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The volumic rearrangement of both chromosomes and immunolabeled upstream binding
factor in entire well-preserved mitotic cells was studied by confocal microscopy. By using
high-quality three-dimensional visualization and tomography, it was possible to inves-
tigate interactively the volumic organization of chromosome sets and to focus on their
internal characteristics. More particularly, this study demonstrates the nonrandom po-
sitioning of metaphase chromosomes bearing nucleolar organizer regions as revealed by
their positive upstream binding factor immunolabeling. During the complex morpho-
genesis of the progeny nuclei from anaphase to late telophase, the equal partitioning of
the nucleolar organizer regions is demonstrated by quantification, and their typical
nonrandom central positioning within the chromosome sets is revealed.

INTRODUCTION

It is now widely accepted that the cell nucleus is a
highly organized volume, as revealed by the localiza-
tion of nuclear functions such as DNA replication,
RNA transcription, and RNA maturation within spe-
cialized domains (Spector, 1993; Strouboulis and
Wolffe, 1996). Equally, interphase chromosomes are
not distributed throughout the whole nuclear volume
but are clustered in territories (Haaf and Schmid, 1991;
Cremer et al., 1993; Spector, 1993), whose spatial orga-
nization changes relative to cell activity (Haaf et al.,
1990), differentiation (Xing et al., 1995), and steps
within the cell cycle (Fergusson and Ward, 1992;
Vourc’h et al., 1993). A typical organization of chro-
mosomes during interphase, the Rabl orientation, in
which centromeres and telomeres are clustered at op-
posing sides of the nucleus, has been demonstrated in
some cell types (Hochtrasser et al., 1986) but is not
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generalized (Chaly and Brown, 1988; Ferreira et al.,
1997).

In contrast, mitosis appears to be a disorganizing
event, because it is characterized by RNA synthesis
down-regulation, chromosome condensation, nuclear
envelope breakdown, and chromosome rearrange-
ments. However, by performing statistical analyses of
chromosome positions within spread metaphases, cy-
togeneticists have proposed several models for the
nonrandom organization of chromosomes within the
mitotic cell (reviewed in Oud et al., 1989), which could
account for the preferential recombination that occurs
in some cancers (Mitelman and Heim, 1990). Such a
nonrandom organization was clearly evidenced by the
diametral position of homologous chromosomes in
human mitotic fibroblasts after chromosome painting
of entire chromosomes (Nagele et al., 1995). However,
although these studies reveal a nonrandom organiza-
tion, they do not provide data concerning the precise
three-dimensional organization of all of the chromo-
some sets during all the steps of mitosis within entire
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human cells, or the three-dimensional localization of
given genes relative to chromosomes. This lack of data
is due to two reasons. The first reason is the high
number of chromosomes within human cells and their
dramatic spatial movements during condensation,
congression, and separation. The second reason is the
difficulty of performing simultaneous high-resolution,
three-dimensional investigation of mitotic chromatin
within three-dimensional, well-preserved cells and the
localization of a given set of genes. For this purpose,
ribosomal DNA (rDNA) genes (coding for rRNA) are
good candidates because they are amplified (200-500
copies per diploid cell) and are strictly segregated into
secondary constrictions of acrocentric chromosomes
during mitosis, the nucleolar organizer regions
(NORs) (Hadjiolov, 1985; Thiry and Goessens, 1996).
Moreover, the transcriptional machinery, composed of
RNA polymerase I (RPI) and associated with up-
stream binding factor (UBF) and SL1, remains associ-
ated with the rDNA genes within mitotic NORs
(Scheer and Rose, 1984; Chan et al., 1991; Rendon et al.,
1992; Roussel et al., 1993, 1996; Zatsepina et al., 1993;
Gilbert et al., 1995; Weisenberger and Scheer, 1995;
Jordan et al. 1996). Consequently, these elements pro-
vide useful protein markers of these genes during
mitosis.

We have previously shown that the optical section-
ing capacity of confocal microscopy renders feasible
the simultaneous study of RPI relative to chromo-
somes throughout entire cells during interphase and
mitosis. Using this technique, we were able to reveal
the high three-dimensional complexity of such struc-
tures (Gilbert et al., 1995). Although promising, these
results led us to the conclusion that a prerequisite for
the thorough investigation of the three-dimensional
disposition of other NOR proteins would be the avail-
ability of software that allows for high-quality and
interactive three-dimensional visualization. This ap-
proach, based on three-dimensional visualization and
tomography, has recently been developed by our
group (Lucas et al., 1996) and has allowed us to inves-
tigate the three-dimensional organization of meta-
phase NORs at a high resolution (Héliot et al., 1997).

In the present work, we used confocal microscopy
and volumic rendering to simultaneously investigate
the three-dimensional organization of chromosomes
during both their condensation and segregation, the
precise spatial localization of NORs relative both to
each other and to chromosome sets, and finally their
volumic characteristics.

MATERIALS AND METHODS

Cell culture

KB cells (European Collection of Cell Cultures number 86103004)
were grown on minimum essential medium (Sigma, St. Louis, MO)
supplemented with 10% (vol/vol) fetal calf serum (Sigma), 100
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png/ml streptomycin, 100 IU/ml penicillin, and 2 mM glutamine
(Sigma) at 37°C in 5% CO,. Cells were seeded at 5 X 10* cells/cm?
and grown for 72 h on glass coverslips.

Immunocytochemistry

Cells were rinsed in PBS containing 0.133 g/1 CaCl, and 0.100 g/1
MgCl,, and were simultaneously fixed and permeabilized for 5 min
in a 3% (wt/vol) paraformaldehyde and 1% (vol/vol) Triton X-100
mixture in PBS. After a 30-min incubation in PBS containing 10%
(vol/vol) normal goat serum, the cells were placed either within an
anti-human UBF rabbit serum at 1:200 for 30 min or an anti-human
UBF (human autoimmune serum provided by Dr. E.K.L. Chan, The
Scripps Research Institute, La Jolla, CA). The secondary antibody,
which was either biotinylated goat anti-rabbit or biotinylated goat
anti-human (Jackson ImmunoResearch, West Grove, PA), was ap-
plied for 30 min and revealed by a 15-min incubation with a Texas
Red-streptavidin conjugate (Amersham, Little Chafont, United
Kingdom). After staining of DNA with 100 uM chromomycin A3 in
PBS containing 150 mM MgCl, for 5 min, cells were mounted in
Citifluor AF1 agar (Agar Scientific, Starsted, United Kingdom).

Confocal Microscopy

A Bio-Rad MRC600 system (Bio-Rad, Hercules, CA) mounted on a
Zeiss Axioplan optical microscope (Carl Zeiss, West Thornwood,
NY) was used. All acquisitions were made using a planapochromat
X63, 1.4 numerical aperture oil immersion objective. Most of the
optical sections (384 of 512 pixels) were collected at zoom 6. Dual-
channel acquisitions were performed by alternatively exciting chro-
momycin A3 with the 457-nm line of an air-cooled argon ion laser
and Texas Red with the 543-nm line of an HeNe laser. To avoid
misalignment caused by block filter exchange, a special filter set (DC
570, high-pass 560) was used. This enabled the simultaneous exci-
tation and collection of fluorescence from both Texas Red and
chromomycin A3. Depending on cell thickness, 20—40 sections per
cell were recorded with a 0.3-um z step for each fluorochrome, to
collect the whole volume with a sufficient z sampling. Files were
then transferred to a Sun Sparc20 (Sun Microsystems, Mountain
View, CA) workstation for processing.

Three-dimensional Visualization and Quantification

Preprocessing was performed using the Analyze computer software
(CNSoftware, Southwater, United Kingdom). Digital volumes were
resized in x and y directions to minimize the file size. Volumes were
then isotropically restored, taking into account geometric distor-
tions caused by the refraction index mismatch, to get the same pixel
size in X, y, and z directions. A 3 X 3 X 3-cubic median filter was
subsequently applied to remove background voxels that might have
appeared in final volumic visualization pictures.

The two different routines used for the visualization were either
Analyze or Visuvoxel, a computer software developed in our labo-
ratory. In both cases, a volumic visualization method based on light
reflection was used (ray-tracing method). The principle of this mode
is that an observer perceives objects within a scene according to the
light reflected by the boundaries of objects. Therefore, the software
(Lucas et al., 1996) produces an image by simulating light interac-
tions with the object boundaries by applying a theoretical lighting
model. This is performed by taking into account light source posi-
tion and attributes of the object points such as reflectance coeffi-
cients, the transmissive coefficient, and the refractive index to com-
pute the value of the pixel in the resultant image.

Double-labeling visualization was obtained using Visuvoxel. The
two digital volumes corresponding, respectively, to DNA and UBF
were merged with suitable factors. Grey level bands were deter-
mined for each object. Visualization was then performed using
double thresholding and by applying different values to the at-
tributes of the simultaneously defined object boundaries.
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Figure 1. Main modes of three-dimensional visualization used in this work, exemplified by a prometaphase cell. (A) Projection mode with
maximum intensity applied to the whole volume. (B) The initial volume was cut and sectioned chromosomes appear on the faces of the cube.
This procedure allows us to examine the chromosomes in more detail within the volume. (C) Volumic visualization giving rise to a very
informative view and showing the high complexity of the chromosomes (blue). (D) Same procedure, but chromosomes are partially
transparent; this allows us to position UBF immunolabeled structures (yellow) within the set of chromosomes. Bars, 2 um.

By using this three-dimensional visualization mode, volumes can
be extensively investigated by performing both rotations and stereo
pairs around any chosen axis to present pertinent views, as well as
images in three dimensions with a high depth of field. Moreover,
the inner parts of the volumes were also investigated by presenting
either a single section obtained in a given direction or a section with
its three-dimensional environment (referred to as a split volume in
this article).

The measured volumes correspond to the number of voxels
counted on binary images obtained by interactive thresholding and
multiplied by the voxel volume. When the threshold was difficult to
choose, local contrast enhancement was applied to the image to
enhance the bimodality of its histogram (Le Negrate ef al., 1992). The
volume of the boundary box for UBF labeling was measured during
the different steps of the cell cycle. It was defined as the smallest
rectangular parallelepiped in which the whole labeling was en-
closed. The boundary box was thus an index of the spatial distri-
bution of the measured volume.

RESULTS

An example of the four main modes of three-dimen-
sional visualizations used in the present work is dis-
played in Figure 1. In Figure 1A, the classical maximal
projection mode was used and shows all of the chro-
mosomes. Because of the large amount of data, de-
tailed structures hardly appear. However, it is possi-
ble to reduce the size of the volume studied
(represented by the dashed lines) in any of the three
directions, as shown in Figure 1B. Thus, the internal
chromosomal organization becomes visible relative to
the remaining volume. To improve the three-dimen-
sional visualization, surface visualization was per-
formed (Figure 1C). This permitted the generation of
more informative images in which the volumic com-
plexity and the chromosome positioning directly ap-
pear either on a single image or on stereopairs. Finally,
the additional use of a transparency allows the simul-
taneous visualization of internal structures and sur-
face aspects (Figure 1D, UBF labeling is shown in
yellow). The cube can be cut in any direction (Figure
1B) and give rise to a “split volume” (for example, see
Figure 5C).
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Behavior of Immunolabeled UBF During Mitosis

First, the immunolabeling of UBF alone during the
different steps of mitosis is presented in Figure 2,
whereas Figures 3-10 display in more detail its local-
ization compared with DNA.

During interphase (Figure 2A), UBF is present as
several roundish structures ranging from 0.3 to 0.8
pm. They are disposed as necklaces, as previously
shown for other nucleolar components revealed by
Ag-NOR staining (Ploton et al., 1994), RPI localization
(Gilbert et al., 1995), and rDNA and rRNA in situ
hybridization (Junera et al., 1997). These structures
rarely appear as smooth beads and are frequently seen
as irregular volumes with a rough surface.

During prophase (Figure 2B), UBF labeling presents
the same irregular aspect. These irregular beads are
less numerous, occupy a smaller volume, and are
grouped more within the nucleus compared with in-
terphase (Table 1). As metaphase takes place, two
kinds of UBF-containing structures (or NORs) are ob-
served, both of which present a smooth surface (Fig-
ure 2C). The first of these are spherical structures that
are associated in doublets of the same size (small,
medium, or large) and are positioned 0.7 um apart.
The second are elongated, crescent-shaped NORs, 1.3
pm long and 0.2 um wide. During anaphase (Figure
2D), each set of chromosomes contains the same num-
ber (between 5 and 7) of irregularly shaped NORs,
which are close together and occupy a similar volume
(Table 1). During telophase, the individual and global
volumes of those NORs, as well as their spatial dis-
persion, dramatically increase (Figure 2E and Table 1),
producing smooth-surfaced roundish shapes. Their
strong similarities in number, size, spatial disposition,
and total volume in both sets of chromosomes are
striking during this step of mitosis. Finally, during
early interphase (Figure 2F), some NORs become
larger and more irregular with a typical interphasic
structure.
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Figures 2, 3, and 4.
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Table 1. Quantification of the volume of UBF-immunolabeled
structures and their boundary box during the cell cycle

Volume of UBF
labeling per
daughter cell

Volume of
boundary box

Step Volume of
(number of UBF labeling

cells analyzed) (um3) (um?3)2 (nm?3)

Interphase 4.085 = 0.720 233.70 = 114.39
(n=10)

Prophase 3.080 = 0.692 63.169 *+ 43.726
(n=4)

Metaphase 1.255 £ 0.455 67.02 = 34.60
n=7)

Anaphase 1.145 £ 0.341 0.596 = 0.176  14.291 *= 7.829
(n=6) (0.087 = 0.066)

Telophase 2.516 = 0.597 1.258 £ 0.310 36.745 + 26.831
(n=4) (0.148 = 0.072)

Early 2.784 = 0.456 1.392 £ 0.263 28.951 + 9.849
interphase (0.241 = 0.105)
(n=4)

Values are = SEM.

2 Difference between two daughter cells of same pair is shown in
parentheses.

Simultaneous Localization of Chromosomes and
UBF During Mitosis

Through systematic three-dimensional reconstruc-
tions and visualizations, we investigated both the de-
tailed three-dimensional organization of chromo-
somes during mitosis and the precise three-
dimensional position of UBF sites within the
chromosome volumes.

During interphase (Figure 3), the nucleus appears as
a biconvex disk (11 wm in diameter and 5 um in
thickness) with a rough surface because of the texture
of interphase chromatin, which is composed of fibers
0.2 um in diameter. UBF labeling, seen by transpar-
ency, appears within the more central part of the
nucleus on frontal (Figure 3C) and lateral (Figure 3D)
views.

During prophase (Figure 4, A and B), the nucleus
appears as a discoid with a central part 5 um thick and

Figure 2 (facing page). Behavior of UBF during the cell cycle. For
each step, all the positive structures of a cell are displayed using the
volumic visualization mode. (A) Interphase. (B) Prophase. (C) Meta-
phase. (D) Anaphase. (E) Telophase. (F) Early interphase. Bars, 2 wum.

Figure 3 (facing page). Volumic visualization of an entire inter-
phasic nucleus (DNA labeling, blue): (A) front view; (B) side-on
view. By rendering DNA transparent, UBF (yellow) appears within
the central part of the nucleus: (C) front view; (B) side-on view. Bars,
2 pm.

Figure 4 (facing page). Volumic visualization of an entire
prophase nucleus (DNA labeling, blue): (A) front view; (B) side-on
view. Localization of UBF (yellow) appears when DNA is rendered
partly transparent: (C) front view; (D) side-on view. Bars, 2 um.
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a thinner periphery 2 um thick. Chromatin is no
longer organized as thin fibrils but consists of large
smooth clumps. At the periphery of the nucleus, elon-
gated and contorted clumps are more dispersed, as
assessed by the presence of numerous cavities. These
correspond to condensing chromosomes, which are
always initially observed in this peripheral domain.
Transparency mode (Figure 4, C and D) indicates that
UBF-positive sites are located within the thickest and
most central part of the nucleus.

During prometaphase, two shapes of chromosome
sets were seen: a classical biconcave one and a bicon-
vex one, both of which were characterized by the
presence of well-defined condensed chromosomes
~1.4 um in diameter and by their typical radial posi-
tioning. Only the biconvex shape will be considered
here (Figure 5). The frontal (Figure 5A, stereopair) and
the lateral views (Figure 5B) reveal that the chromo-
some set is a biconvex disk (13 um in diameter and 6
pm in thickness for maximal sizes) in which chromo-
somes are disposed as three layers, each with a char-
acteristic diameter. The two smallest ones (Figure 5B,
8 um in diameter; L2 and L3 on left and right sides,
respectively, on the lateral view) are disposed on ei-
ther side of the central largest one (L1) (13 wm in
diameter). In each of these layers, chromosomes are
radially disposed with their centromeres near the cen-
ter of the disk. Moreover, these views demonstrate
that the longer chromosomes are preferentially lo-
cated within the central layer, whereas shorter ones
are located within the two other layers. Very rarely, a
chromosome can be disposed orthogonally to the set.
A split view of DNA and UBF reconstructed volumes
(Figure 5, C and D) shows that there is one large ovoid
cavity (3 um on 1.3 um in diameter) in the center of
the chromosome set and that most of UBF-positive
sites are close to the surface of this cavity. UBF label-
ing is clearly observed by transparency within the
most central part of the rosette (Figure 5, E and F).

Figure 6A shows a typical metaphase plate with the
two spindle poles disposed on either side, as assessed
by immunolocalization of tubulin (our unpublished
observations). Chromosomes are less discernible than
during prometaphase. They are tightly packed and
their volume is a parallelogram ~14 um long, 6 um
thick, and 5 um wide. A polar view (Figure 6B) is
obtained by rotating the chromosome mass at 90°,
perpendicularly to the long axis of the spindle. The
stereopair presentation shows the presence, within the
chromosome set, of a central depression facing the
pole and lined by chromosomes with their telomeres
protruding toward the pole. This view also shows the
two parallelly disposed chromatids within some chro-
mosomes. When the volume is longitudinally cut and
displayed with the same orientation as in Figure 6A,
two identical and well-defined depressions are seen
on each side (Figure 6C, arrows). Transparency views
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Figures 5 and 6.
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(Figure 6, D and E) show that UBF-labeled structures
frequently appear as doublets, which are preferen-
tially located within the median plane (Figure 6E) of
the chromosome mass. The cavity is no longer visible.
Finally, the presence of UBF as crescent-shaped struc-
tures and as doublets close together confirm that this
cell was fixed precisely during metaphase.

During early anaphase, chromosomes are separated in
two distinct sets disposed 5 um apart (Figure 7A). Chro-
mosomes, 0.6 um in diameter, are clearly seen with their
telomeres protruding outside each set in a direction op-
posite that of the pole. This set was rotated by 90° to get
a polar view. The stereopair thus obtained (Figure 7B)
clearly shows the volumic characteristics of the chromo-
some set. A central concave depression, which is a well-
defined half sphere 2 um in diameter, is surrounded by
chromosomes that are much less well-separated com-
pared with the other face of the set (c.f., Figure 7C). They
appear fused into large smooth clumps, separated by
deep radial furrows. When a set is observed from the
rear (assuming a virtual observer placed between the
two sets) (Figure 7C), the protruding chromosomes
clearly appear radially oriented relative to the set, with
their axes converging toward the pole. On a split view
(Figure 7D), each chromosome set appears as a disk with
both a convex and a concave face turned toward the
midplane of the cell and the spindle pole, respectively.
On the transparency views (Figure 7, E and F) and on the
split view (Figure 7D), UBF-positive structures are
clearly disposed nonrandomly, because they are local-
ized in the vicinity of the depression as a circular array.

During early telophase (Figure 8), the two chromo-
some sets are placed 7 um apart. On the lateral view
(Figure 8A), individual chromosomes are no longer vis-
ible but are replaced by large blobs that correspond to
fusing chromosomes. On a polar view (Figure 8B), the
fusing chromosomes, separated by very pronounced
grooves, surround a deep cavity. When a set is observed
from the middle plane of the cell toward the pole (Figure
8C), some individual chromosomes are still visible, indi-

Figure 5 (facing page). Volumic visualization of an entire promet-
aphase cell. The volumic arrangement of the chromosomes (blue) as
three layers is revealed in a front-view stereo-pair (A) and a side-on
view (B) (L1, L2, and L3). By cutting away half of the volume, the
radial disposition of the chromosomes and the central cavity are
revealed (C and D). Localization of UBF (yellow) within the NORs
appears when DNA is rendered partly transparent: (E) front view;
(F) side-on view. Bars, 2 um.

Figure 6 (facing page). Volumic visualization of an entire meta-
phase cell. (A) Chromosomes (blue) are tightly packed and less
visible. (B) Stereo-pair of a polar view showing the presence of a
depression, facing the pole, which is limited by chromosomes pro-
truding toward the pole. (C) By cutting half of the chromosomes, the
two depressions (arrows) and the internal position of NORs are
revealed. (D and E) By rendering DNA transparent, the NORs
appear clearly as doublets that are aligned in one central plane (E).
Bars, 2 um.
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cating that their fusion occurs later than on the lateral
and polar faces. A split view (Figure 8D) clearly indicates
that each set is a hollow half sphere, 7 um in diameter
with a wall 2 um thick. The central cylindrical cavity is 3
pm in diameter and 1.6 um in depth. With the transpar-
ency mode (Figure 8, E and F), the sites containing UBF
appear circulary disposed at the periphery of the cavity
of the hollow sphere.

By the end of telophase (Figure 9A), the two nascent
nuclei adopt the shape of a disk ~7 um in diameter
and 2.6 um in thickness. When observed from the
pole, each set shows characteristic features (Figure
9B). A central circular depression (4 um in diameter
and 0.8 um in depth) is clearly seen. It is limited by a
peripheral ledge ~1.6 um wide and 0.5 um high. The
face turned toward the middle plane of the cell is flat
and, when rotated through 90° (Figure 9C), appears
irregular because of fusing chromosomes. A trans-
verse section of the disk (Figure 9D) confirms that the
two faces are not identical. UBF-labeled structures are
still circularly distributed at the limit of the ledge and
in close proximity to the two faces of the nascent
nucleus (Figure 9, D-F).

Finally, typical interphasic nuclei are reformed
within the two daughter cells (Figure 10). Each of
them appears as a flat disk, sometimes presenting a
small central depression (our unpublished observa-
tions). Because of its decondensation, the chromatin
displays a granular texture similar to that observed in
late interphase (compare with Figure 1A). UBF label-
ing is very similar within both progeny nuclei. It is
typical of interphase, with irregular structures per-
fectly centered within the nucleus (Figure 10, B and C).

DISCUSSION

Necessity for High-Resolution, Three-dimensional
Reconstruction

In this article we describe the investigation by confocal
microscopy of the precise internal and external three-
dimensional arrangement of whole chromosomes
(and more specifically those bearing NORs) during
mitosis. This work is based on new three-dimensional
processing methods that allow the generation of high-
quality volumic visualizations (Lucas et al., 1996).
Compared with classical optical and ultrastructural
approaches, these modes of visualization present five
decisive advantages: 1) the whole labeling within a
cell appears at a glance on a single image; 2) the
detailed three-dimensional organization of each la-
beled structure is visible thanks to the high-quality
ray-tracing method used for the visualization; 3) the
most informative view can be chosen, because the
reconstructed volume can be positioned in any spatial
orientation and cut in any direction; 4) the whole
volume can be investigated by rotation relative to any
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Figures 7 and 8.
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chosen axis; and 5) two different labelings can be
easily localized relative to each other in any direction.
In summary, these techniques constitute an invaluable
tool for the precise study of the main volumic charac-
teristics of labeled structures such as their relative
three-dimensional positioning, discontinuities and
spatial links, size, shape, and irregularities, features
that never appear on either single optical sections or
on total projection. In addition, quantitative data may
also be obtained to measure distances and the number
and volume of labeled structures.

Interestingly, reflection-based surface visualization
generates very detailed “realistic” images of chromo-
somes that can be easily compared with those ob-
tained in scanning electron microscopy, although their
resolution is lower. In comparison with previous stud-
ies performed by scanning electron microscopy (Wel-
ter ef al., 1985; Hodge et al., 1990, 1995), our study did
not necessitate an isolation procedure and was di-
rectly performed on three-dimensional, well-pre-
served entire cells.

A major part of this work is devoted to the immu-
nolabeling of UBF, which remains associated to the
mitotic rDNA genes, which are strictly localized
within the secondary constrictions of acrocentric chro-
mosomes.(Chan et al., 1991; Rendon et al., 1993; Rous-
sel et al., 1993; Zatsepina et al., 1993; Weisenberger and
Scheer, 1995; Héliot et al., 1997). Therefore, we dem-
onstrate that the visualization methods provide a
means both of directly observing the secondary con-
strictions of the acrocentric chromosomes and of indi-
rectly localizing their centromeres, which are posi-
tioned in their vicinity from late prophase to early
telophase (Warburton and Henderson, 1979; Howell,
1982; Verma and Babu, 1995).

Figure 7 (facing page). Volumic visualization of an entire an-
aphase cell. (A) Chromosomes (blue) protruding at the periphery of
the two sets are evidenced. (B) A stereo pair of the polar view shows
the presence of a regular circular depression. The fusing chromo-
somes appear as several large masses, limited with radial furrows.
(C) Median view of a set showing the presence of radially disposed
and unfused chromosomes. (D) The transversal sectioning of this set
shows the concave polar face with the depression, the concave
median face, and the presence of NORs (yellow) within the central
part of the set. (E and F) By rendering DNA transparent, the NORs
are clearly localized within the central part of the set. They are
disposed as a ring at the bottom of the depression (E). Bars, 2 um.

Figure 8 (facing page). Volumic visualization of an entire early
telophase cell. (A) Chromosomes (blue) are less visible than during
anaphase because of their fusing. (B) A stereo pair of a polar view
shows the presence of a profound circular depression, lined by
fusing chromosomes, which are separated by very deep furrows.
(C) Median view of a set showing the presence of unfused chromo-
somes on this face. (D) Cutting one set in half shows evidence of its
typical hollow half-sphere structure. (E and F) By rendering DNA
transparent, NORs (yellow) appear clearly localized within the cen-
tral part of the set disposed as a ring at the bottom of the depression
(E). Bars, 2 pm.
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Three-dimensional Organization of UBF-containing
Structures during Interphase and Mitosis

UBF is an RNA polymerase I transcription factor
associated with rDNA promoters localized in both
transcriptionally active and inactive regions of the
nucleolus (Cavanaugh et al., 1995; Jordan et al., 1996;
Gébrane-Younes et al., 1997). At the ultrastructural
level, UBF is within the dense fibrillar component and
fibrillar centers of nucleoli (Rendon et al., 1992; Rous-
sel et al., 1993; Raska et al., 1995). Although it was
previously demonstrated that UBF is dramatically re-
arranged during mitosis (Rendon et al., 1992; Roussel
et al., 1993), data concerning both the precise three-
dimensional organization of UBF-positive sites
(NORs) and quantification of their volume and posi-
tion were still lacking. In this work we have addressed
this problem. The quantification of the volume occu-
pied by the immunolabeling is based on the counting
of voxels having a fluorescence intensity above a de-
termined level. However, one must keep in mind that
quantification cannot be considered as a tool to eval-
uate the relative number of UBF molecules but rather
as a way to convert, in quantitative data, the qualita-
tive differences observed by naked eye (Rost, 1991).

The present three-dimensional reconstruction of
UBEF labeling during interphase demonstrates UBF or-
ganization as several necklaces composed of rough
and irregular beads. This result is different from that
obtained after Ag-NOR staining (Ploton et al., 1986,
1994; Robert-Fortel et al., 1993) and after RPI immuno-
labeling, which, after three-dimensional reconstruc-
tion, appears as a necklace of very irregular or smooth
beads, respectively (Gilbert et al., 1995; our unpub-
lished results). With regard to mitosis, the availability
of a three-dimensional view of the whole volume has
provided novel information hitherto unattainable us-
ing single optical sections. Thus, during prophase,
UBF sites are seen to be less dispersed than during
interphase, but still have an irregular shape. This latter
characteristic can certainly be related to the transcrip-
tional activity remaining during prophase (Gébrane-
Younes et al., 1997). Here we confirm that each met-
aphasic cell contains very different NORs in terms of
size and shape (i.e., doublets of various sized spheres
and crescent-shaped structures) (Ploton ef al., 1987),
each of which probably contains a variable number of
rDNA genes (Héliot et al., 1997). By using complex
rotations, we have been able to reveal the symmetrical
number, shape, and localization of NORs during an-
aphase. Moreover, quantitative analysis definitively
reveals an equal partitioning of UBF within the two
anaphase cells (Roussel et al., 1993) as well as a high
spatial clustering of NORs during that step. Quantifi-
cation confirmed that this symmetry is maintained
during telophase, suggesting that no reorganization of
chromosome position occurs during anaphase to telo-
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Figure 9. Volumic visualization of an entire late telophase cell. (A) Each nascent nucleus is a regular disk (DNA, blue). (B) When observed
on a stereo-pair of a polar view, each set appears with a large depression (less profound than during previous step) limited by a regular ledge
with some radial furrows. (C) A median view showing that individual chromosomes are no longer visible on that face. (D) Sectioning of the
set shows that the disk is a biconcave flat disk. (E and F) Transparency views confirming the central localization of the NORs (yellow) as a
ring at the bottom of the depression (F). Bars, 2 um.

Figure 10. Volumic visualization of an entire early interphase cell. (A) The two progeny nuclei show a disk shape with a chromatin texture
(blue) similar to that of late interphase. (B) Transparency mode reveals that UBF positive structures (yellow) are centrally localized. (C) The
symmetric disposition of UBF sites appears on this view. Bars, 2 um.

phase transition, as previously demonstrated (Oud et  sation of telophasic NORs and, interestingly, corre-
al., 1989; Nagele et al., 1995). The quantification also  lates with the onset of transcription shown by incor-
reveals that the volume of the NORs doubles from late ~ poration of Br-UTP (Gébrane-Younes ef al., 1997). This
anaphase to early telophase, although their numberis = volume is maintained during early interphase and
constant. This increase can be related to the deconden-  remains identical in both interphase daughter cells.
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Chromosome Organization

Our study has provided insight into the dynamic
three-dimensional structural rearrangement of whole
chromosomes, and more particularly of NOR-bearing
ones, during each step of mitosis.

During prophase, chromosome condensation is not
randomly initiated but rather commences at the pe-
riphery of the nucleus. Large cavities between sepa-
rating chromosomes first appear not strictly in contact
with the nuclear envelope but at a limited distance
from it. Chromosome condensation then expands
within the interior of the nucleus by preserving a
central island around the nucleolus. These results are
consistent with those of Comings and Okada (1970),
demonstrating large chromosome-less areas within
the prophase nucleus. Moreover, the localization of
UBF leads to the conclusion that during prophase the
centromeric regions of acrocentric chromosomes are
grouped toward the center of the nucleus. These re-
sults are consistent with previous ones showing that
during prophase, telomere sequences are associated
with the nuclear envelope (Lichter et al., 1991),
whereas chromosome centromeres migrate toward the
center of the nucleus (Fergusson and Ward, 1992).
Overall, these data suggest that condensation of chro-
mosomes during prophase is a polarized process that
could begin at the telomeres situated at the nuclear
periphery and end near the centromeric regions
within the center of the nucleus.

We also confirm the typical central positioning of
centromeres and the peripheral positioning of telo-
meres during prometaphase, as previously shown
(Chaly and Brown, 1988). By performing complex ro-
tations of this chromosome set, we clearly saw that
smaller chromosomes are clustered as two layers on
each side of a central one containing the longest chro-
mosomes. These findings are in good agreement with
the work of Mosgoller et al. (1991), which used serial
sectioning to demonstrate that groups D- and G-spe-
cific chromosomes are centrally located, whereas
group A-specific chromosomes are more peripheral.
Hodge et al. (1995) found a similar result and showed
a clustering of NOR-bearing chromosomes, which is
confirmed in our work by the clear grouping of NORs.

Our results also show the typical rosette-like config-
uration previously described by Chaly and Brown
(1988) and Nagele et al. (1995) but only within early
prometaphase (as assessed by microtubules immuno-
localization). When an external view of late promet-
aphasic chromosome set is observed, the rosette no
longer appears. Interestingly, this is only revealed
when these chromosome sets are split in the computer,
i.e., when the central layer of the chromosomes alone
is investigated. We interpret this typical figure as the
result of two phenomena. The first is a circular dispo-
sition of the longer chromosome centromeres in the
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plane of the central layer, delimiting a discoidal cavity
and the second is the grouping of shorter chromo-
somes into two layers above and below this cavity. In
the course of the dynamic mitosis process, we hypoth-
esize that during early prometaphase the rosette con-
sists of three layers of chromosomes (two external
ones with smaller chromosomes and a central one
with longer chromosomes), disposed as three rings
that delimit a central cavity called the hub. During late
prometaphase, the sliding of smaller chromosomes on
the central layer would result in the closing of the
extremities of the hub. This produces a central sphe-
roidal cavity. During metaphase, the two layers of
shorter chromosomes converge toward the center of
the cavity. This phenomenon is attested by 1) the
typical radial arrangement of these chromosomes with
their telomeres turned toward the pole on a polar
view, 2) the preferential positioning of the NORs
within the more central part of the set, and 3) the
absence of a central cavity. Additionally, the longer
chromosomes change orientation and the set adopts a
parallelepipedic shape (rectangular in section), as pre-
viously observed (Chaly and Brown, 1988).

Interestingly, when the set is visualized from one
pole, a typical arrangement of chromosomes is seen,
with their arms radially disposed and their telomeres
turned toward the pole. These chromosomes limit a
circular cavity, which corresponds to the presence of a
half spindle with a conic shape (Merdes et al., 1991).

From early anaphase to late telophase, each chromo-
some set follows a complex three-dimensional dy-
namic process. Initially, each appears as a curved disk
having a concave and a convex face. In the ensuing
stages, this global shape evolves toward a half sphere
and finally to a biconcave disk. This dramatic evolu-
tion results from differential changes of the polar and
median faces, which have not previously been fully
observed (Welter et al., 1985). Thus, the median convex
face, on which individual chromosomes are clearly
defined, gradually becomes smoother and more con-
vex. At the end of mitosis, it is very smooth and very
flat (or slightly concave). On the other hand, the de-
pression of the concave polar face, which was a half
sphere during early anaphase, acquires a more pro-
found and larger cylindrical shape during early telo-
phase, and adopts a less profound but wider cylindri-
cal form limited by a regular ledge during late
telophase. Such modifications could be linked not only
to the shortening and spreading of the kinetokorial
fibers but also to other proteic complexes during the
migration of the chromosomes toward the pole (Mer-
des et al., 1991; Paddy and Chelsky, 1991; Gaglio et al.,
1997).

Interestingly, the texture of the two faces of the set is
different. We interpret the smooth aspect of the an-
aphase polar face to be the result of nuclear envelope
reformation (Chaudhary and Courvalin, 1993), a phe-
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nomenon that only arises during late telophase on the
median face.

Typically, UBF staining indicates that the centro-
meric regions of acrocentric chromosomes are first
positioned in the vicinity of the bottom of the cavity
(the same as for other centromeres forming a circular
array at the bottom of the chamber) (Hodge et al.,
1990), and that they remain in this position during late
telophase. This behavior is different from that of cen-
tromeric regions of nonacrocentric chromosomes,
which migrate toward the periphery of the nuclei
during early interphase (Fergusson and Ward, 1992;
Vourch et al., 1993; Shelby et al., 1996). However, this is
consistent with the recent findings of Ferreira et al.
(1997), who showed that early replicating DNA (a
characteristic of transcribed rDNA genes) migrates
toward the center of early G1 nuclei.

In conclusion, besides demonstrating a characteris-
tic three-dimensional complex rearrangement of chro-
mosomes during each step of mitosis, we also demon-
strated their nonrandom positioning with evidence of
the striking central position of NORs from interphase
to late telophase.
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