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Abstract:



This chapter describes in summary form some of the most important research on chromosome segregation, from the discovery and naming of mitosis in the nineteenth century until around 1990. It gives both historical and scientific background for the nine chapters that follow, each of which provides an up-to-date review of a specific aspect of mitotic mechanism. Here, we trace the fruits of each new technology that allowed a deeper understanding of mitosis and its underlying mechanisms. We describe how light microscopy, including phase, polarization, and fluorescence optics, provided descriptive information about mitotic events and also enabled important experimentation on mitotic functions, such as the dynamics of spindle fibers and the forces generated for chromosome movement. We describe studies by electron microscopy, including quantitative work with serial section reconstructions. We review early results from spindle biochemistry and genetics, coupled to molecular biology, as these methods allowed scholars to identify key molecular components of mitotic mechanisms. We also review hypotheses about mitotic mechanisms whose testing led to a deeper understanding of this fundamental biological event. Our goal is to provide modern scientists with an appreciation of the work that has laid the foundations for their current work and interests.






Keywords:


mitosis; mitotic spindle; chromosome; kinetochore; microtubule; motor enzyme; centrosome; tubulin dynamics; force; accuracy








1. Discoveries about Mitosis from Early Descriptions of Mitotic Structures


The history of research on mitosis is intertwined with the development of the relevant technologies, particularly microscopy. This linkage derives from the sizes of spindles and their activities; it also reflects a need for significant signal amplification to study mitotic components and processes. Moreover, the isolation of dividing nuclei as a simplified system for biochemical studies has proven technically difficult, so in the early days of mitosis research the majority of information came from work on whole cells. Indeed, research on mitosis has motivated the development of several microscope technologies, including more effective modes of live cell imaging. We have therefore organized this presentation around the emergence of relevant technologies and the physical sciences that enabled them.



Initial work on mitosis took place in several laboratories, beginning around 1870. Pioneering studies by Friedrich Schneider [1] (Figure 1), Eduard Strasburger [2] and others independently described the structures and positions of chromosomes in fixed, dividing cells, while Eduard Van Beneden [3] identified objects at the spindle poles that we would now call centrosomes (Figure 2). It was, however, Walther Flemming [4] (translated into English and republished [5]) who named the “mitotic” process and first described a plausible chronology of chromosome behavior in anticipation of cell division (Figure 3). Much of his work is assembled in an elegant book, published in 1882 [6].


Figure 1. Drawing of dividing nuclei by Schneider, 1873 [1].
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Figure 2. Drawing of mitotic figures that indicate structures at the spindle poles. van Benedin, 1876 [3] Image courtesy of Biodiversity Heritage Library. http://www.biodiversitylibrary.org. Drawing of mitotic figures that indicate structures at the spindle poles. van Benedin, 1876.
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Figure 3. Drawings of mitotic figures by Flemming, 1878 [4,5]. This image is displayed under the terms of a Creative Commons License (Attribution-Noncommercial-Share Alike 3.0 Unported license, as described at http://creativecommons.org/licenses/by-nc-sa/3.0/.
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Such work was possible because the imaging capabilities of the compound microscopes available at that time greatly exceeded those of the microscopes with which Hooke [7] first described cells in the 1660s, and with which van Leeuwenhoek [8] characterized the structures and behaviors of many single-celled organisms. Indeed, it was the invention of achromatic lenses (1823) that brought the resolution of light microscopy to ~1 µm, producing instruments that empowered Schleiden, a botanist, and Schwann, a zoologist, to demonstrate the ubiquity of cells, and Virchow [9] to realize that “all cells come from cells” (a powerful and important statement, despite its limited evolutionary perspective). They also provided both Pasteur and Koch with the tools they needed to recognize the importance of microorganisms in the propagation and progression of disease. Abbe’s invention of a high numerical aperture condenser in 1875 [10] and the subsequent introduction of oil immersion lenses (1878) finally brought microscopes to a space resolution of ~0.2 µm, enabling the remarkably accurate drawings found in the best of the early descriptions of mitosis.



These early studies explored a range of mitotic cells in tissues of both animals and plants, mostly in specimens that were fixed and stained prior to examination. In this situation, what one saw depended quite strongly on the method of sample preparation. Moreover, without a camera to record the observations, structures were represented by hand drawings. These factors, and the variations in structure across the range of specimens examined, led to disagreement about the validity of any given set of observations. The first verbal description of mitosis in living cells was given by Mayzel in 1875 [11]. With Mayzel’s permission, Flemming published a drawing of such a cell division [4] (Figure 4). Several other workers, such as Schleicher and Peremeschko, published images of chromosomes in live cells, but again it was Flemming who drew multiple stages in the division of a single cell type: epidermal cells from a salamander larva. The result was virtually a hand-drawn, time-laps movie (Figure 5) [4]. With time, additional images of mitosis in living cells were presented by scholars studying a range of organisms, and yet these descriptions generally involved only the chromosomes. At this point, there was no knowledge about the relationship between the “thick” fibers (chromosomes) and the “thin” ones (the spindle) seen in fixed material; both were thought to be manifestations of nuclear structure as this organelle prepared to divide.


Figure 4. Drawing of a mitotic figure in a live cell prepared by Mayzel and published by Flemming, 1878. [4] This image is displayed under the terms of a Creative Commons License (Attribution-Noncommercial-Share Alike 3.0 Unported license, as described at http://creativecommons.org/licenses/by-nc-sa/3.0/.
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Figure 5. Drawings of chromosome segregation in living epidermal cells of a salamander larva. Flemming, 1878 [4]. This image is displayed under the terms of a Creative Commons License (Attribution-Noncommercial-Share Alike 3.0 Unported license, as described at http://creativecommons.org/licenses/by-nc-sa/3.0/.
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The role of chromosomes as sites for the storage of a cell’s genetic information was first proposed by Weismann in 1885 [12]; in 1903–1904 Boveri [13] and Sutton [14] published studies on the behavior of chromosomes during both normal cell division and the generation of gametes. They realized independently that chromosome motions and patterns of segregation were consistent with the then controversial idea that chromosomes carried a cell’s genetic information. Most of these studies are well reviewed and summarized in the 1925 edition of E.B. Wilson’s monograph on “The Cell in Development and Heredity” [15], an important resource for students of mitosis. From all this descriptive groundwork, the essential features of chromosome segregation were established, but the underlying mechanism for mitosis was still mysterious.



One limitation in this early work was the impact of the fixatives and stains used to visualize cellular infrastructure. Different fixation solutions were used by different investigators, but all such mixtures employed acids of various strengths and organic solvents, such as alcohols. Spindle fibers that might push and pull on chromosomes were seen by many, but only in fixed material, raising controversy about the legitimacy of these structures. While microscopists also saw mitotic events in living cells, in these specimens only the chromosomes were apparent. The very lack of visible spindle fibers in living cells cast doubt on the validity of the fibers seen in fixed cells, particularly since fixatives were known to induce the formation of aster-like structures in egg white and solutions of gelatin [16,17]. This observation led to the alternative concept that cytoplasm in living cells was colloidal, comprised of invisible particles and/or vesicles. In this view, fibers were artifacts of exposure to chemical fixatives, which triggered the condensation of invisible particles and/or vesicles into fibrous structures (reviewed in Wilson) [15].



The case for the reality of spindle fibers was supported by mitotic fibers that were evident in certain live cells, including diatoms as seen by Lauterborn in 1896 [18] (For an English translation, see [19]). Somewhat later, the case was enhanced by mechanical experiments in which Chambers used a microneedle to probe intracellular structures [20] (reviewed in [15]). These micromanipulation experiments showed that a spindle behaved as a coherent structure when twisted, rotated, displaced, or moved. The invention of phase optics by Zernike in the early 1930s (reviewed [21]), made spindle fibers more readily visible in some living cells, e.g., the flagellates living in the hind gut of the wood-feeding roach, Cryptocercus [22]. This work was particularly valuable, because the centrosomes in these unicellular organisms were much bigger than in most cells, allowing the first characterization of centrosome duplication and segregation during the cell cycle. Many workers in the field, however, viewed these results from “unusual cells” as unconvincing anomalies. Where were the spindle fibers in the mitotic cells of sea urchins, nematodes, amphibians, and mammals that had been the focus of so many studies?



Another imaging breakthrough came from the work of W.J. Schmidt [23] and F.O. Schmidt [24], each of whom employed polarized light microscopy to visualize the birefringence (BR), i.e., the two refractive indices that are visible in optically anisotropic materials. Viewed between crossed polarizers, the apparently homogenous material surrounding mitotic chromosomes was clearly if weakly birefringent, evidence for the presence of fibrous material in the living spindle. Spindle BR was also seen in mitotic cells from vertebrates in 1948 by Hughes and Swann [25]. Shinya Inoue pioneered several advances in the optics used to detect and measure BR, enhancing the value of polarized light microscopy for detailed observations on mitosis in living cells. He invented a way to compensate for the position-dependent optical activity of high numerical aperture lenses, allowing him to visualize spindle BR with high sensitivity (which depends on the extinction of the polarizing system) and at comparatively high space resolution (which depends on numerical aperture) (Figure 6) [26,27]. This invention also allowed Inoue to experiment with the factors that increased and decreased the amount of spindle BR [26], as described in more detail below. With this technology, Inoue saw time-dependent fluctuations in spindle birefringence and was able to use cinematography to capture the entire process of mitosis in livings cells from both plants and animals. These innovations led to an essentially universal acceptance of spindle fibers as a reality.


Figure 6. Mitotic spindles in living sea urchin eggs: metaphase (left) and mid-anaphase (right) viewed with polarization microscopy, similar to Inoue and Dan, 1951 [26]. Image from Salmon, E.D., 1982, Meth. Cell Biol. 25: 69–105. With permission from the author and the Copyright Clearance Center.
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2. New Technologies for Structural Studies Advanced Our Understanding of Spindle Organization


The visualization of spindle fibers took another step forward when mitotic cells were successfully studied by electron microscopy. Initial work used the same harsh fixations that had produced fibers for view in the light microscope; now seen at higher resolution, the fibers appeared as bundles of much finer fibrils [28,29]. The “fine structure” of these fibrils was later seen with greater clarity by Harris in sea urchin blastomeres [30] (Figure 7) and by Roth and Daniels in amebae [31] that had been fixed with osmium tetroxide, either at low pH or in the presence of divalent cations. In this work, spindle fibers corresponded to bundles of 15 nm filaments that appeared tubular. With the subsequent discovery of glutaraldehyde as a fixative [32], similar and better-preserved tubular fibers, now 25 nm in diameter, were found in all spindles studied (Figure 8). Some of these spindle “microtubules” (MTs) were seen by Brinkley and Stubblefield to attach to specializations on each chromatid of a metaphase chromosome. These specializations appeared as paired structures at the chromosome’s primary constriction or “centromere” (Figure 9) [33]. The attachment sites were identified as loci of MT binding and called “kinetochores”, a term given earlier to the chromosomal regions responsible for chromosome motion. The spindle thereby became visible as an organized assembly of MTs that must somehow exert forces on chromosomes. This idea has served ever since as the framework for most work on mitosis ever since.


Figure 7. A portion of a sea urchin mitotic spindle (SP) imaged in an electron microscope, showing the MTs (arrows) that make up the spindle fibers that had been seen by light microscopy. The curved dashed line marks the polar end of the spindle and the beginning of a specialized region that surrounds the spindle pole in these cells. (Dark rods are contamination.) Harris, 1965 [30]. This image is displayed under the terms of a Creative Commons License (Attribution-Noncommercial-Share Alike 3.0 Unported license, as described at http://creativecommons.org/licenses/by-nc-sa/3.0/.
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Figure 8. Electron micrograph of a mitotic spindle pole in a cultured mammalian cell, fixed with glutaraldehyde. Red arrows mark centrioles, the blue arrow indicates pericentriolar material where MTs are nucleated. Image kindness of Kent McDonald, Univ. California, Berkeley.
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Figure 9. Kinetochores (K) are the specializations on mitotic chromosomes (Ct) that bind MTs. (A) = sister kinetochores in a mammalian cell, strain CHO, treated with colcemid to block MT formation; (B) = a kinetochore after removal of the drug and regrowth of spindle MTs (S). From Brinkley and Stubblefield, 1966 [33]. With permission from Elsevier Publishing.
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Considerable effort has gone into the structural characterization of the spindle’s MT component. Most of the early work used electron microscopy of serial sections cut from fixed and plastic-embedded samples; this approach provided the resolution in 3-dimensions (3-D) necessary to distinguish the individual but tightly bunched MTs and to reveal the overall architecture of spindle fibers (Figure 10). Initial quantitative work on spindle structure was based on counts of the numbers of MTs in spindle cross-sections, presented as a function of position along the spindle axis, which was assessed by the number of sections cut since the one that included a spindle pole (Figure 11A–C) [34,35,36]. As techniques improved, investigators were able to track each MT from section to section, allowing displays of some aspects of spindle geometry in 3-D, e.g., the interdigitation of MTs associated with each half of the spindle in the region near the midplane of an anaphase spindle. This arrangement formed a robust interpolar bundle, the structure seen by light microscopy as the “continuous” or “pole-to-pole” spindle [34,37] (Figure 12).


Figure 10. Thick section of a mammalian cell in anaphase, lysed before fixation to reduce the complexity of background staining. KMTs = kinetochore microtubules; Chrs = chromosomes. White arrows indicate sites of apparent attachment between MTs and a chromosome (1) and a pole (2). From McIntosh et al., 1975b [37]. By permission of the author.
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Figure 11. Counts of total numbers of MTs seen on successive spindle cross-sections from pole to pole at three stages of mitosis: (A) = metaphase; (B) = early anaphase; (C) = mid anaphase. From McIntosh and Landis, 1971 [34]. This image is displayed under the terms of a Creative Commons License (Attribution-Noncommercial-Share Alike 3.0 Unported license, as described at http://creativecommons.org/licenses/by-nc-sa/3.0/.
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Figure 12. The paths of many spindle MTs, traced through serial sections of a mammalian cell (strain PtK2) in anaphase. White crosses mark the positions of the poindle poles. The shorter bundles of colored lines represent the kinetochore MTs that cluster to form the kinetochore fibers visible in the light microscope. (Colors are used simply to make these clusters stand out.) The red and yellow lines represent non-kinetochore MTs, which are associated with one pole or the other and interdigitate at the spindle’s midplane to make the “interpolar” spindle. These MTs slide and elongate during anaphase B. Image kindness of D. Mastronarde, Univ. Colorado.
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Some students of spindle structure used thin sections cut parallel to the axis of the spindle and traced each MT as it appeared on a single section; they then super-imposed these traces to make a representation of spindle structure that served useful comparative purposes. Although these views were drawings, not full reconstructions of spindle organization in a sub-volume of the overall structure, they provided informative views of the spindle after an experimental treatment [38].



The small spindles found in micro-organisms provided a particularly fruitful field for study by electron microscopy. The first group to capitalize on these cells used high voltage electrons to image comparatively thick sections cut parallel to the spindle axes in cells that had been lysed during fixation, removing much of the cytoplasmic density that is characteristic of small cells [39]. With stereo views at distinct stages of spindle formation and function, one could get a good overview of spindle organization and its changes with time as the MTs grew from the centrosomes, formed a bi-polar array, then organized the chromosomes and segregated them, largely through spindle elongation. A more detailed view of spindles in small cells emerged from the use of larger numbers of serial thin sections cut perpendicular to the spindle axis. With these sections one could track MTs in 3-D to characterize their distribution. The well-ordered interpolar spindles of diatoms were the first to yield information about changes in MT arrangement as a function of spindle elongation in anaphase B [40]. Subsequent work extended these discoveries to other diatoms, then to a cellular slime mold [41] and budding yeast [42]. This work, in sum, revealed a consistent pattern of structure in which one or a few MTs associated end-on with each chromosome, and a bundle of MTs formed between the two spindle poles, setting up an interdigitating framework of anti-parallel MTs whose interactions near the spindle midplane could drive spindle elongation through the sliding apart of two MT families, commonly accompanied by MT growth (Figure 13).


Figure 13. The spindle cycle in budding yeast. In the center of the figure, drawings represent the structure of budding yeast cells as they traverse the cell cycle. Around the edges are models made from tomographic reconstructions of the MT component of yeast spindles at each stage of mitosis. (a) There is only one centrosome but MTs grow from it into the cell’s nucleus; (b) The centrosome is duplicated and more shorter MTs project into the nucleus; (c) There are now two functional centrosomes, sitting side by side, each projecting MTs into the nucleus. At this stage, the spindle is in the process of attaching sister kinetochores to sister spindle poles; (d) A bi-polar spindle has formed; (e) The cell is advanced in anaphase B and the sister chromosomes are well separated; (f) A long, slender spindle runs from pole to pole (green and magenta MTs), and the chromosomes are drawn tightly around each pole. This spindle severs as the cell divides at cytokinesis, and the cell returns to state A. Redrawn from [43] by Eileen O’Toole. This image is displayed under the terms of a Creative Commons License (Attribution-Noncommercial-Share Alike 3.0 Unported license, as described at http://creativecommons.org/licenses/by-nc-sa/3.0/.
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An interesting reflection on the value of technological improvements in the progress of mitosis research is seen in a comparison of the results cited above with work done after the power of fluorescence microscopy became widely appreciated. Studies of budding yeast spindles by indirect immunofluorescence produced images quite like those that were laboriously prepared by serial section electron microscopy [43]. In the early work the resolving power of the electron microscope was used largely for fiber classification (MTs vs. microfilaments, etc.) and to resolve closely spaced fibers; such detail was not necessary for the study of gross fiber motions. Later chapters of this book will show how the clever use of light microscopy, together with various techniques for image contrast generation, have contributed tremendously to our current understanding of spindle mechanics.



Serial cross-sectioning and electron microscopy also provided important early information about the MT components of bigger spindles. The structure of the cold-stable bundle of MTs that associates with each kinetochore in a mammalian cells was elucidated in this way [44], and the structure of both kinetochore-associated MTs [45] and other spindle MTs that contribute to mammalian spindle structure [46] were similarly studied (Figure 14A–D). Unlike the small spindles, in which all MTs had one end on a spindle pole, these larger structures included many MTs, both of whose ends appeared free in the body of the spindle. Moreover, not all of the MTs with one end on a kinetochore were long enough to reach the area around the pole. In addition, the kinetochore-associated fibers visible in the light microscope were seen to contain MTs that did not end on a kinetochore. This structural complexity challenged the perspective that chromosome segregation was accomplished in all cells by a common mitotic mechanism. Instead, the structural variation suggested that spindles did not simply scale up in size; big spindles might involve different structural and functional principles than small ones. Perhaps bigger cells with more and bigger chromosomes placed different demands on spindle mechanics, so different solutions for chromosome segregation were required.


Figure 14. Two-dimensional projections of all the MTs in a volume that includes ~one-half of an early anaphase spindle from a PtK1 cell. (A) = all MTs traced; (B) = all kinetochore-associated MTs seen; (C,D) = all non-KMTs associated with the two spindle poles. From Mastronarde et al., 1993 [47]. This image is displayed under the terms of a Creative Commons License (Attribution-Noncommercial-Share Alike 3.0 Unported license, as described at http://creativecommons.org/licenses/by-nc-sa/3.0/.
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An important limitation with all the early structural studies of spindle MTs was their inability to detect the polar orientation of these polymers. MTs were demonstrated to be polar, i.e., to be vectors, by Amos and Klug [47], although the concept of MT polarity had been identified as important for mitosis somewhat earlier [48]. There were indications from experiments, both in vivo [49,50] and in vitro [51,52], that MTs could grow from either the centrosomes at the spindle pole or the kinetochores of metaphase chromosomes, suggesting that the MTs in any half-spindle pointed in opposite directions. The issue of spindle MT polarity was settled in several steps: (1) Experiments in vitro revealed a kinetic polarity in MT growth; the polymers had a fast and a slow growing end [53]. Work from the Borisy lab showed that MTs growing from centrosomes were oriented with their fast-growing “plus” ends distal to the centrosome [54]; (2) A method was discovered by which the protein subunit of MTs would add to the walls of existing MTs, forming hooks whose direction of curvature revealed the polar orientation of the original MT lattice [55]; (3) The application of hooks to spindles showed that both the MTs emanating from the spindle poles and those associated with kinetochores were oriented in the same direction: their fast-growing ends were distal to the spindle pole [56,57]; (4) The flagellar ATPase, dynein was identified as an additional polarity marker, binding along the MT lattice in a polarized fashion and confirming the underlying MT orientation in spindles [58]. Thus, the polar orientation of spindle MTs turned out to be strikingly simple (Figure 15). The ability of kinetochores to promote the nucleation of MTs then posed a mystery: are these MTs initiated upside down or does the spindle contain some MTs that are oppositely oriented? Intriguingly, the structural evidence argued strongly against the latter possibility, but exactly how kinetochores can initiate MTs of the right orientation is still an unsolved problem.


Figure 15. Diagrams showing the polar orientation of Spindle MTs, as assessed by the tubulin-containing hooks. Euteneuer and McIntosh 1981, 1982 [56,57]. This image is displayed under the terms of a Creative Commons License (Attribution-Noncommercial-Share Alike 3.0 Unported license, as described at http://creativecommons.org/licenses/by-nc-sa/3.0/.
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3. Comparisons of Spindles across Phyla


The fact that mitosis occurs in all eukaryotic cells has meant that students of diverse organisms have contributed to the literature of the field. Although the earliest studies were focused on organisms whose cells were comparatively large and whose chromosomes were particularly visible, e.g., the amphibians, insects, nematodes, oocytes of marine invertebrates, and certain plants, subsequent investigations reached out more widely. Cells from the endosperm in plant seeds have been particular useful because they make almost no cell walls, which improves both the clarity of images obtained by light microscopy and the ease with which cells can be flattened to reduce their 3-D image complexity. One of the most productive scholars of plant mitosis was Andrew Bajer, who initially used phase microscope with cine-recording, then polarization optics, then electron microscopy (reviewed in [59]) and subsequently immune-staining of spindle components to characterize mitosis in these large and beautiful cells [60]. Bajer and his students described large bundles of MTs associated with each chromosome and many additional spindle MTs, assembled into a structure that resembled the interpolar spindle of animal cells, except for its lack of a focus on defined polar structures.



Micro-organisms were also subjects for detailed and informative study. Hans Ris and Donna Kubai used electron microscopy to describe spindles in several dinoflagellates, which were thought at the time to represent a particularly primitive kind of eukaryote whose spindles might, therefore, give insight into the evolutionary origins of mitosis [61]. These organisms carried out mitosis within their nucleus, and the images then available suggested that cytoplasmic MTs were simply a guide for the direction that chromosomes might move. It was proposed that motive force might come from the membranes of the nuclear envelope, by analogy with a then popular model for the mechanism of chromosome segregation in bacteria [62]. In retrospect, the apparent absence of connections between chromosomes and MTs may have reflected procedural difficulties in preserving these cells for structural studies. This view is supported by the observation that in at least some dinoflagellates MTs terminate on a knob-like differentiation at the site of contact between kinetochores and the nuclear envelope [63] (Figure 16). Some of the difficulties of preparing micro-organisms for electron microscopy have been solved by the introduction of rapid freezing, followed by fixation through the substitution of cytoplasmic water with organic solvents at low temperature (freeze-substitution) [64]. In the study of cellular fine structure, these methods provided a significant improvement in cell preservation [65].


Figure 16. MTs, chromosomes and their interactions in the dinoflagellate, Amphidium. MTs run in a cytoplasmic channel, but some of them are connected to chromosomes through the nuclear envelope. From Oakley and Dodge [63]. This image is displayed under the terms of a Creative Commons License (Attribution-Noncommercial-Share Alike 3.0 Unported license, as described at http://creativecommons.org/licenses/by-nc-sa/3.0/.
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The biological diversity of micro-organisms has been informative about different ways in which organisms solve the problem of reliable chromosome segregation [66,67]. However, this knowledge has been a two-edged sword; it has provided a legitimate sense of variation but also a bewildering sense of complexity. The wide range of mitotic and meiotic structures and processes has nurtured the belief that there could not possibly be a “universal” mechanism for chromosome movement. For clarity in addressing this issue, a brief summary of mitotic and meiotic events is presented here, followed by some examples of diversity in the patterns of chromosome motion.




4. A Summary Description of Mitotic and Meiotic Events


Despite diversity in the patterns of chromosome segregation, some common features have been identified. Small spindles, as found in most fungi and algae, build a distinct interpolar spindle (sometimes called the central spindle, the continuous spindle, or the core bundle, referring to its tightly bunched MTs). One or more MTs that are not in this bundle run directly from one of the spindle poles to each kinetochore, making a mechanical connection that is essential for normal chromosome motion. Commonly, the chromosomes congress to a metaphase plate, but the connection between sister chromatids is not rigid, allowing the metaphase chromosomes to separate transiently, showing a “breathing” as they move back and forth about the spindle equator [68]. In some diatoms, this breathing is so extreme that sister kinetochores are pulled to opposite spindle poles before anaphase begins [69]. The onset of anaphase is usually abrupt [70], and most chromosomes separate due to two kinds of motions: an approach to the spindle poles (Anaphase A) and an elongation of the distance between the poles (Anaphase B).



In medium sized spindles, such as those in the cells of mammals, nematodes, and fruit flies, there are multiple MTs (5–40) attached to each kinetochore, and some but not all of them run from kinetochore to pole [71]. Again, there is an interpolar spindle, but not all of the MTs in this structure have one end associated with a pole; many of them start and end in the body of the spindle, and some of them commingle with the kinetochore-attached MTs, making the “kinetochore fiber” that is visible by light microscopy a mixture of MTs that are kinetochore associated and those that are not [46]. While centrosomes are present and contribute to spindle organization, they have been shown by several experiments to be dispensable, so long as slower mitotic progression can be tolerated. In large spindles, such as those that form in early frog embryos or in the endosperm of higher plants, there are many thousands of MTs. In frog eggs, most of these form in association with chromosomes, rather than centrosomes, and they form a bipolar spindle through a combination of MT rearrangements and dynamics, as will be discussed in later chapters of this book. Connections of MTs directly to the poles are rare. Thus, there appear to be several structures to understand more fully in our efforts to elucidate mitotic mechanisms.



Meiotic spindles resemble mitotic spindles in many ways, but the essential function of reducing the chromosome complement from diploid to haploid requires a few important differences. Foremost, there are two rounds of chromosome segregation with only one round of DNA replication. Secondly, in preparation for the first meiotic division, homologous chromosomes pair and become connected by the crossings-over that occur during meiotic prophase; a set of four chromatids (two identical and two homologous) form a single meiotic chromosome, called either a “bivalent” or a “tetrad” (Figure 17). These congress to a metaphase plate and segregate by the separation of “half-bivalents”, which serve as anaphase chromosomes for meiosis I. Following telophase, a short interphase that lacks DNA replication, the chromosomes enter meiosis II, which resembles a mitotic division, except that the number of chromosomes at the metaphase plate is half the number found in a diploid mitosis (Compare Figure 17, left and right).


Figure 17. Diagrams of meiotic (A) and mitotic (B) cell divisions. With permission from the Taylor Francis Group, publishers.
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Diversity in the mechanisms of chromosome segregation is found in several published works. For example, the first meiotic division of spermatocytes in crane flies includes a normal anaphase separation of paired autosomal bivalents, but a delayed separation of the two unpaired sex chromosomes [72]. The replicated but unpaired sex chromosomes, exhibit amphitelic attachments (i.e., sister kinetochores are attached to sister spindle poles). After autosomal segregation is complete, the sex chromosomes segregate almost simultaneously to opposite poles, retaining their amphitelic attachments as they move in opposite directions by a mechanism that remains unexplained.



Another anomaly is found in the fly, Sciara copraphilia, where meiosis I in males includes segregation of the male-contributed chromosomes from the female chromosomes on a monopolar spindle, which discards the former and draws in the latter to a single spindle pole [73,74]. Again, the mechanism underlying this chromosome behavior is still mysterious. At various times, students of mitosis have focused on these unusual behaviors and demanded that any successful hypothesis for mitotic mechanism must explain all these unusual phenomena. With the advent of molecular biology and a subsequent focus on chromosome segregation in a relatively few “model organisms”, this view has faded. Regardless of one’s opinion on this matter, there are certainly things to be learned from biological diversity, including a better understanding of conserved regulatory elements that may bridge diverse mitotic mechanisms.



As an example of informative mitotic diversity, one can look at mitotic behavior of the nuclear envelope. During mitosis in higher plants and animals the nuclear envelope disperses, allowing commingling of the nucleo- and cytoplasms. In many unicellular organisms, on the other hand, the envelope remains intact throughout mitosis. This appears to be a sharp distinction and a fundamental difference, but it turns out that there are examples of intermediate conditions that argue otherwise. In the green alga, Chlamydomonas, the nuclear envelope is largely intact, but near the spindle poles there is a window that allows centrosomes in the cytoplasm to extend MTs into the nucleoplasm and thereby affect chromosome position [75]. A similar situation is found in the nuclei of Drosophila embryos at the syncytial blastoderm stage [76]. In addition, there are cases where the spindle forms in the cytoplasm and the nuclear envelope remains intact. The mitotic chromosomes associate with the inner surface of the nuclear envelope and somehow form MT attachment sites on the outer surface of the envelope. As a result, the cytoplasmic spindle can organize chromosome segregation, even while the spindle MTs are excluded from the nucleoplasm [63,77,78]. These examples are all consistent with the simple view that mitosis requires a bi-polar array of MTs that interacts with the already duplicated chromosomes, linking sister kinetochores to sister poles. Exactly how this arrangement is achieved and regulated can vary, and may be of secondary importance.



With the advent of molecular biology, both to help identify the protein products of genes and to go from biochemical analyses to a set of genetic loci, mitosis research focused down on a relatively few organisms whose combination of genetic manipulability and susceptibility to molecular transformation and microscopic imaging made them useful experimental systems. Thus, as will become apparent in the chapters that follow, there is now a huge amount of information about the spindles of budding and fission yeasts, of the nematode, Caenorhabditis elegans, of the fly Drosophila melanogaster, and of mammalian cells grown in culture. Likewise, a few plant systems are under intense scrutiny. Yet, as the sequencing of DNA has become relatively inexpensive, and as molecular tools and capabilities have expanded, there is now a trend away from this biological myopia. We can look forward to a greater interrogation of biological diversity and a resulting improvement in understanding of this complex and important biological process.




5. Biochemical Work to Characterize the Mitotic Machinery


The first successful efforts to purify mitotic spindles took advantage of the eggs of marine invertebrates, which could be obtained in large numbers and induced to enter an almost synchronous mitosis by the addition of the corresponding sperm [79,80]. Cell numbers, and therefore the amounts of isolated spindles were sufficient for biochemical study, but the first spindles isolated were non-physiologically stable and inert with respect to mitotic activity. Robert Kane improved this isolation protocol in 1962, leading to some characterization of the factors important for spindle stability [81]: pH around 6.0 and a not well understood aspect of lowering the solution’s dielectric constant. However, these spindles too were inactive, and even when the method was further improved by using glycerol and dimethylsulfoxide to preserve spindle stability in a reversible way [82], the isolates were still too inactive and complex to be very informative. The latter spindles showed some of the dynamic properties of spindles in living cells, e.g., sensitivity to hydrostatic pressure, but they did not move chromosomes, so it was hard to assess the functional significance of either their dynamic properties or any specific components. Still other media [83] were used to isolate labile spindles that yielded information about a few proteins that associated with spindle MTs in a polymerization-dependent way [84]. The discovery of Taxol as an agent to promote MT stability [85] spawned additional efforts to isolate useful mitotic spindles [86], but again, the lack of functional assays for the many components of the isolates frustrated attempts to use these preparations for a molecular analysis of mitotic mechanism.



One of the most significant advances in spindle chemistry came from the lab of Edwin Taylor. It had been known for years that colchicine disrupted mitotic spindle structure and function but had little effect on a cell’s progression through interphase. Based on this specificity, Taylor surmised that the drug bound to the protein subunit of spindle fibers, i.e., the subunits of MTs. He made a radioactive form of this spindle poison and used then-standard methods of protein biochemistry to purify the colchicine-binding component of spindles [87,88]. Ironically, the material that provided the best yield of colchicine-binding protein was mammalian brain, a tissue known for its dearth of cell divisions. This observation provided important evidence that the colchicine-binding protein was used in multiple cellular settings, just as MTs had been found to be essentially ubiquitous. Subsequent work by Richard Weisenberg, identified conditions in which the isolated protein, now called “tubulin”, would assemble into MTs in vitro [89]. These advances opened up multiple approaches to the experimental study of mitosis.



Several labs used version of the conditions discovered by Weisenberg to make cell-free models of spindles that preserved aspects of spindle function and allow limited biochemical study, if not the analysis of components. This approach was pioneered by Hoffmann-Berling in the 1950s; he used glycerol to preserve aspects of the cytoskeleton as the cell membrane dissolved, then Mg2+-ATP to activate cellular contractility. He applied the same approach to mitotic cells [90], but with only limited success, perhaps because the conditions that preserved microfilaments and their interactions with myosin did not work for spindles. Maintaining a labile spindle became practical as soon as one knew methods to purify tubulin and promote its polymerization [89]. By lysing cells with non-ionic detergents in an equilibrium mixture of tubulin and MTs, investigators were able to support anaphase motions after membrane permeability was disrupted [91]. However, without a way to initiate anaphase in these lysed cells, one could only look for conditions that supported chromosome motion after it had started. For this purpose, solutions containing Mg-ATP and a high molecular weight polyethylene glycol were sufficient; soluble tubulin was unnecessary for anaphase A and limited anaphase B. Subsequent work showed that the presence of tubulin could increase the extent of spindle elongation [92], but mechanisms still remained elusive.



An alternative biochemical approach emerged from work on extracts of frog eggs. These huge cells can be broken and fractionated to yield undiluted meiotic cytoplasm in sufficient quantities to facilitate experimentation on factors that induce a mitotic state [93]. It was this system that allowed the first purification of “maturation promoting factor” [94], which later came to be known as cyclin-dependent kinase 1. This discovery attracted legions of workers to the frog egg system for biochemical analysis of cell cycle control. Upon the addition of frog sperm, this system will produce cycling nuclei and mitotic spindles whose action in a cell-free environment is remarkably life-like. These spindles have served as fruitful experimental material for many laboratories, as will be described in later chapters of this book.



Another productive approach to spindle biochemistry was based on the use of labeled antibodies, which could identify and localize specific spindle components. Some investigators raised antibodies to proteins of interest, such as MT-associated proteins (MAPs) or motor enzymes and looked by indirect immunofluorescence to see whether these molecules were present in spindles [95,96,97]. This approach did, however, lead the field on some false trails, because the spindle contains a very large number of proteins, not all of which are functionally significant for mitosis. For example, the muscle protein, actin, appears to be a major spindle component [97], but later work showed that most spindle actin is monomeric; fibrous actin, which is more likely to be of mechanical importance, lies largely outside the spindle [98]. Nonetheless, the discovery through immuno-fluorescence that gamma-tubulin is localized at spindle poles [99] and that the minus end-directed motor, dynein, is localized to mitotic kinetochores [100,101] are examples of discoveries that opened a wealth of opportunities for experimentation, many of which will be discussed in other chapters. In summary, however, this rather targeted approach to component identification did not have the power necessary to reveal important but previously unknown spindle parts.



Substantial progress in the identification of spindle components was made serendipitously through the discovery that certain auto-immune syndromes in humans led to the production of antibodies that bound to unknown spindle components localized at intriguing sites, such as kinetochores [102]. The potential value of these antisera was recognized by several students of spindle structure, but it was the chromatin structure group at Johns Hopkins, led by Bill Earnshaw and Don Cleveland, that first capitalized on these sera as tools to identify centromere and kinetochore proteins [103]. This work produced a series of important papers in which centromere proteins (CENPs A–F) were identified as specific polypeptides. The significance of some of these proteins for mitosis was implied by the failure of mitosis following injection of these antibodies into mitotic cells [104]. CENP-A was purified and identified as a histone-like protein by the clever use of spermatozoa as a cell type that retains this protein, even as histones are removed to permit chromatin transport in a compact sperm head [105]. CENP-A and other kinetochore components identified in this way have become central players in mitotic function, as will be discussed in later chapters.




6. Spindle Genetics as a Route to Understanding Mitotic Mechanism


Students of mitosis have long hoped that genetics would provide deep insights into the functionally significant components of the mitotic spindle. Hints supporting this hope came occasionally from the communities that studied organisms suitable for classical genetics, e.g., fruit flies. Mutants with interesting mitotic phenotypes were occasionally reported, e.g., some alleles of the claret locus, which is important for Drosophila eye color. These mutants included the phenotypes of abnormal mitoses in early embryonic cells [106] and of meiotic chromosome loss [107]. The reason for the surprising coupling of eye color with mitosis remained obscure for many years. It was only with the cloning of both the DNA around the claret locus and the gene for Drosophila kinesin that it became clear that this claret allele included a deletion of DNA from an adjacent gene, which encoded a motor enzyme important for mitosis [108].



Some workers sought mitotic mutants in normally diploid organisms by taking advantage of their biology. Ostergren used radiation mutagenesis of lilies and a screen for cells with aberrant mitosis during the brief haplophase that follows meiosis, but although he collected many such strains, the molecular tools need to analyze them were not available, so little progress resulted [109]. Likewise, students of fly biology sought male sterile meiotic mutants, maternal effect embryonic lethals, and late larval lethals in an effort to identify mutations affecting chromosome behavior and cell division. These mutants identified genes whose wild-type functions are important for chromosome condensation and integrity, for the progression of nuclear and centrosomal cycles, and completion of chromosome segregation. [110,111], but they did not cast light on mitotic mechanism. With only a genetic locus and a phenotype as guides, it was impossible to see mechanistic connections between mutant and wild type mitosis.



A full scale genetic assault on mitosis, and on cell cycle regulation more generally, did not occur until Hartwell began his screen for temperature sensitive (ts) mutants of the budding yeast, Saccharomyces cerevisiae [112] and Nurse pursued the same strategy with the fission yeast, Schizosaccharomyces pombe [113]. Meanwhile, Morris undertook an analogous screen for ts mutants in Aspergillus with a specific focus on those with an aberrant mitosis [114], and Yanagida sought mutants of S. pombe that would pertain specifically to mitosis. His lab achieved singular success through the study of strains that drove a septum inappropriately through an undivided nucleus, the “cut” mutants [115]. Other students of yeast biology looked for mutations that led to an increased frequency of chromosome loss. These “chromosome instability” (CIN) mutants again identified genes important for high fidelity mitosis [116]. With the advent of DNA cloning for fungal genes by reversion of mutants to the wild phenotype through transformation with a library of wild type DNA, it became possible to learn the DNA sequences of genes whose mutation had led to mitotic failure. In this way both Morris’s lab and those of Rose and Hoyt discovered “pioneer” sequences of genes important for successful chromosome behavior in A. nidulans and S. cerevisiae. The mechanistic significance of several of these mitotic mutants became evident upon the cloning and sequencing of the gene for kinesin from Drosophila melanogaster [117]. Numerous fungal mutants with mitotic phenotypes could now be recognized as mutations in a family of MT-dependent motors that played important roles in the formation and function of mitotic spindles and related processes, such as karyogamy (the coming together of gamete nuclei to form a diploid nucleus). These genes and their analysis will be described in later chapters of this book.



The ability to clone mutant genes in fungi with comparative ease led to an amazing spate of progress in identifying key molecular functions important for mitosis. Kinases that regulate the activity of both centrosomes and kinetochores were found in each of the organisms studied. Genes whose products were essential for chromosome attachment to the spindle and for centrosome duplication were discovered and analyzed. Among the most important discoveries made through a genetic approach was the identification of proteins that provide key functions in the spindle’s system of quality control, the “spindle assembly checkpoint”. As discussed in Chapter 5, clever genetic screens identified several proteins that contribute to a system that delays anaphase onset until the chromosomes are properly attached to the spindle [118,119]. Additional progress was made through a marriage of biochemistry with molecular and genetic approaches, as in the work by the Kilmartin, lab, who workers isolated both spindles and the “spindle pole bodies” (SPBs), which are the centrosomes of budding yeast, followed by a combination of raising antibodies and screening libraries to identify genes and gene products that were components of these important mitotic structures [120]. With the more recent rise of genome sequencing and mass spectroscopy researchers in mitosis have come to possess what is probably a complete “parts list” for the mitotic machinery of small cells. Again, this work will be reviewed in later chapters. In sum, the emergence of modern molecular technology has made a dramatic difference to the information about mitosis that can be gleaned from genetics.




7. Insights into Mitotic Mechanism from Studies of Mitotic Physiology In Vivo


Early cytologists described the structures and organelles involved in spindle assembly and function based on correlations between fixed and living cells. As they achieved greater clarity in the descriptions of mitotic events, they realized that an understanding of underlying mechanisms would require experimentation. Their investigations were supported by the development of companion technologies such as micromanipulation, microinjection, and fluorescent labelling of spindle molecules, all employed with a new mindset of reaching into the cell to perturb the mitotic process.



	a. 

	
Experiments on Kinetochores. Improved microscopy enabled descriptions of both localized and diffuse kinetochores, as seen in certain insects [121]. Experimental work using X-rays to fragment chromosome [122,123] provided direct evidence for the role of kinetochores in spindle attachment and chromosome segregation. X-ray induced fragmentation of chromosomes with localized kinetochore produced multiple fragments, only one of which contained a kinetochore. This fragments attached to the spindle and moved normally, but the fragments that lacked a kinetochore failed to attach and were lost at subsequent divisions [124]. By contrast, chromosomes with diffuse kinetochores were connected to spindle fibers by the entire poleward surface of each chromosome. X-ray-induced fragments of these chromosomes retained kinetic capacity; regardless of how small the pieces became, each chromosome fragment was pulled to opposite spindle poles by its associated kinetochore fibers [123]. This work established the importance of kinetochores in chromosome motion.




	b. 

	
Observations and Experiments on Chromosome Movements. Some diversity in anaphase was discovered by quantitative descriptions of chromosome movements in living cells. Changes in spindle length and kinetochore separation revealed two phases of chromosome movement [25,125]. One involved the shortening of chromosomal fibers, the other an elongation of the spindle with consequent chromosome movement. Early descriptive work revealed variation in the extent to which organisms relied on Anaphase A or B. Some used only Anaphase A (Tradescantia) and some only Anaphase B (Primary spermatocytes of the Aphid, Tamalia [125]). Some cells used both though separated in time (Secondary spermatocytes and embryonic cells of the Aphid, Tamalia; Hemiptera and Homoptera; [125]), and others used both anaphase mechanisms overlapping in time and therefore difficult to distinguish (grasshoppers; chick tissue culture cells [25]).







The two phases of anaphase were experimentally distinguished by their responses to chemical inhibition; chloral hydrate blocked anaphase B but not A [125]. In a different approach, Brinkley and colleagues [126] noted that low concentrations of colcemid had little effect on kinetochore fibers, but non-kinetochore spindle fibers were lost, resulting in a monopolar spindle. Other investigators exposed cells to hypertonic media, X-rays, or elevated temperatures and studied the abnormal anaphase configurations that arose as a result of cross-linked chromosomes (e.g., [127,128]). Following these perturbations, the forces that would normally have pulled chromosomes to the poles now pulled the spindle poles together, suggesting that chromosome-to-pole forces were stronger than the forces driving spindle elongation. The failure of these spindles to elongate correlated with a delay or absence of cleavage furrow formation, providing some of the first evidence that furrow formation is linked to the spindle. These and similar observations promoted the view that spindles comprised two components: the chromosomal fibers that pulled chromosomes poleward, and the spindle body that could elongate, pushing the spindle poles apart, indirectly moving the pole-attached chromosomes.



Early studies of spindle dynamics using polarized light were paralleled by detailed studies of chromosome behaviors in living cells using improved phase contrast optics and later, differential interference microscopy. The major features of chromosome movements during cell division were distilled from observations of plant endosperm divisions (Reviewed in [59]), as well as spermatocyte divisions in crane fly [128], grasshoppers [129,130], mantids [131], and phasmids [132]. In general, chromosomes moved along the curvature of the spindle, parallel to the spindle long axis. These movements are irregular, with occasional pauses and reversals of direction, but they are always directed towards one or the other spindle poles, and are always progressively becoming more centered on the equator of the spindle at metaphase. At anaphase, chromosomes separate, marking the end of metaphase, and move poleward, continuing on paths parallel to the interpolar spindle. These motions are independent but are far more coordinated than prometaphase motions. In both prometaphase and anaphase, localized kinetochores were seen to direct the independent movements of chromosomes.



	c. 

	
Chromosome Pulling Forces Were Detected in Prometaphase. Descriptions of chromosome behavior in a variety of meiotic cells revealed a “pre-metaphase stretch” in which the distance between kinetochores on homologous chromosomes was greatly extended by action of the spindle [131,132], e.g., mantids and phasmids (Figure 18). This pre-metaphase stretch was followed by the gradual re-contraction of chromosomes and a resumption of normal prometaphase congression. Notably, the timing of the stretch and the resumption of congression were asynchronous on adjacent chromosomes, implying that mitotic forces acted independently on individual chromosomes. Taken together, these studies suggested the autonomy of chromosome movements during mitosis, eliminating models of collective transport by the spindle. These observations contributed to the rise of traction fiber models, in which kinetochores and their associated chromosomes were pulled individually towards the spindle poles to which they were attached.


Figure 18. Typical pre-metaphase stretch of bivalent chromosomes in Stagmomantis carolina, a mantid. The kinetochores of homologous chromosomes are pulled far apart during Meiosis I in this species. 14 = early prometaphase, 15 is later. From Hughes-Schrader, 1943 [131]. With permission from the University of Chicago Press.
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	d. 

	
Physical Perturbations of the Spindle as a Whole. Some of the most convincing evidence for the existence of chromosomal fibers in vivo came from experimental manipulations of dividing cells. The centrifugation of mitotic cells distorted the spindle [121], stretching it [133] and/or severing chromosome attachment sites [134]. These perturbations also separated anaphase spindles into two half spindles, showing that chromosome-spindle pole attachments were strong enough to resist the centrifugal forces that distorted bivalent chromosomes. Centrifugation experiments further suggested a gel-like mechanical texture of the spindle.







The nature of this gel and of chromosomal fibers was further studied by the reversible application of hydrostatic pressure [49]. Pease found that progressive increases in hydrostatic pressure (e.g., 2000 to 6000 psi) progressively reduced the rate of anaphase chromosome movement, culminating in its complete cessation. Indeed, Pease provided early evidence for a functional linkage between the presence of a spindle gel structure and chromosome movement. When the rigidity of the fibrous spindle was reduced at elevated hydrostatic pressures, chromosome movement ceases. Remarkably, however, after a release of hydrostatic pressure, spindle fibers reassembled and chromosome movement restarted. Pease proposed that forces are imparted to the chromosomes by two phase transitions: a sol to gel transition, which added spindle fiber material and a solation of chromosomal fibers, which occurred at the spindle poles.



Quantification of spindle birefringence under various physical and pharmacological conditions provided key insights into the reversible assembly of the mitotic spindle (reviewed in [135,136,137]). A sharp dependency of spindle birefringence on temperature suggested a low energy bonding between aligned subunits of the birefringent spindle fibers and provided compelling evidence for the self-assembly of fibers at physiological temperatures [135]. Inoue and Sato [135] proposed the dynamic equilibrium model of spindle assembly in which aligned subunits forming birefringent spindle fibers were in equilibrium with a pool of unaligned, non-birefringent subunits. Consistent with Inoue’s equilibrium model, Edwin Taylor [138,139] showed that the protein synthesis required for spindle assembly is completed well before the onset of prophase. However, neither an appreciable loss of kinetochore fiber birefringence nor the predicted transient acceleration of poleward chromosome velocity in anaphase was observed upon the rapid cooling of crane fly or grasshopper spermatocytes [140].



In eggs of the marine worm, Chaetopterus, the metaphase-arrested spindle is attached to the egg cortex. When spindle MTs were depolymerized by exposure to cooling, colchicine or high hydrostatic pressure, the spindle shortened, transmitting forces along the chromosomal fibers to pull the metaphase chromosomes closer to the cortex [141]. Moreover, reversal of treatment, which allowed the repolymerization of spindle fibers, pushed chromosomes away from the cortex. Taken together these studies provided the first physiochemical evidence for a link between the reversible assembly of spindle fibers and force production for chromosome movements. The dynamic equilibrium model was later revised, based on the understanding that spindle birefringence is due largely to MTs and that spindle MTs self-assemble from a pool of tubulin subunits [142,143].



	e. 

	
Local Perturbations of Spindle Structure and Function. Experiments with microbeams of ultraviolet (UV) light raised provocative questions about the nature of MT dynamics and the roles of MTs in chromosome movements. Forer [144] reported that UV microbeam irradiation of chromosomal fibers in crane fly spermatocytes at metaphase produced localized “areas of reduced birefringence” (ARBs). ARBs subsequently moved poleward, even while the chromosomes remained aligned at the metaphase plate. Such observations indicated that chromosomal fibers were not static and suggested a continuous poleward flux of materials within the chromosomal fiber (Figure 19). Moreover, in anaphase, Forer reported variability in the impact of ARBs on chromosome movement [144]. Two thirds of the time, chromosome to pole movements ceased when irradiated fibers contained ARBs. One third of the ARBs, however, had no impact on chromosome movement. Moreover, two thirds of irradiated fibers did not develop ARBs, yet chromosome to pole movements were blocked as frequently as when an ARB formed. Forer interpreted these results to mean that chromosomal fibers contained two components: birefringent MTs, which neither produce nor transmit the forces required for chromosome movements, and a non-birefringent element that was required for traction the forces that pulled chromosomes poleward in anaphase A. Electron microscopy later confirmed that in at least some experiments, MTs within the ARBs were severed and/or depolymerized [145,146]. Forer’s complicated results from anaphase spindles have never really been explained.


Figure 19. A crane fly spermatocyte irradiated during metaphase. (A1) autosomes labeled with arrow; (A2,A3) the position to be irradiated is indicated by a bracket; (A4) UV = the ultraviolet irradiation; (B1,B2,B3,C2) The position of the area of reduced birefringence (on the chromosomal fiber of the left bivalent) is indicated by a bracket; (B2) the autosomes labeled with arrows. The times of the photographs in minutes relative to the time of irradiation. A1, −11; A2, −7; A3, −5; A4, −0.5; B1, +2; B2, +2.5; B3, +6; B4, +7; C1, +10; C2, +14.5; C3, +18.5; C4, +19.5. The area of reduced birefringence moved to the pole, and did not displace the pole when it arrived there. From Forer, 1966 [144]. This image is displayed under the terms of a Creative Commons License (Attribution-Noncommercial-Share Alike 3.0 Unported license, as described at http://creativecommons.org/licenses/by-nc-sa/3.0/.
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With regard to spindle MTs that did not attach to kinetochores, a subset of these MTs from opposing poles were found to interdigitate at the spindle midzone (see above); these fibers exhibit even greater stability than was found with the fibers connected to chromosomes [147]. Experiments showed that this interpolar bundle was under compression from the forces pulling chromosomes poleward; when the bundle was severed by a UV microbeam, the spindle of a diatom collapsed [145]. Much progress has recently been made in understanding the organization and force production associated with the zone of overlap at the spindle equator, as discussed by Scholey et al., this volume [148].



	f. 

	
Studies on MT Dynamics in Vivo. Salmon and coworkers [149] microinjected high concentrations of colchicine into dividing sea urchin eggs, blocking spindle MT polymerization, and allowing the rate of depolymerization to be measured. A rapid decrease in birefringence (BR) reflected the disappearance of non-kinetochore MTs, while kinetochore MTs were again differentially stable (Figure 20). Surprisingly, the calculated rate of depolymerization (180–992 dimers per second) was significantly faster than predicted from the in vitro parameters of tubulin dynamics. It was, however, consistent with a significantly different, “dynamic instability” pathway concurrently proposed for MT behavior [150]. At about the same time, several investigators capitalized on photobleaching, as well as on the incorporation of injected tubulin and a specially labeled tubulin, using fully functional tubulin “analogues” to interrogate the pathways of tubulin assembly and disassembly during mitosis and the mechanistic basis of chromosome movements [151,152,153].


Figure 20. Changes in spindle birefringence (BR) in the half spindle as measured by a video spot meter. (a) Tracing of the chart record of the video voltage following injection of colchicine (0.2 mM) into a first division metaphase cell. The characteristic time, Δτ, of nonkinetochore MT depolymerization is measured by the time between the onset of BR decay and the time where the video voltage decreases to 10% of the initial value. The line is a first-order decay curve for k = 0.092. Spindle BR is normalized by the initial value at the time of injection; (b) Comparison of the rate of disappearance of normalized spindle BR after 1.5 mM intracellular colchicine injection with the normal rate of half-spindle disassembly at late anaphase. From Salmon et al., 1984 [149]. This image is displayed under the terms of a Creative Commons License (Attribution-Noncommercial-Share Alike 3.0 Unported license, as described at http://creativecommons.org/licenses/by-nc-sa/3.0/.
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In particular, fluorescence recovery after photobleaching (FRAP) experiments in sea urchin spindles in vivo revealed two phases of fluorescence recovery: a fast phase, reflecting a quick turnover of tubulin within the labile polar MTs (t1/2 = 19 s), and a slow phase associated with the comparatively stable kinetochore MTs (t1/2 = 60–90 s [153]). Moreover, photobleached bar patterns positioned within the half spindle showed no evidence for directional, poleward movement during the rapid recovery phase, indicating that poleward flux of unbleached subunits incorporated at the dynamic MT plus ends was not the mechanism by which fluorescence was recovering [154,155]. Instead, the fast recovery was explained by the dynamic instability of polar MTs.



In complete agreement with FRAP analyses, the incorporation of labeled tubulin injected into mammalian cells also show that non-kinetochore MTs quickly become fully labeled (<1 min) following the injection of fluorescent or biotinylated tubulin, while kinetochore MTs were not completely labeled a full 10 min after injection [156]. Further analysis of tubulin incorporation determined the sites of insertion, and removal, of tubulin subunits in the more stable kinetochore MTs, and identified a poleward flux of tubulin within kinetochore MTs [156,157]. Of particular note, Mitchison [157] developed a caged fluorescent tubulin that could be activated by a focused beam of UV light to turn on fluorescence in a narrow bar across mitotic spindles in vertebrate cells. Over time, the fluorescent bar moved toward the spindle pole, demonstrating a poleward flux of kinetochore MTs and their disassembly at spindle poles (Figure 21). These results added yet another layer of dynamics to kinetochore MT assembly with implications for the polar linkage of kinetochore MTs, as well as a potential mechanisms of force production that could power chromosome movement or the spindle elongation.


Figure 21. Phase-contrast and three fluorescence images of the cell to be analyzed. Times relative to photoactivation are (from left to right): 418, 5, 429, 674 s. Pole to pole distance = 18.8 µm. From Mitchison, 1989 [157]. This image is displayed under the terms of a Creative Commons License (Attribution-Noncommercial-Share Alike 3.0 Unported license, as described at http://creativecommons.org/licenses/by-nc-sa/3.0/.
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	g. 

	
Investigating Spindle-Chromosome Interactions by Micro-Manipulation. In a classic series of studies, Nicklas and coworkers used the tips of fine microneedles to tug on chromosomes in grasshopper spermatocytes and characterize their attachment to the meiotic spindle. They showed that chromosome-attached spindle fibers were essentially inextensible, that they were bound to the rest of the spindle near the pole, and that they were readily displaced, either laterally or toward the pole, without losing their chromosome attachment; moreover, each chromosome was quite independent of its neighbors [158]. Each chromosome behaved like a pendulum suspended by a thin wire and free to swing from a pivot point at the spindle pole. The chromosomal fiber was stiff under tension but flexible to compression and bending. Nicklas further demonstrated that during prometaphase and metaphase chromosomes could be detached from their fibers by repeated tugging with the needle. Once released from the needle, they would reattach to the spindle (See Supplementary Movie 1). In contrast, chromosomes in anaphase could not be detached from their fibers, despite great effort. The segregation of chromosomes following these micromanipulations was indistinguishable from that in control, unmanipulated cells.







Begg and Ellis [159] extended these observations, relating the mechanical connection between spindle and chromosome to the associated birefringent fiber. By selectively manipulating the chromosomal fiber they confirmed that this structure was attached to the chromosome. They showed that colchicine treatment abolished both the visible birefringent fiber and the mechanical connection between the chromosome and the spindle. During anaphase, if an already segregating chromosome was pushed poleward in advance of its neighbors, the birefringence of the associated kinetochore fiber was greatly reduced, presumably due to distortion of the fiber and the splaying of its MTs. Intriguingly, the splayed fiber remained intact and continued to shorten, as inferred from the eventual resumption of poleward movement by this chromosome in concert with its neighbors. These observations provided early evidence that the regulations of spindle-generated force and the mechanical linkage between spindle and chromosome changed at anaphase onset. During prometaphase, a kinetochore fiber that was not subjected to tension was unstable, and the linkage to the spindle could be lost as the chromosome reoriented. The onset of anaphase stabilized the chromosome’s spindle attachment, even though the chromosomal fiber was shortening. Indeed, the coupling between force production and mechanical linkage appeared to be fundamental to proper chromosome orientation and segregation [160,161].



Nicklas next interrogated the process of kinetochore orientation and reorientation during prometaphase [161]. Chromosomes were detached and monitored during reattachment. (For a visual description of this process, see Movie 1 in Supplementary Material. This video was made from an original film recording made by Nicklas and kindly donated for use in this review.) The results showed that kinetochore orientation was the primary determinant of the spindle pole to which that kinetochore would reattach. Regardless of where a detached chromosome was placed, the kinetochore interacted preferentially with the pole it most nearly faced. Second, once one kinetochore oriented towards a pole, the sister kinetochore was constrained to face the opposite spindle pole, as a consequence of chromosome structure. The bipolar configuration of each kinetochore favored the bipolar attachment of chromosomes.



Early in prometaphase, as chromosomes begin to engage with the spindle, kinetochore position and orientation are disorganized; almost any arrangement of kinetochore-MT interactions can be found (reviewed in [162]). Some of these initial arrangements result in inappropriate attachments between chromosomes and the spindle, e.g., sister kinetochores attached to a single pole. These attachments must be aborted and corrected for the spindle to accomplish proper chromosome segregation [158,160,161]. To study such reorientations, Nicklas and Koch [160] capitalized on their ability to induce chromosomal mal-orientations by micromanipulation. Chromosomes were detached, then bent and reoriented, so both of their kinetochores pointed towards and then attached to the same pole. This unipolar attachment resulted in an initial poleward movement of the mal-oriented chromosome, followed by a reorientation of one or the other kinetochore, so it faced the opposite pole, leading to a stable bipolar orientation (all visible in Movie 1). Reorientation of the manipulated chromosome was indistinguishable from the reorientations of spontaneously occurring mal-orientations. The manipulated chromosome, together with neighboring, unmanipulated chromosomes, entered anaphase and segregated normally during cell division.



Since the spindle is applying tension to a chromosome when it is in a bipolar orientation, with sister kinetochores being pulled in opposite directions, Nicklas and Koch tested whether tension was the stabilizing factor in chromosome orientation. Tension was applied by using a microneedle to pull against the two kinetochore fibers of a mono-oriented chromosome, imitating the tension that would normally have been provided by each kinetochore’s attaching to the opposite spindle pole. Remarkably, applied tension induced stability in monopolar orientations, whereas control, monopolar chromosomes reoriented in the absence of tension. The importance of tension was further supported by experiments in which two chromosomes in monopolar orientations to opposite spindle poles where interlocked [163]. The poleward forces on one chromosome pulled against the poleward forces on the second chromosome, providing tension and stabilizing the interlocking configuration. In other work, Nicklas and coworkers, correlated the reorientation behavior of mal-oriented chromosomes with the distribution of kinetochore MTs [38,163,164,165]. Most MTs associated with a reorienting kinetochore appeared to have disconnected from the pole, though they were only slightly rotated from their initial orientations. Significantly, a few MTs did extend from the reorienting kinetochore towards the opposite pole. The origin of this minor population of MTs has not yet been determined. It is not known whether these MTs were captured from the opposite pole or initiated anew from the reorienting kinetochore.



This experimental work provided important evidence for a suggestion previously made by Dietz [128] that chromosome orientation and reorientation is based on selection; chromosomes explore multiple connections to the spindle, attaching and reattaching until a stable attachment is achieved. The difference between stable and unstable orientations is a result of the tension generated by forces acting to pull sister kinetochores toward opposite spindle poles. The stability of kinetochore linkage to the spindle is dependent on tension. The molecular mechanisms by which tension contributes to stability remains a key unsolved piece of the mitotic puzzle.



	h. 

	
Assessment of Spindle-Generated Forces. The first studies of mitotic force magnitudes considered the relationship between chromosome size and velocity. These studies showed that velocity was independent of size and thus of viscous load over a limited range. Chromosomes varying more than 2-fold in size exhibit the same speeds in both prometaphase and anaphase [130]. Similarly, McNeil and Berns [166] showed in metaphase PtK2 cells that when a single kinetochore is irradiated with a high powered laser, the unirradiated sister kinetochore transports twice the normal amount of chromatin at the same velocity as a normal anaphase chromosome.







Nicklas [130] and Taylor [167] estimated the force needed to move a chromosome at the speeds of mitosis through cytoplasm, whose viscosity they could estimate; both these calculations concluded that only ~1 × 10−8 dynes (0.1 pN) was required for anaphase motions in either grasshopper or newt cells. Subsequently, Nicklas measured the force an anaphase meiotic spindle could exert on a chromosome whose movement was impeded by a calibrated microneedle [168]. The force required to stop chromosome motion was 10,000 times greater than the force needed to overcome viscous drag. Forces less than ~10−6 dynes (10 pN) had no effect on chromosome speed; greater forces slowed the chromosome, with speed falling to zero as the opposing force approached ~7 × 10−5 dynes or 700 pN. Moreover, Nicklas estimated that the tension forces on a prometaphase chromosome (0.5 × 10−5 dynes; 50 pN) are significantly higher than the forces required for normal anaphase (10−8 dynes; 0.1 pN). The clear implication of these calculations and measurements was that spindles can generate far more force than is necessary simply to drag a chromosome through mitotic cytoplasm.



One significant implication of these large forces is the existence of a mechanism to regulate force production under normal conditions. Such a regulatory mechanism was also suggested by the load independence of chromosome velocity. Thus, regardless of how hard the mitotic motor can pull on a chromosome, the rate of chromosome movements is regulated, probably by kinetochore MT assembly/disassembly. Meanwhile, changing the length of kinetochore MTs can determine chromosome position [169,170]. Whether chromosome movements are powered by molecular motors or by MT dynamics remains under active investigation.



	i. 

	
Experiments to Investigate Chromosome Congression to the Metaphase Plate. Students of mitosis have long recognized the importance of metaphase in establishing a uniform initial condition for subsequent chromosome segregation. Numerous hypotheses were advanced for how chromosomes are brought to the spindle midplane. A simple and important idea emerged from the studies by Rashevsky [171], Hughes-Schrader [131], and Ostergren [172,173]: the poleward force on a chromosome might increase with distance from the pole. Paired chromosomes would then congress to the spindle equator because that position allowed the opposing forces to be balanced. Considerable evidence supports this force-balance theory, including observations on the consequences of upsetting the force balance. If sister chromatids are disconnected, either naturally at anaphase or artificially at metaphase [174], the opposing forces are uncoupled and each chromatid moves poleward. Similarly, a laser micro-beam can be used to destroy one metaphase kinetochore, and the chromosome then moves towards the pole to which the undamaged kinetochore is attached [166,175]. Thus, prometaphase and metaphase chromosomes are clearly being pulled in two directions at once.







One way to unify the fact of opposing tensions and Ostergren’s force-distance hypothesis is to suppose that the force applied to a kinetochore is proportional to the length of the kinetochore fiber. Evidence for this proposition was found in naturally occurring multivalent chromosomes, which were asymmetrically positioned on the metaphase spindle [176]. To test the force-length relationship more rigorously, the metaphase positions of experimentally generated multivalent chromosomes were analyzed in living grasshopper spermatocytes [177]. At metaphase, asymmetrically oriented, multivalent chromosomes lay closer to the pole to which the greater number of kinetochores attached. The quantification of the fiber bundle lengths for the grasshopper multivalents supported the hypothesis that the pole-directed force acting on a chromatid is linearly proportional to the kinetochore-to-pole fiber length. In a follow up study, Hays and Salmon [178] used a microbeam to ablate portions of a single kinetochore on metaphase bivalent grasshopper chromosomes. Irradiations of a single kinetochore caused the chromosome to shift to a new equilibrium metaphase position closer to the pole to which the unirradiated kinetochore was attached. After each experiment, the cells were fixed and examined by electron microscopy to determine the MT numbers on both the damage and the intact kinetochores. The greater the kinetochore damage, the fewer MTs remained, and the farther the chromosome position shifted. Assuming a balance of forces on the chromosome at metaphase, there was a direct correlation between the poleward force at the kinetochore and the number of kinetochore MTs. These results are consistent with models of chromosome congression in which the metaphase equilibrium position reflects a balance of forces. The results can be interpreted in light of “traction fiber” models in which poleward force producers are distributed along the length of kinetochore fiber MTs, or in the context of newer models in which kinetochore motors pull the chromosome poleward along the kinetochore MTs and against a “polar ejection force” that increases in strength towards the pole [179] (See also discussion below).



Polar-ejection, or “elimination” forces were originally discussed by Darlington [180] and Ostergren [173]. They have subsequently been characterized by the movements of mono-oriented chromosomes on monopolar spindles in which a single kinetochore fiber connects each chromosome to the pole. The sister kinetochore lacks a spindle fiber and is inactive. If the only mitotic forces on a chromosome were the poleward directed forces acting on kinetochores, then each chromosome should be pulled all the way to the pole. This is not observed. Rieder and colleagues [179] found that the positions of monopolar chromosomes and the oscillations they display are a result of both the pole-directed forces on kinetochores and forces associated with the polar array of MTs that push the chromosome arms away from the spindle pole. If the chromosomal arms are cut off by a laser microbeam, then the free arms are expelled radially from the polar region, while the smaller kinetochore fragment moves closer to the pole. Similarly, after cold or nocodozole treatment to depolymerize the polar MTs, the polar ejection forces are reduced and the mono-oriented chromosomes are pulled closer to the pole.



The molecular basis of the polar ejection forces and their potential regulation in vivo is a subject of great current interest. Regardless of mechanism, the significant point is that the magnitude of force is maximal near the spindle poles and decreases with distance from the pole.




8. Models of Mitotic Mechanisms


The significant and intriguing events of mitosis have inspired many generations of scientists to speculate about the mechanisms that underlie chromosome segregation. At every stage in this segment of intellectual history, theoreticians have used the information available to propose ideas about the forces needed to cause chromosome motions. The earliest of these ideas were formulated before anyone knew the physical nature of proteins and nucleic acids, so the hypotheses put forward have in general not been helpful. For example, when looking at the spindles of marine eggs and embryos, physicists were impressed by their similarity to the lines of magnetic force visualized by iron filings or by probes of the electric field around a pair of fixed charges. Several models for mitosis were proposed, based on these similarities, but none of them led to experiments that clarified mitotic mechanism (reviewed in Wilson [15]). Other non-specific models based on colloids and exclusions between “phases” were similarly unproductive.



Cytologists who watched mitosis in the cells of diverse organisms recognized at least two sites of force generation: a “traction force” between the chromosomes and the poles to achieve anaphase A and an extensive force between the poles to produce anaphase B. Ideas about the origins of these forces depended on whether that scientist believed that the spindle fibers seen in fixed material were present in living cells. As Schrader pointed out in his essay “On the reality of spindle fibers” [121], one had to believe that the fibers in fixed cells represented either a structural feature that was cryptic in live material or lines of force produced by the spindle mechanism. The first ideas about mitotic mechanism that channeled thought in useful ways were ones that assigned contractile properties to the apparent connections between chromosomes and poles (summarized in [181]) and expansive properties to the interpolar fibers, first discussed by Bělař [127]. Actomyosin was commonly invoked for the former and an unknown fiber system for the latter. It was not until the quantitative study of spindle birefringence by polarization microscopy and the discovery of spindle MTs by electron microscopy that spindle modeling became specific.



Inoue and Sato [135] described a model for both chromosome to pole and pole-from-pole motions based on a labile association of the subunits that formed spindle fibers. They posited a dynamic equilibrium between soluble and assembled states of spindle subunits, using the formulation:


[image: there is no content]



(1)




where A0 represented the total amount of polymerizable material and B the amount in polymer at any given time and temperature. A quantity proportional to B could be measured by polarization microscopy, allowing a reformulation of the equation simply in terms of the observable quantity, birefringent retardation (Г), where Г was assumed to be proportional to the amount of polymerized material, B. Thus, Equation (1) was rewritten
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(2)




where k was the constant of proportionality.



An equilibrium constant could then be computed directly from measured Г, since
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(3)







By measuring Г as a function of temperature and assuming that Гmax was a good estimate of Г0, Inoue was able to estimate the Gibbs free energy, as well as ΔH and ΔS for the polymerization reaction. This analysis showed that spindle formation was entropy driven and allowed estimates of the force such a system could generate. However, this model for protein polymerization was hard to relate to then current ideas about polymer assembly [182]. A reformulation of the data in the context of normal polymerization reactions brought the initial interpretation into concurrence with ideas about protein polymerization and was important advance [141]. Such in vivo experiments are, however, subject to the concern that changing the temperature of a cell may affect processes other than spindle birefringence, such as the concentration of free calcium ions or various important nucleotides, as well as the properties of membranes. Nonetheless, the idea that MT assembly and disassembly might be the source of forces for chromosome movement gained wide-spread attention and favor, dominating the field for several years.



Alternative views were provided from several sources. Some scholars were staunch supporters of the idea that actin and myosin were likely to be the sources of all intracellular motions, mitosis included. Arthur Forer supported this view by experiments that implied a lack of correlation between spindle birefringence and the ability of spindles to exert forces on chromosomes [183]. He went on to find evidence for actin in spindles, a view supported by later work with immunofluorescence. Subirana developed an hypothesis for how spindle fibers, e.g., actin, might interact with matrix components through a mechanochemical enzyme, such as myosin, to push these fibers through cytoplasm in directions defined by their intrinsic polarity [184]. However, a substantial body of work with both actin inhibitors and probes for actin localization has largely discredited this point of view. Actin and related proteins may play roles at some sites of spindle force generation, such as some kinetochores during spindle fiber attachment [185]. Moreover, in very large spindles there is now compelling evidence that actin contributes to the gathering in of chromosomes during prometaphase, facilitating subsequent attachment of kinetochores to spindle fibers [186]. Other than that, most thinking about mitotic forces has focused on MTs.



Following the discovery of axonemal dynein [187], investigators realized that MT-dependent ATPases could be the major source of mitotic forces. One model explored the possibility that forces for chromosome motion were generated between spindle MTs by a dynein-like motor enzyme [48]. This proposal considered chromosomes simply as passengers attached to a subset of spindle MTs. The model was sufficiently specific that the authors found only one set of MT orientations that would allow a single motor to accomplish the then known functions of mitosis. While the idea was attractive and widely considered, the model’s assumptions about spindle MT polarity were subsequently shown to be wrong [56,57,188]. The idea of motor-driven interactions between MTs as a mechanism for anaphase B has persisted in a useful way, as discussed in Scholey et al., this volume [148], but as a way to achieve anaphase A and other aspects of chromosome motion, such as congression to the metaphase plate, this model must be dismissed.



With the discovery of kinesin and its role in vesicle motion, motor enzymes re-entered mitotic modeling with the postulate that kinetochores might be sites of motor localization, allowing chromosomes to move over spindle MTs in an active way. This important innovation was a departure from the longstanding idea that chromosomes were simply passengers for whatever mitotic force generators might exist. Mazia expressed this view most lucidly with the adage that “the role in mitosis of the chromosome arms, which carry most of the genetic material, may be compared with that of a corpse at a funeral: they provide the reason for the proceedings but do not take an active part in them” [189]. With advances in the genetics and molecular biology of yeasts and fruit flies, it became clear that cells contain a large repertoire of kinesins and dyneins, so there was no dearth of motors to help chromosomes move. As the kinesin super-family grew in size and as it was realized that even a simple yeast cell made five or more kinesins, as well as a cytoplasmic dynein, the ideal of a simple model for mitosis faded rapidly. Data on motor localization demonstrated that there were force generators at kinetochores, on chromosome arms and poles, on spindle fibers, in asters, and at the cell cortex. The question became one of learning how much each of these motors contributed to each kind of chromosome motion. These issues are discussed in later chapters of this book.



As the polymerization behavior of tubulin was elucidated by experiments on purified components in vitro, the idea of MT dynamics as an origin for mitotic forces resurfaced in a new and exciting form. One of the most innovative models was based on the fact that MTs at apparent polymerization equilibrium are actually at steady state; they can polymerize at one end and depolymerize at the other, making individual polymers into treadmills [190]. While this property might appear to violate the second law of thermodynamics, no such problem is encountered, because the system is driven by hydrolysis of the GTP bound to tubulin during its polymerization. This model envisioned kinetochores as sites of MT attachment that were able to allow tubulin addition during metaphase, so MTs could treadmill poleward, losing subunits at the spindle poles. The kinetochore was endowed with the capabilities of either allowing tubulin addition or not, so at anaphase onset it ceased to permit polymerization and then followed the MT plus end as it was pulled poleward by tubulin loss at the MT minus ends near the spindle poles. It is noteworthy that many complex aspects of MT dynamics that have recently been observed with markers for MT movements are completely consistent with the predictions of this model.



The discovery of dynamic instability [150] added further interest and complexity to the properties of MT dynamics. One of the most important tasks of the mitotic spindle is to form stable attachments with kinetochores such that sister chromatids are linked to sister poles. The behavior of dynamically instable MTs led to an insightful model for the attachment process [191], which has subsequently been developed in quantitative form by several groups [192,193]. Recent work on this important issue will be discussed elsewhere in this book.



Theoreticians of the 1980s were also interested in MT dynamics as a potential force generator, so in spite of the lure of motor enzymes, several papers were published, developing this idea. One of these explored MT (or actin) dynamics as a source of mechanical work, using principles of thermodynamics [194]. Another analyzed a structural model for the attachment between spindle MTs and the kinetochore, based on a “sleeve”, as suggested earlier by Margolis and Wilson [190], that would surround the polymer end and provide a movable attachment between a kinetochore and MTs as the polymers shortened [195]. Shortly thereafter, the Kirschner group obtained evidence that depolymerizing MTs could retain their attachment to kinetochores in vitro [195]. These authors suggested that this retention was sufficiently strong to allow MT depolymerization to generate the forces necessary for anaphase A, either by a sleeve of the kind proposed by Hill or with a ring-like structure that could surrounded the MT and ride a “conformational wave” that might be generated by MT depolymerization [196].



These ideas received considerable support from subsequent observations, both in vitro and in vivo. Members of the McIntosh lab demonstrated minus end-directed chromosome motion in vitro; isolated chromosomes could follow the depolymerizing end of shortening MTs at physiological speeds in the absence of soluble nucleotide triphosphates [197]. This and subsequent work by this and other groups on the generation of force by MT depolymerization will be reviewed in a later chapter. It is noteworthy, however, that the observations cited above made the experimental landscape of spindle physiology remarkably complex. There is force generation by MT depolymerization, by motors of the kinesin super-family, and by dynein, all present and active in the spindle. Modeling chromosome motion is now a significant challenge. Future progress will require a painstakingly careful union of a large body of facts about each cell type under consideration and a deep knowledge of the relevant chemical physics.



Anaphase B, one the other hand, is enough simpler that several useful models for spindle elongation have been put forward. Early work, formulated in the context of the idea that those spindle MTs not connected to chromosomes were “continuous”, led to the straightforward proposal that spindles grew longer simply by the elongation of their component MTs [135]. Following the discovery that continuous MTs are rare, if they exist at all, and that the interpolar spindle is made from two interdigitating MTs families, one emanating from each pole [34,198], the concept of spindle elongation by motor-driven sliding of antiparallel MTs has been favored [199,200]. More recent and complete work on spindle elongation in fruit flies has greatly extended and formalized those ideas with a quantitative model that is a rigorous accounting of a considerable amount of structural, biochemical, and physiological data, as reviewed in Scholey et al., this volume [148].



Knowledge about small spindles, such as those that form in yeast cells, is now sufficiently complete that several groups are trying to formulate quantitative models with predictive power [201,202]. These models too will be addressed in subsequent chapters, but in summary we can say that our knowledge of mitotic phenomenology is now sufficiently complete that the dream of a single “model for mitosis”, cherished by many earlier investigators, is simply that: a dream. The biological significance of mitotic events is sufficient that cells have invoked multiple mechanisms to achieve the goal of accurate chromosome segregation. The book that follows is a testimony to the skill and hard work of a small army of investigators who have contributed to our current understanding of the process. While no simple model for mitosis is currently available, or perhaps ever will be, our thinking about the process is becoming ever more precise, providing important new understanding about key molecules and targets that may well advance our clinical treatments for human disease. We can plausibly hope that the mechanisms now understood will comprise the framework for a deep understanding of mitosis in the not too far distant future.




9. Conclusions


This chapter describes a remarkable series of advances in our understanding of a complex and important biological problem: the mechanisms by which eukaryotic cells transmit a complete, undamaged genome to their daughters. The progress made reflects not only the skill, diligence, and cleverness of many investigators, it shows how each generation of scientists has depended on both previous progress in descriptions of natural phenomena and on the development of new technologies. The small size and delicate structure of mitotic spindles has made them a “poster child” for the importance of technological advances, first in microscopy, then in the intricate ways that genetics, biochemistry, and molecular biology can cooperate to identify important functional components of a complex process. In addition, however, the research on mitosis described here has demonstrated the importance of mechanical processes in cell organization and physiology. We hope that future generations of biologists will take note of this important aspect of cell biology.








Supplementary Materials


The following are available online at www.mdpi.com/2079-7737/5/55/s1.





Acknowledgments


The structural work from the lab of J. Richard McIntosh was supported by numerous grants from the NIH and the ACS. Thomas Hays also acknowledges his NIH, ACS, AHA and Pew Foundation support for related research on mitosis and motor proteins. The authors thank Edward Salmon, Robert Margolis, and the reviewers for their critical readings of the manuscript and many helpful suggestions. We also thank Manfred Schliwa for help in understanding the contributions of early scholars of mitosis who wrote in German.




Author Contributions


The authors planned this paper together. J. Richard McIntosh wrote the sections on early history, spindle structure and diversity, biochemistry, genetics, and modeling. Thomas Hays wrote the sections about experiments on living cells that probed mitotic physiology. Both authors edited and revised the work.




Conflicts of Interest


The authors state that they have no conflict of interests.




References and Notes


	1. 
Schneider, A. Untersuchungen über Plathelminthen. In Bericht der Oberhessischen Gesellschaft für Natur- und Heilkunde; Upper-Hessian Society for Natural and Medical Science: Giessen, Hesse, Germany, 1873; Volume 14. (In German) [Google Scholar]

	2. 
Strasburger, E. Zellbildung und Zelltheilung “Cell Formation and Cell Division”; Gustav Fischer: Jena, Germany, 1880. [Google Scholar]

	3. 
Van Beneden, E. Recherches sur les Dicyemides. Bull. Acad. R. 1876, 41, 1–111. [Google Scholar]

	4. 
Flemming, W. Zur Kenntniss der Zelle und ihre Lebenserscheinungen. Arch. Mikr. Anat. 1878, 16, 302–436. [Google Scholar] [CrossRef]

	5. 
Flemming, W. Contributions to the knowledge of the cell and its vital processes. J. Cell Biol. 1965, 25, 3–69. [Google Scholar] [PubMed]

	6. 
Flemming, W. Zellsubstanz, Kern und Zelltheilung; Vogel: Leipzig, Germany, 1882. (In German) [Google Scholar]

	7. 
Hooke, R. Micrographia: Or Some Physiological Descriptions of Minute Bodies Made by Magnifying Glasses with Observations and Inquiries Thereupon; James Allestry: London, UK, 1667. [Google Scholar]

	8. 
Van Leeuwenhoek, A. Arcana Naturae Detacta; Apud Henricum a Krooneveld: Delft, the Netherlands, 1695. [Google Scholar]

	9. 
Virchow, R. Die Cellularpathologie in Ihrer Begründung auf Physiologische und Pathologische Gewebelehre; Verlag von August Hirschwald: Berlin, Germany, 1858. [Google Scholar]

	10. 
Abbe, E. A New Illuminating Apparatus for the Microscope. Mon. Microsc. J. 1875, 13, 77–82. [Google Scholar] [CrossRef]

	11. 
Mayzel, W. Ueber eigenthümiche Vorgänge bei der Theilung der Kerne in Epithelialzellen” (On peculiar events during the division of nuclei of epithelial cells). Zentralbl. Med. Wiss. 1885, 13, 849–852. [Google Scholar]

	12. 
Weissmann, A. Die Continuität des Keimplasma’s als Grundlage einer Theorie der Vererbung; Fischer: Jena, Germany, 1885. [Google Scholar]

	13. 
Boveri, T.H. Ergebnisse über die Konstitution der Chromatischen Substanz des Zelkerns; Fisher: Jena, Germany, 1904. [Google Scholar]

	14. 
Sutton, W.S. The chromosomes in heredity. Biol. Bull. 1903, 4, 231–251. [Google Scholar] [CrossRef]

	15. 
Wilson, E.B. The Cell in Development and Heredity; MacMillan, Inc.: New York, NY, USA, 1925. [Google Scholar]

	16. 
Fischer, A. Fixirung, Färbung und Bau des Protoplasmas: Kritische Untersuchungen über Technik und Theorie in der Neueren Zellforschung; Fisher: Jena, Germany, 1899. [Google Scholar]

	17. 
Hardy, W.B. On Spindles. J. Physiol. 1899, 24, 158–210. [Google Scholar] [CrossRef] [PubMed]

	18. 
Lauterborn, R. Untersuchengen ueber Bau, Kernteilung und Bewegung der Diatomeen; Wilhelm Engelmann: Leipzig, Germany, 1896. [Google Scholar]

	19. 
Lauterborn, R. Cell Division in Diatoms. Protoplasma 1984, 120, 132–154. [Google Scholar]

	20. 
Chambers, R. Microdissection studies. II. The cell aster, a reversible gelation phenomenon. J. Exp. Zool. 1917, 23, 483–504. [Google Scholar] [CrossRef]

	21. 
Zernike, F. How I discovered Phase optics. Science 1955, 121, 345–349. [Google Scholar] [CrossRef]

	22. 
Cleveland, L.R.; Hall, S.R.; Sanders, E.P. The Wood-Feeding Roach Cryptocercus, Its Protozoa, and the Symbiosis between Protozoa and Roach, 1st ed.; American Academy of Arts and Sciences: Cambridge, MA, USA, 1934; Volume 17, p. 406. [Google Scholar]

	23. 
Schmidt, W.J. Doppelbrechung von Karyoplasma, Metaplasma und Zytoplasma; Gebrueder Borntraeger: Berlin, Germany, 1937. (In German) [Google Scholar]

	24. 
Schmidt, F.O. The ultrastructure of protoplasmic constituents. Physiol. Rev. 1939, 19, 270–302. [Google Scholar]

	25. 
Hughes, A.F.; Swann, M.M. Anaphase Movements in the Living Cell. J. Exp. Biol. 1948, 25, 45–72. [Google Scholar]

	26. 
Inoue, S.; Dan, K. Birefringence of the dividing cell. J. Morph. 1951, 89, 423–456. [Google Scholar] [CrossRef]

	27. 
Inoue, S.; Hyde, W.L. Studies on depolarization of light at microscope lens surfaces, II. The simultaneous realization of high resolution and high sensitivity with the polarizing microscope. J. Cell Biol. 1957, 3, 831–838. [Google Scholar] [CrossRef]

	28. 
Rozsa, G.; Wyckoff, R.W.G. The electron microscopy of dividing cells. Biochim. Biophys. Acta 1950, 6, 334–339. [Google Scholar] [CrossRef]

	29. 
Bernhard, W.; De Harven, E. Electron microscopic study of the ultrastructure of centrioles in vertebra. Z. Zellforsch. Mikrosk. Anat. 1956, 45, 378–398. [Google Scholar] [PubMed]

	30. 
Harris, P. Some Observations Concerning Metakinesis in Sea Urchin Eggs. J. Cell Biol. 1965, 25, 73–77. [Google Scholar] [CrossRef]

	31. 
Roth, L.E.; Daniels, E.W. Electron microscopic studies of mitosis in amebae: II The Giant Ameba Pelomyxa carolinensis. J. Cell Biol. 1962, 57–78. [Google Scholar] [CrossRef]

	32. 
Sabatini, D.D.; Bensch, K.; Barrnett, R.J. Cytochemistry and electron microscopy. The preservation of cellular ultrastructure and enzymatic activity by aldehyde fixation. J. Cell Biol. 1963, 17, 19–58. [Google Scholar] [CrossRef] [PubMed]

	33. 
Brinkley, B.R.; Stubblefield, E. The fine structure of the kinetochore of a mammalian cell in vitro. Chromosoma 1966, 19, 28–43. [Google Scholar] [CrossRef] [PubMed]

	34. 
McIntosh, J.R.; Landis, S.C. The Distribution of Spindle Microtubules during Mitosis in Cultured Human Cells. J. Cell Biol. 1971, 49, 468–497. [Google Scholar] [CrossRef] [PubMed]

	35. 
Fuge, H. Microtubule distribution in metaphase and anaphase spindles of the spermatocytes of Pales ferruginea. A quantitative analysis of serial cross-sections (author’s transl). Chromosoma 1973, 43, 109–143. [Google Scholar] [CrossRef] [PubMed]

	36. 
McIntosh, J.R.; Cande, W.Z.; Snyder, J.A.; Vanderslice, K. Studies on the mechanism of mitosis. Ann. N.Y. Acad. Sci. 1975, 253, 383–406. [Google Scholar] [CrossRef]

	37. 
McIntosh, J.R.; Cande, W.Z.; Snyder, J.A. Structure and physiology of the mammalian mitotic spindle. Soc. Gen. Physiol. Ser. 1975, 30, 31–76. [Google Scholar] [PubMed]

	38. 
Nicklas, R.B.; Kubai, D.F.; Hays, T.S. Spindle microtubules and their mechanical associations after micromanipulation in anaphase. J. Cell Biol. 1982, 95, 91–104. [Google Scholar] [CrossRef] [PubMed]

	39. 
Peterson, J.B.; Ris, H. Electron-microscopic study of the spindle and chromosome movement in the yeast Saccharomyces cerevisiae. J. Cell Sci. 1976, 22, 219–242. [Google Scholar] [PubMed]

	40. 
McDonald, K.; Pickett-Heaps, J.D.; McIntosh, J.R.; Tippit, D.H. On the mechanism of anaphase spindle elongation in Diatoma vulgare. J. Cell Biol. 1977, 74, 377–388. [Google Scholar] [CrossRef] [PubMed]

	41. 
McIntosh, J.R.; Roos, U.P.; Neighbors, B.; McDonald, K.L. Architecture of the microtubule component of mitotic spindles from Dictyostelium discoideum. J. Cell Sci. 1985, 75, 93–129. [Google Scholar] [PubMed]

	42. 
Winey, M.; Mamay, C.L.; O’Toole, E.T.; Mastronarde, D.N.; Giddings, T.H.; McDonald, K.L.; McIntosh, J.R. Three-dimensional ultrastructural analysis of the Saccharomyces cerevisiae mitotic spindle. J. Cell Biol. 1995, 129, 1601–1615. [Google Scholar] [CrossRef] [PubMed]

	43. 
Kilmartin, J.V.; Adams, A.E. Structural rearrangements of tubulin and actin during the cell cycle of the yeast Saccharomyces. J. Cell Biol. 1984, 98, 922–933. [Google Scholar] [CrossRef] [PubMed]

	44. 
Rieder, C.L.; Borisy, G.G. The attachment of kinetochores to the pro-metaphase spindle in PtK1 cells. Recovery from low temperature treatment. Chromosoma 1981, 82, 693–716. [Google Scholar] [CrossRef] [PubMed]

	45. 
McDonald, K.L.; O’Toole, E.T.; Mastronarde, D.N.; McIntosh, J.R. Kinetochore microtubules in PTK cells. J. Cell Biol. 1992, 118, 369–383. [Google Scholar] [CrossRef] [PubMed]

	46. 
Mastronarde, D.N.; McDonald, K.L.; Ding, R.; McIntosh, J.R. Interpolar spindle microtubules in PTK cells. J. Cell Biol. 1993, 123, 1475–1489. [Google Scholar] [CrossRef] [PubMed]

	47. 
Amos, L.; Klug, A. Arrangement of subunits in flagellar microtubules. J. Cell Sci. 1974, 14, 523–549. [Google Scholar] [PubMed]

	48. 
McIntosh, J.R.; Hepler, P.K.; Van Wie, D.G. Model for Mitosis. Nature 1969, 224, 659–663. [Google Scholar] [CrossRef]

	49. 
Pease, D.C. Hydrostatic pressure effects upon the spindle figure and chromosome movements. Biol. Bull. 1946, 91, 145–169. [Google Scholar] [CrossRef] [PubMed]

	50. 
Witt, P.L.; Ris, H.; Borisy, G.G. Origin of kinetochore microtubules in Chinese hamster ovary cells. Chromosoma 1980, 81, 483–505. [Google Scholar] [CrossRef] [PubMed]

	51. 
Weisenberg, R.; Rosenfeld, A. Role of intermediates in microtubule assembly in vivo and in vitro. Ann. N.Y. Acad. Sci. 1975, 253, 78–89. [Google Scholar] [CrossRef] [PubMed]

	52. 
Telzer, B.R.; Moses, M.J.; Rosenbaum, J.L. Assembly of microtubules onto kinetochores of isolated mitotic chromosomes of HeLa cells. Proc. Natl. Acad. Sci. USA 1975, 72, 4023–4027. [Google Scholar] [CrossRef] [PubMed]

	53. 
Bergen, L.G.; Borisy, G.G. Head-to-tail polymerization of microtubules in vitro. Electron microscope analysis of seeded assembly. J. Cell Biol. 1980, 84, 141–150. [Google Scholar] [CrossRef] [PubMed]

	54. 
Bergen, L.G.; Kuriyama, R.; Borisy, G.G. Polarity of microtubules nucleated by centrosomes and chromosomes of Chinese hamster ovary cells in vitro. J. Cell Biol. 1980, 84, 151–159. [Google Scholar] [CrossRef] [PubMed]

	55. 
Heidemann, S.R.; McIntosh, J.R. Visualization of the structural polarity of microtubules. Nature 1980, 286, 517–519. [Google Scholar] [CrossRef] [PubMed]

	56. 
Euteneuer, U.; McIntosh, J.R. Polarity of midbody and phragmoplast microtubules. J. Cell Biol. 1980, 87, 509–515. [Google Scholar] [CrossRef] [PubMed]

	57. 
McIntosh, J.R.; Euteneuer, U. Tubulin hooks as probes for microtubule polarity: An analysis of the method and an evaluation of data on microtubule polarity in the mitotic spindle. J. Cell Biol. 1984, 98, 525–533. [Google Scholar] [CrossRef] [PubMed]

	58. 
Telzer, B.R.; Haimo, L.T. Decoration of spindle microtubules with Dynein: Evidence for uniform polarity. J. Cell Biol. 1981, 89, 373–378. [Google Scholar] [CrossRef] [PubMed]

	59. 
Bajer, A.S.; Mole-Bajer, J. Spindle Dynamics and Chromosome Movement. Int. Rev. Cytol. Suppl. 1972, 34, 1–271. [Google Scholar]

	60. 
De Mey, J.; Lambert, A.M.; Bajer, A.S.; Moeremans, M.; De Brabander, M. Visualization of microtubules in interphase and mitotic plant cells of Haemanthus endosperm with the immuno-gold staining method. Proc. Natl. Acad. Sci. USA 1982, 79, 1898–1902. [Google Scholar] [CrossRef] [PubMed]

	61. 
Kubai, D.F.; Ris, H. Division in the dinoflagellate Gyrodinium cohnii (Schiller). A new type of nuclear reproduction. J. Cell Biol. 1969, 40, 508–528. [Google Scholar] [CrossRef] [PubMed]

	62. 
Jacob, F.; Brenner, S.; Cuzin, F. On the regulation of DNA replication in bacteria. Cold Spring Harb. Symp. Quant. Biol. 1963, 28, 329–348. [Google Scholar] [CrossRef]

	63. 
Oakley, B.R.; Dodge, J.D. Mitosis in the Cryptophyceae. Nature 1973, 244, 521–522. [Google Scholar] [CrossRef] [PubMed]

	64. 
Feder, N.; Sidman, R.L. Methods and principles of fixation by freeze-substitution. J. Cell Biol. 1958, 4, 593–600. [Google Scholar] [CrossRef]

	65. 
Heath, I.B. Mitosis in the fungus Thraustotheca clavata. J. Cell Biol. 1974, 60, 204–220. [Google Scholar] [CrossRef] [PubMed]

	66. 
Ris, H.; Kubai, D.F. An unusual mitotic mechanism in the parasitic protozoan Syndinium sp. J. Cell Biol. 1974, 60, 702–720. [Google Scholar] [CrossRef] [PubMed]

	67. 
Kubai, D.F. The evolution of the mitotic spindle. Int. Rev. Cytol. 1975, 43, 167–227. [Google Scholar] [PubMed]

	68. 
He, X.; Asthana, S.; Sorger, P.K. Transient sister chromatid separation and elastic deformation of chromosomes during mitosis in budding yeast. Cell 2000, 101, 763–775. [Google Scholar] [CrossRef]

	69. 
Pickett-Heaps, J.D.; Tippit, D.H.; Leslie, R. Light and electron microscopic observations on cell division in two large pennate diatoms, Hantzschia and Nitzschia. I. Mitosis in vivo. Eur. J. Cell Biol. 1980, 21, 1–11. [Google Scholar] [PubMed]

	70. 
Nabeshima, K.; Nakagawa, T.; Straight, A.F.; Murray, A.; Chikashige, Y.; Yamashita, Y.M.; Hiraoka, Y.; Yanagida, M. Dynamics of centromeres during metaphase-anaphase transition in fission yeast: Dis1 is implicated in force balance in metaphase bipolar spindle. Mol. Biol. Cell 1998, 9, 3211–3225. [Google Scholar] [CrossRef] [PubMed]

	71. 
Rieder, C.L. The structure of the cold-stable kinetochore fiber in metaphase PtK1 cells. Chromosoma 1981, 84, 145–158. [Google Scholar] [CrossRef] [PubMed]

	72. 
Fuge, H. The arrangement of microtubules and the attachment of chromosomes to the spindle during anaphase in tipulid spermatocytes. Chromosoma 1974, 45, 245–260. [Google Scholar] [CrossRef] [PubMed]

	73. 
Metz, C.W. An apparent case of monocentric mitosis in Sciara (Diptera). Science 1926, 63, 190–191. [Google Scholar] [CrossRef] [PubMed]

	74. 
Kubai, D.F. Meiosis in Sciara coprophila: Structure of the spindle and chromosome behavior during the first meiotic division. J. Cell Biol. 1982, 93, 655–669. [Google Scholar] [CrossRef] [PubMed]

	75. 
Johnson, U.G.; Porter, K.R. Fine structure of cell division in Chlamydomonas reinhardi. Basal bodies and microtubules. J. Cell Biol. 1968, 38, 405–425. [Google Scholar] [CrossRef]

	76. 
Stafstrom, J.P.; Staehelin, L.A. Dynamics of the nuclear envelope and of nuclear pore complexes during mitosis in the Drosophila embryo. Eur. J. Cell Biol. 1984, 34, 179–189. [Google Scholar] [PubMed]

	77. 
Oakley, B.R.; Dodge, J.D. Kinetochores associated with the nuclear envelope in the mitosis of a dinoflagellate. J. Cell Biol. 1974, 63, 322–325. [Google Scholar] [CrossRef] [PubMed]

	78. 
Ritter, H.; Inoue, S.; Kubai, D. Mitosis in Barbulanympha. I. Spindle structure, formation, and kinetochore engagement. J. Cell Biol. 1978, 77, 638–654. [Google Scholar] [CrossRef] [PubMed]

	79. 
Mazia, D.; Dan, K. The Isolation and Biochemical Characterization of the Mitotic Apparatus of Dividing Cells. Proc. Natl. Acad. Sci. USA 1952, 38, 825–835. [Google Scholar] [CrossRef]

	80. 
Mazia, D.; Mitchison, J.M.; Medina, H.; Harris, P. The direct isolation of the mitotic apparatus. J. Cell Biol. 1961, 10, 467–474. [Google Scholar] [CrossRef]

	81. 
Kane, R.E. The mitotic apparatus. Physical-chemical factors controlling stability. J. Cell Biol. 1965, 25, 137–144. [Google Scholar] [CrossRef]

	82. 
Forer, A. Characteristics of sea-urchin mitotic apparatus isolated using a dimethyl sulphoxide/glycerol medium. J. Cell Sci. 1974, 16, 481–497. [Google Scholar] [PubMed]

	83. 
Sakai, H.S.; Shimoda, S.; Hiramoto, Y. Mass isolation of mitotic apparatus using a glycerol/Mg2+/Triton X-100 medium. Exp. Cell Res. 1977, 104, 457–461. [Google Scholar] [CrossRef]

	84. 
Murphy, D.B. Identification of microtubule-associated proteins in the meiotic spindle of surf clam oocytes. J. Cell Biol. 1980, 84, 235–245. [Google Scholar] [CrossRef] [PubMed]

	85. 
Schiff, P.B.; Fant, J.; Horwitz, S.B. Promotion of microtubule assembly in vitro by taxol. Nature 1979, 277, 665–667. [Google Scholar] [CrossRef] [PubMed]

	86. 
Kuriyama, R.; Keryer, G.; Borisy, G.G. The mitotic spindle of Chinese hamster ovary cells isolated in taxol-containing medium. J. Cell Sci. 1984, 66, 265–275. [Google Scholar] [PubMed]

	87. 
Taylor, E.W. The Mechanism of Colchicine Inhibition of Mitosis. I. Kinetics of Inhibition and the Binding of H3-Colchicine. J. Cell Biol. 1965, 25, 145–160. [Google Scholar] [CrossRef]

	88. 
Borisy, G.G.; Taylor, E.W. The mechanism of action of colchicine. Binding of colchincine-3H to cellular protein. J. Cell Biol. 1967, 34, 525–533. [Google Scholar] [CrossRef] [PubMed]

	89. 
Weisenberg, R.C. Microtubule formation in vitro in solutions containing low calcium concentrations. Science 1972, 177, 1104–1105. [Google Scholar] [CrossRef] [PubMed]

	90. 
Hoffmann-Berling, H. Adenosinetriphosphate as the energy substance for cell movement. Biochim. Biophys. Acta 1954, 14, 182–194. [Google Scholar] [PubMed]

	91. 
Cande, W.Z.; Snyder, J.; Smith, D.; Summers, K.; McIntosh, J.R. A functional mitotic spindle prepared from mammalian cells in culture. Proc. Natl. Acad. Sci. USA 1974, 71, 1559–1563. [Google Scholar] [CrossRef] [PubMed]

	92. 
Rebhun, L.I.; Palazzo, R.E. In vitro reactivation of anaphase B in isolated spindles of the sea urchin egg. Cell Motil. Cytoskelet. 1988, 10, 197–209. [Google Scholar] [CrossRef] [PubMed]

	93. 
Lohka, M.J.; Maller, J.L. Induction of nuclear envelope breakdown, chromosome condensation, and spindle formation in cell-free extracts. J. Cell Biol. 1988, 101, 518–523. [Google Scholar] [CrossRef]

	94. 
Lohka, M.J.; Hayes, M.K.; Maller, J.K. Purification of maturation-promoting factor, an intracellular regulator of early mitotic events. Proc. Natl. Acad. Sci. USA 1988, 85, 3009–3013. [Google Scholar] [CrossRef] [PubMed]

	95. 
Fujiwara, K.; Pollard, T.D. Fluorescent antibody localization of myosin in the cytoplasm, cleavage furrow, and mitotic spindle of human cells. J. Cell Biol. 1976, 71, 848–875. [Google Scholar] [CrossRef] [PubMed]

	96. 
Izant, J.G.; Weatherbee, J.A.; McIntosh, J.R. A microtubule-associated protein in the mitotic spindle and the interphase nucleus. Nature 1982, 295, 248–250. [Google Scholar] [CrossRef] [PubMed]

	97. 
Cande, W.Z.; Lazarides, E.; McIntosh, J.R. A comparison of the distribution of actin and tubulin in the mammalian mitotic spindle as seen by indirect immunofluorescence. J. Cell Biol. 1977, 72, 552–567. [Google Scholar] [CrossRef] [PubMed]

	98. 
Barak, L.S.; Nothnagel, E.A.; DeMarco, E.F.; Webb, W.W. Differential staining of actin in metaphase spindles with 7-nitrobenz-2-oxa-1,3-diazole-phallacidin and fluorescent DNase: Is actin involved in chromosomal movement? Proc. Natl. Acad. Sci. USA 1981, 78, 3034–3038. [Google Scholar] [CrossRef] [PubMed]

	99. 
Oakley, C.E.; Oakley, B.R. Identification of gamma-tubulin, a new member of the tubulin superfamily encoded by mipA gene of Aspergillus nidulans. Nature 1989, 338, 662–664. [Google Scholar] [CrossRef] [PubMed]

	100. 
Pfarr, C.M.; Coue, M.; Grissom, P.M.; Hays, T.S.; Porter, M.E.; McIntosh, J.R. Cytoplasmic dynein is localized to kinetochores during mitosis. Nature 1990, 345, 263–265. [Google Scholar] [CrossRef] [PubMed]

	101. 
Steuer, E.R.; Wordeman, L.; Schroer, T.A.; Sheetz, M.P. Localization of cytoplasmic dynein to mitotic spindles and kinetochores. Nature 1990, 345, 266–268. [Google Scholar] [CrossRef] [PubMed]

	102. 
Moroi, Y.; Peebles, C.; Fritzler, M.J.; Steigerwald, J.; Tan, E.M. Autoantibody to centromere (kinetochore) in scleroderma sera. Proc. Natl. Acad. Sci. USA 1980, 77, 1627–1631. [Google Scholar] [CrossRef] [PubMed]

	103. 
Earnshaw, W.C.; Halligan, N.; Cooke, C.; Rothfield, N. The kinetochore is part of the metaphase chromosome scaffold. J. Cell Biol. 1984, 98, 3352–3357. [Google Scholar] [CrossRef]

	104. 
Bernat, R.L.; Borisy, G.G.; Rothfield, N.F.; Earnshaw, W.C. Injection of anticentromere antibodies in interphase disrupts events required for chromosome movement at mitosis. J. Cell Biol. 1990, 111, 1519–1533. [Google Scholar] [CrossRef] [PubMed]

	105. 
Palmer, D.K.; O’Day, K.; Trong, H.L.; Charbonneau, H.; Margolis, R.L. Purification of the centromere-specific protein CENP-A and demonstration that it is a distinctive histone. Proc. Natl. Acad. Sci. USA 1991, 88, 3734–3738. [Google Scholar] [CrossRef] [PubMed]

	106. 
Wald, H. Cytologic studies of the abnormal development of the eggs of the Claret mutant type of Drosophila simulans. Genetics 1935, 21, 264–281. [Google Scholar]

	107. 
Davis, D.G. Chromosome Behavior under the Influence of Claret-Nondisjunctional in Drosophila melanogaster. Genetics 1969, 61, 577–594. [Google Scholar] [PubMed]

	108. 
Walker, R.A.; Salmon, E.D.; Endow, S.A. The Drosophila claret segregation protein is a minus-end directed motor molecule. Nature 1990, 347, 780–782. [Google Scholar] [CrossRef] [PubMed]

	109. 
Ostergren, G. Description of unpublished work on mitotic mutants in Lily, given to the author during a meeting at the Swedish. University of Agricultural Sciences in Uppsala: Sweden, 1976. [Google Scholar]

	110. 
Baker, B.S. Paternal loss (pal): A meiotic mutant in Drosophila melanogaster causing loss of paternal chromosomes. Genetics 1975, 80, 267–296. [Google Scholar] [PubMed]

	111. 
Gatti, M.; Baker, B.S. Genes controlling essential cell-cycle functions in Drosophila melanogaster. Genes Dev. 1989, 3, 438–453. [Google Scholar] [CrossRef] [PubMed]

	112. 
Hartwell, L.; Culotti, J.; Ried, B. Genetic control of the cell-division cycle in yeast. I. Detection of mutants. Proc. Natl. Acad. Sci. USA 1962, 66, 352–359. [Google Scholar] [CrossRef]

	113. 
Nurse, P. Genetic control of cell size at cell division in yeast. Nature 1975, 256, 547–551. [Google Scholar] [CrossRef] [PubMed]

	114. 
Morris, N.R. Mitotic mutants of Aspergillus nidulans. Genet. Res. 1975, 26, 237–254. [Google Scholar] [CrossRef] [PubMed]

	115. 
Hirano, T.; Funahashi, S.; Uemura, T.; Yanagida, M. Isolation and characterization of Schizosaccharomyces pombe cutmutants that block nuclear division but not cytokinesis. EMBO J. 1986, 5, 2973–2979. [Google Scholar] [PubMed]

	116. 
Hoyt, M.A.; Stearns, T.; Botstein, D. Chromosome instability mutants of Saccharomyces cerevisiae that are defective in microtubule-mediated processes. Mol. Cell. Biol. 1990, 10, 223–234. [Google Scholar] [CrossRef] [PubMed]

	117. 
Yang, J.T.; Saxton, W.M.; Goldstein, L.S. Isolation and characterization of the gene encoding the heavy chain of Drosophila kinesin. Proc. Natl. Acad. Sci. USA 1988, 85, 1864–1868. [Google Scholar] [CrossRef] [PubMed]

	118. 
Li, R.; Murray, A.W. Feedback control of mitosis in budding yeast. Cell 1991, 66, 519–531. [Google Scholar] [CrossRef]

	119. 
Hoyt, M.A.; He, L.; Loo, K.K.; Saunders, W.S. Two Saccharomyces cerevisiae kinesin-related gene products required for mitotic spindle assembly. J. Cell Biol. 1992, 118, 109–120. [Google Scholar] [CrossRef] [PubMed]

	120. 
Rout, M.P.; Kilmartin, J.V. Components of the yeast spindle and spindle pole body. J. Cell Biol. 1990, 111, 1913–1927. [Google Scholar] [CrossRef] [PubMed]

	121. 
Schrader, F. On the reality of spindle fibers. Biol. Bull. 1934, 67, 519–533. [Google Scholar] [CrossRef]

	122. 
Carlson, J.G. Mitotic Behavior of Induced Chromosomal Fragments Lacking Spindle Attachments in the Neuroblasts of the Grasshopper. Proc. Natl. Acad. Sci. USA 1938, 24, 500–507. [Google Scholar] [CrossRef] [PubMed]

	123. 
Hughes-Schrader, S.; Ris, H. The diffuse spindle attachment of coccids, verified by the mitotic behavior of induced chromosome fragments. J. Exp. Zool. 1941, 87, 429–456. [Google Scholar] [CrossRef]

	124. 
White, M.J.D. The Effect of X-Rays on the First Meiotic Division in Three Species of Orthoptera. Proc. R. Soc. Lond. Ser. B 1937, 124, 183–196. [Google Scholar] [CrossRef]

	125. 
Ris, H. A quantitative study of anaphase movement in the aphid Tamalia. Biol. Bull. 1943, 85, 164–178. [Google Scholar] [CrossRef]

	126. 
Brinkley, B.R.; Stubblefield, E.; Hsu, T.C. The effects of colcemid inhibition and reversal on the fine structure of the mitotic apparatus of Chinese hamster cells in vitro. J. Ultrastruct. Res. 1967, 19, 1–18. [Google Scholar] [CrossRef]

	127. 
Belar, K. Beiträge zur Kausalanalyse der Mitose. Roux Arch Entw Mech Org 1929, 118, 359–484. [Google Scholar] [CrossRef]

	128. 
Dietz, R. Multiple Geschlechchromosomen bei den cypriden Ostracoden, ihre Evolution and ihr Teilungsverhalten. Chromosoma 1958, 9, 359–440. [Google Scholar] [CrossRef] [PubMed]

	129. 
Nicklas, R.B. Recurrent pole-to-pole movements of the sex chromosome during prometaphase I in Melanoplus differentialis spermatocytes. Chromosoma 1961, 12, 97–115. [Google Scholar] [CrossRef] [PubMed]

	130. 
Nicklas, R.B. Chromosome Velocity during Mitosis as a Function of Chromosome Size and Position. J. Cell Biol. 1965, 25, 119–135. [Google Scholar] [CrossRef]

	131. 
Hughes-Schrader, S. Polarization, kinetochore movements, and bivalent structure in the meiosis of male mantids. Biol. Bull. 1943, 85, 265–300. [Google Scholar] [CrossRef]

	132. 
Hughes-Schrader, S. The “Pre-Metaphase Stretch” and kinetochore orientation in Phasmids. Chromosoma 1946, 3, 1–21. [Google Scholar] [CrossRef]

	133. 
Shimamura, T. On the mechanism of nuclear division and chromosome arrangement. VI. Studies on the effect of the centrifugal force upon nuclear division. Cytologia 1940, 11, 186–216. [Google Scholar]

	134. 
Beams, H.W.; King, R.L. The effect of ultracentrifuging upon chick embryonic cells, with special reference to the “resting” nucleus and the mitotic spindle. Biol. Bull. 1936, 71, 188–198. [Google Scholar] [CrossRef]

	135. 
Inoue, S.; Sato, H. Cell motility by labile association of molecules. The nature of mitotic spindle fibers and their role in chromosome movement. J. Gen. Physiol. 1967, 50, 259–292. [Google Scholar] [CrossRef]

	136. 
Rebhun, L.I.; Sawada, N. Augmentation and dispersion of the in vivo mitotic apparatus of living marine eggs. Protoplasma 1969, 68, 1–22. [Google Scholar] [CrossRef] [PubMed]

	137. 
Inoue, S. The effect of colchicine on the microscopic and submicroscopic structure of the mitotic spindle. Exp. Cell Res. Suppl. 1952, 2, 305–318. [Google Scholar]

	138. 
Taylor, E.W. Dynamics of Spindle Formation and its Inhibition by Chemicals. J. Cell Biol. 1959, 6, 193–196. [Google Scholar] [CrossRef]

	139. 
Taylor, E.W. Relation of Protein Synthesis to the Division Cycle in Mammalian Cell Cultures. J. Cell Biol. 1963, 19, 1–18. [Google Scholar] [CrossRef] [PubMed]

	140. 
Salmon, E.D.; Begg, D.A. Functional implications of cold-stable microtubules in kinetochore fibers of insect spermatocytes during anaphase. J. Cell Biol. 1980, 85, 853–865. [Google Scholar] [CrossRef] [PubMed]

	141. 
Salmon, E.D. Spindle microtubules: Thermodynamics of in vivo assembly and role in chromosome movement. Ann. N. Y. Acad. Sci. 1975, 253, 383–406. [Google Scholar] [CrossRef] [PubMed]

	142. 
Sato, H.; Ellis, G.W.; Inoue, S. Microtubular origin of mitotic spindle form birefringence. Demonstration of the applicability of Wiener’s equation. J. Cell Biol. 1975, 67, 501–517. [Google Scholar] [CrossRef] [PubMed]

	143. 
Inoue, S. Microtubule dynamics and chromosome motion. In Cell Motility; Cold Spring Harbor Conferences on Cell Proliferation; Cold Spring Harbor Press: Cold Spring Harbor, NY, USA, 1976; Volume 3, pp. 1317–1328. [Google Scholar]

	144. 
Forer, A. Characterization of the mitotic traction system, and evidence that birefringent spindle fibers neither produce nor transmit force for chromosome movement. Chromosoma 1966, 19, 44–98. [Google Scholar] [CrossRef] [PubMed]

	145. 
Leslie, R.J.; Pickett-Heaps, J.D. Ultraviolet microbeam irradiations of mitotic diatoms: Investigation of spindle elongation. J. Cell Biol. 1983, 96, 548–561. [Google Scholar] [CrossRef] [PubMed]

	146. 
Wilson, P.J.; Forer, A. Ultraviolet microbeam irradiation of chromosomal spindle fibres shears microtubules and permits study of the new free ends in vivo. J. Cell Sci. 1988, 91, 455–468. [Google Scholar] [PubMed]

	147. 
McDonald, K.L.; Edwards, M.K.; McIntosh, J.R. Cross-sectional structure of the central mitotic spindle of Diatoma vulgare. Evidence for specific interactions between antiparallel microtubules. J. Cell Biol. 1979, 83, 443–461. [Google Scholar] [CrossRef] [PubMed]

	148. 
Scholey, J.M.; Civelekoglu-Scholey, G.; Brust-Mascher, I.; Anaphase, B. Biology 2017. [CrossRef]

	149. 
Salmon, E.D.; McKeel, M.; Hays, T. Rapid rate of tubulin dissociation from microtubules in the mitotic spindle in vivo measured by blocking polymerization with colchicine. J. Cell Biol. 1984, 99, 1066–1075. [Google Scholar] [CrossRef] [PubMed]

	150. 
Mitchison, T.; Kirschner, M. Dynamic instability of microtubule growth. Nature 1984, 312, 237–242. [Google Scholar] [CrossRef] [PubMed]

	151. 
Leslie, R.J.; Saxton, W.M.; Mitchison, T.J.; Neighbors, B.; Salmon, E.D.; McIntosh, J.R. Assembly properties of fluorescein-labeled tubulin in vitro before and after fluorescence bleaching. J. Cell Biol. 1984, 99, 2146–2156. [Google Scholar] [CrossRef] [PubMed]

	152. 
Gorbsky, G.J.; Sammak, P.J.; Borisy, G.G. Chromosomes move poleward in anaphase along stationary microtubules that coordinately disassemble from their kinetochore ends. J. Cell Biol. 1987, 104, 9–18. [Google Scholar] [CrossRef] [PubMed]

	153. 
Salmon, E.D.; Leslie, R.J.; Saxton, W.M.; Karow, M.L.; McIntosh, J.R. Spindle microtubule dynamics in sea urchin embryos: analysis using a fluorescein-labeled tubulin and measurements of fluorescence redistribution after laser photobleaching. J. Cell Biol. 1984, 99, 2165–2174. [Google Scholar] [CrossRef] [PubMed]

	154. 
Wadsworth, P.; Salmon, E.D. Analysis of the treadmilling model during metaphase of mitosis using fluorescence redistribution after photobleaching. J. Cell Biol. 1986, 102, 1032–1038. [Google Scholar] [CrossRef] [PubMed]

	155. 
Cassimeris, L.; Inoue, S.; Salmon, E.D. Microtubule dynamics in the chromosomal spindle fiber: Analysis by fluorescence and high-resolution polarization microscopy. Cell Motil. Cytoskelet. 1988, 10, 185–196. [Google Scholar] [CrossRef] [PubMed]

	156. 
Mitchison, T.; Evans, L.; Schulze, E.; Kirschner, M. Sites of microtubule assembly and disassembly in the mitotic spindle. Cell 1986, 45, 515–527. [Google Scholar] [CrossRef]

	157. 
Mitchison, T.J. Polewards microtubule flux in the mitotic spindle: Evidence from photoactivation of fluorescence. J. Cell Biol. 1989, 109, 637–652. [Google Scholar] [CrossRef] [PubMed]

	158. 
Nicklas, R.B.; Staehly, C.A. Chromosome micromanipulation. I. The mechanics of chromosome attachment to the spindle. Chromosoma 1967, 21, 1–16. [Google Scholar] [CrossRef] [PubMed]

	159. 
Begg, D.A.; Ellis, G.W. Micromanipulation studies of chromosome movement. II. Birefringent chromosomal fibers and the mechanical attachment of chromosomes to the spindle. J. Cell Biol. 1979, 82, 542–554. [Google Scholar] [CrossRef] [PubMed]

	160. 
Nicklas, R.B.; Koch, C.A. Chromosome micromanipulation. 3. Spindle fiber tension and the reorientation of mal-oriented chromosomes. J. Cell Biol. 1969, 43, 40–50. [Google Scholar] [CrossRef] [PubMed]

	161. 
Nicklas, R.B. Chromosome micromanipulation. II. Induced reorientation and the experimental control of segregation in meiosis. Chromosoma 1967, 21, 17–50. [Google Scholar] [CrossRef] [PubMed]

	162. 
Rieder, C.L. The formation, structure, and composition of the mammalian kinetochore and kinetochore fiber. Int. Rev. Cytol. 1982, 79, 1–58. [Google Scholar] [PubMed]

	163. 
Henderson, S.A.; Koch, C.A. Co-orientation stability by physical tension: A demonstration with experimentally interlocked bivalents. Chromosoma 1970, 29, 207–216. [Google Scholar] [CrossRef] [PubMed]

	164. 
Nicklas, R.B.; Kubai, D.F. Microtubules, chromosome movement, and reorientation after chromosomes are detached from the spindle by micromanipulation. Chromosoma 1985, 92, 313–324. [Google Scholar] [CrossRef] [PubMed]

	165. 
Ault, J.G.; Nicklas, R.B. Tension, microtubule rearrangements, and the proper distribution of chromosomes in mitosis. Chromosoma 1989, 98, 33–39. [Google Scholar] [CrossRef] [PubMed]

	166. 
McNeill, P.A.; Berns, M.W. Chromosome behavior after laser microirradiation of a single kinetochore in mitotic PtK2 cells. J. Cell Biol. 1981, 88, 543–553. [Google Scholar] [CrossRef] [PubMed]

	167. 
Taylor, E.W. Brownian and saltatory movements of cytoplasmic granules and the movement of anaphase chromosomes. In Proceedings of the Fourth International Congress on Rheology; Copley, A.L., Ed.; NASA: New York, NY, USA, 1965; Part 4; pp. 175–191. [Google Scholar]

	168. 
Nicklas, R.B. Measurements of the force produced by the mitotic spindle in anaphase. J. Cell Biol. 1983, 97, 542–548. [Google Scholar] [CrossRef] [PubMed]

	169. 
Nicklas, R.B. Chromosome movement: Current models and experiments on living cells. In “Molecules and Cell Movement”; lnoué, S., Stephens, R.E., Eds.; Raven Press: Raven, New York, NY, USA, 1975; pp. 97–118. [Google Scholar]

	170. 
Forer, A. Possible roles of microtubules and actin-like filaments during cell-division. In Cell Cycle Controls; Academic Press: New York, NY, USA, 1974; pp. 319–336. [Google Scholar]

	171. 
Rashevsky, N. Some remarks on the movement of chromosomes during cell division. Bull. Math. Biophys. 1941, 3, 1–3. [Google Scholar] [CrossRef]

	172. 
Ostergren, G. Equilibrium of trivalents and the mechanism of chromosome movement. Hereditas 1945, 31, 498–511. [Google Scholar]

	173. 
Ostergren, G. Considerations on some elementary features of mitosis. Hereditas 1950, 36, 1–19. [Google Scholar] [CrossRef]

	174. 
Wise, D. On the mechanism of prometaphase congression: Chromosome velocity as a function of position on the spindle. Chromosoma 1978, 69, 231–241. [Google Scholar] [CrossRef] [PubMed]

	175. 
Wada, B.; Izutsu, K. Effects of ultraviolet microbeam irradiations on mitosis studied in Tradescantia cells in vivo. Cytologia 1961, 26, 480–491. [Google Scholar] [CrossRef]

	176. 
Ostergren, G. The mechanism of co-ordination of bivalents and multivalents. Hereditas 1951, 37, 85–156. [Google Scholar] [CrossRef]

	177. 
Hays, T.S.; Wise, D.; Salmon, E.D. Traction force on a kinetochore at metaphase acts as a linear function of kinetochore fiber length. J. Cell Biol. 1982, 93, 374–389. [Google Scholar] [CrossRef] [PubMed]

	178. 
Hays, T.S.; Salmon, E.D. Poleward force at the kinetochore in metaphase depends on the number of kinetochore microtubules. J. Cell Biol. 1990, 110, 391–404. [Google Scholar] [CrossRef] [PubMed]

	179. 
Rieder, C.L.; Davison, E.A.; Jensen, L.C.; Cassimeris, L.; Salmon, E.D. Oscillatory movements of monooriented chromosomes and their position relative to the spindle pole result from the ejection properties of the aster and half-spindle. J. Cell Biol. 1986, 103, 581–591. [Google Scholar] [CrossRef] [PubMed]

	180. 
Darlington, C.D. Recent Advances in Cytology; Blankiston's Son & Co. Inc: Philadelphia, PA, USA, 1937. [Google Scholar]

	181. 
Cornman, I. A summary of evidence in favor of the traction fiber in mitosis. Am. Nat. 1944, 78, 410–422. [Google Scholar] [CrossRef]

	182. 
Oosawa, F.; Kasai, M. A theory of linear and helical aggregations of macromolecules. J. Mol. Biol. 1962, 4, 10–21. [Google Scholar] [CrossRef]

	183. 
Forer, A. Local Reduction of Spindle Fiber Birefringence in Living Nephrotoma Suturalis (Loew) Spermatocytes Induced by Ultraviolet Microbeam Irradiation. J. Cell Biol. 1965, 25, 95–117. [Google Scholar] [CrossRef]

	184. 
Subirana, J.A. Role of spindle microtubules in mitosis. J. Theor. Biol. 1968, 20, 117–123. [Google Scholar] [CrossRef]

	185. 
Schibler, M.J.; Pickett-Heaps, J.D. Mitosis in Oedogonium: Spindle microfilaments and the origin of the kinetochore fiber. Eur. J. Cell Biol. 1980, 22, 687–698. [Google Scholar] [PubMed]

	186. 
Field, C.M.; Lénárt, P. Bulk cytoplasmic actin and its functions in meiosis and mitosis. Curr. Biol. 2011, 21, R825–R830. [Google Scholar] [CrossRef] [PubMed]

	187. 
Gibbons, I.R.; Rowe, A.J. Dynein: A Protein with Adenosine Triphosphatase Activity from Cilia. Science 1965, 149, 424–426. [Google Scholar] [CrossRef] [PubMed]

	188. 
Euteneuer, U.; McIntosh, J.R. Structural polarity of kinetochore microtubules in PtK1 cells. J. Cell Biol. 1981, 89, 338–345. [Google Scholar] [CrossRef] [PubMed]

	189. 
Mazia, D. The Cell in Mitosis. In The Cell; Academic Press: New York, NY, USA, 1961; Volume 3. [Google Scholar]

	190. 
Margolis, R.L.; Wilson, L.; Keifer, B.I. Mitotic mechanism based on intrinsic microtubule behaviour. Nature 1978, 272, 450–452. [Google Scholar] [CrossRef] [PubMed]

	191. 
Kirschner, M.; Mitchison, T. Beyond self-assembly: From microtubules to morphogenesis. Cell 1986, 45, 329–342. [Google Scholar] [CrossRef]

	192. 
Holy, T.E.; Leibler, S. Dynamic instability of microtubules as an efficient way to search in space. Proc. Natl. Acad. Sci. USA 1994, 91, 5682–5685. [Google Scholar] [CrossRef] [PubMed]

	193. 
Paul, R.; Wollman, R.; Silkworth, W.T.; Nardi, I.K.; Cimini, D.; Mogilner, A. Computer simulations predict that chromosome movements and rotations accelerate mitotic spindle assembly without compromising accuracy. Proc. Natl. Acad. Sci. USA 2009, 106, 15708–15713. [Google Scholar] [CrossRef] [PubMed]

	194. 
Hill, T.L.; Kirschner, M.W. Bioenergetics and kinetics of microtubule and actin filament assembly-disassembly. Int. Rev. Cytol. 1982, 78, 1–125. [Google Scholar] [PubMed]

	195. 
Hill, T.L. Theoretical problems related to the attachment of microtubules to kinetochores. Proc. Natl. Acad. Sci. USA 1985, 82, 4404–4408. [Google Scholar] [CrossRef] [PubMed]

	196. 
Koshland, D.E.; Mitchison, T.J.; Kirschner, M.W. Polewards chromosome movement driven by microtubule depolymerization in vitro. Nature 1988, 331, 499–504. [Google Scholar] [CrossRef] [PubMed]

	197. 
Coue, M.; Lombillo, V.A.; McIntosh, J.R. Microtubule depolymerization promotes particle and chromosome movement in vitro. J. Cell Biol. 1991, 112, 1165–1175. [Google Scholar] [CrossRef] [PubMed]

	198. 
Brinkley, B.R.; Cartwright, J. Ultrastructural analysis of mitotic spindle elongation in mammalian cells in vitro. Direct microtubule counts. J. Cell Biol. 1971, 50, 416–431. [Google Scholar] [CrossRef] [PubMed]

	199. 
Tippit, D.H.; Fields, C.T.; O’Donnell, K.L.; Pickett-Heaps, J.D.; McLaughlin, D.J. The organization of microtubules during anaphase and telophase spindle elongation in the rust fungus Puccinia. Eur. J. Cell Biol. 1984, 34, 34–44. [Google Scholar] [PubMed]

	200. 
Masuda, H.; Hirano, T.; Yanagida, M.; Cande, W.Z. In vitro reactivation of spindle elongation in fission yeast nuc2 mutant cells. J. Cell Biol. 1990, 110, 417–425. [Google Scholar] [CrossRef] [PubMed]

	201. 
Gardner, M.K.; Odde, D.J. Modeling of chromosome motility during mitosis. Curr. Opin. Cell Biol. 2006, 18, 639–647. [Google Scholar] [CrossRef] [PubMed]

	202. 
Nedelec, F.J.; Surrey, T.; Maggs, A.C.; Leibler, S. Self-organization of microtubules and motors. Nature 1997, 389, 305–308. [Google Scholar] [PubMed]

















































© 2016 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC-BY) license (http://creativecommons.org/licenses/by/4.0/).







media/file26.jpg





media/file8.jpg





media/file27.png





media/file34.jpg





media/file13.png





media/file31.png
-t

| o
g
e f
' “ H BT
o g}i_;.-},«' ?’n:‘-’
L 4

. il , -
$- A
< : .

'
3

A\l
>

23
v A
> Jpo

L






media/file39.png
2
QJJ

0.5

‘*INJECTION
I

Time (s)

ANAPHASE b
METAPHASE

COLCHICINE

il ] 1 1
5

0 I 2 3 4

TIME (in min)





media/file12.jpg





media/file18.jpg





media/file9.png





media/file14.jpg





media/file35.png
.
*reenven 2
. = . .
. ... er
-oataolo-:-.





media/file20.jpg





media/file23.png





media/file5.png
Fig 70.






media/file36.jpg





media/file15.png





media/file19.png





media/file28.jpg





media/file2.jpg





media/file32.jpg
paternal
homalog
maternal
homalog

T DNA REPLICATION

IRING AND CROSSING OVER

| GFDUBLICATED HOMOLOGS

HOMOLOG PAIRS LINE
UP ONTHE SPINDLE

@

'SEGREGATION OF HOMOLOGS
AT ANAPHASE |

@
Ay

| |

‘CHROMATIDS AT ANAPHASE I

haploid daughter cells.

®®

A REPLICATION

DUPLICATED
CHROMOSOMES
LINE UP INDIVIDUALLY
ONTHE SPINDLE

®

'SEGREGATION OF SISTER
CHROMATIDS AT ANAPHASE

diploid daughter cells.





nav.xhtml


  biology-05-00055


  
    		
      biology-05-00055
    


  




  





media/file11.png





media/file6.jpg





media/file24.jpg





media/file29.png
Telophase





media/file1.png
e " v p AR 4"
> _:1.‘.:: %&&M A
2

é






media/file41.png





media/file37.png





media/file10.jpg





media/file7.png





media/file40.jpg





media/file33.png
(B)  MITOSIS

(A)  MEIOSIS

paternal
\ homolog
maternal
homolog

{ DNA REPLICATION

l PAIRING AND CROSSING OVER
OF DUPLICATED HOMOLOGS

W)

HOMOLOG PAIRS LINE
UP ON THE SPINDLE

{ DNA REPLICATION

DUPLICATED
l SEGREGATION OF HOMOLOGS CHROMOSOMES
AT ANAPHASE | LINE UP INDIVIDUALLY
ON THE SPINDLE
SEGREGATION OF SISTER SEGREGATION OF SISTER
CHROMATIDS AT ANAPHASEII CHROMATIDS AT ANAPHASE

haploid daughter cells diploid daughter cells





media/file16.jpg





media/file38.jpg
INJECTION

o 20 40 60
Time (s)

anapuase 5
METApHase

cowcmeme

os|

o 0 2 3 @ 56 7

TIME (in min)





media/file3.png





media/file22.jpg





media/file17.png
v
’ b T 2V
>

ot

ot i b
. o . e A
. . o " L .
‘ S o LA S 4
R s PNt L ] o ST
S L .‘v‘\>.o'¢~" z’- vt

(B)






media/file4.jpg





media/file30.jpg





media/file25.png





media/file0.jpg





media/file21.png
)
) -
1 -
‘ * o
-
1 y *
L 1
- 4 - -
¢ <
> e
E ¢
J 3
» 1 3 4
& L 3
si N gionNg soingie gxis Posit or -;\HH;‘ spindle axis

M

nindle
~ ol v

*
4
4
|





