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Abstract approved:

Cytokinesis separates replicated chromosomes and cytoplasm into two

daughter cells. In animal cells, this is achieved by the formation of a cleavage

furrow that bisects the mitotic (or meiotic) spindle. It is known that the mitotic

apparatus defines the cell cleavage plane. However, it is not clear how the mitotic

apparatus initiates the cleavage furrow. Each part of the mitotic apparatus; namely

asters, central spindle (microtubule arrays and the spindle midzone), and

chromosomes, has been found capable of inducing a cleavage furrow in certain

cell types. Yet it is uncertain which part is the essential source of the signal and

whether all parts act in concert.

This thesis systematically examines in grasshopper spermatocytes 1) which

spindle constituent is the essential source of furrow signal; 2) the impact of

microtubules on distribution of actin filaments and positioning of cell cleavage

relative to spindle reorganization; 3) the independent role of the spindle midzone

relative to microtubules in furrow initiation and ingression. These examinations

combine micromanipulation with digital-enhanced polarization microscopy and

epifluorescence microscopy, in which mitotic spindles in living cells are
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mechanically dissected and rearranged as desired as well as microfixed to evaluate

and propose models for cell cleavage.

This thesis has come to the conclusion that none of structural constituents

of the spindle apparatus is essential for cell cleavage induction except

microtubules. First, furrow induction occurs regardless ofa particular spindle

constituent, so long as sufficient microtubules are present to form bipolar arrays.

Second, microtubules continuously dictate distribution of actin filaments and

positioning of cell cleavage. Asymmetric alterations of spindle microtubules

dynamically affect the location of the spindle midzone, distribution of actin

filaments, and ultimately position of the cleavage furrow in cells containing a

bipolar spindle, monopolar spindle, or half-spindle. Third, actin filaments are

distributed to the furrow region by microtubule-mediated transport, but organized

by the midzone, which is essential for furrow ingression, but not initiation. These

results suggest that during post-anaphase spindle assembly, actin filaments are

excluded by bipolar microtubule arrays to the equatorial cell cortex where they

bundle into a contractile ring with cytokinetic factors.
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Dissecting Induction of Cell Cleavage

Chapter 1

Cytokinesis ultimately ensures the proper partition of chromosomes and

cytoplasm into two daughter cells. In animal cells, this is achieved by formation of

a cleavage furrow that bisects the mitotic (or meiotic) spindle between segregated

chromosomes, producing equally sized daughter cells. Some cells do divide

asymmetrically, such as the first cleavage in C. elegans embryos and neuroblast

division in Drosophila melanogaster, which plays vital roles during development.

However, the asymmetrically positioned cleavage furrow in these cells still bisects

the spindle apparatus (review: Kaltschmidt and Brand, 2002). How is the cleavage

plane selected with respect to the spindle midzone? The goal of this thesis is to

understand the source and nature of the furrow signal associated with the spindle

apparatus.

The cleavage furrow is created by a contractile ring assembled at the

equatorial cortex that constricts the cell by deforming its membrane surrounding

the spindle midzone. The contractile ring is enriched in actin and myosin fibers

that appear to interact with each other (Schroeder, 1973; Sanger and Sanger, 1980)

to generate contractile forces (reviews: Mabuchi, 1986; Schroeder, 1990;

Satterwhite and Pollard, 1992; Scholey et al., 2003), though the exact organization

and force generation of the contractile ring remain undefined (Maupin and Pollard,

1986; Fukui and Inoué, 1991; Hai and Szeto, 1992; Fishkind and Wang, 1993,

1995; Goeckeler and Wysolmerski, 1995; Robinson and Spudich, 2000).
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Underlying the processes of furrow organization and contraction are a set of

signaling events involving an expanding list of proteins (Mabuchi, 1986, 1990;

Schejter and Wieschau, 1993; Fishkind and Wang, 1995; Robinson and Spudish,

2000; Geurtin et al., 2002). Most of these belong to the small G-protein family that

appear to control either contractile ring assembly by regulating dynamics or cross-

linking of actin filaments (Mabuchi et al., 1993; Fares et al., 1995; Kinoshita et al.,

1997; Machesky and Hall, 1997; O'Connell et al., 1999; Prokopenko et al., 1999;

Larochelle et al., 2000; Huckaba and Pon, 2002), or furrow ingression by

regulating actomyosin activities of the contractile ring (Mabuchi et al., 1993;

Drechsel et al., 1996; Kimura et al. 1996; Tuxworth et al., 1997; Ren et al., 1999;

Sanders et al., 1999; Robinson and Spudich, 2000). Our understanding of the

molecular basis of furrow organization and contraction is advancing rapidly, yet

we have very little knowledge of how the cleavage furrow is positioned. It has

long been recognized that the mitotic apparatus dictates the position of the

cleavage furrow (in-depth discussions: Rappaport, 1996). An enduring puzzle is

how a cell induces the cleavage furrow according to the position of the spindle

midzone (reviews: Oegema and Mitchison, 1997; Glotzer, 1997, 2001; Field et al.,

1999; Fukui, 2000; Robinson and Spudish, 2000; Adams et al., 2001; Guertin et

al., 2002; Scholey et al., 2003).

The spindle apparatus is comprised of three major structural constituents,

including asters, chromosomes, and spindle microtubules. Asters are located at the

spindle poles, containing centrosomes and radiating microtubules. Microtubules

are polarized polymers assembled from a and tubulins. The two ends of a



microtubule are distinct and exhibit unequal dynamics. The minus ends of

microtubules are more stable and organized at the spindle poles, whereas the plus

ends are more dynamic, extending to the equator of the spindle where some attach

to the kinetochores of chromosomes (Kirschner and Mitchison, 1986). Other

spindle microtubules extend beyond the spindle equator such that the plus ends of

microtubules from the opposite spindle poles interdigitate to form antiparallel

arrays. As chromosomes segregate during anaphase, preexisting and newly-

assembled non-kinetochore microtubules continue to interact at their plus ends and

bundle together to assemble the central spindle (Julian et al., 1993; Shu et al.,

1995). Many proteins accumulate at the region of microtubule plus end overlap in

the central spindle, some of which have been shown critical for spindle midzone

assembly and cell cleavage (reviews: Margolis and Andreassen, 1993; Adams et

al., 2001; Glotzer, 2001; Guertin et al., 2002). It so far remains undefined which

structural constituent(s) of the spindle apparatus is the essential source of the

furrowing signal and how the signal is involved in positioning cell cleavage.

Three prevailing models for cleavage furrow positioning have been

nurtured through more than a century-long effort in deciphering puzzles of cell

cleavage. These are "astral stimulation" (Rappaport, 1986, 1996; Salmon, 1989;

Devore et a!, 1989) or "polar relaxation" (Wolpert, 1960; Schroeder, 1981; White

and Borisy, 1983) by signals from the asters, and "equatorial stimulation" by

signals from the spindle midzone and/or chromosomes (review: Eamshaw and

Bemat, 1991; Oegema and Mitchison, 1997; Adams et al., 2001).



The astral stimulation model proposes that microtubules extending from

asters overlap at the equatorial cortex, establishing the region as the site for

cleavage furrow formation (Rappaport, 1986, 1996; Devore et al., 1989; Salmon,

1989). This model is based on evidence obtained for the most part from

echinoderm eggs, cells that have small central spindles but large asters. For

example, when sand dollar eggs are experimentally distorted into a donut-like

shape, cell cleavage occurs not only at the spindle equator, but also between the

asters of adjacent spindles where no intervening spindle or chromosomes are

present (Rappaport, 1961). In sea urchin eggs, a furrow forms between a pair of

asters when the central mitotic spindle is removed (Hiramoto, 1971), but fails to

form when astral microtubule arrays are disassembled by increased hydrostatic

pressure (Salmon and Wolniak, 1990). Recently, cleavage furrows between asters

not connected by a spindle have also been observed in somatic tissue culture cells

containing two independent spindles (Rieder et al., 1997; Sanger et al., 1998). The

model further hypothesizes that furrow determinants are transmitted along astral

microtubules to the cell cortex where only the equatorial region is shared by both

asters; hence it receives the maximal amount of signal (Rappaport, 1986, 1991,

1996; Devore et al., 1989). Indeed, cell cleavage fails to occur when physical

barriers are placed to block the signal from reaching the equatorial cortex

(Rappaport, 1986, 1991).

Alternatively, the polar relaxation model postulates that furrow

determinants are maximally received at the cortical regions facing spindle poles,

because astral microtubules from two overlapping spherical asters presumably do



not reach the equatorial cortex (Wolpert, 1960). Despite its incorrect predication

on astral microtubule distributions (Larkin and Danilchik, 1999), the main point of

the model gained support by the observations that dividing animal cells undergo an

exponential increase in cortical tension culminating in anaphase, which can occur

in the absence of the mitotic apparatus (Hiramoto, 1968; Schroeder, 1981; 1990).

Therefore, the impact of astral microtubules on cortical tension is likely relaxation

at the polar regions, rather than stimulation at the equatorial cortex (White and

Borisy, 1983). The model further hypothesizes that the tension producing elements

(actin and myosin) are free to move in the plane of the cortex. Thus relaxation of

tension at the poiar regions is coupled with "self-focusing" accumulation of

tension elements at the equatorial cortex, establishing the site for cleavage furrow

formation (White and Borisy, 1983).

Computer models for spherical cells support both astral stimulation and

polar relaxation models (Harris and Gewalt, 1989), though the astral stimulation

model better describes cleavage in cells that have been flattened or geometrically

altered (Rappaport, 1986). The consensus of these two models is that asters are the

source of the furrow signal and astral microtubules are required to deliver the

signal. Regardless of stimulation or relaxation, furrow initiation by asters

continuously gains experimental support from different cell types including PtK1

(Rieder et al., 1997) and Dictyostelium (Neujabr et al., 1998).

The equatorial stimulation model suggests that the central spindle is

essential in cleavage furrow positioning. Evidence from insect and most tissue

culture cells, which have small asters but large central spindles, indicates that



furrow stimuli come from the central spindle rather than astral microtubules (Ris,

1949; Carison, 1952; Kawamura, 1960, 1977; Andreassen et al., 1991; Martineau,

et al., 1995; Zhang and Nicklas, 1995a; Fishkind, et al., 1996; Wheatly and Wang,

1996; Oegema and Mitchison, 1997; Bonaccorsi et al., 1998; Gatti et al., 2000). In

grasshopper spermatocytes, for instance, a cleavage furrow can be induced at the

midzone of a lateral spindle-like structure, stretching from a collapsed spindle that

has both asters and unsegregated chromosomes (Ris, 1949). In cultured rat kidney

epithelial cells (NRK), a perforation placed between the spindle midzone and cell

cortex prior to anaphase results in formation of a furrow at the site of the

perforation, but not the cortex where astral microtubules are localized (Cao and

Wang, 1996). Further, location of the cleavage plane correlates more directly with

the position of midzone microtubules than with the position of astral microtubules

(Wheatly and Wang, 1996). Mutant Drosophila spermatocytes whose centrioles

fail to form normal asters are fully capable of positioning the cleavage furrow with

respect to a normal appearing central spindle (Bonaccorsi et al., 1998). In

echinoderm eggs, the spindle apparatus is dispensable of furrow progression

following furrow initiation (Swarm and Mitchison, 1953; Hiramoto, 1956, 1971;

Hamaguchi, 1975; Rappaport, 1986). On the contrary, in tissue culture cells, such

as NRK and PtK1, spindle midzone microtubules are required for completion of

cell cleavage (Wheatly and Wang, 1996; Wheatly et al., 1998). Overlapping

antiparallel microtubules at the midzone are involved in the formation of a late

mitotic structure, the "midbody", which has long been recognized as an amorphous

deposit of electron dense materials (McIntosh and Landis, 1971). The model posits
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that the spindle midzone acts as the site for the accumulation of furrow-positioning

proteins (Andreassen et al., 1991; Julian et al., 1993; Shu et al., 1995), which, as

suggested, controls the position of the furrow (Martineau, et al., 1995; Wheatly

and Wang, 1996;) and sustained cytokinesis (Wheatly and Wang, 1996; Wheatly et

aL, 1998; Savoiau et al. 1999).

A number of midzone proteins, including JNCENPs, TD-60, CHO-1,

CENP-E, and CENP-F, are also localized on chromosomes, thus they have been

termed "chromosomal passengers" (Earnshaw and Bernat, 1991; Earnshaw and

Mackay, 1994; Adams et al., 2001). Evidence on INCENP distribution clearly

shows that these passenger proteins can be carried to the metaphase plate by

chromosomes, and released at anaphase onset to the spindle midzone, where they

likely play a critical role in cleavage furrow positioning (Earnshaw and Mackay,

1994). For instance, cytokinesis usually fails to occur in cells whose INCENP

distribution is prevented due to expressing chimeric INCENP tethered to the

centromere (Eckley et al., 1997). INCENP disrupted mice embryos form abnormal

microtubule bundles but no discernable metaphase or anaphase spindles (Cutts et

al., 1999), implying that chromosomal passengers facilitate formation of the

midzone (Earnshaw and Mackay, 1994; Martineau et al., 1995; Williams et al.,

1995; Basu et al., 1998). In addition, TD-60, a chromosome- mediated midzone

protein, appears to correlate with furrow positioning (Andreassen et al., 1991;

Martineau et al., 1995; Wheatly and Wang, 1996; Martineau-Thuillier et al., 1998).

It is puzzling, however, that removal of chromosomes from grasshopper

spermatocytes during prometaphase does not affect cytokinesis, suggesting that the



presence of chromosomes at the metaphase plate prior to anaphase onset is not

necessary for proper cleavage furrow positioning (Zhang and Nicklas, 1996). In

the absence of chromosomes, grasshopper spermatocytes retain a normal central

spindle with a well-organized midzone, indicating that chromosomal passengers

involved in midbody assembly have an alternative pathway to accumulate at the

midzone, perhaps through microtubules (Wheatley et al., 2001; Murata-Hori and

Wang, 2002). This notion may explain how chromosomal passengers get deposited

at ectopic furrows where a metaphase spindle was never present (Wheatly and

Wang, 1996; Eckley et al. 1997; Savoian et al., 1999). It is possible that passenger

proteins dissociate from chromosomes earlier than previously thought.

Incidentally, asters promptly organize into a spindle if the nuclear envelope is

prematurely ruptured using a microneedle, but cannot if the nucleus or

chromosomes are removed with the needle prior to the breakdown of the nuclear

envelope (Zhang and Nicklas, 1995a).

Some variations in furrow positioning in different cell types are probably

real. Yet, there appears to be a common theme: furrow positioning involves an

interaction of some sort between spindle microtubules and the cell cortex. Either

astral or central spindle microtubules somehow stimulate or relax the cell cortex,

either at the poles or the midzone. For instance, a cleavage furrow can be

positioned around microtubule arrays of the disassembled mitotic apparatus due to

removal of both asters and chromosomes in early metaphase, (Zhang and Nicklas,

1 995a). In echinoderm eggs where asters are essential for furrow positioning,

central spindle microtubules can also initiate cytokinesis if they are experimentally



displaced proximal to the cortex (Rappaport and Rappaport, 1974; Rappaport,

1985). Further, no furrow forms when the mitotic apparatus is chemically

(Chambers, 1938; Beams and Evans, 1940; Swami and Mitchison, 1953;

Hamaguchi, 1975; Mullins and Snyder, 1981) or mechanically (Hiramoto, 1956,

1971; Salmon and Wolniak, 1990) disrupted.

The exact role that microtubules play in furrow positioning is poorly

understood, but our understanding is expanding. Microtubule-dependent

movement of actin filaments has been shown in vitro using Xenopus egg extracts

(Sider et aL, 1999; Waterman-Storer at al., 2000). Activation of small-G proteins

that potentially involved in contractile ring assembly appears to be, at least in part,

mediated by microtubule dynamics (Ren et al., 1999; Waterman-Storer et al.,

1999). A few proteins that can facilitate microtubule-actin filament interactions,

such as Cyk-1, CHO1, KLP3A, and Cml, have also recently been identified

(Swan et al., 1998; Goode et al. 1999; Sisson et al., 2000; Matuliene and

Kuriyama, 2002). Yet, whether these interactions are essential in furrow

positioning are still under debate. In grasshopper spermatocytes, the physical

interactions between radiating microtubules from the central spindle and actin

filaments are indispensable for contractile ring formation: mechanically blocking

the interaction on one side of the spindle inhibits formation of the contractile ring

only on that side (Zhang and Nicklas, 1999). These findings differ greatly from

earlier explorations in echinoderm embryos in which continual mechanical

agitation between the spindle apparatus and the cell cortex has no effect on

cytokinesis (Rappaport, 1978).
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Apparently, more than a century of research has failed to produce a

satisfactory understanding of the underlying events of cell cleavage. One of the

major difficulties has been that diverse cell types appear to use conflicting

mechanisms for cell cleavage, leading to the notion that the mechanism behind cell

cleavage may not be conserved (Rappaport, 1996). However, as diverse as cells

may appear, it is inconceivable to think that an evolutionally basic event, such as

cell cleavage, does not share a common theme among different animal cells.

Perhaps microtubules, present under all experimental conditions in which

cytokinesis is observed, are the common factor for induction of cell cleavage. This

central hypothesis underlies the basis of my doctorate research program. I have

conducted a systematic dissection of different structural constituents of the spindle

apparatus, including chromosomes, centrosomes, and microtubules, that have been

demonstrated with a role in cell cleavage in different cell types (Oegema and

Mitchison, 1997), leading to our conclusion that among three major parts of the

spindle, microtubules are the only one required for proper cell cleavage in

grasshopper spermatocytes (Alsop and Zhang, 2003a). Further investigations have

revealed that microtubules continuously dictate distribution of actin filaments and

positioning of cell cleavage (Alsop and Zhang, 2003b), and distinguished the

function of the spindle midzone from that of microtubules (Alsop and Zhang,

2003c). These findings not only reconcile current contending hypotheses on

cytokinesis, but also present, for the first time, our synthesized view about this

basic biological event that is evolutionarily conserved.
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Chapter 2

Microtubules Are the Only Structural Constituent of the Spindle Apparatus
Required for Induction of Cell Cleavage

G. Bradley Alsop and Dahong Zhang

Published in:
The Journal of Cell Biology
The Rockefeller University Press
1114 First Avenue
New York, NY 10021-8325
Volume 162, Number 3, August 4, 2003, 383-390
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2.1 Abstract

Structural constituents of the spindle apparatus essential for cleavage

induction remain undefined. Findings from various cell types using different

approaches suggest the importance of all structural constituents, including asters,

the central spindle, and chromosomes. In this study, we systematically dissected

the role of each constituent in cleavage induction in grasshopper spennatocytes

and narrowed the essential one down to bundled microtubules. Using

micromanipulation, we produced 'cells' containing only asters, a truncated central

spindle lacking both asters and chromosomes, or microtubules alone. We show

that furrow induction occurs under all circumstances, so long as sufficient

microtubules are present. Microtubules, as the only spindle structural constituent,

undergo dramatic, stage-specific reorganizations, radiating toward cell cortex in

'metaphase', disassembling in 'anaphase', and bundling into arrays in 'telophase'.

Furrow induction usually occurs at multi-sites around microtubule bundles, but

only those induced by sustained bundles ingress. We suggest that microtubules,

regardless of source, are the only structural constituent of the spindle apparatus

essential for cleavage furrow induction.

2.2 Introduction

Proper positioning of the cleavage furrow is essential for the equapartition

of segregated chromosomes and other cellular constituents into daughter cells. It

has long been recognized that the spindle apparatus dictates furrow position
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(Rappaport, 1996). It is unclear, however, which part of the spindle apparatus is

the position determinant. Evidence from multiple cell types implies each of the

structural constituents of the spindle apparatus, namely asters (including astral

microtubules), the central spindle, and chromosomes, as the source of the furrow-

positioning signal.

The evidence of asters in defining furrow position came largely from

classical experiments in echinoderm embryos, cells with massive astral

microtubule arrays as compared to their spindle (Larkin and Danilchik, 1999).

When sand dollar eggs are experimentally distorted into a donut-like shape,

subsequent cleavages occur not only at the spindle equators, but also between the

asters of adjacent spindles (Rappaport, 1961). Furrow induction between the asters

of two independent spindles has also been reported in fused somatic tissue culture

cells (Rieder et al., 1997; Eckley et al., 1997). Further, in sea urchin eggs,

mechanical aspiration of the central spindle does not impede furrow induction

(Hiramoto, 1971), whereas hydrostatic pressure-induced disassembly of astral

microtubule arrays prevents the induction (Salmon and Wolniak, 1990).

In contrast, the central spindle appears more important for furrow

positioning in insect or mammalian cells whose asters are relatively small. In

cultured rat kidney epithelial cells (NRK), placing a perforation between the

spindle midzone and cell cortex prior to anaphase results in the formation of a

furrow at the site of the perforation, but not the cortex where astral microtubules

are localized (Cao and Wang, 1996). Spermatocytes of the Drosophila mutant

asterless fail to form normal asters, but are fully capable of positioning a cleavage
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furrow with respect to the midzone of a normal appearing central spindle

(Bonaccorsi et al., 1998). The central spindle is comprised of antiparallel,

overlapping microtubules at the midzone or the "midbody", which contains an

amorphous deposit of electron dense materials (McIntosh and Landis, 1971) that

prevents binding of anti-tubulin antibodies. The rnidbody has been found to act as

the site for accumulation of "chromosomal passenger proteins" (Earnshaw and

Bernat, 1991) involved in furrow positioning (Martineau, et al., 1995; Wheatley

and Wang, 1996) and sustained cytokinesis (Wheatley and Wang, 1996; Savoian et

al. 1999).

Chromosomal passenger proteins, such as INCENPs, TD-60, CHO- 1,

CENP-E and CENP-F, are suggested to ride on chromosomes to the metaphase

plate (Earnshaw and Mackay, 1994) where they redistribute at anaphase onset to

the equatorial cortex, perhaps defining cleavage furrow position. However,

removal of chromosomes from grasshopper spermatocytes during prometaphase

does not affect cytokinesis (Zhang and Nicklas, 1996). Successful ectopic furrows

in PtK1 cells appear to require the formation of a spindle midzone, which localizes

INCENP and CHO-1, between disjoined asters that never possessed intervening

chromosomes (Savoian et al., 1999). Such evidence suggests that spindle

microtubules, but not chromosomes, are essential for proper distribution of

chromosomal passenger proteins. Surprisingly, C. elegans embryos do not appear

to require the spindle midzone for furrow initiation, though the midzone is

necessary for the completion of cytokinesis (Jantsch-Plunger et aT., 2000).



15

Even as different spindle constituents appear sufficient to initiate a

cleavage furrow in different cell types, it is unclear how microtubules that are

always present in these cells contribute to initiation. Microtubules comprise

spindle constituents such as asters or the central spindle and act as the scaffolding

on which the midzone assembles and localizes factors critical for cytokinesis. It

remains to be tested, however, whether microtubules are sufficient to position the

furrow in the absence of other structural constituents of the spindle apparatus. In

this study, we mechanically altered grasshopper spermatocytes to test one

structural constituent of the spindle apparatus at a time, so as to systematically

narrow down the minimal requirement for induction of cell cleavage.

2.3 Materials and Methods

2.3.1 Cell culture of grasshopper spermatocytes

Primary cultures of spermatocytes from the grasshopper Melanoplus

femurrubrum were prepared by spreading a monolayer of cells on a glass coverslip

under inert halocarbon oil (Zhang and Nicklas, 1999).

2.3.2 Micromanipulation with digital-enhanced polarization microscopy

Micromanipulations, such as chromosome/aster removal and cell cutting

(Zhang and Nicklas, 1999), were performed using a fine glass needle with a tip

diameter maneuvered using a Burleigh MIS-5000 series piezoelectric

micromanipulator. Cells were observed with a high extinction/high resolution

polarization microscope modified according to Inoué and Spring (1997), except
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from an Axiovert 100 microscope equipped with a 1.4 NA achromatic-aplanatic

condenser, an infinity-corrected 1.4 NAI63x Plan-Apochromat objective lens (Carl

Zeiss, mc), and a cooled-CCD digital camera (ORCA-100, Model C4742-95,

Hamamatsu). Images were acquired and processed using Image Pro Plus software

(Media Cybernetics).

2.3.3 Immunofluorescence microscopy

Cells were microfixed (Nicklas et al., 1979) at the moment of interest and

stained for microtubules, actin filaments, and chromosomes. Briefly, target cells

on the coverslip were fixed by micropipetting microfixative [2% glutaraldehyde,

1% chaps, 0.33 I.LM rhodamine-phalloidin (Molecular Probes) in Pipes buffer] in

cells' vicinity. The coverslip was then transferred into macrofixative (0.1%

glutaraldehyde, 0.5% NP-40 in Pipes buffer). Microtubules were stained with anti-

fi tubulin (clone KMX-1, Chemicon) primary antibody, and Alexa-fluor 488

conjugated secondary antibody (Molecular Probes). Actin filaments were stained

with 0.165 M rhodamine-phalloidin (Molecular Probes). Coverslips were

mounted in Vectashield (Vector Laboratories) containing DAPI to stain

chromosomes. Image stacks were acquired using a confocal microscope (Leica

TCS), processed in Photoshop 5.0 (Adobe) and reconstructed using Simple PCI

software (C-imaging Systems).
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2.3.4 Microinjection

We have succeeded in microinjection of grasshopper spermatocytes.

Briefly, micropipettes were pulled with a Flaming/Brown puller (Sutter

Instruments, model P-87), loaded with 2 mg/ml rhodamine labeled dextran in a

Pipes buffer, and maneuvered with a piezoelectric micromanipulator (Burleigh

MIS-5000 series). A home-made high pressure (up to 60 psi) pneumatic system

was used to simultaneously drive needle penetration and delivery of the

fluorescent dye.

2.3.5 Nocodazole treatment

1mg/mi nocodazole in Belars ringers was prepared from 10mg/mi

nocodazole in DMSO stock (Sigma) and was micropipetted to the cell culture to a

final concentration 20 pg/mi.

2.4 Results and discussion

2.4.1 Cell cleavage can be induced independently by asters

To determine whether asters alone are sufficient for furrow induction in

grasshopper spermatocytes, we produced membrane pockets that contain asters as

the only spindle structural constituents and a small amount of mitochondria to

provide energy. Using a microneedle, we detached asters from spindle poles in

metaphase or early anaphase (Fig. 2. 1A, a-b) and secluded them into a membrane

pocket (Fig. 2. 1A, c) cut off from the mother cell (Fig. 2. 1A, d). The pockets were



Figure 2.1. Asters alone are sufficient for induction of cell cleavage. (A) Asters
are detached from spindle poles using a microneedle (a), placed at the cell
periphery (b), and secluded into a membrane pocket cut off from the mother cell
(c-d). (B) Polarization microscope images. Time is given in minutes. The
membrane pocket contains two prominent asters (0 mi *) with mitochondria on
one side (m). The mother cell (left) bears the spindle with truncated poles.
Formation of microtubule-mitochondria bundles in the pocket (31), similar to the
central spindle in its mother cell, corresponds with disappearance of asters. Furrow
initiation of the pocket and mother cell occurs simultaneously (63). The pocket
initiates a furrow where the bundled microtubule array is proximal to the cortex
(63, arrow), ingressing asymmetrically on one side of the cell (93, arrow). (C)
Symmetric furrow ingression can also occur in an aster-containing membrane
pocket (0-62; Video 2.1). (D) Microtubules (MT) at furrow initiation are less
organized than observed in spindle-containing cells, but do exhibit a lightly stained
midzone (MT, arrow) enriched with actin filaments (AF and Overlay, arrow). (E)
Once ingressed, the bundled microtubule array establishes a clear midzone (MT,
arrows) embraced with a tightly organized contractile ring (AF and Overlay). (F)
Disassembly of astral microtubules (0, *) with nocodazole treatment (11 onward)
prevents furrow induction in an aster-containing pocket (11-74) that bears only a
disorganized mitochondrial mass. While random contractions can still occur (74
onward), no furrow initiation is observed. Bars, 10 I.tm.
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monitored using a digital-enhanced polarization microscope. Several pockets were

also fixed to observe distribution of microtubules and actin filaments.

Detachment of asters using a microneedle is an all-or-none operation; successful

manipulations (9 of 15 pockets had furrow initiation and ingression) seclude

clearly visible asters in the pocket (Fig. 2. 1B, 0 mm, *) and truncate the spindle in

the mother cell (Fig. 2.1B, 0 mm, left). During late anaphase (Fig. 2.IB, 31 mm,

left), asters in the pocket gradually disappear as astral microtubuies bundle

together with mitochondria (Fig. 2.1 B, 0, m) to form a central spindle like

structure similar to that in the mother cell (Fig. 2.1B, 3 1-63 mm). Furrow initiation

in the pocket occurs at about the same time as the mother cell and usually begins

on the side proximal to the rnidzone of bundled microtubules (Fig. 2.IB, 63 mm,

arrow; C, 36 mm, arrow, only the pocket is shown; Fig. 2.2). Furrow ingression

can occur either asymmetrically from the earlier initiation side (Fig. 2. IB, 93 mm,

arrow), or rather symmetrically even when bundled microtubules are acentric in

the pocket (Fig. 2.1C, 0-62 mm; Video 2.1). Bundled microtubules in an aster

pocket, though disorganized, posses a visible rnidzone lightly-stained by anti-

tubulin antibody (Fig. 2. 1D, MT, arrow). Accumulation of actin filaments in the

ingressing furrow corresponds precisely to the position of the midzone (Fig. 2. 1D,

AF and Overlay, arrow). Following ingression, bundled microtubules become

more organized, exhibiting a distinct midzone (Fig. 2. 1E, MT, arrows) embraced

with a tightly constricted contractile ring (Fig. 2.1E, AF and Overlay).

Disassembly of astral microtubules (Fig. 2. iF, 0 mm, *) with nocodazole (Fig.
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Figure 2.2. Timing of cleavage furrow initiation with respect to the
distance from microtubule bundle to the cortex in aster-containing
pockets. The distance from the microtubule bundle to the right and left
furrows (upper left cartoon) were determined at the time of each initiation
event (mm) following formation of the bundle. In general, furrow initiation
occurs first, or even solely, on the side of the pocket significantly closer to
the microtubule bundle. Furrow initiations do occur simultaneously on
both sides of the pocket when the microtubule bundle is relatively central.
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2.1F, 11 mm onward) in aster-containing pockets prevents fonnation of bundled

microtubules and furrow initiation (Fig. 2. iF)

2.4.2 Cell cleavage can also be induced in the absence of asters

Despite the ability of asters to induce cell cleavage in grasshopper

spermatocytes, we found asters are not essential for cytokinesis in these cells. We

produced cells lacking asters by cutting and removing entire spindle poles from

late anaphase or early telophase cells (Fig. 2.3 A, a-c). We then rotated the

remaining central spindle fragment 9O0 from the equatorial cortex to avoid any

pre-deposited furrow signals (Fig. 2.3A, d). Despite being truncated (Fig. 2.3B 0

mm onward; C, 0mm onward); lacking astral microtubules (Fig. 2.3B, MT and

Overlay) and pro-nuclei (Fig. 2.3B, DAPI), the central spindle in all 21 cells

produced remains well organized and initiates a cleavage furrow (Fig. 2.3B, 10

mm, arrows; C, 8 mm, arrows). The cytoskeleton in cells fixed shortly after

furrowing shows the expected stage-specific structures: bundled microtubule

arrays with a distinct midzone (Fig. 2.3B, MT, arrows) surrounded by actin

filaments (Fig. 2.3B, AF and Overlay, arrows). Furrow ingression (Fig. 2.3C, 16

mm) in such manipulated cells is normal, showing a well-organized central spindle

and a contractile ring enriched in actin filaments at the midzone (Fig. 2.3C,

Overlay).

The ability of a truncated central spindle to induce cell cleavage (Fig. 2.3)

may appear contradictory to findings that asters alone are sufficient for furrow
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Figure 2.3. Truncated central spindles alone are sufficient for cell
cleavage. (A) Spindle poles, including asters and pro-nuclei, are removed
from late anaphase or early telophase cells (a-c). The remaining central
spindle fragment is then rotated 90° from the original equator to avoid
any pre-deposited furrow signals (d). (B) A truncated central spindle (0
mm onward), lacking astral microtubules (MT) and chromosomes (DAPI),
initiates a furrow (10 mm, arrows) around the spindle midzone (MT,
arrows) enriched with actin filaments (AF and Overlay, arrows). (C)
Furrow ingression (0-16) is normal, bearing a distinct contractile ring at
the midzone of the truncated spindle (Overlay). Bars, 10 m.
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induction in the same cell type (Fig. 2.1). Under both circumstances, however,

microtubules are present and are able to organize into bundled arrays. It may be

that the presence of microtubules, as opposed to other structural constituents of the

spindle, is sufficient to induce cell cleavage.

2.4.3 Cell cleavage can be induced by microtubules as the only spindle structural

constituent

To produce cells containing microtubules as the only spindle structural

constituent, we removed both asters and all chromosomes (Fig. 2.4A, a-c; B, 0-8

mm) from cells in metaphase (12 of 20 cells had furrow initiation and ingression).

These manipulations not only remove other confounding spindle constituents, but

also induce disassembly of the spindle and assembly of radiating microtubules

bundled together with mitochondria (Fig. 2.4A, d; B, 37 mm). Obviously,

disassembly destroys bipolarity of the metaphase spindle and normal distribution

of furrow signaling molecules, potentially from asters (Rappaport, 1996) or

chromosomes (Earnshaw and Mackay, 1994). Radiating microtubules exhibit

dynamics similar to that observed in metaphase (Cassimeris et al., 1988),

repeatedly changing their length and distribution to transiently organize mono or

bipolar pseudospindles (Fig. 2.4B, 70-2 17 mm; Video 2.2) and ultimately give rise

to relatively disorganized arrays of bundled microtubules (Fig. 2.4B, 290-296

mm). Induction of cell cleavage occurs at midzones of bundled microtubule arrays

(Fig. 2.4B 290-296 mm, arrows) organized by randomly formed pseudopoles (Fig.

2.4B, 290-296 mm, *). Cells fixed at initiation (Fig. 2.4B, 296 mm) show no
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Figure 2.4. Microtubules alone are sufficient for cell cleavage. (A) Asters and
chromosomes are removed in metaphase (a-c), which induces disassembly of the
spindle (d). (B) Following manipulation, the spindle collapses (0-37 mm, Video
2.2), inducing transient and repeated formations of bipolar (70, 194) or monopolar
(217) pseudospindles and eventually gives rise to relatively disorganized arrays of
bundled microtubules bearing pseudopoles (290-296, *). Furrow initiation (290-
296, arrows) and accumulation of actin filaments (AF and Overlay) correspond to
the midzone (MT, arrows) of bundled microtubule arrays. Due to microtubule
reorganizations, furrow initiation is delayed by nearly two hours in comparison to
an initially synchronized cell (183, arrow). (C) Often, newly assembled
microtubule bundles radiate randomly (0-108) and induce furrow initiation at
multiple sites (118-128, arrows and arrowheads; Video 2.3). However, only
furrows initiated by persistent bundles sustain (118-137, arrows), others eventually
regress (arrowheads). Furrow ingression forces the bundled microtubule arrays
together (128-153), bearing a single midzone (MT, arrow) with an ingressed
contractile ring (AF and Overlay). Furrow initiation is delayed about an hour,
judging by division in a neighboring cell (43, arrow). Bar, 10 m.
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Figure 2.4
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chromosomes (Fig. 2.4B DAPI) and exhibit central spindle like bundled

microtubule arrays with lightly stained midzones (Fig. 2.4B, MT, arrows), where

actin filaments are localized (Fig. 2.4B, AF and Overlay). Often, furrow induction

occurs at multiple locations (Fig. 2.4C, 118-128 mm, arrows and arrowheads;

Video 2.3) due to random distribution of bundled microtubule arrays (Fig. 2.4C,

43 mm onward). Many of these furrows, however, are transient and regress as

microtubules reorganize (Fig. 2.4C, 118-128 mi arrowheads).

Successful furrows are usually induced independently at the midzones of persistent

microtubule bundles (Fig. 2.4C, 118-137 mm, arrows); supporting earlier

discoveries that furrow ingression does not require a complete contractile ring

(Rieder et al., 1997). During ingression, these independent furrows can change

directions of inward movement and force bundled microtubule arrays together

(Fig. 2.4C, 128-153 mm, arrows). Cells fixed at completion of ingression (Fig.

2.4C, 153 mm) exhibit one central microtubule bundle with a distinct midzone

(Fig. 2.4C, MT, arrow) colocalized precisely with a contractile ring (Fig. 2.4C, AF

and Overlay).

Organization of actin filaments and furrow initiation in cells lacking both

asters and chromosomes require the presence of bundled microtubule arrays:

partial (Fig. 2.5A, 101 mm onward; MT) or complete (Fig. 2.5B, 44 mm onward;

MT) disassembly of microtubules with nocodazole in such cells (n=5) disrupts

microtubule-associated distribution of actin filaments and prevents furrow

initiation (Fig. 2.5A and B, AF and Overlay). Random cell contractions, however,

can still occur (Fig. 2.5B, 101 mm onward), as is observed in mammalian cells that



Figure 2.5. Bundled microtubule arrays are required for furrow
induction. Cells were manipulated as in Fig. 3 to remove both asters and
chromosomes, inducing assembly of bundled microtubules. (A) Partial
disassembly of microtubules with nocodazole at furrow initiation (88 mm)
leads to regression of the furrow (101 onward). The cell fixed (116) retains
remnants of bundled microtubule arrays (MT) and actin filaments from the
disassembled contractile ring (AF and Overlay, arrow). (B) Complete
disassembly of microtubules (MT) with nocodazole before furrow
initiation (17) results in formation of a disorganized mitochondrial mass
(44 onward). While random contractions can still occur (101-187), no
furrow initiation is observed. Actin filaments (AF and Overlay) are
associated primarily with the mitochondrial mass. Bar, 10 lIm.
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lack microtubules (Canman et al., 2000). We do not know how radiating

microtubules organize midzones, as one would expect these microtubules to

extend continuously from the cell center with their plus ends leading toward the

periphery of the cell. A self-assembly process (Bonaccorsi et al., 1998; Bucciarelli

et al., 2003) requiring midzone associated motor proteins (Mishima et al., 2002) is

probably involved in defining the midzone. Perhaps microtubules with opposite

polarity are assembled at the distal ends of radiating microtubules. Elongation of

newly assembled microtubules would shift antiparallel, overlapping microtubules

along radiating microtubules to the midzone.

Cytokinesis in cells lacking both asters and chromosomes is variably

delayed in comparison with naturally synchronized neighboring cells from the

same cyst (Fig. 2.4B, 183 mi arrow). In some cells, the delay occurs in

'metaphase' due to repeated assembly-disassembly of pseudospindles (Fig. 2.4B,

3 7-290 mm). In other cells, the delay happens in 'anaphase' (Fig. 2.4C, 43 mm,

arrow), judging by some anaphase-specific changes, such as fading of the

collapsed spindle and outward movement of mitochondria (Zhang and Nicklas,

1996). In these cells, a lack of specific orientation of bundled microtubule arrays

(Fig. 2.4C, 108 mm) perhaps delays cytokinesis, due to a random distribution of

furrow signals and an increase of distance from the midzones of bundled

microtubules to the cell cortex.
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2.4.4 Cleavage furrow abscission in micromanipulated cells

Certain spindle constituents, such as centrosomes (Piel et al., 2001), may

play a critical role during furrow abscission; resolution of the midbody and

separation of daughter cells (Ou and Rattner, 2002), which can be tested in

micromanipulated cells containing defined spindle constituents.

In cells containing asters (Fig. 2.6A, 0 mm, *) alone, furrow ingression

(Fig. 2.6A, 68 mm, arrows) tightly constricts the bundled microtubule array (Fig.

2.6A, 88 mm). Surprisingly, despite the presence of centrosomes, such furrows

(n=5) eventually regress (Fig. 2.6A, 16 hr). In contrast, furrow ingression (Fig.

2.6B; 12-72 mm, arrows; Video 2.4) in cells (n=l 1) lacking asters and pronuclei

sustains and leads to midbody abscission, yielding two daughter cells (Fig. 2.6B,

17.1 hr). Owing to observations that grasshopper spermatocytes remain connected

following cytokinesis (Carison and Handel, 1988) and cell cleavage regresses in C.

elegans Zen-4 mutants even after daughter cells enter Gi phase (Severson et al.,

2000), we compared visually-abscised experimental cells (n5) with non-

manipulated controls (n=5). In both cases, injection of rhodamine dextran

(Bukauskas et al., 1992) into one daughter cell results in accumulation of

fluorescence in the other (Fig. 2.6B'), showing micromanipulation does not alter

the final stage of cell cleavage. When microtubules are the only remaining spindle

constituent (n=6; Fig. 2.6C), furrow ingression (Fig. 2.6C, 155-243 mm, arrows) is

usually followed by regression (Fig. 2.6C, 3 15-390 mm, arrow; Video 2.5) except

in one cell where successful abscission is observed (Fig. 2.7; Video 2.5).
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Figure 2.6. Furrow abscission and regression in micromanipulated
cells. Unless indicated, time is given in mm. (A) An aster-containing
pocket, produced as in Fig. 2.1, undergoes successful furrow initiation
(0-68 mm, arrows) and ingression (88), but fails in abscission due to
furrow regression (16 hr). (B) A cell lacking both asters and pronuclei,
manipulated as in Fig. 2, is fully capable of furrow induction (12-45,
arrows), ingression (72), and normal abscission (17.1 hr; Video 2.4).
(B') Rhodamine dextran microinjected into one daughter cell gradually
flows into the other in both visually-abscised experimental cells (aster
removal, 17.3 hr-i 7.8 hr after cleavage initiation) and non-manipulated
controls (control, 17.2 hr-i 7.7 hr after cleavage initiation). (C) Despite
normal furrow induction and ingression (155-243, arrows), cells
containing only microtubules, manipulated as in Fig. 3, usually fail to
separate (3 15-390, arrow; Video 2.5). An exception is shown in
Supplemental Fig. 2. Bars, 10 m.
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Figure 2.7. Furrow abscission with microtubules as the only spindle
structural constituent. Following removal of asters and chromosomes,
the spindle collapses (0-21 mm) and reassembles into bundled radiating
microtubule arrays (21-182). Cleavage furrow induction is typical of cells
containing only microtubules, occurring randomly at bundled radiating
microtubules. In this instance, the fully ingressed cleavage furrow is
maintained and abscised to separate two daughter cells (195-1129). Bar,
10 tm.
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These experiments suggest that successful abscission in grasshopper

spermatocytes does not require the presence of centrosomes. Failed abscission in

cells containing only asters is probably due to a significant reduction in central

spindle associated proteins, such as Cyk4 and Zen4 (Jantsch-Plunger et al., 2000).

Regression in cells lacking both asters and chromosomes is perhaps due to random

distribution of bundled microtubule arrays that defuses midbody proteins required

for furrow abscission. Perturbations to central spindle organization may also

prevent abscission, since cells lacking asters but containing an unperturbed central

spindle always abscise.

In conclusion, our results demonstrate that microtubules, whether from

asters, the central spindle, or even a collapsed spindle lacking both asters and

chromosomes, are sufficient to induce cell cleavage and maintain furrow

ingression. We do not imply that microtubules act as an independent source of the

furrowing signal, as a plethora of motor proteins and regulatory factors are critical

for proper cytokinesis (Reviewed by Eamshaw and Mackay, 1994; Larochelle et

al., 2000; Robinson and Spudich, 2000; Glotzer, 2001; Guertin et al., 2002).

However, without asters and chromosomes, microtubules appear sufficient to

mediate distribution of associated cytokinetic factors, as judged by their ability to

form midzone-bearing microtubule bundles and initiate cell cleavage. We

therefore propose that microtubules, regardless of source, are the only structural

constituent of the spindle apparatus required for induction of cell cleavage.
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3.! Abstract

We systematically examined the impact of microtubules on distribution of

actin filaments and positioning of cell cleavage using micromanipulation to

progressively alter the symmetric distribution of spindle microtubules in

grasshopper spermatocytes. The initial microtubule asymmetry was induced by

placing a single chromosome at one spindle pole using a microneedle, which

facilitates regional assembly of spindle microtubules (Zhang and Nicklas, 1 995b).

We augmented chromosome induced microtubule asymmetry by further removing

the aster from the achromosomal pole, producing unichromosome-bearing

monopolar spindles. We created the highest spindle asymmetry by cutting early

anaphase cells in two, each containing a full set of segregating chromosomes in a

half-spindle. We demonstrate that the location of the spindle midzone, distribution

of actin filaments, and position of cell cleavage depend on the amount of

microtubule asymmetry generated, shifting up to 48.6±3.8% away from the spindle

equator in cut cells. The positional shift is dynamic, changing incessantly as

spindle microtubules reorganize during cytokinesis. These results suggest that

microtubules continuously dictate distribution of actin filaments and positioning of

cell cleavage in grasshopper spermatocytes.



3.2 Introduction

Cytokinesis in animal cells is brought about by the contractile ring, a belt

of actin and myosin fibers attached to the cell cortex around the spindle equator

(reviewed in Satterwhite and Pollard, 1992). The contractile ring assembles during

late anaphase and constricts the cell by deforming the membrane around the

spindle midzone (in-depth discussion: Rappaport, 1996). The molecular basis

underlying the organization and contraction of the contractile ring is well

documented (Mabuchi, 1986; Satterwhite and Pollard, 1992; Robinson and

Spudich, 2000; Glotzer, 2001; Pelham and Chang, 2002; Silverman-Gavrila and

Forer, 2003), yet how the ring is symmetrically positioned with respect to the

spindle apparatus remains less well defined. Among different spindle constituents,

microtubules, whether from asters or the central spindle, have been shown

essential for cell cleavage (Tilney and Marsland, 1969; Hiramoto, 1971;

Hamaguchi, 1975; Mullins and Snyder, 1981; Salmon and Wolniak, 1990; Larkin

and Danilchik, 1999; Canman et al. 2000; Shuster and Burgess, 2002; Straight et

al., 2003; Dechant and Glotzer, 2003). In grasshopper spermatocytes, microtubules

can even be the only spindle structure for cell cleavage to take place (Alsop and

Zhang, 2003a).

In cells that have relatively small asters as opposed to oocytes,

microtubules from the central spindle play a more important role than asters in

initiation of contractile ring formation (for recent reviews, Rappaport, 1996;

Oegema and Mitchison, 1997; Field et al., 1999; Glotzer, 2001; Guertin et al.,
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2002; Scholey et al., 2003). The central spindle consists of both preexisting and

newly assembled interzonal microtubules radiating from the region of reforming

daughter nuclei (Julian et al,, 1993; Shu et al., 1995). These microtubules extend

toward the spindle equator where they overlap and interdigitate (Hepler and

Jackson, 1968; McIntosh and Landis, 1971) at the antiparallel plus-ends

(Euteneuer and McIntosh, 1980), forming a midzone that coincides with furrow

position. In cultured rat kidney epithelial cells (NRK), a perforation placed

between the spindle midzone and cell cortex prior to anaphase results in formation

of a furrow at the site of perforation, but not the cortex where astral microtubules

are localized (Cao and Wang, 1996). In addition, cortical ingression appears to

correlate directly with the position of midzone microtubules, not astral arrays

(Wheatley and Wang, 1996). Mutant Drosophila spermatocytes whose centrioles

fail to form normal asters are fully capable of positioning a cleavage furrow at the

midzone of a normal appearing central spindle (Bonaccorsi et al., 1998) and

spindle midzone microtubules are continuously required for completion of cell

cleavage (Wheatley and Wang, 1996; Powers et al., 1998; Raich et al., 1998;

Jantsch-Plunger et al., 2000; Matuliene and Kuriyama, 2002).

One potential role of spindle microtubules is to dictate distribution of

cytokinetic factors involved in furrow positioning by recruiting them to the

midzone (Rappaport, 1996). Numerous proteins accumulate as an amorphous

deposit of electron dense materials (McIntosh and Landis, 1971) at the midzone or

'midbody' (Mullins and Biesele, 1973; Saxton and McIntosh, 1987 Rattner et al.,

1992), which excludes anti-tubulin antibody from labeling the microtubules. A



number of them, such as inner centromere proteins (INCENP) and several kinesin

like motors, behave like 'chromosomal passengers' riding on congressing

chromosomes to the spindle equator where they diffuse to the cell cortex prior to

cytokinesis (Cooke et al., 1987; Andreassen et al., 1991; Yen et al., 1991;

Williams et al., 1995; Adams et aL, 1998; Martineau-Thuillier et al., 1998; Sellitto

and Kuriyama, 1988; Schumacher et al., 1998; Skoufias et al., 2000). Several of

these proteins have been shown essential for contractile ring assembly (Williams et

al., 1995; Eckley et al., 1997; Adams et al., 1998; Giet and Glover, 2001) and

cleavage furrow ingression (Savoian et al., 1999; Jantsch-Plunger et al., 2000;

Severson et al., 2000; Matuliene and Kuriyama, 2002). For instance, TD-60, AIM-

1, and inner centromere protein (INCENP) colocalize at the midzone and may play

an important role in furrow positioning (Martineau-Thuillier et al., 1998).

Disruption of midzone bound regulatory molecules, such as Aurora B, Cyk-4,

Survivin, and Cdc37, perturbs both midzone formation and cytokinesis (Jantsch-

Plunger et al., 2000; Fraser et al., 1999; Giet and Glover, 2001; Lange et al., 2002).

Chromosomes might facilitate protein accumulation at the midzone by mobilizing

chromosomal passengers to the spindle equator. For instance, cytokinesis usually

fails to occur in cells whose 1NCENP accumulation at the midzone and the

equatorial cortex is prevented by expressing chimeric INCENP tethered to the

centromere (Eckley et al., 1997), or through treatment with inhibitors that block

microtubule assembly (Wheatley et aT., 2001). Interestingly, in mammalian cells, a

subpopulation of stable microtubules mediated by chromosomes in monopolar

spindles is sufficient to distribute 1NCENP and dictate cell cleavage (Canman et



al., 2003). The presence of chromosomes, however, is not essential for proper

furrow positioning (Zhang and Nicklas, 1996; Rieder et al., 1997; Bucciarelli et

al., 2003; Alsop and Zhang, 2003a) or accumulation of chromosomal passengers to

the spindle midzone (Wheatley and Wang, 1996; Eckley et al. 1997; Savoian et aL,

1999).

Alternatively, spindle microtubules might mediate transport of contractile

elements, such as actin filaments, toward microtubule plus-ends and thus

accumulate at the overlapping zone. Observations inXenopus egg extract have

demonstrated that microtubules may interact with actin filaments (Sider et al.

1999). In the extract, actin filaments can be excluded toward plus-ends of astral

microtubules, presumably driven by motor proteins or dynamic release of

elongating microtubules (Waterman-Storer et al., 2000). During cellularization in

the Drosophila syncytial blastoderm, actin filaments appear to be transported

along microtubules toward their plus-ends (Foe et al., 2000). Recently, two kinesin

like motor proteins localized at the spindle midzone, CHO1 and KLP3A, have

been shown to have affinity for actin filaments (Sisson et al., 2000; Kuriyama et al.

2002). These findings suggest that certain motor proteins might link microtubules

to contractile machinery.

In this study, we systematically examine the impact of microtubule

asymmetry on distribution of actin filaments and induction of cell cleavage by

altering the bipolar symmetry of spindle microtubules in grasshopper

spermatocytes. We produced cells containing various degrees of asymmetric

distribution of spindle microtubules and analyzed the resulting effect on induction



of cell cleavage. These alterations progressively shift the region of antiparallel,

overlapping microtubules, which consequently affects the location of the spindle

midzone, distribution of actin filaments, and ultimately position of the cleavage

furrow in cells containing a bipolar spindle, monopolar spindle, or half-spindle.

The dramatic repositioning of the midzone in cut cells containing a half-spindle

permits direct observation of actin filament redistribution following reorganization

of central spindle microtubules.

3.3 Materials and Methods

3.3.1 Micromanipulation of living grasshopper spermatocytes

Preparation and micromanipulation of spermatocytes of the grasshopper

Melanopusfemurrubrurn were performed as described (Zhang and Nicklas, 1999;

Alsop and Zhang, 2003a). In brief, primary spermatocyte cultures were prepared

by spreading a monolayer of cells on a coverslip under halocarbon oil.

Micromanipulations, such as chromosome/aster removal and cell cutting, were

carried out using a glass needle (tip diameter --O.1im) maneuvered with a Burleigh

MIS-5000 series piezoelectric micromanipulator. Digital-enhanced polarization

microscopy of cells was performed on an Axiovert 100 microscope (Carl Zeiss,

mc) equipped with an Ellis optical fiber light scrambler (Technical Video, Woods

Hole, MA) to provide uniform, high-intensity illumination, and a Glan-Thompson

polarizer to increase transmission and extinction of polarized light (Inoue and

Spring, 1997). A 1.4 NA achromatic-aplanatic condenser, infinity-corrected 1.4
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NAI63x Plan-Apochromat objective lens (Carl Zeiss, mc), and cooled-CCD digital

camera (ORCA-100, Model C4742-95, Hamamatsu) were used in image

acquisition with Image Pro Plus software (Media Cybernetics).

3.3.2 Immunofluorescence microscopy

Fixation and staining of cells were performed as described previously

(Nicklas et al., 1979; Alsop and Zhang, 2003a). In Brief, a small amount of

microfixative (2% Glutaraldehyde, 1% Chaps, 0.33 M Rhodamine labeled

phalloidin [Molecular Probes] in potassium Pipes buffer) was micropipetted in the

region of target cells. Following microfixation (5 minutes), the coverslip was

transferred into macrofixative (0.1% Glutaraldehyde, 0.5% NP-40 in potassium

Pipes buffer) for 10 minutes. Microtubules were stained with a 1:500 dilution of

anti-f3 tubulin (clone KMX- 1, Chemicon) primary antibody, and a 1:100 dilution

of Alexa-fluor 488 conjugated goat anti-mouse secondary antibody (Molecular

Probes). Actin filaments were stained with 0.165 .tM Rhodamine labeled

phalloidin (Molecular Probes). Vectashield mounting media (Vector Laboratories)

containing DAPI was used to stain chromosomes and mount coverslips. A laser

scanning confocal microscope (Leica TCS) was used to acquire image stacks,

which were processed in Photoshop 5.0 (Adobe) and reconstructed in SimplePCI

(C-imaging Systems).
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3.4 Results

3.4.1 Cytokinesis in grasshopper spermatocytes

Cytokinesis in grasshopper spermatocytes is typical of cultured animal

cells except for a unique distribution of mitochondria, which initially coincides

with the equatorial accumulation of actin filaments during cleavage furrow

formation. Mediated by redistribution of spindle microtubules (Fig. 3.1 A,

polarization microscope sequence; Video 3.1), mitochondria that originally flank

the spindle in metaphase (Fig. 3.1 A, 0 mm, m) aggregate around the spindle

equator during early to mid anaphase (Fig. 3.1A, 10-14 mm). As chromosomes

segregate to spindle poles, mitochondria bundle together with spindle microtubules

that overlap at the interzone (Fig. 3.1 A, 32 mm, arrowheads). Staining of cells

fixed at the corresponding stages (Fig. 3.1A, 14-32 mIn) shows that actin filaments

(Fig. 3. lB, e and f, red) accumulate at the same region as mitochondria prior to

furrow initiation, around the equator of overlapping spindle microtubules (Fig.

3.1B, a and b, arrows). During central spindle formation (Fig. 3.1A, 48-54 mm),

this correlated distribution departs: mitochondria extend poleward along peripheral

microtubules of the central spindle (Fig. 3.1A, 32-54 mm), whereas actin filaments

(Fig. 3.1 B, g, red) bundle around the lightly-stained spindle midzone (Fig. 3.1 B, c,

green; arrows depict anti-tubulin antibody exclusion gap) where the cleavage

furrow initiates (Fig. 3. 1A, 54 mm; B, c and g, arrows). During cleavage furrow

ingression (Fig. 3.1A, 54-93 mm), bundled microtubules and mitochondria are
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Figure 3.1. Cytokinesis in grasshopper spermatocytes. (A) A polarization
microscope sequence (Video 3.1) showing behavior of mitochondria during cell
cleavage in Melanoplusfemurrubrum spermatocytes. Time is given in minutes. Tn
metaphase, mitochondria (0 minutes, m) are scattered around the spindle apparatus
(microtubules appear as black fibers). During early to mid anaphase (10-14
minutes), mitochondria accumulate around the spindle midzone (32 minutes,
arrowheads), and later bundle with and move poleward along peripheral
microtubules of the central spindle (32-54 minutes). The cleavage furrow initiates
(54 minutes, arrows) and ingresses (72-93 minutes) at the midzone, which is
symmetric to the bipolar spindle. (B) Localization of microtubules (green), actin
filaments (red), and chromosomes (blue) in cells fixed at various stages during cell
cleavage. Actin filaments, distributed randomly through the cell in early anaphase
(e, red), relocate to the microtubule overlapping zone where mitochondria
accumulate (b and f, arrows) in late anaphase, corresponding to the stage in 32
minutes. During furrow initiation, actin filaments (g, red) further accumulate at the
light stained midzone (c, arrows) of the newly assembled central spindle (c and g,
green). During furrow ingression, actin filaments (h, red) become extremely
condensed on both sides of the narrowed midzone (d, arrows). Bars, 10 m.
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pushed inward by the contractile ring at the furrow, symmetrically dividing the

central spindle and cell (Fig. 3.1B, d and h).

3.4.2 Micromanipulation designs to produce asymmetric distributions of spindle

microtubules

We generated a low level of microtubule asymmetry (Fig. 3.2A) by taking

advantage of chromosomal impact on assembly of spindle microtubules (Zhang

and Nicklas, 1 995b). By removing all 11 bivalents but the X chromosome (Fig.

3.2A, a-b) during meiosis Tin Melanoplusfemurrubrum, microtubule assembly

was greatly enhanced at the spindle pole containing the X (Fig. 3 .2A, c). A greater

microtubule asymmetry was induced by further removal of the aster from the

achromosomal spindle pole (Fig. 3.2B, a-b), producing a cell with a monopolar

spindle bearing only the X (Fig. 3.2B, c). The highest microtubule asymmetry was

created by surgically cutting a cell in two during early anaphase between

segregating chromosomes (Fig. 3.2C, a-b). Since spindle microtubules from

opposite poles overlap extensively during anaphase at the interzone (McIntosh et

al., 1979; Inuoé, 1981; McIntosh, 1985) where they interact through kinesin in

insect cells (Sharp et aL, 1999), cutting using a fine microneedle through the

equator inevitably produces two half-spindles with cut plus-ends overlapping with

short severed microtubules from the opposite half-spindle (Fig. 3.2C, c). Cut cells

provide a unique opportunity to test if and how reorganization of the spindle

affects reformation of the rnidzone, distribution of actin filaments, and induction of

cell cleavage.
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Figure 3.2. Schematic illustration of generating microtubuic
asymmetry in grasshopper spermatocytes. (A) Bipolar spindles with
an asymmetric microtubule distribution are produced by removing all
chromosomes, except the X, in prometaphase of meiosis I cells (a-b).
The X chromosome subsequently causes spindle asymmetry by
promoting microtubule assembly at its proximal pole (c). (B) Greater
microtubule asymmetry is attained by further removal of the aster from
the achromosomal spindle pole (a-b) following extraction of all but the
X chromosome, yielding a cell with a monopolar spindle bearing only
the X chromosome (c). (C) The highest amount of spindle asymmetry is
produced by cutting cells between segregating chromosomes in
anaphase (a-b), producing two cells, each containing a half-spindle with
all segregated chromosomes (c).
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3.4.3 Furrow positioning in cells with asymmetric microtubule distribution
mediated by the X chromosome

A single chromosome, whether a bivalent or the X, positioned at one pole

in a bipolar spindle can cause a four-fold spindle asymmetry in microtubule

density in grasshopper spermatocytes (Zhang and Nicklas, 1995b). We choose the

X chromosome to induce microtubule asymmetry because it is a univalent and

naturally attached only to one pole. Thus, removal of all bivalents but the X will

not trigger spindle checkpoint control that halts cell division (Nicklas, 1997).

Following micromanipulation (Fig. 3.2A, a-c), microtubule density in a

polarization microscope sequence (Fig. 3.3A, 0-57 mm; Video 3.2; n12)

increases dramatically at the pole associated with the X chromosome.

Immunostaining of cells fixed at corresponding stages (Fig. 3.3B, a and b, green)

shows that the resulting asymmetric spindle assembles more and longer

microtubules at the chromosome associated pole but fewer and shorter

microtubules at the achromosomal pole. Elapse of 'anaphase' in these cells can be

identified by split of X chromosome arms (Fig. 3.3A, 82 mm, circle; B, a and b,

blue) and disassembly of spindle microtubules as a reduction in birefringence (Fig.

3.3A, 82-104 mm) and fluorescence (Fig. 3.3B, a and b, green) at the X

chromosome containing pole. The microtubule asymmetry has a profound effect

on distribution of mitochondria (Fig. 3.3A, 0-87 mm, m and arrowheads) and actin

filaments (Fig. 3 .3B, e and f, red) in anaphase, since they both accumulate at the

shifted region of overlapping microtubules. As the central spindle forms (Fig.

3.3A, 104 mm; B, b and c, green), mitochondria bundle along microtubules and an

off-equator 'midzone' (Fig. 3.3B, b and c, arrows) appears at the shifted region of



Figure 3.3. Microtubule distribution and furrow induction in cells containing
a bipolar spindle and the X chromosome. Following removal of all bivalents,
microtubule density increases at the pole bearing the X chromosome, which is
shown in both polarization microscope images (A, 0-57 minutes; Video 3.2) and a
cell fixed and stained at the corresponding stage for microtubules (B, a, green),
actin filaments (e, red), and the chromosome (a, blue). The asymmetric
microtubule distribution shifts mitochondria away from the chromosome bearing
pole (0-5 7 minutes, m). Anaphase onset is recognized as spilt of X chromosome
(82 minutes, circle) arms (b, blue) and disassembly of spindle microtubules, which
appears as a reduction in spindle birefringence (82-104 minutes) and fluorescence
(a-b, green). During anaphase, mitochondria (87 minutes, arrowheads) and actin
filaments (f, red) accumulate at the midzone (82-87 minutes; b, arrows), which is
shifted away from the pole with greater microtubule density. Following anaphase,
mitochondria extend along microtubules (87-122 minutes) as actin filaments
bundle into the contractile ring (f-g, red; Video 3.3) around the shifted midzone (c,
arrows), asymmetrically inducing cell cleavage 16±2% from the genuine central
position of the spindle (104 minutes, arrows; n=7). Despite spindle reorganization
(c-d, arrows) that symmetrically shifts the midzone and furrow (104 minutes
onward; g-h, red) along the central spindle, the initial asymmetry to the cell
remains (152 minutes; d and h). Bars, 10 .im.
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Figure 3.3
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overlapping microtubules. Cleavage furrow initiation is dislocated 16±2% from

the genuine central position of the spindle (Fig. 3. 3A, 104 minutes, arrows; n7) to

the location of the shifted midzone (Fig. 3.3B, c, arrows) that is embraced with a

well organized contractile ring (Fig. 3.3b, g, red; Video 3.3). During ingression,

the furrow (Fig. 3.3A, 104 mm onward) and contractile ring (Fig. 3.3B, g-h, red)

reposition with the midzone back toward the chromosome bearing pole (Fig. 3.3B,

d, arrows) as spindle symmetry reestablishes following disassembly of X

chromosome associated microtubules (Fig. 3.3b, d and h, green). Due to the initial

asymmetric furrow initiation, however, the repositioned furrow does not divide the

cell equally (Fig. 3.3A, 152 mm; B, d and h).

3.4.4 Furrow positioning in cells with a monopolar spindle associated with the X

chromosome

To induce a greater amount of microtubule asymmetry, we further removed

the aster from the achromosomal spindle pole (Fig. 3.2B, a-c) in metaphase cells

containing only the X chromosome. This micromanipulation completely destroys

spindle bipolarity and generates cells (n=5) containing a monopolar spindle with

much enhanced microtubule density at the X chromosome associated pole (Fig.

3.4A, 0 mm; Video 3.4). Initially, microtubules radiate exclusively from the

remaining pole toward the cell periphery (Fig. 3.4B, a) and mitochondria are

scattered around the monopolar spindle (Fig. 3.4A, 0 mm). Shortly before

anaphase, mitochondria become excluded to the frontier, or plus-ends, of radiating

microtubule arrays (Fig. 3.4A, 32 mm, arrowheads). During anaphase, recognized
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Figure 3.4. Microtubule distribution and furrow induction in cells containing
a monopolar spindle and the X chromosome. Following removal of all bivalents
and one aster, the spindle becomes monopolar as microtubules are stabilized
around the X chromosome and the remaining pole (A, 0 minutes; Video 3.4; B, a,
green). Mitochondria, scattered at the spindle periphery initially, accumulate at the
plus-ends of radiating spindle microtubules (0-32 minutes, arrowheads; a, green).
Following anaphase, as recognized by the separation of the X chromosome (50
minutes, arrow), mitochondria move back toward the original pole along central
spindle microtubules (50-87 minutes). Accumulation of actin filaments (f, red) and
furrow initiation are shifted 42±2.1% (87 minutes, arrows; n=5) from the central
position to the 'midzone' (b, arrows), asymmetrically defined by microtubules
from the original and newly established half-spindles. The furrow ingresses (87
minutes onward) as actin filaments accumulate and constrict (g-h, red) the
midzone (c-d, arrows). Due to microtubule elongation at the new half-spindle (c-d,
green), the furrow eventually becomes more symmetric with respect to the central
spindle (142 minutes) but retains its asymmetry with respect to the cell (97
minutes onward). Bars, 10 m.
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by separation of the X chromosome (Fig. 3.4A, 50 mm, arrow) and reduction of

spindle birefringence, microtubules gradually disassemble as the chromosome

moves poleward (Fig. 3.4A, 50-77 mm). Not recognizable in polarization images

but obvious in fixed cells is formation of a truncated new half-spindle (Fig. 3 .4B,

b, green) beyond the excluded mitochondria. Microtubules in the new half-spindle

and existing monopolar spindle overlap and establish a significantly shifted

'midzone' (Fig. 3.4B, b, arrows). Actin filaments, distributed throughout the cell

before anaphase (Fig. 3.4B, e, red), accumulate at the newly formed midzone (Fig.

3.4B, f, red) in accordance with distribution of mitochondria during anaphase (Fig.

3.4A, 32-77 mm). As a new bipolar central spindle forms, mitochondria gradually

move back along microtubules toward the original pole (Fig. 3.4A, 77-87 mm).

Cleavage furrow initiation (Fig. 3.4A, 87 mm, arrows) corresponds with the actin

enriched midzone position (Fig. 3.4B, f, red), displaced 42±2.1% (n-5) from the

equator of the central spindle. Meanwhile, microtubules at the new half-spindle

elongate, shifting the midzone toward the spindle equator (Fig. 3.4B, c, arrows).

Furrow ingression (Fig. 3.4A, 87-142 mm) follows the spindle midzone

surrounded by the contractile ring (Fig. 3.4B, g-h, red), which becomes slightly

more symmetric in the central spindle (Fig. 3.4A, 142 mm) due to microtubule

elongation at the new half-spindle (Fig. 3 .4B, b-d, arrows). However, the initial

asymmetry to the cell remains during cleavage (Fig. 3.4A, 142 mm; B, d and h).
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3.4.5 Furrow positioning in cut cells containing a half-spindle with all separating

chromosomes

The highest microtubule asymmetry was generated by severing early

anaphase cells (n=1 9) at the overlapping region of interzonal microtubules

between segregating chromosomes (Fig. 3.2C). The microsurgery produces two

small cells, each containing an extremely asymmetric half-spindle whose newly-

exposed plus-ends of microtubules overlap with short severed microtubules from

the opposite half-spindle (Fig. 3.2C, c). During microsurgery, chromosomes

continue to move poleward at a relatively unperturbed rate (Fig. 3.5A, 0-40 mm;

Video 3.5; 0.47 ±0.11 tm1minute [n6]) as compared to non-manipulated cells

(0.58 ±0.16 pm!minute [n=19]). Immediately following cutting, mitochondria

(Fig. 3.5A, 0 mi m) and actin filaments (Fig. 3.5B, f, red) are slightly

disorganized by the needle to the region between the cut edge and chromosomes

(Fig. 3.5A, 8 mm). As chromosomes move poleward, both mitochondria (Fig.

3.5A, 15-25 mm) and actin filaments (Fig. 3.5B, f-g, red) are excluded toward the

cut plus-ends of half-spindle microtubules (Fig. 3.5B, a-b; f-g, green).

Remarkably, a new half-spindle initiates as short, bundled microtubule arrays

assemble in the region of microtubule overlap at the cut-end of the original half-

spindle in both cut-cells (Fig. 3.SB, c, h, green; arrows). As spindle bipolarity

reestablishes, actin filaments are restricted by microtubules from both poles to an

off-equator 'midzone' (Fig. 3.5B, h, red). Mitochondria, originally excluded at the

plus-ends of microtubules in the original half-spindle (Fig. 3. 5A, 15-25 mm),

gradually move back along spindle microtubules toward the original pole (Fig.
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Figure 3.5. Microtubule distribution and furrow induction in cut cells
containing a half-spindle and segregated chromosomes. Spermatocytes (A, 0
minutes) were cut in two (8 minutes) between segregating chromosomes using a
microneedle in early anaphase, exposing plus-ends of overlapping microtubules
(B, a, green). As chromosomes continue to move poleward (8-40 minutes; Video
3.5), both mitochondria (0-8 minutes, m) and actin filaments (f, red), slightly
disorganized by cutting, are excluded toward microtubule plus-ends at the cell
periphery (15-25 minutes; f-g, red). When chromosomes arrive at the pole (40
minutes), a new half-spindle emerges and overlaps with cut plus-ends of original
half-spindle microtubules (c, green), forming an extremely asymmetric 'midzone'
(c, arrows). Actin filaments (h, red) continue to follow microtubule plus-ends, now
overlapping at the midzone, whereas mitochondria begin to extend along
microtubules (40 minutes onward). Furrow initiation (68-83 minutes, arrows) and
contractile ring formation (i, red) occur at the asymmetric midzone, displaced
48.6±3.8% (n=8) away from the central position. As the furrow ingresses, the
contractile ring (i-j, red) and furrow (83 minutes onward) follow the midzone
position (c-e, arrows), becoming progressively more symmetric with respect to the
central spindle due to elongation of the new half-spindle (c-e, green). But the
furrow remains asymmetric to the cell due to the initial asymmetry at furrow
initiation (140 minutes). Bars, 10 tm.
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3.5A, 25-68 mm). The new half-spindle elongates while the original half slightly

shortens, shifting the midzone back toward the equator of the newly-formed

central spindle (Fig. 3 .5B, c-e). Redistribution of actin filaments precisely follows

relocation of the midzone, repositioning progressively toward the equator of the

central spindle (Fig. 3. 5B, f-h, red). Shortly after the new half-spindle appears, a

cleavage furrow initiates around the newly-established rnidzone (Fig. 3 .5A, 68

mm; B, d, arrows), which is extremely asymmetric to the genuine equator of the

spindle (48.6±3.8%; n=8). The furrow ingresses while the new half-spindle

continues to elongate and reposition the midzone (Fig. 3.5B, c-e, arrows).

Consequently, the contractile ring (Fig. 3.5B, i-j, red) and furrow (Fig. 3.5A, 68-

140 mm) become progressively more symmetric with respect to the central

spindle, sufficient to correct the asymmetry caused by the presence of

chromosomes and their potent impact on microtubule assembly in the original

half-spindle.

An analysis of spindle elongation relative to cleavage furrow position in

living cut cells (n=8) is shown in Fig. 3.6. We aligned furrow positions (Fig. 3.6A,

dotted line) at progressive time points (Fig. 3 .6A, 0-28 mm) and plotted length

changes of the new (d1) and the original (d2) half-spindles in a bar graph (Fig.

3 .6B). At furrow initiation, microtubule length at the new half-spindle (d1) is

5.48±1.75 m. Once ingressed, the length increases to 12.45±1.76 m, matching

that of the now slightly shorter original half-spindle (d2). However, the initial

furrow asymmetry with respect to the cell remains (Fig. 3.5A, 140 mm; B, e andj).
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3.5 Discussion

3.5.1 Distribution of spindle inicrotubules defines the position of the spindle

midzone

The spindle midzone acts as the site of accumulation for many cytokinetic

factors and plays a critical role during cytokinesis (recent reviews: Glotzer, 2001;

Adams et al., 2001; Guertin et al., 2002; Scholey et al., 2003). Our results

demonstrate that midzone position is defined by distribution of spindle

microtubules; it can form at any region in a spindle where microtubules overlap

during late anaphase (Figs. 3.3-3.5), even if the overlap is extremely asymmetric in

the spindle. Compared at the time of furrow initiation, the initial midzone position

correlates closely with the amount of microtubule asymmetry generated, deviating

from the genuine spindle equator by 16±2% (n=7) in the X chromosome alone

induced asymmetry (Fig. 3.3) up to 48.6±3.8% (n=8) in cut cells (Fig. 3.5).

The dislocated midzone is dynamically defined by redistribution of

microtubules during spindle reorganization and elongation, repositioning

progressively back toward the genuine central position of the spindle (Figs. 3.3-

3.5). The most dramatic repositioning is observed in cut cells containing a half-

spindle with a midzone initially formed at the remaining microtubule overlap

where cutting was performed (Figs. 3.5 and 3.6). The assembly and elongation of a

new half-spindle at the cut plus-ends of microtubules gradually shift the midzone

back toward the true equator of the newly-formed bipolar spindle during furrow

ingression. The original half-spindle occasionally shortens (Fig. 3.6A), but

statistically shows no significant change in length (Fig. 3.6B). Notably, monastrol



induced monopolar spindles lack antiparallel microtubules and sustain

monopolarity during cytokinesis (Cariman et al., 2003). We think that cutting

through the equator of an early anaphase spindle creates a microtubule overlap at

the cut end of each half-spindle. The severed plus-ends of half-spindle

microtubules overlap with cutting-exposed minus-ends of short severed

microtubules left from the opposite half-spindle. It is not clear whether individual

severed microtubules are statically associated with the tips of the half-spindle or

undergo dynamic instability, disassembling and reassembling rapidly. In either

case, however, as a population of original andlor newly-assembled microtubules,

they could be dynamically preserved at the overlap of the half-spindle.

Presumably, these short severed microtubules can serve as nucleation seeds and

assemble de novo into a new half-spindle. Because severed minus-ends of spindle

microtubules are stable in grasshopper spermatocytes (Nicklas, 1989), we think

that new half-spindle elongation is due to the growth of plus-ends of microtubules.

Following its establishment, addition of tubulin at plus-ends along with motor

driven antagonistic sliding of microtubules (Masuda and Cande, 1987; Cande and

Hogan, 1989; Nislow et al., 1992; Sawin and Endow, 1993; Sharp et al., 1999;

Mishima et al., 2002; Dechant and Glotzer, 2003; Goshima and Vale, 2003) may

extend the new half-spindle away from microtubule overlap at the midzone. This

apparent microtubule extrusion process may occur much as described for

formation of overlapping central spindle microtubules from chromatin beads in

Xenopus egg extracts (Heald et al., 1996).



Assembly of a new half-spindle requires neither the centrosome nor

chromosomes, since both are absent at the assembly site when the aster is removed

from the achromosomal pole (Fig. 3.4) or when the spindle is cut in half into two

separate cells (Fig. 3.5). Spindle self-assembly in living cells has been suggested

from studies in Drosophila spermatocytes lacking asters (Bonaccorsi et al., 1998)

or chromosomes (Bucciarelli et al., 2003); here we directly demonstrate that self-

assembly can occur in simultaneous absence of both spindle constituents.

Microtubule arrays extruding from the midzone overlap may be bundled together

at their minus-ends by spindle pole organizers into a truncated pole (Hatsumi and

Endow, 1992; Vaisberg et al., 1993; Gaglio et al., 1996; Heald et aL, 1996;

Matthies et al., 1996; Merdes et al., 1996; Echeverri et al., 1996; Walczak et al.,

1998; Goshima and Vale, 2003). Notably, however, chromosomes and

centrosomes are only dispensable for post-anaphase spindle assembly, since they

are required to form a metaphase spindle in grasshopper spermatocytes (Zhang and

Nicklas, 1 995b). When chromosomes and centrosomes are removed in early

metaphase, the spindle collapses and can not reform until late anaphase (Alsop and

Zhang, 2003a). How might spindle assembly differ before and after anaphase? The

answer may come from phase-specific distribution of midzone associated proteins,

such as CHO1 (Sellitto and Kuriyama, 1988), KLP3A (Williams et al., 1995), and

Zen4/Cyk4 (Jantsch-Plunger et al., 2000; Mishima et al., 2002), that accumulate at

the microtubule overlapping zone following anaphase. These proteins might

crosslink antiparalle! microtubules and establish bipolarity of the central spindle in

the absence of asters and chromosomes. In fact, spindle bipolarity does not
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establish in monopolar spindles until cells enter anaphase (Fig. 3 .4A, 50 mm)

when a dislocated microtubule overlapping zone appears (Fig. 3 .4B, b), whereas a

new half-spindle assembles shortly following micromanipulation in cells severed

during anaphase (Fig. 3.5A, 25 mm; B).

Since neither chromosomes nor centrosomes is required for post-anaphase

spindle reassembly, neither is needed for formation and relocation of the midzone.

Its position depends solely on distribution of spindle microtubules, which

correlates closely with the amount of asymmetry generated (Figs. 3.3-3.5).

Chromosomes and centrosomes do, however, affect the initial dislocation of the

midzone, but only through their impact on distribution of spindle microtubules.

Once microtubules redistribute following establishment of a new half-spindle, the

midzone can reposition toward the equator of the spindle, up against the presence

of the entire complement of chromosomes (Figs. 3.5 and 3.6). Moreover,

regardless of how disorganized a spindle is initially due to removal of both

chromosomes and centrosomes, the midzone can always form symmetrically

following organization of a central spindle like structure (Alsop and Zhang,

2003a). These findings do not rule out the possibility that asters (Rappaport, 1961,

1996; Hiramoto, 1971; Sanger et al., 1998) or chromosomes (Earnshaw and

Bernat, 1991), when present, contribute to distribution of furrow signaling

molecules to the midzone, but they do support the idea that neither of these spindle

constituents is essential for distribution of furrow signals and induction of cell

cleavage (Alsop and Zhang, 2003 a).



63

Central spindle organization persists through cytokinesis, continuously

repositioning the midzone toward the equator of the central spindle while the

cleavage furrow ingresses and constricts the midzone (Figs. 3.3-3.5). This shows

the tendency of the midzone to become symmetric in the central spindle. We are

puzzled by how a central spindle can redefine its symmetry and properly position

the midzone. Perhaps opposite half-spindles have a default length, determined by

tubulin to polymer ratio and microtubule dynamic instability specific to the stage

of the cell cycle (Mitchison and Kirschner, 1984).

3.5.2 Distribution of spindle microtubules defines position of actin filaments and

cell cleavage

Superficially, our results that cleavage furrow induction and ingression

dynamically follow the location of the central spindle midzone (Figs. 3.3-3.5)

seem to agree well with the idea that the midzone organizes actin filaments into

the contractile ring and induces cell cleavage (Cao and Wang, 1996; Gatti et al.,

2000). This idea, however, cannot explain why the midzone may not be required

for defining the cleavage plane. For example, mutations in Cyk-4, Zen-4, and

CHO1 all fail to form a spindle midzone, yet they initiate a cleavage furrow at the

central region of the spindle (Powers et al., 1998; Raich et al., 1998; Jantsch-

Plunger et al., 2000; Matuliene and Kuriyama, 2002). Ectopic furrows that do not

elaborate a spindle midzone can sometimes initiate a cleavage furrow (Savoian et

al., 1999). Since the furrow eventually regresses in cells containing a disrupted



midzone due to lacking certain cytokinetic factors, theses findings suggest that the

midzone plays a role in furrow ingression rather than its induction.

A direct question is how actin filaments accumulate at the central region of

the spindle in the absence of the midzone. Our results suggest that spindle

microtubules may exclude actin filaments to the equator before midzone formation

in the central spindle. The first indication comes from observations in non-

manipulated control cells (Fig. 3.1). We find that actin filaments, as well as

mitochondria, both align with radiating spindle microtubuies at the equator as

early as mid-anaphase, prior to the appearance of the midzone (Fig. 3.1A, 32 mm;

B, e and f, red). Further evidence is obtained from analyzing distribution of actin

filaments in cut cells (Fig. 3.5). As illustrated in a model (Fig. 3.7), cutting,

performed in early anaphase before formation of the midzone, exposes a region of

microtubule overlap at cut plus-ends in half-spindles (Fig. 3.7, a, green). As

chromosomes (blue) continue to move poleward, mitochondria (gray) and actin

filaments (red) are excluded toward the plus-ends of half-spindle microtubules

(Fig. 3.7, a-b). This apparent movement of actin filaments and mitochondria

occurs before the organization of a new half-spindle, thus in the absence of the

central spindle midzone. Once a new half-spindle forms and overlaps with the

original half (Fig. 3.7, c), actin filaments are restricted at overlapping plus-ends of

antiparallel microtubules where the midzone is defined by opposite half-spindles.

As microtubules elongate at the new half-spindle (Fig. 3.7, d-e), actin filaments

shift with the midzone while bundling into the contractile ring (red), presumably

by midzone factors (Larochelle et al., 2000; Robinson and Spudich, 2000; Glotzer,
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Figure 3.7 Model for asymmetric furrow induction through
microtubule mediated distribution of actin filaments in cut cells.
Following cutting in early anaphase (a), chromosomes (blue) continue to
move poleward (b-c), whereas actin filaments (red) and mitochondria
(gray) accumulate toward exposed plus-ends of spindle microtubules
(green). Spindle bipolarity begins to reestablish when short antiparallel
microtubules organize a psedopole and overlap with exposed microtubule
plus-ends to form a new 'midzone' (c). While mitochondria become
aligned with spindle microtubules, actin filaments continue to follow
microtubule plus-ends to the cell cortex where they bundle into a
contractile ring and initiate an asymmetric furrow (d). The furrow
ingresses as microtubules elongate at the psedopole, shifting along with
the midzone gradually toward the middle of the central spindle (d-e).



2001; Guertin et al., 2002). This model entirely differs from the conclusion

suggesting that furrow formation depends on a reduced microtubule density at the

cell cortex in Caenorhabditis elegans (Dechant and Glotzer, 2003), but is

consistent with the recent discovery that microtubules from monastrol induced

monopolar spindles are sufficient to mediate midzone factor distribution and

induce a furrow (Canman et al., 2003). These investigators speculated that

"cytokinesis in cells with bipolar spindles seems to occur as the sum of two

asymmetric monopolar spindles". Here we provide a direct demonstration of their

speculation by showing microtubule dependent redistribution of actin filaments

and repositioning of cell cleavage during mono to bipolar spindle transition (Fig.

5).

Microtubule dependent distribution of actin filaments has been observed in

a variety of cell types. Wound healing in Xenopus oocytes requires organization of

microtubule arrays and formation of an actomyo sin ring, a structure similar to the

contractile ring in cytokinesis. Perturbations of microtubules prior to wounding

inhibit actomyosin ring formation and wound closure (Bement et al., 1999).

During cellularization of the Drosophila syncytial blastoderm, actin filaments

appear to move along microtubules toward their plus-ends (Foe et al., 2000).

Analysis of Drosophila embryonic extracts has revealed 21 proteins capable of

interacting with both actin filaments and microtubules, seven of which have been

previously implicated in cellularization andlor cytokinesis (Sisson et al., 2000).

Two kinesin like motor proteins, KLP3A and CHO1, have been shown to interact

with actin filaments (Sisson et al., 2000; Kuriyama et al., 2002). In plant
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cytokinesis, while the preprophase band may predefine the division plane,

distribution of actin filaments to the equatorial plane during phragmoplast

formation coincides with dynamics of central spindle microtubules (Zhang et al.,

1993). Analysis of the Arabidopsis genome has identified 6 kinesins that

potentially interact with actin filaments (Reddy and Day, 2001). Studies in

Xenopus egg extracts indicate that microtubules may move actin filaments by two

distinct mechanisms. Astral microtubules released from asters (Keating et al.,

1997) may bind and exclude actin filaments, or actin filaments may translocate

along microtubules in the presence of oocyte microtubule binding proteins (Sider

et al., 1999; Waterman-Storer et al., 2000). Similar microtubule dependent

mechanisms might exist in grasshopper spermatocytes to exclude actin filaments

toward the spindle midzone.

The unique colocalization of mitochondria with actin filaments following

anaphase and with central spindle microtubules prior to cell cleavage makes one

wonder whether the mitochondna in grasshopper spermatocytes, unlike tissue cells,

play critical roles in promoting central spindle assembly and furrow initiation. A

naturally occurring event during meiosis II, however, implies that mitochondria

distribution is irrelevant to cell cleavage. Resolved from meiosis I, mitochondria are

restricted only on one side of the meiotic II spindle, yet actin filament distribution is

obviously not limited only on that side, suggesting that their colocalization is not

required for distribution of actin filaments during cell cleavage in grasshopper

spermatocytes, We think that the movement of mitochondria is coincidental to but

independent of that of actin filaments, as mitochondria later bundle along



microtubules whereas actin filaments incorporate into the contractile ring around the

midzone. Perhaps, mitochondrial movement is driven by a kinesin family motor

protein similar to KLP67A that has been shown responsible for distribution of

mitochondria along microtubules in Drosophila melanogaster (Pereira et al., 1997).

Nonetheless, experiments are in progress to examine the role of mitochondria, if any,

specific to cell cleavage in grasshopper spermatocytes.

In conclusion, our results suggest that microtubules, in addition to defining

the spindle midzone position, may distribute actin filaments toward plus-ends of

spindle microtubules to the midzone. These results not only support the notion that

microtubules are the only structural constituent of the spindle apparatus required

for induction of cell cleavage (Alsop and Zhang, 2003a), but further suggest that

microtubule distribution dictates the location of the rnidzone, accumulation of

actin filaments, and ultimately position of cell cleavage. We do not know whether

actin filaments move along microtubules (Sider et al., 1999; Bement et al., 1999;

Waterman-Storer et al., 2000; Foe et al., 2000) or they are excluded by radiating

microtubules to the overlapping zone by a force similar to polar ejection on

chromosome arms (Rieder and Salmon, 1994). An attempt to test the mechanism

of actin transport in living cells is now underway. Among many other remaining

questions about the distribution of actin filaments, we are particularly puzzled by

translocation of actin filaments from overlapping microtubules to the cell cortex.

Especially obvious in cut cells, the majority of actin filaments, initially

accumulated on central spindle microtubules, do not seem to reach the cortex (Fig.

3.5, h, red), but later bundle into the contractile ring (Fig. 3.5, i, red). Perhaps,



bundled microtubule arrays that approach the cortex (Fig. 3.5, i, green) laterally

translocate actin filaments. Regardless, some midzone proteins must be critical for

bundling of actin filaments into the contractile ring and proper cytokinesis

(Larochelle et al., 2000; Robinson and Spudich, 2000; Glotzer, 2001; Guertin et

al., 2002; Scholey et al., 2003).
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4.1 Abstract

Cell cleavage is brought about by assembly around the spindle equator of

an actomyosin contractile ring that deforms the cell membrane into a furrow and

constricts the cell in two (Satterwhite and Pollard, 1992; Rappaport, 1996). Failure

in or improper cell cleavage negates faithful DNA replication and accurate

chromosome distribution. Accumulating evidence has lead to the recent conclusion

that microtubules are the only structural constituent of the spindle required for

cleavage induction (Alsop and Zhang, 2003a). However, because overlapping

microtubuies always bear a midzone and the midzone always recruits essential

proteins (McIntosh and Landis, 1971), it remains undefined whether microtubules

per se or their midzone mediate distribution of actin filaments and maintain cell

cleavage. Here we use a novel approach to physically destroy spindle bipolarity by

collapsing or folding the central spindle in grasshopper spermatocytes. Because

microtubules in the collapsed spindle reorganize into bipolar arrays, it permits for

the time to capture initiation of midzone reformation in relation to redistribution of

actin filaments. During reestablishment of microtubule bipolarity and the midzone,

actin filaments in the preexisting contractile ring redistribute along central spindle

microtubules prior to midzone reformation, but bundle at the midzone once it

reestablishes. We further distinguish their independent roles in cell cleavage by

surgically excluding the fully-assembled midzone out of living cells, which does

not prevent furrow initiation, but causes regression. These findings suggest that

actin filaments are distributed to the furrow region by microtubule-mediated
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transport, but organized by the midzone. The midzone is essential for furrow

ingression, but not initiation in insect cells.

4.2 Introduction

The midzone is an integral entity of overlapping, antiparallel microtubules

of the central spindle assembled post-anaphase (McIntosh and Landis, 1971). It

acts as the accumulation site for cytokinetic factors and coincides precisely with

furrow position (Adams et al., 2001). Due to their integral nature, it is so far

impossible to assemble a midzone in the absence of microtubules. Hence, despite

our understanding that both the midzone and spindle microtubules are essential for

successful cytokinesis, their independent functions remain undefined. In

Drosophila melanogaster, mutations that perturb midzone formation prevent

furrow initiation (Adams et al., 1998), whereas those that eliminate chromosomes

or disturb aster formation do not (Zhang and Nicklas, 1996; Bonaccorsi et al.,

1998; Bucciarelli et al., 2003). In cultured mammalian cells, a furrow only forms

on the midzone side of a perforation placed between the spindle and astral

microtubule-enriched cortex (Cao and Wang, 1996). Ectopic furrows induced in

cells containing tripolar spindles occur with respect to the midzone of microtubule

bundles established between disjoined asters (Wheatley and Wang, 1996; Rieder et

al., 1997; Savoian et al., 1999; Sanger and Sanger, 2000). These findings strongly

suggest that the midzone is involved in furrow initiation. However, the equally

compelling line of evidence points otherwise.
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Mutation analyses of the midzone constituents, CHO-1, ZEN-4, CYK-4,

and CYK- 1, in both C. elegans and mammalian cells suggest that the midzone is

involved in furrow maintenance, not initiation (Powers et al., 1998; Raich et al.,

1998; Jantsch-Plunger et al., 2000; Matuliene and Kuriyama, 2002). These

mutations perturb midzone formation and cause furrow regression, but prevent

neither microtubules from reaching the equatorial cortex, nor furrow initiation.

Radiating microtubules, besides acting as assembly scaffolding for the midzone,

may distribute cytokinetic factors and contractile elements directly to the

equatorial cortex. For example, accumulation of INCENP and Aurora-B to the

cortex requires dynamic microtubules (Wheatley et al., 2001; Murata-Hori and

Wang, 2002) that, even from a monopolar spindle in Ptkl cells, can exclude

INCENP to their plus ends (Caimian et al., 2003). Microtubule-mediated transport

of actin filaments has been observed in a number of related systems, including

Xenopus egg extract (Waterman-Storer et al., 2000; Sider et al., 1999),

cellularization in the Drosophila syncytial blastoderm (Foe et at., 2000), and

wound healing inXenopus oocytes (Bement et al., 1999). The mechanism maybe

even more general, because in plant cytokinesis, distribution of actin filaments to

the equatorial plane coincides closely with central spindle microtubules during

phragmoplast formation and expansion (Zhang et al., 1993). Recently, two kinesin

like motor proteins, CHO-1 and KLP3A, have been shown to bear an affinity for

actin filaments (Sisson et al., 2000; Kuriyama et al., 2002).

These healthy debates on functions of the midzone verse microtubules in

cell cleavage are largely sparked by Hans Ris' classic observation in grasshopper
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spermatocytes (Ris, 1949): when the anaphase spindle collapses due to inseparable

chromosomes, the spindle reorganizes into two lateral protrusions; each induces a

cleavage furrow around its equator. Because all chromosomes and both asters

reside between lateral protrusions, this unique cytokinesis, named Ris furrow,

implies that spindle microtubules are sufficient to induce and sustain cell cleavage

in insect cells (for reviews: Saterwhite and Pollard, 1992; Rappaport, 1996;

Oegema and Mitchison, 1997; Adams et al., 2001; Glotzer, 2001; Guertin et al.,

2002). Ironically, it remains unknown how original spindle microtubules

reorganize into lateral protrusions, and whether the protrusions contain bipolar

microtubule arrays with a newly-defined midzone. More importantly, what

controls redistribution of actin filaments to protrusion equators? We attempt to

directly address these questions by mechanically remodeling spindles and cells so

as to distinguish confounding roles of the midzone and spindle microtubules. We

first examine cytoskeletal organization in Ris cleavage, and then induce

redistribution of actin filaments during spindle and midzone

reorganizationlreformation. Finally, we surgically separate the midzone and

central spindle microtubules into independent cut-cells to differentiate their

functions.
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4.3 Materials and Methods

4.3.1 Micromanipulation of grasshopper spermatocytes with digital-enhanced

polarization microscopy

Preparation and micromanipulation of primary cultures of Melanopus

femurrubrum spermatocytes were performed as described (Alsop and Zhang,

2003a; Zhang and Nicklas, 1999). In brief, a monolayer of spermatocytes was

spread under inert halocarbon oil on a coverslip and micromanipulated with a fine

glass needle (ø0.1m) maneuvered using a Burleigh MIS-5000 series

piezoelectric micromanipulator. Polarization microscopy was performed with an

Axiovert 100 microscope (Carl Zeiss, mc) equipped with an Ellis optical fiber

light scrambler (Technical Video, Woods Hole, MA) and a Glan-Thompson

polarizer. A 1.4 NA achromatic-aplanatic condenser, infinity-corrected 1.4

NAI63x Plan-Apochromat objective lens (Carl Zeiss, mc), and cooled-CCD digital

camera (ORCA-100, Model C4742-95, Hamamatsu) were used for image

acquisition with Image Pro Plus software (Media Cybernetics).

4.3.2 Immunofluorescence microscopy

Fixing and staining of cells were performed as described (Alsop and

Zhang, 2003a; Nicklas et al., 1979). In Brief, a small amount of microfixative (2%

Glutaraldehyde, 1% Chaps, 0.33 tM Rhodamine labeled phalloidin [Molecular

Probes] in potassium Pipes buffer) was micropipetted in the region of target cells

for five minutes. Coverslips were then transferred into macrofixative (0.1%



Glutaraldehyde, 0.5% NP-40 in potassium Pipes buffer) for 10 minutes. A 1:500

dilution of anti-3 tubulin (clone KMX- 1, Chemicon) primary antibody and a 1:100

dilution of Alexa-fluor 488 conjugated goat anti-mouse secondary antibody

(Molecular Probes) were used to stain microtubules. Actin filaments were stained

with 0.165 tM Rhodamine-phalloidin (Molecular Probes). Vectashield mounting

media (Vector Laboratories), containing DAPI to stain chromosomes, were used to

mount coverslips. A laser scanning confocal microscope (Leica TCS) was used to

acquire image stacks, which were processed in Photoshop 5.0 (Adobe) and

reconstructed in SimplePCl (C-imaging Systems).

4.4 Results and Discussion

4.4.1 Any midzone-containing microtubule bundle can induce afurrow

Ris furrows occur because of sticky chromosomes as a result of hypertonic

cell cultures, but can be induced mechanically in healthy cells. We used a

microneedle to mimic the stickiness consequence by bringing anaphase

chromosomes back together and collapsing the spindle (Fig. 4. 1A, a-d). As shown

in a polarization microscope sequence (Fig. 4.1B; Video 4.1; n=12), following

spindle collapsing (Fig. 4. 1B, 0 min, arrows depict directions of collapsing),

mitochondria (m) flanking the spindle are pushed away by laterally growing

microtubules (Fig. 4.1B, 5 mm; microtubules appear as black fibers). Shortly

thereafter, mitochondria bundle with microtubules and extend outward, forming

two lateral protrusions with chromosomes and asters grouped in between (Fig.
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Figure 4.1. Distribution of microtubules and actin filaments during Ris
cleavage. (A, a-d) Schematic diagrams of collapsing an anaphase spindle with a
micromanipulation needle to induce Ris cleavage. (B) Polarization microscope
images. Time is given in minutes. Following anaphase onset (0 mi arrows depict
directions of collapsing; m, mitochondria; Video 4.1), the spindle was collapsed
with a microneedle, resulting in lateral growth of microtubules that exclude
mitochondria (5 mm). Lateral spindle protrusions organize as mitochondria bundle
along microtubules (18 mm). Cleavage furrows initiate simultaneously at opposite
distil ends of lateral protrusions (45 mm, arrows). Both furrows ingress while
shifting toward the equator of the protrusions (48 mm), producing two anucleate
membrane pockets (64 mm). (C) Distribution of microtubules (green), actin
filaments (red), and chromosomes (blue) in cells fixed at furrow initiation (a-c)
and ingression (d-f) shows that each lateral protrusion is an independent bipolar
spindle comprised of midzone (a and d, arrows) containing microtubule bundles.
Accumulation of actin filaments (b and e) corresponds precisely with midzone
positions in all bundled microtubule arrays (c and f, green). Bars, 1 0gm.
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4.1B, 18 mm). Two cleavage furrows initiate simultaneously at opposing distal

ends of the protrusions (Fig. 4. 1B, 45 mm, arrows) and ingress synchronously as

they reposition toward the equator of each protrusion (Fig. 4. 1B, 48 mm). Once

ingressed, the furrows cleave the protrusions symmetrically at their midzones (Fig.

4. 1B, 64 mm), producing two anucleate membrane pockets partially attached to

the mother cell before final abscission (Alsop and Zhang, 2003a). Immunostaining

of cells fixed at furrow initiation (Fig. 4.1C, a-c) and ingression (Fig. 4.1C, d-f)

show that each protrusion is a distinct bipolar spindle comprised of bundled

microtubule arrays containing a well-defined midzone (Fig. 4.1 C, a and d, arrows),

as indicated by a lack of staining with anti-tubulin antibodies (Alsop and Zhang,

2003a). Notably, the presence of only two prominent microtubule bundles, seen in

the protrusion on right, is sufficient to induce a furrow (Fig. 4.1C, a-c). All

bundled microtubule arrays (Fig. 4.1C, a and d, arrows; c and f, red) correspond

precisely with midzone accumulation of actin filaments (Fig. 4.IC, b and e).

These findings demonstrate that spindle protrusions are in fact two

independent bipolar spindles comprised of midzone-containing microtubule

bundles, and any bipolar microtubule bundle can initiate a furrow with respect to

its midzone position, such as Ris furrows. The data, however, do not answer the

question whether it is the midzone or microtubules that determine cell cleavage. In

addition, new questions emerge as to how radiating microtubules in a lateral

protrusion reorganize into a bipolar spindle and what drives a furrow from the

distal end to spindle equators. To address these questions, we mechanically

produced a new type of Ris cleavage by folding the central spindle into a mono



protrusion with the midzone distal to the joint spindle poles. Our new type of Ris

cleavage provides a unique opportunity to examine reorganization of the

cytoskeleton in relation to cell cleavage.

4.4.2 Actin filaments redistribute along microtubules before midzone reformation

Prior to furrowing (Fig. 4.2A, a), we fold the central spindle by first

pushing the midzone toward the cell cortex (Fig. 4.2A, b) and then bending the

poles together using a microneedle (Fig. 4.2A, c). The folded spindle bears a mono

protrusion with nuclei and asters at one end and the midzone at the other, facing its

original cell cortex (Fig. 4.2A, d). A polarization microscope sequence (Fig. 4.2B;

Video 4.2; n=1 5) demonstrates that after folding, central spindle microtubules

begin to reorganize, radiating from the joint poles toward the cortex (Fig. 4.2B, 0-

11 mm, arrows). Furrow initiation occurs shortly afterward, but it appears at the

cortex where radiating microtubules reach (Fig. 4.21B, 23 miri, arrows) and not at

the midzone-facing region. Furrow ingression is similar to Ris furrow,

accompanied by continuous repositioning toward the spindle equator (Fig. 4.2B,

23 mill onward). Cells fixed at corresponding stages (Fig. 4.2C) show that upon

folding, the midzone brought to the original cell cortex remains well organized,

except it is now nearly parallel to central spindle microtubules (Fig. 4.2C, a,

arrow). A micromanipulation broken semi-contractile ring still remains aligned

with the midzone (Fig. 4.2C, f and k, red). The midzone soon disappears (Fig.

4.2C, b) as microtubules are no longer overlapping at their plus-ends and become

mono-oriented arrays. Concurrently, preexisting actin filaments disperse from the
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Figure 4.2. Redistribution of actin filaments in relation to spindle
reorganization. (A, a-d) Schematic diagrams of folding a central spindle with a
microneedle prior to furrowing. (B) Polarization microscope sequence with time in
minutes (Video 4.2). After folding (0 mm), the spindle reorganizes into a mono
protrusion. Microtubules from the joint spindle poles radiate toward both sides (11
mi arrows) of the cell cortex where a furrow initiates (23 mm, arrows). Furrow
ingression is accompanied by its continuous repositioning toward the protrusion
equator (3 7-52 mm). (C) Distribution of microtubules (green), actin filaments
(red), and chromosomes (blue) in cells fixed at corresponding stages of B. Upon
spindle folding, the midzone (a, arrow) brought to the original cell cortex, remains
well organized with a semi-contractile ring (f and k, red) resulted from
micromanipulation. As central spindle microtubules reorganize into mono arrays,
the original midzone disappears (b). Concurrently, actin filaments disperse from
the disintegrating contractile ring into the central spindle, becoming aligned along
microtubules (g and i, red). Meanwhile, a few very short microtubule bundles (b,
arrowheads) emerge at the tip of the spindle and initiate formation of a new
midzone, transverse to the spindle axis (b, arrow). At furrow initiation, elongated
microtubule bundles assemble into a broad 'pseudopole', establishing a new
bipolar spindle with an extremely long midzone across the folded spindle (c,
arrows). Actin filaments are no longer associated with spindle microtubules and
become bundled into the new contractile ring at the midzone (h and m, red). The
furrow ingresses as microtubules at the pseudopole elongate (d-e, green), shifting
the midzone (d-e, arrows) and its attached contractile ring (i-j and n-o, red) toward
the spindle equator. (B') Graph shows microtubule elongation at the pseudopole
(solid line) in relation to spindle length at the original pole (dotted line). Bars,
10pm.
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semi-contractile ring and become aligned along spindle microtubules (Fig. 4.2C, g

and 1, red). Notably, a few very short microtubule bundles (Fig. 4.2C, b,

arrowheads) assemble at the tip of the spindle and establish a new midzone,

transverse to the spindle axis (Fig. 4.2C, b, arrow). At furrow initiation, numerous

elongated microtubule bundles organize into a broad 'pseudopole', establishing a

new bipolar spindle containing an extremely long midzone (Fig. 4.2C, c, arrows).

Actin filaments, initially aligned along microtubules, bundle into the new

contractile ring tightly around the midzone (Fig. 4.2C, h and m, red). During

furrow ingression, microtubules at the pseudopole continue to elongate (Fig. 4.2C,

d-e, green), shifting the midzone (Fig. 4.2C, d-e, arrows) and its attached

contractile ring (Fig. 4.2C, i-j and n-o, red) toward the spindle equator.

Measurements made in living cells (n=7) show that pseudopole microtubules (Fig.

4.2B', solid line) grow from 2.3±0.7 im at furrow initiation to 12.1±1.8 tm

following ingression, approximately matching the length of microtubules in the

original pole (dotted line). Since a folded central spindle is similar to a lateral

spindle protrusion, these observations apply as well to spindle reorganization and

furrow repositioning during classic Ris cleavage. Similar pseudopole

reorganization and elongation also occur in cut-half spindles (Alsop and Zhang,

2003b).

It has been suggested (Bement et al., 1999; Waterman-Storer et al., 2000;

Foe et al., 2000; Kuriyama et al., 2002) that actin filaments accumulate to the

furrow region via microtubule-mediated transport during cell cleavage. Direct

observations of this process were not possible, perhaps, due to diffused allocations



of actin filaments prior to furrow initiation. We therefore followed redistribution

of actin filaments from the semi-contractile ring to a new cleavage site. Our

findings show that disintegration of the contractile ring coincides with

disappearance of the rnidzone, suggesting that integrity of the contractile ring is

maintained by the midzone. Prior to formation of a new midzone, actin filaments

from the disintegrating contractile ring follow closely with distribution of

monopolar spindle microtubules. Once the midzone reforms, actin filaments

become reorganized at the new midzone. These findings suggest that actin

filaments are distributed to the furrow region by microtubule-mediated transport,

but organized by the midzone. The remaining question is whether a fully-

assembled midzone is required for cell cleavage.

4.4.3 Surgical exclusion of the midzone perm its furrow initiation but not

ingression

Midzone removal begins by meticulously severing the central spindle using

a microneedle into three segments without breaking the cell (Fig. 4.3A, a). Cells

fixed upon severing show microtubules in two discrete spindle poles and a

fragment containing a fully-assembled midzone (Fig. 4.3A, b). The cell is then cut

in two; one contains the poles and the other retains the midzone (Fig. 4.3A, c).

Following cutting, a bipolar spindle begins to reestablish in the pole-cell, albeit

lacking an apparent midzone, while microtubules commence elongation in the

midzone-cell (Fig. 4.3A, d). Remarkably, grasshopper spermatocytes can tolerate

such invasive micromanipulations and proceed with cell cleavage (n=6). Whether



Figure 4.3. Cell cleavage in the absence or presence of a fully-assembled
midzone. (A) A fully-assembled central spindle was severed using a microneedle
into three segments (a and b). The segments were then separated by cell cutting
into a midzone-cell and a pole-cell (c and d). (B) The pole-cell initiates a furrow
(0-15 mm, arrows; Video 4.3) but cannot maintain its ingression (33-47 mm).
Cells fixed at onset of regression show bundled microtubules with a severely
diminished midzone (MT) where remnants of actin filaments are dispersed
(MT/AF, red). (C) The midzone-cell is normal in both furrow initiation (0-15 mm,
arrows) and ingression (3 3-47 mm), containing a well-organized midzone (MT,
arrows) embraced with a contractile ring (MT/AF, red). (D) Removal of
approximately an equal amount of central spindle microtubules apart from the
midzone prevents neither furrow initiation (0-11 mm, arrows) nor ingression (29-
46), and perturbs neither the midzone (MT, arrows) nor the contractile ring
(MTIAF, red). Bars, 1Orn.
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in the absence (Fig. 4.3B, 0-15 mm, arrows; Video 4.3) or presence (Fig. 4.3C, 0-

15 mm, arrows) of the midzone, cleavage furrows initiate simultaneously in both

cut-cells. Furrow ingression in the pole-cell, however, proceeds only slightly (Fig.

4.3B, 33 mm) and regresses eventually (Fig. 4.3B, 47 mm). Cells fixed at onset of

regression show bundled microtubules but nearly no midzone, except on one side

of microtubule arrays (Fig.4.3B, MT) where remnants of actin filaments are still

discernable (Fig. 4.3B, MT/AF, red). As expected, the furrow ingresses normally

in the midzone-cell (Fig. 4.3 C, 15 mm onward), containing a well-organized

midzone (Fig. 4.3C, MT, arrows) and contractile ring (Fig. 4.3C, MT/AF, red).

Midzone removal has unavoidably taken away microtubules, which later might

have caused furrow regression. We tested this possibility in controls by removing

approximately an equal amount of microtubules from the central spindle but away

from the midzone (Fig. 4.3D, cartoon). Such cells cleave normally (0 mm onward)

and contain a well-organized midzone (Fig. 4.3D, MT, arrows) and contractile ring

(Fig. 4.3D, MT/AF, red).

Our results, attained from mechanical dissections in insect cells, correlate

well with the findings from genetic manipulations in C. elegans and mammalian

cells (Glotzer, 2001; Matuliene and Kuriyama, 2002). These two distinct

approaches in different cell types demonstrate that the central spindle with a

severely perturbed midzone can initiate but cannot maintain cell cleavage.

However, neither approach has completely ruled out the possibility that the

midzone is required for furrow initiation (Adams et al., 1998). Even if microtubule

overlapping is severely perturbed following genetic or surgical removal of the



midzone, neither manipulation has thoroughly eliminated all midzone associated

factors. In our case, a nonetheless detectable midzone remnant indicates that

removal of a fully-assembled midzone does not necessarily deplete factors from

the cytoplasmic pool (Murata-Hori and Wang, 2002), which might redistribute to

the microtubule overlapping region and play a role in furrow initiation. Regardless,

what is certain is that the remnant is not sufficient to maintain furrow ingression in

grasshopper spermatocytes. The midzone with microtubule fragments, however, is

sufficient for both furrow initiation and ingression. These observations further

support the notion that so long as bundled microtubules are present (Alsop and

Zhang, 2003a), chromosomes and asters are not required for cytokinesis in insect

cells (Zhang and Nicklas, 1996; Alsop and Zhang, 2003a; Bucciarelli et al., 2003).

Hans Ris' discovery of dual cleavage around lateral spindle protrusions,

largely ignored for nearly a half century (Oegema and Mitchison, 1997), has

provided a unique system for us to explore microtubule reorganization in relation

to actin filament redistribution during cell cleavage. We have determined the

nature of lateral spindle protrusions and demonstrated that Ris furrows are induced

around two independent bipolar spindles by midzone-containing microtubule

bundles. By destroying central spindle bipolarity, we are able to follow the

transition of protrusion microtubules from mono to bipolar arrays resulting from

formation of a new midzone and elongation of pseudopole microtubules. Spindle

transition permits us to capture redistribution of preexisting actin filaments from

the semi-contractile ring to central spindle microtubules prior to midzone

reformation and later bundling at the new midzone. By surgically excluding the



fully-assembled midzone, we have mechanically distinguished its role in

maintaining cell cleavage in grasshopper spermatocytes.

Our findings suggest that actin filaments are recruited by microtubule-

mediated transport to the furrow site where they are bundled by midzone factors.

Actin filaments might move independently or simultaneously with bundling

factors to the midzone where they are assembled into the contractile ring.

Consistent with this proposition are our observations following surgical removal of

the midzone. Despite using a distinct mechanical approach, our results corroborate

the notion obtained using genetic manipulations that the midzone is essential for

furrow ingression, but not initiation (Glotzer, 2001; Matuliene and Kuriyama,

2002; Dechant and Glotzer, 2003). This proposition needs to be tested by real time

observations in living cells, which so far remains a challenge but is not impossible.

Microtubule-dependent accumulation of midzone factors has already been

demonstrated during cell cleavage (Wheatley et al., 2001; Murata-Hori and Wang,

2002; Canman et al., 2003). Microtubule-mediated transport of actin filaments has

also been observed in related systems (Bement et al., 1999; Waterman-Storer et

al., 2000; Foe et al., 2000; Kuriyama et al., 2002). Direct imaging of actin

filaments into the contractile ring via microtubule-mediated transport may occur in

a near future.



Chapter 5

Conclusion

This thesis systematically examines the mechanism by which the spindle

apparatus dictates cell cleavage positioning in grasshopper spermatocytes. The

results presented here demonstrate for the first time that microtubules are the only

structural constituent of the spindle apparatus required for induction of cell

cleavage. Microtubules, in the absence of chromosomes and asters, can undergo

dramatic, stage-specific reorganizations, radiating toward the cell cortex in

'metaphase', disassembling in 'anaphase', and bundling into bipolar arrays in

'telophase'. Furrow induction usually occurs at multi-sites around microtubule

bundles, but only those induced by sustained bundles ingress. The results further

reveal that microtubule distribution defines the location of the spindle midzone,

distribution of actin filaments, and position of cell cleavage. Depending on the

amount of microtubule asymmetry generated, furrow initiation can be shifted up to

48.6±3.8% away from the spindle equator in surgically produced cells. The

positional shift is dynamic, changing incessantly as spindle microtubules

reorganize during cytokinesis, which suggests that microtubules continuously

dictate distribution of actin filaments and positioning of cell cleavage. The results

also distinguish independent roles of the midzone and microtubules in cell

cleavage. During reestablishment of microtubule bipolarity and the midzone, actin

filaments in the preexisting contractile ring redistribute along central spindle

microtubules prior to midzone reformation, but only bundle at the midzone once it

reestablishes. Moreover, surgically excluding the fully-assembled midzone out of
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living cells does not prevent furrow initiation, but causes regression, suggesting

that actin filaments are distributed to the furrow region by microtubules, but

organized by the midzone.

The significance of these results is two-fold. First, it has narrowed the

essential constituent for induction of cell cleavage down to bundled microtubules,

hence it has clarified previous misperceptions that all structural constituents,

including asters, the central spindle, and chromosomes are essential in cytokinesis.

Second, it has provided sufficient data to propose a new model for cell cleavage,

which links post-anaphase microtubule reorganization with targeted distribution of

actin filaments and other cytokinetic factors. The model suggests that microtubules

dynamically define the cleavage plane by self-organizing into a bipolar array with

overlapping plus-ends of microtubules at the equatorial cortex. By an as-yet-

undefined microtubule-mediated transport mechanism, contractile elements and

regulatory factors accumulate at the microtubule overlap, organize into the

contractile ring, and induce cell cleavage. In addition, microtubule overlap

provides the structural framework on which the midzone assembles and maintains

cell cleavage during ingression.

Regardless whether actin filaments move along microtubules (Sider et al.,

1999; Bement et al., 1999; Waterman-Storer et al., 2000; Foe et al., 2000) or are

excluded by radiating microtubules to the overlapping zone (Waterman-Storer et

al., 2000), the proposed model may explain cleavage induction in animal cells

studied so far. The source of microtubules may differ, but will not affect

microtubule geometry that defines overlapping microtubule plus-ends at the
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equatorial cortex. Therefore, the model would be applicable to both echinoderm

embryos that have large asters and cultured tissue cells with a prominent central

spindle in cleavage induction.
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APPENDIX



This dissertation has an accompanying CD with QuickTime video sequences

corresponding to Fig. 2.1E (Video 2.1), Fig. 2.3B (Video 2.2), Fig. 2.3C (Video

2.3), Fig. 2.5B (Video 2.4), Fig. 2.5C (Video 2.5), Fig. 3.1A (Video 3.1), Fig. 3.3A

(Video 3.2), Fig. 3.3B, g (Video 3.3), Fig. 3.4A (Video 3.4), Fig. 3.5A (Video 3.5)

Fig. 4.1B (Video 4.1), Fig. 4.2B (Video 4.2), and Fig. 4.3B (Video 4.3).

Supplemental video legends

Video 2.1 (corresponding to Fig. 2.1E). Cleavage furrow induction and ingression

in an aster-containing membrane pocket micromanipulated from a grasshopper

spermatocyte. Following micromanipulation, images were acquired every minute

with a digital enhanced polarization microscope. Asters quickly disappear and

astral microtubules bundle with mitochondria. Cleavage furrow induction occurs

with respect to the midzone of the bundled microtubule array. The cell was fixed

after the furrow is fully ingressed. Display rate, 10 frames/sec.
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Supplemental video legends (Continued)

Video 2.2 (corresponding to Fig. 2.3B). Cleavage furrow induction in a

grasshopper spermatocyte deprived of both asters and chromosomes. Following

micromanipulation, images were acquired every two minutes with a digital

enhanced polarization microscope. Microtubules undergo disassembly-reassembly

cycles and sometimes organize mono or bipolar pseudospindles. However,

pseudospindles are transient and eventually give rise to relatively disorganized

microtubule bundles. Furrow induction occurs where the bundled microtubules are

proximal to the cell cortex. The cell was fixed at the time of furrow initiation.

Display rate, 10 frames/sec.

Video 2.3 (corresponding to Fig. 2.3C). Cleavage furrow induction and ingression

in a grasshopper spermatocyte deprived of both asters and chromosomes.

Following micromanipulation, images were acquired every two minutes with a

digital enhanced polarization microscope. Once the spindle disassembles,

microtubules reform and radiate toward the cell cortex. Cleavage furrow initiation

occurs at multiple sites. However, only two furrows initiated by larger bundles are

sustained. During furrow ingression, microtubule bundles are pushed together by

the contractile ring. The cell was fixed after the furrow is fully ingressed. Display

rate, 10 frames/sec.
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Supplemental video legends (Continued)

Video 2.4 (corresponding to Fig. 2.5B). Cleavage furrow abscission in a

grasshopper spermatocyte containing a truncated central spindle fragment.

Following micromanipulation, images were acquired every minute with a digital

enhanced polarization microscope. In the absence of both asters and pronuclei, the

cell is fully capable of furrow initiation, ingression, and abscission, producing two

independent daughter cells. Display rate, 10 frames/sec.

Video 2.5 (corresponding to Fig. 2.5C). Cleavage furrow abscission and regression

in grasshopper spermatocytes deprived of both asters and chromosomes.

Following micromanipulation, images were acquired every two minutes for 150

minutes, then every five minutes with a digital enhanced polarization microscope.

Cleavage furrows in cells containing only microtubules ingress fully, embracing

tightly around the bundled microtubules, but are not sustained and eventually

regress. Of the four experimental cells shown, only one (bottom right) successfully

resolves daughter cells. Display rate, 10 frames/sec.



111

Supplemental video legends (Continued)

Video 3.1 (corresponding to Fig. 3.1A). Cell cleavage in grasshopper

spermatocytes. Images were acquired every minute with a digital enhanced

polarization microscope. Following anaphase, mitochondria accumulate at the

midzone and later move along microtubules toward the poles as the central spindle

forms. Furrow induction occurs at the midzone and, once ingressed, symmetrically

bisects the central spindle and cell. Display rate, 10 frames/sec.

Video 3.2 (corresponding to Fig. 3.3A). Cleavage in a cell with an asymmetric

microtubule distribution induced by the X chromosome. Images were acquired

every minute with a digital enhanced polarization microscope. Following

manipulation, microtubule density increases at the X chromosome bearing pole,

redistributing mitochondria to the shifted midzone, where the cleavage furrow

initiates. During ingression, the furrow follows the position of the midzone that

becomes progressively more symmetric as the central spindle reorganizes.

However, the initial asymmetry with respect to the cells remains during cleavage.

Display rate, 10 frames/sec.
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Supplemental video legends (Continued)

Video 3.3 (corresponding to Fig. 3.3B, g). A shifted contractile ring in a fixed cell

with asymmetric microtubule distribution induced by the X chromosome.

Following fixation, the cell was stained for microtubules (green), actin filaments

(red), and the chromosome (blue). Twenty five optical slices were acquired,

overlaid, and reconstructed to produce a three-dimensional rendering. Display rate,

10 frames/sec.

Video 3.4 (corresponding to Fig. 3.4A). Cleavage in a cell with an enhanced

asymmetric microtubule distribution in a monopolar spindle associated with the X

chromosome. Images were acquired every two minutes with a digital enhanced

polarization microscope. Following manipulation, microtubules are stabilized by

the X chromosome and remaining pole, excluding mitochondria to their plus ends.

Following anaphase microtubules reorganize to form an asymmetric central

spindle and midzone, where mitochondria accumulate and cell cleavage is

initiated. Despite continued pseudopole elongation during ingression, which

reestablishes central spindle symmetry repositions the furrow, the initial

asymmetry to the cell remains. Display rate, 10 frames/sec.
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Supplemental video legends (Continued)

Video 3.5 (corresponding to Fig. 3.5A). Cleavage in cut cells with dramatic

microtubule asymmetry in a half spindle. Images were acquired every minute with

a digital enhanced polarization microscope. Following cell cutting, chromosomes

continue to move poleward while mitochondria are excluded to the cut edge of the

half spindle. As chromosomes reach the pole, mitochondria move back along

spindle microtubules as a pseudopole forms at the cut edge. Cleavage furrow

initiation is extremely asymmetric with respect to the central spindle and cell.

During ingression, however, the furrow becomes gradually more symmetric as the

psuedpole continues to elongate and shift the midzone. Thus, the ingressed furrow

is rather symmetric to the central spindle but asymmetric to the cell. Display rate,

10 frames/sec.

Video 4.1 (corresponding to Fig. 4.1B). Induction of Ris furrows. Images were

acquired every minute with a digital enhanced polarization microscope. Following

mechanically collapsing the spindle, mitochondria are forced to the cell periphery

by the laterally growing microtubules. Later, mitochondria bundle with

microtubules to form two lateral protrusions, both of which are cleaved at their

equator when the furrow fully ingresses. Display rate, 10 frames/sec.
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Supplemental video legends (Continued)

Video 4.2 (corresponding to Fig. 4.2B). Ris type cleavage in a cell with a folded

central spindle. Images were acquired every minute with a digital enhanced

polarization microscope. Following spindle folding, microtubules in the mono

protrusion radiate toward the cortex where furrow initiation coincides. Furrow

ingression is accompanied by spindle elongation, shifting the furrow toward the

equator. Display rate, 10 frames/sec.

Video 4.3 (corresponding to Fig. 4.3B). Cleavage in the absence of a mechanically

secluded midzone. Images were acquired every 30 seconds with a digital enhanced

polarization microscope. The fully-assembled midzone was removed by severing

the central spindle and secluding the midzone segment into a separated cut-cell.

The midzone lacking cut-cell can initiate a furrow but cannot maintain its

progression, resulting in furrow regression. Display rate, 10 frames/sec.




