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Abstract—Nucleoli are the morphological expression of the activity of a defined set of chromosomal segments
bearing rRNA genes. The topological distribution and composition of the intranucleolar chromatin as well as the
definition of nucleolar structures in which enzymes of the rDNA transcription machinery reside have been
investigated in mammalian cells by various immunogold labelling approaches at the ultrastructural level. The
precise intranucleolar location of rRNA genes has been further specified by electron microscopic in situ
hybridization with a non-autoradiographic procedure.

Our results indicate that the fibrillar centers are the sole nucleolar structures where rDNA, core histones, RNA
polymerase I and DNA topoisomerase I are located together.

Taking into account the potential value and limitations of immunoelectron microscopic techniques, we propose
that transcription of the rRNA genes takes place within the confines of the fibrillar centers, probably close to the
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boundary regions to the surrounding dense fibrillar component.
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I. INTRODUCTION

The nucleolus is the result of the activity of a
defined set of chromosomal segments bearing
rRNA genes. Extensive ultrastructural studies
have provided profound knowledge concerning
the ultrastructural composition of the nucleolus.
Accordingly, fibrillar centers, dense fibrillar
component, granular component, interstices or
“vacuoles” and nucleolus-associated chromatin
are commonly recognized as the general com-
ponents of interphasic nucleoli (Fig. 1; review in
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Smetana and Busch, 1974; Jordan and Cullis, 1982;
Goessens, 1984). Autoradiographic techniques in
combination with biochemical methods have
allowed one to assign to the dense fibrillar com-
ponent the primary steps of preribosome for-
mation whereas subsequent maturation processes
occur in the granular component (reviewed by
Fakan, 1978; Hadjiolov, 1985). However, the
precise relationships between these structural com-
ponents and their molecular functions remain un-
resolved. In particular, the spatial distribution of
the transcribing rRNA genes within the nucleolar
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Fig. 1. Ultrastructure of a HEp-2 cell nucleolus. Fibrillar center (FC) is surrounded by a layer of dense fibrillar component

(F) interrupted by nucleolar interstices (I) in which condensed chromatin (arrow) approaches the fibrillar center. The

nucleolus-associated chromatin (CH), situated at peri- and intranucleolar positions, is heavily stained by the acetylation
method (for details see Thiry et al., 1985). Granular component (G). Scale marker indicates 0.1 um.
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body is still a matter of debate (compare, e.g., the
results and conceptions presented by Scheer and
Rose, 1984, and Wachtler et al., 1989).

In order to understand the functional organiz-
ation of the nucleolus, it is of fundamental import-
ance to know where exactly the active rRNA genes
or transcription units are located. Although tran-
scriptionally active rRNA genes can be visualized
by the chromatin spreading technique introduced
by O. Miller (Miller and Beatty, 1969; Fig. 2a), this
approach does not provide an answer as to their
intranucleolar localization. Nucleoli disintegrate
during the low salt treatment necessary to unravel
chromatin and it is thus impossible to relate the
transcription units to a specific nucleolar com-
ponent. However, visualization of transcribing
rRNA genes at the molecular level has contributed
substantially to the present knowledge of rRNA
gene arrangement and chromatin structure (for
reviews see Miller, 1981; Trendelenburg, 1983;
Hadjiolov, 1985; Scheer, 1987). In addition, this
technique clearly demonstrates that numerous
rRNA transcription units must be considerably
condensed and foreshortened in the intact
nucleolus (compare Figs 2a and 2b; both are

magnified to the same scale). Thus, even a single
mouse rRNA transcription unit with an axial
length of approximately 4 um (Fig. 2a) reaches the
diameter of a nucleolus in situ (Fig. 2b) and it is
well known that some hundred transcription units
reside in a nucleolus (for quantitative data see
Hadjiolov, 1985).

There have been numerous attempts to elucidate
the location of nucleolar chromatin in situ at the
electron microscopic level by employing a variety
of methods such as enzymatic digestions, prefer-
ential or selective staining, autoradiography after
incorporation of tritiated thymidine or tritiated
actinomycin D and labelling with DNase-gold
complexes. These different methods have provided
clear evidence that the perinucleolar condensed
chromatin penetrates at several places deep into
the nucleolar body (see Fig. 1). However, the
limited resolution and/or lack of specificity of these
procedures did not allow one to describe precisely
the spatial distribution of the decondensed rDNA-
containing chromatin within the nucleolus and
to identify unequivocally one of the fibrillar
components (fibrillar center or dense fibrillar
component) as the site of transcription.

Fig. 2. Electron micrographs showing, at the same magnification, spread nucleolar chromatin from a mouse fibroblast (a)

and a nucleolus of a mouse Ehrlich ascites tumor cell fixed in situ (b). The rRNA transcription unit shown (its initial and

terminal regions are indicated by arrows) has an axial length of approximately 4 um (a). Based on purely morphological

criteria it is impossible to identify them in sectioned nucleoli (b). Note the large fibrillar center (FC), the surrounding dense
fibrillar component (F) and the granular component (G). Scale markers indicate 1 zm.
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Fig. 3. Electron micrograph showing the labelling of an ultrathin Lowicryl section of cultured human HEp-2 cells with

a serum from a patient suffering from SLE. Gold particles are particularly enriched over the perinucleolar and intranucleolar

condensed chromatin (CH). Fibrillar center (FC), dense fibrillar component (F), granular component (G). Scale marker
indicates 0.1 gm.
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Recently, several authors have used electron
microscopic immunocytochemical methods to
locate rDNA-containing intranucleolar chromatin.
These techniques exploit the highly specific reaction
between antigen and antibody by using labelled
immune reagents to localize antigens in situ;
consequently, both the specificity and the precision
are the main advantages of these techniques.
Furthermore, antibodies can be used at the elec-
tron microscopic level for detecting biotinylated
DNA or RNA hybridization probes, offering the
possibility to study precisely the location of specific
nucleic acid sequences within the cell by in situ
hybridization.

The main goal of the present review is to
summarize, on the one hand, recent contributions
of immunocytochemical approaches to elucidate
the location and composition of the intranucleolar
chromatin of mammalian nucleoli and, on the
other hand, to define those structures in which
enzymes of the rRNA transcription machinery
reside. Another important purpose of this review is
to specify the location of rRNA genes within
nucleoli by means of in situ hybridization. These
results will be discussed in the light of the present
understanding of the functional organization of
the nucleolus.

II. IMMUNOLOCALIZATION OF DNA

Several years ago, Raska et al. (1983) studied
the in situ location of DNA by means of electron
microscopic immunocytochemistry. This approach
was based on the use of autoimmune antibodies
reacting with double-stranded DNA. The labelled
sites were then revealed with protein A-gold
complexes. The authors showed that the labelling
was mainly confined to the condensed chromatin
regions of both HeLa and CHO cell nuclei
including the peri- and intranucleolar condensed
chromatin clumps. Such anti-DNA antibodies
used frequently occur in sera from patients suffer-
ing from systemic lupus erythematosus (SLE; for
reviews see: Stollar, 1975, 1986; Tan, 1982; Tan
et al., 1988). However, the application of SLE sera
is limited because they usually contain a mixture of
different antibodies with different specificities

(Arana and Seligmann, 1967; Notman et al., 1975;
Gilliam et al., 1980) which might include anti-
bodies directed against other nuclear components
such as histones and small nuclear RNPs (for
review see Tan et al., 1988). Thus, although DNA-
rich structures such as the condensed chromatin
are clearly labelled by these SLE sera (Fig. 3), the
molecular interpretation of the labelling pattern
remains, at least to some extent, ambiguous
without affinity-purification of antibodies directed
against DNA. In addition, the limited supply of
patients antisera poses another problem.

In order to overcome these limitations, Scheer et
al. (1987) raised a murine anti-DNA monoclonal
antibody (AK30-10; this antibody is now com-
mercially available from Boehringer, Mannheim,
F.R.G.) with a defined antigenic specificity. This
monoclonal antibody recognizes an epitope pre-
sent on both single- and double-stranded DNA
but absent from other molecules and structures,
including nucleotides, histones and RNAs. How-
ever, when various synthetic double-stranded poly-
nucleotides were tested by competitive ELISA, it
became apparent that the antibody recognition
was not exclusively based on a feature of the
deoxyribose phosphate backbone of the DNA
chain but was also influenced to some extent
by the base composition. Immunofluorescence
microscopy on permeabilized cultured cells
revealed a strong fluorescence of nuclei and mitotic
chromosomes (Fig. 4). Even minor amounts of
DNA present in structures such as amplified extra-
chromosomal nucleoli, chromomeres of lampbrush
chromosomes, mitochondria, chloroplasts and
mycoplasmal particles have been clearly identified
(Scheer et al., 1987). When Lowicryl ultrathin
sections of rat liver tissue were incubated with the
anti-DNA antibody followed by secondary anti-
bodies coupled to colloidal gold, gold particles
were enriched over the condensed chromatin of the
nuclear periphery and the perinucleolar region.
The nucleolus usually appeared as a zone of
exclusion of gold particles except for some small
intranucleolar regions which could represent
invaginations of the surrounding nucleolus-
associated heterochromatin (Scheer et al., 1987).
However, following a preembedding immunogold
labelling protocol, gold particles were also clearly
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Fig. 4. Immunofluorescence microscopy of cultured rat cells after reaction with the monoclonal anti-DNA antibody AK30
(a’). Note the strong reaction with mitotic chromosomes (arrows). The corresponding phase contrast is shown in (a). Scale
marker indicates 10 gm.

visualized in the fibrillar centers of hepatocyte are absent from the surrounding dense fibrillar
cell nucleoli. An example is presented in Fig. 5.  component.

Gold particles selectively decorate a network of Using the same monoclonal anti-DNA anti-
fine filaments present in the fibrillar centers but  body, Thiry et al. (1988) confirmed and extended

Fig. 5. Electron microscopic immunolocalization of DNA using a preembedding protocol. A frozen section (5 um) of rat

liver was incubated with monoclonal antibodies against DNA followed by secondary antibodies coupled to 5nm gold

particles and processed for electron microscopy (for details see Scheer et al., 1987). Gold particles decorate the fine filaments

of the fibrillar center (arrow) but are absent from the dense fibrillar component (F) and the granular component (G) of
the nucleolus. The perinucleolar chromatin (CH) is heavily labelled with gold. Scale marker indicates 1 ym.
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these results by following a postembedding pro-
cedure with Ehrlich tumour cells (Fig. 6). These
cells contain nucleoli with large fibrillar centers
ensheathed by a thin layer of dense fibrillar com-
ponent (Figs 1 and 2b). This favorable cytological
situation, in conjunction with the Lowicryl post-
embedding procedure, allows one to obtain an
excellent distinction between the various nucleolar
components contrary to the preembedding proto-
col. Under these experimental conditions, gold
labelling is particularly concentrated at the peri-
nucleolar chromatin shell and its intranucleolar
invaginations which are sometimes in contact
with the fibrillar center (Fig. 6; Thiry et al., 1988).
At this place, the layer of the dense fibrillar
component surrounding the fibrillar center is inter-
rupted by small interstices usually containing small
clumps of chromatin (see Fig. 1). In addition, a
small but significant number of gold particles is
consistently present in the fibrillar centers, prefer-
entially towards their peripheral regions (Fig. 6).
In contrast, the dense fibrillar component is com-
pletely devoid of gold particles (Fig. 6; see also
Thiry et al., 1988).

Concomitantly with the immunocytochemical
approach involving the monoclonal anti-DNA
antibody, Thiry and Dombrowicz (1988) adapted
a new technology allowing the visualization of
newly replicated DNA in situ at the electron micro-
scopic level. DNA in which bromodeoxyuridine
(BUdR) had been previously incorporated was
detected on ultrathin sections by means of a mono-
clonal antibody specifically directed against BUdR
(Gratzner, 1982) followed by secondary antibodies
coupled to colloidal gold. In order to obtain a
labelling pattern reflecting the general distribution
of DNA, i.e. including early and late replicating
DNA domains, Ehrlich tumour cells were exposed
to BUdR for one cell cycle (21 hr; Lepoint, 1977).
Biological material embedded in Lowicryl K4M
was initially used for immunodetection (Thiry and
Dombrowicz, 1988) but positive results were also
obtained with other resins such as Epon and LR
White and with ultrathin cryosections. Indepen-
dent of the specific procedure used, the detection
of BUdR incorporated into DNA requires prior
denaturation of the DNA to render the epitopes
accessible to the antibodies as already noticed at

the light microscope level (Moran et al. 1985).
Under these conditions, the pattern of gold label-
ling of the nucleolus (Fig. 7) is identical to that
obtained with the monoclonal anti-DNA antibody
(Thiry, 1988). Besides an intense labelling over the
perinucleolar heterochromatin shell and its intra-
nucleolar invaginations, small clusters of gold
particles are preferentially distributed towards the
peripheral regions of the fibrillar centers, often in
close proximity to nucleolar interstices interrupting
the surrounding layer of dense fibrils. The dense
fibrillar component and the granular component
always appear free of labelling with the exception
of the nucleolar interstices containing condensed
chromatin (Fig. 7). The labelling of the fibrillar
centers is particularly clearly seen after trypsin
extraction (Fig. 8). When this immunocytochemi-
cal technique was applied on HEp-2 cells, identical
results were obtained (Thiry, 1989).

III. IMMUNOLOCALIZATION OF
HISTONES

A considerable amount of data indicate that
most eukaryotic DNA is packaged in a fundamen-
tal unit, the nucleosome core particle (for reviews
see: Kornberg, 1977, McGhee and Felsenfeld,
1980). However, it has become apparent that this
nucleosomal subunit of chromatin is not a static
entity but undergoes changes as a function of
transcription. Moreover, it is generally assumed
that the nucleosomal packaging of active genes
differs from that of the bulk chromatin (for reviews
see: Reeves, 1984; Van Holde, 1989). In the case of
extremely active genes such as the rRNA genes
typical nucleosomes are lacking indicating that
they either occur in a stably unfolded confor-
mation or histones are displaced from the rDNA
(see Van Holde, 1989).

When Lowicryl ultrathin sections of Ehrlich
ascites cells were incubated with antibodies to
various core histones (H2B, H3, H4) including
antibodies directed against the N-terminal region
of histone H2B and the C-terminal region of histone
H3 known to remain exposed after nucleosome
formation, nuclear chromatin was specifically
decorated (Thiry and Muller, 1989). Gold labelling
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particles decorate the perinucleolar chromatin and its intranucleolar invaginations (CH). The latter come into contact with

the fibrillar center (FC) and are situated in interstices (I). Gold particles are present in the fibrillar center preferentially

towards its peripheral regions (arrows). The dense fibrillar component (F) is almost completely unmarked; however, gold

particles are present at its periphery, even when the dense fibrils are located inside the fibrillar center. Scale marker indicates
0.1 ym.
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Fig. 7. Electron microscopic immunolocalization of BUdR incorporated into DNA on sections of Lowicryl-embedded

Ehrlich tumor cells. The pattern of gold labelling of the nucleolus is identical to that obtained with anti-DNA antibody

(compare with Fig. 6). Fibrillar center (FC), dense fibrillar component (F), interstices (I) and associated chromatin (CH).
Scale marker indicates 0.1 ym.
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Fig. 8. Electron microscopic immunolocalization of BUdR incorporated into DNA on sections of Lowicryl-embedded

Ehrlich tumor cells after a prior trypsin treatment. Gold particles are essentially localized over the perinucleolar chromatin

(CH) and over their intranucleolar invaginations (arrows). In addition, a few gold particles are preferentially found at the
periphery of the fibrillar center (FC). Scale marker indicates 0.1 um.
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of nucleoli was found over the perinucleolar
heterochromatin and its intranucleolar invagin-
ations which penetrate the nucleolar body and
come in close contact with the fibrillar centers. In
addition, a few gold particles were consistently
noted in the fibrillar centers, preferentially located
towards their peripheral regions (Fig. 9). To com-
pare the spatial distribution of DNA and histones
on the same section, a double labelling protocol
has been devised (Thiry and Muller, 1989). For
the localization of DNA, ultrathin sections are
floated on a droplet containing the monclonal
anti-DNA antibody followed by secondary anti-
bodies coupled to 10 nm gold particles. Once the
first labelling is performed, the sections are
mounted on collodion-coated gold grids and the
second face is then labelled using antisera raised
against purified histones followed by the appro-
priate secondary antibodies coupled to 5 nm gold
particles. In this way, the immunolabelling of each
face of the sections is independently performed,
hence avoiding steric hindrance of the antibodies.
Using this approach, histones and DNA can be
colocalized inside the fibrillar centers (Fig. 9) indi-
cating that the fibrillar center DNA is complexed
with histones. While these in situ observations
agree with the view that histones remain bound
to the rRNA genes even when they are heavily
transcribed (e.g. Reeder et al., 1978; Zayets et al.,
1981; Prior et al., 1983; Johnson et al., 1987),
they do not pertain to the question as to whether
or not nucleolar chromatin is organized into
nucleosomes.

IV. IMMUNOLOCALIZATION OF
ENZYMES INVOLVED IN rRNA
GENE TRANSCRIPTION

A. Immunolocalization of RNA Polymerase I

Although immunodetection of DNA and
histones is a valuable approach to analyze the
topological distribution and composition of intra-
nucleolar DNA, it remains open whether the struc-
tures identified do indeed contain transcriptionally
active rRNA genes and not, for example, inactive
rDNA stretches or spacer regions interspersed

between adjacent rRNA transcription units. To
approach this question, antibodies against the
key enzyme involved in transcription of the
rRNA genes, RNA polymerase I, have been used
for immunolocalization (Scheer and Rose, 1984).
Active rRNA genes are usually covered by densely
spaced transcribing RNA polymerase I molecules
from which transcript fibrils extend laterally
(Fig. 2a). The lateral fibrils containing the nascent
pre-TRNA chains gradually increase in length in
the direction of transcription giving rise to the
characteristic ‘Christmas tree’ aspect (for mol-
ecular interpretation of spread preparations of
nucleolar chromatin see, e.g., Miller, 1981; Scheer,
1987). Individual RNA polymerase I molecules
can be identified as distinct particles anchoring
the lateral transcript fibrils to the chromatin axis
(Fig. 2a). Since the class I RNA polymerase is
exclusively involved in transcription of the rRNA
genes (for review see Rose ef al., 1983), the distri-
bution of this enzyme should accurately reflect the
sites where the transcription units are located.
The antibodies used were raised in rabbits
against purified RNA polymerase I from rat
Morris hepatoma (Rose et al., 1981) or were
obtained from sera of patients suffering from
scleroderma autoimmune disease (Reimer et al.,
1987a,b). Immunofluorescence microscopy clearly
reveals that these antibodies specifically and in-
tensely react with the nucleoli of mammalian cells
such as cultured rat cells (Fig. 10a"). The striking
punctate pattern of the nucleolar fluorescence indi-
cates that the RNA polymerase I molecules occur
in several discrete subnucleolar components. In
this context, it should be mentioned that nucleoli
of the specific cell type shown contain several
small fibrillar centers distributed throughout the
nucleolar body (see also Ochs and Smetana, 1989).
In order to identify the nucleolar components
reacting with antibodies to RNA polymerase I in
greater detail, we employed both pre- and post-
embedding electron microscopic immunolabelling
procedures. The preembedding technique (see
Scheer and Rose, 1984) has the advantage that
the immunoreactions can be performed on frozen
rat liver sections without any prior chemical
fixation, similar to the light microscopic immuno-
fluorescence protocol. An example is presented in



96 M. Thiry et al.

o v
i
B
4 .
i
»
3
N "

% ,;*‘é.'“xa«
3 *.,p“‘?; n;.'y
""_g :,t"f.'
i

£

.

Fig. 9. Simultaneous immunolocalization of histone H4 (as revealed by small gold particles; small arrows) and DNA (as

revealed by large gold particles; large arrows) on a section of Lowicryl-embedded Ehrlich tumor cells. In the nucleolus,

histones and DNA can be colocalized inside the fibrillar center (FC), in interstices (I) surrounding the latter and in the

associated chromatin (not shown in this figure). No labelling is observed on the the dense fibrillar component (F) and the
granular component (G). Scale marker indicates 0.05 um.
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Fig. 10c. The three components of the nucleolus
are clearly recognized. Gold particles reflecting the
distribution of RNA polymerase I are preferen-
tially enriched over the fibrillar center while the
surrounding dense fibrillar component as well as
the granular component are not significantly
labelled (Fig. 10c). Essentially identical results are
obtained with a postembedding method using
ultrathin frozen sections. To this end, rat PC12
cells were gently fixed with formaldehyde,
infiltrated with sucrose and shock-frozen in liquid
nitrogen (Scheer and Raska, 1987; Raska et al.,
1989). Ultrathin cryosections were then incubated
with RNA polymerase I antibodies followed by
appropriate secondary antibodies coupled to
colloidal gold. The result is presented in Fig. 11.
Again, gold particles are selectively enriched over
the large fibrillar center while the other nucleolar
components are not labelled above background. In
this context, it is worth mentioning that the other
nucleolar components are fully accessible to anti-
bodies under the same experimental conditions.
This has been shown with antibodies reacting with
various constituents of the dense fibrillar com-
ponent as well as the granular component (e.g.
Schmidt-Zachmann et al., 1984; Hiigle et al., 1985;
Reimer et al., 1987a; Raska et al., 1989).

B. Immunolocalization of DNA Topoisomerase I

DNA topoisomerase I has been implicated in
transcriptional and replicational events (for review
see Wang, 1985). A number of studies have indi-
cated that this enzyme which interconverts topo-
logical isomers of DNA by breaking and resealing
one DNA strand, is required for proper transcrip-
tion of rRNA genes (e.g. Garg et al., 1987; Egyhazi
and Durban, 1987; Rose et al., 1988; Zhang et al.,
1988; Kim and Wang, 1989). Topoisomerase I has
been shown to be associated with RNA polymerase
I (Rose et al., 1988) and is located within the
transcribed region of the rRNA genes but absent
from the spacer region (Zhang et al, 19838).
Immunofluorescence microscopy shows that DNA
topoisomerase I molecules occur throughout the
nucleoplasm of cultured rat cells but are prefer-
entially enriched in the nucleoli (Fig. 12a’). The
nucleolar fluorescence reveals a distinctly punctate

pattern resembling that obtained with antibodies
to RNA polymerase I (compare Figs 12a” and
10a”). When analyzed at the electron microscopic
level, DNA topoisomerase I is found enriched in
the peripheral regions of the fibrillar centers, close
to the surrounding dense fibrillar component
(Fig. 13). The extranucleolar distribution of gold
particles corresponds to the uniform labelling of
the nucleoplasm as seen in immunofluorescence
microscopy (Fig. 12a’) and probably reflects the
association of topoisomerase I with genes being
actively transcribed by RNA polymerase II (see
Wang, 1985).

V. rDNA LOCALIZATION BY IN SITU
HYBRIDIZATION

A powerful tool for localizing specific DNA
sequences within the cell is the in situ hybridization
technique performed on cytological preparations
(John et al., 1969; Gall and Pardue, 1969). The
application of in situ hybridization at the light
microscopic level has revealed the presence of
rDNA in the nucleoli of numerous cell types (for
review see Hennig, 1973). Specifically, the IDNA
sequences appear to be restricted to some discrete
areas in the nucleolus (Wachtler et al., 1986;
Jimenez-Garcia et al., 1989; Rawlins and Shaw,
1990). Based on in situ hybridization with a radio-
active probe, Arroua et al. (1982) reported that,
in segregated nucleoli of human spermatocytes at
late pachytene, the distribution of the silver grains
corresponded to the position of the fibrillar
centers. On the contrary, in human Sertoli cell
nucleoli, which also display a segregated arrange-
ment of their components, the pattern of in situ
hybridization of a biotinylated probe to rDNA was
taken as evidence that the distribution of rDNA
corresponded to the dense fibrillar component
rather than to the fibrillar centers (Wachtler ez al.,
1989). In a recent study, Rawlins and Shaw (1990)
used a biotinylated ¢cDNA probe to describe
the three-dimensional organization of rDNA in
nucleoli from pea root tips. They concluded that
the observed fluorescing chain of small intra-
nucleolar spots corresponded to rDNA present in
fibrillar centers.
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Thus, it appears that the precise localization of
rDNA requires higher resolution that is attainable
only with electron microscopic procedures. While
the in situ hybridization technique at the light
microscope level has become a standard method
for the localization of DNA sequences in tissue
sections or cultured cells, its application at the
electron microscope level has only rarely been
described (for reviews see: Geuskens, 1977;
Hutchison, 1984).

Early attempts to hybridize tritiated labelled
28S rRNA to rDNA of mouse L cells suggested
that ribosomal cistrons were present in both
intranucleolar and perinucleolar chromatin (Jacob
et al., 1974). Since for a long time the in situ
hybridization procedure could only be performed
with radioactive probes and by means of auto-
radiography, the spatial resolution was necessarily
limited. The introduction of non-radioactive label-
ling methods of the hybridization probes in
conjunction with immunological detection pro-
cedures improved the resolution considerably and
furthermore allowed a rapid signal detection
(Langer-Safer et al., 1982; Hutchison et al., 1982;
Binder ez al., 1986).

Recently, a biotinylated rDNA probe was
hybridized in situ to ultrathin sections of Ehrlich
tumour cells for precise localization of rDNA
(Thiry and Thiry-Blaise, 1989). An Eco R1-Sal 1
fragment of 1.9 kb containing 1.45 kb 18S rDNA
(Grummt and Gross, 1980) inserted into the
pBR322 plasmid was used. In order to avoid any
cross hybridization to rRNA, only the sense-strand
of the mouse rDNA frament was biotinylated by
nick translation. This probe was hybridized to
Lowicryl sections of cells and the hybrids were then
detected by anti-biotin antibodies followed by
secondary antibodies coupled to colloidal gold. In

order to allow effective denaturation of the DNA
contained in the tissue section, appropriate fixation
conditions have to be chosen. The fixative has, on
one hand, to preserve the ultrastructure from the
effect of the agressive denaturation agents (Barbera
et al., 1979; Raap et al., 1986) and, on the other
hand, to allow DNA denaturation. In order to
find out the ideal fixation and DNA denaturation
conditions, an immunocytochemical approach was
employed based on the use of an antibody reacting
selectively with single-stranded DNA (for details
see Thiry and Thiry-Blaise, 1989).

Using optimized in situ hybridization conditions,
gold labelling is restricted to Ehrlich tumour cell
nucleoli. Gold particles are visualized in the
fibrillar centers, preferentially at their peripheral
regions, and in some intranucleolar clumps of
condensed chromatin which are in contact with the
fibrillar centers. They are, however, absent from
the dense fibrillar component and the granular
component (Fig. 14).

VI. DISCUSSION

The main goal of this review is to discuss data
obtained by immunogold electron microscopy and
ultrastructural in situ hybridization approaches
and their implications concerning the location and
composition of nucleolar chromatin containing the
rRNA genes.

However, an objective interpretation of the
results obtained is only possible when the limi-
tations of immunocytochemical methods used are
taken into account. Consequently, before discuss-
ing the functional organization and spatial distri-
bution of chromatin associated with the nucleolus,
we want to begin with a critical analysis of

Fig. 10. Localization of RNA polymerase I by immunofluorescence microscopy (a’, b’) and immunogold electron
microscopy (c). Cultured rat cells grown on coverslips were incubated with rabbit antibodies to RNA polymerase I followed
by FITC-labelled secondary antibodies and photographed with phase contrast optics (a)) or epifluorescence illumination
(a’). Note the punctate pattern of intranucleolar fluorescence and the distinct NOR-staining of metaphase chromosomes
(rat cells have 3 NOR-bearing chromosome pairs; a mitotic cell is indicated by the arrow in (a). In isolated metaphase
chromosomes from PtK2 cells (derived from a male rat kangeroo), the NOR of the large X-chromosome is the only site of
fluorescence (arrow in b’; note the separated spots per chromatid; for details see Scheer and Rose, 1984). The corresponding
phase contrast image is shown in (b). Immunogold electron microscopic detection of RNA polymerase I in the nucleolus
of rat liver is shown in (c) (preembedding protocol). Gold particles are selectively enriched in the fibrillar center (arrow).
Dense fibrillar component (F); granular component (G). Scale markers indicate 10 um (a, b) and 1 ym (c).
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Fig. 11. Electron micrograph showing the labelling of an ultrathin cryosection of cultured rat PC12 cells with autoantibodies

to RNA polymerase I (for details see: Reimer et al., 1987b; Scheer and Raska, 1987). Gold particles are enriched over the

large fibrillar center (FC) and almost absent from the surrounding dense fibrillar component (F) and the granular
component (G). Chromatin (CH), nuclear envelope (NE). Scale marker indicates 1 um. Courtesy of Dr Ivan Raska.
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Fig. 12. Immunofluorescence microscopical localization of DNA topoisomerase I on cultured rat cells (for details see Rose

et al., 1988). Besides a strong nucleolar signal, a diffuse staining of the whole nucleoplasm is noted ((a’) the corresponding

phase contrast micrograph is shown in (a)). In mitotic cells the NORs of the chromosomes are clearly labelled ((b") rat

cell with 3 NOR-bearing chromosome pairs; (¢’) PtK2 cell derived from a male rat kangaroo; the NOR is located on

the X-chromosome, cf. Howell, 1982)). The corresponding phase contrast images are presented in (b) and (c), respectively.
Scale markers indicate 10 pm.

immunoelectron microscopic techniques relevant
in the context of the present study (for a com-
prehensive synopsis of electron microscopical
immunocytochemical techniques see, e.g., Polak
and Varndell, 1984).

A. Potential Value and Limitations of Immuno-
electron Microscopic Techniques

Immunocytochemistry of the nucleolus is
confronted with the problem of obtaining a clear
distinction between the various nucleolar com-
ponents as well as retention of their antigenicity.
However, these two requirements are not always
compatible since fixation conditions necessary
for a good ultrastructural preservation of the
nucleolus can alter the antigenicity of nucleolar
elements thus preventing the use of immuno-
cytochemistry. Various immunoelectron micro-
scopic techniques have been developed to obtain
practicable compromises between these two
requirements.

1. Preembedding labelling procedures

In the preembedding labelling procedures, the
antibody binding reaction is performed on cryo-
sections of tissues or cell pellets or on permeabilized
cells grown on coverslips prior to fixation,
dehydration and plastic embedding, all of which
have an adverse influence on the antigen preser-
vation (Roth ez al., 1981). However, as previously
stressed by Priestley (1984), a major disadvantage
of the preembedding labelling might be the slow
penetration of the antibodies into the relatively
thick (5um) cryosections or cell monolayers.
The variations of the labelling pattern of the
fibrillar centers with the monoclonal anti-DNA
antibody as a function of their state of preservation
is probably related to this problem (Thiry et al.,
1988).

In evaluating results obtained with the pre-
embedding protocol, several considerations must
be kept in mind. One may ask, for instance,
whether the absence of gold particles in the dense



Fig. 13. Immunogold electron microscopical localization of DNA topoisomerase I (preembedding protocol). A frozen

section (5 um) of rat liver was incubated with affinity purified antibodies to topoisomerase I (see Rose et al., 1988) followed

by secondary antibodies coupled to 5 nm gold particles. After fixation and Epon embedding, ultrathin sections were cut.

Gold particles are preferentially located at the periphery of the fibrillar centers (FC). The insert shows the gold-decorated

boundary region between a fibrillar center and the surrounding dense fibrillar component (F) at higher magnification. The

labelling of the perinucleolar chromatin (CH) indicates the presence of the enzyme on transcribing protein-coding genes.
Granular component (G). Scale markers indicate 1 um and 0.5 um (insert).
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Fig. 14. rIDNA/rDNA hybridization on Lowicryl sections of Ehrlich tumour cell nucleoli. (a) General view showing gold

particles in the fibrillar centers (FC). (b) Detail of the peripheral region of a fibrillar center. Gold particles are preferentially

visualized at the boundary region between the fibrillar centers and the dense fibrillar component (F), even when dense

fibrillar component is located inside the fibrillar centers. Dense fibrillar component (F) and granular component (G) are
completely devoid of gold particles. Scale markers indicate 0.1 ym.
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fibrillar component, as observed with the poly-
clonal anti-RNA polymerase I antibody (Scheer
and Rose, 1984) or with the monoclonal anti-DNA
antibody (Scheer et al., 1987; Thiry et al., 1988)
does reflect a true absence of the cognate antigens
in this nucleolar region or results from a hindered
accessibility of immunoglobulins. Indeed, while a
positive immunolocalization signal indicates the
presence of a specific antigen in a given cellular
compartment, the absence of immunocytochemical
reactivity does not a priori imply the absence
of the corresponding antigen. Modifications,
conformational alterations, selective masking or
inaccessibility of antigenic determinants may also
produce negative results. Consideration of these
possibilities is particularly relevant when working
with monoclonal antibodies or with conventional
antibodies directed against defined peptides.
Therefore, it is indicated to complement results
obtained by preembedding techniques with
postembedding labelling approaches.

The problem of antigen accessibility is
accentuated when using monoclonal antibodies of
the IgM class; these antibodies have a molecular
weight of approximately 900,000 as compared to
+ 165,000 in case of IgG molecules. In addition, a
restricted penetration of the relatively large gold
particles with the attached secondary antibodies or
protein A molecules used to reveal the primary
antibodies has also to be taken into account (see
later). However, using scleroderma autoantibodies,
gold—antibody complexes were detected over the
dense fibrillar component, indicating that this
nucleolar region is in fact accessible to antibodies
and antibody—gold complexes (Scheer and Rose,
1984). Furthermore, in order to locate RNA
polymerase I, Scheer and Rose (1984) employed
polyclonal antibodies which generally recognize
multiple epitopes of a specific antigen, thereby
reducing complications arising from epitope
alterations or masking.

The preembedding labelling procedure has the
great advantage to allow immunoreactions on bio-
logical material without prior chemical fixation.
However, the use of mild detergents such as
Triton X-100 or treatment with cold aceton to
allow penetration of antibodies into the cell
interior might lead to some alterations and partial

degradation of subcellular structures as well as
to rearrangements of antigens. Thus, with this
technique chromatin often appears decondensed,
the fibrillar centers are in a more loosened con-
figuration and the boundaries between the various
nucleolar constituents are less clear (Thiry et al.,
1988).

2. Postembedding labelling procedures

Many drawbacks inherent in the preembedding
method, in particular the preservation of relation-
ships between the various nucleolar components,
may be overcome by the postembedding pro-
cedure. In this case however, several other prob-
lems arise from the need to stabilize the biological
material by fixation and the embedding process
itself.

The first one is that the matrix of the resin
hinders entry of antibodies into ultrathin sections.
In fact, using transverse sectioning of plastic
embedded ultrathin immunolabelled sections, it
has been shown that only the antigenic sites ex-
posed at the surface of the section can be revealed
by immunogold techniques (Bendayan et al., 1987,
Stierhof and Schwarz, 1988). This may be a limi-
tation particularly when antigens present in low
amounts are to be detected. However, the success-
ful labelling of various membrane proteins, some
of them being present in very small amounts,
speaks in favor of the high sensitivity of the
technique (Bendayan, 1984). Since there is no
penetration of labelled antibodies into the section,
the accessibility of antigens with dimensions below
the thickness of the section is variable and depends
on the specific position of the antigen in the
section. In the case of the double immunolabelling
procedure involving each face of an ultrathin
section (see Section III), both labelled antigens are
therefore separated by the thickness of the section.

Secondly, the preservation of antigenicity of
the biological material and the steric hindrance
of antibodies, in particular of antibody—gold com-
plexes, imposes several criteria on resin selection.
Thus, the chemical reactivity of the cured resin,
its method of curing and the degree of cross-
linking are important parameters (Causton, 1984).
Acrylate resins, such as Lowicryl K4M (Roth et
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al., 1981; Armbruster et al., 1982, 1983; Carlemalm
etal., 1982, 1985; Altman et al., 1984; Kellenberger
et al., 1987) and LR White (Newman et al., 1982,
1983a,b; Craig and Miller, 1984; Newman and
Jasani, 1984; Newman and Hobot, 1987), have
some advantages for postembedding staining over
epoxy resins. They are hydrophilic and tolerate
water during polymerization, hence dehydration of
specimens need not be so stringent. The acrylate
resins are also very mobile allowing infiltration of
biological material even at low temperature and
are thus very suitable for techniques requiring low
temperature antigen preservation. Contrary to
epoxy resins, there are less chemical interactions
between the resin and the antibody, thus resulting
in a significantly lower background labelling. The
contradictory results obtained by Derenzini et al.
(1985) and by Thiry and Muller (1989) concern-
ing the spatial distribution of histones within the
nucleolus may be due to differences in the choice
of the resin.

3. Immunocryoultramicrotomy

For the localization of a number of cellular
antigens, immunocytochemical techniques involv-
ing ultrathin sections of embedded biological
material can be quite successfully applied. How-
ever, numerous antigens such as RNA polymerase
I loose their antigenicity under these conditions
(Scheer and Rose, 1984) and require alternative
approaches for their immunodetection. In the
case of immunocryoultramicrotomy, the immune
reaction is performed on thawed ultrathin sections
of fixed material which are then embedded in a
thin layer of methylcellulose (Tokuyasu, 1978,
1980, 1984, 1986). This technique combines the
advantages of excellent antigenic preservation,
very high sensitivity and direct accessibility of anti-
bodies to intracellular structures. This approach
has allowed us to study the location of RNA
polymerase I (Raska and Scheer, 1987; Reimer et
al., 1987a,b; Raska et al., 1989) and DNA topo-
isomerase I (Raska et al., 1989) in cell nucleoli.
However, as with sections of resin-embedded
material, gold complexes do not penetrate into
the cryosections (Barbossa and Da Silva, 1986a,b).
Furthermore, cryoultramicrotomy requires chemi-
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cal fixation prior to the immune reaction which
may destroy the antigenicity. The method of
freeze-substitution used in conjunction with
Lowicryl seems to be very promising in order to
avoid this fixation problem (Carlemalm et al.,
1985; Acetarin et al., 1986a,b, 1987).

4. Colloidal gold labelling

Colloidal gold used as a tracer offers many
advantages. The high contrast of gold particles
considerably facilitates their identification and
excludes the fact that they are confounded with
other elements of the biological material. The
resolution obtainable by such particulate tracers
is superior to cytochemical methods involving
enzymes such as peroxidase (Courtoy et al., 1983).
Furthermore, gold particles of various sizes can
be easily produced (Horisberger, 1979; Slot and
Geuze, 1981, 1985; Roth, 1982b) and, owing to the
great size homogeneity of the particle populations,
double-labelling experiments can be performed on
the same preparation.

Gold particles coupled with secondary immuno-
globulins are most commonly used. As a rule,
the density of marking achieved is superior with
indirect procedure since, in principle, several
markers can bind to a single primary antibody and
hence provide an amplification effect. Protein
A—gold probes are also used in immunoelectron
microscopic approaches. However, their use is
somewhat restricted since they do not react, for
instance, with murine immunoglobulins.

The size of gold particles is important in immuno-
cytochemical studies. Quantitative analysis clearly
showed that labelling intensity is inversely pro-
portional to the size of gold particles, suggesting
that small gold particles are more suitable for
detection of substances present in low concen-
trations (Yokota, 1988). Optimal resolution also
requires the smallest possible gold particles. Gold
particles in the 3-5nm category are generally
considered as ideal markers in electron microscopic
immunocytochemistry. Their diameters are smaller
than the size of IgG molecules (about 8 nm;
Roth, 1982a). Therefore, steric hindrances of gold
particles during immunolabelling are relatively
inconsequential when compared to those of IgG
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molecules. However, the gold particles may impair
biological activities of the antibody if their
binding sites interfere with functional sites such as
those required for antigen binding or interactions
with Fc-receptors. Tischendorf and Kapfer (1988)
recommended the use of 5nm gold particles
rather than gold particles of 3 nm diam. because
the former are a label much more neutral to the
function of the antibody. On the other hand, the
resolution (distance between the antigen and center
of the gold particle) is tributary to the number of
layers involved in the immunocytochemical pro-
cedures used. In the case of indirect methods using
two layers, the poorest theoretical resolution, not
taking into account the size of the probe, is nearly
similar for both the immunogold staining tech-
nique (16 nm) and the protein A—gold technique
(13 nm; the length of a protein A molecule is
approximately 5nm). Nevertheless, the presen-
tation of the antigen, the molecule type involved in
each layer of the immunocytochemical technique,
the angle formed between the different molecules
of multiple layers, the position of the marker on
the labelled molecule should also be parameters to
take into consideration.

S. Specificity of the methods

Reliable immunocytochemical results can only
be obtained with high quality and carefully
characterized antibodies (review in De Mey,
1983). Furthermore, the specificity of the staining
reaction has to be critically examined (Childs,
1983; Bendayan, 1984; Gosselin et al., 1986). This
can be done by employing various labelling
regimes with differently fixed and processed speci-
mens, including immunofluorescence microscopy.
As a routine control, the primary antibodies
should be omitted or, better, replaced by irrelevant
antibodies of the same immunoglobulin subclass.
Furthermore, a careful quantitative evaluation of
the background signals is imperative.

B. Functional Organization of the Nucleolus

From the evidence presented in this review it
now appears that transcription of the rRNA genes
occurs exclusively in the fibrillar centers of mam-

malian nucleoli. This conclusion is in agreement
with earlier observations based on a variety of
methods (for review see Goessens, 1984) and is
also compatible with recent results obtained with
plant nucleoli (e.g. Martin et al., 1989; Jordan
and Rawlins, 1990). Our experimental data which
are based on immunolocalization and in situ
hydridization procedures at the electron micro-
scopic level clearly show that the fibrillar centers
are the sole nucleolar structures where rDNA,
core histones and enzymes, involved in rDNA
transcription are located together.

Earlier autoradiographic studies of cells pulse-
labelled with radioactive uridine have shown that
the dense fibrillar component is the first structure
to be clearly marked by silver grains. Accordingly,
the authors concluded that transcription of the
rRNA genes takes place in this nucleolar com-
partment (for reviews see: Fakan, 1978, 1986;
Goessens, 1984). However, it should be kept in
mind that the position of the silver grains in
autoradiograms does not necessarily coincide with
the source of the radioactivity (Williams, 1977).
Another point of consideration must be the fact
that pre-rRNA molecules which have incorpor-
ated radioactive uridine, terminate continuously
throughout the labelling period, even after
extremely short pulses. The shortest labelling times
applied ranged from about 2 to 5 min, i.e. a time
span required for single RNA polymerase I mol-
ecule to transcribe half or even entirely through a
rRNA gene unit. Thus it is conceivable that the
distribution of silver grains primarily reflects the
sites where the template-released pre-rRNA mol-
ecules accumulate to high local concentrations,
thereby facilitating their detection by autoradio-
graphy (Goessens, 1976; Scheer and Raska, 1987;
Scheer and Benavente, 1990). Of course, the rRNA
transcription units must also be labelled but the
resulting silver grains in the fibrillar centers
probably escaped detection so far because of a
low signal to noise ratio. In this context, it is
important to mention that in situ hybridization of
a rDNA probe allowed detection of rRNA inside
the fibrillar centers, preferentially towards their
peripheral regions (Thiry and Thiry-Blaise, 1989).

Taken together, we feel that the critical analysis
of data obtained till now justifies the conclusion
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that transcription of the rRNA genes takes place
within the confines of the fibrillar centers, probably
close to the boundary regions to the surrounding
dense fibrillar component. It is interesting to note
that the ‘heart’ of the nucleolus, i.e. the fibrillar
centers harboring the rRNA transcriptional appar-
atus, does not disintegrate during mitosis as is the
case with the other nucleolar components. Based
on morphological similarities and the presence of
argyrophilic proteins, it is well established that
fibrillar centers and the NORs of metaphase
chromosomes are, at least partly, equivalent
structures (for Refs see Goessens, 1984). In fact,
we have shown that key enzymes involved in
transcription of rRNA genes such as polymerase I
(Fig. 10; Scheer and Rose, 1984) and topoiso-
merase [ (Fig. 12; Rose et al., 1988; see also
Guldner et al., 1986) remain bound to the NORs
during mitosis. Apparently rRNA genes together
with the essential transcriptional machinery (per-
haps in the form of ‘frozen’ transcriptional
complexes) are transmitted from one cell gener-
ation to the next one, thereby ensuring a rapid
reactivation of rRNA transcription following
mitosis. Commencement of transcription then
triggers reformation of the nucleolus beginning
with the coalescence of preformed ‘prenucleolar
bodies’ around the NOR/fibrillar center which
results in the formation of a surrounding dense
fibrillar layer (Benavente et al., 1987). Selective
inhibition of rRNA transcription by micro-
injection of antibodies to RNA polymerase I
into mitotic or interphasic mammalian cells have
clearly shown that ongoing transcription is
required for the integration of the dense fibrillar
component into the nucleolus (Benavente et al.,
1987, 1988). Furthermore, these experiments have
demonstrated that the dense fibrillar component
represents a structure sui gemeris which exists
independent of the transcriptional apparatus (for
review see Scheer and Benavente, 1990). Conse-
quently, this nucleolar component cannot be
considered as a transient structure formed by the
superposition of active rRNA genes and their
transcripts.

We propose that, after release from the rDNA,
the primary transcripts are rapidly translocated to
and accumulated in the surrounding dense fibrillar

component where they are transiently stored and
where early RNA processing and protein—-RNA
assembly occurs. In this respect, as recently
discussed by Scheer and Benavente (1990), both
fibrillar nucleolar components might be considered
as a functional unit whose structural integrity is
essential for the transition of the primary tran-
scripts from the template-bound to the released
state. Subsequent steps of assembly and matu-
ration then occur in the granular component be-
fore the ribosomal subunits are finally transported
through the nuclear pores complexes into the
cytoplasm.
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