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Statements related to the thesis 'Organization of chromosomes in the 
interphase cell nucleus' by Astrid Visser 

1. The cell nucleus is compartmentalized in a variety of functionally different 
domains. 

2. Chromosome territories are not solid masses of chromatin; they contain 
interchromatin spaces that provide the right environment for nuclear 
processes. 

3. For the understanding of molecular processes involving chromatin-
chromatin interactions, it should be realized that DNA is organized in 
individual, mutually exclusive chromosome territories. 

4. The conclusion that genes are located at the periphery of chromosome 
territories is outdated. 

5. The structural unit 'chromosome' has, as such, no specific function during 
interphase. 

6. Banding patterns of chromosomes in metaphase reflect the compart-
mentalization of chromosomes in discrete domains in interphase and are 
probably the result of an evolutionary advantage to create a local 
environment for DNA with similar overall function and/or properties with 
the same (regulatory) factors. 

7. The nuclear matrix is a good concept to order ideas, but should not be 
taken as 'The Organizer' of the cell nucleus. 

8. Quantitative image analysis often gives a misleading sense of objectivity. 

9. Ones limited power of imagination should not be the basis of the 
conclusion that a biological process is impossible. 

10. Certain aspects of science have not changed for centuries: one is still 
expected to supply ones own financial resources to be able to perform 
scientific research. 

11. Science is like art. One often has to think in abstractions to visualize 
reality. 
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Zooming in on chromosomes 
Cover design by Mrs. H. J. Visser-Deuschle 

The basic make-up of chromosomes is DNA. It is therefore of no surprise that one 
dwells on DNA sequences when first zooming in on chromosomes. However, there is 
more. The DNA sequence alone can not provide all answers on how DNA is controlled 
in the cell. There are indications that the organization of DNA, and thus of chromo
somes, plays a role in the regulation. By having a closer look at the cover, one will now 
notice that the image does not represents a DNA sequencing gel, but an artistic impres
sion based on the 3D structure of a chromosome as visualized in chapter 5, figure 5. 
The artist choose this strong design to underline the power of scientific research. 
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chapter 1 

Chromosomes and the interphase 
cell nucleus 

- general introduction -

The genome in the nucleus of every cell is well organized. The enormous amount 
of DNA that carries the genetic information asks for a specific spatial organization. For 
example, the nucleus of a human cell contains a string of 2 meters of DNA, which 
corresponds with 20 km of thread in a tennis ball. To allow correct division of this 
DNA over the daughter cells, the nuclear genome is divided over a number of chromo
somes. 

During interphase, the nucleus is compartmentalized in various domains with 
specific functional and structural characteristics. A whole range of mechanisms ensure 
that the chromosomes remain intact, that they are duplicated before cells divide and 
that the correct genes are transcribed at the right time. Although many of the underlying 
mechanisms are well understood at the molecular level, questions remain unanswered 
as how these processes take place in the context of nuclear structure. One of the 
unanswered questions is whether the organization of chromosomes in interphase is 
functionally related to the organization of nuclear processes. This question has been 
addressed in the present thesis. 

Chromosomes in metaphase 

Chromosomes are known since the 19th century. It was then observed that nuclei 
compacted into rod-like structures during cell division (Fig. 1). In 1888 these struc
tures were named 'chromosomes', after the Greek words chromo (color) and soma 
(body), because they stained particularly well with the dyes that were used for micro
scopic preparations. After cell division, when chromosomes have been equally divided 
over the daughter cells, chromosomes décondense and cannot be recognized anymore 
as distinct structures (Fig. 1). Therefore, most of our understanding of chromosomes 
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Fig. 1 Scheme of cell cycle. During cell division, chromosomes 
condense into rod-like structures (a-d). These are pulled apart 
and separated equally over the two daughter cells (M, mitosis) 
(d-f). Then, chromosomes décondense and are not recog
nizable as individual structures anymore (G1) (f). Before the 
next cell division, cells replicate their DNA in the S (synthesis) 
-phase and prepare for actual division in G2 (gap)-phase (a). 
Cell division (M) may last approximately 30 min. G1, S and 
G2-phase, together called interphase, may last several hours 
in proliferating cells or days to years in resting cells. Images 
a-f from CD-ROM: "Understanding Mitosis and Meiosis; an in
teractive educational tool" (courtesy of Oof Oud and Geoff 
Rickards). 

has been derived from their 
appearance during the mi
totic phase of cell division, 
and particularly during 
metaphase when the chro
mosomes are maximally 
condensed and are aligned 
in the equatorial plane of a 
dividing cell, ready to be 
separated into two groups 
that form the nuclear ge
nome of the daughter cells 
after division. Moreover, 
cells accumulate in 
metaphase after the addition 
of drugs that inhibit subse
quent separation over the 
daughter cells, thus facilitat
ing isolation of metaphase 
chromosomes. 

Chromosomes have a 
well defined structure dur
ing metaphase (Fig. 2). All 
chromosomes are dupli

cated before mitosis and these identical copies, chromatids, are aligned next to each 
other in metaphase. A small constriction identifies the centromere where the mitotic 
spindle, that is temporarily made from microtubuli, is attached to specialized chroma
tin to pull the two chromatids to each side of the dividing nucleus. The telomeres at the 
ends of chromosomes are specialized structures as well that maintain chromosome in
tegrity. A subset of chromosomes shows antennae, which are part of the nucleoli in 
interphase. The length of these antennae may differ between individuals. Other fea
tures are recognized when specific dyes are used. These dyes create reproducible pat
terns of light and dark stained bands on the metaphase chromosomes. The most com
monly used banding techniques are G-banding (using the dye Giemsa) and R-banding 
(Reverse to G) resulting in a complementary pattern. It is not completely understood 
what causes the differences in staining, but specific characteristics have been assigned 
to the chromatin in these bands. R-bands have a high gene density, high levels of acety-
lation of histone proteins (which are associated with active genes), high density of G-C 
base pairs, they replicate early and are relatively often involved in chromatid exchanges. 
In contrast, G-bands have a low gene density, low levels of acetylation, high density of 
A-T base pairs, replicate later and are less involved in chromatid exchanges (reviewed 
in Holmquist, 1992; Craig and Bickmore, 1993). These banding patterns are very char-
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Fig. 2 Cartoon of single chro
mosome and human karyo-
g ram. Metaphase ch romo
somes have a wel l -def ined 
structure. Each chromosome 
consists of two identical chro
matids (two thin arrows), a 
centromere (arrow head) and <M» A f | | 
telomeres (arrows). Several 1 1 j» £ I I I t 1 1 
chromosomes have satellites _ 7 8 9 10 11 12 
(in man: chromosome 13-15, 
21 and 22; indicated by arrow 
in chromosome 22). Satellite | | %* | a 

DNA is difficult to observe in | 1 l p f W 
G-banded chromosomes. G- 1 3 1 4 15 16 17 18 
band staining results in a 
characteristic pattern of dark » * 1 1 * * 
and light bands (exceptionally 
clear on chromosome 7). This 19 2 0 21 22 XY 
banding pattern facilitates 
identification of all chromosomes. Man has 46 chromosomes: two chromosomes 1-22, and two 
X-chromosomes in females and one X- and one Y-chromosome in males. One set of 23 is 
derived from the father and one set from the mother. The number of chromosomes varies 
greatly over species, even though the amount of DNA may often be equal. For example, in cells 
used in the studies for the present thesis nuclear DNA is divided over 22 chromosomes (Chi
nese hamster cells) or 78 chromosomes (dog cells). Courtesy of Jan Hoovers, Department of 
Clinical Genetics, AMC. 

acteristic and each individual chromosome can be identified in metaphase spreads based 
on their size and banding patterns (Fig. 2). 

Chromatin organization 

After mitosis, the chromatids are separated and décondense in the newly formed 
nuclei. The chromosomes, then, cannot be recognized anymore as individual struc
tures. Only little is known about their organization (Fig. 3). Their DNA is never present 
as simple linear chains of nucleotides which encode the genetic information. At the 
basal level of organization, DNA consists of two complementary strands of 
desoxynucleotides that form a double helix in which the nucleotides adenosine (A) are 
opposed to thymidine (T) and guanine (G) to cytosine (C) (Fig. 3). This helix is wound 
around a complex of histone proteins and forms arrays of nucleosomes separated by 
short stretches of so-called linker DNA. Recent studies of isolated nucleosome arrays 
showed that chromatin folds into an irregular zigzag and forms fibers of 30 nm diam
eter (Fig. 3) (reviewed in Woodcock and Horowitz, 1995). Folding depends on several 
factors, such as length of linker DNA between nucleosomes, presence or absence of 
linker histones that tie linker DNA segments, and local ion concentrations (Bednar et 
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Fig. 3 Several levels of chro
matin organization, a) Genetic 
information is encoded in long 
sequences of nucleotides A, 
T, C and G. These form to
gether with a complementary 
strand a DNA double helix. 
Distance between sequential 
nucleotides is 0.34 nm (I). The 
helix is wound 1.7 times around 
a complex of histone proteins, 
forming arrays of nucleo-
somes (for scale: diameter of 
nucleosome is 10 nm) (II; in
terpretation after Woodcock 
et al. 1995). Arrays of nucleo-
somes fold into an irregular 
3D zig-zag, forming a chro
matin fiber with a diameter of 
approximately 30 nm (III; in
terpretation after Bednar et al. 
1998). b) Higher levels of 
chromatin organization are 
still unclear. It may be that the 
30-nm fiber folds into so-
called chromonema with dia
meters of approximately 100 
nm, which again may fold into 
higher order chromatin fibers 

(interpretation after Belmont, 1997). c) At the nuclear level, chromatin of a single chromosome 
is organized into a chromosome territory (bright areas in nuclei) and during cell division con
densed into rod-like metaphase chromosomes (chromosome 8 is painted on human nuclei and 
metaphase spread). 

al., 1998). Removal of linker histones results in less regular folding and lower compac
tion of DNA (Bednar et al., 1998). DNA-dependent processes, such as transcription 
and replication, are believed to utilize low compacted chromatin. This concept is con
sistent with observations that linker histones may inhibit transcription (O'Neill et al., 
1995; Wolffe et al., 1997) and indicates that chromatin folding in the nucleus is regu
lated in a functional manner. In vivo, very few fibers of 30 nm are observed in nuclei. 
Most chromatin is more compacted, which suggests a higher order of chromatin orga
nization. Fiber-like structures of various diameters have been found in interphase nu
clei (e.g., Sedat and Manuelidis, 1978; Belmont and Bruce, 1994;Robinettetal., 1996), 
but the clearest indication of a functional organization of chromatin is that individual 
chromosomes form local territories (reviewed in Cremer et al., 1993). Various models 
have proposed how chromatin is organized in interphase nuclei and how it condenses 
into metaphase chromosomes (e.g., Marsden and Laemmli, 1979; Boy de la Tour and 
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Laemmli, 1988; Manuelidis, 1990; Belmont, 1997) but the exact folding is still not 
understood properly. 

Chromosomes in interphase 

Not long after chromosomes had been discovered, Rabl (1885) proposed that they 
remain positioned in interphase nuclei as they are separated during mitosis. He de
duced by studying dividing cells that the centromeres, at which site the chromatids are 
pulled apart by the mitotic spindle, are localized at one site of the new nucleus and that 
the telomeres, which lag behind during the separation process, are located at the oppo
site side. This is now called a Rabl-configuration and has been observed in various cell 
types. The concept that chromosomes remain as structural entities in specific territo
ries during interphase was proposed also by Strasburger (1905) and Boveri (1909) in 
those early days. 

In the decades that followed, these ideas were neglected because the existence of 
chromosome territories could not be proven. Furthermore, the general excitement about 
the discovery of the molecular structure of DNA by Watson and Crick in 1954 and its 
direct implications for DNA to carry and reproduce genetic information correctly, di
rected the general interest to molecular mechanisms of transcription and replication, 
rather than structural issues of chromatin organization. As electron microscopic (EM) 
studies failed to detect individual chromosomes, the concept of a territorial organiza
tion was abandoned in the sixties and early seventies. It was then generally assumed 
that chromosomes consisted of fibers with diameters of 10 and 30 nm which had many 
attachment sites with the nuclear envelope and are intermingled in the nucleoplasm 
(Comings, 1968). Chromatin fibers were thought to be intermingled in the nucleus as 
spaghetti in a bowl. This metaphor has been tested in practice. H. G. Davies mixed 
spaghetti in hot gelatin in a smooth bowl, examined the surface after cooling and made 
sections. He concluded that the resulting images were similar to those made of sections 
through cell nuclei (Davies et al., 1974). 

However, the principle of territorial organization of chromosomes has revived. 
Experiments showed that when small regions of the interphase nucleus are damaged by 
localized irradiation, DNA repair is detected on a few metaphase chromosomes only 
(Cremer et al., 1982). These findings indicate that chromosomes are not distributed 
throughout the interphase nucleus but remain in territories. Interphase chromosomes 
were visualized for the first time in hybrid cell lines, where one human chromosome 
was inserted in the nucleus of a mouse cell. In situ hybridization with total human DNA 
demonstrated that this single chromosome occupied a small region in the nucleus only 
(Manuelidis, 1985; Schardin et al., 1985). Shortly after that, probes were made of 
DNA that was derived from a single chromosome. By suppressing the repetitive se
quences that are found on all chromosomes, this chromosome could be specifically 
labeled in interphase nuclei and was found to form a territory (Cremer et al., 1988; 
Lichter et al., 1988; Pinkel et al., 1988; Leitch et al., 1990; Heslop Harrison, 1990). 
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This technique has become generally known as 'chromosome painting', a suitable name, 
as each chromosome in a metaphase preparation now can be delineated in a different 
color (Schröck et al., 1996; Speicher et al., 1996). 

Nuclear compartmentalization 

It was then established that chromosomes occupy distinct territories. Furthermore, 
it was proven that nuclear processes are not randomly distributed over the nucleus. A 
good example is DNA replication. The machinery that replicates DNA does so with a 
speed of 100 nucleotides per second in human cells. If DNA synthesis would start at 
one end of a chromosome and replicate the nucleotides one by one in a single row, it 
would take more than a month before a large chromosome is replicated. Therefore, 
DNA replication is initiated at multiple sites on chromosomes of eukaryotic cells (mam
malian cells have approximately 100 000 origins of replication). Replication is acti
vated simultaneously in clusters of 20-80 adjacent origins of replication. The DNA 
within such a replicon cluster is replicated in less than one hour (Edenberg and 
Huberman, 1975; Hand, 1978). Replicon clusters fire in a highly reproducible temporal 
and spatial order to replicate all DNA in a mammalian nucleus in 5-12 h. In the nucleus, 
three (Nakayasu and Berezney, 1989) to five (Van Dierendonck et al., 1989) spatial 
distribution patterns of replication sites can be recognized during S-phase progression: 
replication starts in several hundreds of small foci distributed all over the nucleus, later 
in S-phase chromatin located near the nuclear envelope and around the nucleolus rep
licate, while last replicating chromatin is clustered in a few large domains in the nuclear 
interior (Fox et al., 1991; Manders et al., 1992) (Fig. 4). Interestingly, DNA that is 
replicated early in S-phase will again replicate early in daughter cells, and DNA that is 
replicated late always replicates late, cell generation after cell generation (Jackson and 
Pombo, 1998; Ma et al., 1998). This was also noticed in metaphase chromosomes in 

which DNA that is labeled 
during early S-phase ap
pears as a banding pattern 
that corresponds to R-
bands, and DNA that is la
beled during late S-phase 
corresponds to G-bands 
(Drouin et al., 1994; 
Ferreira et al., 1997; Zink 
étal., 1999). The reproduc
ible distribution of early 
and late replicating chro-

Fig. 4. DNA replication occurs in foci that are distributed over ^ ^ ^ . ^ d o m a i n s 
the interphase nucleus according to characteristic patterns, a: 
replication in early S-phase; b: replication in late S-phase, in over several ceil genera-
human skin fibroblast. Bar 2 urn. 
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general introduction 

tions indicates that these domains form stable units in the cell nucleus. 
Other nuclear processes are compartmentalized as well. Transcription occurs in 

several hundreds of foci distributed over the nucleus in a way similar to early replica
tion sites (Jackson et al., 1993; Wansink et al., 1993). Although RNA transcription can 
take place during replication of a replicon ( McKnight et al., 1978; Liu et al, 1993), it 
is not clear whether transcription and replication indeed do occur simultaneously in the 
same foci (Hassan et al, 1994) or not (Wansink et al., 1994; Wei et al., 1998). Produc
tion and processing of ribosomal RNA take place in a specialized compartment. The 
chromosomal loci that contain ribosomal genes form nucleoli together with RNA, pro
teins and other factors. Nucleoli are one of the best described nuclear compartments 
where structure and function have been shown to be closely related (Scheer and 

Benavente, 1990). 
The genome as it appears in electron micrographs of interphase nuclei has been 

categorized in two forms: compact heterochromatin, which is localized predominantly 
in the nuclear periphery and around nucleoli in clumps in the interior, and less densely 
packed euchromatin in the remainder of the nucleus. Generally, it is an oversimplified 
concept that euchromatin represents actively transcribed chromatin and that hetero
chromatin is inactive with respect to transcription. Heterochromatin can be subdivided 
in constitutive heterochromatin, which is always heterochromatic, and facultative het
erochromatin, which switches between euchromatin and heterochromatin in a controlled 
manner (for review, see Spector, 1993). 

Recent studies have shown that heterochromatin compartments may possess tran
scription inactivating capacities (reviewed in Cockell and Gasser, 1999). In yeast, a 
heterochromatic compartment is formed by a cluster of telomeres near the nuclear peri
phery. In one study (Andrulis et al , 1998), a DNA construct that can be artificially 
attached to the nuclear envelope, was introduced into the yeast genome. This gene was 
actively transcribed when it was located in the nuclear interior, but inactivated when it 
was targeted to the nuclear envelope in the heterochromatic compartment. Another 
study demonstrated that in maturing lymphocytes, a subset of silenced genes is located 
near centromeric heterochromatin, associated with the protein Ikaros. After differen
tiation of the cells, this subset of genes is released from Ikaros and is actively tran
scribed in the nuclear interior, while other genes become associated with Ikaros and are 
targeted to centromeric heterochromatin (Brown et al., 1997). It is thus clear that both 
the'genome and nuclear processes are compartmentalized in functional domains in the 
interphase nucleus (for reviews, see e.g., Spector, 1993; Van Driel et al., 1995; 
Strouboulis and Wolffe, 1996; Lamond and Earnshaw, 1998; Schul et al., 1998; Bridger 
and Bickmore, 1998; Cockell and Gasser, 1999). 

Implications of territorial organization of chromosomes 

The next question is how these nuclear compartments relate to chromosome terri
tories. Several studies showed that mRNA transcribed from DNA of an integrated virus 
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(Zirbel et al., 1993) and the few genes studied so far (Cremer et al., 1993; Kurz et al., 
1996; Park and DeBoni, 1998) are located preferentially near the surface of chromo
some territories. Speckles which are rich in proteins involved in mRNA splicing are 
also preferentially located outside chromosome territories (Zirbel et al., 1993). These 
findings lead to the hypothesis that there is a space in between chromosome territories 
which enables transport of factors and assembly of enzyme complexes. This space 
facilitates nuclear processes, such as transcription, replication and DNA repair to take 
place preferentially at the surface of chromosome territories (Cremer et al., 1993; Zirbel 
et al., 1993). The interchromatin domain (ICD) space model was later extended with 
channels penetrating into chromosome territories to facilitate processes at the surface 
of chromosomal subdomains (Cremer et al., 1995). The ICD model suggests that chro
matin is organized inside chromosome territories in a function-dependent manner. 

Territorial organization of chromosomes implies restrictions with respect to prob
ability of chromatin interactions. There are, however, indications that at least some 
genes interact with one another during interphase (LaSalle and Lalande, 1996; Wu and 
Morris, 1999). Also during (mis-)repair of DNA double strand breaks, chromatin of 
one chromosome may interact with a double strand break in another chromosome re
sulting in chromosome translocation (for review, see Savage, 1996). Thus, either this 
chromatin is already closely associated when damage is induced, or broken chromo
somal ends are transported and become connected during repair. 

To elucidate mechanisms that are involved in these processes, it is essential that 
chromosomal structure is studied besides molecular backgrounds of the mechanisms. 
The following type of questions have to be addressed in order to understand nuclear 
processes, such as replication, transcription and repair. Are chromosomes indeed orga
nized in such a way that nuclear processes take place preferentially in specific com
partments? And, does chromatin of different chromosomes intermingle (e.g., similar to 
the spaghetti model) or do chromosomes form mutually exclusive units? 

Techniques applied to study chromosomal organization 

To study these questions, one has to detect first chromosomes in interphase nuclei. 
The most common way to label individual chromosomes is by chromosome painting, 
as mentioned above. This technique is based on the high affinity of single stranded 
DNA for its complementary sequences, which causes them to bind specifically. Probes 
that are used for the detection of whole chromosomes are generally synthesized by 
isolating specific chromosomes, e.g. by fluorescence flow activated sorting, which are 
then fragmented, multiplied, and tagged with a label (see e.g., Stap et al., 1998). How
ever, not all sequences within a specific chromosome are unique to that single chromo
some. Binding of probe DNA to repetitive sequences in other chromosomes reduces 
specificity of painting of chromosome territories. This crosshybridization can be effi
ciently suppressed by allowing a surplus of unlabeled repetitive sequences to pre-an-
neal (hybridize to the probe) before the probe is applied to nuclei (Cremer et al., 1988; 
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Lichter et al., 1988; Pinkel et al., 1988). Hence, the official name of this procedure is 
chromosomal in situ suppression hybridization (CISSH). 

To investigate where nuclear processes take place with respect to chromosome 
territories, we combined this technique with the labeling of replicating DNA with halo-
genated thymidine analogues (Aten et al., 1992; 1994). Replication double labeling 
allows detailed analysis of spatial and temporal progression of the replication process 
(Aten et al., 1992; Manders et al., 1992; 1996; Ma et al., 1998). For our studies, we 
further exploited the use of halogenate thymidine analogues. We labeled not only sites 
of replication but also chromatin domains with particular characteristics (e.g. early or 
late replication) and entire chromosomes without applying CISSH. Furthermore, the 
double labeling allowed us to determine the cell cycle phase of individual cells se
lected for imaging within an asynchronous cell population. Since DNA replication double 
labeling is a major technique used in this thesis, the principles of this method will be 
shortly addressed and an overview of its multiple applications in this thesis is given. 

Principles of replication labeling and its detection 

Halogenated thymidine analogues, such as bromo-, iodo-, and chlorodeoxyuridine 
(BrdU, IdU, and CldU, respectively) are accepted by endogenous replication enzymes 
as substrates. They diffuse through the cell membrane and can therefore simply be 
added to the culture medium of cells to be incorporated into newly synthesized DNA in 
vivo (Van Driel et al., 1998). At low concentrations (< 10 uM) these analogues are 
virtually nontoxic (Aten et al., 1994; Van Driel et al., 1998). They may, however, in
duce fragile sites (Stone and Stephens, 1993) which result in sister chromatid exchanges 
after prolonged culture periods (chapter 4). Unincorporated analogues are washed away 
by several changes of medium. Since a specific set of antibodies discriminates between 
IdU and CldU (all recognize BrdU), chromatin replicated during different periods can 
be detected in one and the same nucleus (Aten et al, 1992). Replicating chromatin is 
labeled first by IdU, then the unincorporated analogues are washed away, and after a 
specific time interval (chase period) replicating chromatin is labeled by CldU. The 
analogues are then detected by immunocytochemistry after chemical fixation of the 
cells (Gratzner, 1982; Aten et al., 1992). Double stranded DNA is denatured to allow 
the primary antibodies to recognize their epitopes. Secondary antibodies that are con
jugated with either fluorochromes for detection by fluorescence microscopy or colloi
dal gold particles for detection by EM are then used to specifically localize the thymi
dine analogues in nuclei. 

By varying labeling and chase periods, we developed a series of protocols to label 
several phenomena with halogenated thymidine analogues in interphase nuclei (Stap et 
al., in preparation). 
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1. Analysis of cell cycle phase 

When cells are labeled with IdU and after a chase period with CldU, four classes 
of cells can be recognized: 1 ) cells labeled with IdU only: these cells were in S-phase at 
the moment of IdU exposure, but had finished replication when CldU was added; 2) 
cells labeled with CldU only: these cells were not in S-phase during IdU exposure, but 
had entered S-phase during the chase period; 3) cells labeled both with IdU and CldU: 
these cells were in S-phase during IdU exposure and CldU exposure; 4) unlabeled 
cells: these cells were not in S-phase during either IdU or CldU exposure (Van Driel et 
al., 1998). When the duration of the cell cycle is known, chase periods can be chosen to 
allow selection on the basis of the presence or absence of incorporated analogues of 
cells that were chemically fixed in a specific phase of the cell cycle. Examples are 
given in Table I. We applied this method to compare distribution patterns of replication 
sites over chromosome territories in early and late S-phase (chapter 2). 

Table 1. Analysis of cell cycle phase 

observation conclusion i 

IdU 
incorporated 

CldU 
incorporated 

Chase period 
applied (h) 

IdU 
added 

CldU 
added 

Cell fixed 

Yes 

No 

Yes 
Yes 

No 

Yes 

No 
Yes 

1 

1 

3 
4 

—> 

—> 

Late S 

G1 

2nd part S 
EarlyS 

G2 

Early S 

G2/M 
Late S 

G2 

EarlyS 
G2/M 
Late S 

Examples of cell cycle analysis using V79 Chinese hamster cells. The cell cycle phase of a 
particular cell as well as the cell cycle phases in which its chromatin was labeled can be de
duced from the presence or absence of incorporated thymidine analogues. Flow cytometry 
showed that V79 cells have the following cell cycle kinetics: G1 lasts 2h, S lasts 5h, G2/M lasts 
3h. In this example, cells were labeled briefly with IdU, chased for 1 -4 h, labeled with CldU and 
fixed immediately afterwards. 

2. Sites of replication 

Sites of replication are marked by a short pulse label directly before chemical 
fixation of cells. Strictly speaking, one does not label sites where replication actually 
takes place, but DNA that was synthesized during the last few minutes. However, after 
this relatively short period between DNA synthesis and fixation, labeled chromatin is 
found at sites of replication, especially at the LM resolution (Manders et al., 1992; 
1996). We applied this labeling method to analyze spatial distribution patterns of repli
cation sites within chromosome territories (chapter 2). 
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3. Chromosomal subdomains 

Early and late replicating chromatin have different characteristics. Early replicat
ing chromatin generally contains active genes and late replicating chromatin consists 
ofheterochromatin (Goldman et al., 1984). By applying replication labels with a chase 
period of approximately half the duration of the S-phase in between, these types of 
chromatin are labeled individually. Cells that contain both labels had thus incorporated 
IdU in the first half of S-phase and CldU in the second half (Table I). Only this subset 
of cells is analyzed. We developed this approach in our studies to directly compare 
distribution patterns of early replicating chromatin and late replicating chromatin over 
chromosome territories (chapter 2). Similar approaches have recently been used by 
Ferreira et al. (1997) and Zink et al. (1999). 

4. Chromosomes 

The semi-conservative character of DNA replication, in which one DNA strand 
remains intact and serves as a template for a newly synthesized strand, allows labeling 
of a subset of chromosomes by thymidine analogues. When thymidine analogues are 
present during the entire S-phase, all newly synthesized DNA is labeled and present in 
one strand of the DNA double helix (Fig. 5). These DNA helixes coil and fold into 
chromatids. In metaphase, all chromosomes contain two completely and uniformly la
beled sister chromatids. In the next S-phase, in the absence of thymidine analogues, a 
labeled DNA strand serves as template for a new unlabeled strand and remains itself 
labeled. The original unlabeled strand serves as template for the other copy, and forms 
together with the unlabeled newly synthesized strand an unlabeled DNA double helix. 
In the following metaphase, all chromosomes contain one labeled chromatid and one 
unlabeled chromatid. During subsequent cell cycles, the labeled chromatids are diluted 
over generations of daughter cells so that only a few chromosomes or no chromosomes 
at all are labeled per nucleus (Fig. 5). 

When cells are cultured during one S-phase in the presence of IdU, during the next 
S-phase in the presence of CldU, and during a third S-phase in the absence of thymi
dine analogues, chromatids are labeled with either IdU, or CldU or are not labeled at all 
(see e.g., chapter 3, Figs. 1 and 5). After mitosis, in the Gl phase of the fourth cell 
cycle, these chromatids correspond to single chromosomes that are either labeled with 
IdU, with CldU or unlabeled. 

During the replication process sister chromatid exchanges occur. This leads to an 
abrupt change in label in a chromatid. These sister chromatid exchanges are visible in 
metaphase and result in a harlequin staining pattern. In these cases, chromosomes are 
not labeled completely, but domains within chromosomes are labeled exclusively with 
either IdU, or CldU or are unlabeled. These domains therefore provided information on 
the internal organization of chromosomes as well. We applied the single labeling ap
proach in our EM studies (chapter 5) and developed the double labeling approach to 
determine whether chromosome territories intermingle, as is described in chapter 3. 
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i 
\ I I 1 1 

II 
Fig. 5. Labeling of chromosomes by incorporation of thymidine analogues. When thymidine 
analogue BrdU (black) is incorporated in newly synthesized DNA during the first S-phase (S), 
one strand of the DNA double helix is labeled. During metaphase (M), chromosomes appear 
entirely labeled as the two strands of the helix cannot be resolved. When during the second cell 
cycle BrdU is not present, newly synthesized DNA is unlabeled (gray), while the initially labeled 
strands remain labeled. Metaphase chromosomes now contain one labeled and one unlabeled 
chromatid. These are separated over the two daughter cells so that, on average, in G1-nuclei in 
the third cell cycle, half of the chromosomes are labeled and half of the chromosomes are 
unlabeled. During sequential cycles, labeled chromatids are diluted in a pool of unlabeled chro
matids. After several cell cycles in which the labeled chromatids are randomly distributed over 
daughter cells, individual cells contain none or one to a few labeled chromosomes per nucleus. 

Recently, it was demonstrated that chromosomes labeled by directly fluorescence-marked 
thymidine analogues according to the same principles, can be followed in living cells 
(Zink et al., 1998; Manders et al., 1999). Unfortunately, these analogues have to be 
introduced mechanically to the cells and label only part of the chromosomes. Even so, 
these procedures are a break-through in the analysis of dynamics of chromosomal orga
nization. 

Replication labeling versus painting of chromosomes 

Chromosomes can thus be labeled by CISSH or by replication labeling. What are 
the differences in results obtained by these two techniques? 

Chromosome painting is extremely useful when specific individual chromosomes 
have to be analyzed. However, chromosome painting is not the most suitable technique 
to analyze surface areas of territories in general. Labeling of chromosomes with CISSH 
and suppression of repetitive sequences sometimes lead to incomplete staining of the 
painted chromosome. Incomplete staining can be observed in metaphase chromosomes 
as unstained or weakly stained bands. On the other hand, complete suppression of re-
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petitive sequences can never be obtained. Therefore, some crosshybridization signal is 
usually produced elsewhere in the nucleus. These problems limit the accuracy of as
signment of labeled chromatin to a territory. In particular, when more than one chromo
some is labeled, crosshybridization occurs more frequently. When only two chromo
somes are labeled, for example one in red and one in green, one has to analyze many 
cells in a preparation because only few cells are found in which these chromosome 
territories are adjacent. 

To address the question whether chromatin of different chromosomes intermingle 
in contact regions of territories (chapter 3), we labeled chromosomes with IdU or with 
CldU to study boundary areas between two adjacent differently labeled chromosome 
territories. This approach has the advantage that many of the chromosomes in a cell are 
labeled and that these chromosomes are labeled uniformly. A disadvantage of the method 
is that sister chromatid exchanges may cause that only a segment of a chromosome is 
labeled. Evidently, one cannot assign a labeled domain in interphase to a specific chro
mosome. 

Another aspect of fluorescent in situ hybridization (FISH) is that carefully per
formed FISH preserves the nuclear morphology well enough for most light micro
scopical studies but fine details may be blurred (Robinett et al., 1996). Labeling of 
chromosomes by thymidine analogues is performed in vivo, and their detection in
volves less harsh preparation conditions. Furthermore, replication-labeled chromosomes 
can also be detected at the ultrastructural level in well preserved nuclei (chapter 5), or 
in vivo ( Zink et al., 1998; Manders et al., 1999). 

In conclusion, when specific chromosomes have to be analyzed, chromosome paint
ing by FISH should be used. Otherwise, replication-labeling of chromosomes can be 
considered as an alternative. 

Microscopy 

Labeled nuclei were imaged by confocal laser scanning microscopy (CLSM) 
and electron microscopy (EM). A CLSM is a fluorescence light microscope with a 
narrow depth of field. This enables the reconstruction of a 3D image of a cell by re
cording images as optical sections at different levels in that cell. This is achieved by 
using a laser as light source that is focussed in a single point in the cell. Light emitted 
by fluorochromes that are located in this focal point is digitally recorded. Light emitted 
by fluorochromes located outside the focal point is blocked by a pinhole in front of the 
detector. By moving the focus through the cell, point by point images of the complete 
cell are recorded and saved in a digital image file (Brakenhoff et al., 1989). 

The principles of transmission EM are similar to those of light microscopy, but 
electrons are used instead of light. The beam of electrons is focussed in the specimen 
by magnetic coils instead of glass lenses. Heavy metals locally absorb or scatter elec
trons, removing them from the beam as it passes the specimen. An image is formed on 
a plate that lights up when it is hit by electrons. To record images, a photographic plate 
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is placed in the electron beam. For immunocytochemical purposes, antibodies are used 
to which electron dense colloidal gold spheres are attached. These gold particles with a 
diameter between 5 and 20 nm appear as dark spots in the images. Double labeling is 
possible by using gold spheres with different diameters, e.g., 6 nm and 15 nm (chap
ter 4). 

EM provides high resolution, but is an elaborate technique. 3D information is even 
harder to obtain (one has to make serial sections and trace and image the same nucleus 
through all sections). CLSM records more cells faster and 3D data are relatively easily 
obtained, but the resolution is limited. Therefore, these techniques complement each 
other well. However, data obtained by CLSM cannot easily be compared with data 
obtained by EM. The signal observed in a single confocal optical section represents 
label present within a layer with a depth of approximately 750 nm (axial resolution), 
whereas in EM only the surface of a section is labeled by the antibodies. Spatial rela
tionships over larger distances (especially in 3D) are difficult to recognize with EM 
and small or rarely occuring structures will be present in only a small fraction of the 
sections. In conclusion, CLSM provides information on the overall organization of the 
nucleus, whereas EM provides detailed information. These differences in approach 
may both hamper comparison of structures as observed by CLSM and EM and provide 
complementary information. 

In our case, CLSM and EM studies supplemented each other well. The overall 3D 
organization was first studied by CLSM and we then focussed on more details using 
EM. To facilitate the direct comparison between the results, we imaged chromosome 
territories in one and the same nucleus first by CLSM and then by EM. The major 
advantage of combined CLSM and EM studies is that they provide a link between two 
approaches, that each yield their own type of information. The combination of tech
niques can therefore quickly lead to new insights in nuclear structure. 

Outline of the thesis 

The studies described in this thesis focus on the organization of chromosomes in 
interphase. In order to establish whether the surface of chromosome territories is a 
preferred site for nuclear processes (Cremer et al., 1993, 1995; Zirbel et al., 1993), we 
labeled replicating chromatin in the nucleus in combination with painting of specific 
chromosomes. We show that DNA replication is not limited to the chromosome sur
face, but takes place throughout chromosome territories. In addition, we studied distri
bution patterns of early replicating (gene-rich) and late replicating (gene-poor) chro
matin in chromosome territories. Both types of chromatin were found throughout chro
mosome territories, except for the inactivated X-chromosome. In that chromosome, 
early replicating chromatin appeared to be preferentially located near the territorial 
surface. Details are provided in chapter 2. 

In chapter 3, we addressed the question whether chromosome territories are sepa
rate entities that have a surface or that chromosomes intermingle at their surface re-
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gions. Chromosome painting is not the most suitable method to investigate chromo
somal borders due to a number of technical problems as we explained above. There
fore, we developed a method based on the incorporation of halogenated nucleotides in 
DNA during replication and analyzed border areas between sets of differently stained 
chromosomes in one nucleus. Results obtained by CLSM show that chromosomes are 
individual entities that do not intermingle. Chromatin fibers extended sometimes from 
the territories and embedded fibers extending from other chromosomes. Separate seg
ments of chromosomes are remarkably distinct as well and formed non-intermingling 
domains. 

To analyze chromosomal organization in more detail, we developed a method to 
detect thymidine analogues in well-preserved nuclei at the ultrastructural level using 
EM. The results show that IdU and CldU are discriminated well by this procedure and 
can thus be used to study the dynamics of newly replicated DNA at the ultrastructural 
level (chapter 4). 

To label entire chromosomes for EM studies, lower concentrations of thymidine 
analogues had to be used than are used for short pulses to label sites of replication. To 
obtain strong EM signals, we labeled chromosomes in vivo with BrdU. These studies 
showed that chromosomes are either separated by an interchromatin space or are ap
posed so closely that they appear to form one structure. Even so, chromatin intermingles 
at most over very small regions. Interchromatin spaces are also observed within chro
mosome territories. In these spaces, nuclear processes such as DNA replication and 
transcription are known to occur, thus bringing chromosomal structure and function 
together again. Details are given in chapter 5. 

The experiments described in this thesis have changed our concept of chromo
some territories from relatively compact units to well-organized domains, containing 
many channels in which nuclear processes take place. In chapter 6, we bring these 
findings together in a model that describes how chromatin may be organized within 
chromosome territories and discuss the implications for nuclear organization in gen
eral. 
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Abstract 
The surface area of chromosome territories has been suggested as a preferred site 

for genes, specific RNAs and accumulations of splicing factors. Here, we investigated 
the localization of sites of replication within individual chromosome territories. In vivo 
replication labeling with thymidine analogues IdU and CldU was combined with chro
mosome painting by fluorescent in situ hybridization on three-dimensionally preserved 
human fibroblast nuclei. Spatial distributions of replication labels over the chromo
some territory, as well as the territory volume and shape, were determined by 3D image 
analysis. During late S-phase a previously observed shape difference between the active 
and inactive X-chromosome in female cells was maintained, while the volumes of the 
two territories did not differ significantly. Domains containing early or mid to late rep
licating chromatin were distributed throughout territories of chromosome 8 and the 
active X. In the inactive X-chromosome, early replicating chromatin was observed pref
erentially near the territory surface. Most important, we established that the process of 
replication takes place in foci throughout the entire chromosome territory volume, in 
early as well as in late S-phase. This demonstrates that activity of macromolecular en
zyme complexes takes place throughout chromosome territories and is not confined to 
the territory surface as suggested previously. 

23 



chapter 2 

Introduction 

The territorial organization of chromosomes in the interphase nucleus has been 
well documented (Cremer et al., 1988; Lichter et al., 1988; Pinkel et al., 1988). During 
the past few years the three-dimensional architecture of individual chromosome territo
ries has become an area of active investigation (Zirbel et al., 1993; Eils et al., 1996; 
Kurz et al., 1996; Dietzel et al., 1998a,b). 

Such studies have been started with the goal to explore whether the folding and 
packaging of chromatin fibers that constitute an individual chromosome territory result 
in a functionally relevant higher order organization. In electron microscopic studies of 
interphase chromatin a hierarchy of chromatin fibers of increasing thickness has been 
described. However, the evidence for large scale chromatin arrangements beyond the 
level of the 10- and 30-nm fibers, respectively, is still controversial (e.g., Manuelidis 
and Chen, 1990; Belmont and Bruce, 1994; Woodcock and Horowitz, 1995; 1997; for a 
review of the older, but still relevant literature, see Stubblefield, 1973). 

Studies employing fluorescence in situ hybridization with whole chromosome 
paint and subregional probes in combination with three-dimensional microscopy and 
quantitative image analysis are still in an early and mostly descriptive stage. Several 
observations have suggested that the periphery of the chromosome territory plays a 
special topological and functional role. Kurz et al. (1996) have demonstrated that two 
active genes and one inactive gene were preferentially localized at the surface of the 
respective chromosome territories in contrast to two non-coding sequences. Zirbel et al. 
(1993) noted newly synthesized viral RNA near the surface of chromosome territories. 
These authors have also started to investigate the topological relationships of chromo
some territories with other macromolecular domains demonstrating that prominent lo
cal concentrations of Sm antigen, a constituent of snRNP splicing factors, were prefer
entially localized at chromosome territory surfaces. Most likely, these focal accumula
tions are storage sites from which splicing factors can be recruited to transcription sites 
(Dirks et al., 1997; Misteli et al., 1997). Further studies are clearly needed to decide 
whether the preferential localization of genes, specific RNAs, and accumulations of 
splicing factors at the chromosome territory outer surface is a generally notable phe
nomenon indicating a specific functional role of the chromosome territory surface. 

The two X-chromosome territories in somatic female cell nuclei provide a par
ticularly useful model for exploring potential differences in the higher order organiza
tion of individual chromosome territories. One X-chromosome in female cell nuclei 
(Xa) is transcriptionally active in a way that corresponds to the single X-chromosome in 
male cells (Xmale). The other X-chromosome (Xi) becomes inactivated at an early 
stage of development except for genes located in the pseudoautosomal regions and a 
few other sites ( Lyon, 1961; Disteche, 1995). Notably, the Xi-territory also replicates 
later in S-phase than its active homologue (Gilbert et al, 1962; Drouin et al., 1990). 
Recently, Eils et al. (1996) studied human amniotic fluid cell nuclei and demonstrated 
that the Xi-territory generally has a rounder shape and/or a smoother surface than the 
corresponding Xa-territory. The cause of this shape difference is unknown, but might be 
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related to the different functional states of the two X-territories. Notably, a comparison 
with the shape of chromosome 7 territories showed that the latter corresponded closely 
to the shape of the Xa-territory. The study of Eils et al. (1996) was performed with 
nonsynchronized cell cultures where most cells were apparently in the Gl -phase of the 
cell cycle. One aim of the present study was to analyze whether the shape difference 
between Xa- and Xi-territories was maintained also during late S-phase, i.e. at a time 
where the Xi-territory was still heavily replicating in contrast to the Xa-territory. 

The second and major aim of this study concerned the three-dimensional local
ization of the DNA replication process in individual X- and autosome chromosome 
territories. In eukaryotic cell nuclei DNA replication is concentrated in discrete foci. 
These can be visualized after incorporation of [3H]-fhymidine with autoradiography 
(Fakan and Hancock, 1974) or by immunohistochemistry after incorporation of biotin-
labeled thymidine (Nakayasu and Berezney, 1989) or halogenated thymidine analogues 
BrdU (Gratzner, 1982), iododeoxyuridine (IdU) and chlorodeoxyuridine (CldU) (Aten 
et al., 1992; Van Driel et al., 1998). Each focus contains several replication forks 
(Huberman and Riggs, 1968) and is active for approximately one hour (Manders et al., 
1992; 1996). During S-phase progression the spatial distribution of replication foci 
changes from a few hundred small foci throughout the nucleus in early S-phase to sev
eral larger foci at the end of S-phase (Fox et al., 1991; Manders et al., 1992). Three 
(Nakayasu and Berezney, 1989) to five (Van Dierendonck et al., 1989) distinct patterns 
can be recognized sequentially. Metaphase chromosomes derived from cells labeled 
with thymidine analogues in the first half of S-phase show a banding pattern similar to 
R-bands, whereas cells labeled in the second part of S-phase give rise to metaphases 
with a G-band pattern (Drouin et al., 1994). Furthermore, most active genes are repli
cated early in S-phase, in contrast to heterochromatin, which is replicated later in S-
phase (Goldman et al., 1984; Craig and Bickmore, 1993; Schuier et al., 1996). 

In the present study we combined two cytochemical techniques, replication double 
labeling, allowing detection of DNA synthesized at two separate stages of S-phase in 
the same nucleus, and chromosome painting. Using this approach we tried to answer the 
following questions. First, does the process of DNA replication occur throughout the 
chromosome territory volume or preferentially at the chromosome territory surface? 
The latter possibility would support a major functional significance of the chromosome 
territory surface but also necessitate major chromatin movements during replication of 
a given territory. Second, do Xa- and Xi-territories differ in the three-dimensional dis
tribution of early and late replicating chromatin domains? Chromosome 8 territories 
were studied for comparison with a similarly sized autosome. 
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Materials and Methods 

Cell culture and replication labeling 

Human primary foreskin fibroblasts (kindly provided by R. van de Wijngaard, 
AMC, Amsterdam, The Netherlands) and female oral cavity derived fibroblasts (GF 032, 
kindly provided by P. Tomakidi, Kopfklinik Heidelberg, Germany) were cultured on 
coverslips in DMEM supplemented with 10% FCS. The S-phase of both cell types 
lasted 8-10 hr (data not shown). Replicating DNA of nonsynchronously growing cells 
was pulse-labeled by adding thymidine analogue IdU (end concentration 10 |iM; Sigma, 
St. Louis, MO) to the medium. Cells were washed twice and cultured in normal medium 
during the chase period until a second pulse was given by adding CldU (Sigma) (Aten et 
al., 1992). The labeling pulses and chase period were dependent on the experiment and 
are described under Results. Directly after the second pulse, the cells were fixed with 
4% formaldehyde and permeabilized by two washes in saponin and tritonX-100 in PBS. 
After a glycerol incubation slides were dipped shortly in IN for three times (Eils et al., 
1996). This fixation has shown to maintain the 3D structure of the nuclei and the posi
tions of intranuclear structures and is suitable for FISH (Cremer et al., 1993). 

DNA probes and chromosome in situ suppression hybridization 

A DOP-PCR library of the human X-chromosome and a plasmid DNA library for 
chromosome 8 (pBS8) were kindly provided by Dr. J. Gray (University of California, 
San Francisco, CA; for pBS8 see Collins et al., 1991). The probes were labeled with 
biotin-16-dUTP (Boehringer, Mannheim, Germany) using standard nick-translation 
(Lichter and Cremer, 1992), denatured for 5 min at 75°C and allowed to preanneal for 
30 min at 37°C before hybridization. Slides were pretreated by an overnight incubation 
in sodium thiocyanate, a mild pepsin digestion and an overnight incubation in 50% 
formamide in SSC. Slides were denatured for 2 min at 72°C, excess formamide was 
shaken off and the probe was applied without allowing the cell to fall dry. Hybridization 
was performed at 37°C for 48 hr (Eils et al., 1996). 

Detection of DNA probe and replication label 

During the detection procedure the temperature was not raised above 37°C and 
SSC concentrations were lowered to obtain optimal signals of both the hybridized probe 
and the replication labels. Slides were washed three times in 50 % formamide/1 x SSC 
and three times in 0.05 x SSC, both at 37 °C. The biotin-labeled probes were detected in 
CY5 (Jackson ImmunoResearch, West Grove, PA, USA, 1:300 in PBS-BSA) using an 
avidin-biotin amplification (biotin-conjugated goat-anti-avidin, Vector, 1:200) and wash
ing in 2 x SSC-Tween at 37°C. The thymidine analogues were detected by antibodies 
specially selected to discriminate between IdU and CldU (respectively, mouse-anti-BrdU, 
7580, 1:3 in PBS-tween; Becton Dickinson, San Jose, CA, and rat-anti-BrdU, Mas 250c; 
Seralab, Crawley Down, Sussex, England, 1:100) (Aten et al., 1992). To minimize 
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crosstalk between IdU and CldU cells were washed for 6 min in a tris-buffered 0.5 M 
NaCl solution with 0.5% Tween-20 (pH 8). IdU was visualized using TRITC conju
gated to goat-anti-mouse and CldU using FITC conjugated to goat-anti-rat (Jackson 
ImmunoResearch, 1: 100). Barr body staining was performed with 4',6-diamino-2-phe-
nyl-indole (DAPI). Slides were mounted in Vectashield (Vector Laboratories, Inc., 
Burlingame, CA). During the complete procedure airdrying was carefully avoided to 
preserve the 3D structure as well as possible. 

Image acquisition 

For imaging, nuclei were selected which showed two nontouching chromosome 
territories and were labeled and fixed in specific stages of the cell cycle. The cell cycle 
stage of each individual cell was deduced from the incorporation of the labeled nucle
otides and the chase period applied. The selection criteria are summarized in Table 1. 

Series of optical sections were recorded using a LEICA (TCD 4) confocal laser 
scanning microscope equipped with a Plan Apo 63 x 1.4 oil immersion lens and an 
argon-krypton laser (excitation lines of 488, 568 and 647 nm). Simultaneous acquisi
tion of all three colors was not possible, as only two photomultipliers were available. 
However, we were able to make consecutive frame scans of each color before moving in 
the axial direction, circumventing the problem of random Z-shift between the colors 
caused by the step motor. A chromatic shift of 225 nm was detected between FITC and 
both TRITC and CY5, which was corrected during the image processing (Bornfleth et 
al., 1998). An advantage of scanning nonsimultaneously is that crosstalk is minimal as 
each color is excited only by its own optimal wavelength. Images were sampled with a 
voxel size of 0.1 [tin lateral and 0.25 pm axial. DAPI images for Barr body identifica
tion were obtained with a CCD camera. Images were stored on CD. 

Table 1. Cell cycle phase at the time of labeling and fixation 

observation conclusion 

IdU Chase period CldU IdU CldU Cell fixed in 

incorporated applied (h) incorporated added in added in 

No 1-3 Yes -> G1 1st half S 1st half S 

Yes 4-7 Yes -» 1st half S 2nd half S 2nd half S 

Yes 1-4 No -> 2nd half S G2 G2 

Nonsynchronized fibroblasts with an S-phase of 8-10 hr and a total cell cycle time of more than 
20 hr were labeled with IdU and CldU and a variable chase period without label between the 
pulses. Labels were only incorporated by cells which were replicating during the pulse period 
(S-phase). Cells were fixed immediately after the second (CldU) pulse. Based on the presence or 
absence of IdU and CldU signals (observation) in combination with the duration of the chase 
period, the phase of the cell cycle at the times of labeling and fixation can be determined (conclu
sion). 

27 



chapter 2 

Image analyses 

The voxel-based image processing and analysis were performed with the soft
ware package Scillmage (Van Balen et al., 1994). The Voronoi-based software has been 
described in detail in Eils et al. (1995a; 1996). The software was run on Unix worksta
tions (Silicon Graphics Indy and Indigo, SGI, USA). 

Image segmentation 

Chromosome territories were defined using two image segmentation procedures. 
For voxel-based analysis a small uniform filter was applied and a threshold was se
lected in the grey value images such that the resulting mask visually represented the 
chromosome territory best, without many holes, missing areas or spreading into the 
background. In the Voronoi-based analyses the stack of optical serial sections from a 
given nucleus was iteratively tessellated into polyhedra (for a detailed description see 
Eils et al. (1995a, b). Each polyhedron represents a subvolume with voxels of similar 
grey value intensities. For segmenting the image to define the chromosome territories 
the following threshold constraint was used: two neighboring polyhedra were regarded 
to belong to the same object if the associated mean grey value of all voxels belonging to 
each polyhedron exceeded a common preset grey value threshold. 

A range of thresholds was used around the threshold representing the chromo
some territory best. The threshold level influenced the absolute values of the measure
ments, but not the relative results obtained by our analysis, comparing Xi and Xa pairwise 
within the same cell. 

In the analysis presented here, the replication label images were not segmented; 
the grey values of all voxels belonging to the chromosome territory mask were used. 

Replication ratio measurements of the X-chromosomes 

The replication timing difference between Xa and Xi was analyzed by comparing 
the amount of label incorporated in early and in mid-late S-phase in the two territories. 
The total intensity (the sum of the gray values of all pixels belonging to one territory) of 
the early label was divided by the total intensity of the mid-late label, resulting in the 
replication ratio (RR) of that territory: 

RR = Z intensities first label / I intensities mid-late label 

The RR of Xa was compared with the RR of Xi in the same nucleus. 

Shape differences between active and inactive X-chromosome territories 

Using the Voronoi tessellation approach morphological parameters as volume 
(V), surface area (S) and the roundness factor (RF) were calculated for each territory as 
described in detail in Eils et al. (1995a; 1996). The RF is defined as 

RF = 36K* (WS3) 0<RF<] 
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This dimensionless parameter expresses to what extent the shape of an object diverges 
from a perfectly round sphere with a perfectly smooth surface (RF=1). 

Distribution of replication signals within chromosome territories 

First, the smallest distance of each voxel in a chromosome territory mask to the 
territory surface was determined using an Euclidean distance transform routine (Mullikin, 
1992). Then the territory was divided in 100-nm-thick concentric shells, starting from 
the territory surface and going inward (10-15 shells per territory). The concentration of 
replication signal was determined in each shell (summed intensities of replication la
bel / voxels in shell) and normalized by dividing the concentration in each shell by the 
average shell concentration of that territory to allow comparison between labels and 
territories. The replication concentrations were plotted in graphs as function of the dis
tance to the territory surface. 

To compare distributions, linear replication concentration curves were fitted to 
these data points with a least squares method. The slope of the curve is indicative for the 
trend of the distribution. 

Results 

Replication double labeling and chromosome painting 

The combination of replication double labeling and chromosome painting on 3D 
interphase nuclei became possible after adjusting the interphase hybridization detection 
protocol by lowering the temperature and the salt concentration in the washing steps, as 
described under Material and Methods. This resulted in chromosome paint signals simi
lar to those obtained with the original protocol (Eils et al., 1996). No difference was 
observed between replication foci outside and inside the hybridized chromosome terri
tories (Figs. 1 and 2). The replication patterns observed in these experiments were simi
lar to those in nonhybridized cells (data not shown), and to those described in the litera
ture (Nakayasu and Berezney, 1989; Van Dierendonck et al., 1989; Fox et al., 1991; 
Aten et al., 1992). Manders et al. (personal communication, manuscript in preparation) 
have, at the light microscopical level, observed no difference in appearance between 
replication foci detected in glutaraldehyde-fixed cells and those labeled by incorporat
ing fluorescently tagged nucleotides into the DNA and detected in living cells. How
ever, as a result of the additional hybridization procedure in our experiments, some of 
the larger replication foci appeared more fragmented than similar foci in nonhybridized, 
glutaraldehyde-fixed nuclei. Robinett et al. (1996) also showed that hybridization main
tained overall size and shape of the domains but may blur fine detail. We are aware that 
small artefacts may have been introduced by our procedure, but since our analyzes were 
independent of small changes in domain appearance, we believe our results to reflect 
closely the in vivo situation. 
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Discriminating between Xa and Xi territories in female cells 

For the purposes of this study it was essential to discriminate in female cells hy
bridized with an X-chromosome paint between Xa and Xi. The standard method identi
fies Xi with the Barr body (Barr and Carr, 1962), visualized by DAPI. However not in 
all cells a Barr body was distinguishable. Therefore we used the difference in replica
tion timing between Xa and Xi as an independent means for identification. Xa repli
cates more in early S-phase than Xi and should incorporate more replication label in 
early S-phase than in mid to late S-phase, compared to Xi. The replication ratio 
(RR: amount of label incorporated in early S-phase / amount of label incorporated in 
mid-late S-phase) is expected to be higher for Xa than for Xi. 

Nonsynchronized growing cells were labeled for 1.5 hr with IdU chased for 4 re
labeled for 1.5 hr with CldU, and fixed. Triple-labeled cells (X-chromôsome paint and' 
the two replication labels) had obviously incorporated the IdU at an early staae of S-
phase (referred to as early replicating chromatin) and the CldU at a later stage of S-
phase (referred to as mid-late replicating chromatin). Since we labeled nonsynchronized 
cells, a particular cell may have incorporated IdU at the earliest beginning of S-phase 
and CldU in mid S-phase. At the other extreme, a cell may have incorporated IdU 4 hr 
after the onset of the 9-hr S-phase and CldU at the very end of S-phase (see Table 1) 
Twentynme triple-labeled cells, having two non-touching X-chromosome territories 
were selected for further analysis. In 23 of these cells a Barr body was recognized in the 
DAPI-counterstained images, colocalizing in all cases with one of the two X-chromo-
somes. In each nucleus the RR of the two territories were calculated and compared. 

In 22 out of 23 cells, the RR measured for the Xi territory as defined by the Barr 
body was lower than the RR of the Xa territory, in one cell RRXi was slightly higher 
than RRXa. The differences between RR (Xa) and RR (Xi) of the same cell were sig
nificant (P <0.001 ; see Table 2). This result validated the use of the RR as an indepen
dent parameter to identify Xi in cells without visible Barr body (6 of 29) assuming RR 
(Xi) < RR (Xa). ë 

Overall shape difference between Xi and Xa territories is maintained durinq 
mid-late S- and G2- phase 

Xa and Xi territories have different shapes in interphase, but similar volumes as 
has been demonstrated previously by Eils et al. (1996). Our question was whether this 
shape difference may temporarily disappear during replication and whether a volume 
difference may become notable. We determined volume and roundness factor of X-
chromosomes in 29 cells fixed in the second half of S-phase and in four cells fixed in 
G2-phase (see Table 1 for cell cycle information). The volumes of Xa and Xi territories 
were not significantly different in cells fixed in the second half of S-phase (P = 0 1) or 
in G2 (see Table 2). In 18 of 29 cells Xa had a larger territory than Xi, while on average 
the volume of Xa territory was 1.1 times larger (SD = 0.4) than the Xi territory in the 
same nucleus. The Roundness Factor (RF) is indicative for the shape of a territory. A 
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larger RF corresponds to a smoother surface and/or rounder territory. In mid-late S-
phase, when Xi is replicating heavily, Xi still had a higher RF than Xa in 24 of 29 cells. 
The RF (Xa) and RF (Xi) differed significantly (P < 0.001). Also in G2 cells the RF (Xi) 
was higher than RF (Xa) (see Table 2). 

Table 2. Differences between Xa and Xi in Replication Ratio, Volume and Round-
ness Factor 

Cell Cycle Xa mean (SD) X i a mean (SD) Xa = Xi b 

Replication Late S (n=23) 1.1 (0.4) 0.7 (0.3) No (P< 0.001) 

Ratio (RR) 

Volume (V) Late S (n=29) 38(16) 34(13) Yes (P = 0.1) 

in mm3 G2 (n=4) 36(18) 41 (15) 

Roundness Late S (n=29) 0.06 (0.03) 0.11 (0.05) No (P< 0.001) 

Factor (RF) G2 (n=4) 0.09 (0.5) 0.12(0.04) 

Replication ratios (RR; only in cells fixed in the second half of S-phase) of Xa and Xi were com
pared in cells where Xi was identified by Barr body, to justify the use of RR as Xi-identifier in cells 
without recognizable Barr body. The morphological parameters volume and roundness factor 
were compared between Xa and Xi in cells fixed in the second half of S- or in G2 phase. 
a Identified by Barr Body, when present (n=23), otherwise by RR;b Wilcoxon Signed Rank test. 

Early and late replicating chromatin is found in separate domains 

Cells labeled for 1.5 hr in the first half of S-phase with IdU and with CldU in the 
second half of S-phase showed areas of IdU incorporation and areas of CldU incorpora
tion and unlabeled areas. However, in all cases very little overlap between the two 
replication markers was observed, as can be seen in Fig. 2a. This indicates that in inter
phase stretches of several Mbp DNA are organized in separate domains (i.e. subvolume 
of a chromosome territory) consisting of either early replicating chromatin or of late 
replicating chromatin. 

Sites of replication are distributed throughout territories 

A major goal of this work was to determine whether replication takes place pref
erentially near the surface of chromosome territories or throughout the territories. Rep
licating DNA in nonsynchronous male fibroblasts was labeled with a short 10-min pulse 
of thymidine analogue IdU and after a chase period of varying length (1-7 hours) a short 
pulse of CldU was applied. Individual cells had incorporated either both labels, the first 
label only, the second label only or no label. Table 1 summarizes the labeling schemes 
and consequently the cell cycle phase in which the cells were labeled and fixed. The 
second label, CldU, labeled the sites of replication at the moment of fixation. The first 
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label, IdU, labeled DNA which was replicated several hours earlier and could have 
moved from the sites where the replication process took place. Chromosomes 8 or the 
X-chromosomes were painted. 

Sites of replication were observed in foci throughout the territories of chromo
some 8 and Xmale. This distribution (but not the size or the shape of the foci) was 
independent whether the label was incorporated in the first half of S-phase or in the 
second half of S-phase, since it was observed both in cells fixed in early S-phase (show
ing only CldU) and in cells fixed in mid-late S-phase (which contained both replication 

Fig.1 
Fig. 1 Single optical section through a cell labeled for 10 min with IdU and, after a chase period 
of 3 h, labeled for 10 min with CldU. The cell was, apparently, fixed within the first three hours of 
the onset of S-phase, as no IdU was incorporated. The cell was hybridized with a chromosome 8 
library. This optical section slices the lower territory through the middle and the upper territory, 
which has two bulges, at the top. a: overlay of chromosome 8 territories in blue and CldU in 
green, b: CldU with outline of territories. Bar 5 urn. 

Fig. 2 Single optical section through a cell labeled for 1.5 hr with IdU and, after a chase period of 
4 h, labeled for 1.5 hr with CldU before hybridization with an X-chromosome library. IdU repre
sents chromatin replicated in the first half of S-phase; CldU represents chromatin replicated in 
the second half of S-phase. The chromosome on the left is Xi. a: overlay of the chromosome 
territories in blue, IdU in red and CldU in green, b: Chromosome territories, c: IdU with outline of 
territories, d: CldU with outline of territories. Bar 5 urn. 
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labels; data not shown). Fig. 1 shows sites of replication in early S-phase together with 
chromosome 8 territories. 

In female cells longer stretches of chromatin were labeled during a 1.5-hr pulse. 
Part of the labeled chromatin may have moved from the site of replication during the 
labeling period. However, CldU incorporated just before fixation remained connected 
to the site of replication. Fig. 2d illustrates replication in mid-late S-phase of X-chromo-
somes in female cells. 

Distribution of early and late replicating chromatin within X-chromosome territories 

To analyze the distribution of early and late replicating chromatin in chromosome 
territories, the X-chromosomes in female cells are a good model system. Xa and Xi are 
functionally distinct chromosomes that replicate differently, while comparisons between 
these genetically identical chromosomes can be made within one nucleus. 

Xi and Xa were identified either by Barr body or RR in female fibroblasts which 
had incorporated IdU during 1.5 hr in early S-phase and CldU in mid-late S-phase (see 
Table 1). In contrast to the data obtained with shorter pulse labels, described above, 
labeled chromatin in these experiments may have moved during the labeling and chase 
periods. Manders et al. (1996) showed that, within 1 hr, replicated DNA and sites of 
replication moved apart at a rate of 0.5 u.m/h. Most of the chromatin in the domains 
labeled here thus represents not the sites of replication themselves, but rather regions in 
which early or mid-late replicating chromatin is located at a specific time after replica
tion. However, domains labeled by the second label would still be connected to the site 
of replication. To analyze the distribution of domains over territories, the chromosome 
territories were subdivided into 10-15 shells of 100 nm wide, starting at the territory 
surface and going inwards. The concentration of replication label in each shell was 
calculated and, after normalization, plotted as a function of the distance from the terri
tory surface towards the interior. 

Within Xa, both early and mid-late replicating domains were found throughout 
the chromosome territory, in the periphery as well as in the interior. This can be seen in 
Fig. 2 for the Xa territory located on the right-hand side of the image and is quantita
tively represented in Fig. 3a. Here, both replication labels were found in equal concen
trations at the periphery and in the interior, resulting in a horizontal replication concen
tration curve. In contrast, in the majority of Xi territories we observed a difference in 
distribution between early and mid-late replicating chromatin. Here, the first label was 
found preferentially near the periphery, resulting in a replication concentration curve 
sloping down, whereas the second label was more concentrated in the interior of the 
territory, resulting in a rising curve as in Fig. 3b (see also the Xi territory on the left-
hand side in the image in Fig. 2). 

For each territory the distribution of early replicating chromatin was compared 
with the distribution of mid-late replicating chromatin by subtracting the value of the 
slope of the curve fitted to the data points of mid-late replicating chromatin from the 
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Fig. 3 Distribution of replication labels over the territories of Xa and Xi, averaged over 28 cells 
fixed in the second half of S-phase, On the X-axes the distance to the surface of the territory is 
plotted, starting at surface (origin). Along the vertical axis the concentration of early (•) and of late 
(•) replicating chromatin is plotted per 100-nm-wide shell. The concentrations were first normal
ized per territory; the value of 1.0 represents the average concentration of all shells in a territory. 
The error bars represent one SEM. 

value obtained for early replicating chromatin. A value around zero indicates that early 
and mid-late replicating chromatin are distributed in a similar manner through the terri
tory. A negative value is obtained when more early than mid-late replicating chromatin 
is located near the periphery. In Xa, there was no difference between the distributions of 
early and mid-late replicating chromatin (average difference in slope of 0.02 + 0.08 
(SEM) did not deviate significantly from 0 (P = 0.8, one sample t-test, n = 29)), whereas 
in Xi the early and mid-late replicating chromatin showed a significantly different dis
tribution (P < 0.001), with an average difference in slope of-0.5 + 0.1 (SEM). 

We were concerned that early replication foci near the territory surface could 
belong to surrounding chromosomes and not to the Xi territory to which they were 
assigned. However, the peripheral distribution of early replication was still observed in 
Xi territories outlined by high threshold levels that would unlikely contain much chro
matin belonging to adjacent territories. In conclusion, although some of the replication 
signals near the territory surface may belong to surrounding territories, the early repli
cating chromatin of Xi was preferentially located near the territory surface in the major
ity of the cells. 

To compare X-chromosomes with autosomes we analyzed chromosome 8, which 
has a DNA content similar to that of X-chromosomes. Early and late replicating chro
matin were found throughout both of the chromosome 8 territories, with distributions 
similar to those in Xa (Fig. 4). Here too, early and late replicating chromatin were not 
distributed significantly differently (average difference in slope of -0.06 ± 0.35 (SEM)). 
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Fig. 4 Distribution of replication labels over chro
mosome 8 territories fixed in the second half of 
S-phase, averaged over 10 territories. On the X-
axis the distance to the surface of the territory is 
plotted starting at the surface (origin). Along the 
vertical axis the concentration of early (•) and of 
late (•) replicating chromatin is plotted per shell. 
The concentrations were first normalized per ter
ritory; the value of 1.0 represents the average 
concentration of all shells in a territory. The error 
bar represents one SEM. 
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Discussion 

Our aim was to establish how nuclear processes are organized in chromosome 
territories in interphase nuclei. Three-dimensionally preserved nuclei of male human 
fibroblasts were used to investigate the spatial distribution of DNA replication foci in 
individual chromosome X- and chromosome 8 territories. For this purpose chromo
some painting was combined with in vivo double replication labeling employing incor
poration of the halogenated nucleotides IdU and CldU. Furthermore, in female cells, we 
compared the distribution of domains containing early or mid-late replicating chroma
tin directly within active and inactive X-chromosome territories in the same nucleus. In 
addition, we obtained data about the volume and shape/surface structure of these chro
mosome territories. 

Earlier, a significant difference in the roundness factor (RF), was noted between 
the two X-chromosome territories in nuclei of nonsynchronized amniotic fluid cells, 
which are mostly in the G1 -phase of the cell cycle, suggesting that Xi was rounder and/ 
or smoother than Xa (Eils et al., 1996). Here the same shape difference was observed in 
female fibroblasts fixed in mid-late S-phase, a period characterized by heavy replica
tion in Xi (in contrast to Xa that replicates mostly earlier in S-phase). Our data further
more confirm the previous observation that Xa and Xi territories have similar volumes 
(Eils et al., 1996). Xa was on average slightly, but not significantly, larger than Xi. In 
fact, in the second half of S-phase the Xa territory would have been duplicated some
what more than Xi territory, due to the difference in replication timing. The similarities 
in Roundness Factor and Volume ratio between cells in interphase in general (Eils et al., 
1996), and in mid-late S-phase specifically, as studied here, suggest that replication of 
chromosomes does not require a drastic overall decondensation, although more subtle 
chromatin decondensation phenomena cannot be excluded. 

Chromatin labeled during the first half of S-phase and chromatin labeled during 
the second half of S-phase were organized in domains which were well-separated at the 
light microscopical level. Similar observations were made previously in Chinese ham
ster cells by Manders et al. (1996). These replication labeled domains, with diameters 
ranging between approximately 400 and 800 nm (Berezney et al., 1995), are likely to 
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correspond to metaphase chromosome bands (Drouin et al., 1994) and may thus contain 
a few hundred kbp up to a few Mbp of DNA. Recent studies (Zink et al., 1998) have 
provided further evidence for the structural persistence through the cell cycle of do
mains consisting of DNA replicated during the same period (Berezney et al., 1995). 
These, and our, findings imply that interphase chromosome territories are compartmen
talized in subchromosomal domains that consist of chromatin with a similar replication 
timing. These domains may possibly serve as higher order units for other functions 
during other stages of interphase and in terminally differentiated cells as well. 

When we analyzed the distribution of these domains with respect to chromosome 
territories, early and mid-late replicating chromatin domains were found to be distrib
uted in a similar way throughout the entire territories of chromosome 8 and of X in male 
cells and Xa in female cells. However, Xi in female cells showed a distribution of early 
and late replicating chromatin domains that deviated from that of its genetically identi
cal, but functionally different counterpart, Xa. A decrease in concentration of early 
replicating chromatin from the periphery towards the interior in Xi, in contrast to the 
equally distributed domains in Xa, indicates a preferential localization of early replicat
ing chromatin near the territory surface in Xi. 

The analysis of the sites of replication (visualized by a 10-min replication label 
pulse immediately before fixation) showed that replication takes place throughout the 
entire territories of chromosome 8 and X in male fibroblasts. Chromatin labeled by 1.5 
hr pulses may in part have moved from the site of synthesis, but would still be con
nected with the replication site via the DNA replicated immediately before fixation. 
The observation that mid-late replicating chromatin domains are located in the interior 
as well as near the surface area of the X-chromosome territories of female cells, indi
cates that the process of replication in mid and late S-phase takes place throughout these 
territories as well. These results clearly demonstrate that replication takes place in the 
interior as well as near the periphery of the chromosome territory. 

To date, studies which concerned the localization of genes, viral mRNA and speck
les rich in splicing factors in relation to 3D chromosomal architecture showed all these 
signals near the surface of chromosome territories (Zirbel et al., 1993; Kurz et al, 1996). 
These results suggest a preferential localization of nuclear processes at the periphery of 
chromosome territories. Our results, in contrast, clearly show that DNA replication ac
tivity is not limited to the territory surface area. Interestingly, active genes generally 
replicate early in S-phase (Goldman et al., 1984), and transcription and early replication 
take place in similar compartments in the nucleus, although Wansink et al. (1994) did 
not observe replication and transcription simultaneously in the same foci in human bladder 
carcinoma cells. Moreover, electron microscopical studies using Drosophila embryo 
DNA extracts showed RNA transcripts within replicons (McKnight et al, 1978). It is, 
in this respect, highly relevant that, with the exception of Xi, early replicating chroma
tin is found throughout chromosome territories, and not preferentially near the peri
phery of the territory, where the few genes studied so far were observed. Recently it was 
hypothesized that essential nuclear functions might take place within an interchromo-
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somal domain (ICD) space at the surfaces of chromosomal domains (Cremer et al., 
1993; Zirbel et al., 1993). Our results are compatible with the adaptations of this model, 
where it is assumed that ICD channels extend from the territory surface into the terri
tory interior and between subchromosomal domains (Cremer et al., 1995, 1996; Zink et 
al., 1998). Older, autoradiography electron microscopic studies (reviewed by Fakan, 
1978), showed that DNA synthesis takes place in dispersed chromatin close to the pe
riphery of condensed chromatin. After a chase period of 7 hr the radioactivity was 
observed mostly inside the condensed chromatin areas (Milner, 1969). These condensed 
chromatin areas might correspond to the early and late replicating chromatin domains 
observed in our experiments that could be related to the functionally defined domains 
ofthelCD-model. 

In conclusion, our data imply that activity of the macromolecular enzyme com
plexes for replication are not confined to the territory surface, as was previously sug
gested, but occur throughout chromosome territories. In the light of these findings it 
will be interesting to investigate how other nuclear processes that depend on macromo
lecular enzyme complexes are distributed throughout chromosome territories. 
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Abstract 
Fluorescence in situ hybridization has demonstrated that chromosomes form indi

vidual territories in interphase nuclei. However, this technique is not suitable to deter
mine whether territories are mutually exclusive or interwoven. This notion, however, is 
essential for understanding functional organizations in the cell nucleus. Here, we ana
lyze boundary areas of individual chromosomes during interphase using a sensitive 
method based on replication labeling and immunocytochemistry. Thymidine analogues 
IdU and CldU were incorporated during S-phase into DNA of Chinese hamster fibro
blasts. Cells labeled with IdU were fused with cells labeled with CldU. Fused nuclei 
contained both IdU or CldU labeled chromosomes. Alternatively, the two labels were 
incorporated sequentially during successive S-phases and segregated to separate chro
mosomes by culturing the cells one more cell cycle. Metaphase spreads showed IdU-, 
CldU- and unlabeled chromosomes. Some chromatids were divided sharply in differ
ently labeled subdomains by sister chromatid exchanges. With both strategies, confocal 
imaging of interphase nuclei revealed labeled chromosomal domains containing fiber
like structures and unlabeled areas. At various sites, fiber-like structures were embed
ded in other territories. Even so, essentially no overlap between chromosome territories 
or between subdomains within a chromosome was observed. These observations indi
cate that chromosome territories and chromosomal subdomains in Gl- phase are mutu
ally exclusive at the resolution of the light microscope. 
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Introduction 

Chromosomes have been shown to form territories in interphase nuclei (for review 
see Cremer et al., 1993). Within these territories separate domains are formed by chro
mosome arms (Dietzel et al., 1998; Schertan et al., 1998) and by early and late replicat
ing chromatin (chapter 2) representing R and G bands, respectively (Zink et al., 1999). 

In addition to chromosome territories, the cell nucleus contains many other com
partments (for reviews see Spector, 1993; Van Driel et al., 1995; Lamond and Earnshaw, 
1998; Schul et al., 1998). Transcription, for example, occurs in several hundreds of foci 
(Jackson et al., 1993; Wansink et al., 1993), and DNA replication foci show well-or
chestrated spatial and temporal distribution patterns throughout S-phase (Nakayasu and 
Berezney, 1989; Van Dierendonck et al., 1989; Manders et al., 1992). Splicing factors 
are concentrated in speckles distributed over the nucleus and appear to stretch out to
wards active genes (Misteli et al., 1997). 

Spatial relationships between several of the domains mentioned above and chro
mosome territories have been reported recently. These studies show that replication 
(chapter 2) and transcription (Verschure et al., 1999) take place throughout chromo
some territories. Moreover, nascent RNA was observed to accumulate preferentially at 
the surface of strongly labeled chromosomal subdomains throughout the territory 
(Verschure et al., 1999). Intriguingly, speckles rich in splicing factors, coiled bodies, 
mRNA of an integrated virus ( Zirbel et al., 1993; Bridger et al., 1998) and the few 
genes studied so far (Clemson et al., 1996; Kurz et al., 1996; Park and DeBoni, 1998) 
were observed to be localized preferentially near the periphery of chromosome territo
ries. These spatial relationships, when specific, are likely to have a functional back
ground, and may play a role in the regulation of the processes involved. Structure-
function relationships have already been well-described for nucleoli: the chromatin of 
nucleolus organizing regions is known to interact with proteins and RNA, forming com
partments specialized to perform different tasks (Scheer and Benavente, 1990). 

Before we can understand structure-function relationships within chromosomes, 
the spatial organization of chromosomes within their territories needs to be well-docu
mented. Thus, the application of the concept of the periphery of a territory, or for that 
matter of a chromosomal subdomain, makes sense only when the surface of that terri
tory or subdomain can be defined with sufficient accuracy. The crucial question, in this 
respect, is whether chromosomes are interwoven with one another at their periphery or 
whether they form mutually exclusive territories. Similarly, we might ask to what extent 
subdomains within chromosomes are interwoven. 

Some data related to this topic have been published previously. Images of inter
phase nuclei showing juxtaposed chromosomes painted in different colors using in situ 
hybridization procedures do not give evidence for intermingling of territories (Cremer 
et al., 1996). However, the method applied is not suitable to address the problem in 
detail. Only few contact regions can be analyzed, while crosshybridization to other 
chromosomes and incomplete staining by suppression of repetitive sequences make it 
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difficult to accurately identify surface areas between chromosomes. Furthermore, in 
situ hybridization procedures may blur subtle details, despite the fact that good nuclear 
morphology is obtained at the light microscopic level (Robinett et al, 1996). 

To address the question whether chromosomes or chromosomal subdomains are 
interwoven or packaged as discrete units, we designed two painting methods based on 
the incorporation of two different thymidine analogues into DNA during replication. 
Whole chromosomes or large chromosomal domains were labeled with either 
iododeoxyuridine (IdU) or chlorodeoxyuridine (CldU), which were visualized immu-
nocytochemically with two different fluorochromes and imaged by confocal micros
copy. Border areas between chromosome territories and chromosomal subdomains have 
thus been analyzed in detail in interphase nuclei. 

Materials and Methods 

Cell culture and replication labeling 

Chinese hamster fibroblast-like HA-1 and V79 cells were cultured in MEM with 
Hanks' Salts (Gibco Brl, Breda, The Netherlands) containing 10% FCS, glutamine, 
penicillin and streptomycin in a 37°C incubator at 2% CO;. The undisturbed cycling 
time of HA-1 cells was 18 hr (with an S-phase of 6 hr) and that of V79 cells 10 hr (2 hr 
Gl, 5h S, 3h G2/M; data not shown). 

Replicating DNA was labeled by adding IdU or CldU (Sigma, St. Louis, MO) to 
the medium in a final concentration of 0.5 uM according to the labeling schemes de
scribed below. HPLC studies indicated that this concentration results in a substitution 
of every 5lh to 10,h thymidine in the labeled DNA strands by the analogue. The trans
gression through the cell cycle was checked by FACS analysis and after each cell cycle, 
metaphase spreads were prepared from a subset of the cells to inspect the labeling pat
tern of the chromosomes. Cells collected by shake-off for this purpose were treated with 
0.75 M KCl and fixed in methanol-acetic acid (3:1). For interphase analysis, cells were 
finally cultured on coverslips and fixed in a solution of 0.1% glutaraldehyde 
(Polysciences,Warrington, PA) and 0.5% Triton X-100 (Sigma) in PBS for 15 min. 
Autofluorescence was quenched by two incubations of 5 min with 130 mM sodium 
borohydrate (Sigma) (Aten et al, 1992). 

Cell fusion 

The first method to obtain nuclei containing differently labeled chromosomes 
was to fuse two cell populations of which the total DNA was labeled differently. Cells 
were fused during mitosis to obtain Gl nuclei containing chromosomes of both parent 
cells. Experiments were performed using two differently labeled cultures of HA-1 cells, 
or alternatively, two cultures of V79 cells. 

HA-1 cells were cultured for 32 hr and V79 cells for 10 hr in the presence of IdU or 
CldU to label all DNA. The cells were cultured for 90 min in presence of 0.1 jig/ml 
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demecolcine (Sigma) to increase the number of cells in mitosis. The fusion protocol 
used is an adaptation of that used to produce hybridoma cell line preparations (Kolk et 
al., 1984). Briefly, mitotic cells were shaken off and both populations were mixed. They 
were washed in PBS supplemented with 1% glutamine, and centrifuged in a round bot
tom tube at 250 x g. A prewarmed solution of 50% polyethylene glycol (PEG-6000; 
Merck, Darmstadt, Germany) in PBS (0.5 ml) was added and cells were incubated dur
ing 1 min at 37°C before adding 5 ml of glutamine-containing PBS. Cells were washed 
in glutamine-containing PBS before plating on coverslips in culture medium. Attached 
HA1 cells were fixed after 18 hr of culture and V79 cells were fixed after 7 hr of 
culture. 

Sequential labeling 

Although fused cells continued to proliferate after fusion, one could argue that 
fusion disturbs nuclear architecture. Therefore, we used a second method as well. Cells 
were labeled during sequential rounds of replication: during the first S-phase, IdU was 
incorporated and during the second S-phase CldU was incorporated. The labels were 
segregated over separate chromosomes after one more round of replication in the ab
sence of an analogue and subsequent mitosis (Fig. 1). 

Specifically: HA-1 cells were grown to confluency to limit the percentage of 
cells in S-phase to less than 10%. Cells were reseeded and allowed to incorporate IdU 
during one full S-phase. After 14 hr, 1.5 mM hydroxy urea (Sigma) was added to the 
cells for another 11 hr to synchronize their cell cycles at the onset of the next S-phase. 
Cells were washed and cultured during one S-phase in medium containing CldU. After 
8 hr, demecolcine was added and the cells were cultured for 1 hr before mitotic cells 
were collected by shake-off. After washing to remove demecolcine and CldU, cells 
were plated on coverslips in normal medium for 28 hr and then fixed. At that time cells 
had passed one more S-phase in the absence of label and part of the cells had arrived in 
Gl, now containing differentially labeled chromosomes. 
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y Fig. 1 Scheme for chromo-
Q some painting by thymidine 

CldUrd ' | f label )) ((' analogue incorporation. A: Af
ter one S-phase in the pres-

p Q ence of IdU, metaphase chro
mosomes contain two chro

matids labeled with IdU, incorporated into one strand of the DNA double helix (thick grey lines). 
B: After a second S-phase in the presence of CldU, metaphase chromosomes contain one chro
matid labeled with both IdU and CldU, and one chromatid labeled by CldU only (thick black lines). 
C: After a third S-phase in the absence of thymidine analogues, metaphase chromosomes con
tain either one chromatid labeled by IdU and one chromatid labeled by CldU, or contain one 
chromatid labeled by CldU and one unlabeled chromatid (narrow lines). After mitosis these chro
matids are distributed over two daughter cells and become individual chromosomes in G1. 
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V79 cells were sequentially labeled without chemical synchronization, but using 
consecutive mitotic cell collections by shaking off of the cells. Cells were cultured for 
10 hr in the presence of IdU. Cells were washed twice and mitotic cells were shaken off 
carefully without the use of demecolcine, and cultured for 13-15 hr in the presence of 
CldU. Again, cells were washed and mitotic cells were shaken off and plated on cover-
slips. After culturing in normal medium for 15-18 hr, cells were fixed. 

Replication label detection 

The thymidine analogues were detected according to Aten et al. (1992). Cells 
were incubated for 2 min in 0.07 M NaOH to denature DNA, and washed in PBS con
taining 0.05% Tween-20 (PBT). Nonspecific antibody binding was blocked by 10% 
BSA (Sigma) in PBS. IdU and CldU were specifically detected by specially selected 
antibodies originally raised against BrdU: a mouse-derived antibody from Becton 
Dickinson (San Jose, CA; diluted 1:4 in PBT), and a rat-derived antibody from Seralab 
(Crawley Down, Sussex, England; diluted 1:100 in PBT). The antibodies were applied 
in combination during a 30 min incubation. Crossreaction of the antibodies with either 
CldU or IdU, respectively, was minimized by washing the cells during 6 min with a 
Tris-buffered 0.5 M NaCl solution containing 0.5% Tween (pH 8), followed by washes 
in PBT. Nonspecific staining was blocked by 50% normal goat serum (Dako, Glostrup, 
Denmark) in PBS. Then, the cells were incubated for 30 min in a solution of PBT 
containing goat-anti-mouse antibodies labeled with Texas Red and goat-anti-rat anti
bodies labeled with FITC (Jackson ImmunoResearch, West Groove, PA). Cells were 
washed in PBT, counterstained with 4',6-diamino-2-phenylindole (DAPI; Sigma) and 
embedded in Vectashield (Vector Laboratories, Burlingame, CA). During the whole 
procedure, drying of the cells was avoided to retain nuclear morphology of interphase 
nuclei as optimally as possible. As morphological control, cells labeled with CldU and 
immunostained, were compared with unlabeled cells fixed and stained with the DNA 
stain TOPRO-3 (Molecular Probes, Leiden, The Netherlands). 

Imaging and analysis 

Metaphase preparations were visually inspected with respect to labeling using an 
Ortholux fluorescence microscope (Leica, Wetzlar, Germany) and images were recorded 
with a cooled CCD camera (Lambert Instruments, Leutingewolde, The Netherlands). 

For interphase analysis, only cells were selected that were not in mitosis as deter
mined microscopically after staining by DAPI and, in the case of the sequentially la
beled cells, had arrived in the fourth Gl-phase as indicated by the presence of some 
unlabeled regions (Fig. 1). From 39 fused and 47 sequentially labeled interphase nuclei, 
optical sections were obtained with the use of a confocal laser scanning microscope 
(CLSM; Leica Fluovert, 63x, NA 1.4) with a voxel size of 50 x 50 x 167 nm. Images of 
FITC and Texas Red labeling were recorded simultaneously by two photomultipliers. 
Chromatic shift between FITC and Texas Red was measured with multi-color beads 
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(Molecular Probes) embedded under the same conditions as the samples, and the im
ages were corrected for this shift before further processing. Crosstalk between the fluo-
rochromes was determined with samples containing the two labels without spatial over
lap. The images were corrected for crosstalk by subtracting the measured crosstalk per
centage of the red images from the green images and vice versa, using Scillmage soft
ware (Van Balen et al., 1994). They were then restored, applying a measured point 
spread function, by the Maximal Likelihood Estimate procedure of Huygens software 
(Scientific Volume Imaging BV, Hilversum, The Netherlands) on a Silicon Graphics 
workstation. The two sets of optical sections of each cell were overlaid in artificial 
colors. Optical sections and 3D representations were inspected visually using Imaris 
software (Bitplane AG, Zurich, Switzerland). Linescans of the intensity values of voxels 
on a pre-set line in the images were made using Scillmage software. 

Results 

Nuclei containing chromosomes that were labeled either by IdU or by CldU were 
stained immunocytochemically using antibodies that discriminated specifically between 
the two thymidine analogues. These fluorescence immunolabeled nuclei showed the 
same nuclear morphology and chromatin structure as non-immunolabeled nuclei that 
were stained with the DNA stain TOPRO-3 (data not shown). Previous observations of 
Manders et al. (1999; and E.M.M. Manders personal communication) indicate that rep
lication foci visualized by immunofluorescence labeling of halogenated thymidine ana
logues were similarly distributed in nuclei and had the same morphology as those ob
served in vivo, using directly fluorescence-conjugated thymidine analogues. We, there
fore, conclude that the nuclear structures we observed are not artefacts introduced by 
fixation and detection procedures. 

Chromosomes in fused cell nuclei do not intermingle 

Our first strategy to investigate chromosome contact regions was by fusing cells of 
which DNA was tagged with either IdU or CldU. Immunofluorescence labeling of 
metaphase spreads before fusion showed that all chromosomes were uniformly labeled 

(Fig. 2). Mitotic cells containing IdU-DNA were fused 
with mitotic cells containing CldU-DNA. The cells were 
fixed 7 hr later when they had proceeded into the next 
interphase. Fused nuclei displayed a mosaic pattern of 
domains containing exclusively IdU-DNA or exclusively 
CldU-DNA. Very little overlap was observed between ad
jacent domains (Fig. 3). This indicates that in fused nu-

Fig. 2 IdU labeled metaphase chromosomes before fusion. 
Thymidine analogues label all chromatin when incorporated into 
DNA during a complete S-phase. 
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clei no intermingling occurred between chromosomes derived from differently labeled 

parent nuclei. 
The borders between the IdU-containing chromosomes and CldU-containing chro

mosomes were remarkably well-defined. Linescans of the two fluorochrome signal in-
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Fig. 3 Chromosome territories after fusing IdU labeled cells with CldU labeled cells. The contact 
areas between IdU (red) and CldU (green) labeled regions represent the interface between chro
mosome territories. A-C, V79 fibroblast at 7 hr after fusion; D-F, HA-1 fibroblast which has pro
ceeded through another round of replication and mitosis at 18 hr after fusion. A and D are single 
optical sections, showing clear separations between chromosome territories. The overlapping 
regions (orange) correspond to sites where IdU and CldU labeled chromosomes were juxta
posed axially. This can be observed in the cross views B and E (at the site indicated by the small 
arrow), indicating that most of the overlap is due to the lower spatial resolution in axial direction. 
C and' F, linescans of the label intensities through IdU (red continuous line) and CldU (green 
dotted line) labeled chromosome territories at the sites indicated by the large arrows. The aster
isk indicates a transition perpendicular to the border of laterally juxtaposed chromosomes, whereas 
the dot indicates a site where the chromosomes are juxtaposed axially. Bar 1 urn. 
Fig. 4 Reference for visual overlap. Two juxtaposed nuclei in a fused cell, one labeled with IdU 
and the other one with CldU, illustrating intensity transitions for two labeled domains that are 
physically separated by nuclear envelopes. A, single optical section; B, axial cross view at the 
site of the arrow; C, linescan at the site of the arrow. This intensity transition is comparable to 
those observed at the border area between two chromosomes within one nucleus, as shown in 
Fig. 3. Bar 1 urn. 
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tensities crossing the border area between two chromosomes confirmed that there is 
limited overlap between bordering chromosomes. It is known that two adjacent fluores
cent objects have some optical overlap due to the limited resolution of the light micro
scope. To evaluate this imaging effect we made linescans of fused cells whose nuclei 
were not fused but positioned side by side (Fig. 4). Here, too, IdU-containing chromatin 
was located adjacent to CldU-containing chromatin, but physically separated by nuclear 
envelopes. The apparent overlap of the adjacent nuclei in this linescan was similar to 
that observed for adjacent chromosomes in fused nuclei (compare Figs. 3 and 4). Thus, 
in heterokaryons, the chromatin of one chromosome does not intermingle in any detect
able way with that of other chromosomes. 

Fused cells continued to proliferate. After a round of replication and cell division 
in absence of thymidine analogues, unlabeled chromosomes re-appeared next to labeled 
chromosomes (similar to step B-C in Fig. 1) and were observed as unlabeled regions in 
interphase nuclei. Borders between IdU- and CldU-containing chromosomes in cells 
that had passed a full cell cycle were similar to those in cells fixed in the first interphase 
after fusion (Fig. 3D-F). This indicates that heterokaryons were fully viable and that the 
observed confinement of chromosomes to individual territories was not due to the fu
sion process. 

Chromosome subdomains do not intermingle either 

In our second approach to obtain differently labeled chromosomes we took advan
tage of the semi-conservative character of DNA replication and labeled the cells during 
successive cell cycles (Fig. 1). Metaphase spreads of the labeled cells showed that after 
one full S-phase of IdU incorporation, both chromatids contained IdU (Fig. 5). In the 
second metaphase, after one full S-phase of CldU incorporation, both chromatids con
tained CldU, but only one of them contained IdU as well. In the third metaphase, after 
one S-phase in the absence of thymidine analogues, IdU and CldU became segregated 
to opposite chromatids. A considerable number of sister chromatid exchanges (SCEs) 

Fig. 5 Metaphase preparations after successive rounds of replication in the presence of label. A, 
after the first S-phase in the presence of IdU: both chromatids are labeled with IdU (red); B, after 
the second S-phase in the presence of CldU: both chromatids are labeled with CldU (green), and 
one is labeled with IdU as well (red overlaid on green, thus appearing as orange); C, after the 
third S-phase in the absence of label: IdU and CldU are segregated to individual chromatids (see 
also Fig. 1). In B and C, SCE's are visualized by color-jumps within a chromatid. In the G1-phase 
following C, the chromatids are segregated becoming individual chromosomes that are labeled 
completely by IdU, CldU or are unlabeled, or may be subdivided in chromosomal domains cre
ated by SC E. 

Fig. 6 Chromosomal domains in sequentially labeled interphase nuclei. Contact areas between 
IdU (red) and CldU (green) labeled regions represent border regions either between chromo
some territories or between chromosomal subdomains created by SCEs. A-C, V79 fibroblast; 
D-F, HA-1 fibroblast. A and D, single optical sections showing mostly distinct domains and a rare 
overlapping region (in the line of the arrow in D); B and E, crossview at the site of the arrow; 
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C and F, linescans at the site of the arrow. The red con
tinuous line represents the IdU (Texas Red) fluores
cence and the green dotted line the CldU (FITC) fluo
rescence. The asterisk indicates a transition perpen
dicular to the border of laterally juxtaposed chromo
somes, whereas the dot indicates a site where the chro
mosomes were juxtaposed axially. The overlapping re
gion is indicated by the cross. The linescans support 
the notion that most chromosomal domains are not in
terwoven with one another. Bar 1 u.m. 

Fig. 7 Labeled chromatin frequently resembles fiber
like structures. These fiber-like chromatin structures are 
either red or green (arrows and arrow heads), indicating that they are not formed by mixing 
chromatin originating from different chromosomes. Fiber-like structures are sometimes embed
ded in other chromosomes (arrows). This indicates that chromosomes form irregular territories 
with extensions that may intrude into other chromosomes without intermingling. Single optical 
section of a nucleus containing IdU and CldU labeled chromosomes, 7 hr after fusion. Bar 1 urn. 
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occurred during the labeling process, resulting in a harlequin staining of metaphase 
chromosomes with sharp transitions between chromosomal subdomains that were la
beled with different thymidine analogues (Fig. 5). After mitosis, when entering the fourth 
Gl-phase, the chromosomes each consist of a single chromatid. These Gl-phase chro
mosomes were, thus, labeled entirely with a single thymidine analogue or were without 
any label, or they were divided by SCEs into several subdomains that contained exclu
sively IdU, CldU or no label. 

Interphase nuclei displayed a mosaic pattern of distinct domains that contained 
either IdU or CldU or that were without label (Fig. 6). Such domains corresponded 
either to complete chromosome territories or to chromosomal subdomains formed by 
SCEs. In rare cases, a small region of overlap was observed (Fig. 6D-F) suggesting that, 
locally, a tighter contact may exist between chromosomes and/or chromosomal 
subdomains. Linescans through juxtaposed domains were similar to linescans made 
through chromosome territories in fused nuclei. This confirms that there is little overlap 
between adjacent domains. These findings demonstrate that, essentially, neither chro
mosome territories nor chromosomal subdomains formed by SCEs intermingle. 

Chromatin structures within domains 

Chromatin that contained IdU or CldU showed intensely and less intensely labeled 
regions, frequently resembling fiber-like structures with diameters ranging from the 
limit of light microscopic resolution (0.2 (im) to 0.6 urn (Fig. 7, and also apparent in 
Figs. 3,4 and 6). We never observed well-resolved fiber-like structures containing both 
labels, indicating that these structures were not created by mixing chromatin fibers from 
different chromosomes or different chromosomal subdomains. Fiber-like structures some
times were embedded in differently labeled regions and in some cases were observed to 
surround one another. This indicates that chromosome territories are irregularly shaped 
with extensions that may in part penetrate into other chromosomes without intermin
gling (Fig. 7). 

Discussion 

The aim of the present study was to establish whether chromosomes and chromo
somal subdomains in interphase nuclei are separate and distinct entities or that chroma
tin of different chromosomes is interwoven. This structural information is essential for 
elucidating functional organization in the cell nucleus. The two approaches used to 
label chromosomes, namely (a) by fusing nuclei containing IdU-DNA with nuclei con
taining CldU-DNA and (b) by labeling cells sequentially with IdU and CldU, showed 
that chromosome territories are distinct structures and contain separate subdomains. 
Furthermore, we noticed singularly labeled fiber-like structures with diameters ranging 
from the limit of light microscopic resolution (0.2 u\m) up to 0.6 (im. Since these fiber
like structures were sometimes embedded in other chromosome territories, chromo-
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somes may in part penetrate into one another without mixing their chromatin. Chromo
some territories are thus irregularly shaped distinct units containing subdomains that do 
not intermingle. 

For a more detailed analysis, we have made linescans over lateral boundaries be
tween chromatin domains labeled with the two fluorochromes. The crossing-over point 
in these intensity curves was close to half the intensity of the maximum. A crossing-
over point at 50% of maximal intensity corresponds to two non-overlapping objects. 
We confirmed this by analyzing intensity transitions between chromatin of two juxta
posed nuclei in a fused cell separated by two nuclear envelopes. Obviously, low con
centrations of labeled DNA below the detection level of the light microscope may have 
been present but not visualized. It thus cannot be excluded that some chromatin from 
one chromosome or domain intrudes into another chromosome or domain. However, if 
so, only small amounts of DNA are involved. While taking this into account, we con
clude that, at light microscopic resolution, chromosomes form mutually exclusive terri
tories with distinct surfaces in the interphase nucleus, and that also within territories the 
chromatin is not interwoven but forms discrete domains and fiber-like structures. 

At some boundaries, a small degree of overlap between chromosomes or chromo
somal subdomains was observed. It is likely that this overlap was mostly optically, due 
to the limited resolution of the light microscope in axial direction. However, it is impos
sible to determine whether this was the only cause. In fact, we observed some rare small 
regions where chromatin of different domains seemed to be closely associated. These 
sites may correspond to SCEs that occurred in highly compacted chromatin regions or 
to certain nuclear processes that involve a temporally and locally limited intermingling 
of chromatin. We, therefore, conclude that in some cases the chromatin of different 
chromosomes or subdomains may be interwoven locally beyond light microscopic reso
lution, while the remainder of the chromosomes form separate and distinctly organized 
territories. 

Discreteness of chromosome territories 

Discreteness may well be a common feature of chromosome territories in eukary-
otic interphase nuclei, and not only in the two cell lines investigated here. Studies on 
specialized polytene chromosomes in Drosophila salivary gland interphase nuclei, which 
can be observed directly by light microscopy, revealed that these chromosomes were 
maintained in separate spatial domains without looping around one another (Hochstrasser 
et al., 1986). In other polytene tissues, chromosome arms did sometimes loop around 
one another, but remained recognizable as individual polytene fibers (Hochstrasser and 
Sedat, 1987). In human cells, less detailed studies showed that when FISH painted chro
mosomes were adjacent to each other, the bulk of the territories were apart (Cremer et 
al., 1996). Bridger et al. (1998) introduced Xenopus vimentin, an intermediate fila
ment, into human nuclei. Interestingly, these filaments formed an interconnecting chan
nel-like system after polymerization, almost exclusively outside painted chromosome 
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territories. Since growing cytoplasmic intermediate filaments are known to avoid intra
cellular barriers (Franke et al., 1978), the authors concluded that the vimentin filaments 
indicate areas of diminished chromatin density at the borders of chromosome territo
ries. These data support our conclusion that chromosome territories are mutually exclu
sive. A recent observation of two intermingled chromosomes during leptotene, a well-
defined meiotic cell cycle stage in spermatogenesis (Schertan et al., 1998), indicates 
that in special situations chromosomes may be interwoven. This emphasizes the re
markable discreteness of chromosome territories in general. 

Discreteness of chromosomal domains within chromosome territories 

Sequential labeling of cells yielded chromosomes divided into several differently 
labeled domains linearly along the metaphase chromosome, due to SCE. SCE is a natu
rally occurring process where sister chromatids are exchanged during or immediately 
after replication without loss of genetic information (Cortés et al., 1993). The bound
aries between these domains were thus distinct, corresponding to a sudden change of 
label. Previously investigated subdomains, containing early or late replicating chroma
tin (chapter 2, Ferreira et al., 1997; Zink et al., 1998; 1999), were likely to display some 
non-labeled chromatin between domains, due to a chase period in mid S-phase separat
ing early from late replication labeling. Thus, the discreteness that we observed for 
SCE-induced domains in interphase nuclei unambiguously demonstrates a high degree 
of compartmentalization within chromosome territories. While early and late replicat
ing chromatin generally corresponds to euchromatin and heterochromatin domains (Craig 
and Bickmore, 1993), SCEs create differently labeled chromosomal segments that cut 
in part through these domains. We therefore conclude that even within domains of func
tionally related chromatin, such as early and late replicating chromatin domains, the 
chromatin is not interwoven. 

In addition to the discreteness of domains and territories, we observed a substruc
ture of intensely and less intensely labeled regions, which in some places formed fiber
like structures with a diameter ranging from the resolution limit of the microscope 
(0.2 |im) to 0.6 |im. Similar substructures were also observed in vivo (Belmont et al., 
1989; Robinett et al., 1996; Li et al, 1998; Zink et al., 1998) and in painted chromo
some territories (Verschure et al., 1999). These fiber-like structures may correspond to 
a higher level of chromatin folding, resulting in chromonema fibers as proposed by 
Belmont and Bruce (1994; Belmont, 1997). Since interweaving of chromatin fibers 
with a diameter below the light microscopic resolution would result in a double-labeled 
structure, we conclude that chromomena fibers are not closely interwoven with another. 

Internal organization of chromosome territories 

The question remains how chromomena fibers are organized within a territory. 
Computer simulations by Miinkel and Langowski (1998) are interesting in this respect. 
The authors concluded that chromatin which is folded according to the Giant Loop / 
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Random Walk model (Sachs et al., 1995) is highly intermingled. A slight adaptation of 
the model, the Multiloop Subcompartment model (Münkel and Langowski, 1998), how
ever, predicts non-overlapping chromosomal subdomains. Our data fit in this latter model 
that attributes simple polymère characteristics to chromatin. Moreover, several models 
have been described that are based on a functional organization of chromosome territo
ries. Some of these models postulate a space between chromosome territories, such as 
the Interchromatin Domain model (Cremer et al., 1993; 1995; Zirbel et al., 1993) or a 
network of channels, such as models proposed by Razin and Gromova ( 1995) and Zachar 
(1993). These models are also compatible with our findings that chromosomes and 
chromosomal subdomains are mutually exclusive discrete units. 

In summary, we demonstrate that chromatin forms distinct structures at several 
levels of organization and that these structures are not interwoven with one another as 
observed with light microscopy: the chromosome territory itself, chromosomal 
subdomains within territories and fiber-like chromatin structures. This suggests a strict 
organization of the chromatin in several subunits. These findings provide a solid basis 
for further studies to elucidate structure-function relationships in relation with the higher 
order chromatin organization in the interphase nucleus. 

Acknowledgements 

We like to thank Dr. E.M.M. Manders and Dr. R Verschure for sharing unpublished 
data and Prof. Dr. R. van Driel and Prof. Dr. C. J. E van Noorden for critical reading of 
the manuscript. 

51 



chapter 3 

52 



chapter 4 

Ä new immunocytochemical technique for 
ultrastructural analysis of DNA replication 

in proliferating cells after application of two 
halogenated deoxyuridines 

Françoise Jaunin1, Astrid E. Visser2, Dusan Cmarko1, Jacob A. Aten2 and 
Stanislav Fakan1 

1) Center of Electron Microscopy, University of Lausanne, Lausanne, Switzerland 

2) Academic Medical Center, University of Amsterdam, Department of Cell Biology and 

Histology, Center for Microscopical Research, Amsterdam, The Netherlands 

Published in Journal of Histochemistry and Cytochemistry 46(10): 1203-1209 (1998) 

Abstract 

We describe a colloidal gold immunolabeling technique for electron microscopy 
which allows one to differentially visualize portions of DNA replicated during different 
periods of S-phase. This was performed by incorporating two halogenated deoxyuridines 
(IdU and CldU) into Chinese hamster cells, and, after cell processing, by detecting them 
with selected antibodies. This technique, using in particular appropriate blocking solu
tions and also TRIS buffer with a high salt concentration and 1 % Tween-20, prevents 
nonspecific background and crossreaction of both antibodies. Controls such as diges
tion with DNAse and specific staining of DNA with osmium ammine show that labeling 
corresponds well to replicated DNA. Different patterns of labeling distribution, reflect
ing different periods of DNA replication within the S-phase, were characterized. Cells 
in early S-phase display a diffuse pattern of labeling with many spots, whereas cells in 
late S-phase show labeling confined to larger domains, often at the periphery of the 
nucleus or associated with the nucleolus. The good correlation between our observa
tions and previous double labeling results in immunofluorescence also proved the tech
nique to be reliable. 

53 



chapter 4 

Introduction 

DNA replication is an essential process that must be performed before mitosis so 
that each daughter cell can receive a full, identical copy of the genetic material. In 
metazoan cells, DNA synthesis begins at a discrete and limited number of locations 
within the nucleus (Newport and Yan, 1996). These foci are replication clusters or rep
lication domains that appear to be involved in coordinating the activation of multiple 
adjacent origin sites during S-phase. In mouse embryos, specific chromatin regions are 
replicated at different times during S-phase, suggesting that the replication of the mam
malian genome follows a dynamic order which changes during development (Ferreira 
and CarmoFonseca, 1997). In V79 Chinese hamster cells, all DNA within a replication 
domain, visualized by fluorescence microscopy, is replicated within 1 hr (Manders et 
al., 1992) and the spatial distribution of the replication domains changes as the cells 
progress through S-phase (Manders et al., 1996). This suggests either that newly syn
thesized DNA moves away from the replication origin or that replication factors are 
capable of moving throughout the nucleus (Spector, 1993; Manders et al., 1996). A 
number of studies have used the immunofluorescence technique and confocal laser scan
ning microscopic analysis. However, electron microscopy is an essential tool for gain
ing a better understanding of such dynamics correlated with the fine structure of the 
nucleus. 

Investigations of the localization of replication sites at the ultrastuctural level have 
been carried out using various techniques. High-resolution autoradiography of [3H]-
thymidine-labeled DNA was frequently employed in the past (e.g. Blondel, 1968; Fakan 
and Hancock, 1974; for review, see Fakan, 1978). This method often requires relatively 
long periods of exposure time and resolution power is limited to the diameter of the 
silver halide crystal and to the processing technique of development (Fakan and Hancock, 
1974). To minimize these problems, dUTP containing a biotin molecule was used in 
conjunction with immunological detector systems such as anti-biotin antibodies (Langer 
et al., 1981) coupled with gold probes. However, only permeabilized cells incorporate 
biotin dUTP ( Hozàk et al, 1994; Ferreira and CarmoFonseca, 1997), which can give 
rise to an alteration of the fine structure of the cells. For this reason, bromodeoxyuridine 
(BrdU), a thymidine analogue that does not need cell permeabilization for its incorpora
tion, is more commonly used (Thiry and Dombrowicz, 1988; Raska et al., 1991 ; Sobczak-
Thepot et al., 1993; Tsuyama et al., 1994; Tamatani et al., 1995). 

However, the analysis of the dynamic features of DNA synthesis involves the use 
of two or more independent DNA replication labels in the same experiment. Although 
this can be done by combining BrdU with tritiated thymidine, this requires the use of the 
autoradiographic technique (for review, see Dolbeare, 1995). Another approach would 
be the application of two nonradioactive DNA precursors that are incorporated by cells 
in vivo (Shibui et al., 1989). DNA double labeling was performed using two haloge-
nated deoxyuridines, IdU and CldU, which were detected with selected antibodies and 
immunofluorescent probes (Aten et al., 1992; 1994). 
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Immuno-EM detection of thymidine analogues 

In the present work, we adapted the DNA double labeling technique described by 
Aten et al. (1992) at the electron microscopic level, with satisfactory preservation of the 
nuclear fine structure. This method enables one to differentially visualize portions of 
DNA replicated during different periods of S-phase. 

Materials and Methods 

Cell labeling with halogenated deoxyuridines 

Cultures of V79 Chinese hamster cells (fibroblast-like) were grown as monolayers 
in tissue culture flasks as already described (Manders et al., 1996). The cells were grown 
in Eagle's minimum essential medium with Hanks' balanced salt solution, supplemented 
with 10% fetal calf serum, glutamine and penicillin. The duration of the S-phase for 
these cells was 5 -6 hr. 

In the single labeling experiments, cells in culture were incubated for 30 min with 
iododeoxyuridine (IdU) or chlorodeoxyuridine (CldU) (final concentration 10 uM; 
Sigma, St. Louis, MO). In the double labeling experiments, cells were first incubated 
with IdU for 25 min, after which the medium was removed and cells were washed 
several times with the prewarmed medium. The medium was supplemented with thymi
dine (100 uM) for the first washing step. Then, the cells were cultured for 2 hr and 
finally labeled with CldU for 30 min (Aten et al., 1994). As a control, cultures were 
labeled with a mixture of IdU and CldU ( 10 uM) for 30 min. At the end of the labeling 
experiments, cells were washed with PBS before fixation. 

Antibodies 

Monoclonal antibodies against BrdU, selected for their specificity for IdU (mouse 
antibody from Becton Dickinson, Mountain View, CA, #7580) and for CldU (rat anti
body from Sera-lab, Crawley Down, Sussex, UK, Mas 250c clone Bu/75) (Aten et al., 
1992) were both diluted 1:50. The second set of antibodies, coupled with colloidal gold 
particles (6-nm GAM IgG and 15-nm GARa, respectively; Aurion, Wageningen, The 
Netherlands), were diluted 1:8. 

Immunoelectron microscopy 

Cell monolayers were fixed in situ with 4% paraformaldehyde in 0.1 M Sörensen 
phosphate buffer, pH 7.3, for 1 hr at 4°C. After rinsing with Sörensen buffer and PBS, 
cells were scraped off the flask bottom, centrifuged (2000 rpm for 5 min at room tem
perature), and embedded in 2% low-viscosity agarose. Free aldehydes were blocked in 
0.5 M NH4C1 in PBS for 15 min at 4°C. The specimens were dehydrated with ethanol, 
embedded in LR White resin, and polymerized for 24 hr at 60°C. 

Ultrathin sections on formvar-carbon-coated nickel grids were treated for DNA 
denaturation with 0.7 M NaOH (Fluka Chemie AG; Buchs, Switzerland; no. 71690) for 
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2 min 10 sec or 5 min at 20°C; the former was chosen as standard procedure. After 
NaOH, sections were rinsed in H20 and PBS and then incubated on a drop of 10% BSA 
(bovine serum albumine, Fluka, no. 05480) and 10% NGS (normal goat serum; Nordic 
Immunology Laboratories, Tilburg, The Netherlands) in PBS for 15 min. Sections were 
then incubated for 30 min at 20°C on rat-anti-CldU and mouse-anti-IdU, diluted to
gether 1:50 in PBS containing 1% BSA and 0.1% Tween-20. After rinsing and incubat
ing with Tris high-salt buffer (29.2 g NaCl + 3.39 g Tris HCl/liter; 1 % Tween-20, pH 8.0) 
four times for 5 min, grids were rinsed quickly with PBS/Tween and then incubated 
with PBS for 15 min. Finally, grids were treated for 10 min with 20% NGS diluted in 
PBS. The secondary antibodies, goat anti-rat (GARa, 6-nm gold grain) and goat anti-
mouse (GAM, 15-nm gold grain), coupled with colloidal gold particles, were diluted 
together at the concentration of 1:8 in PBS containing 1% BSA and incubation was 
carried out for 30 min. The grids were finally rinsed with PBS and distilled water and 
were then airdried. The preparations were stained with the EDTA technique (Bernhard, 
1969) in such a way that it slightly decreased chromatin contrast to better visualize the 
small gold particles. 

Controls consisted of omitting the primary antibodies and of immunolabeling unla
beled cells. In addition, labeled cells were preincubated at 37°C for 3 hr with 1 mg/ml 
DNAse I (Sigma) in Sörensen buffer containing 3 mM MgC12 (pH 7.4) to remove DNA 
and then immunolabeled. Moreover, some sections mounted on gold grids were first 
immunolabeled and finally stained with an osmium ammine mixture at 0.2% for 1 hr 
following an HCl hydrolysis (HCl 5 N, 20 min, 20°C) to specifically visualize DNA 
(Cogliati and Gautier, 1973). Observations were carried out with a Philips CM12 elec
tron microscope at 80 kV, using a 40-um objective aperture. 

Quantitative evaluation 

To evaluate background and the degree of crossreactivity of both antibodies, label
ing densities were determined for two experimental conditions. Sections of cells that 
had incorporated either CldU or IdU for 30 min were double immunolabeled with both 
primary antibodies and revealed with secondary antibodies conjugated with 6- or 15-nm 
colloidal gold. 

The immunogold labeling density was determined by counting, with a binocular 
microscope (x 7), particles in the nuclei in electron micrographs printed at a final mag
nification of x 16 000. The nuclear area was determined morphometrically and the 
labeling density was expressed as number of gold particles per urn2 of nuclear surface. 
Each value represents the mean of 15 individual nuclei ± SEM. 

Results 

IdU/CldU double immunolabeling on an ultrathin section of V79 Chinese hamster 
cells fixed in paraformaldehyde and embedded in LR White resin is shown in Fig. 1A. 
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It shows DNA that is replicated during two different periods of S phase (IdU 25 min, 
chase 2hr, CldU 30 min). Labeling is essentially localized in the nucleus, over the con
densed chromatin areas as well as at their periphery, where individual dispersed chro
matin fibrils can be observed (Fig. 1A). Chromosomes in mitotic cells are devoid of 
labeling (data not shown). 

In cells displaying both 15- and 6- gold particles (this corresponds to mid or late S-
phase nuclei at the moment of fixation) and in cells showing only 15-nm gold particles 
(this corresponds to cells that incorporated only IdU during mid- or late S-phase and 
were fixed in G2), label was often observed at the proximity of the nuclear membrane 
and at the periphery of the nucleolus (Fig. 1A and 2A). In cells displaying only 6-nm 
particles (this corresponds to cells that incorporated only CldU in early or mid S-phase), 
the localization pattern consisted of many small areas scattered throughout the nucleo
plasm (Fig. IB). This localization was also occasionally observed in cells displaying 
both CldU and IdU signal (data not shown). 

After a prior DNA denaturation with NaOH (2 min 10 sec), labeling was observed 
in about 50% of the cells. Omission of NaOH denaturation results in a weak signal. 
Moreover, longer denaturation times decrease labeling intensity. The denaturation of 2 
min and 10 sec allows sufficiently good preservation of the fine structure of nuclear 
components (Fig. 1A, IB and 2A) and gives rise to an optimal immunocytochemical 
signal. Fixation with glutaraldehyde provides better structural preservation than paraform
aldehyde fixation. However, the use of glutaraldehyde, even in a mixture with paraform
aldehyde, results in lack of specificity of the immunolabeling with the selected anti-
CldU and anti-IdU antibodies (data not shown). 

The specificity of the DNA double labeling was tested in several ways. First, unla
beled cells after immunolabeling were devoid of gold particles (data not shown). The 
same results were obtained for labeled cells when the primary antibodies were omitted 
and when the DNA was removed by treatment with DNAse I (data not shown). More
over, as revealed with the osmium ammine staining, which is specific for DNA at the 
ultrastructural level (Cogliati and Gautier, 1973), labeling corresponds well to DNA 
(Fig. 2B) and therefore represents DNA replication patterns. Finally, in cells labeled 
with both CldU and IdU over the same period of 30 min, the two signals occur mostly in 
the same nuclear regions (data not shown). 

To test the specificity of the rat anti-BrdU and the mouse anti-BrdU for incorpo
rated CldU and IdU respectively, double immunostaining was performed on sections of 
cells that had incorporated either CldU or IdU. Some crossreactivity occurs in both 
probes, and especially with the mouse anti-BrdU. However, this problem could be largely 
minimized (Figs 2C and 2D) by applying the following protocol: (a) blocking with NGS 
for the mouse anti-BrdU and with BSA for the rat anti-BrdU, (b) incubating only for 30 
min in a mixture of rat anti-BrdU and mouse anti-BrdU diluted at 1:50 ; and (c) washing 
with Tris high-salt buffer containing 1% Tween-20. These steps appear to be essential 
for a differential visualization of the two signals. Moreover, they are also important 
factors in reducing the background labeling (data not shown). 
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Fig. 1 Ultrathin sections of V79 Chinese hamster cells incubated with IdUrd for 25 min before a 
chase period of 2 hr and subsequent labeling with CldU for 30 min. Sections were immunolabeled 
with mouse anti-ldUrd (15-nm gold grains) and rat anti-CldUrd (6-nm gold grains). (A) Labeling 
pattern in cells displaying both IdUrd and CldUrd signal. (B) Labeling pattern of cells IdUrd-
negative and CldUrd-positive. EDTA staining, cc, condensed chromatin; p, peripheral dense chro
matin; arrows indicate some areas containing DNA labeled with small gold particles. Bars 0.1um. 
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Fig. 2 Ultrathin sections of V79 Chinese hamster cells incubated with IdUrd for 25 min before a 
chase period of 2 hr and subsequent labeling with CldU for 30 min (A,B). (C,D) Cells incubated 
as controls either with IdUrd (C) or CldUrd (D) only for 30 min. Sections were immunolabeled with 
mouse anti-ldUrd (15-nm gold grains) and rat anti-CldUrd (6-nm gold grains; arrows). EDTA 
(A,C,D) or osmium ammine (B) staining. Nu, nucleolus; p, peripheral dense chromatin; arrows 
indicate some areas containing DNA labeled with small gold particles. Bars 0.1 urn. 
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Quantitative estimation of the extent of crossreactivity between the primary anti
bodies was carried out under the same conditions for both antibodies. Our results show 
that after IdU incorporation, anti-IdU had a density of 16.38 ± 1.03 and anti-CldU of 
0.53 ±0.11. After incorporation of CldU, the anti-CldU density was 16.61 ± 1.44 and 
anti-IdU density was 0.58 ± 0.08. The background determined on resin outside cells 
was 0.13 ± 0.03 and 0.08 ± 0.04, respectively, for 6-nm gold grains and 0.02 ± 0.01 and 
0.01 ± 0.01, respectively, for 15-nm gold particles. These results show that the degree of 
crossreactivity is about 25 to 30 times below the labeling level of the incorporated 
nucleotide. Moreover, the background level is negligible for the two antibodies used. 

Discussion 

An immunoelectron microscopic double labeling method has been developed for 
studying DNA replication at two different periods of S-phase on cells that were pulse-
labeled with two different halogenated nucleotides (IdU 25 min, chase 2 hr, CldU 30 
min). 

Under the conditions used, the regions differently labeled do not overlap (Figs. 1A 
and 2B). This correlates with previous immunofluorescence results (Gratzner, 1982; 
Fox et al., 1991; Manders et al., 1992, 1996). These reports indicate that the average 
replication time of a chromatin region, from initiation to termination was about 1 hr and 
that these regions or domains did not overlap if the time between the addition of the two 
labels was at least 1 hr. Our results confirm that DNA replication takes place in distinct 
domains and that early and late replicated domains are separated. 

With immunofluorescence, it was shown that replication patterns of the early S-
phase consisted of many small domains scattered throughout the nucleoplasm, whereas 
in late S-phase, replication sites were larger and in much smaller number (Manders et 
al., 1996). Our electron microscopic observations pointed out different patterns of DNA 
replication. Indeed, many small sites of DNA replication were observed for the cells 
displaying only anti-CldU antibodies (Fig. IB) and therefore fixed during the first 2.5 
hr of the S-phase. This pattern was sometimes also observed in cells displaying the two 
antibodies and therefore fixed 2.5-3 hr after the onset of the S-phase. Cells fixed in the 
last third of the S-phase show the label confined especially to peripheral and intra
nuclear dense chromatin and to chromatin located at the periphery of the nucleolus (Fig. 
2A). The diffuse labeling pattern (many spots) was reported as indicating early or mid 
S-phase (Manders et al, 1992; Sato et al., 1995), whereas the peripheral pattern was 
considered to be characteristic of the late S-phase, even though it was previously ob
served during mid S-phase by some authors (for review see Spector, 1993). In our con
ditions, the S-phase lasts 5 - 6 hr and the diffuse pattern was reported for the first 4 hr 
using the immunofluorescence technique (Manders et al., 1992). 

Ultrastructural localization of label was found in two patterns, as previously shown 
by autoradiography of tritiated thymidine or by immunocytochemical detection of BrdU 
(Fakan and Hancock, 1974; Sobczak-Thepot et al., 1993; Tamatani et al, 1995). In one 
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pattern, label occurred within condensed chromatin areas, and in the other label was 
found with dispersed chromatin fibrils (Fig. 1A). These two patterns may reflect differ
ent replication sites during progression through S-phase. 

Considering the good correlation between our electron microscopic observations 
and the previous results obtained by immunofluorescence microscopy, notably the low 
background (data not shown) and very low crossreactivity at the ultrastructural level 
(Figs. 2C and 2D), we can conclude that the double immunolabeling technique for elec
tron microscopic analysis of DNA replication is reliable. The incorporation of CldU 
and IdU does not require cell permeabilization, thus improving the preservation of nuclear 
structure. Moreover, the two halogenated deoxyuridines, used under similar conditions, 
did not change the growth kinetics of Chinese hamster cells (Aten et al., 1992). There
fore, this technique is useful for studying the in situ dynamics of DNA replication and, 
in particular, of nascent DNA at the ultrastructural level. 

Studies aiming at the detailed analysis of ultrastructural distribution of differen
tially labeled DNA fractions synthesized during various periods of S-phase are in progress. 
This should enable us to further approach the question of chromatin movement at an 
electron microscopic level after DNA replication and of the structural relationships 
among different chromatin domains. 
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Abstract 

Before functional aspects can be assigned to chromosomal organization in inter
phase, chromosome territories need to be well-defined at high resolution. We labeled 
DNA of Chinese hamster fibroblasts and dog kidney epithelial cells in vivo with the 
thymidine analogue BrdU. Labeled chromosomes were segregated during several cell 
cycles until only 2-3 chromatids per nucleus were labeled. Subsequent immunocytochemi-
cal detection of BrdU allowed analysis of chromosome territories and subchromosomal 
domains in well-preserved nuclei by electron microscopy (EM). Visualization of one 
and the same nucleus by confocal laser scanning microscopy (CLSM) and EM demon
strated that the same chromosome domains were analyzed by the two methods. High 
resolution analysis showed that chromosomes are organized as regions of condensed 
chromatin with dispersed chromatin extending into interchromatin space that is largely 
devoid of DNA. Chromosome domains are either separated from one another by 
interchromatin space or are in close contact with no or little intermingling of their DNA. 
We conclude that chromosomes form discrete territories, but chromatin of adjacent chro
mosomes may be in contact in a limited region. The interchromatin space is known to 
be involved in nuclear processes and forms interconnecting channels running through 
and around chromosome territories, and thus nuclear functions occur within and around 
chromosome territories. 
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Introduction 

The spatial arrangement of the genome plays an important role in gene expression 
and other nuclear processes (Spector, 1993; Van Driel et al., 1995; Bridger and Bickmore, 
1998). The nucleus is compartmentalized in a number of domains, some of which show 
specific spatial interactions (for reviews, see Lamond and Earnshaw, 1998; Schul et al., 
1998). Replication, transcription and probably also mRNA processing take place pref
erentially at the periphery of condensed chromatin in regions containing dispersed chro
matin and perichromatin fibrils (for details, see Fakan, 1994; Fakan and Puvion, 1980; 
Puvion and PuvionDutilleul, 1996; Spector, 1996; Cmarko et al., 1999). Replication 
foci are distributed throughout the cell nucleus (Blondel, 1968) in a sequence of pat
terns which are characteristic for the phase of the cell cycle (Nakayasu and Berezney, 
1989; Van Dierendonck et al., 1989; Manders et al., 1992). The pattern of transcription 
sites is very similar to that of early S-phase replication (Jackson et al., 1993; Wansink et 
al., 1993). 

Chromosomes form individual territories in interphase nuclei (for review, see Cremer 
et al., 1993). Confocal laser scanning microscopy (CLSM) studies have provided in
sight in the 3D-structure of chromosome territories and their structural relationships 
with other nuclear components and processes. At first, chromosome territories were 
interpreted as compact units. The few genes that have been studied so far, mRNA of 
integrated viruses, speckles rich in splicing factors, and coiled bodies all were observed 
to be preferentially localized near the periphery of fluorescent in situ hybridization 
(FISH)-painted chromosome territories ( Zirbel et al., 1993; Kurz et al, 1996; Bridger 
et al., 1998; Park and DeBoni, 1998). These findings lead to the interchromosomal 
domain space model (Cremer et al, 1993; Zirbel et al., 1993). This model postulated a 
(hypothetical) space between chromosome territories in which important nuclear pro
cesses take place, such as replication, transcription, and RNA processing and transport. 
Active sites would thus be particularly located near the chromosomal periphery (Cremer 
et al., 1993; Zirbel et al., 1993). Later, the model was refined by suggesting that chan
nels penetrate into territories, thus allowing nuclear processes to take place near the 
surface of chromosomal subdomains (Cremer et al., 1995). This was a logical fine-
tuning of the model which was in agreement with findings that DNA replication takes 
place throughout chromosome territories (chapter 2). It was also shown that territories 
are compartmentalized in domains of early and late replicating chromatin, representing 
R and G bands on metaphase chromosomes (chapter 2; Ferreira et al., 1997; Zink et al., 
1999). 

To analyze functional aspects of chromosomal organization in more detail, visual
ization of chromosome territories and subchromosomal domains at the ultrastructural 
level is required. This allows the investigation at high resolution of a direct relation 
between chromosome territories and specific functional compartments previously de
scribed in electron microscopic (EM) studies. However, chromatin is usually more or 
less dispersed in interphase nuclei and individual chromosomes cannot be recognized 
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in EM images (Murray and Davies, 1979; Lopez-Velâzquez et al., 1996). Only in highly 
condensed nuclei of mature erythrocytes, it was found that the number of individual 
condensed chromatin regions roughly correspond to the diploid number of chromo
somes (Davies, 1961; Murray and Davies, 1979). So far, ISH procedures delineating 
chromosome territories have not allowed a detailed analysis of nuclear organization at 
the EM level (Manuelidis, 1985). This was due to the relatively harsh ISH procedures 
that resulted in considerable loss of nuclear fine structure. 

The aim of the present study was to analyze chromosome domains in interphase 
nuclei at the ultrastructural level. In order to avoid the detrimental conditions that are 
needed for ISH procedures, we have labeled DNA in living cells with the thymidine 
analogue bromodeoxyuridine (BrdU), which was subsequently visualized by immuno-
cytochemistry. BrdU incorporation assays consisted of long incubation periods with 
BrdU, followed by chase periods lasting several cell cycles. During the chase period, 
labeled chromosomes segregated over daughter cells during a number of generations 
until only a few labeled chromatids were present per nucleus. With this in vivo labeling 
procedure, we were able to visualize, in well-preserved nuclei, chromosome domains at 
the ultrastructural level. These domains represented either chromosome territories or 
large segments of chromosomes, i.e. subchromosomal domains. 

Materials and Methods 

Cell cultures 

A Chinese hamster fibroblast-like cell line (V79) was cultured in MEM, supple
mented with 10% fetal calf serum, 1% glutamine and penicillin/streptomycin, in an 
incubator at 37°C and 2% C02 . These cells contain 22 chromosomes. Flowcytometry 
showed that the duration of their cell cycle is 10 hr with an S-phase of 5 hr (data not 
shown). A dog kidney cell line (MDCK) was cultured in RPMI, supplemented with 
10% fetal calf serum, 1% glutamine and penicillin/streptomycin, in an incubator at 
37°C and 5% C02. These cells have 78 chromosomes. Their cell cycle was found to last 
22 hr with an S-phase of 9 hr (data not shown). 

Chromosome labeling with BrdU 

V79 cells were cultured in the presence of 5 |iM BrdU (Sigma, St Louis, MO) for 
10 hr. Mitotic cells were collected by shake-off. These mitotic cells had incorporated 
BrdU during one complete S-phase. The cells were, subsequently, cultured in normal 
medium for a period of 60 hr to segregate the labeled chromosomes over several genera
tions of daughter cells. MDCK cells were synchronized at the onset of S-phase by a 16 
hr incubation in 1.5 raM hydroxy urea (Sigma). Cells were released in the presence of 
5 U.M BrdU. After 10 hr, unincorporated BrdU was washed away and cells were further 
cultured in normal medium for 5.5 days. At such low concentrations halogenated thy
midine analogues do not affect the cell cycle and are virtually non-toxic (Aten et al., 
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1994). During the segregation periods, the culture medium was not renewed in order to 
increase the percentage of cells entering G0/G1 phases prior to fixation (Aten et al., 
1987). This is advantageous as in the G0/G1 phase chromosome territories consist of 
single chromatids, whereas in S/G2 phase a labeled chromatid and its (partly) labeled 
sister form a territory. This could result in a dilution of the label concentration or in the 
presence of unlabeled regions within a labeled chromosome territory. Labeling of chro
mosomes was inspected after the segregation period. For this purpose, medium was 
refreshed in parallel cultures to induce mitosis. Subsequently prepared metaphase spreads 
were analyzed by fluorescence microscopy. Images were recorded using a CCD camera 
(Lambert Instruments, Leutingewolde, The Netherlands). 

Confocal microscopy 

For comparison of chromosome domains as visualized by CLSM and EM, images 
of the same nuclei were obtained first by CLSM, followed by EM. Cells were cultured 
on microgridded Cellocate coverslips (Eppendorf, Hamburg, Germany) and fixed and 
stained according to Aten et al. (1992). Briefly, cells were fixed for 15 min in 0.1% 
glutaraldehyde in PBS containing 0.5% Triton-XlOO. Autofluorescence was quenched 

Fig. 1. Labeling patterns of 
metaphase chromosomes and 
interphase nuclei inspected by 
fluorescence microscopy. Per 
nucleus, only few chromatids 
and parts of chromatids (chro
mosome domains) were la
beled. In interphase nuclei, 
these labeled chromatids 
mostly formed separate do
mains. Bright areas: labeled 
chromosomes; grey, total 
DNA. A: V79 cells. B: MDCK 
cells. 
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by two 5 min washes in 130 mM sodium borohydrate (Sigma) in PBS (Van Driel et al., 
1998). Cells were then treated for 2 min and 10 sec with 0.07 M NaOH to denature 
DNA. BrdU was detected by a 30 min incubation with a monoclonal antibody against 
BrdU (Becton and Dickinson, San Jose, CA) followed by an incubation with a FITC-
conjugated goat-anti-mouse antibody (Jackson ImmunoResearch, West Groove, PA). 
Cells were embedded in Vectashield (Vector Laboratories, Burlingame, CA). Interphase 
cells were imaged using a confocal microscope (Leica, Wetzlar, Germany) with a 63x 
1.32 NA objective. Voxel size was set to 100x100x250 nm. Phase contrast images were 
recorded to subsequently identify cells in EM sections. 

Immunoelectron microscopy 

Coverslips with cells that were imaged first by CLSM were washed overnight in 
PBS and then dehydrated in an upgraded series of ethanol, embedded in LR White resin 
and polymerized at 60°C for 24 hr. Cells prepared exclusively for EM analysis were 
processed as previously described (chapter 4). Briefly, cells were fixed in situ, in cul
ture flasks or on coverslips, in 4% paraformaldehyde (Fluka Chemie AG, Buchs, Swit
zerland) in Sörensen phosphate buffer for 1 hr at 4°C and washed repeatedly in Sörensen 
buffer and PBS. Cells fixed in culture flasks were scraped from the flask bottom with a 
rubber policeman, centrifuged to form a pellet and embedded in 2% agarose. Samples 
were then dehydrated in upgraded series of ethanol and embedded in LR White resin. 
Some samples were dehydrated and embedded at low temperature in K4M resin and 
polymerized in UV-light at -25°C to -30°C for 48 hr and at RT for 72 hr (Carlemalm et 
al, 1982). 

Ultrathin sections, approximately 90 nm thick, were placed on nickel grids covered 
with formvar and carbon (for EDTA staining) or uncoated gold grids (for osmium am-
mine staining). Several small series of consecutive sections were prepared on coated 
slot grids. 

Ultrathin sections were denatured for 2 min and 10 sec with 0.7 M NaOH (for LR 
White) or 15 min with 1 M HCl (for K4M). To prevent nonspecific labeling, sections 
were incubated in 10% normal goat serum (Nordic Immunology Laboratories, Uden, 
The Netherlands) in PBS for 10 min and immunoreacted for 1 hr with an anti-BrdU 
monoclonal antibody (Partec, Münster, Germany, or Seralab, Crawley Down, UK) di
luted in a solution of 1 % serum albumin and 0.1 % Tween-20 in PBS. After washes in a 
solution of 0.1% Tween-20 in PBS and in PBS, grids were incubated again in 10% 
normal goat serum in PBS, followed by 20 min incubation with a 12-nm colloidal gold 
particle conjugated goat-anti-mouse antibody (Jackson ImmunoResearch) diluted in a 
solution of 1% serum albumin in PBS. Sections were stained with the EDTA technique 
(Bernhard, 1969) differential for nuclear nucleoproteins, allowing for enhanced con
trast of RNA-associated protein-containing structural components by virtue of bleach
ing of chromatin. Alternatively, sections were contrasted with an osmium ammine solu-
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tion of 0.2% for 1 hr after HCl hydrolysis (5 M HCl for 20 min at room termperature) 
to specifically visualize DNA by a Feulgen-type method (Cogliati and Gautier, 1973). 

Observations were carried out with a CM 12 transmission electron microscope 
(Philips, Eindhoven, The Netherlands) at 80 kV, using a 40 u.m objective aperture. 

Efficiency of BrdU detection by immunogold labeling 

Control experiments were performed in which cells were fixed directly after long 
incubation periods with BrdU, in order to show that when all DNA was labeled, immu-
nocytochemistry detected condensed, decondensed and most of the dispersed chroma
tin. The labeling was extensive, but not completely uniform with some variations in 
density (data not shown). Only a few small regions escaped from detection. This was 
caused by the fact that only epitopes at the surface of ultrathin sections were available 
for antibody binding, whereas contrasting reagents for detection of DNA penetrated 
into the sections. BrdU-containing DNA in deeper layers of the section was therefore 
not labeled and could thus be interpreted as BrdU-free chromatin. Other control experi
ments consisted of omission of the first antibody, or immunolabeling of cells that did 
not contain BrdU. These control studies resulted in background levels of only a few 
gold particles per nucleus (data not shown). 

3D reconstructions of serial sections 

Images of chromosome domains photographed in a series of adjacent sections were 
enlarged and copied to transparent sheets. Images were aligned by eye based on the 
outline of the nucleus and other recognizable features. Simplified line drawings of la
beled chromatin were entered into a personal computer using reconstruction software 
(Verbeek, 1995). Volume-rendered 3D reconstructions were made by T3D software 
(Fortner Research LLC, Sterling, VA). All digital images were prepared using Adobe 
Photoshop. 

Results 

Chromosomes and chromosome domains labeled by BrdU 

Fluorescently labeled metaphase preparations (Fig. 1 ) were analyzed to relate do
mains that were labeled in interphase to metaphase chromosome structures. Some chro
mosomes had participated in sister chromatid exchange, which resulted in chromatids 
with a labeled and an unlabeled domain, separated by a sharp boundary (Fig. 1). On 
average, V79 cells contained 3 labeled chromatids per nucleus (range, 0-8 of the 22 
chromosomes were labeled) of which 33% were labeled along their entire length. MDCK 
cells contained on average 2 labeled chromatids per nucleus (range, 0-14 of the 78 
chromosomes were labeled) of which 80% were labeled along their entire length. A 
labeled domain in interphase nuclei of V79 cells corresponded thus to either a chromo-
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some territory, a subchromosomal domain or two adjacent territories/domains, while a 
labeled domain in MDCK cells in most cases represented a single entire chromosome 
territory. We will further refer to all these domains as 'chromosome domains' irrespec
tive their size. 

Chromosome domains detected by EM are identical to those detected by LM 

To compare domains observed at the EM level with those observed by CLSM, we 
imaged cells first by CLSM and, after processing, visualized the same nuclei by EM. 
Fluorescent chromosome domains as observed by CLSM could easily be identified af
ter immunogold detection of BrdU with EM. Regions marked by gold particles and 
detected by EM were found at the same locations and were similar in shape as regions 
highlighted by fluorescence in CLSM optical sections (Fig. 2). Large unlabeled regions 
within such domains were observed both by CLSM and by EM. Smaller unlabeled 
regions, as shown in Fig. 2c, could only be recognized at the EM level, illustrating the 
difference in resolving power of EM and CLSM. In the EM images, a network of small 
holes was observed in the nuclear fine structure. The processing for LM had not pre-

Fig. 2 Chromosome domains in a 
single V79 cell as visualized by 
CLSM and EM. Phase-contrast im
age (A) was recorded to identify the 
same cell with both methods. B) 
Single CLSM optical section show
ing FITC-labeled chromosome do
mains; C) immuno-gold EM image 
of boxed area indicated in D. D) EM 
image of low magnification provid
ing an overview of the nucleus con
taining gold labeled domains. Gold 
particles are accentuated by grey 
dots for clarity. Several chromo
some domains are visible. The 
overall shape and nuclear localiza
tion of labeled domains are identi
cal in LM and EM images. Note the 
resemblance of the unlabeled re
gion in the large domain in B and 
D (arrows). Illustrative for the 
higher resolution of EM as com
pared to LM is the small unlabeled 
region (arrowheads) that can only 
be recognized with EM. In this 
preparation, chromatin cannot be 
differentiated from other nuclear 
constituents such as perichromatin 
fibrils. Nu: Nucleolus. Bar 1 urn. 'M**' 
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A served the ultrastructure well enough 
for detailed analysis by EM. Therefore, 
we performed further assays using 
samples prepared specifically for EM. 
Nevertheless, we have established here 
that the same nuclear structures are de
tected by CLSM and EM, and thus that 

0 . • ; chromosome domains can be visual-
'A\ ' • ••'•• . ized by EM after BrdU labeling. 

C ,. Ultrastructural morphology of 
chromosome domains 

cyt 
p i In samples prepared exclu

sively for EM analysis, the nuclear 
B morphology was well-preserved, al

lowing us to analyze chromosome do
mains in detail. After immunolabeling, 
sections were treated in two ways. Fol
lowing osmium ammine staining, only 
DNA was contrasted, leaving the re
mainder of nuclear components un
stained (Fig. 3). EDTA treatment, on 
the other hand, resulted in chromatin 
appearing as light gray areas and RNP-
containing structures showing more 
contrast (Fig. 4). 

Most DNA of a chromosome do
main was assembled as condensed 

Fig. 3 Three consecutive sections of a 
chromosome domain in a V79 cell. The 
BrdU-labeled chromosome domain is de
tected by immuno-gold, DNA by ammine 
osmium. Chromosome domains are local 
regions of condensed chromatin (c), ap
parently decondensing chromatin (arrow) 
and dispersed chromatin (arrowhead). 
Chromatin-free interchromatin spaces (ic) 
are present around and within domains 
and appear to be connected to nuclear 
pores (p1 and p2). Dispersed chromatin 
of two domains may be in contact in the 
interchromatin space (asterisk). Cyt, cyto
plasm; Bar 0,2 |im. 
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chapter 5 

chromatin (Figs. 3 and 4). From condensed regions, branches of apparently decondensing 
chromatin or small fibers of dispersed chromatin extended into a space almost devoid of 
DNA, the interchromatin space (Figs. 3 and 4). Often, two or more labeled regions were 
observed closely apposed, separated by an interchromatin space. In some cases, gold-
particles located in the interchromatin space indicated the presence of dispersed chro
matin connecting condensed domains (Fig. 4). Analysis of serial sections established 
that labeled chromatin domains that were separated by interchromatin space in one 
section may form a continuous domain in 3D in other sections. 

Chromosome domains were frequently associated with the nuclear periphery. La
beled domains lining the nuclear envelope were usually only 100-300 nm wide and 
showed extensions of decondensed chromatin towards the interior of the nucleus into 
interchromatin space (Fig. 5). Serial sections also showed that channels of interchromatin 

u 
jiiiiI'llllllltlMllMt I r* 

Fig. 5 3D reconstruction of a 
chromosome domain in a V79 
cell on the basis of seven con
secutive sections. A) EM image 
of the middle section. Small ar
rows indicate position of nuclear 
pores; bar 0.2 um. B) Simpli
fied contours of labeled chroma
tin (grey) used for reconstruc
tion. Note that the fibrinous struc
ture of the chromosome domain 
is underestimated by this ap
proach. Some extensions of the 
domain may be falsely inter
preted as unlabeled (e.g. the fi
ber that extends from the site in
dicated by the large arrow and 
which contains a single gold 
grain only). Sites where labeled 
chromatin and unlabeled chro
matin were adjacent are marked 
in black. C, D) 3D views of re
constructed chromosome do
main, C) showing irregular ex
tensions of chromatin into the 
interchromatin space towards 
the nuclear interior, and D) 
showing positions of nuclear 
pores within and adjacent to the 
chromosome domain. Arrows 
correspond to the same sites as 
marked in A and B. 
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chromosome territories at high resolution 

space were present within and around chromosome domains, and were continuous with 
nuclear pores (Figs. 3 and 5). A 3D reconstruction based on seven consecutive sections 
exemplifies that nuclear pores were located both at boundaries between domains and in 
a single chromosome domain (Fig. 5). 

Perichromatin fibril-containing regions are present in the interior of 
chromosome domains 

Most of the perichromatin regions and interchromatin space contained 
perichromatin fibrils that were contrasted by EDTA treatment. Occasionally, groups of 
gold-particles indicated the presence of dispersed DNA fibers within regions that were 
rich in perichromatin fibrils (Fig. 4). Perichromatin fibrils were observed in-between 
several labeled condensed chromatin regions which, presumably, are part of the same 
3D chromosome domain. Small channels containing perichromatin fibrils appeared to 
penetrate condensed chromatin regions (Fig. 4). Single perichromatin granules were 
also observed in the interchromatin space around and penetrating into chromosome 
domains (Fig. 4). These results show that both perichromatin fibrils and granules are 
present in channels that lead through the interior of chromosome territories that at the 
LM level exhibit no further detail (compare Figs. 2 and 4). 

Chromosome domains are distinct, but may be structurally associated 

Detection of BrdU-labeled chromosomes allowed us to analyze labeled and unla
beled chromosome domains in interphase nuclei. We observed four ways of spatial 
separation between chromosome domains in both V79 cells and MDCK cells. No dif
ference was observed between the two cell lines, even though in MDCK cells labeled 
domains mostly corresponded to complete chromosome territories, whereas in V79 cells 
labeled domains often represented sister chromatid exchange-created chromosome do
mains. The different ways of spatial separation are exemplified in Figs.3 and 6. Labeled 
and unlabeled chromosome domains were separated by 1) relatively wide regions of 
interchromatin space devoid of DNA (> 100 nm; Fig. 6); 2) by interchromatin space 
regions containing dispersed labeled chromatin (Fig. 3); 3) by a sharp boundary be
tween BrdU-labeled and unlabeled condensed chromatin and no morphologically ob
servable gap in-between (Fig. 6); and 4) by small regions with a gradual change in label 
density without an ultrastructurally observable change in condensed chromatin struc
ture (Fig. 6). 

In control samples where all chromatin in the nucleus was labeled by BrdU, some 
gradual changes in label and small unlabeled regions were observed as well. Conse
quently, it is not possible to determine unequivocally a boundary between domains in 
particularly in the fourth way of separation. Therefore, it cannot be excluded that some 
unlabeled chromatin extends into a labeled domain over a short distance. Nevertheless, 
our results suggest that chromosome territories and chromosome domains are distinct 
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Fig. 6 Photomicrograph showing 
different ways of separation of chro
mosome domains in a V79 cell. 
DNA is specifically contrasted by 
osmium ammine. This micrograph 
shows domains separated by 
interchromatin space (small arrow), 
two domains appearing as one con
tinuous structure but exhibiting a 
sharp separation of label (arrow
head), and two domains appearing 
as one continuous structure with a 
gradual transition of label density 
(large arrow). For illustration of the 
last way of separation see Fig. 3. 
The asterisk in Fig. 3 shows dis
persed chromatin extending into 
the surrounding interchromatin 
space. In this region, dispersed 
chromatin derived from two do
mains may intermingle. Bar 0.2 urn. 

units that are spatially well-defined. However, domains can be in close contact so that 
separations between them cannot be observed, even not at the ultrastructural level. 

The major issues of the present study are summarized in Fig. 7. 

Discussion 

In vivo labeling of nuclear DNA with BrdU and segregation of labeled chromo
somes over daughter cells during a period of several cell cycles allowed us to visualize, 
at the ultrastructural level, chromosome domains in well-preserved interphase nuclei. 
These domains represent either chromosome territories or large segments of territories, 
chromosome domains. Analysis of one and the same nucleus by CLSM and EM demon
strated that domains observed at the EM level are identical to those observed at the LM 
level. Ultrastructural analysis provided far more detailed information. Our results show 
that chromosome domains are local regions of mostly condensed chromatin with some 
dispersed chromatin extending into an interchromatin space almost devoid of DNA. 
This interchromatin space forms an interconnecting channel network running through 
and around chromosome territories and is connected with nuclear pores. Chromosome 
domains are not always surrounded by interchromatin space. Adjacent chromosome 
domains can form a single continuous structure in which discrete domains are only 
distinguished by a change in label density. 

High resolution visualization of chromosome domains by EM, elucidates aspects 
of chromosome arrangement in interphase nuclei that were not appreciated so far. Pre
viously, EM studies analyzing chromatin distributions in interphase nuclei have indi-
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Fig. 7 Schematic drawing il
lustrating several aspects of 
chromosome territories as 
studied here. The chromatin of 
a chromosome forms a 3D-
meandering structure of con
densed chromatin from which 
decondensing chromatin fi
bers extend. In a single cross-
section, as presented here, 
regions belonging to one inter
connected domain appear as 
solitaire (black regions). The 
interchromatin space (ic) 
forms a network of channels 
around and through chromosome territories. These channels that support nuclear processes are 
connected with nuclear pores (np) at the nuclear periphery. Pores are both embedded in or 
located at the boundary of a chromosome territory. Territories (black amd dark grey) are either 
separated by an interchromatin space or are in touch with no, or little, intermingling of chromatin 
(large arrow). Dispersed chromatin of adjacent domains may be in contact with each other in the 
interchromatin space between domains (small arrows). The light grey region corresponds to a 
chromosome territory under the definition proposed in this paper, in which a chromosome terri
tory is the region delineated by DNA of a single chromosome, including invaginating non-chro-
matin spaces. 

cated that a large part of the nucleus is devoid of DNA. For example, a study using serial 
sections showed that only approximately 60% of the nuclear volume of rat lymphocytes 
in GO phase is occupied by condensed chromatin (Lopez-Velazquez et al., 1996). We 
demonstrate here that interchromatin space is found not only around chromosome terri
tories, but is also present inside chromosomes. In most CLSM studies using FISH chro
mosome painting methods, such chromatin-free regions have not been detected. This is 
due to the limited resolution of LM and, possibly, to dispersion and loss of DNA during 
FISH procedures (Raap et al., 1986). The interchromatin space channels inside chromo
some territories that we have visualized in the present study, and which contain, among 
others, perichromatin fibrils, raises the question: how to define a chromosome terri
tory? Do we include surrounding and intruding interchromatin spaces as parts of a ter
ritory or should it be limited to DNA-containing compartments? We propose here to 
define chromosome territories as follows to accommodate results from LM and EM 
studies: a chromosome territory is the region delineated by DNA of a single chromo
some, including invaginating interchromatin spaces devoid of DNA (Fig. 7). Whether 
channels running through a chromosome territory contain only products assigned to, or 
derived from, that particular chromosome or whether these products diffuse through all 
channels in the nucleus still remains to be elucidated. The latter possibility is supported 
by recent observations of nuclear poly(A) RNA movement throughout the interchromatin 
space in living cells (Politz et al., 1999). 
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Boundaries between condensed chromatin and the interchromatin space, the 
perichromatin regions, have been identified by high resolution immunocytochemical 
analysis as regions of DNA replication (F. Jaunin et al., manuscript in preparation) 
confirming earlier high resolution autoradiography studies (Fakan and Hancock, 1974; 
for review, see Fakan, 1978). Perichromatin regions have also been shown to be major 
sites of RNA transcription and, probably, of pre-mRNA processing (Cmarko et al., 1999). 
Perichromatin fibrils that are present in these regions have been identified as in situ 
forms of nascent RNA transcripts. A number of factors involved in pre-mRNA process
ing was found as well to be associated with this nucleoplasm^ structural domain (e.g. 
Cmarko et al., 1999; for review, see Fakan, 1994; Puvion and PuvionDutilleul, 1996; 
Spector, 1996). We show in the present study that interchromatin space is embedded in 
chromosome territories. Therefore, we conclude that replication, transcription and pre-
mRNA processing can occur within chromosome territories. Indeed, DNA replication 
(chapter 2) and transcription (Abranches et al., 1998) have been shown to occur within 
FISH delineated chromosome territories. Interestingly, Verschure et al. (1999) have shown 
that transcription sites are localized specifically at the surface of compact chromatin 
substructures that were observed throughout chromosome territories at the LM level. 
Clemson et al. ( 1996) noticed that mRNA of a gene that encodes for a type of collagen 
accumulated in a distinct gap in the chromosomal DNA, even when the signal was 
located in the interior of its chromosome territory. This finding suggests that these mRNAs 
are located in DNA-free interchromatin space within the chromosome territory. Kurz et 
al. (1996) studied distribution patterns of three genes and two non-coding sequences 
and showed that in 80% of the cases the genes and one of the non-coding sequences 
were localized in the outer 50% of a FISH-delineated chromosome territory. The other 
non-coding sequence was distributed more randomly over the territory. The authors 
concluded that genes are preferentially located at the periphery of chromosome territo
ries. Since we now are aware that perichromatin regions also occur within chromosome 
territories, the conclusions of Kurz et al. (1996) are not expected to be valid for all 
genes. 

The view that chromosome territories contain large regions of interchromatin 
space accommodates several models relating chromosomal organization to nuclear func
tion. Interchromatin space corresponds to the hypothetical space postulated in the inter-
chromosomal domain model (Cremer et al., 1993,1995; Zirbel et al., 1993). The model 
proposes the presence of a space between chromosomes and chromosomal domains 
facilitating nuclear processes. This would accommodate actively processed regions at 
the surface of chromosomal subdomains. In Drosophila polytene nuclei, mRNA pro
cessing and transport rates are consistent with a channeled diffusion in subcompartments 
created by the exclusion of chromosome axis and nucleolus (Zachar et al., 1993; Kramer 
et al., 1994). The suggestion that channeled diffusion is applicable to metazoan nuclei 
in general is not in disagreement with our observations. Razin and Gromova (1995) 
suggested that scaffolding elements in the cell nucleus may constitute a network of 
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channels that is connected to nuclear pores and extends into chromosome territories, as 
observed in our study, in which replication and transcription sites are present. 

Chromosome territories may not always be surrounded by interchromatin spaces. 
Previous studies did not find a relationship between chromosome number and con
densed chromatin regions (Nicolinietal., 1984; Esquivel etal., 1989; Lopez-Velazquez 
et al., 1996), except in highly condensed mature nucleated erythrocytes (Davies, 1961; 
Murray and Davies, 1979). The question thus arises as to whether individual chromo
somes are separate units. LM studies recently showed that both chromosome territories 
and chromosome domains are discrete units and are rarely and, if so, only locally inter
mingled (chapter 3), but small amounts of dispersed chromatin extending from different 
domains may be in contact. 

The observation that dispersed chromatin of two domains can be in contact in the 
interchromatin space, may be of importance for our understanding of DNA repair mecha
nisms (Chen et al., 1996; Cremer et al., 1996). For chromosome translocations to occur, 
DNA strands of two chromosomes have to be brought in contact to be joint together by 
repair enzymes (for review see Savage, 1996). It is likely that these repair enzymes are 
present in the interchromatin space, since factors involved in DNA replication and tran
scription are utilized here as well and are, in part, similar to those involved in DNA 
repair (Friedberg, 1996). Indeed, two adjacent homologous genes were more often in
volved in recombination events when they were actively transcribed (Nickoloff, 1992), 
and thus located in the perichromatin region. Both requirements for chromatin translo
cation formation, presence of repair factors and contact between chromosomes, are thus 
likely to be fulfilled in the interchromatin space. 

In conclusion, high resolution analysis of in vivo labeled chromosome domains 
and territories demonstrates that these domains are discrete units that are either sepa
rated by interchromatin space or in contact with little intermingling of their DNA. More
over, the interchromatin space is present within and around chromosome domains and 
territories as a continuous network connected to nuclear pores. Since the sites where 
chromatin décondenses into interchromatin space are the sites where many nuclear pro
cesses take place, we conclude that these processes take place both within and around 
chromosome territories. 
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chapter 6 

Chromosomal organization in the 
interphase nucleus 

-general discussion-

Observed chromosomal structure 

During the last years, the concept of chromosome territories changed from a chro-
matin-filled cloud-like structure on the basis of FISH painting experiments (see e.g. 
chapter 2, Fig. 2b) to an open structure consisting of condensed chromatin and 
interchromatin space into which decondensed chromatin extents and nuclear processes 
take place (see e.g. chapter 5, Fig. 4). This change of view is at least partially based on 
replication labeling experiments and CLSM and EM analysis. 

We have demonstrated that DNA replication takes place throughout chromosome 
territories. Early and late replicating chromosomal subdomains are distributed randomly 
over territories, except in inactive X-chromosomes, where the early replicating domains 
are preferentially located close to the territory surface (chapter 2). We also demon
strated by CLSM analysis that chromosome territories are mutually exclusive units which 
do not intermingle. They are irregularly shaped with extending chromatin fibers that are 
sometimes embedded in those of other chromosomes. Chromosomal subdomains were 
also found to be distinct structures. They are rarely intermingled (chapter 3). 

EM studies have shown that chromosomes are condensed regions with decondensed 
chromatin fibers extending into the interchromatin space. In the interchromatin space 
that separates chromosome territories, dispersed chromatin of neighboring chromosomes 
can interact. Chromosomes are not always separated by non-chromatin space. Regu
larly, condensed regions of chromosome territories or chromosomal domains were so 
closely apposed that they appeared to form a single continuous structure (chapter 5). At 
first sight, these EM data seem to be in contrast with our CLSM observations, but in fact 
they reflect a difference in focus. CLSM analysis is an excellent tool to study 3D orga
nization of entire nuclei, whereas EM analysis is particularly useful to study structural 
details. EM studies showed that the interchromatin space forms a channeled network 
around and through chromosome territories. This space is a continuum both with nuclear 
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pores which are located between chromosome territories and with nuclear pores that are 
surrounded by a single territory. The presence of interchromatin space inside chromo
some territories is in complete agreement with our observations that DNA replication 
takes place throughout painted chromosome territories. 

Organization of chromatin inside territories 

These observations provided new insights in the structural organization of chromo
some territories. However, it remains unclear how chromatin is organized to form a 
territory. Various concepts have been developed; several are discussed here in the light 
of our observations. 

Functional model 

A functional model of higher order organization of chromatin in chromosome terri
tories is the interchromosomal domain (ICD) model (Cremer et al., 1993; Zirbel et al., 
1993). This model postulates space between chromosome territories in which transport 
takes place and enzyme complexes are formed, thus facilitating nuclear processes. Ac
tively processed chromatin is proposed to be preferentially located adjacent to this space, 
thus at the surface of chromosome territories, whereas inactive chromatin is located 
deeper inside the interior of a chromosome territory. A modification of this model pro
poses that the ICD space also lines chromosomal subdomains and penetrates into chro
mosome territories (Cremer et al., 1995). 

A series of studies is consistent with this model. Speckles that are rich in splicing 
factors, as well as mRNA transcribed from the DNA of an integrated virus (Zirbel et al., 
1993) and the few genes studied so far (Clemson et al., 1996; Kurz et al., 1996; Park and 
DeBoni, 1998) are preferentially located near the chromosome territory surface. Also, 
the inactive X-chromosome is significantly more round and has a smaller surface region 
than the active X-chromosome (Eils et al., 1996; chapter 2), thus having less surface 
region to accommodate nuclear processes. Exogenous vimentin filaments that were al
lowed to polymerize formed interconnecting channel-like systems that were located 
almost exclusively outside painted chromosome territories. This finding supported the 
concept of a space between territories (Bridger et al., 1998). This concept is also sup
ported by our observations that chromosome territories and chromosomal subdomains 
are non-intermingling units and that interchromatin space can be present between and 
within chromosome territories. The original ICD model is not supported by our obser
vations that replication is not limited to chromosome territory surfaces, but takes place 
throughout chromosome territories. Recently, transcription foci were also found through
out chromosome territories (Abranches et al., 1998; Verschure et al., 1999). These data 
are in agreement with the modified model where ICD spaces penetrate into chromo
some territories. 
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The question remains to be answered whether chromatin is stably organized with 
potentially active chromatin located at the surface and inactive chromatin in the interior 
of chromosomal subdomains. EM studies revealed that contact regions between con
densed chromatin and interchromatin space (the perichromatin region) are sites of tran
scription and replication (reviewed in Fakan, 1978). We showed that these regions are 
present in the interior of chromosome territories (chapter 5). We also observed that 
newly replicated chromatin can move from the perichromatin region into the interior of 
a condensed chromatin domain within 5 min (Jaunin et al., in preparation). These dy
namics suggest that chromatin organization in functional domains may not totally de
pend on surface structure alone. 

Polymer model 

Chromatin organization has been described in mathematical terms, based on the 
fact that chromatin is a polymer. Distance measurements in interphase nuclei between 
probes separated by a known genomic distance (Yokota et al., 1995) lead to the formu
lation of the Random Walk / Giant Loop model (Sachs et al., 1995). In the simplest 
model to fit these data, chromatin is organized in giant loops, which follow a random 
path. The bases of the loops are connected to a protein backbone that also follows a 
random path in the nucleus. Computer simulations have shown that chromatin orga
nized according to this model forms highly intermingled chromosome territories and 
subdomains (Münkel and Langowski, 1998). This model is in contrast with experimen
tal data (chapters 3 and 5; Ferreira et al., 1997; Dietzel et al., 1998b; Zink et al., 1999), 
but a slightly different polymer-based multiloop subcompartment model (Münkel and 
Langowski, 1998) shows non-overlapping chromatin domains and is in agreement with 
distances that were measured between probes. These models provide a general view of 
interphase chromosomes only, as regional differences in compaction, e.g. between R 
and G bands (Yokota et al., 1997), are not taken into account. Even so. it suggests that 
certain structural features of chromosome organization might be attributed to polymer 
characteristics of chromatin itself. 

Structural model 

Concepts of chromatin structure as observed in interphase nuclei, in partly 
decondensed metaphase chromosomes and in isolated chromatin fibers, have lead to a 
great variety of models of higher order organization of chromatin (reviewed in Belmont, 
1997). Recent findings indicate that at the lower levels of chromatin organization nu-
cleosome arrays are not helically organized in solenoids, as was previously generally 
assumed (Alberts et al., 1983), but are arranged in irregular zig-zags creating fibers of 
approximately 30 nm diameter (reviewed in Woodcock and Horowitz, 1995). A model 
of higher order chromatin organization, that is not based on helical symmetry of chro
matin folding, has been proposed by Belmont and colleagues (Belmont and Bruce, 1994; 
Belmont, 1997). The well-known 30 nm chromatin fibers are rarely observed, as the 
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majority of chromosomes are in a condensed state in the interphase nucleus. The group 
of Belmont observed chromatin fibers with diameters of on average 100 nm, so-called 
chromonema. In Gl nuclei, chromonema have predominantly a diameter of 100-130 
nm, which decreases during progression in the cell cycle to predominantly 60-80 nm in 
early S-phase (Belmont and Bruce, 1994). The authors proposed that these chromonema 
are formed by an irregular folding of 30 nm fibers. Since they observed chromonema 
substructures in compacted heterochromatin regions near the nuclear periphery, they 
proposed that condensed chromatin domains are formed by coiling and kinking of 
chromonema fibers (Belmont, 1997). Recent studies suggested a further level of higher 
order organization of fibers with diameters units of 200 nm and 400 nm as basis of 
metaphase chromosomes (Li et al., 1998). 

In our LM studies, fiber-like structures with diameters varying between light 
microscopic resolution (0.2 nm) and 0.6 jam were observed, which could well correspond 
to chromonema fibers or their higher levels of organization (chapter 3). Substructures 
of chromonema could not be discerned in regions of condensed chromatin in our EM 
analysis, maybe because chromatin fibers are tightly packed, making it impossible to 
discriminate individual fibers. This is not unlikely, since even two chromosome territories 
were not always physically separated and fiber-like structures with various diameters 
extended often into the interchromatin space from condensed chromatin regions 
(chapter 5). Decondensed fibers either packed in other condensed structures forming 
thicker fibers or compacted chromatin regions, or were dispersed as chromatin fibers of 
30 nm or less. It is yet unknown whether dispersed chromatin forms loops returning to 
the same compacted regions, or is condensed into an adjacent subchromosomal domain. 

Metaphase composition reflected in interphase 

Chromosomes remain largely in a condensed state. Folding of chromatin in higher 
order fibers suggests that the general arrangement of chromatin, as observed in metaphase, 
remains relatively unchanged during interphase. This notion is supported by several 
observations. Bands of early and late replicating chromatin on metaphase chromosomes 
have been found to form distinct structural units in interphase (Sparvoli et al., 1994; 
Ferreira et al., 1997; Zink et al., 1999, chapter 2). Late replicating chromatin domains in 
living cells have the same arrangement in mid G2 and in prophase (Manders et al., 
1999). Furthermore, a homologous staining region (HSR) of the size of a chromosome 
arm that was created by amplification of a reporter construct has been followed through 
cell cycle progression (Robinett et al., 1996). The HSR was observed to alternate re-
versibly between an extended fiber-like structure and a compacted domain-like con
figuration depending on the phase in the cell cycle and the activity of the amplified 
genes (Li et al., 1998; Tumbar et al, 1999). Moreover, segments of chromosomes that 
contain both heterochromatic and euchromatic regions form discrete domains and fi
ber-like structures (chapters 3 and 5). These data indicate that chromosomes may lo-
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cally décondense and meander through their territories, but that chromatin regions re
main arranged in the same order as observed in metaphase chromosomes. 

Potential influence of subdomains on chromosomal shape and position 

In contrast to metaphase chromosomes, interphase chromosomes have a highly 
variable shape and organization (Yokota et al., 1995; Dietzel et al., 1998b). Even so, 
chromosomes appear to be arranged within their territories according to certain pat
terns. Telomeres and centromeres are preferentially located near the territory surface 
(Dietzel et al., 1998a,b), and the few genes studied so far were not only found near the 
periphery of a territory, but were also positioned at a certain side of the territory in 
relation to the remainder of the nucleus (Kurz et al., 1996; Park and DeBoni, 1998). 
Furthermore, inactive X-chromosomes (Xi) have a rounder shape than active X-chro-
mosomes (Xa) (Eils et al., 1996; chapter 2) and early replicating chromatin domains are 
preferentially located near the chromosome territory surface in Xi (but not in other 
chromosomes) (chapter 2). What can be the cause of these reproducible features in the 
otherwise flexible organization? 

Functional subdomains 

Chromatin with certain compositional and functional characteristics is clustered in 
bands on metaphase chromosomes (reviewed in: Holmquist, 1992; Craig and Bickmore, 
1993). Constitutive heterochromatin is clustered in C-bands located near centromeres. 
Most tissue-specific genes are mapped in G-bands and replicate late in S-phase, whereas 
housekeeping genes are clustered in R-bands and replicate early in S-phase. R-bands 
can be further subdivided cytologically in four catagories (Holmquist, 1992). Two of 
these categories are also known as T-bands and contain the highest gene density. Fi
nally, chromatin that is clustered in metaphase bands remains clustered during inter
phase. Therefore, a variety of chromatin domains with different functional properties is 
present in interphase nuclei. 

These domains can influence functional characteristics of chromatin that is located 
nearby. A classical example is the so-called position effect variegation where a gene, 
e.g. one effecting the eye color of Drosophila, is translocated from its euchromatic loca
tion to a site close to a centromere. The centromeric chromatin becomes 
heterochromatinized during embryonic development in Drosophila. This inactivates the 
translocated gene, resulting in red eyes. However, not in all cells heterochromatinization 
reaches the translocated reporter gene. In some cells, the gene is still active which re
sults in red spots or sectors in Drosophila eyes (reviewed in Weiler and Wakimoto, 
1995; Wallrath, 1998; Wu and Moms, 1999). Position effect variegation thus illustrates 
that positioning of a gene in or near the DNA of a heterochromatin domain may silence 
the otherwise active gene. Spatial positioning of a gene in a heterochromatic domain 
without translocation can also influence its activity. For example, telomeres in yeast are 
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clustered near the nuclear envelope. Here, they form a heterochromatic compartment in 
which SIR proteins are concentrated, which have a silencing capacity (Gotta et al., 
1996). When a gene-construct that has a weak response to SIR proteins is introduced in 
these cells, it is actively transcribed in the nuclear interior. However, if this gene-con
struct is targeted to a telomeric cluster by binding to the nuclear envelope, it is inacti
vated (Andrulis et al., 1998; reviewed in Cockell and Gasser, 1999). This illustrates that 
nuclear compartments may effect the activity of genes located nearby, either when a 
sequence is inserted into the DNA that forms the nuclear compartment or when a gene 
is located only spatially in a specific domain. 

Nuclear positioning of subdomains 

Chromatin domains show characteristic distribution patterns over the nucleus. Most 
early replicating chromatin is located in the nuclear interior and late replicating chro
matin is located for the larger part near the nuclear periphery and around nucleoli 
(Nakayasu and Berezney, 1989; VanDierendoncketal, 1989; Fox et al., 1991 ; Manders 
et al., 1992; Ferreira et al., 1997). Specific associations between certain genes and nuclear 
domains such as nucleoli, coiled bodies and PML bodies have also been recognized 
(reviewed in Lamond and Earnshaw, 1998; Schul et al., 1998). This indicates that chro
mosomal domains with certain functional properties are located in specific regions of 
the interphase nucleus. This is referred to below as located at a 'preferred site' in the 
nucleus. 

The concept that nuclear positioning of chromatin domains is dependent on their 
functional state is illustrated by studies of the group of Belmont. As mentioned before, 
they created a cell line with a HSR of 90 Mbp (comparable to the size of a large chromo
some arm) which can be visualized easily by antibodies or by green fluorescent protein 
in living cells (Robinett et al., 1996; Li et al., 1998). This HSR is transcriptionally 
inactive, highly compacted and located at the nuclear periphery in a heterochromatic 
compartment. Just before it is replicated, this region expands and moves towards the 
nuclear- interior (Li et al, 1998). It is not yet clear why the onset of replication results in 
repositioning, because late in S-phase, when the HSR replicates, DNA replication takes 
also place at the nuclear periphery. One explanation might be that the 90 Mbp HSR is 
too large to be replicated at the nuclear periphery. When strong transactivators are tar
geted to the HSR, the amplified genes are transcribed. The compacted region becomes 
decondensed and extends into the nuclear interior (Tumbar et al., 1999). The authors 
showed that it is not the process of transcription that causes chromatin extension, as it 
also occurs when transcription is blocked. It might be that preparations for transcrip
tion, such as histon acetylation, adapt chromatin conformation and form a transcription-
supporting environment around the chromatin. Since the entire HSR décondenses and 
not only the interspersed sites to which transactivators were targeted, the authors con
clude that these effects influence chromatin over a long range. This may explain why, 

84 



general discussion 

e.g. housekeeping genes are clustered and it supports the idea that nuclear compart
ments play a role in gene regulation. 

Organization of Xi 

The amplified HSR is an extreme form of a chromosomal subdomain. Can a more 
subtle compartmentalization also influence chromosomal organization? In female cells, 
Xi is more rounded up than Xa (Eils et al., 1996; chapter 2), and in Xi (but not in other 
chromosomes) early replicating chromatin domains are preferentially located near the 
chromosome territory surface (chapter 2). Walker (1991) suggested that the rounder 
shape of Xi might be caused by a clustering of its telomeres, but Dietzel et al. ( 1998a) 
demonstrated that such a clustering is not present in Xi in human amniocytes. 

I like to suggest another explanation that also takes into account the differences in 
distribution patterns of early replicating chromatin that we observed. Clemson et al. 
(1996) showed that Xi is covered by RNA of the Xist gene, which does not code for 
protein but is known to be involved in X-inactivation. The spatial distribution of Xist 
RNA shows a punctuate pattern over Xi chromosome territory and it was suggested that 
this RNA has a structural role in chromosome organization (Clemson et al., 1996). In 
human cells, Xist RNA dissociates during mitosis from condensed chromosomes. In 
contrast, Xist RNA in rodent cells dissociates after metaphase and exhibits a banding 
pattern associated with transcriptionally inactive, gene-rich R-bands (Duthie et al., 1999). 
If indeed Xist RNA has a structural role, inactivated regions may be bridged, thus creat
ing a silencing environment. Such clustering of inactivated regions can be achieved in 
numerous ways, which is in agreement with the large variety of telomere-centromere-
telomere distances and angles that have been reported (Dietzel et al., 1998a). Clustering 
leads automatically to a rounder overall shape of the territory and a peripheral localiza
tion of early replicating domains that escape from inactivation, as we have observed 
(chapter 2). In this case, the formation of a functional silencing compartment with in
creased concentrations of certain factors, e.g. Xist RNA and probably other factors 
involved in X-inactivation, might thus lead to reproducible features in chromosome 
folding. 

Extended chromatin fibers 

A reproducible organization has been observed as well in autosomes. The few 
genes that have been studied so far were preferentially found near the periphery of 
chromosome territories either facing the nuclear envelope or the nuclear interior, de
pending on the gene (Kurz et al., 1996). Also Park and De Boni (1998) noticed that 
ERBB-2 sequences expressed in breast cancer cells were located within 1 (im of the 
nuclear envelope. ERBB-2 sequences were detected at the surface of their chromosome 
territories and faced the nuclear envelope in almost 90% of the cases. Since chromo
some 17 territories in toto showed a random positioning in the nucleus, it was assumed 
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that a specific configuration positioned ERBB-2-containing regions in the outer shell of 
the nucleus. 

In one of the cell lines, ERBB-2-containing regions were extended from the main 
body of their territory into the nuclear periphery. We observed chromosomes with fiber
like structures that were embedded in other chromosomes or that embraced one another 
(chapter 3). Chromosomes may be arranged coincidentally in this way, but, on the other 
hand, these extensions may also reflect a preferred position of chromosomal subdomains 
in specific nuclear regions. This notion is supported by observations of D. Sheer (per
sonal communication) that the region on chromosome 6 that contains the MHC com
plex is located nearby the periphery of the chromosome territory in the majority of cells. 
Interestingly, in cell lines in which MHC genes are transcribed, this chromosomal re
gion appeared to extend out of the main body of the territory. This suggests that this 
region moves to a different nuclear compartment when it is transcribed. 

Furthermore, temporal inactivation of certain genes has been shown to involve 
association with centromeric heterochromatin domains in differentiating human lym
phocytes. In immature B-cells, a subset of silenced genes is associated with the protein 
Ikaros and is localized near centromeric heterochromatin. When these cells differenti
ate further, the genes are released and other Ikaros-regulated genes are moved into the 
domain (Brown et al., 1997; reviewed in Cockell and Casser, 1999). It would be inter
esting to study whether this association is formed by extension of chromatin fibers or by 
compaction of part of the territories near centromeres. These observations support the 
concept that chromosomes are shaped by the positioning of chromosomal subdomains 
in functional compartments in the interphase nucleus. 

Positioning of chromosomes by subdomains 

The localization of a chromosomal subdomain in a specific region in the cell nucleus 
may influence the position of the entire chromosome territory. It is, however, still un
clear whether chromosomes occupy specific locations in the nucleus or are specifically 
associated with one another. In few cell types and during certain cell cycle phases, a 
non-random distribution has been observed for several chromosomes (for reviews, see 
Heslop-Harrison and Bennett, 1984; Manuelidis, 1990; Spector, 1993; Nagele et al., 
1999). In our studies, we did not focus on this aspect of chromosomal organization. 
However, studies by others bring forward data that relate to the issue of a functional 
organization of chromosome territories. A clear demonstration has been given by Croft 
et al. (1999) who compared chromosome 18, which is gene poor, with the similarly 
sized chromosome 19, which is extremely gene rich. They showed that chromosome 18 
was always located in the outer half of the nucleus, whereas chromosome 19 was found 
in the nuclear interior. In cells of a patient with a reciprocal translocation between chro
mosome 18 and 19, the translocated 20 Mb region of chromosome 18 was located at the 
nuclear periphery facing site of the territory that was formed by the majority of chromo
some 19. Moreover, the translocated 15 Mb region of chromosome 19 was located at 
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the nuclear interior facing site of the territory that was formed by the majority of chro
mosome 18. This indicates that these small translocated regions tend to occupy their 
original location in the nucleus, indicating that chromosomal subdomains occupy pre
ferred regions in the nucleus. The patient with the chromosome 18-19 translocation had 
a normal phenotype. This suggests that, when no crucial sequences are damaged or lost, 
a chromosome translocation does not have to have an effect on cell function. This may 
be related to the proper positioning of chromosomal subdomains in their normal func
tional environment. In conclusion, a preferential location of chromosomal subdomains 
in the nucleus may thus lead to a preferential location of chromosomes in the nucleus. 
However, as illustrated above by the random positioning of chromosome 17 in toto 
(Park and DeBoni, 1998), this is not always the case. 

Implications of territorial organization 

It is surprising to see how little intermingling occurs between chromosomes or 
subdomains within a chromosome (chapters 3 and 5). This organization brings forward 
several implications for nuclear functioning. On the one hand, the discreteness facili
tates chromosomal condensation before cell division. On the other hand, there are sev
eral processes for which an interaction between chromatin of different chromosomes is 
expected or proposed. Studies on the mechanisms by which these processes occur, should 
take these spatial constraints into account. 

Transvection is a process in which the activity of a gene is altered by its homo
logue. This phenomenon has been studied mainly in Drosophila, and was shown to lead 
to either gene silencing or gene activation. For instance, it was shown that two homolo
gous genes, one defect in its promoter region and the other defect in its coding region, 
form normal gene products together. Although there is no direct evidence, the emerging 
picture from various cases of transvection is highly consistent with a homologous pair
ing of the genes involved. Some models propose a direct chromatin-chromatin interac
tion, while other models propose intermediary diffusing factors to be involved. For 
instance, specific RNA's which trigger silencing when their concentration reaches a 
critical threshold can accumulate when homologue sequences are closely apposed (re
viewed in Wu and Morris, 1999). For the latter mechanism, both genes are to be located 
in the same nuclear compartment, but chromatin intermingling is not necessary. 

In human cells, homologous pairing of chromosomes is not frequently observed 
(Haaf and Schmid, 1991; Ferguson and Ward, 1992; Nagele et al., 1999). However, 
regions can sometimes be associated with their homologue (Lewis et al, 1993; LaSalle 
and Lalande, 1996). Lasalle and Lalande (1996) studied a region on chromosome 15 
where several imprinted genes are located that are either actively transcribed on the 
paternally-derived chromosome only or on the maternally-derived chromosome only. 
These regions were observed to be positioned closely together in a fraction of cells that 
were isolated in late S-phase. The phenomenon was not observed in cells isolated in 
other phases of the cell cycle, indicating that interaction is only of limited duration. 
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Homologous regions containing other imprinted genes were observed to be associated 
as well in late S-phase. Therefore, the authors suggest that such association may be 
crucial for maintaining the imprinted state during somatic cell divisions (LaSalle and 
Lalande, 1996). However, it remains an open question whether this association involves 
physical chromatin-chromatin interaction or whether positioning in a particular nuclear 
micro-environment during a short period of time is sufficient. 

Chromatin has to interact physically in (mis)repair of DNA double strand breaks 
that result in chromosome translocations. In the classical model of repair mechanisms, 
broken ends of chromosomes either restitute to their original site, combine with other 
broken ends resulting in chromosome aberrations such as chromosome translocations, 
or remain unrepaired and result in chromosome deletions and fragments (Sax, 1938; 
Lea, 1946; reviewed in Savage, 1996). In the case of chromosome translocation, DNA 
double strand breaks induced in different chromosomes should be positioned sufficiently 
close together to interact or have to be transported to the same site. Even when one 
considers that it may not be necessary to combine two breaks, but that one break might 
interact with other chromatin via homologous repair mechanisms (Chadwick and 
Leenhouts, 1978; Ludwików et al., in preparation), the organization of chromosomes in 
distinct territories poses constraints to the amount of chromatin that is readily available 
for interaction (Savage and Papworth, 1973; Cremer et al., 1996; Sachs et al., 1996; 
1997). Damaging agents can induce reorganization of chromatin. One study indicated 
that two homologous chromosomes were positioned less far apart after irradiation (Doll
ing et al., 1997). On the other hand, we did not find evidence for chromosomes to be 
more intermingled after gamma-irradiation with doses that induce chromosome translo
cations (unpublished observations). Chromosome ends may also interact more frequently, 
when damaged DNA is transported to special repair sites that are located between chro
mosome territories (Cremer et al., 1996). At the ultrastructural level, we showed that 
dispersed chromatin of different chromosomes may interact in the interchromatin space 
located between chromosomes (chapter 5). However, when we assume that DNA repair 
takes place at similar sites as transcription and replication because these processes use 
similar enzymes (Friedberg, 1996), it is not likely that damaged DNA is preferentially 
repaired at the surface of chromosome territories, because transcription and replication 
occur throughout chromosome territories (chapter 2; Abranches et al., 1998; Verschure 
et al., 1999). Furthermore, double strand breaks induced in human fibroblasts were 
observed to remain in a fixed position during initial stages of DNA repair (Nelms et al., 
1998). Our CLSM studies indicated that chromosomes may penetrate into one another 
and that fiber-like structures may embrace each other (chapter 3), thus enlarging the 
region in which chromosomes are closely apposed. If, indeed, damaged DNA is trans
ported to perichromatin regions to be repaired, the probability that another chromosome 
is coincidentally located nearby may be high enough to produce the number of chromo
some translocations that is observed after damage. Further studies may elucidate whether 
these assumptions are realistic or that other mechanisms are involved. 
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In summary, in this thesis evidence is provided that chromosomes are distinct units 
in the interphase nucleus, but that interphase chromosomes are not functional units as 
they are in metaphase. Smaller subdomains corresponding to bands on metaphase chro
mosomes are more likely to serve as functional entities in interphase. The organization 
of chromatin in discrete domains and territories affects the functional organization of 
nuclear processes. These spatial constraints have to be taken into account when investi
gating chromatin-dependent processes. 
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Summary 

DNA has become a well-known term. DNA technology helps to solve crimes, modify 
micro-organisms to produce drugs and make crop resistant to various infectious dis
eases. One would expect that all is known about DNA. However, there are still many 
mysteries, among others, the way DNA is organized in its natural environment, the cell 
nucleus. 

In the nucleus of eukaryotes, DNA is carefully packed with proteins. This pack
age is called 'chromatin'. Chromatin in a nucleus is divided over a number of chromo
somes. Human cells contain 46 chromosomes each. Before a cell can divide, it has to 
replicate its DNA and divide its chromosomes equally over the two daughter cells, so 
that both receive a complete set of chromosomes. The genetic information is encoded 
on small pieces of chromosomes, the genes. Chromosomes contain more genes than are 
utilized by an individual cell in the body. Therefore, there is a necessity to regulate 
which genes are copied for protein production and which genes are silenced. It is only 
partly known how these processes are regulated, but there are indications that the way 
chromatin is organized in the nucleus plays an important role. Therefore, a better in
sight in these essential processes can be obtained when the organization of chromatin in 
chromosomes is known. 

Chromosomes are not distributed throughout the cell nucleus. Each chromosome 
occupies its own territory. Chromosome territories can be visualized by applying a so-
called FISH-technique. With this method individual chromosomes are labeled with fluo
rescent markers which are then detected with a fluorescence light microscope. The overall 
image of a chromosome that is obtained in this way can be compared to a wet natural 
sponge: a compact shape with diffuse surfaces. 

The studies described in this thesis focussed on the spatial organization of chro
mosome territories. We were inspired by a model formulated by Thomas and Christoph 
Cremer and Peter Lichter. They postulated a space between chromosome territories in 
which activating factors and building blocks for nuclear processes are transported, fa
cilitating nuclear processes near the surface of chromosome territories. We tested this 
concept by labeling simultaneously the process of DNA replication and specific chro
mosome territories. The results showed that DNA replication was not limited to the 
periphery, but occurred also throughout chromosome territories. This suggests that if 
the concept of an interchromosomal domain space that facilitates nuclear processes is 
valid, interchromatin channels have to penetrate chromosome territories. This possibil
ity has been suggested in a second version of the model. 

Next, we focussed on the surface area of chromosome territories. Is there indeed 
a space between chromosome territories? FISH-painted chromosomes show a diffuse 
surface, thus one could imagine that chromatin of different chromosomes intermingles 
at territory surfaces. The diffuse impression may, however, also be a result of the FISH 
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procedure itself. To study surface regions of chromosome territories in detail, we devel
oped a new method using the incorporation of differently labeled nucleotides to label 
chromosomes in red and green. In cells that contained both red and green labeled chro
mosomes, we observed almost no intermingling of chromatin. Similar experiments in 
which parts of chromosomes were labeled red or green, showed that these parts formed 
discrete domains within chromosome territories that did not intermingle either. These 
findings indicate that chromosome territories, as well as chromosomal subdomains, are 
distinct units. 

More details cannot be obtained by light microscopy. To further investigate the 
spatial organization of chromosome territories, we developed a method to detect la
beled nucleotides by electron microscopy. Again, chromosomes were labeled by the 
incorporation of labeled nucleotides and now were analyzed at a higher resolution. Elec
tron microscopic images showed that often a non-chromatin space is present in between 
chromosome territories, but also, that at other locations chromosomes may be so closely 
associated that no physical separation is visible. Areas in which chromosomes may 
intermingle appear to be very small, indicating that chromosomes are discrete entities. 
Furthermore, we observed that there are non-chromatin spaces within chromosome 
territories as well. Previous electron microscopic studies had demonstrated that chro
matin adjacent to non-chromatin spaces is often involved in processes such as DNA 
replication or copying of genes for protein production. These findings confirmed our 
previous conclusion that DNA replication can take place throughout chromosome terri
tories. 

Our studies and the studies of others on chromosomal organization have sharp
ened the initial unclear view of chromosome territories. Chromosome territories are 
discrete structural entities with an irregular shape in which chromatin-free regions pen
etrate. Nuclear processes occur throughout chromosome territories, specifically near 
the surface of these chromatin-free channels. Therefore, the spatial organization of chro
mosome territories in toto does not appear to be a crucial factor for the functional orga
nization of these processes. The low degree of intermingling between chromosome ter
ritories does, however, limit the probability of coincidental chromatin interactions be
tween chromosomes. Furthermore, we conclude that chromosome territories consist of 
a sequence of distinct domains, each of which, probably, forms a functional unit. Future 
investigations are needed to determine how chromatin organization in these domains 
plays a role in the functional organization of DNA-dependent processes in the cell nucleus. 

r 
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Samenvatting 

DNA is een algemeen begrip geworden in het dagelijkse leven. Met behulp van DNA 
technologie worden misdaden opgelost, produceren micro-organismen medicijnen en worden 
landbouwgewassen resistent gemaakt tegen diverse plagen. Je zou verwachten dat alles van 
DNA bekend is. Er zijn echter nog veel mysteries, zoals bijvoorbeeld de manier waarop het 
DNA is opgeslagen in de kern van de cel, de natuurlijke omgeving van DNA. 

In de kern van cellen van hogere organismen is het DNA opgevouwen en omgeven 
door eiwitten. Deze combinatie van DNA en eiwitten wordt chromatine genoemd. Chromatine 
is verdeeld over chromosomen. Zo heeft de mens 46 chromosomen. Als een cel deelt, worden 
de chromosomen eerst verdubbeld door DNA replicatie en vervolgens verdeeld over de 
twee dochtercellen zodat beide een complete set chromosomen krijgen. De chromosomen 
bevatten veel meer informatie dan een enkele cel in het lichaam nodig heeft om te functioneren. 
Op kleine stukjes chromatine, de genen, staat de code voor elk eiwit dat gemaakt kan worden. 
Afhankelijk van de eiwitten die nodig zijn, worden in een cel bepaalde genen wel en andere 
niet gebruikt. Het is maar gedeeltelijk bekend hoe gereguleerd wordt dat de juiste genen op 
het juiste moment gebruikt worden in de juiste cel van het lichaam. Er zijn aanwijzingen dat 
de ruimtelijke ordening van het chromatine in de kern hierbij een rol speelt. Wanneer we de 
organisatie van het chromatine in de chromosomen kennen, kunnen we, uiteindelijk, ook 
meer inzicht krijgen in de regulatie van essentiële DNA-afhankelijke processen. 

De chromosomen liggen niet door de hele kern verspreid, maar liggen elk in een eigen 
territorium. Deze territoria kunnen zichtbaar worden gemaakt met een zogenaamde FISH-
techniek. Hierbij worden specifieke chromosomen gemarkeerd met fluorescerende 
kleurstoffen die met een fluorescentiemicroscoop gedetecteerd worden. Het algemene beeld 
dat op deze wijze van chromosoomterritoria wordt verkregen, is vergelijkbaar met dat van 
een volgezogen levende spons: een compacte vorm met een enigszins diffuus oppervlak. 

In het onderzoek beschreven in dit proefschrift is de ruimtelijke ordening van 
chromosoomterritoria nader onderzocht. We werden geïnspireerd door een concept dat door 
Thomas en Christoph Cremer en Peter Lichter ontwikkeld was. Zij opperden dat tussen 
chromosoomterritoria een ruimte zit waarin activerende factoren en bouwstenen voor DNA-
gerelateerde processen getransporteerd worden. Deze processen zouden gemakkelijker 
plaatsvinden in de buurt van deze interchromosomale ruimte, dus aan de oppervlakte van 
chromosoomterritoria. Wij hebben dit concept getest door het proces van DNA replicatie 
samen met specifieke chromosoomterritoria te markeren met verschillend gekleurde 
fluorescerende labels. Uit de resultaten bleek dat DNA replicatie niet alleen plaatsvindt aan 
het oppervlak van chromosoomterritoria, maar ook dwars er doorheen. Wanneer processen 
vooral in de buurt van niet-chromatine ruimtes plaatsvinden, moeten er kanalen zijn die 
chromosoomterritoria binnendringen. Deze mogelijkheid is voorgesteld in een tweede versie 
van het model. 
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Vervolgens richtten wij onze aandacht op het oppervlakt van chromosoomterritoria. Is 
er eigenlijk wel sprake van een echte scheiding tussen twee chromosomen? De met de 
FISH-techniek gekleurde chromosomen hebben een diffuus oppervlak. Je zou je dus ook 
kunnen voorstellen dat twee chromosomen in elkaar overgaan, waarbij het chromatine van 
de chromosomen zich vermengt aan het oppervlak van de chromosoom territoria. De dif
fuse impressie van chromosoomterritoria zou echter ook veroorzaakt kunnen zijn door de 
FISH-techniek zelf. Om de randen van de territoria beter te kunnen bestuderen, ontwikkelden 
we een nieuwe methode waarbij chromosomen gemarkeerd werden door inbouw van DNA 
bouwstenen die specifiek aangekleurd werden met rood en groen fluorescerende labels. In 
cellen waarin een aantal chromosomen rood en een aantal chromosomen groen gekleurd 
waren, observeerden we dat er vrijwel geen vermenging is van chromosomen. Uit eenzelfde 
soort experiment, waarbij delen van chromosomen groen dan wel rood gemarkeerd waren, 
bleek dat deze delen aparte domeinen vormen binnen chromosoomterritoria die ook niet 
met elkaar vermengen. Het lijkt er dus op dat chromosoomterritoria, en aparte domeinen 
binnen chromosoomterritoria, gescheiden eenheden zijn. 

Meer details konden we echter niet verkrijgen met lichtmicroscopie. Om de ruimtelijke 
structuur van chromosoomterritoria verder te onderzoeken, ontwikkelden we een methode 
om gemarkeerde DNA bouwstenen met elektronenmicroscopie te detecteren. Uit opnames 
die we met een elektronenmicroscoop maakten, bleek dat er tussen chromosoomterritoria 
vaak een chromatine-vrije ruimte is, maar ook dat chromosomen zo strak tegen elkaar aan 
kunnen liggen dat er geen ruimtelijke scheiding zichtbaar is. De gebieden waarbinnen 
verschillende chromosomen zich met elkaar vermengen zijn echter beperkt. Een chromosoom 
bleek dus opnieuw een structurele eenheid te zijn. We name verder waar, dat binnen 
chromosoomterritoria ook veel chromatine-vrije ruimtes zijn. Eerdere 
elektronenmicroscopische studies hadden uitgewezen dat in het chromatine grenzend aan 
chromatine-vrije ruimtes processen plaatsvinden zoals DNA replicatie en het copiëren van 
genen voor het maken van eiwitten. Deze waarnemingen sluiten goed aan bij onze eerdere 
conclusie dat DNA replicatie door chromosoomterritoria heen plaatsvindt. 

Ons onderzoek naar de ruimtelijke ordening van chromosoomterritoria heeft, samen 
met data van andere onderzoekers, het oorspronkelijk vage beeld van chromosomen 
verscherpt. Chromosoomterritoria blijken aparte structurele eenheden te zijn met een 
onregelmatige vorm waarin chromatine-vrije ruimtes binnendringen. DNA-gerelateerde 
processen vinden plaats aan de grensvlakken van deze chromatine-vrije ruimtes. De 
ruimtelijke ordening van chromosoomterritoria als geheel lijkt daardoor geen belangrijke 
factor te zijn voor de organisatie van deze processen. De lage graad van vermenging tussen 
chromosomen beperkt echter wel chromatine interacties tussen chromosomen. Verder 
concluderen we dat chromosoomterritoria bestaan uit een aaneenschakeling van aparte 
domeinen die, waarschijnlijk, ieder op zich een functionele eenheid vormen. Verder onderzoek 
zal moeten uitwijzen in hoeverre de chromatine organisatie in deze domeinen een rol speelt 
bij de organisatie en werking van DNA-afhankelijke processen in de celkern. 
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Afterword 

In the studies for my Ph.D. thesis, I have lived in the world of chromosome territo
ries. My visa to this world was given to me by Jacob Aten, Thomas Cremer and Roel 
van Driel, whose scientific ideas proved to be invaluable for this thesis. The word terri
tory appears to indicate a sealed and garded area. However, chromosome territories, and 
the field that investigates them, turned out to be extremely open and accessible. 

For me, it all started by a successful collaboration between Jacob and Thomas, in 
which I was given the opportunity to start my investigations in Heidelberg, Germany. I 
was welcomed in Heidelberg by Thomas and his wife Marion, who invited me to stay 
with their family for the first two weeks. A tradition, as it turned out, for every visitor in 
Thomas' lab was met with their tremendous hospitality. In the lab I was awaited by a 
woman in black lederhosen: Anna Jauch. She did not only teach me the ins-and-outs of 
chromosome painting, but also that in each experiment a heart-shaped image should be 
found (Anna, does figure 3 in chapter 3 meet the criteria?). For the real image analysis, 
Roland Eils and colleagues in Heidelberg and Ron Hoebe in Amsterdam were of enor
mous help. It was a great group of people in the lab, who did not only help me with the 
work, but also introduced me in the cellar, next to the microscopes, to a tasty German 
tradition: drinking Sekt. 

When I returned to Amsterdam after nine months, the people of radiobiology in the 
department of radiotherapy made me soon feel home again. Jan proved to be a constant 
source of advice, in the lab as well as on walking. Ron and Erik rescued my self-made 
image analysis programs from fatal errors. With Marco, Bart and Gertrude the 
(im)possibilities of research were discussed. It was a lively time, with apple-pie baking 
contests (won on close range by Carel), joking around with Klaas and Chris and their 
flocks of students, recipe exchanges with Marieke and Greet, a diner party at Lieve's, 
etc. Also the contact with the other colleagues became closer, topped by a survival-tour 
with the whole radiotherapy department. 

Many scientific discussions were held at the weekly meetings with the group of 
Roel van Driel. During these meetings, they, especially Roel, Pernette and in the early 
stages Wouter, forced me by persistent questioning to clarify my thoughts. Together 
with the many sense- and nonsense discussions with Jacob this developed my scientific 
understanding. 

The territory of chromosome research stretches out beyond Amsterdam and Heidel
berg, within frame of the EU BIOMED project I worked with the group of Stan Fakan in 
Lausanne. Dusan came to Amsterdam for a pilot experiment, Françoise had made sure 
that what we wanted was possible and I went to Lausanne where the investigations were 
continued with Swiss precision and thoroughness. While most people in the lab have 
helped me in one way or the other, I want to mention Franchie especially, as I must have 
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driven her almost crazy with the early hours I planned to fix large varieties of labeled 
cells, my many requests to cut serial sections and the music suddenly played in the lab. 

During my international outings, my homebase remained the AMC. However, the 
center of microscopical research had become reality and part of the radiobiology group 
moved with Jacob to the department of cellbiology and histology. This meant, among 
others, that I finally did not need to cross the entire AMC anymore to talk to Jan van 
Marie and Henk van Veen or record images on their CLSM. Ron van Noorden became 
my promoter next to Roel van Driel. His input has been invaluable for the smooth 
progress and final touches of my thesis. I was also very glad that I could entrust Trees 
with the whole procedure of bureaucratic requests that had to be fulfilled before enter
ing the Ph.D. examination, and that Jan Peeterse was always there to make color-prints 
at the last moment and help me with the lay-out. Thanks to coffee breaks (even though 
I often missed them), afternoon drinks (rare, but alive thanks to the stamina of the orga
nizers) and water-fights during the lab-outing I enjoyed to be part of this large depart
ment with all its people and research interests. 

I could submerge in the world of chromosomes, thanks to the great understanding 
of my friends. Each time when I returned after several months away, they were still 
there. In Heidelberg I had a great time not in the least because my crazy flat mates, 
especially Stephan, included me in many diner parties -even thought I reorganized the 
entire kitchen on my first night alone. Life in Lausanne was brightend up by the Italian 
Catia, whose country I soon came to visit... An important factor has also been the 
support from my parents, who somehow managed to keep their constant interest to 
themselves when I did not feel like talking. However, the person who had to suffer most 
has been Marc. He did save my sanity in the last few months of stress by forcing me to 
plan (while not getting agry when I got the timing wrong and worked long nights and 
weekends), but also by taking me on long daring hikes and making me laugh with crazy 
remarks. 

Many people have played a role in my expedition into the world of chromosomes. 
To name all might have doubled the size of this book. However, I have not forgotten 
your help or interest and would like to thank you all. 
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Astrid was born in Den Helder, the Netherlands, January 14, 1969. She graduated 
from Stedelijk Gymnasium in Haarlem in 1987. She then moved to the USA for one 
year to experience American family-life and high-school culture and graduated honor
ary at Gateway High School, Aurora, Colorado. In 1988 she started her biology studies 
at the University of Amsterdam and received her propaedeutic exam with honor. During 
her studies she was member of the sorority SPHINX of the student society ASC/AVSV 
and was a member of the board of the biology student club CONGO. Northern lights 
and polar winter fascinated her, so she made a short break in her studies and lived in 
Hammerfest, Norway, for two winter months. She did her research training at the De
partment of Pathology at the AMC in Amsterdam in the group of Dr Pranab Das. Here, 
she investigated adhesion molecule patterns of several inflammatory cell types in skin 
biopsies of patients suffering from contact dermatitis. In a second research training, she 
investigated nitric oxide production as response to parasite infection in cattle in the 
group of Dr Patricia Preston at the Institute of Cell, Animal and Population Biology of 
the University of Edinburgh, Scotland (UK). Astrid graduated her study Medical Biol
ogy in 1994. A collaboration between her future employers Drs Jacob Aten and Thomas 
Cremer enabled her to start her studies on chromosomal organization in the interphase 
cell nucleus in the group of Thomas Cremer at the Department of Human Genetics at 
the University of Heidelberg, Germany, in frame of a consorted action funded by the 
EU. From 1995 onwards she was employed as a graduate student in the group of Jacob 
Aten, first at the Department of Experimental Radiotherapy, later in the Center of Mi
croscopical Research at the Department of Cell Biology and Histology of the AMC in 
Amsterdam. Collaboration with the group of Dr Stan Fakan at the Center of Electron 
Microscopy at the University of Lausanne, Switzerland, in frame of an EU funded 
BIOMED-II project enabled her to go to Lausanne for 3 months to do part of her re
search. Here, Astrid became attracted to the Swiss and Italian Alps. Now, she loves both 
high mountain walking and flat polders skating. 
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