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Abstract. We have analyzed the fine structure of 10 
chromosomal fibers from mitotic spindles of PtK~ cells 
in metaphase and anaphase, using electron microscopy 
of serial thin sections and computer image processing 
to follow the trajectories of the component microtu- 
bules (MTs) in three dimensions. Most of the 
kinetochore MTs ran from their kinetochore to the vi- 
cinity of the pole, retaining a clustered arrangement 
over their entire length. This MT bundle was invaded 
by large numbers of other MTs that were not as- 
sociated with kinetochores. The invading MTs fre- 
quently came close to the kinetochore MTs, but a two- 
dimensional analysis of neighbor density failed to 
identify any characteristic spacing between the two 

MT classes. Unlike the results from neighbor density 
analyses of interzone MTs, the distributions of spac- 
ings between kinetochore MTs and other spindle MTs 
revealed no evidence for strong MT-MT interactions. 
A three-dimensional analysis of distances of closest 
approach between kinetochore MTs and other spindle 
MTs has, however, shown that the most common dis- 
tances of closest approach were 30-50 nm, suggesting 
a weak interaction between kinetochore MTs and their 
neighbors. The data support the ideas that kinetochore 
MTs form a mechanical connection between the 
kinetochore and the pericentriolar material that defines 
the pole, but that the mechanical interactions between 
kinetochore MTs and other spindle MTs are weak. 

C 
HROMOSOME movements during mitosis appear to re- 
sult from motor enzymes coupled to the controlled 
assembly and disassembly of spindle microtubules 

(MTs) t (reviewed in Rieder, 1990; Mclntosh and Hering, 
1991; Sawin and Scholey, 1991). Building on this overview 
to develop a full understanding of chromosome motion will 
require not only an identification of the relevant motor en- 
zymes and a description of their roles and locations, but also 
a characterization of the mechanical linkages that connect 
chromosomes to the rest of the mitotic machinery. Spindle 
MTs are an essential part of this linkage system; they connect 
kinetochores with spindle poles (for example see Nicklas 
and Kubai, 1985), poles with poles (Leslie and Pickett- 
Heaps, 1983), and poles with some as yet poorly defined as- 
pect of the cell cortex (Aist and Berns, 1981; Hamaguchi and 
Hiramoto, 1986; Hyman, 1989). Just how these connections 
are made is still largely unknown, because an understanding 
of linkage depends both upon locating the ends of the rele- 
vant MTs and identifying the connections that each MT 
makes with other MTs or with other structural material in 
the cell. Such knowledge requires information available only 
by EM, because most spindle MTs are bunched so closely 
together that they cannot be resolved from one another in the 
light microscope; an apparently continuous fiber can be 
composed of either a few long MTs or a cluster of short ones. 

1. Abbreviations used in this paper: kMT, kinetochore microtubule; MT, 
microtubule. 

For example, the MT bundles that run from pole to pole have 
long been called "continuous fibers" (Schrader, 1953), but 
EM has shown them to be composed of two sets of MTs that 
emanate from the poles and interdigitate near the spindle 
equator (Paweletz, 1967; Mclntosh and Landis, 1971; 
McDonald et al., 1977). This distinction is important be- 
cause recent evidence demonstrates that spindle elongation 
occurs by MT polymerization at the zone of interdigitation, 
together with MT sliding driven either from the zone of in- 
terdigitation or from the asters (Aist and Bayles, 1991; Sax- 
ton and Mclntosh, 1987; Masuda et al., 1988; Hogan and 
Cande, 1990). Such a mechanism would be impossible with 
truly continuous MTs. 

The spindle fibers that connect chromosomes with poles 
display even more complex behavior. They are essential 
parts of the machinery for both chromosome congression to 
the spindle equator during prometaphase and poleward mo- 
tion during anaphase A (reviewed in Rieder, 1982; Mitchi- 
son, 1988; Mclntosh and Hering, 1991). Studies on the 
forces generated by a normal spindle demonstrate that a 
chromosomal fiber can pull on its chromosomal connection 
more strongly than is necessary to overcome viscous drag 
(reviewed in Nicklas, 1988). Experiments in vitro (Mitchi- 
son and Kirschner, 1985; Hyman and Mitchison, 1991) and 
descriptions of chromosome behavior in vivo (for example 
see Tippit et al., 1980) suggest that a chromosomal fiber can 
also push a kinetochore away from the pole it faces. The fiber 
elongates or shortens largely by the addition or loss of tubu- 
lin at its kinetochore-proximal end (Mitchison et al., 1986; 
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Gorbsky et al., 1988; Nicklas, 1988), but during metaphase, 
when each fiber is on average of constant length, it can add 
tubulin at the kinetochore and lose it at the pole, resulting 
in a poleward flux of tubulin subunits (Mitchison, 1989), 
Chromosomal fibers are clearly important in their action, 
and the complexity of their behavior suggests that under- 
standing them will require detailed study. 

EM of chromosomal fibers has revealed that they always 
include one or more MTs associated with each kinetochore. 
Usually these MTs end at the kinetochore, whereupon they 
are called kinetochore MTs (kMTs). Other features of chro- 
mosomal fibers, however, display a discouraging diversity of 
design that confounds simple interpretation. The chromo- 
somes of lower eukaryotes appear to be linked to the spindle 
pole by one or a few kMTs that run all the way from 
kinetochore to pole (reviewed in Heath, 1980; McDonald, 
1989; Mclntosh and Hering, 1991). Chromosomal fibers of 
higher eukaryotes, however, are usually composed of many 
MTs and comprise more than one MT type (reviewed in 
Rieder, 1982, 1990; McDonald, 1989). In the green alga 
Oedogonium there are ,x,40 kMTs in each chromosomal 
fiber, but most of these extend only about one quarter of the 
way to the pole; none is long enough to reach the pole, so 
the 15-/~m chromosomal fiber characteristic of the meta- 
phase spindle is composed largely of non-kMTs (Schibler 
and Pickett-Heaps, 1987). In the higher plant Haemanthus 
most kMTs again appear to be short relative to the distance 
from chromosome to pole, and during anaphase they both de- 
crease in number and fan out as the chromosome approaches 
the pole (Jensen, 1982). Chromosomal fibers in meiotic 
spindles of crane flies appear to be organized differently, 
though there is some disagreement about details. One group 
has reported that they are formed from clusters of many short 
MTs that link the chromosome to the pole indirectly (for ex- 
ample, see Fuge, 1985), while another group has found 
longer kMTs, some of which reach all the way from kineto- 
chore to pole (Scarcello et al., 1986). This distinction is im- 
portant because the former implies the existence of MT-MT 
interactions that are strong enough to support the mechanical 
load of positioning and moving a chromosome, while the lat- 
ter implies a direct MT linkage between each kinetochore 
and the pole it faces. 

The discrepancies cataloged here suggest that there is vari- 
ability in the design of chromosomal fibers, so reliable struc- 
ture-function correlations demand that fine structure work 
be done on the cells for which physiological and biochemical 
data are available. We have therefore undertaken a study of 
chromosomal fibers in the mammalian cell line, PtK, which 
is routinely used for light microscopic studies of mitotic 
physiology (for example, see Mitchison, 1989). Detailed 
structural work on mammalian spindles is daunting, because 
they contain so many MTs and because large numbers of sec- 
tions are required for a three dimensional (3-D) picture of 
the spindle. In the studies on chromosomal fibers of mam- 
malian cells published thus far, the problem has been sim- 
plified by using an experimental perturbation to reduce the 
number of spindle MTs. With this strategy it has been shown 
that the chromosomal fibers of cold-treated PtK~ cells in- 
clude some MTs that run all the way from kinetochore to 
pole, many that have one end on a kinetochore and the other 
free in the fiber, many that have one end at the pole with the 
other free in the fiber, and some with both ends free within 

the fiber (Rieder, 1981). In CHO cells recovering from cot- 
cemid treatment, the chromosomal fiber is comparatively 
short, and over 90% of the kMTs run most of or all the way 
from chromosome to pole (Witt et al., 1981). In both of these 
studies, however, many of the non-kMTs were removed from 
the spindles by experimental treatment, so the contribution 
that these polymers might make to the structure of the nor- 
mal chromosomal fiber could not be assessed. 

Recent advances in the methods and hardware for com- 
puter image processing have made it possible to reduce the 
labor required to process data from the serial cross sections 
required for a 3-D reconstruction of spindle structure 
(McDonald et al., 1991). Here we capitalize on this technol- 
ogy to study the chromosomal fibers of PtK cells and to char- 
acterize both their kMTs and non-kMTs at different times be- 
tween metaphase and late anaphase. Our analysis suggests 
that spindle design in PtK cells is much like that of the lower 
eukaryotes; some kMTs connect each kinetochore directly 
with the pole it faces. The kMTs do not appear to interact 
strongly with the non-kMTs, but a close, quantitative scru- 
tiny reveals subtle evidence for a linkage between the two. 
Our work supports the idea that a bundle of kMTs forms a 
mechanical connection between each kinetochore and the 
material that surrounds the centrosome. This MT bundle 
probably transmits tension from wherever the mitotic mo- 
tors may generate it to the mechanical linkages required for 
moving the chromosomes to the equator during prometa- 
phase and pulling them poleward in anaphase. 

Materials and Methods 

Electron Microscopy 
PtKt cells were grown on glass coverslips and fixed for EM as described 
by McDonald (1984). Cells were flat-embedded by inverting the cover- 
slip/cells onto a drop of Epon-Araldite on a slide coated with MS-122 PTFE 
release agent (Miller Stephenson, Los Angeles). After resin polymerization 
was complete, the coverslip was dissolved with hydrofluoric acid (Moore, 
1975), and the wafer of resin with cells was taped to a microscope slide. 
The wafers were scanned with phase optics at 4 0 x ,  and appropriate mitotic 
stages were scored and remounted for serial cross sectioning. Serial 75-nm 
sections were picked up on 1 • 2 nun formvar-coated slot grids and post- 
stained with lead and uranium. Sections through kinetochore fibers were 
photographed at a magnification of 16,000 or 21,000 on a Philips CM10 
electron microscope (Philips Electronic Instruments Co., Mahwah, NJ) 
operating at 80 kV. 

Data Entry and Three-dimensional Reconstruction 

The details of how images of spindle cross sections were entered into com- 
puter memory and aligned, how the MTs in successive sections were 
identified and connected to build models, and how these models were edited 
to form accurate representations of spindle MT geometry are described in 
McDonald et al. (1991). Briefly, a Dage 81 video camera (Dage-MTI, Inc., 
Michigan City, IN) was used to image ElM negatives of successive sections, 
and this signal was digitized by a Parallax 1280 graphics device in a Micro- 
Vax III computer (Digital Equipment Corp., Maynard, MA). We used 
10-12 pixels/MT diameter, so our 640 • 480 pixel frames included ~1.25 
#m 2 of spindle cross section, enough to include a kinetochore and about 
eight times that area surrounding the kinetochore in each data set. We 
selected kinetochores that lay near the spindle axis to minimize the curva- 
ture of the associated chromosomal fiber, found the section that contained 
the kinetochore, backed up 5-10 sections into the chromosome proper, and 
then digitized corresponding areas of each successive section all the way to 
the first centriole. 

The images were aligned upon entry into the computer by comparing the 
most recently stored image with the live image from the camera and adjust- 
ing the position of the negative to make the two as similar as possible. Ac- 
curate MT tracking required better alignment than could be achieved by 
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translations and rotations alone, because the images of some sections were 
distorted by sectioning compression or beam-induced shrinkage. The align- 
merit of the digitized images was therefore refined by marking the positions 
of 6-8 MTs in good transverse view to identify corresponding points on suc- 
cessive sections. These points were used to define a general linear transfor- 
mation (translation, rotation, magnification, and uniaxial stretch) to op- 
timize the fit of each image with its neighbors. The transformation for each 
section was then combined with transforms for the six nearest sections in 
a way that removed section-section misalignments, yet preserved long-term 
trends in the transformations, such as the convergence of MTs toward the 
spindle poles. 

Aligned images were then cross-correlated with an image of an average 
MT and a linear discriminant analysis was applied to all regions of high 
correlation to identify those points that most resembled true MTs (for de- 
tails see McDonald et at., 1991). The resulting trial set of MT locations was 
used by the computer to track MT positions from section to section; points 
on adjacent sections were connected when they lay within 15 pixels (,'ol.3 
MT diams). These computer-generated models were then displayed as 
graphic overlays on the image data, and a trained biologist examined the 
MT identifications and connections for errors. In general, the computer- 
generated models included a few false points and were missing "~15% of 
the MTs, but these errors could be corrected rather quickly with the interac- 
tive display. When the display was made to move rapidly from one section 
to its well-aligned neighbors, successive images of each MT were readily 
recognized, even when the MT was highly oblique to the plane of section. 
Thus, the accuracy of the model at any stage of completion was easy to as- 
sess. Early in our work we reconstructed the same data set several times 
in several ways, each time with different people involved. Whenever the 
method included a final editing in which an operator riffled rapidly through 
multiple sections, comparing the images of each MT with the model points 
presented as a colored overlay, the resulting models were essentially the 
same. We are therefore confident that our completed models are reliable. 
Further, the identification of kMTs was always checked by at least two peo- 
ple. Note, however, that the final models do not include every MT that en- 
tered the volume defined by the digitized images. We made sure that every 
MT that approached or joined the kMT bundle was included, but the few 
non-kMTs that skirted the periphery of the volume under study and never 
came close to the kMTs were omitted for clarity. 

Before analyzing a completed model, we generated a new alignment of 
the serial sections, using general linear transformations derived from all of 
the MT positions in the completed model. This alignment generally pro- 
duced an excellent fit between adjacent sections, so the MT positions 
progressed smoothly from section to section. We were thus able to represent 
MTs simply as a set of line segments connecting the modeled points with 
no need for further smoothing of the MT trajectories. 

Neighbor Density A nalysis 
To analyze the distributions of MT positions in spindle cross sections, we 
represented the center of each MT by a point in a plane, calculated the hum- 

ber of points per unit area as a function of distance from each individual 
point, and then averaged the resulting density distributions over all points 
(Boots and Getis, 1988; Rodieck, 1991). The densities were computed in 
"bins," each representing a range of distance from the central point under 
consideration. To obtain the density for a particular bin, e.g., from 36 to 
48 nm from the central point, one would place the appropriate annulus 
around each point analyzed; Fig. 1 A shows three such annuli drawn on a 
set of points that represent a bundle of interdigitating MTs from a PtKl cell 
in telophase. Ideally, one could then add up the number of points falling 
in each of the annuli of a given radius and the area covered by each of the 
annuli; neighbor density at that radius would then be the total number of 
points divided by the total area of those annuli. 

This simple approach is, however, inaccurate when the points being ana- 
lyzed occupy a finite region. One way to deal with this problem is to specify 
a boundary around the points and to omit from the area summation those 
portions of the annuli that fall outside the boundary. We have written a pro- 
gram to deal with regions of arbitrary shape by explicitly calculating the 
fraction of each annulus that lies within the boundary. This method requires 
one to choose a specific boundary by drawing a series of line segments 
around the points under consideration. We placed our boundaries so as to 
follow the major irregularities in the region and to maintain a distance from 
the outermost points that was between one half and one times the typical 
distance between adjacent MTs (see boundaries drawn in Fig. 1 A). This 
practice generally resulted in density graphs that were flat at large distances 
(e.g., Fig. 1 B, which shows neither an upward or downward trend from 
100-300 rim). The density graphs were fairly insensitive to the specific 
choice of boundary within these guidelines, but with a much looser boundary, 
such as a convex polygon surrounding the points, the graph showed a down- 
ward trend, and a tighter boundary produced a slight upward trend at large 
distances. 

When these methods are used to analyze the neighbor density distribu- 
tion of a random array of points, a flat density graph is obtained (data not 
shown). This feature of the analysis has provided us with a simple way to 
measure the strength of the deviation from randomness for any particular 
data set. First, we obtained a mean density value from the flat portion of 
the graph at large radial distances, then we determined the range of dis- 
tances over which the graph deviated from randomness (e.g., the peak be- 
tween 36 and 48 nm for telophase MTs shown in Fig. 1 B). The deviations 
from mean density were then multiplied by the appropriate annular areas 
and summed over that range of distances; the resulting integral indicates the 
number of MTs, above those expected in a random distribution, that were 
positioned at this range of distances from the typical MT. For Fig. ! B, the 
integral is 2.75 extra MTs surrounding the typical MT at distances between 
36 and 48 nm. 

When more than one type of point is present, it is possible to measure 
the density of a particular kind of point as a function of distance from some 
other kind(s) of point by summing over annuli placed around a subset of 
points and counting only the neighbors of a particular type. Thus, Fig. 1, 
C and D show the density of telophase MTs from the same pole, or from 
the opposite pole, as a function of distance from each MT, averaged over 
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all MTs in the interzone MT array shown as Fig, 1 A. The occurrence of 
MTs at a preferred distance shows a high degree of specificity by type; in- 
tegrals from 36 to 48 rtm indicate that the typical MT has 2.34 extra neigh- 
bors from the opposite pole but only 0.51 extra neighbors from the same 
pole. We interpreted this sort of preference as a measure of positional 
specificity and infer that the departure from randomness is due to a specific 
interaction between two kinds of MTs (for example, see McDonald et al., 
1979). 

When a density graph shows evidence for a specific interaction, it is im- 
portant to assess the probability that such a graph could have been obtained 
by chance from a distribution of points that does not include such an interac- 
tion. Often, an appropriate test is to construct a random sample of points, 
subject to the constraint that they be separated by a minimum distance. A 
more appropriate test for the specificity seen in Fig. 1, C and D is to ran- 
domly shuffle the identities of the MTs. After the types in this data set were 
shuffled 50 times, the integral for MTs from the same pole had a mean + 
SD of 1.28 + 0.38 and was less than the actual value of 0.51 only once. 
The integral for MTs from the opposite pole was 1.36 + 0.38 and never ex- 
ceeded the actual value of 2.34. Such a method provides a measure of the 
statistical significance of the difference between the density graphs in Fig. 
1, C and D. 

Three-dimensional Analysis of Closest Approach 
between Microtubules 
Many of the MTs in a chromosomal fiber approach each other at a wide 
variety of angles (see Figs. 4 and 5). We therefore analyzed the distances 
of closest approach between these MTs in 3-I). To do so, MTs were treated 
as a series of line segments connecting the centers of MT images on succes- 
sive serial sections. Each MT (or each MT of a particular type) was taken 
in turn as a "reference" MT. The closest approach between the reference MT 
and each other MT (or each other MT of a particular type) was identified. 
The distances of closest approach were then counted in bins, with each bin 
representing a range of distances. These counts were divided by the number 
of reference MTs, and the resulting value for a particular bin was the average 
number of MTs having a closest approach at that range of distances from 
the reference MTs. 

Several problems inherent in this type of spatial analysis have not been 
as completely solved for the 3-D analysis as for the 2-D case. For example, 
there is no obvious way to correct for boundary effects. Data are presented 
here without any boundary effect corrections for two reasons. First, such 
effects should not contribute very much to the distribution of distances of 
closest approach between kMTs and non-kMTs, because all of the non- 
kMTs approaching within about 500 nm of the kinetochore bundle were in- 
cluded in the reconstruction. Second, even when there are boundary effects 
that cause the distribution of neighbors to decline at large distances, such 
declines are gradual and, as will be seen, they do not obscure the rather 
sharp peaks that reflect the short-range interactions of interest. 

Another problem with the 3-D analysis is in scaling the counts of neigh- 
bors so they will represent a density. Our main goal was to scale the data 
so that randomly distributed MTs would show a flat graph, thus facilitating 
the detection and measurement of deviations from randomness. If we had 
been analyzing the positions of points in either two or three dimensions, 
then a graph proportional to density could have been obtained by dividing 
the number of points at a given distance from a point by either distance (in 
the 2-D case) or distance squared (in the 3-D case). We therefore ex- 
perimented with dividing by a power of distance. Generalizing from the 
scaling of 2- and 3-D point distributions, we divided each bin by (Bin width) 
x x(2 x Distance) p, where p is the power to which the distance is to 
be raised. We refer to the resulting scaled values as relative densities. With 
p = 0.4, graphs were nearly fiat between "o75 and 200-300 nm, beyond 
which the relative density generally declined because of boundary effects, 

Because the value of 0.4 seemed arbitrary, we also analyzed some distri- 
butions of closest distances after shifting the position of each MT by a ran- 
dom amount parallel to the plane of section. When the log of unsealed 
counts was plotted versus the log of minimum distance, the points fit a 
straight line fairly well over most of the range of distance; the slopes of these 
graphs were near 0.4. This indicates that scaling by distance to the 0.4 power 
is a good approximation for obtaining relative densities. 

The distributions of distances of closest approach presented in this paper 
were all graphed with a scaling of 0.4 because in this way the departures 
from randomness were easier to see. The scaling also allowed a good esti- 
mation of the strength of any peak in the distribution. The average relative 
density from 100 to 200 nm was subtracted from the density in each bin 
representing the peak region. The result was then unsealed and summed 
over the bins to obtain the number of MTs, above those expected by chance, 

approaching to within that range of distances from the typical reference MT. 
Note that our choice of scaling does not affect our conclusions, because all 
subsequent analysis was based on a comparison of the integrals and the rela- 
tive densities for actual data with the corresponding integrals and relative 
densities for randomized data. 

A final difficulty with the 3-D analysis has been the construction of 
meaningful random data sets for comparison with actual data. Curves fol- 
lowing random trajectories in 3-D space have too few of the features of chro- 
mosomal fibers to be useful for comparison. The real data were therefore 
"randomized ~ by shifting each MT (or each MT of a particular kind) by a 
random amount in x- and y-axes (i.e., within the plane of section). We were 
usually interested in assessing whether a preferred distance of closest ap- 
proach could be attributed simply to the inability of two MTs to approach 
closer than that distance. Thus, for each MT being shifted, a potential shift 
was evaluated by checking the minimum distance of closest approach to all 
of the other MTs that had already been placed in their final positions. If that 
minimum distance was less than a certain amount, chosen to reflect the ac- 
tual distributions, then the potential shift was subject to rejection, where 
the probability of rejection was a function of distance, as chosen by the oper- 
ator to reflect the actual distributions. The program would try up to 300 
shifts with the original range of shifts, up to t50 shifts with 1.5 times that 
range, and up to 150 shifts with 2.0 times that range. If all trials were re- 
jected, the MT was left unshifted. Most MTs could be shifted in only 1-3 
trials~ but some required many trials and a few could not be shifted. To pro- 
vide the most realistic test, the probabilities of rejection were adjusted so 
that the rising phase of the resulting graph of relative density of closest ap- 
proach versus distance matched that of the unshifted data. Probabilities 
were specified for ranges of distance equal to the bin size in the density 
graph and were thus uniquely determined by the graph being matched. 
The probabilities used were 1.0 from 0 to 15 am, then fell gradually to 
0 by 35 nm. 

Results 

Images of PtK Spindle Microtubules 
The longitudinal section through a PtK metaphase half spin- 
dle, shown in Fig. 2, illustrates a number of points relevant 
to this study: (a) the fixation of our material is good, as re- 
vealed by the smooth contours of vesicles and the generally 
straight appearance of MTs. Where the MTs are curved, e.g., 
those running from the chromosomes at an edge of the 
metaphase plate, the curves follow smooth arcs, not the wavy 
paths characteristic of poor fixation. (b) For this investiga- 
tion we have usually analyzed chromosomal fibers from the 
central region of the spindle to take advantage of the straight 
trajectories of their MTs. (c) Kinetochores are not always flat 
structures (e.g., Ks 4 and 5). Thus, in cross sections like 
those shown in Fig. 3, one would not expect to find all the 
kMTs ending in a single section, even when the plane of sec- 
tion is exactly perpendicular to the chromosomal fiber. (d) 
the spindle pole is a region that extends some distance from 
the surface of the centrioles. In these cells it is marked by 
electron-dense pericentriolar material. It is not possible to 
identify the outer boundary of the pericentriolar material 
with precision, but it is recognizable 0.2-0.5/~m from the 
surface of the parent centriole. We have regarded this entire 
region as the spindle pole. (e) In the longitudinal section, the 
spindle appears to be composed of many relatively short, 
overlapping MTs. These short pieces are actually segments 
of longer MTs that course through several sections. We have 
found it difficult or even impossible to track individual MTs 
from one longitudinal section to the next, particularly where 
the MTs are bunched together near the poles. We therefore 
have chosen to use serial cross sections for making 3-D 
reconstructions. 

Fig. 3 is a series of cross sections through the kinetochore 
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Figure 2. Conventional EM view of a PtKl spindle in metaphase, showing a pole, as defined by the oblique section of a centriole and 
the pericentriolar material (PCM), spindle MTs, and parts of five different kinetochores labeled Kin. Good quality fixation is indicated 
by the smooth contour of vesicles (v) and the straightness of the MTs (e.g., the group running between K3 and the pole). KMTs that leave 
the plane of section (arrows on MTs associated with K,) appear artificially short in longitudinal sections. The pericentriolar material 
around the centriole is an indicator of the spindle pole boundary; in serial cross sections, this boundary usually appeared ,'~0.4-0.5 #m 
from the centrioles (curved dotted line). The straight dotted line behind K3 indicates where we have begun MT tracking (see Fig. 3 A). 
Bar, 0.5/zm. 

region of a metaphase chromosome. Throughout this study 
we have identified kMTs by starting a reconstruction well 
within the chromosome itself (see the marking line in Fig. 
2 and the image shown in Fig. 3 A). As one moves through 
the serial sections toward the pole, the kinetochore is readily 

identified by its characteristic staining, which is delimited by 
a dashed line in Fig. 3 B. In Fig. 3, C and D one finds a num- 
ber of  closely packed MTs beginning within a few sections. 
These we have designated kMTs. The additional MTs that 
join the kMT cluster between the kinetochore and the pole 
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Figure 3. Images of sections near a kinetochore that illustrate how we decided which were kMTs. In A, we marked MTs around the chromo- 
some (white C), well behind the kinetochore, so we would know that all these were non-kMTs (see Fig. 2). (B) A cross section through 
the light-staining middle region of the trilaminar kinetochore. The dotted line indicates the boundary of the kinetochore. Note that no 
new MT cross sections can be seen within this region. (C) The serial section adjacent to B; it passes through the outer dark plate of the 
kinetochore. Some MT profiles are now evident (arrows). The next adjacent serial section (D) includes the profiles of most of the kMTs 
for this fiber within an area equal to that of the kinetochore (dotted line). However, not all MTs within the dotted line area are kMTs. 
Note that the area of each of these panels approximates the areas digitized for 3-D reconstruction. Bar, 0.2 #m. 

are called non-kMTs. While it is possible, a priori, that some 
of  these might be kMTs from a different chromosomal fiber, 
this is highly unlikely. The kMTs as seen in serial cross sec- 
tions form a definite bundle that changes relatively little as 
one approaches the pole (see Fig. 4 C). I f  all kMTs follow 
well defined bundles, then the MTs that wander into a bundle 
and are not themselves bundled cannot be kMTs. Indeed, a 
reconstruction of  five kinetochore fibers that associate with 
the same pole has shown that the bundles of kMTs remain 
distinct throughout their lengths (data not shown). In the im- 
mediate vicinity of  the poles, some of  the MTs that join the 
edge of  a chromosomal fiber might be kMTs from other 
chromosomal fibers, but these represent only a small frac- 
tion of the MTs under study. 

Models of Chromosomal lqbers during Metaphase 
and Anaphase 
The geometrical accuracy of our models is dependent upon 

the ability of embedding, sectioning, and EM to preserve 
3-D relationships from the living cell. Our need to use a 
general linear transformation to align images of successive 
sections demonstrates that at least some of our images were 
distorted. Without an external standard for comparison, we 
were not able to transform each image to a distortion-free 
geometry, but our methods did allow us to remove any major 
distortion and make the residual distortions uniform. This 
statement is supported by the smoothness of the curves that 
represent MTs in the models; these look much like the MTs 
in Fig. 2. We estimate that the residual distortions are <5 %. 
To measure lengths in the dimension perpendicular to the 
plane of section we used the average section thickness, as 
defined by both the setting on the microtome and the interfer- 
ence color of the sections as they floated beside the knife 
edge. This procedure was checked by counting the number 
of sections necessary to get from one spindle pole to the 
other and comparing this with light micrographs taken of 
the same fixed, embedded cell before its excision and mi- 
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Figure 4. Reconstructions of a 
rnetaphase chromosomal fiber, 
displaying both kMTs and non- 
kMTs. The bundles are ori- 
ented with the kinetochores 
on the left and the polar re- 
gions at the fight. The vertical 
bars in each drawing mark the 
section containing the first im- 
age of a centriole. (A) All the 
MTs in the fiber bundle; (B) 
only the non-kMTs. Many of 
these run oblique to the fiber 
axis, and near the pole they 
are more numerous. (C) Only 
the kMTs. (X) The pole- 
proximal end of each kMT. 
Bar, 0.5/zrn. 

crotomy. The nominal section thickness of 75 nm agreed 
with the calculated thickness to within 5 %, so the dimen- 
sional accuracy of our models is approximately isotropic. 

We have used computer technology to trace the trajectory 
of each spindle MT in 10 chromosomal fibers and to map 
them in 3-D. An overall impression of the resulting struc- 
tures can be obtained by viewing all the MTs of the bundle 
simultaneously. Such complex and disordered structures are 
most easily understood when displayed in color on a monitor 
capable of dynamic, 3-D display. Since these displays cannot 
be published, and since even stereo projections in color are 
of limited value (see Fig. 5 in McDonald et al., 1991), we 
have opted here to show the different classes of MTs as sepa- 
rate black and white projections. Fig. 4 A shows all the MTs 

of one metaphase chromosome fiber; Fig. 4, B and C show 
the non-kMTs and kMTs, respectively, from the same fiber. 
Compared with the more conventional view of spindle struc- 
ture provided by Fig. 2, one is struck by the large number 
of non-kMTs that are associated with the kMTs, running both 
parallel and skew to the axis of the bundle. Indeed, Fig. 4 
A raises a question of why chromosomal fiber appears in the 
light microscope as such discrete objects, using either polar- 
ization, differential interference contrast (DIC), or fluores- 
cence optics. 3-D EM, which detects and displays all the 
MTs that have been fixed, suggests that the chromosomal 
fiber is both more complex and less independent than has 
been suggested by light microscopy. 

The chromosomal fibers we have studied contain a rather 
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Figure 5. Reconstructions of chromosomal fibers 
from mid and late anaphase PtK~ cells. (A) Non- 
kMTs; (B) kMTs from a mid anaphase fiber. As 
in metaphase, there is a greater density of non- 
kMTs near the pole. The vertical bars again mark 
the positions of the first appearance of a centriole. 
(C) Non-kMTs; (D) kMTs from a late anaphase 
spindle. At this stage, non-kMTs are prevalent 
along the entire length of the kinetochore bundle. 
Bar, 0.5 ttm. 

uniform number of kMTs, and these stay relatively close to- 
gether all the way from the kinetochore to the pole (Fig. 4 
C). Four metaphase fibers contained 25.5 + 5.2 kMTs, three 
mid-anaphase fibers had 25.0 + 2.1 kMTs, and three late 
anaphase fibers had 20.3 + 3.1. The total MT densities in 
a typical metaphase fiber cross section were 141 MT//~m 2 
at the kinetochore, 121 MT/#m 2 midway to the pole and 
140 MT//zm 2 at the pole. These total densities included 
kMTs, which are at high density near the kinetochore but 
disperse slightly as they run poleward, and non-kMTs, which 
disperse at the kinetochore and focus in as they approach the 
pole (Figs. 4 and 5). The overall design of the fiber changes 
little with time from metaphase to anaphase. 

This study included no effort to find the pole-distal ends 
of all the non-kMTs. We have defined the volumes for recon- 
struction so as to be sure to include all the kMTs of a given 
chromosomal fiber but have not tried to follow the more 
oblique non-kMTs as they diverged from the fiber axis. Be- 
tween 2 and 10 non-kMTs per chromosomal fiber stayed 
close enough to the kMTs to follow to their true ends, but 
most of the non-kMT pole-distal ends in our models are ar- 
tifactual, created by the boundaries of data collection. 

Distributions of Kinetochore Microtubule Lengths 

Our 3-D reconstructions of chromosomal fibers allow a com- 
plete description of the distribution of kMT lengths. Most of 
the kMTs are long enough during both metaphase and 
anaphase to have their kinetochore-distal ends in the vicinity 
of the pole (Figs. 4 and 5). Most of the 238 kMTs we have 
tracked ended within 1 /~m from the nearest centriole (Fig. 
4 C; x, the pole-proximal ends of the kMTs). Our electron 
micrographs do not allow us to say whether these ends are 
"at the pole" because the amorphous, pericentriolar material 
is too ill-defined to permit a confident description of its dis- 
tribution. Our interpretation of the data is that most of the 
kMTs are associated with polar material, but some have 
detached, reflecting, perhaps, the tendency for a centrosome 
to cast off the MTs it initiates (Vorobjev and Nadenzhdina, 
1987). 

Fig. 6 shows Tukey box plots (Cleveland, 1985) of the dis- 
tributions of kMT lengths from the fibers we have recon- 
structed (see legend for details). Both the median and the 
spread of the kMT lengths decrease as the chromosomes ap- 
proach the poles, as one would expect for anaphase A, but 
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the spread in the range of the longest 75 % of the kMTs (the 
distance from the bottom of each rectangle in the Tukey 
boxes to the top of that distribution) changes very little with 
time (0.95 t~m in metaphase, 0.84/~m in mid-anaphase, and 
0.99/xm in late anaphase). These data, together with the 
similar appearance of the kMT minus end distributions in 
Figs. 4 and 5, suggest that the pole-proximal ends of the 
kMTs are not significantly restructured during anaphase. 

The chromosomal fibers studied included some "free 
MTs" i.e., polymers whose ends are both free from attach- 
ment to identifiable spindle structures. The metaphase, mid- 
anaphase, and late anaphase fibers contained averages of 
three, three, and two free MTs, respectively. These numbers 
are low enough to suggest that such fragments play no impor- 
tant role in the mitotic mechanisms of PtK cells. 

Microtubule Trajectories Visualized in Selected 
Cross Sections 

From the 3-D models of chromosomal fibers it is difficult to 
determine whether kMTs and non-kMTs lie at particular 
spacings from one another in such a way as to suggest 
specific interaction. Certainly the two classes of MTs inter- 
mingle, but in the longitudinal projections there is no obvi- 
ous pattern to the MT associations. One can get a better 
sense of the MT mixing that occurs by taking a portion of 
the fiber, e.g., nine successive sections, and displaying it in 
transverse orientation (Fig. 7). From such a display it is evi- 
dent that the non-kMTs have a greater tendency to move 
across and through the MT cluster than do the kMTs. 
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Figure 6. Tukey box plates of the lengths of kMTs at different stages 
of mitosis. Each column of data represents the kMTs from a single 
cell fixed at the stage of mitosis marked on the abscissa. The 
horizontal line within each rectangle indicates the median kMT 
length for that data set; the top and bottom of the rectangle are the 
75th and 25th percentile, respectively; and the top and bottom 
horizontal marks show the 90th and 10th percentile. (o) Outlying 
data points. 

Another way to visualize this intermingling of the two MT 
types is to take cross sections from near the kinetochore, 
near the pole, and from a region in between, then use differ- 
ent symbols to represent each MT type (Fig. 8, A-C). At the 
kinetochore of a metaphase chromosomal fiber (Fig. 8 A), 
the kMTs are tightly bunched, and the non-kMTs form a 
more or less distinct bundle. By halfway to the pole (Fig. 8 
B) there is already considerable infiltration of the kMT clus- 
ter by non-kMTs, and near the pole the intermingling is even 
more pronounced (Fig. 8 C). This geometry would permit 
interactions between the two MT classes, so we have carried 
out a neighbor density analysis, as described in Materials 
and Methods, to see whether a morphometric approach 
might reveal preferred distances between these two MT 
classes. 

From Fig. 1, A-D and previous work (McDonald et al., 
1991) it is clear that a 2-D neighbor density analysis is 
sufficiently sensitive to detect a peak in the distribution of 
spacings between interdigitating antiparallel MTs in the zone 
of overlap during late anaphase and telophase in PtK~ cells. 
MTs of opposite polarity are preferentially associated at a 
center-center spacing of ~40  nm (Fig. 1 D), while MTs of 
like polarity from the same region show little or no preferred 
spacing (Fig. 1 C). A similar analysis of the spacings be- 
tween kMTs and non-kMTs in a metaphase chromosomal 
fiber, however, shows no preferred spacing at any point along 
the fiber. There is a detectable maximum in the distribution 
of kMTs around kMTs immediately next to the kinetochore 

Figure 7. A vector display of the net cross-sectional movement of 
kMTs (e) and non-kMTs (o) from a metaphase chromosomal 
fiber, projected through nine sections. The kMTs tend to remain 
parallel to one another and show little change in position over this 
distance. Many of the non-kMTs have large changes in position, of- 
ten passing into the kinetochore bundle and approaching individual 
kMTs at oblique angles. Tips of dark arrows mark the pole-proximal 
ends of kMTs; tips of light arrows mark the pole-proximal ends of 
non-kMTs. Bar, 200 nm. 
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Figure 8. Cross sections 
through selected regions along 
the metaphase chromosomal 
fiber from the model shown in 
Fig. 4A. (A) The region at the 
kinetochore; (B) a region from 
the middle of the bundle; and 
(C) a region at the pole. (o) 
kMTs; (o) non-kMTs. There 
is an obvious mixing of the 
two MT classes as one ap- 
proaches the pole. (D-E) 
Neighbor density plots for the 
MTs within the contours drawn 
in A-C. Near the kinetochore 
(D) there is a slightly pre- 
ferred spacing of ",~90 nm 
among neighboring kMTs. At 
the mid region of the bundle 
(E) and near the pole (F), 
kMTs and non-kMTs show 
no preferred spacing. Bar, 250 
nlTt. 

(Fig. 8 D), as one might expect from the clustering that can 
be seen in Fig. 8 A. Even here, however, the neighbor density 
distribution is sufficiently erratic that no clear-cut regularity 
is evident. As one moves halfway to the pole (Fig. 8 B), the 
two classes of MTs become intermingled, but the distribu- 
tion of non-kMTs around kMTs shows no obvious maximum 
(Fig. 8 E). Even close the pole, there is still essentially no 
evidence for a preferred spacing between kMTs and non- 
kMTs (Fig. 8 F). 

A similar analysis has been conducted for all of the recon- 
structed fibers. By pooling the results from the fibers at each 
mitotic stage, we have obtained descriptions of neighbor 
density that show less variability than the curves shown in 
Fig. 8. Fig. 9 shows the pooled neighbor density distribu- 
tions from mid-anaphase, the stage when one might expect 
the greatest likelihood of meaningful MT-MT interactions. 
Fig. 9 A is the average distribution of kMTs around kMTs 
immediately next to the kinetochores; as in metaphase, a 
weak peak in the distribution is seen at ",,90 nm center to 
center. Fig. 9 B shows the average distribution of non-kMTs 
around kMTs halfway between the kinetochores and the 
poles; again there is no peak in the distribution. Indeed the 
flatness of the distribution is even more evident in this graph, 
which portrays data from four sections from each of three 
fibers, than in the graphs of Fig. 8, E and F, which show data 
from a single fiber. Similar analyses of four metaphase and 
three late anaphase cells show the same pattern, both midway 
between the kinetochores and the poles, and at the poles 
(data not shown). We conclude that by the criterion of neigh- 
bor density distributions, there is no preferential spacing 
between kMTs and non-kMTs at any time from metaphase 
through anaphase. 

3-D Analyses of the Minimum Distances between 
MTs in Chromosomal Fibers 

While the MTs in the chromosomal fiber do not display the 
ordered spacings characteristic of the telophase interzone, 
the physiological data on spindle force generation suggest 
that there is some sort of mechanical connection between 

kMTs and non-kMTs. One possibility is that this linkage is 
achieved in the pericentriolar material by connections that 
are too amorphous to show up in the analysis described 
above. Certainly the data on spindle MT polarity (for exam- 
ple, see Euteneuer and Mclntosh, 1981) suggest that linkages 
of the kind found in the interzone should not be important 
in the chromosomal fibers, where essentially all the MTs are 
parallel. Another possibility, however, is that there are con- 
nections between kMTs and non-kMTs, but that the mean an- 
gle between the two MT classes is so large, due perhaps to 
other structural constraints on their trajectories, that the 
MTs of the chromosomal fiber can interact over only a small 
fraction of their lengths. 

When lines are skew in space, they are widely separated 
over much of their lengths. We supposed, therefore, that the 
lack of a strong peak in the 2-D neighbor density distribution 
might be because of the low frequency with which kMTs and 
non-kMTs could come close to one another. The validity of 
this concern is shown in Fig. 10, a stereo drawing of some 
kMTs (dark lines) and some non-kMTs (light lines) traced 
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Figure 10. Stereo pair of a portion 
of a metaphase chromosomal 
fiber near the pole, where non- 
kMTs (thin lines) make many 
close approaches to kMTs (thick 
lines). All non-kMTs in this re- 
gion that do not come close to 
kMTs have been eliminated from 
this display for clarity of viewing. 
The points of closest approach 
between kMT and non-kMT are 
indicated by a connecting line, 
but this is not meant to imply that 
there is a physical bridge between 
the two MTs. The appearance of 
two kMT bundles in this display 
results from the following facts: 
(a) that the region shown is from 
the place where the kMTs are 
most spread out; (b) that the mag- 
nification of the display is high; 
and (c) that the model has been 
rotated to an orientation which 
maximizes MT dispersal and 
hence image clarity. 

through 15 sections near the polar region of a metaphase 
chromosomal fiber. The pole is on the right. The short verti- 
cal line segments mark all the positions where two MTs 
come to within 50 nm of one another. This particular volume 
was selected for display because it shows clearly the ways in 
which non-kMTs run past kMTs, approaching close only oc- 
casionally. I f  there were a preferred distance of closest ap- 
proach between two kinds of MTs in 3-D, that preference 
would be greatly diluted in a 2-D neighbor density analysis 
by the greater inter-MT spacings that are so much more 
numerous. We therefore undertook to identify the 3-D dis- 
tances of closest approach between each MT and all of its 
neighbors, as described in Materials and Methods, to see 
whether the resulting distances of closest approach might 
identify a regularity and/or specificity in the minimum inter- 
MT spacing. 

The distributions of distances of closest approach show 
that MTs in the chromosomal fibers have a tendency to ap- 
proach to within 30-50 nm, and that this tendency is most 
pronounced for the distances between kMTs and non-kMTs. 
Fig. 11, A - C  show graphs of relative density versus distance 
obtained by averaging distributions from two chromosomal 
fiber reconstructions from the same cell in metaphase. The 
graphs all show a peak at 30-50 nm. This peak is strongest 
for the relative density of non-kMTs around kMTs (Fig. 11 
A); the integral of the peak, after subtracting the average rel- 
ative density at 100--200 rim, is 2.41, meaning that the aver- 
age kMT has 2.41 non-kMTs approaching within 30-50 nm, 
in addition to those expected in a random distribution. The 
peaks are weaker in the distributions of densities of non- 
kMTs around each other (Fig. 11 B) or of kMTs around each 
other (Fig. 11 C and Table I). 

Control data sets prepared by randomly shifting the posi- 
tions of the MTs show that the peaks in the actual distribu- 
tions involving non-kMTs cannot be explained simply by the 
packing of objects that do not approach more closely than 
a certain distance. To preserve the geometrical constraints 
inherent in the mixing of the two MT classes, we left the 
kMTs in their original positions and randomly shifted the 

non-kMTs by up to 60 nm. The probabilities of rejecting 
shifted positions that brought the MT too close to other MTs 
(see Materials and Methods) were adjusted so the rising 
phase of each graph of the relative density of non-kMTs 
around MTs of any type would match that of the actual 
graphs. This resulted in a good match for the rising phases 
of both graphs of particular interest (compare Fig. 11 D with 
A and 11 E with B). The averages of graphs from 20 separate 
randomizations (Fig. 11, D and E) do show peaks at ~40 
nm, but the peaks are weaker than those seen in the real data 
and their falling phases are not as sharp as in the actual 
peaks. Further, the integrals of the peaks in the individual 
randomizations were never as large as those of the actual in- 
tegrals (Table I). This is not because non-kMTs have been 
shifted out of the kinetochore bundles; note that the mean 
relative density in the control graphs at 100-200 nm is 
within 2 % of the actual value. Thus, there appear to be 
preferred spacings between kMTs and non-kMTs that ac- 
count for a substantial fraction of the tendency shown by 
these MTs to approach to within 30-50 nm. 

We have also generated control graphs for the kMT to 
kMT distribution by randomly shifting the positions of each 
kMT up to 60 nm. The graph of the real data (Fig. 11 C) 
does not deviate significantly from the average of the con- 
trois (Fig. 11 F). Kinetochore MTs thus do not display the 
kind of specific inter-MT spacings characteristic of the rela- 
tionship between kMTs and non-kMTs. 

Similar results have been obtained from the analysis of our 
other reconstructions of metaphase and mid-anaphase chro- 
mosomal fibers. Each data set was examined separately, then 
actual and control integrals were computed by pooling the 
sets into 4 groups: the two metaphase sets just described; the 
two other metaphase sets, which were both from a different 
cell; the three mid-anaphase sets, which were all from the 
same cell; and two of the late anaphase sets that were from 
the same cell. The density graphs were all similar to those 
seen in Fig. 11, except that the other metaphase sets showed 
a pronounced peak in the kMT to kMT distribution. The ac- 
tual and control integrals are listed in Table I. The actual in- 
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Figure tl.  Distributions of distances of closest approach between 
MTs in 3-1). Distributions were scaled as described in Materials 
and Methods to obtain relative density values. The graphs show the 
sum of results from two chromosomal fibers from a single meta- 
phase cell. (A-C) Based on actual MT positions; (D-F) the sum 
of results after randomly shifting MT positions 20 different times 
(non-kMTs shifted for D and E, kMTs shifted for F). (A and D) 
Distances from kMTs to non-kMTs. (B and E) Distances from non- 
kMTs to non-kMTs. (C and F) Distances from kMTs to kMTs. 

tegrals for metaphase and mid-anaphase were all different 
from the control values. The strength of this spacing regular- 
ity appears to decline somewhat from metaphase to mid- 
anaphase and falls even more by late anaphase (Table I), but 
the physiological significance of this change is hard to assess. 

Our ability to make the rising phase of control graphs 
match the comparable features of the real density data is a 
potentially important feature of these tests; it represents an 
advance over previous tests of the proposition that preferred 
distances between MTs arise simply from crowding (for ex- 
ample, see McDonald et al., 1979). When no effort is made 
to match the rising phases, and a range of close distances is 
simply forbidden, then the imposed constraint introduces a 
weak peak in the first non-zero bin of the density graph and 
a monotonic decay to the baseline level (Fig. 11 F ap- 
proaches this behavior). Because the peaks in the real data 
have a different shape, the comparison between actual and 
control integrals is then quite sensitive to the choice of the 
bins used for integration. Matching the rising phase not only 

Stage Distribution Actual Control 

Metaphase kMT to non-kMT 2.41 1.30 • 0.21 
(n = 2) non-kMT to non-kMT 0.65 0.47 5:0.08 

Metaphase kMT to non-kMT 2.13 0.93 5:0.23 
(n = 2) non-kMT to non-kMT 1.11 0.65 5:0.11 

Mid-anaphase kMT to non-kMT 2.08 1.31 • 0.18 
(n = 3) non-kMT to non-kMT 0.82 0.53 5:0.07 

Late anaphase kMT to non-kMT 0.49 
(n = 2) non-kMT to non-kMT 0.06 

Two or three reconstructions were averaged for each set of values, as indi- 
cated. Integrals are the number of non-kMTs making close approaches to the 
typical kMT (for kMT to non-kMT) or to the typical non-kMT (for non-kMT 
to non-kMT), minus the number expected from the relative density at 100-200 
nm. Each control value is based on 40 randomized sets. In each case, none of 
the 40 individual sets gave integrals as large as the actual value. The area 
within which the MTs were shifted was a 100-nm square for 20 sets and a circle 
of 120-nm diam for 20 sets. 

provides a more realistic test, but also makes the control 
peak more similar in shape to the actual one and thus facili- 
tates quantitative comparison by making the difference be- 
tween actual and control integrals depend much less on 
boundaries used for integration. 

We have identified two biases that should contribute in op- 
posite directions to the values of the control integrals, but 
their effects are probably far too small to account for the 
differences seen between the actual and the control integrals. 
First, 4-8 MTs had to be shifted by more than 60 nm to avoid 
approaching other MTs too closely. However, even if all of 
those MTs were moved completely out of the region where 
they could pass near kMTs (which is itself unlikely), they 
would account for only 0.15-0.3 non-kMTs per kMT, much 
less than the difference between the actual and control in- 
tegrals (0.7-1.2). On the other hand, 2-5 non-kMTs had to 
be left in their original positions, where they probably did 
approach kMTs closely. The control integrals were probably 
biased slightly upward by these MTs, reducing the differ- 
ences that should have been seen between actual and control 
values. In sum, however, these effects are small, and the 
differences between actual and control integrals suggest that 
kMTs and non-kMTs frequently approach each other at a 
well-defined spacing. 

Specific spacings between MTs could result from physical 
connections. In Fig. 10 the vertical bars mark positions of 
close approach; they are not representations of true cross 
bridges. To see whether the distances of closest approach 
were in fact accompanied by identifiable cross-bridges, 
models in which the regions of proximity were identified, 
e.g., the vertical lines in Fig. 10, were used as graphic over- 
lays on successive spindle cross sections. We examined the 
electron micrographs for evidence of well defined bridges, 
but found that the spaces between the MTs were not distin- 
guishable from background staining. If true bridges are 
responsible for the spacing preferences seen, either our fixa- 
tion has not preserved them or our sections are not 
sufficiently thin for the bridges to be obvious. 

Fig. 10 also shows that kMTs and non-kMTs are oriented 
at substantial angles to one another as they pass. For a typi- 
cal data set, the angles between kMTs and non-kMTs at their 
points of closest approach had a mean 4- SD of 33-t-17 ~ This 
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high value suggests that the two MT classes would have a 
considerable problem in forming strong bonds. 

Discussion 

This study presents a quantitative fine structural analysis of 
chromosomal fibers from the spindles of mammalian mitotic 
cells fixed with methods designed to optimize the preserva- 
tion of cytoskeletal elements. Both the kMTs and the non- 
kMTs that accompany them have been traced, and spatial 
relationships between the two MT classes have been ana- 
lyzed. We have learned that most kMTs run all the way from 
the kinetochore to the vicinity of the pole throughout 
metaphase and anaphase. Many non-kMTs invade this MT 
bundle, but there is no evidence from the neighbor density 
distributions for strong interactions between kMTs and non- 
kMTs. Apparently much of the strength of the mechanical 
linkage between kMTs and the rest of the spindle is achieved 
through the pericentriolar material. Nonetheless, a 3-D anal- 
ysis of the minimum distances between neighboring MTs 
suggests that there is a weak interaction between kMTs and 
non-kMTs as the two run to the poles. 

Practical Considerations 

The chemical fixation procedure used here was developed 
using cultured mammalian cells to optimize the preservation 
of cytoplasmic MTs and microfilaments (McDonald, 1984). 
We think that it gives a reliable preservation of spindle fine 
structure, both because spindle MTs in the resulting prepara- 
tions are numerous and follow smooth trajectories and be- 
cause spindle vesicles are numerous, smooth, and most of 
them are circular. 

The quality of our 3-D models is dependent on the reliabil- 
ity of our recognition of MTs in spindle cross sections. While 
we have used computational methods for pattern recognition 
to identify many of the MT images, the ultimate accuracy of 
our MT identifications is based on the ability of a trained 
biologist to make this determination. All our computer- 
generated models were checked by eye, using the 12 mega- 
byte memory of our image display to store both electron 
micrographs of successive serial sections and images of the 
draft model. Rapid riffling through these carefully aligned 
images greatly increased an observer's ability to identify 
MTs and to follow them through the sections. Our automatic 
MT identification methods were highly effective for MTs that 
were approximately perpendicular to the section plane, but 
they often failed where the MTs were too oblique. In these 
cases, the operator checking the model had to add quite a 
few points to make the model accurate. It was encouraging 
to see, however, that once these corrections had been made 
by one operator, a second operator would change the model 
almost not at all. 

kMT Length Distributions 
Two previous studies of mammalian cells have looked at the 
structure of chromosomal spindle fibers (Rieder, 1981; Witt 
et al., 1981). In each case, these studies treated the cells be- 
fore fixation by procedures that reduced the numbers of non- 
kMTs. Such treatments prohibited an analysis of the interac- 
tion between kMTs and non-kMTs, as presented here, and 
they may also have affected the structure of the kMTs them- 

selves. Nonetheless, our distributions of kMT lengths in PtK 
cells are similar to those reported by Witt et al. (1981) for 
CHO cells, i.e., most of the kMTs extend from the kinet- 
ochore to the vicinity of the pole. Our results differ, however, 
from those of Rieder (1981), who reconstructed the chro- 
mosomal fiber of PtK cells after cold treatment. While he 
found about the same number of kMTs per chromosome, a 
larger number of his kMTs ended farther from the pole than 
in our study. His fibers also included a number of MTs that 
originated at the pole but did not extend all the way to the 
kinetochore; we found only a few such MTs. Finally, the MT 
packing within the fibers studied by Rieder (1981) was tighter 
than that which we have seen, presumably because of the 
cold treatment. 

The chromosomal fibers in cold-treated crane fly sper- 
matocytes described by Scarcello et al. (1986) are similar to 
the ones described by Rieder, though they contain more 
kMTs. Cells fixed at physiological temperatures, on the other 
hand, contained kMTs with a wide range of lengths, only a 
few of which were long enough to reach the spindle poles. 
The reasons for the differences between this arrangement 
and what we have described remain to be determined. 

The chromosomal fiber structure described here is com- 
patible with the view that most kMTs are derived from MTs 
initiated by the centrosomes through the capture of their plus 
ends at or near the kinetochores (Schrader, 1953; Tippit et 
al., 1980; Euteneuer and Mclntosh, 1981; Kirschner and 
Mitchison, 1986; Hayden et al., 1990). The neighbor den- 
sity of kMTs at all the kinetochores examined was rather uni- 
form, but showed no sharp peak or lattice-like arrangement. 
We suppose that chromosomes define their kMTs by binding 
MTs to sites previously established by the structure of the 
kinetochore, but our data suggest that these sites are not well 
ordered in the plane of the kinetochore. 

The poleward ends of most of the kMTs in our reconstruc- 
tions are near the pericentriolar material, but none extend to 
the immediate vicinity of the centrioles. Indeed, many non- 
kMTs continue farther poleward than even the longest of the 
kMTs, and some of the kMTs end outside the pericentriolar 
material, as defined by the osmiophilic matrix. This observa- 
tion raises the question of how best to define the volume that 
should be called the spindle pole. A sensible answer will de- 
pend on identifying the functionally significant components 
of the pericentriolar material and localizing them together 
with the minus ends of spindle MTs. Nonetheless, our obser- 
vations are consistent with the idea that the kMTs are pulled 
away from the pole by forces generated at the kinetochore 
(Hyman and Mitchison, 1991). This tension should strain the 
material that tethers the kMTs to the pericentriolar material. 
Such a strain may bear the load that is required to keep each 
chromosome attached to the pole while spindle motors are 
pulling on its kinetochore and related factors are promoting 
kMT disassembly. Since non-kMTs penetrate farther into the 
pericentriolar material than kMTs, these MTs may be pushed 
toward the poles by forces generated where they interdigitate 
near the spindle midzone, as in diatoms (reviewed in Hogan 
and Cande, 1990). 

The fact that the spread in the kMT length distribution is 
rather well preserved during anaphase is consistent with 
other observations that kMT shortening is accomplished 
largely by subunit loss at the kinetochores (Mitchison et al., 
1986; Gorbsky and Borisy, 1988; Nicklas, 1989). 
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3-D Models of kMT Trajectories 
The light microscope observations of Cassimeris et al. 
(1989) and the "zipping" model of anaphase chromosome 
movement proposed by Bajer (1973) both predict that the 
poleward ends of kMTs should flare out as a result of their 
interactions with non-kMTs. Our reconstructions of kMT 
trajectories show that this is not the case in PtK cells; the 
kMTs in anaphase cells remain more or less parallel through- 
out the length of the fiber bundle. This arrangement is again 
consistent with the view that the kMTs lose most of their 
subunits during anaphase at the kinetochore, and it suggests 
that the non-kMTs and/or the pericentriolar material pro- 
vides a structure that is both sufficiently stable to withstand 
the mechanical stresses placed on the kMTs and sufficiently 
active to permit the slow flux of MTs toward the pole that 
is seen during metaphase (Mitchison, 1989; Sawin and 
Mitchison, 1990). The location of the kMT minus ends at 
some distance from the nearest centriole emphasizes the im- 
portance of the pericentriolar material in spindle mechanics 
and MT behavior. 

Interactions between kMTs and non-kMTs 

No published study of a metazoan spindle has previously 
assessed the neighbor density distributions of kMTs and non- 
kMTs. There is, however, some evidence from lower eukary- 
ores that these two MT types do not adopt any specific inter- 
MT spacing. Heath (1974) studied the fungus Thraustotheca, 
and found that the single kMT attached to each chromosome 
made a connection to the spindle pole body. However, it ap- 
peared to be spaced too far from other MTs to interact with 
them. Tippit et al. (1983) used a neighbor density analysis 
analogous to the one used here and elsewhere (McDonald et 
al., 1979) to look at possible kMT-non-kMT interactions in 
the alga Ochromonas, but they failed to find them. In this cell 
type there are only a few MTs per kinetochore, and since the 
data analysis was carried out by hand, it was not feasible to 
look at a large number of spacings to try to pick out a weak 
effect. The data presented here are collected from an organ- 
ism in which there is an average of 25 MTs per kinetochore, 
and where non-kMTs mingle with kMTs over much of the 
distance between chromosome and pole. In addition, our 
methods have allowed us to examine over 1,000 pair-wise 
spacings for each stage of mitosis analyzed. Nonetheless, a 
2-D neighbor density analysis yielded no evidence for a 
specific MT spacing of the kind detected in the mid-region 
of the anaphase interzone (McDonald et al., 1979; McIntosh 
et al., 1985; and compare Fig. 1 with Figs. 8 and 9). 

Several mechanical experiments demonstrate that chro- 
mosomes are anchored to the spindle by linkages that can 
withstand considerable stress (reviewed in Nickias, 1989). 
Certainly chromosome movement through a viscous me- 
dium should impose a load on the kMTs, and unless this 
load is borne by connecting the kMTs to something, the 
kMTs should move toward the metaphase plate, rather than 
the chromosomes moving toward the poles. Of additional in- 
terest is the study in which manipulated chromosomes were 
characterized in a living cell, then the same chromosomes 
and their fibers were analyzed by serial section EM by 
Nicldas et al. (1982). The light microscope observations 
showed that chromosome fibers were firmly anchored at the 
pole and that when the chromosomes were moved laterally 

across the spindle, there were few restrictions to fiber move- 
ment except in a region very near the pole. Serial section 
reconstructions of the MTs in this region showed that some 
non-kMTs became bent in such a way as to suggest an inter- 
action between kMTs and non-kMTs. While our finding of 
no strong peak in the neighbor density analysis of kMTs 
versus non-kMTs is consistent with previous structural work 
on small spindles, it seems inconsistent with aspects of the 
physiology and mechanics of spindle action. 

Through viewing serial sections displayed in rapid succes- 
sion on the video monitor, we learned that kMTs and non- 
kMTs intermingle and might be interacting at single points 
of close approach. When the 3-D trajectories of the two MT 
types were compared, we found that there was, in fact, a 
rather consistent distance of closest approach as the skew 
curves passed each other. Our analysis of this phenomenon 
suggests that the closest distance seen occurs far more likely 
than one would expect by chance, consistent with a model 
that posits a weak interaction between kMTs and non-kMTs. 

It is difficult to evaluate the physiological significance of 
this prevalent distance of closest approach. Inter-MT bridges 
have been described in spindles (for example, see Hepler et 
al., 1970) but examination of the places where the kMTs and 
non-kMTs came close showed only a few recognizable 
bridges of this type. We conclude that our morphometric 
method has uncovered an interaction that is likely to be 
mechanically weak. We infer that much of the mechanical 
structure which tethers the minus ends of kMTs near the pole 
is based on interactions between MTs and the pericentriolar 
material of the centrosome. This inference poses a problem 
in understanding the experiment by Nicklas, in which all the 
MTs between chromosome and pole were cut with a glass 
needle, yet the chromosomes continued to move up toward 
the edge of the cut (Nicklas, 1989). Either the apparently 
weak interactions described here are sufficient to support the 
load of chromosome motion or the act of truncating the spin- 
dle served to attach some spindle MTs to the glass substrate, 
providing a mechanically sufficient substitute for the normal 
spindle pole. 

Our observations of an essentially continuous connection 
between kinetochore and pole in a metazoan, as well as the 
lack of evidence for strong interactions between kMTs and 
non-kMTs suggest that the coupling of MTs to the pericentri- 
olar material is one of the real mechanical significance for 
spindle action. This suggestion is broadened by the recent in- 
dications that spindle MTs move toward the poles throughout 
prometaphase and anaphase (Mitchison, 1989; Sawin and 
Mitchison, 1991). While we have not yet identified any well- 
defined structures that might accomplish this mechanically 
significant connection, physiological evidence tells us that 
they exist. Future structural studies will be directed toward 
an effort to preserve and visualize these features of spindle 
morphology. 
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