A recruitment,

rapid kinetics, and correlation with LigaseIV catalytic activity, suggest that CENP-A

may be recruited to double-strand breaks along with components of the NHEJ path-

way, and raises the possibility that CENP-A participates in DNA repair. Finally, when
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added to our earlier demonstration that CENP-A assembly at centromeres of Xenopus

sperm requires DNA repair activities stockpiled in egg cytosol, CENP-A recruitment

with some of its centromeric partners to double strand DNA breaks suggests a mech-

anism for the formation of new centromeres (neo-centromeres), which are only rarely

detected as stable events. Since the timing of CENP-A disappearance from double-

strand breaks correlates with the timing of DNA repair, our evidence provides the initial

support for a model in which CENP-A is recruited along with repair machinery, and re-

moved as repair is completed. CENP-A retention at these sites along with CENP-N and

CENP-U would provide the nucleus for a new centromere, but only after an extremely

rare convergence of permissive conditions. These conditions could include (1) failure

to complete DNA repair and remove CENP-A, (2) coincidental timing of DNA damage

and centromeric chromatin replication, the latter of which has been argued to occur only

during G1, or (3) defective DNA damage checkpoint signaling, allowing cells to enter

mitosis prematurely.

8.4 Materials and Methods

GFP-CENP-A stable inducible cell lines were generated based on a published

plasmid [10] and commercial Flp-in Hek293 cells (Invitrogen). Transient transfections

were performed in various cell lines using Lipofectamine2000 (Invitrogen). A series

of control experiments were performed to determine the average laser power to consis-

tently create detectable DNA damage. Low power (5.5 mW before objective) created

DNA damage detected by immunofluoresence for H2AX and other damage markers in

fixed cells. 11.2 mW was used as the maximum dose for cells expressing GFP-tagged

proteins. In every experiment with GFP-tagged proteins, stable inducible GFP-CENP-A

expressing cells were used to verify consistent frequency of focus formation at this dose.

The average power measured before the objective was 5.5, 11, and 16.5 mW. Thus, the

average power after the objective was 3.75, 7.5, and 11.2 mW in the focused spot. Since

the 63x (1.4 NA) microscope objective focuses the beam to a diffraction limited spot

diameter of 464 nm, peak irradiances of 2.5 x 109, 4.9 x 109, and 7.35 x 109 W/cm2

were achieved in the focused spot. For one line scan of 5 microns (with 10 spots/line),
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2,234.4 µJ of total energy (energy/pulse x no. of pulses per spot x no. of spots in the

line) was delivered to each cell. We estimate that this amount of energy will create on

average 110 breaks per targeted box.

Laser Sample Preparation.

For laser microirradiation experiments, cells were cultured in 35-mm glass-

bottom dishes (Mattek catalog# P35G-1.514-C), coated by incubation with 10 microg/mL

fibronectin in PBS (30 to 60 minutes at 37 C). After coating, fibronectin was aspirated,

and cells were plated in the presence of tetracycline 18 to 24 h before laser microirradi-

ation.

8.5 Summary

We demonstrated that CENP-A is rapidly recruited to double-strand breaks in

DNA, along with three components (CENP-N, CENP-T, and CENP-U) associated with

CENP-A at centromeres. CENP-A accumulation at DNA breaks is enchanced by ac-

tive non-homologous end-joining but does not require DNA-PKcs or Ligase IV, and is

independent of H2AX. Thus, induction of double-strand break is sufficient to recruit

CENP-A in human and mouse cells and may also have a function in DNA repair.
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8.7 Figures

Figure 8.1: Endogenous CENP-A localizes to sites of laser-induced damage, along with

DNA repair markers phosphorylated H2AX, Chk2, Nbs1, and 53BP1: (A) (top left) phase

contrast image of human osteosarcoma (143b) cells just before laser targeting along a line

(red); (Other panels) matched confocal immunofluorescent imaging 90 min (at 25 Celsius)

after laser targeting; (Red) phospho-histone H2AX; (green) Thr-68 phospho-Chk2; (blue)

DNA detected with DAPI;(grayscale endogenous CENP-A signal. Note the small foci in

the CENP-A images are centromeres. Note that the cells are motile: the orientation of cell

number 2 changed in the 90 min after targeting. (B) HeLa cell 90 min. (at 25 Celsius) after

laser targeting along a single line. (Blue) DNA, (red) 54BP1 or Nbs1 phospho-Ser-343,

and (green) Cenp-A. Other foci in the CENP-A image are centromeres.



93

Figure 8.2: Rapid GFP-CENP-A accumulation at sites of DNA damage. (AF) GFP-CENP-

A cells before and after laser targeting at 25 C. Phase contrast (A) before and (D) 5 min.

after targeting the areas boxed in red. Epifluorescence images of GFP-CENP-A, imme-

diately (B) before and (C) 4 or (E) 5 min. after initiating laser exposure. In most cells

(numbered in white), GFP-CENP-A accumulated at the sites of targeting. [Cells numbered

7, 8 and 10 ( in yellow) were bleached during laser targeting,] (F) Within 85 min, GFP-

CENP-A formed foci within targeted regions. (G) Laser targeting as in (AF), maintained

at 37 C after targeting: a CENP-A focus appears within 5 min after laser exposure, reaches

its peak intensity 1 h after laser exposure, and then disappears approximately 15 min later.

Timestamp represents hours:minutes:seconds.
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Figure 8.3: Rapid GFP-CENP-A accumulation at double-strand breaks induced by I-

SceI cleavage in human and mouse cells. (A) Mouse cells carrying an I-SceI target site

co-integrated with lacO repeats (30) after transient transfection to express (green) GFP-

mCENP-A and (red) mCherry-lacR and (top) without or (bottom) with HA-tagged I-SceI.

(Blue) -H2AX; (grayscale) DNA detected with DAPI. (B) The same mouse cell line as

in (A), transiently co-transfected to express (green) GFP-mCENP-A, (red) CFP-lacR and

(grayscale) RFP-I-SceI-GR and (top) without TA or (bottom) after TA addition for 1 h.

(Blue) -H2AX. (CE) Human cells carrying a single SceI target site on chromosome 10 and

multiple SceI target sites on chromosome 6 were transiently co-transfected to express GFP-

CENP-A and RFP-I-SceI-GR. (C and D) Cells imaged for (red) RFP-SceI-GR or (green)

GFP-hCENP-A and (C) without or (D) 1 h. after addition of TA, which induces nuclear

accumulation of RFP-I-SceI-GR to cleave the DNA. (E) Timelapse images of a single cell

transfected as in (C and D) immediately before and after addition of TA. Timestamp is

minutes:seconds.
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Figure 8.4: Histone H2B never accumulates in areas of laser-induced DNA damage. (AD)

Epifluorescence images of HeLa cells stably expressing YFP-H2B (A) before and (BD)

after laser exposure (red lines). (C) -H2AX and (D) YFP-H2B 90 min. after laser ex-

posure. (E) Phase contrast image of HeLa cells stably expressing YFP-H2B before laser

targeting. (FJ) YFP-H2B epifluorescence of the cells in (E) and (F and G) before or (HJ)

after laser targeting. Red squares in (G and H) denote laser targeted areas. Timestamp is

hours:minutes:seconds.



96

Figure 8.5: CENP-A recruitment to sites of DNA damage requires its centromere-targeting

domain (CATD) and recruits centromeric nucleosome-associated factors CENP-N and

CENP-U. (A) Schematic of CENP-A/H3 chimeric proteins and frequencies at which each

is recruited to DNA damage foci. (BE) Human HCT116 cells were transiently transfected.

DNA damage was induced by laser targeting, and frequencies of focal accumulation at site

of DNA damage were measured. (B) GFP-H3CATD. (C) GFP-CENP-N. (D) GFP-CENP-

U. (E) GFP-CENP-T.
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Figure 8.6: CENP-A in function in DNA repair independent of H2AX, and possible mod-

els for CENP-A assembly at sites of DNA repair. (A) HCT116 cells generated by targeted

disruption of NHEJ genes were transiently transfected to express GFP-CENP-A; (B) Fre-

quencies of GFP-CENP-A recruitment to sites of laser-induced DNA damage in Ligase IV/

cells transfected to express mCherry-LigaseIV or mCherry-LigaseIV-R278H. (C) Percent-

ages of cell death following 0 Gy, 2 Gy, and 10 Gy irradiation (done in triplicate) in cells

with a stably integrated, GFP-CENP-A gene, either with or without tetracyline-mediated

gene induction. (D) Cell survival in a colony formation assay after 8 Gy irradiation of

parental 293 cells or inducible GFP-CENP-A cells. (E) Frequency of (transiently trans-

fected) GFP-mCENP-A recruitment to sites of laser-induced DNA damage in wild-type

and H2AX null MEFs. (F) GFP-mCENP-A recruitment to focal DNA damage (red box) in

an H2AX null cell. (G) Model for CENP-A recruitment to sites of DNA damage.
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9 Summary and conclusions

9.1 Summary

The purpose of this dissertation was to (1) develop and fine-tune the laser micro-

scope system (Robolase), (2) use this system to investigate specific biological problems

related to mitosis and related processes, and (3) show that lasers have a valuable niche

role due to their spatial and temporal specificity. Chapter 2 discusses the theory and

mechanisms of optical ablation and the multiphoton micro-plasma type of damage and

its application in perturbing DNA and microtubules. Chapter 3 discusses the hardware,

software and the Robolase setup.

Chapter 4 discusses the laser ablation and the affect of targeting and damaging

chromosome tips, the presumed telomere regions in anaphase. Studies with telomeres

reveal several roles for the telomere, from serving as a check against cancer, a buffer

against aging, and harboring of key DNA damage repair and recognition proteins. In

this study it was shown that telomere disruption, most likely via DNA damage, is able

to communicate to the cytokinetic machinery and cause perturbations in cytokinesis, the

final stage of cell division.

Chapter 5 describes and discusses the effect of laser ablation of specific regions

of microtubules in the metaphase mitotic spindle. Microtubules are perturbed by the

laser and the effect of the laser ablation on the highly dynamic mitotic spindle is ob-

served. The spindle re-shapes itself and controls its rate equations and steady-state to

insure that the spindle is balanced and both half-spindles are of equal length. By doing

a ’prolonged’ perturbation via repeated ablation of the mitotic spindle, which prevents

microtubule re-polymerization, it was shown that bipolar spindle attachment is required

for this dynamic equilibrium process.

100
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Chapter 6 discusses laser ablation of kinetochores during metaphase. Each sister

chromatid has a single kinetochore and ablation of the kinetochore results in loss of mi-

crotubule attachment and force. A chromatid pair with both sisters having microtubule

attachments is ablated at one kinetochore and the chromatid pair springs back towards

the pole that still has a kinetochore-to-pole microtubule attachment. Ablation of the

microtubule region directly in front of kinetochore but not destruction of the anchor-

ing kinetochore itself does not result in movement of the chromosomes. This demon-

strates that in some cell lines, like PtK2, microtubules re-polymerize side-to-side and

have motor proteins linking them and providing force so that even a small kinetochore-

microtubule stub is enough to anchor chromosomes in place at the metaphase plate.

Chapter 7 discusses the laser ablation of microtubules in anaphase and the failure

of cytokinesis due to the disruption of the anaphase mitotic spindle. Microtubule abla-

tion during metaphase allows full recovery of bipolar spindle but ablation of both sides

of the mitotic spindle simultaneously un-anchor the pole-to-pole microtubules and al-

low for misaligned microtubule re-polymerization and a disordered central spindle while

still maintaining bipolar structure outwardly. This disarray of microtubules prevents the

proper signaling and localization of chromosome passenger proteins and the cleavage

furrow presumably through the inability of cdc14 to localize and unlock Aurora B at the

centromere.

Chapter 8 discusses the laser ablation of DNA in interphase and the recruitment

of DNA damage repair and recognition proteins. The ATM repair pathway and several

key DNA markers are well characterized and known but the role of CENP-A in this

process was not well understood. In this study, it was shown that CENP-A also localizes

to DNA damage and that it plays an important role in the recruitment and repair of DNA

damage.

In summary, this dissertation has described the laser microscope and its use in

studying 5 separate biological problems. Using this system, it was revealed that (1) there

is a telomere-mediated checkpoint that can cause dysfunctional cytokinesis, (2) there is

a requirement of bipolar spindle attachment (tension) for balancing of the spindle and

its’ rate equations, (3) CENP-A localizes to DNA damage and plays a role in recruitment

and repair of DNA damage, (4) spindle disruption in anaphase results in a disordered
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spindle and causes the delocalization of Aurora B, and (5) ablation of a kinetochore in

metaphase results in the individual chromatid ’springing’ back towards the pole that still

has a kinetochore-to-pole microtubule attachment, while ablation of microtubule region

directly in front of the kinetochore does not result in chromosome displacement. The

results of all 5 series of experiments described in this thesis demonstrate that the laser

has a valuable niche role in biological studies that could not be easily accomplished by

biochemical techniques that are global, catastrophic, or permanent in their disruption.

9.2 Future work

For this dissertation, studies were focused predominately on laser ablation as

the tool for perturbing a biological system. In the future, the studies can be extended

to include several key biochemistry techniques and to perform perturbations with bio-

chemistry in addition to the laser in order to elucidate key roles of specific structures in

mitosis.

For the telomere study, a defective cytokinesis is observed and the exact pathway

and method is not known. Aurora B and other chromosome passenger proteins play a

key role in successful cytokinesis and transfection and further studies of those would be

helpful in determining how the telomeres control the progression of cytokinesis. The

method of disruption of a telomere and how it realizes there is disruption is most likely

due to DNA damage and thus further studies into ATM and other DNA damage pro-

teins can resolve how the telomere signals that it is disrupted. The telomeres were also

targeted and disrupted via tip ablation which gave a statistical probability of actual cre-

ation of a disrupted telomere event. Transfection of telomere markers into cells would

improve accuracy and the number of disruption events and could even allow this to be

done in a different cell line.

For the spindle study, force-balancing in the mitotic spindle is observed and

shown to be dependent on bipolar spindle attachment. The laser has a niche role but

it can also be combined with suitable biochemistry techniques to observe the effects of

laser perturbation on spindles that lack key motor proteins, altered physiological con-

ditions or alter microtubule dynamics. In addition, there are several mathematical and
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computational models that describe mitotic spindle mechanics and laser perturbation

could provide an additional subset of data that result in more accurate models.

9.3 Conclusions

In summary, the system described here provides an optically-based laser mi-

croscope to study biological problems. This system has been used to demonstrate (1)

telomere-specific disruption links to cytokinesis, (2) bipolar spindle attachment is nec-

essary for spindle dynamics, (3) CENP-A localizes to DNA damage and plays a role in

the repair, (4) Aurora B de-localizes with anaphase spindle disruption, and (5) kineto-

chore destruction results in ”slingshot” effect. In conclusion, laser ablation is a powerful

tool for furthering our understanding of key biological structures by selective perturba-

tion. The laser approach allows a specific spatial and temporal disruption that advances

our understanding of these structures in ways that normal biochemistry can not achieve

alone.



A Supplemental Cenp-A

Figure A.1: Laser targeting activates ATM and recruits Rad51. Immunofluorescence de-

tection of markers for double-strand breaks. HeLa cells were exposed (cell #1) or not

exposed (cell #2) to laser targeting, fixed and incubated with antibodies to detect activated

(phosphorylated at Ser-1981) ATM kinase (a) or for Rad51 (b), shown in green. DNA

(detected with DAPI) is shown in blue).
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Figure A.2: Characterization of inducible GFP-CENP-A cell lines. (A) Relative levels

of CENP-AmRNA before (non-induced) and after addition of tetracycline (induced) were

measured using quantitative RT-PCR. (B) Relative levels of tagged and endogenous CENP-

A protein were measured by western analysis with an antibody that detects both proteins

with and without tetracycline induction. Tubulin was detected as a loading control. (C) Co-

localization of GFP-CENP-A fluorescence [previously characterized (1)] with endogenous

centromeres (detected with human autoimmune anti-centromere antisera, hACA, in red)

was assessed using single confocal slices. DNA is detected with DAPI and shown in blue.

Since GFP-CENP-A and hACA levels are not always equal, a Z-projection is shown (far

right) where levels were equalized to emphasize overlap (yellow). (D) Variable pattern of

GFP-CENP-A localization at early time-points after induction is shown in an example con-

focal image. Similar results were obtained with multiple clonal cell lines. (E) The majority

of endogenous CENP-A (anti-CENP-A) and core histone fraction (anti-H3 antibody) are

tightly bound to DNA, since these remain in the chromatin subfraction (chr) after washing

with high salt and detergent. Approximately equal quantities of GFP-CENP-A (anti-GFP)

are detected in both a nuclear fraction extracted by high salt and detergent (nuclear sup)

and an insoluble fraction (chromatin pellet).
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Figure A.3: Nuclear size analysis of cell cycle stage distribution of cells displaying CENP-

A focus formation. A dish of cells exposed to laser targeting was fixed with formaldehyde,

and DNA was detected with DAPI. Images were collected on a population of cells, and

nuclear areas were calculated for this population (green x’s). The nuclear areas of cells

with GFP-CENP-A foci were mapped onto this distribution (red triangles).
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Figure A.4: GFP-tagged mouse CENP-A accumulates in areas of laser-induced DNA dam-

age in mouse cells, and GFP-tagged human CENP-A behaves similarly in primary human

cells. (a) GFP-tagged mouse CENP-A was transiently transfected into NIH 2/4 cells, and

these cells were subjected to laser exposure. (b) GFP-tagged human CENP-A was tran-

siently transfected into primary human GM3491 cells, and these cells were subjected to

laser exposure. Timestamp represents hours:minutes:seconds.
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Figure A.5: Example extended timelapse of YFP-H3.1 recovery after laser targeting. Tar-

geted areas are shown in red. Timestamp is shown in hours:minutes:seconds. YFP is shown

in grayscale.
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Figure A.6: Example extended timelapse of YFP-H2B recovery after laser targeting. Tar-

geted areas are shown in red. Timestamp is shown in hours:minutes:seconds. YFP is shown

in grayscale.
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Figure A.7: No focal accumulations in cells transiently transfected to overexpress GFP-

H3.1 or GFP-CENP-M. (a) Example images from transient transfections of GFP-H3.1 ex-

pression plasmid in HCT116 cells. No accumulations were observed in areas of laser

targeting (red boxes). (b) GFP-CENP-M nuclear fluorescence bleached extensively but re-

covered rapidly, although accumulation at the site of laser targeting was not observed (n =

31 cells). Timestamp represents hours:minutes:seconds.
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Figure A.8: Ligase IV recruitment to sites of laser-induced DNA damage. GFP-LigaseIV

focus formation after laser exposure inWT(a) or LigaseIV-/- (b) HCT116 cells. GFP-

LigaseIV-R278H focus formation after laser exposure in WT (c) or LigaseIV-/- (d) HCT116

cells. Timestamp represents hours:minutes:seconds.
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Figure A.9: GFP-CENP-A-positive cells accumulate, and GFP fluorescence levels in-

crease, transiently after radiation-induced DNA damage. Population analysis demonstrated

that GFP-CENP-A signals increased transiently after irradiation in a dose-dependent man-

ner, suggesting post-translational stabilization of GFP-CENP-A protein in response to

DNA damage.



B Robolase user manual

B.0.1 Preface

Robolase II is a labview program designed and operated by the Biophotonics

lab at UCSD. The Biophotonics lab is led by Dr. Michael Berns and operated by Dr.

Zhixia(Linda) Shi. Robolase II is an innovative research program that allows the user to

use laser scissors to cut cells. These cells can be followed in real-time and have pictures

taken to record the progress of the cells.

B.0.2 Safety Notes:

Because Robolase II uses a 532 nm picosecond laser, it is necessary to always

wear goggles when operating the laser. These goggles have a shade of red tint which

blocks out the green laser beam from contact with your eyes. Using the green tinted

goggles will not provide safety from the laser.

When handling all types of cells, it is advised that you wear gloves. Although

the lab generally does not use any cells that are known to cause cancer or any other

illnesses, taking the precaution to wear gloves when handling cells is always a good

idea.

B.0.3 Hardware Specifications:

Axiovert microscope; Hamamatsu camera; Spectra Physics 532 nm laser; Alien-

ware Computer: Intel Core 2 Duo 2.67 GHz, 2 GB Ram, Windows XP

113
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B.0.4 System Overview

The Robolase II system is comprised of 5 panels, each with up to 5 different

tabs.

Figure B.1: System with individual panels 1,2,3,4, and 5 numbered in red.

B.1 Use of RobolaseII

B.1.1 How to turn on the system

Labview Program:

To turn on Labview, open the project explorer window for labview, and find the

file labeled Robolase II.vi. Open this and it will bring you to the Front Diagram. Now

to turn on Robolase, you must click the start arrow button located in the top left panel

of labview, or click on the big green button in Robolase labeled Start System (Panel 4).
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Figure B.2: Panel1 has only 1 tab labeled Laser Scissors.

Once the green button is on, the system is running.

Microscope:

To turn on the Axiovert microscope, press the green switch located on the right

side of the microscope. When the green light is on, the microscope is on.

Laser:

To turn on the laser, turn the key on the laser power unit located on the floor

beneath the Robolase system. The key should be in the on position, which is when the

key is horizontal. To turn on the laser in Robolase, you must hit the smaller green button

labeled, power (Panel 1). This will initiate a countdown of 15 seconds which allows the

laser to turn on.

Arclamp:

To turn on the Arc Lamp, turn on the switch on the Arc lamp housing unit located

on the Robolase II table. The machine takes a few minutes to warm up, so turn this on

a few minutes before any experiment has begun. The Arc lamp allows the user to use

fluorescence lighting in their experiment.
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Figure B.3: Panel2 has 5 different tabs. Above is the first tab: Stage Control tab.

B.1.2 Cells that can be used

Petri dishes:

Most cells can be placed in a Petri dish and is the most common type of dish

used if the cells need to be fixed or stained after or during and experiment. Petri dishes

can be mounted on the stage that has a circle in the middle.

Rose Chambers:

A rose chamber is an alternative to using Petri dishes. Rose chambers are mainly

used for anaerobic cells and can be mounted on a rose chamber stage.

Multi-well plates:

For experiments using more than one well, we provide the ability to use multiple

wells. We have plates that can hold up to 4 Petri dishes or have 96 different wells for 96

different cells.
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Figure B.4: Collage of the 4 other tabs in order from left to right: Coordinate List(a), Cut

ROI(b), Camera control(c), and Microscope Control (d).

Incubated stage (OKOLAB)

The incubated stage allows the user to simulate an in-vivo environment on the

cells. The OKOLAB incubated stage is located next to the Robolase table, and requires

both CO2 and air. Depending on how much CO2 you need (5% or 10%), the OKOLAB

manual will tell you exactly how much CO2 and air you need to reach the desired CO2

level.

B.1.3 Protocol: How to mount and find cells on the stage

Objective cleanliness

A clean objective is very important when imaging cells. To make sure the ob-

jective is clean before each use, take a strip of lens paper and wipe the objective with

one clean swipe in one direction. Before you place the cells on the microscope, place

a drop of oil on the objective using the Zeiss brown bottle. One dab or drop of oil is
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Figure B.5: Panel 3 is comprised of 3 tabs. Left to right: Image acquisition (a), Time

Series(b), Z series (c).

often enough. If too much is placed, the image will not show up clearly. After you

are done with an experiment, make sure to wipe off the oil on the objective with a new

piece of lens paper. Then, place a drop of the lens cleaner on the lens paper and wipe

the objective with it. Then wipe it off with a clean lens paper to completely clean the

objective.

Finding the right stage:

Depending on which type of cells you are going to use, find the corresponding

stage that will fit the cells. The various stages are found in the top drawer directly to the

left of the Robolase II computer. In order to put the stage on the microscope correctly,

place the top corners of the stage in first, and then press down on the bottom two corners

to correctly place the stage on the microscope.
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Figure B.6: Panel 4 is comprised of 2 tabs. Image control (a), Time instant message

through Logmein (b).

B.1.4 How to find cells properly

Kohler Illumination

Kohler illumination allows the user to find the proper field of view with the

proper focal plane. This is the first stage in focusing the cells. To use kohler illumination,

the two knobs slightly below the halogen lamp will be used, as well as the knob that

moves the condenser up and down. First, move the silver filter all the way to the back

so that little light can come through the condenser. You will know it is all the way at the

back when you can see a tiny hexagon through the eyepiece. Then, move the condenser

up and down until the sharpest image is available. Move the hexagon that is seen to the

middle by moving the two knobs below the halogen lamp. Once it is in the middle, pull
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Figure B.7: Panel 5 comprises 2 panels. FRET Image (a), Image Display (b).

the silver filter back towards you until all sides of the hexagon have hit the field of view

and the hexagon is no longer visible. Note that the hexagon gets larger as you pull it

towards you.

Focusing

To focus the cells, Kohler illumination must be done first. After Kohler, move

the focus knob up and down to find the right focal plane for the cells. If you want to see

the cells live in Robolase, the focus button must be pressed.
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B.1.5 Image Acquisition

In order to take images, make sure the cells are loaded and are in focus through

the eyepiece of the microscope. Move the switch located on the front of the microscope

from the eyepiece to the camera port so that image can be seen in Robolase.

This section will mainly utilize the features on the Image Acquisition tab on

Panel 3.

Figure B.8: Panel 3 Time Acquisition Tab features labeled a, b, c, d, e, f, g, h, i.

Use the Focus (panel3.a) button to utilize the focus knob on the microscope to

put cells in focus. Note that without pressing focus, the image on Robolase will not

change in real time. Use the Expose (panel3.b) button to snap the image so that it can

be seen on Robolase. Use the Autofocus (panel3.c) button to let the computer use an

algorithm to focus in on the best image possible. It is always better to manually focus,

as the auto focus may not focus on the proper cells. Use the Save Image (panel3.d)

button to save the image seen on Robolase. This button will save the image into a

folder specified in panel3i. Use the Quick Series (panel3.e) button to take a quick set of

images. Use the Halogen (panel3.f) button to enable/disable the halogen light. This will

allow you to see the phase image of the cells. Use the filter cube (panel3.g) button to
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change to different filter cubes on the turret in the microscope. Labels on this drop down

tab do not necessarily relate to the correct filter cubes. Always make sure the correct

filter cube is in the turret and that it corresponds to the number on Robolase. The boxes

in (panel3.h) allow you to change some of the image settings. Check marks in the boxes

denote that the function is currently being used. Click on the box to create or delete

a check mark. The most commonly used buttons are External Display and Arc lamp.

External display shows the image that will be saved onto another monitor (if available

and working.) Arc lamp turns on the arc lamp for fluorescent imaging. The text boxes

in (panel3i) tell you where and how an image will be saved. The top box labeled, Root

directory, tells you where the image will be saved. Last saved tells you where the last

image was saved. Save as allows you to label the image appropriately. P allows you to

add a prefix to the label so you can use multiple fields of view.

B.1.6 Snap/Focus image

Phase Image:

To take a phase image, turn off the arclamp panel3.h (uncheck the box) and look

at the cells by pressing expose. The Halogen button panel3.f should be on so that the

phase image can be seen.

Fluorescence Image:

To take a fluorescence image, just load the appropriate cells, (stained with a

fluorescent protein) either on a Petri dish or Rose chamber, and click the arclamp button

in panel3.h. (make sure the box is checked) Arc shutter is off by default. To turn on the

arclamp, make sure the hardware of the arclamp is on and that the light is on.

Note that an image containing both fluorescent and phase is possible, but the

halogen light is often much stronger than the arc lamp.

B.1.7 Autofocus

Autofocus is an algorithm created by Stevie Harsono in the Robolase systems

that calculates the best possible image, and automatically places you in the correct focal
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plane. The settings and range for the autofocus section can be found in the Autofocus

Settings section in panel 2. A higher range means that the autofocus will go through

more focal planes. Because autofocus calculates the best possible image, the focal plane

it brings you to may not be the best focal plane. Always make sure that the image seen

is the correct and proper image.

B.1.8 Save image

To save an image, press the button labeled Save Image. The image will be saved

in a folder specified by the Root Directory. Note that if the focus button is pressed, The

Save Image button will need to be held longer so that it can take an image.

File name and location

Robolase automatically saves files in a folder designated by default. The images

are currently saved in the folder ”C:RobolaseII2010Data”, and then are sorted by date.

In order to change the location of the save location, change the root directory box in

panel 3 (.i) to the desired location. To save the image under a certain file name, enter in

the desired name in the box labeled Save as. Each image will save under that name, and

will have a different image number, which is automatically labeled by Robolase. To see

the recently saved image, the box labeled Last Saved will tell you the directory and file

name of the last saved image.

B.1.9 Type of image and resolution (size)

Type:

Images in Robolase can be saved in two formats, .tiff, and .jpg. Tiff files are

usually higher in resolution and therefore take up more hard drive space. To save the

images in either tiff or jpeg, use the drop down boxes in the save image settings section

of panel 3 and select which format you want to save.
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Resolution:

The final drop down box on the right side determines the resolution of the image

that will be saved. A larger resolution will result in a much clearer picture and is the

size that should be saved if the images will be used for publications. The smaller size

resolution is ideal for initial experiments where quality of the images is un-important.

Overlay or no overlay:

To save the image with the laser cut line, use the drop down box under Save

Image Settings and use Overlay ROI to save the image with the overlay (laser cut lines).

There is also the option to have no overlay, which has no laser cut lines. The best option

is to save under both which does both overlay and no overlay. Note that .tiff files cannot

be saved with an overlay.

B.1.10 Multiple fields of view

Store location and ”Go to”

To store the location of the field of view after finding the one you want, go

to the Coor List tab and click the Store Point panel2.d button. This will save the x,y

coordinates for the field of view in panel2.a. and can be seen in panel2.b. To go to the

saved coordinate, click the Go To Point button panel2.c. This function will bring you to

the saved coordinate that you want.

Saving Locations:

The saved locations can be done for multiple fields of view and can be saved as

a text file for later use. The text file can be uploaded and the coordinate list will show up

in Robolase. To save the location as a text file, click the File button, panel2.e and click

save. You can now save the file under any name.
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Figure B.9: Panel 2 coordinate list tab features labeled a, b, c, d, e.

B.1.11 Time series

Robolase allows you to create a time series when watching cells. A Time Series

is a series of images taken in a certain time where each image is taken at a specified

interval.

Use the Start (10.a) button to begin the time series. The user also has the ability

to Pause (10.b) or STOP (10.c) the time series. The images will be saved in an individual

time series folder found in the folder containing the days images, shown in 10.d. Box

10.g, shows the 3 indicator boxes that will display the image count, the time in which the

next image will be taken, and the current time. To change the interval in which images

are taken, change the interval box in 10.f as well as the amount of images you want

to take. The images are taken in intervals of seconds, so 60 denotes 1 minute, not 60

images in 1 minute. You can also set the time series to stop at a certain time by putting

how many images will be taken. By default, the time series will stop after 500 images

have been taken.
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Figure B.10: Panel 3 Time series tab features labeled a, b, c, d, e, f, g, h.

Time series with different filter cubes:

To take a time series with different filter cubes, use the drop down box in 10.h,

and select Auto Filter. The numbers on the right are the given turrets for each filter

cube. There are a total of 5 possible filter cubes. In order to run the time series, you

need to check the box that says Consecutive exposure as well as indicate the number of

cubes that will be used. The images will be saved starting from turret 1 and going to the

corresponding amount of cubes being used.

Time Series with autofocus:

To take a time series with autofocus, click the autofocus button under the time

series tab. This will allow Robolase to use the algorithm used for autofocus before each

image is taken in the series.
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External display:

The external display button located in panel 3 allows the user to see the micro-

scope image on an external secondary monitor. This image is seen in full screen, is fully

processed, and will be a replica of the saved image.

B.1.12 Stage Control

X,Y Stage: up/down/left/right

To move the stage in different directions, move the joystick located next to the

microscope. Moving the joystick can be tricky at first, the best way to understand how

the joystick works would be to test it out. The focus button needs to be pressed if you

want to move the joystick and see the cells in real time on Robolase. Sometimes the

stage may begin to move after you have found a field of view. This occurs if the joystick

isn’t perfectly zeroed. Simply move the joystick a little bit until it is zeroed or recalibrate

the joystick.

The x,y coordinates can also be moved in Robolase. Panel3 shows the functions

that allow the user to move the stage via Robolase.

The x and y coordinates can be changed in panel3.a, but the stage can be moved

up and down via panel3.b. The buttons denote the movements of a joystick. When

using these buttons instead of a joystick, the movement increment size can be changed

in panel3.c. The positions can also be stored by clicking panel3.d. The button panel3.f,

allows you to move the image to wherever you click on the display. Clicking panel3.f

will move the center of the stage to wherever you click.

Z stage: Focus

To change the Z plane, simply turn the focus knob. The Z plane in Robolase is

known as the focal plane, and can be manually controlled, or controlled by Robolase.

To change the Z stage in Robolase, change the numbers in panel3.e to denote

whether u want to move up or down. A higher number indicates going up in the Z plane,

where a smaller number denotes going down.
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B.1.13 Camera settings

The Hamamatsu camera and Robolase have several features that allow the user

to see images better. There are two ways of doing this, by changing the exposure time

to the light, and to change the contrast of the image, known as the gain.

Exposure:

The exposure time is measured in milliseconds, and can be changed under the

camera control tab (Panel B4.c). To change the exposure time, just put in the desired

time. A larger time will allow for more light to reach the cell, but can also induce photo

bleaching.

Gain:

The gain is located above the exposure box. A higher gain will increase the

contrast ratio of the picture, making the background darker.

B.1.14 Laser Control

Measuring laser power:

To measure the laser power, the power meter is needed. Turn on the power meter

first and set the wavelength to 532 nm and press the attenuation button, labeled ATTN.

Now, turn open the shutter which is a hardware switch located on the UNIBLITZ box

above the microscope. It is the switch on the left side, this will open the shutter allowing

you to measure the power. Now on the microscope, switch the objective so that an open

filter cube slot is available. Place the measuring device from the power meter on the

objective hole to measure the power. Turn on the laser, and click Int. Shutter and press

’Fire at (0,0).’ To change power, change the %Power section in Panel 1 of Robolase.

Record all the measured powers starting from 0% and working your way up to around

60%. The optimally measured power should be around 11.2 mw for Red blood cell

(RBC) ablation. This generally falls in the area of 37-42%, but can vary depending on

the laser and person’s RBC.
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Cutting:

To cut in Robolase, simply draw the desired lines over the image display. Draw-

ing these lines on the cells will send a signal to the laser to draw the lines on the cells.

TO initiate the cut sequence, press the button labeled Int. Shutter

After the internal shutter is on, press Cut ROI button to cut the lines you drew.

Fire at (0,0) will cut a dot in the middle of the field of view. The scissors filter cube

should always be set to Rhodamine.

After cutting cells, always press the expose button to switch the filter cube back

to the imaging cube.

Cutting Lines:

The different shapes on the left side of the image display allow the user to cut

different types of lines. To cut a straight line, use the straight line button. To cut multiple

cells, hold down the control (CTRL) button on the keyboard and being drawing on

different cells. However, releasing the ctrl button and drawing a new line will erase all

previous lines.

Cutting shapes:

To cut certain shapes in Robolase, use the desired shape buttons located on the

left side of the Image display tab. Under the Cut ROI tab, Figure 4.b, the ROI Cut style

box will determine how to cut the shape. Outline will create an outline of the shape,

while Fill will fill in the shape with laser cuts.

Change laser power or pulse:

To change the laser power, just change the power percentage to the desired per-

centage. These percentages should correspond to the recorded power of the laser when

you measured the laser power. To change the pulse of the laser (how many times it

pulses in a minute) change the Pulse amount higher or lower to increase or decrease the

pulse. The pulse by default, is set at 30ms.
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B.1.15 Logmein control

Robolase was created to allow for remote user use. The biophotonics lab cur-

rently uses the program LogMeIn to remotely access Robolase. All of the functions in

Robolase can be accessed via LogMeIn and is very helpful when conducting experi-

ments overnight.

The tab in panel 4 is a messaging device designed to allow for messages to be

sent from a remote user to a local user.
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