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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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chapter 5 

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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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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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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