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Metaphase nucleolar organizer regions (NORs), one of four types of chromosome bands,
are located on human acrocentric chromosomes. They contain r-chromatin, i.e., ribosomal
genes complexed with proteins such as upstream binding factor and RNA polymerase I,
which are argyrophilic NOR proteins. Immunocytochemical and cytochemical labelings
of these proteins were used to reveal r-chromatin in situ and to investigate its spatial
organization within NORs by confocal microscopy and by electron tomography. For each
labeling, confocal microscopy revealed small and large double-spotted NORs and cres-
cent-shaped NORs. Their internal three-dimensional (3D) organization was studied by
using electron tomography on specifically silver-stained NORs. The 3D reconstructions
allow us to conclude that the argyrophilic NOR proteins are grouped as a fiber of 60–80
nm in diameter that constitutes either one part of a turn or two or three turns of a helix
within small and large double-spotted NORs, respectively. Within crescent-shaped
NORs, virtual slices reveal that the fiber constitutes several longitudinally twisted loops,
grouped as two helical 250- to 300-nm coils, each centered on a nonargyrophilic axis of
condensed chromatin. We propose a model of the 3D organization of r-chromatin within
elongated NORs, in which loops are twisted and bent to constitute one basic chromatid
coil.

INTRODUCTION

The volumic organization of metaphase chromosomes
is still enigmatic due to the overlap of four levels of
chromatin packaging: the nucleosomes (11 nm in di-
ameter), the nucleosome fiber (30 nm solenoidal struc-
ture), the loops (90 nm long, i.e., 75 kb long), and the
coils (250 nm wide with an external diameter of 700
nm) (Manuelidis, 1990; Sumner, 1992; Saitoh and Lae-
mmli, 1994; Woodcock and Horowitz, 1995). None of
these structures can be detected in native metaphase

chromosomes, either after single DNA staining in
photonic microscopy (Saitoh and Laemmli, 1994) or in
cryoelectron microscopy (McDowall et al., 1986). In
contrast, some subregions appear when chromosomes
are either isolated in hypotonic conditions or unfolded
by partial extraction of histones. Indeed, it is in this
manner that ultrastructural investigations have re-
vealed different levels of chromatin three-dimensional
(3D) organization. No consensual model has emerged
from these studies and four models of metaphasic
chromosome organization have been currently pro-
posed: 1) the random fiber folding (Dupraw, 1966), 2)
the helical coiling (Sedat and Manuelidis, 1977; Man-
uelidis, 1990), 3) the scaffold and loops arrangement
(Paulson and Laemmli, 1977; Marsden and Laemmli,
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1979; Sikorav and Jannink, 1994) and, 4) the radial
loops and helical organization (Rattner and Lin, 1985;
Adolph et al., 1986; Filipski et al., 1990; Saitoh and
Laemmli, 1994).

In contrast, investigations performed at the optical
level clearly demonstrate a longitudinal heterogeneity
along the chromatids due to bands and interbands
(Sumner, 1982, 1992, 1994; Manuelidis, 1990; Holm-
quist, 1992; Verma and Babu, 1995). Typically, band-
ing techniques reveal four classes of bands (Sumner,
1994; Verma and Babu, 1995): heterochromatic bands
(C-banding), euchromatic bands (G-, Q-, and R-band-
ings), kinetochores, and nucleolar organizer regions
(NORs), all of which are characterized by several mo-
lecular and functional features (Sumner, 1982, 1990,
1994). The C-bands contain no genes but are com-
posed of tandemly repeated satellite DNA. G- (or Q-)
bands are composed of approximately 20% of the
genes (except housekeeping genes) and are both AT-
rich and late replicating. All housekeeping genes are
found in R-bands, which are GC-rich and replicate
early in S-phase. Kinetochores contain numerous pro-
teins to which microtubules are linked at the level of
centromeres (Brinkley et al., 1992). Finally, NORs are
the sites where tandemly repeated rDNA genes, com-
plexed with several nucleolar proteins, are segregated
(Weisenberger and Scheer, 1995).

The work of Saitoh and Laemmli (1994), in which
native chromosomes of Indian muntjac cells fixed in
nonacidic conditions were examined by confocal mi-
croscopy, was the first to link the existence of bands to
the structural organization of loops of chromatin fi-
bers. A new scaffold–loop model was proposed in
which different bands result in different folding pat-
terns of an AT queue, identified as the chromosome
scaffold to which small loops (in Q-bands) or large
loops (in R-bands) of chromatin are linked. This work
highlighted the organization of R-bands, among
which is the R1 band (a NOR in Indian muntjac cells),
but no study of the fine organization of the loops was
possible due to the limited resolution of confocal mi-
croscopy and to the absence of a specific identification
of the NORs.

In human cells, NORs can be specifically identified
on acrocentric chromosomes at the optical and ultra-
structural levels either by hybridizing in situ the ribo-
somal genes (Verma and Babu, 1995), immunolabeling
for RNA polymerase I (RPI), upstream binding factor
(UBF), and promoter selectivity factor 1 (SL1), which
remain associated with rDNA genes during meta-
phase (Weisenberger and Scheer, 1995; Roussel et al.,
1996) or the silver staining of the argyrophilic proteins
of the NORs (Ag-NOR proteins; Goodpasture and
Bloom, 1975; Howell, 1982; Ploton et al., 1982, 1986,
1987, 1994; Roussel and Hernandez-Verdun, 1994;
Sumner, 1994; Verma and Babu, 1995; Thiry and Goes-
sens, 1996).

Although the identification and numbering of NORs
have been performed in numerous studies using these
labels (Howell, 1982; Babu and Verma, 1985; Verma
and Babu, 1995), nothing is known at the present time
about the detailed 3D organization of the NORs. The
aim of our study was to investigate both the external
and internal 3D organization of metaphase NORs in
both normal and cancerous human and murine cells
by computing 3D reconstructions and 3D representa-
tions of specifically stained NORs within well-pre-
served cells observed both in confocal microscopy and
in medium-voltage electron microscopy.

MATERIALS AND METHODS

This study was performed on various murine and human cancerous
cell lines: L1210, Ehrlich cells, Friend cells, K562, HL60, KB, and
normal stimulated lymphocytes. The results were similar for all of
these cells and so data are only shown for K562, KB cells, Ehrlich
cells, and normal lymphocytes.

Cell Culture
The human promyeloblastic K562 cells were grown in RPMI 1640
medium (Sigma, St. Louis, MO) supplemented with 10% (vol/vol)
fetal calf serum. Human cancer KB cells were grown on coverslips
placed in MEM (Sigma) supplemented with 10% fetal calf serum.
Ehrlich cells (murine ascites tumor cells) were grown in a medium
composed of 40% (vol/vol) NCTC 109, 40% (vol/vol) Hanks’ solu-
tion, and 20% fetal calf serum.

Chromosome Spreads
K562 cells or peripheral blood lymphocytes (2 3 106 cells/ml) were
cultured with Colcemid (0.5 mg/ml; Sigma) for 12 h. Mitotically
arrested cells were treated for 10 min with a hypotonic solution (1:5
fetal calf serum:distilled water), centrifuged for 5 min, and fixed first
in a 1:6:3 acetic acid:ethanol:chloroform mixture for 25 min and then
in a 3:1 ethanol:acetic acid mixture for 40 min. Cells were pelleted,
suspended in 3:1 ethanol:acetic acid mixture, and then spread on
clean slides, which were dried overnight and kept at 4°C.

In Situ Hybridization
In situ hybridization was performed on pretreated slides (RNase at
100 mg/ml in 23 SSC) for 1 h at 37°C and pepsin (1 g/100 ml in 10
mM HCl) for 10 min at 37°C. Slides were then fixed (37% formal-
dehyde and 1 M MgCl2 in 103 PBS) for 10 min at room temperature
and dehydrated in an ethanol series (50%, 70%, and 100%). The 28S
rRNA gene probe (provided by Dr. R. Dirks, Leiden, The Nether-
lands), was labeled with digoxigenine by nick translation (plasmid
plus insert). The probe was preheated in the hybridization mixture
(50% formamide, single-stranded DNA at 10 mg/ml, 10% dextran
sulfate, 0.1 M Na2HP04, 23 SSC, pH 7) for 5 min at 37°C, then
denatured for 10 min at 72°C, and finally applied to the preheated
slides (70°C). The slides were incubated at 37°C overnight. After
hybridization, wash conditions were 43 SSC, 0.1% Tween for two
5-min periods at 42°C and 0.13 SSC for 5 min at 60°C. Slides were
then blocked in 43 SSC, 0.05% Tween 20, 15% human serum for 1 h
at 37° C. A mixture of equal amounts of sheep anti-digoxigenine-
rhodamine (200 mg/ml), rabbit anti-sheep-rhodamine (1.5 mg/ml),
and anti-rabbit-rhodamine (1.5 mg/ml), separately prepared and
incubated with the blocking solution (30 min at 37°C), was applied
to the slides during 30 min at 37°C. The slides were rinsed for three
15-min periods with 43 SSC, 0.1% Tween 20 at 37°C, stained with

L. Heliot et al.

Molecular Biology of the Cell2200



chromomycin A3, and mounted in an antifading agent (PPD-Dabco,
Sigma, St. Louis, MO).

Ag-NOR Staining
After rehydration, NOR staining was performed as previously de-
scribed (Ploton et al., 1986). Chromosome spreads or cells in culture
were stained with a solution containing one volume of a 2% gelatin
solution in 1% formic acid and two volumes of a 50% silver nitrate
solution in distilled water. This solution was poured onto the slide
and left for 10 min at 20°C in the dark. Slides were then washed
several times in water, placed in a 5% thiosulfate solution for 5 min,
washed, and stored in distilled water.

For DNA staining, the slides were dipped in a solution of pro-
pidium iodide (1 mg/ml in PBS) for 5 min (chromosomes) or in a
solution of chromomycin A3 (100 mM in 150 mM MgCl2 in PBS) for
5 min (cells) in the dark, rinsed in PBS, and mounted in a 90%
glycerol solution containing an antifading agent (Citifluor, Agar
Scientific, Stansted, UK).

Quantitative Analysis of the Different Types of
Silver-stained NOR Structures and of Their
Repartition on Acrocentric Chromosomes (NOR-
bearing Chromosomes)
This study was performed on a total of 4760 acrocentric chromo-
somes observed within 476 metaphase plates originating from 14
healthy patients (34 metaphase plates per patient). Metaphase chro-
mosome spreads were obtained by standard techniques and silver-
stained. After DNA staining with 4,6-diamidino-2-phenylindole,
metaphase plates were imaged with a cooled charge-coupled device
camera (C4880, Hamamatsu, Bridgewater, NJ). Then, a deconvolu-
tion algorithm was applied to each image as previously described
(Monier et al., 1996) to highly improve the resolution of the 4,6-
diamidino-2-phenylindole banding and to allow the precise identi-
fication of the NOR-bearing chromosomes (chromosomes 13, 14, 15,
21, and 22). For each pair of the five acrocentric chromosomes, the
pattern of silver-stained NORs was classified as: 1) absence of
staining, 2) doublets of spots, or 3) elongated structures.

Immunostaining
KB cells on coverslips were fixed in 3% (vol/vol) paraformaldehyde
in PBS containing 1% (vol/vol) Triton X-100 for 4 min. Cells were
soaked in 10% normal goat serum in PBS for 30 min, incubated with
either a rabbit polyclonal antibody against RPI (a gift from Dr. K.
Rose, Houston, TX) diluted 1:200 in PBS or with a human autoan-
tibody against UBF diluted 1:200 in PBS (a gift from Dr. E.K.L. Chan,
Scripps Research Institute, La Jolla, CA).

After rinsing in PBS, the cells were incubated for 45 min with a
biotinylated goat anti-rabbit antibody (Sigma; for RPI) or a biotin-
ylated goat anti-human antibody (Sigma; for UBF) diluted 1:200 in
PBS. This second antibody was detected with streptavidin labeled
with Texas Red diluted 1:100, for 15 min (Amersham, Arlington
Heights, IL). DNA was then specifically stained with chromomycin
A3 (Sigma; 100 mM in 150 mM MgCl2 in PBS at pH 6.8) for 5 min in
the dark. After rinsing, the cells were mounted in 90% glycerol
containing an antifading agent (Citifluor).

Confocal Microscopy
Slides were examined with a MRC 600 (Bio-Rad, Richmond, CA)
confocal microscope equipped with two lasers (Argon and HeNe
lasers), mounted on a Zeiss Axioplan microscope (Zeiss, Thorn-
wood, NY) with a 363, 1.4 numerical aperture plan apochromat
objective. For each chromosome spread or cell sample, z-series were
performed. These contained between 5 and 50 optical sections,
obtained at a pitch of 0.3 mm. In all cases, fluorescence light or
reflected light was collected in the following conditions: 1) the

pinholes in front of the detectors were minimally open (i.e., 0.6 mm);
2) the image of each optical section was the result of an average of
five images obtained with a kalman filter; 3) the scanning zoom
varied from 34 to 36 to get a pixel size between 0.065 and 0.044 mm,
i.e., near the Nyquist criterion (0.055 mm for a 1.4 numerical aper-
ture and a wavelength of 550 nm).

Processing of the Images Obtained in Confocal
Microscopy
Series of images were preprocessed with the Comos software pack-
age (Bio-Rad) to increase the contrast and to perform extended focus
or for merging two labels. For 3D reconstruction and 3D rendering
based on ray-tracing methods, we used a software package called
Visu-Voxel (Lucas et al., 1996), which was developed by our group
on a Sun 4 workstation (Sun Microsystem, Vélizy, France). This
software allowed a direct visualization of the data contained in the
sample without geometrical intermediates. Several aspects can be
attributed to the voxel data base including: density, gradient values,
opacity, colors, and various coefficients (diffusion, transmission, and
scattering). This software allowed us to move around the three-
dimensionally reconstructed objects and to present the more infor-
mative viewing angles and stereo pairs.

Ultrastructural Localization of DNA within
Metaphase NORs
DNA localization within NORs was performed on Ehrlich ascites
tumor cells grown as previously described and blocked in meta-
phase with Colcemid (Thiry et al., 1993). After fixation and dehy-
dration, cells were acetylated to better differentiate chromatin from
the NORs on ultrathin sections (Ploton et al., 1987). Ultrastructural
localization of DNA was performed on ultrathin sections by using
the highly specific TdT method (terminal deoxynucleotidyltrans-
ferase immunogold method; Thiry et al., 1993). After counterstain-
ing with uranyl and lead, gold particles 10 nm in diameter could be
easily localized relative to the cellular components; more particu-
larly, chromatin appears as compact areas with a high contrast and
NORs are easily identified as fibrillar regions with a low contrast
(Ploton et al., 1987).

To obtain quantitative results, the number of gold particles per
square micrometer was calculated (on 33 micrographs taken at
random) after counting 8440 gold particles on four compartments of
the sections: chromatin, NOR material, cytoplasm (excluding mito-
chondria), and resin.

Ultrastructural Localization of Ag-NOR Proteins
K562 cells were fixed with glutaraldehyde in 0.1 M PBS, pH 7.4, at
a final concentration of 2%. After 15 min at 4°C, the cells were
centrifuged and then fixed for 5 min in a 3:1 ethanol:acetic acid
mixture. Cells were then silver-stained as described above and
embedded in Epon.

Ultrathin sections 80 nm thick were counterstained in uranyl
acetate and lead citrate and then observed in a 200 CX Jeol electron
microscope working at 80 kV. Sections 1000 to 2000 nm thick were
obtained, and no counterstaining was performed to analyze the
silver deposits more easily (Beorchia et al., 1992). These sections
were studied at 200 kV in a 200 CX electron microscope and images
were obtained on negatives.

For the high-resolution tomographic studies, 3000-nm-thick sec-
tions were observed in a medium-voltage electron microscope
working at 300 kV in the scanning and transmission electron mi-
croscope (STEM) mode (CM 30 Philips, Eindhoven, The Nether-
lands) as previously described (Beorchia et al., 1992). The specimen
holder was mounted on a eucentric goniometer stage that can be
tilted from 260° to 160°.

Before initiating a tilt series, the section was stabilized under the
electron beam for 10 min at a dose of 100 e2 per Å2 per s to limit
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anisotropic thinning of the specimen during data collection (Beor-
chia et al., 1992). Moreover, to position the specimen correctly rela-
tive to the axis of the goniometer stage, it was necessary to choose
several fiducial markers. These markers, contrary to the usual prac-
tice, were not gold particles added on the surface of the section
(Woodcock, 1992) but were nonspecific silver dots, 30 nm in diam-
eter, present within the section. After correct alignment, the goni-
ometer stage was positioned at 260° and images were taken each 2°
intervals until 160°. Images were recorded directly on a disk-type
scintillator–photomultiplier detector system and digitized on-line
by using Orion hardware (ICI, Belfort, France) working on a PC.

Images of 256 3 256 pixels, with a high signal-to-noise ratio, were
obtained by using a kalman filter. Typically, the pixel size corre-
sponded to 7 nm on the specimen magnified 50 3 103 times.

Preprocessing of Images, 3D Reconstruction, and 3D
Visualization
Because the final resolution of the 3D reconstruction largely de-
pends on the aligment of the images (McEwen, 1992), we were
careful to correct any slight shifting that may arise during the tilting
process. For this, the images were visually aligned by translating
them in X and Y directions relative to one fiducial marker (the shift
was always smaller than 5 pixels). Due to the parallel imaging
system of the STEM, such a process is of no consequence to the 3D
reconstruction.

The precision of the visual alignment was then checked by using
all the images of one tilt series to form a video loop that was
displayed on the computer screen. With such a procedure any slight
misalignment of pixels was easily observed and could be corrected.
Finally, images were exactly centered in X, Y, and Z directions by
using a sinogram technique (Bahr et al., 1979). The precision of the
final alignment was determined to be one pixel in all directions.

Tomographic reconstruction was performed by using an ex-
tended field-additive algorithm-reconstruction technique on native
aligned images as described by Gordon et al. (1970) and Crowther et
al. (1970). For each slice of the volume, five iterations were com-
puted on a Sun sparc 20 workstation. The accuracy of the recon-
struction was assessed by comparing the resolution of the image
obtained at 0° in the tilt series with that of the total projection of all
the slices performed at 0°. Mean resolution in this first reconstructed
volume was estimated to be around 15 nm and, to obtain a better
look of the structures, the tomographic reconstructions were low-
pass filtered to a resolution of around 30 nm. This modified volume
was used to perform slices cut in any desired orientation with the
Analyze Software package (Analyze, Mayo BIR, CN Software,
Southwater, West Sussex, UK) to observe internal fibers and their
relative positioning. This software was also used for measurements.
Finally, 3D visualization was performed by using the ray-tracing
method, as described above for data obtained in confocal micros-
copy.

3D Modeling
The 3D models of NOR structure and of chromosomes based on
data previously published or from our present study were designed
by using the Corel Draw software. Once computed, they were
rotated in any direction to obtain representative views of the com-
plex internal 3D organization and spatial distribution of the NOR
relative to the chromosome.

RESULTS

Study by Nonconfocal and by Confocal Microscopy
of Specifically Stained NORs
We first investigated the localization of rDNA genes
and of Ag-NOR proteins by confocal microscopy on
spread chromosomes of human lymphocytes.

Sites containing rDNA genes were only localized on
acrocentric chromosomes and appeared either as dou-
blets of spots (Figure 1A) or as elongated structures
(Figure 1B). Typically, paired spots were either small
(0.2 mm) or large (0.4 mm) in size and were disposed in
mirror images on both chromatids. Elongated struc-
tures crossed the two chromatids and were frequently
curved: they were approximately 0. 3 mm wide and 1.
5 mm long.

Silver-stained NORs were observed in reflected-
light mode, as previously described (Ploton et al., 1986,
1994; Robert-Fortel et al., 1993). Extended-focus views
allowed us to observe systematically two types of
silver-stained structures on the acrocentric chromo-
somes: double-spotted (Figure 1C) and elongated (Fig-
ure 1D) structures. Double-spotted NORs were com-
posed of two discrete spots with an external position
on each chromatid. In contrast, elongated structures
were composed of two sets of mirror-imaged couples
of spots lying close together and perpendicularly
crossing the chromosomes.

In view of these results, we performed a quantitative
analysis to determine the frequency of each type of
Ag-NOR structure and to investigate their preferential
location on given NOR-bearing chromosomes. These
results (Table 1) indicate that 81% of acrocentric chro-
mosomes bear either doublets of spots (53%) or elon-
gated structures (28%) of silver-stained material and
that 19% show no staining. When the results are con-
sidered at the level of one metaphase plate, it appears
that silver-stained NORs are not equally distributed
among acrocentric chromosomes. Thus, chromosomes
13, 14, and 21 are frequently stained (approximately
97%) and equally bear either doublets of spots or
elongated structures; in contrast, chromosomes 15 and
22 are less frequently stained (53 and 60%) and bear
mainly doublets of spots (52 and 59%) and very rarely
elongated structures (0.6 and 0.3%)

As recently demonstrated (Roussel and Hernandez-
Verdun, 1994), UBF and RPI are metaphasic Ag-NOR

Figure 1 (facing page, top panel). Localization of NORs on spread
chromosomes of human lymphocytes by confocal microscopy. In
situ hybridization of rDNA genes (A and B) and Ag-NOR staining
(C and D). DNA is stained red with propidium iodide. The specific
labeling, in blue, appears on acrocentric chromosomes as pairs of
dots symmetrically arranged (A and C) or as one elongated struc-
ture transversally oriented relative to both chromatids (B and D).
Bar, 1 mm.
Figure 2 (facing page, bottom panel). Confocal microscopy of
NORs within metaphase KB cells. Localization and 3D structure of
NORs studied within whole-mount cells by confocal microscopy
after Ag-NOR staining (A, D, and G), UBF (B, E, and H) or RPI (C, F,
and I) immunolabelings. (A–C) Each labeling is shown on one single
section and is colocalized relatively to DNA stained by chromomycin
A3 (shown in red for convenience). In all three cases, the labeling (in
blue) appears both as dots (or pairs of dots) and as crescent-shaped
structures in contact with chromosomes. Z-series of optical sections
are used to compute 3D reconstructions and visualizations of the
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Figure 2 (cont). NORs, which appear (D–F) as doublets of spots (arrows 1 and 3) and as elongated structures (arrows 2). The latter always
appear as crescent-shaped structures with a central protrusion and two curved arms as seen at higher magnification (G–I). Bars, 1 mm.
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proteins. To confirm that these molecules are localized
within structures similar to those identified after Ag-
NOR staining, well-preserved metaphase cells (KB cell
line), stained for DNA with chromomycin A3 and
specifically stained with silver or immunolabeled for
UBF or RPI, were examined by confocal microscopy
through z-series (Ploton et al., 1994; Gilbert et al., 1995).
On one single optical section taken within each z-
series (Figure 2, A–C), the labeling for the NORs ap-
pears as spots or as elongated structures (light blue)
localized in the vicinity of chromosomes (red).

Next, all the optical sections were used to compute
high-resolution 3D reconstructions and 3D visualiza-
tions of the NORs. Global views of the 3D reconstruc-
tions (Figure 2, D–F) indicate that there are two or
three typical double-spotted (small or large spots, ar-
rows 1 and 3) and two or three elongated structures
(arrow 2) within each metaphase cell. Close-up views
of the elongated structures (displayed in Figure 2, G–I)
demonstrate that these structures are around 1.3 mm
long and 0.3 mm wide and have a typical crescent-
shaped design with a central protuberance. Finally, an
exact colocalization of UBF and RPI was evidenced
after simultaneous labeling of the same metaphase
cells (our unpublished results).

Study of NORs at the Ultrastructural Level
As previously published (Ploton et al., 1987), meta-
phase NORs on ultrathin sections appear as doublets
of spots or as elongated structures with a fibrillar
organization and a low contrast, relative to chromatin.
An example of a crescent-shaped NOR is shown on
one section of a longitudinally cut metaphase chromo-
some of an Ehrlich cell (Figure 3A). In this view,
chromatin (arrow 1) is easily identified and the NOR
(arrow 2) appears as a lighter structure perpendicu-
larly disposed to the long axis of the chromatids and
interrupting them. However, on serial sections of the
same structure (Figure 3, B and C), it clearly appears
that the two parts of the chromatids on each side of the

NOR are linked together with one central bridge of
chromatin 150 nm in diameter (arrowhead).

Moreover, to ascertain that those fibrillar structures
are subcomponents of the chromosomes, we tested the
presence of DNA at their level. We chose the TdT
method (Thiry et al., 1993; Thiry and Goessens, 1996)

Figure 3 (facing page, top panel). Ultrastructure of crescent-
shaped NORs. Crescent-shaped NORs observed in ultrathin sec-
tions of acetylated Ehrlich cancerous cells blocked in metaphase.
(A–C) Three serial tangential sections parallel to the long axis of one
NOR-bearing chromosome. After uranyl and lead counterstaining,
chromatin (arrow 1) appears with a high contrast to electrons,
whereas the fibrillar component of one NOR shows a lower contrast
(arrow 2). On A, the elongated NOR (240 nm in diameter) is inter-
rupting the chromosome. However, on two serial sections of this
structure (B and C), two fibers of chromatin 100–150 nm in diameter
(arrowheads) appear in continuity with the left and right sides of
the chromosome. This suggests that one elongated NOR is crossed
by two bridges of chromatin (one bridge per chromatid) and does
not interrupt the continuity of the chromosome. Consequently, on
some well-oriented sections, the NOR seems to be divided in three
distinct parts as observed on C. Bar, 500 nm. (D) Specific detection
of DNA by the TdT method on an ultrathin section of an acetylated
Ehrlich cell blocked in metaphase. The elongated NOR shown is
similar (but is turned at 90°) to the one in A–C. Thus the three
fibrillar zones belong to the same NOR (1800 nm long and 400 nm
thick) that is divided in three parts by two bridges of chromatin
(arrowheads) as above (C). Gold particles, 10 nm in diameter, spe-
cifically reveal DNA. Condensed chromatin (labeled C) is labeled
with the highest density of gold particles. Moreover, a significant
number of gold particles is localized on the NOR attesting for the
presence of uncondensed DNA (arrows). Note that there is no
background. Bar, 500 nm.
Figure 4 (facing page, bottom panel). Observation of silver-
stained NORs at the ultrastructural level within ultrathin or thick
sections. (A) The ultrathin section is counterstained with uranyl and
lead to locate precisely chromosomes, which are contrasted in dark
gray. Two silver-stained NORs appear: one is a circular structure
150 nm in diameter (arrow 1), and the other is an elongated struc-
ture 150 nm in diameter and 700 nm long (arrow 2) in close contact
with chromosomes. (B and C) A 1000-nm-thick section without uranyl
and lead counterstaining. Chromosomes are not visible but details
within the silver-stained structures are evident. In B, the NOR is 1000
nm long and 300 nm in diameter. A fiber 60 nm in diameter appears in
some places (arrows). In C, an eight-shaped NOR is observed.

Table 1. Distribution of silver labeling on human acrocentric chromosomes

No. of
acrocentric

chromosomes
(%)

% of
chromosomes

13

% of
chromosomes

14

% of
chromosomes

15

% of
chromosomes

21

% of
chromosomes

22

No labeling 906 (19) 2.83 6 1.58 3.6 6 1.42 46.53 6 13.54 2.42 6 1.33 40.12 6 13.72
Doublets 2526 (53) 44.5 6 9.27 60.40 6 11.70 52.84 6 13.07 48.00 6 12.75 59.56 6 13.58
Crescent 1328 (28) 52.6 6 9.63 36.24 6 11.66 0.63 6 0.75 49.68 6 12.94 0.32 6 0.63

A total of 4760 acrocentric chromosomes (observed on 476 metaphase plates originating from 14 healthy patients) were studied after Ag-NOR
staining. For each metaphase plate, the type of silver labeling (classifed as no labeling, doublets of spots, or as a crescent-shaped structure)
is considered for each acrocentric chromosome. Results are given for acrocentric chromosomes taken as a whole and for each type considered
at the level of one metaphase plate. Data are the mean 6 SEM.
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Figure 4 (cont). Two circular and central zones, approximately 155 nm in diameter, without silver deposits, are clearly visualized (arrows). One
can note the identity of structures observed by electron and by confocal microscopy by comparing A and B with Figure 2, G, H, and I. Bar, 500 nm.
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because its high sensitivity can be applied to ultrathin
sections of classically processed cells. The gold parti-
cles identifying DNA were clearly localized on con-
densed chromatin of metaphase chromosomes within
Ehrlich cells (Figure 3D). The observation of hundreds
of NORs (fibrillar component) appearing either as
doublets of spots or as elongated structures also dem-
onstrated the presence of DNA at their level (Figure
3D, arrows) although the number of gold particles is
smaller than on condensed chromatin. One can also
note on this figure that two bridges of chromatin
(arrowhead) divide the NOR into three parts.

The number of gold particles per square micrometer
was evaluated within various components: chromatin,
fibrillar component of the NORs, cytoplasm (excepted
mitochondria), and resin (Table 2). The higher labeling
density was found on chromatin. Although the gold
density over the fibrillar component is lower, it is
highly significant relative to those compartments
without DNA, such as the cytoplasm and the resin.
We conclude from this experiment that DNA is cer-
tainly present within the NORs (i.e., fibrillar structures
identified within chromosomes) and, because the gold
density is directly linked to the compaction of DNA
(Thiry et al., 1993), that this DNA is around ten times
less condensed than DNA in compact chromatin.

Electron Tomography of NORs
As numerous studies have already shown, the exam-
ination of the 3D organization of an organelle at a high
resolution requires the specific increase of the contrast
by using a highly electron-dense labeling (Yamada
and Ishikawa, 1981; Mc Ewen, 1992).

We therefore chose the one-step Ag-NOR staining to
study the 3D organization of NORs at the ultrastruc-
tural level (Ploton et al., 1982) because chromosome
structure is well-preserved after silver-staining and
the end-product of the reaction consists of numerous

tiny metallic silver dots, 5 nm in diameter, strictly
localized within the NORs (Hernandez-Verdun and
Derenzini, 1983; Ploton et al., 1987).

The good overall ultrastructural preservation of
chromosomes and the absence of silver background
were checked on ultrathin sections (100 nm thick) of
silver-stained metaphase cells counterstained with
uranyl and lead (Figure 4A).The chromatids, 600 nm
wide, exhibit a morphology similar to that of classi-
cally fixed cells (Ploton et al., 1987). In this figure, two
types of silver-stained NORs are revealed: a circular
type, 150 nm in diameter (arrow 1), and an elongated
and curved type, 150 nm in diameter and 700 nm long
(arrow 2). Typically, the latter was positioned around a
mass of chromatin of approximately 350 nm in diameter.

When 1-mm-thick sections were observed at 200 kV
without counterstaining, new features of the meta-
phase NORs were visible (Figure 4, B and C). In Figure
4B, an elongated silver-stained NOR is observed with
a high contrast relative to the unstained background.
It is composed of a cord approximately 1000 nm long
and 300 nm in diameter, in which a 60-nm-wide fiber
appears longitudinally in some places (arrow). More-
over, in some sections, complex eight-shaped NORs
can be seen (Figure 4C) that are made of a cord, 1000
nm long and 300 nm in diameter, with two central
holes 155 nm in diameter (i.e., two circular zones
without silver deposits).

To perform high-resolution electron tomography, it
was necessary to study 2000- to 3000-nm-thick sec-
tions of silver-stained metaphase cells in a STEM
working at 300 kV. Tilted series were then performed
from 260° to 160° at a pitch of 2°. Some views of such
tilted series are shown with a reverse contrast for
convenience in Figure 5, A–G. The NOR under study
appears in a typical crescent-shaped structure and is
composed of a cord approximately 300 nm in diame-
ter. All the images of the tilted series were then used
to compute a volumic reconstruction (Figure 5H). This
view presents a projection through the tomographic
reconstruction observed at a 0° position. The compar-
ison of this image with original images of the tilt series
demonstrates the high resolution of this reconstruc-
tion and justifies our approach.

Crescent-shaped NORs Display a Complex Internal
Organization
Realistic 3D representations demonstrated that the cres-
cent-shaped NORs are approximately 1275 nm long,
consisting of a cord varying from 150 to 300 nm in
diameter (Figure 6A). Three regions could be defined
along this cord (Figure 6B). Regions I and II consist of
two coils, each forming part of a spiral with external and
internal diameters of approximately 765 nm and 360 nm,
respectively. Region III corresponds to a central protu-
berance where the two coils are juxtaposed.

Table 2. Labeling densities in various cellular compartments after
applying the TdT immunogold procedure specific for DNA

Compartment Gold particles (no./mm2)

Chromatin 140.09 6 28.83
Fibrillar component of chromosomes

(NOR)
15.80 6 10.41

Cytoplasm 0.51 6 0.41
Resin 0.64 6 0.11

Quantitation of gold particles was performed on ultrathin sections
of acetylated Ehrlich tumor cells blocked in metaphase. Thirty-three
micrographs centered on fibrillar component located within meta-
phase chromosomes (corresponding to NORs) were taken at ran-
dom at a direct magnification of 310,000. A total of 8440 gold
particles were counted, and their density was calculated for each
compartment.
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By performing complex rotations of the 3D recon-
structions and close-up views, a more detailed analy-
sis of the NOR was possible. Some striking features
are shown on stereo pairs (Figure 6, C–H). Region I
has the most irregular shape and an uneven surface. A
deep cleft is present in the median part of this region.
The central area of the NOR (region III) has a rather
spherical shape approximately 300 nm in diameter.
The median part of region II shows a cleft that corre-
sponds to a limited portion of the cord with a smaller
diameter (150–200 nm). In contrast, the proximal part
of the region II has a larger diameter of approximately
300 nm. Finally, the distal part of this region appeared
as a concave structure with a flattened extremity (Fig-
ure 6, C and D).

Depending on the viewing angles, several regular
spurs were identified on the surface of the cord within
different regions of the NORs. For example, spurs were
present on the central part of the NOR (Figure 6D, arrow
1) and on the distal extremity of region II (Figure 6D,
arrow 2). These spurs were interpreted as highly orga-
nized internal components of the cord that did not al-

ways appear on the 3D representation due to the too low
threshold used for visualization, as previously demon-
strated for other organelles (McEwen, 1992).

Finally, the 3D organization of these fibers was fur-
ther studied by obtaining 3D visualizations based on a
higher threshold. Stereo pairs of some characteristic
regions indicated the presence of twisted fibers and
demonstrated their complex 3D disposition. Thus, the
more obvious organization of this fiber was seen
within the proximal part of the region II (Figure 6, E and
F) where it consisted of a solenoidal structure composed
of four regular coils, orthogonally arranged relative to
the cord surface but with an angle approximately 20°
relative to the long axis of the coil. In the proximal part
of region I of the NOR, several 60- to 80-nm twisted
fibers were easily identified (Figure 6, G and H).

Double-spotted NORs Consist of a Coiled Fiber
Two types of double-spotted NORs were observed:
small ones and larger ones approximately 80 nm and
260 nm in thickness, respectively. The 3D reconstruc-

Figure 5. Tilted views of a silver-stained crescent-shaped NOR. A gallery of seven views taken from a tilted series (from 260° to 160°) of
one crescent-shaped silver-stained NOR observed through a 3000-nm-thick section at 300 kV and tilted from 260° to 160° at a pitch of 2°.
The contrast is reversed for convenience. (A–G) The labeling consists of 5- to 10-nm silver dots homogeneously distributed within the NOR.
It is noticeable that the resolution and contrast are very high at all tilt angles. Moreover, the background is very limited. The crescent-shaped
NOR is composed of two coils 180–300 nm wide with a complex shape that appears during tilting. (H) A projection through the full volume
of the tomographic reconstruction is observed at 0° angle of view. The high resolution, approximately 10 nm, of this reconstruction is attested
by the possibility to discern silver dots within and outside the NOR. (Compare with initial images of the tilted series in A–G). Bar, 500 nm.
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Figure 6 (top panel). 3D visualization of one crescent-shaped NOR. The tomographic reconstruction of the NOR showed in Figure 5H is
used for 3D visualization. (A) Overall 3D visualization of one crescent-shaped NOR. (B) The previous image is colored and labeled to describe
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tions of the smallest ones (Figure 7 A and B) showed
that they consist of a regular fiber 60–80 nm in diam-
eter that composed one part of a helix with an external
diameter of 260 nm. The 3D reconstructions of the
largest ones (Figure 7, C and D) showed they had an
external diameter of 260 nm and a total height of 200
nm. They also consist of a fiber 60–80 nm in diameter
arranged as a helix 260 nm in diameter parts of which
are more evident on the stereo pair.

Crescent-shaped NORs Consist of 60- to 80-nm
Coiled Fibers
To visualize the internal organization of the crescent-
shaped NOR, virtual sections (tomography) were
computed parallel to the coronal, sagittal, and trans-
versal planes of the volume. By choosing a section
thickness of one voxel (6 nm), we obtained 99, 135, and
192 sections for coronal, sagittal, and transversal ori-
entations, respectively. For simplicity, only some sec-
tions with coronal orientation are shown (Figure 8).
Equally, for convenience, silver-stained components
are shown in white. Globally, this study clearly re-
veals that the whole NOR is not an homogeneous
structure but, in contrast, consists of several fibers
60–80 nm in diameter that appear in all the sections
(for example, arrowheads on sections 30, 42, and 56).
These fibers are very contorted and constitute parts of
loops separated with numerous regular holes (i.e.,

parts of the volume without silver deposits; for exam-
ple, see Figure 8, arrows on sections 42 and 54).

To obtain more detailed views of this typical organi-
zation at a higher magnification, the same volume was
cut in slices with an orientation strictly defined by the
observer. A section thickness of 30 nm was chosen to
better visualize the fibers. This mode of sectioning con-
firms the twisted organization of fibers 60 nm in diam-
eter because it appears on a coronal section (Figure 9A).
In some parts of the volume, the fibers show a peculiar
organization that we investigated on perpendicular sec-
tions performed as indicated by segments named b, c,
and d (Figure 9A). On a transversal section of the coil,
the fibers are disposed as rings (Figure 9B) that are
indicative of a preferential longitudinal disposition of the
60-nm fiber. This is confirmed on the tangential section
of the coil (Figure 9A, segment c) in the region in Figure
6B named III in which a contorted fiber longitudinally
disposed is demonstrated (Figure 9C). When a longitu-
dinal section was made within the distal concave part of
the coil (Figure 9A, segment d), we observed that the
curved extremity of the cord was due to a folding back of
the 60- to 80-nm fiber and that the fiber was organized as
a double helix (Figure 9D, curved arrow). Moreover, to
obtain a global view of the 60- to 80-nm fiber and of its
volumic organization within the whole structure, we
computed one stereo pair in the maximum projection
mode (Figure 9E). This view confirms that a contorted
regular fiber is present within all the parts of the NOR
giving rise to a typical braided-like structure.

DISCUSSION

Microscopic Identification of NORs
NORs were initially defined as sites around which nu-
cleoli reorganize during telophase (Howell, 1982). Dur-
ing metaphase, these sites contain uncondensed DNA
(Saitoh and Laemmli, 1994) identified as rDNA genes
that are responsible for 80% of total RNA synthesis
within all the eukaryotic cells (Hadjiolov, 1985; Thiry
and Goessens, 1996). These genes are associated with
proteins of the transcriptionnal machinery such as RPI,
UBF, topoisomerase I, or SL1 (Scheer and Rose, 1984;
Matsui and Sandberg, 1985; Haaf et al., 1991; Zatsepina et
al., 1993; Roussel and Hernandez-Verdun, 1994; Roussel
et al., 1996; Thiry and Goessens, 1996). Among the latter,
it has been demonstrated that RPI (Matsui and Sand-
berg, 1985) and UBF (Chan et al., 1991) are bound to
rDNA genes in the form of initiated transcription com-
plexes (Weisenberger and Scheer, 1995) that can be re-
activated by polyanionic treatment (Matsui and Sand-
berg, 1985). Moreover, metaphase RPI and UBF were
clearly identified as the main Ag-NOR proteins (Roussel
and Hernandez-Verdun, 1994), i.e., were characterized
by their argyrophily, which is the basis for the specific
cytochemical identification of NORs on metaphase chro-

Figure 6 (cont). the organization of the NOR more easily. Three
regions are identified along the cord of the NOR 150–300 nm in
diameter. Regions I and II are two coils with an external and internal
diameter of 765 nm and 360 nm, respectively. Region III is promi-
nent and corresponds to a central position where the two coils are
apposed. Note that arrowheads 1 and 2 correspond to two angles of
view shown in C, G, and E, respectively. (C) Stereo pair (to be
observed with a stereo viewer to discern the 3D organization)
demonstrating the curved shape of the region II and its flattened
distal extremity (angle of view 1 on B). A fiber 60–80 nm in diam-
eter appears on the proximal part of region III and on the distal part
of region II (D, arrows 1 and 2). Bar, 100 nm. (E–H) Close-up views
of the 60- to 80-nm fiber visualized with a higher threshold. (E and
F) Within the crescent-shaped NOR observed at the level of the
region II (B, angle of view 2). (G and H) Within the region I (B, angle
of view 1). (E) Stereo pair demonstrating the helical organization of
the fiber. (F) Size a is 80 nm in this view. (G) Stereo pair with a high
depth of field showing the presence of numerous regularly arranged
loops of the fiber both in front and rear planes. (H) The size of the
fiber b is 60 nm; size c is 260 nm. Bar, 100 nm.
Figure 7 (facing page, bottom panel). 3D visualization of double-
spotted NORs. Tilted series of double-spotted NORs of small (A and
B) or large size (C and D) are used for tomographic reconstruction
and for 3D visualization. In each case, only one of the two spots is
shown as a stereo pair. (A and B) This small NOR appears as part of
a coil 260 nm in diameter (B, size d) constituted with a fiber
approximately 80 nm in diameter (B, size e). (C and D) This large
NOR, 260 nm in diameter (D, size g) consists of a fiber (f) approx-
imately 80 nm in diameter arranged as several turns of a helix as
seen by viewing the stereo pair in C. Bar, 100 nm.
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mosomes (Howell, 1982; Babu and Verma, 1985; Verma
and Babu, 1995). Consequently, all these characteristics
allow us to claim that Ag-NOR staining is a very efficient
cytochemical method aimed at specifically identifying
RPI and UBF complexed to rDNA genes during meta-
phase and, consequently, can be used to study the de-
tailed 3D organization of these complexes within the
NORs if sufficiently sensitive microscopic methods are
employed.

Our studies performed with confocal microscopy on
spread chromosomes confirm this colocalization by
demonstrating that small and large doublets and elon-
gated structures can be observed after the labeling of
rDNA genes, UBF, RPI, and Ag-NOR proteins. Our
quantitative study shows that elongated NORs are
frequent structures that are more frequent on chromo-
somes 13, 14, and 21 and very rare on chromosomes 15
and 22. Although various types of NORs have been
described in previous studies (Howell, 1982; Verma
and Babu, 1995), crescent-shaped NORs were never
identified as an entity. Our localization of rDNA genes

also identified the different sized-NORs and would
suggest that the size of NORs could be correlated to
the number of rDNA genes as previously proposed
(Warburton and Henderson, 1979; Roussel et al., 1996).

To rule out the possibility that the crescent-shaped
NORs are artifacts originating from chromosome
spreading, these complex structures were identified
by confocal microscopy within entire cells stained for

Figure 8. Tomographic study of one crescent-shaped NOR. Ninety-nine coronal tomographic slices 6 nm thick are systematically performed
along the reconstructed volume of the crescent- shaped NOR. For simplicity, one section of two is shown from sections 20 to 82. These views
demonstrate the presence of contorted fibers 60–80 nm in diameter within the full volume of the structure (see, for example, arrowheads on
sections 30, 42, and 56). One can note that numerous dark zones without silver are frequent (sections 42 and 56, arrows). Bar, 100 nm.

Figure 9 (facing page). Tomographic slices 30 nm thick obtained
from the reconstructed volume of the crescent-shaped NOR and
observed at higher magnification. (A) Is a coronal slice demonstrat-
ing that a complex network consisting of a basic fiber 60–80 nm in
diameter can be seen within the whole NOR. The three white lines
(b, c, and d) localize the planes of three transversal slices performed
within the reconstructed volume and presented in B, C, and D,
respectively. (B–D) Transversal slices, 30 nm thick, showing that the
60- to 80-nm fiber is not localized at random. Thus in B and C, a
circular arrangement and a coiled organization of the fiber are
clearly evidenced. In D, the fiber presents a fold-back (arrow) and a
regular double-helix organization, suggesting that this part of the
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Figure 9 (cont). coil is an extremity of a helically twisted loop. Note, B shows the same angle of view as in Figure 6G. (E) Stereo pair of the
full volume visualized in the maximum projection mode demonstrating that the NOR is a braided structure. Bar, 100 nm.
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Ag-NOR proteins, UBF, or RPI. The high resolution of
the 3D reconstructions allowed us to undoubtly iden-
tify, for the first time, the three types of NORs previ-
ously observed on spread chromosomes. Double-spot-
ted NORs appear as pairs of small or larger spheres in
which no subregion can be observed. The crescent-
shaped NORs are present in all the cell types investi-
gated (normal and cancerous). The 3D reconstructions
also demonstrate that elongated NORs have a com-
plex shape, with a central protuberance and two
curved arms of irregular width. The comparison of
these 3D reconstructions with images of NORs ob-
served on spread chromosomes and on serial ultrathin
sections suggests that one elongated NOR is not a disk
of fibrillar material interrupting the two chromatids of
the NOR-bearing chromosome. At the opposite, it is
composed of two rings of fibrillar material perpendic-
ularly disposed to the long axis of the chromatids
centered around an axis of chromatin and each ring
belongs to one of the chromatids that are in close
contact in this region due to the proximity of primary
constrictions (Harrison et al., 1981).

High-Resolution 3D Reconstructions of NORs
Observed by Medium-Voltage Electron Microscopy
Electron-microscopic tomography (Frank, 1992) of
large cellular structures such as NORs (approximately
1.5 mm for the larger size) presents several well-de-
fined constraints that dictate the technical approach
that can be employed (McEwen, 1992). Firstly, these
structures must appear within a section 2–3 mm thick
of a three-dimensionally well-preserved cell to have a
high probability of observing them as a whole. Sec-
ondly, the electron tomography must be performed by
tilting the section very accurately, at high angle values
under the electron beam (typically from 260° to 160°
with a pitch of 1 or 2°). Thirdly, the contrast of the
objects that is very low due to the high diffusion of the
electrons within the thickness of the section must be
specifically increased with an electron-dense marker
(Yamada and Ishikawa, 1981; McEwen, 1992). These
three constraints necessitate the use of a medium- or
high-voltage electron microscope (200–1000 kV;
Turner and Collins, 1990) equipped with an eucentric
goniometer stage. As we previously showed (Beorchia
et al., 1992), a 300-kV STEM has a better resolution and
a higher contrast compared with a conventional high-
voltage transmission electron microscope. Another
advantage of it is that, in contrast to classical micro-
scopes in which images are captured on negative
films, images are directly numerized: this avoids mis-
alignment errors that greatly limit the resolution of the
3D reconstruction (Woodcock, 1992).

Specific labeling of the NORs could be based on the
detection of either rDNA genes by in situ hybridization
or of proteins associated with rDNA by immunocyto-

chemical or cytochemical labelings. However, at the
present time, preembedding techniques for in situ hy-
bridization (Sibon et al., 1995) or for immunolocalization
(Ochs and Press, 1992) require a pretreatment aimed at
increasing the accessibility of the probes but which also
could disturb the 3D organization of the NORs. Conse-
quently, we choose to perform tomographic reconstruc-
tions of NORs observed through tilted 3-mm-thick sec-
tions in a 300-kV STEM after specific Ag-NOR staining,
i.e., under conditions that preserved the integrity of
chromatin (Hernandez-Verdun and Derenzini, 1983)
and natural positioning relative to metaphase chromo-
somes (Ploton et al., 1987). This last point, which is of
prime importance, is confirmed by the fact that for all the
cellular types we investigated (murine or human, nor-
mal or cancerous), silver-stained NORs always appear
strictly identical to those identified on spread chromo-
somes or after immunolocalization at the optical or ul-
trastructural level. All these features support the validity
of our study and of the model we will present.

The different sized NORs (double spots and crescent)
differ only in the length and the organization of a basic
element (i.e., a fiber 60–80 nm in diameter that consti-
tutes either a part of a coil or several coils approximately
260 nm in diameter). Such a finding raises the question
of the molecules present within these fibers. By using
osmium ammine complex (Feulgen-like reaction), it was
demonstrated that a loose network of nonnucleosomal
DNA fibers (a characteristic of rDNA genes) was exclu-
sively colocalized with silver deposits at the level of
silver-stained metaphase chromosomes (Hernandez-
Verdun and Derenzini, 1983). Moreover, by using the
TdT method (Thiry et al., 1993), we unequivocally local-
ized DNA within chromosomic fibrillar domains previ-

Figure 10 (facing page). 3D model of the elongated NOR and of its
localization relatively to the NOR-bearing chromosome. (A–D)
These views show the hypothetical levels of folding of the r-chro-
matin fiber during prophase and metaphase. In this 3D model, the
r-chromatin fiber (i.e., rDNA genes associated with Ag-NOR pro-
teins) constitute one fiber 80 nm in diameter (in yellow) emanating
from an AT-rich axis 250 nm in diameter (in red) of one chromatid.
Initially, the r-chromatin fiber constitutes an extended loop (A) that
is more and more twisted during the course of chromosome con-
densation (B and C). Then, this twisted structure is bent around the
AT-rich axis (D) to constitute one NOR at the level of one chromatid.
When the two chromatids are close together during metaphase, the
two NORs partly overlap and constitute one typical crescent-shaped
structure. (E and F) Frontal view and a rear-profile view, respec-
tively, of the NOR showing the exact position of the AT-rich axis of
the two chromatids and the braided organization of the r-chromatin
fiber. (G and H) One front view and one rear view, respectively, of
one human chromosome 13 modeled in 3D. The two chromatids are
constituted with a chromatin fiber 250 nm in diameter organized as
several coils: five for the long arm and two for the short arm. At the
level of the centromere, the two chromatin fibers of the chroma-
tids are straight and are in close contact. At the level of the NOR,
each chromatin fiber is also straight but, at the opposite, is
centered on the chromatid axis and is surrounded with a coil of
r-chromatin fibers. One can note from the rear view that the
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Figure 10 (cont). crescent-shaped NOR is constituted with two coils of r-chromatin that are totally integrated within the full 3D organization
of the 250-nm coils of the chromatids and only differ at the level of chromatin compaction. Bars, 250 nm.
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ously identified as NORs (Ploton et al., 1987). This tech-
nique is based on the hypothesis that extremities of DNA
molecules originating from the break of chromatin dur-
ing ultrathin sectioning of the embedded cell can be
revealed with a high specificity and sensitivity on the
surface of the section (Thiry and Goessens, 1996). Con-
sequently, colloidal gold particles localize DNA mole-
cules and their number is also directly linked to the level
of DNA compaction. Moreover, as this method does not
require a drastic treatment of the cells or of the sections,
the morphology of the cell compartments is well pre-
served, allowing their unambiguous identification.
These two last characteristics allowed us to demonstrate
the presence of DNA within metaphase NORs and to
prove that the compaction of this DNA is around ten
times less important than that of condensed chromatin.
These results confirm those of Conconi et al. (1989), that
Ag-NOR proteins are specifically located in the vicinity
of nonnucleosomal and uncondensed rDNA genes dur-
ing metaphase. On the basis of these last results and the
fact that UBF and RPI are Ag-NOR proteins (see above),
it is reasonable to postulate that the 60- to 80-nm fiber
that we clearly observed represents r-chromatin (i.e.,
rDNA genes tandemly arranged and associated with
proteins such as RPI and UBF, which are argyrophilic;
Weisenberger and Scheer, 1995). However, further in-
vestigations will be necessary to precise the spatial loca-
tion of rDNA genes within these fibers.

In addition, our tomographic study indicates that
crescent-shaped NORs consist of several twisted fibers
60–80 nm in diameter, longitudinally positioned
within the 250-nm coil. An examination of the concave
tips of the crescent also demonstrates a folding back of
the fiber. This indicates that the different fibers consti-
tuting this extremity of the NORs probably belong to
the same twisted fiber coming back to its origin, thus
suggesting a twisted-loop organization of the r-chro-
matin in the NORs. Such twisted loops were earlier
shown at the periphery of all metaphase chromosomes
after incubation with hexylene glycol (Marsden and
Laemmli, 1979), suggesting that bulk chromatin was
organized as radially arranged twisted loops of chro-
matin fibers 50 nm in diameter. However, within the
NORs, the lay out of the twisted loops is not radial but
longitudinal (i.e., parallel to the longitudinal axis of
the 250-nm coil).

Moreover, the 3D reconstruction of the crescent-
shaped NORs reveals two axial holes (i.e., two zones
without silver deposits) 155–230 nm in diameter that are
due to the presence of bridges of condensed chromatin
within the concave part of the crescent shape, as dem-
onstrated by the examination of serial ultrathin sections
of acetylated cells, counterstained with uranyl and lead
(Figures 3 and 4; Ploton et al., 1987, 1990). This finding is
in agreement with the recent model of Saitoh and Lae-
mmli (1994) in which R-bands (and NORs) appear as
heterogeneous structures and consist of a longitudinal

axis of AT-rich chromatin and topoisomerase II (Poljak
and Kâs, 1995) to which long loops of DNA are tethered.
Finally, because our analysis indicates that the different
sized NORs are not randomly located, we can postulate
that the previously active rDNA genes, as attested by
Ag-NOR staining (Roussel et al., 1996), are not equally
distributed on NOR-bearing chromosomes. Instead, the
NORs are present preferentially on chromosomes 13, 14,
and 21 with lower quantities being found on chromo-
somes 15 and 22.

Toward a High-Resolution 3D Model of Metaphase
NORs
Thus, these findings allow us to propose a model of
the 3D organization of one crescent-shaped NOR (Fig-
ure 10). To render the complex organization of the
metaphase NOR more comprehensive, its hypotheti-
cal intermediate levels of folding arising during
prophase and metaphase are depicted on Figure 10,
A–D. The AT-rich axis of chromatin centered within
the metaphase NOR is presented as a red cylinder 250
nm in diameter. rDNA genes associated with Ag-NOR
proteins (UBF and RPI) constitute one fiber of r-chro-
matin (in yellow) approximately 80 nm in diameter
emanating from the AT-rich axis. For simplicity, we
hypothesized that this NOR contains only one loop of
r-chromatin whose steps of compaction can be sum-
marized as follows. First, r-chromatin is viewed as one
large loop (Figure 10A) that is then twisted along its
long axis (Figure 10B). When the highest level of twist-
ing is reached (Figure 10C), the r-chromatin consti-
tutes one cord 250 nm in diameter and approximately
1750 nm long. This structure is then bent around the
AT-rich chromatin axis (Figure 10D) to constitute an
open ring of r-chromatin with an outer diameter of 750
nm, which can be considered as one NOR precisely
located relatively to the axis of one chromatid. When
the two sister chromatids of one NOR-bearing chro-
mosome are disposed close together during meta-
phase, the two NORs partly overlap and constitute
one crescent-shaped NOR with a central protuberance
as shown in two angles of view (Figure 10, E and F).

Finally, to integrate this NOR in the whole volume
of a NOR-bearing chromosome, one acrocentric chro-
mosome 13 was 3D computed. Data used for this
volumic model were taken from previously published
articles (Rattner and Lin, 1985; Boy de la Tour and
Laemmli, 1988) and from our present results. In this
model, each chromatid is constituted with one coiled
chromatin fiber 250 nm in diameter (Figure 10, G and
H). To obtain one complete NOR-bearing chromo-
some, the 3D model of one chromatid was duplicated
with a mirror symmetry, giving rise to one left-handed
chromatid and to one right-handed chromatid (Boy de
la Tour and Laemmli, 1988). The long arm of the
chromatid contains five coils. The coiling stops at the
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level of both the centromere and the NOR in which the
chromatin fiber is disposed as straight segments. In
this model, two coils of chromatin positioned on each
side of one coil of NOR constitutes, with the latter, the
short arm of the chromosome. On these 3D represen-
tations (front view and rear view), the NOR contain-
ing uncondensed r-chromatin now appears as one
chromosome band that has the same size and the same
orientation as the coils of condensed chromatin. Con-
sequently, it is in total continuity with the other parts
of the chromosome.

This 3D model fits well with all data obtained at
different levels of investigation in this work. For ex-
ample, Figure 10, G and H, is similar to views ob-
tained at the optical level after localization of rDNA
genes or Ag-NOR labeling (Figure 1, A and B, and C
and D). Figure 10, E and F, corresponds well, firstly, to
Figure 2, G, H, and I, obtained after localization of
Ag-NOR proteins, UBF and RPI, respectively, and,
secondly, to Figures 3 and 4. More particularly, Figure
10E is very similar to Figure 4C, which is a frontal
view of one crescent-shaped NOR (the eight-shaped
structure may be explained by the presence of larger
coils with a ring shape). Finally, the internal organi-
zation of the r-chromatin fiber depicted in this model
is probably very similar (although more simple) to the
one shown either on 3D visualization (Figures 6 and 7)
or on tomographic slices (Figures 8 and 9).

Concerning the 3D modeling of spotted NORs, our
study indicates that small and large NORs differ only
at the level of the length of r-chromatin fibers, which
are similarly organized to fibers within crescent-
shaped NORs. However, our work cannot give a def-
inite answer concerning the exact position of the r-
chromatin relatively to both the AT-rich axis and the
chromatin coil, and it will require more work to study
the 3D organization of small silver-stained NORs and
specifically labeled DNA simultaneously.
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