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This paper describes the relationship
between the BrdUrd replicating pattern
of a cell and its localization within the S
phase by means of topographical fea-
tures and DNA content measurement.
The present study follows an objective
ranking of the BrdUrd patterns obtained
from a spectral analysis of the BrdUrd
images. The pattern ranking was consis-
tent with the DNA content increase
throughout the S phase. Five texture
groups were arbitrarily set up for the
purpose of multivariate analysis. Nine

topographical parameters were com-
puted for each BrdUrd-labelled nucleus.
The descriptive quality of these parame-
ters was assessed by means of factorial
discriminant analysis. These parameters
made it possible to characterize objec-
tively the known pattern distributions of
replication sites qualitatively described
in the literature. © 1992 Wiley-Liss, Inc.
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There is a body of evidence to support the hypothesis
that eukaryotic DNA replication occurs as a nonran-
dom process in a reproducible temporal order (see 35,40
for review); the best known example is the late repli-
cation of the inactive X chromosome of mammalian
female (5,21).

The mechanisms responsible for this fixed replica-
tion sequence are not known, but factors such as chro-
matin condensation, DNA functional activity, or intra-
nuclear arrangement may be related to the S phase
ordering on the basis of many observations. It is gen-
erally conceded that euchromatin replicates early and
heterochromatin replicates late. Chromosomal band
analysis reveals that early DNA synthesis corresponds
to the Giemsa R-band, while late DNA synthesis cor-
responds to the G-band (14,21). Holmquist suggested
that late replication, which gradually appears during
developmental process of embryonic cells along with
facultative heterochromatinization, may actively de-
termine gene repression (13).

The DNA synthesized in late S might be less impor-
tant for cell survival than that synthesized in early S.
This hypothesis is supported by the data reviewed by
Laird et al. (26) indicating that fragile sites in chromo-
somes of humans, Drosophila, and Microtus represent
regions where DNA replicates late. Furthermore, a
number of potentially active genes has been shown to
replicate early (12). The relationship between gene ac-

tivity, intra-nuclear arrangement, and replication tim-
ing remains unclear, but alteration of genes, as in
translocation, is accompanied by changes in their rep-
lication time sequence (21). Igbal et al. explored the
question of “the relationship between the temporal rep-
lication of a proto-oncogene and its genomic organiza-
tion” (18). The existence of a relationship between gene
location, involving the nuclear matrix arrangement,
and DNA replication has been the subject of a number
of biochemical studies (8,19,33,41). However, no defin-
itive answer is available yet, due to the variety of nu-
clear matrix isolation procedures used (8,38).

To learn more of the DNA replication process as a
function of gene activity and location, it is necessary to
obtain a better understanding of DNA replication in
situ. Inter-nuclear heterogeneity of the replication site
distribution has been observed after the replicated
DNA was labelled with tritiated thymidine (25,32,
47,48), BrdUrd (2,29,30,31,45), or Biotin-11-UTP
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(3,31). The questions that arose from these observa-
tions dealt with the correlation between the occurrence
of patterns and the progression of the cells through the
S phase, in particular for a possible existence of sub-
stages in the S phase, illustrated by these patterns.
Following cell synchronization and release, the differ-
ent replication patterns appear subsequently (3,32,
45,47). The verification of cell synchronization was car-
ried out by parallel measurement of DNA content (pro-
pidium iodide staining) using flow cytometry (45), by
nuclear area measurement (32), or by comparisons
with previous studies (29). Lafontaine et al., working
on plant cells, used criteria of volume, regularity of
contour, and organization of the chromatin reticulum
to order the replicating patterns through the S phase
(25). Such approaches made it possible to describe qual-
itatively the main characteristics of intra-nuclear
DNA replication distribution with respect to the begin-
ning or the end of the S phase.

The purpose of this paper is to introduce quantitative
data into this field of study; image analysis objectively
characterizes the BrdUrd patterns and describes the
relationship between a BrdUrd pattern of a cell and its
position within the S phase. Simuitaneously BrdUrd/PI
stained nuclei of normal fibroblastic cells (MRC-5),
growing exponentially, were acquired randomly with-
out visual pattern recognition by screening the slide. A
cell by cell assessment of BrdUrd and DNA contents
and BrdUrd texture features was carried out for each
BrdUrd stored image. The present study uses an objec-
tive ranking of the BrdUrd patterns obtained from a
spectral analysis of the BrdUrd images (43).

MATERIALS AND METHODS
Cell Culture and BrdUrd Incorporation

Normal human fibroblastic MRC5 cells (BioMérieux,
Lyon, France) were grown as monolayer cultures on
glass slides (Lab-Tek from Miles, Paris, France) at an
initial concentration of 5 x 10* cells/ml. Growth
medium was BME (Eagle’s Basal Medium from
BioMérieux, Lyon, France) supplemented with 10%
foetal calf serum (Boehringer-Mannheim, Meylan,
France), 100 U/ml penicillin, 50 pg/ml streptomycin,
50 pg/ml kanamycin, and 200 mM L-glutamin. The
cultures were incubated in a humidified atmosphere of
5% CO, at 37°C for 36 h. Exponentially growing cells
were incubated for 1 h in fresh growth medium con-
taining 20 uM BrdUrd (Sigma, La Verpillére, France),
washed with phosphate-buffered saline (PBS), fixed for
30 min in 70% ethanol at room temperature, and air
dried.

Immuno-Cytochemistry

Thermal denaturation in formamide. The slides
were immersed in 0.1 M cold HC] for 10 min, and then
immersed in 50% formamide in PBS for 30 min at 80°C
(9). Thermal denaturation was obtained by immersion
in heated water baths and stopped in three successive
baths of iced PBS, 0.5% Tween 20 for 15 min.
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Indirect immuno-fluorescence staining of
BrdUrd. The cells were incubated for 30 min at room
temperature with 240 pul of ascites fluid (clone 76-7,
mouse anti-BrdUrd monoclonal antibody, a gift from T.
Ternynck, Institut Pasteur, Paris) diluted to 1/250 in
PBS, 0.5% Tween 20. After two washings in PBS, 0.5%
Tween 20 the cells were incubated for 30 min with 240
pl of FITC-conjugated goat anti-mouse immuno-globu-
lins (a gift from Immunotech, Marseille, France) di-
luted to 1/50 in PBS, 0.5% Tween 20. The cells were
then washed two times in PBS, 0.5% Tween 20.

DNA staining. DNA was stained for 30 min at room
temperature with 200 pl of propidium iodide (PI) di-
luted to 50 pg/ml in distilled water, 0.1% sodium cit-
rate. Finally the sample was washed twice with PBS
and mounted in glycerol. To ensure PI specificity for
DNA, this sample was treated with 300 ul of RNase
(500 K-units units/ml RNase A pancreas bovine typeV,
Sigma, La Verpillere, France) for 90 min at 37°C and
washed twice in distilled water prior to DNA denatur-
ation.

Except for the washing, all steps of staining proce-
dures were carried out between slide and cover-slip to
minimize evaporation and the quantity of reagent
used. The slides were protected from direct light during
the procedures and thereafter stored in the dark.

Fluorescence Image Analysis

A SAMBA™2005 (System for Analytical Microscopy
in Biological Applications; Alcatel-TITN Co., Grenoble,
France) fitted with a MATROX MPV/AT (MATROX,
Canada) frame grabber and a SIT (Silicon Intensified
Targets) camera (LHESA CO., Cergy Pontoise, France)
was used for cell image analysis.

Analysis steps. The analysis was divided in two
main steps: a) the measurement of the PI and BrdUrd-
tagged fluorescence. This was obtained directly by im-
age processing of microscopic fluorescence images; b)
the BrdUrd texture pattern analysis: image processing
was carried out after an intermediate step of photo-
graphing the images.

Measurement of the PI and BrdUrd-tagged
fluorescence (a). Acquisition of the fluorescence
images (40x%, 0.75 NA objective, 0.2 projec-
tive). An excitation diaphragm was used to analyze
nuclei individually in the center of the microscopic
field. BrdUrd labelled nuclei were acquired randomly
on the slide without pattern selection. DNA image (PI
staining) and BrdUrd image (FITC staining) were
digitized into two 512 x 512 superimposable images
onto an 8 bit grey scale. The excitation and barrier
filter wavelengths used for PI and FITC analysis are
listed in Table 1.

Fluorescence measurement. Nuclear segmenta-
tion was obtained by image processing of the DNA im-
age. Eleven nuclear parameters were calculated (Table
2) for the DNA fluorescence (six parameters) and
BrdUrd-tagged fluorescence (five parameters).
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Table 1
Filter Sets Used for Multiple Fluorescence Analysis®

Wavelength (nm)

Exciter filter Dichroic Barrier filter
FITC 485 = 20 BP 510 FT 515-565 BP
PI 546 = 12 BP 580 FT 590 LP

2BP, band pass; FT, chromatic beam splitter; LP, longwave
pass.

Table 2
List of the 11 Parameters Computed on Nuclear
Fluorescence Images®

Abbreviation Parameters

Propidium iodide image
A Area

FI-PI Integrated fluorescence
MF-PI Mean fluorescence
Stochastic parameters
SD-PI Standard deviation of the fluorescence
histogram
SKE-PI Skewness of the fluorescence histogram
KUR-PI Kurtosis of the fluorescence histogram
BrdUrd image
FI-BrdU Integrated fluorescence
MF-BrdU Mean fluorescence
Stochastic parameters
SD-BrdU Standard deviation of the fluorescence
histogram
SKE-BrdU Skewness of the fluorescence histogram
KUR-BrdU Kurtosis of the fluorescence histogram

2Parameters are calculated on the fluorescence histogram
for all pixel values within each segmented nucleus.

BrdUrd texture pattern analysis (b). Photogra-
phy of the BrdUrd images. The SIT generates fuzzy
screen images. This fuzziness does not alter the fluo-
rescence measurement (6), but decreases image resolu-
tion. For texture pattern analysis, the BrdUrd fluores-
cence images, were photographed with Tri-XPan 400
Asa film. The films were processed using a standard-
ized development procedure.

Acquisition of the film negative. The negatives of
the BrdUrd image photographs were acquired on a
macro-photographic bench in transmitted light using a
black and white CCD camera (Tokina cp 3000, Tokyo,
Japan) connected to the SAMBA™2005. The negatives
of BrdUrd images were digitized into 512 X512 images
onto an 8 bit grey scale.

Texture featuring of the negatives of BrdUrd im-
ages. Nuclear segmentation was obtained by image
processing of the negatives of BrdUrd images. The de-
scription of BrdUrd nuclear distribution was obtained
from nine topographical parameters on each nucleus
(43), listed in Table 3.

Data analysis. The analysis of the evolution of
BrdUrd patterns during the S phase of the cell cycle
was carried out on the basis of pattern ranking, PI
fluorescence measurement (FI-PI parameter), and
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multivariate analysis of BrdUrd texture features (fac-
torial discriminant analysis).

A subjective visual ranking of the BrdUrd-labelled
nuclei was assessed using spectral analysis followed by
clustering techniques (43).

The Spearman rank correlation test was used to ver-
ify that the chosen pattern ranking was correlated to
the position of cells within the S phase (according to the
DNA content). This test was applied to the pattern
rank number of nuclei versus their corresponding FI-P1
values; 66 nuclei were quantitatively analyzed: 13 nu-
clei for the first group; 15 nuclei for the second group;
13 nuclei for the third group; 13 nuclei for the fourth,
and 12 nuclei for the fifth group.

Five texture groups were arbitrarily set up for the
purpose of multivariate analysis. The results of dis-
criminant analysis were expressed by means of facto-
rial discriminant plane representation and confusion
matrices. The factorial discriminant plane should be
read relative to the modulus and the direction of the
parameter projections. It must be also read in term of
distances between the different groups: when the dis-
tribution of two groups does not differ significantly,
their position within the factorial plane are close to
each other. Confusion matrices were obtained as fol-
lows: each nucleus was reassigned to a texture group as
a function of its a posteriori probability obtained by a
Bayesian classifier (28). Inter-group mean differences
were tested using Student’s t test.

RESULTS
Classification of the BrdUrd Labelled Nuclei

The BrdUrd patterns were ordered as described else-
where (43), taking into account a step by step pattern
similarity and spectral analysis (Fig. 1). For the pur-
pose of multivariate analysis, the series of ordered nu-
clei was divided in five groups which can be described
as follows:

First group: the nuclei contain small spots having no
relationship with either the nuclear or the nucleolar
boundary. The site of nucleoli appears to be devoid of
staining. The spot size seems to be constant and the
spot number increases as a function of the ordering.

Second group: the large spot number gives an ap-
pearance of homogeneous staining. The site of nucleoli
is no longer distinguishable.

Third group: this group differs little from the second
group, except that some spots are grouped and resem-
bles claws extending from the periphery toward the
nuclear center.

Fourth group: the patterns consist of and perinucle-
olar labelling, with remaining nucleoplasm staining.
Nucleoplasmic staining tends to disappear in the last
nuclei.

Fifth group: the labelling spots are large, highly flu-
orescent and well segregated.

Arbitrary limits were drawn between the five
groups. However, a feeling of continuous pattern evo-
lution arises from the juxtaposition of the images. The



F1G. 1. Pattern ranking of BrdUrd-labelled nuclei. BrdUrd-labelled nuclei were ordered taking into
account a stepwise pattern similarity and spectral analysis. The figure must be read from top left to
bottom right. Asterisks: arbitrary frontiers between five groups, for the purpose of a texture multi-
parametric analysis. Note that there is not a great difference between the last nuclei of a group and the
first nuclei of the following group. The ranking shows a texture evolution rather than five fixed clusters
of patterns. Square side: 15 pm.
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FiG. 2. Pl fluorescence measurement (Y axis, arbitrary units)
against pattern ranking of BrdUrd-labelled nuclei (X axis, pattern
rank numbers). The pattern rank numbers of nuclei (rank) and their
corresponding PI fluorescence values (variable) were used in Spear-
man’s rank correlation test. Coef.: rank correlation coefficient. The
correlation coefficient significantly differs from 0 at a 0.001 threshold.
Number of nuclei: 66.

differences between the last nuclei of one group and the
first nuclei of the following group are barely discern-
able.

Correlation Between the Pattern Rank of a
Nucleus and Its DNA Content Measurement

The PI fluorescence values (FI-PI values) of nuclei
were plotted against their pattern ranks (Fig. 2). It
appears that the pattern rank is linearly related to the
PI fluorescence measurement. To statistically confirm
that the sequence of nuclei reflects their position
within the S phase, the PI fluorescence values of the
nuclei and their corresponding rank numbers were
submitted to a Spearman rank correlation test. A cor-
relation coefficient of 0.799 was obtained. The correla-
tion coefficient differs significantly from 0 at a 0.001
threshold. This makes it probable that the sequence of
nuclei was consistent with the DNA content increase
throughout the S phase. Consequently, we may assume
that the BrdUrd patterns do not appear randomly dur-
ing the S phase. However, while the correlation coeffi-
cient value is significant, it is not equal to 1 and some
PI fluorescence values cover a large range of pattern
ranks. In order to evaluate the variability of the pro-
pidium iodide (PI) fluorescence intensity, the CV value
for PI fluorescence on a population of cells in G0/G1
was calculated. GO/G1 cells were isolated from a popu-
lation of cells of the same culture doubly stained for PI
and BrdUrd by discarding BrdUrd positive cells and
G2/M cells. A CV value of 12.6% was obtained for a
population of cells in GO/G1.

Texture Analysis of the BrdUrd Patterns

Univariate analysis. In order to characterize the
BrdUrd patterns, nine topographical parameters
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Table 3
List of the Nine Topographical Parameters Computed on
BrdUrd Nuclear Images®
Abbreviation Parameters

High fluorescence class
A%HF Relative area
MDHF Mean distance to the nuclear border
SDHF Standard deviation of distances from the nuclear
border

Middle fluorescence class
A%MF Relative area
MDMF Mean distance to the nuclear border
SDMF Stgnlfddard deviation of distances from the nuclear
order

Low fluorescence class
A%LF Relative area
MDLF Mean distance to the nuclear border
SDLF  Standard deviation of distances from the nuclear
border

2The principle of computation is described elsewhere (see
43).

(listed in Table 3) were computed on each labelled nu-
cleus. The mean values per texture group (as defined in
Fig. 1) of the topographical parameters (listed in Table
3) are represented in Figure 3. For comparison, the
mean values per texture group of the stochastic param-
eters (listed in Table 2) are also shown in the figure. To
help in the interpretation of this figure, the mean val-
ues of the topographical parameters were compared be-
tween all possible pairs of texture groups, by means of
a Student’s t test (Table 4).

The texture groups can be described according to the
topographical texture parameters (Fig. 3). For exam-
ple, the first group can be described according to Figure
3 as follows: there are almost as many sites with in-
tense staining as sites without (relative areas, first
row). The staining site distribution is not spread over
the whole nuclear area (low value of the distance from
edge standard deviation of high fluorescence class,
SDHF, third row, first column) and is rather peripheral
(low mean distance from edge of the same class,
MDHF, second row, first column). The sites devoid of
staining display a more widespread distribution (high
value of the distance from edge standard deviation of
the low fluorescence class, SDLF value, third row,
third column) with a prefered centered localization
(high mean distance from edge of the same class,
MDLF value, second row, third column).

The comparison of the mean values of topographical
parameters (Table 4) makes it possible to investigate
the contribution of the parameters to distinguish the
different texture groups. It appears that the mean val-
ues of four parameters (A%HF, A%LF, MDLF, SDLF)
are significantly different between each pair of neigh-
boring groups, except between the second and third
group. The mean values of other parameters are sig-
nificantly different only between one pair of groups
(i.e., MDHF for 1 vs. 2; SDHF for 3 vs. 4). The first
group (beginning of the S phase) and the fifth group
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(end of the S phase) show resemblances for eight out of
nine topographical parameters (no significant differ-
ences). These two groups differ only for distance from
the edge standard deviation of the high fluorescence
class (SDHF). Figure 3 shows that SDHF mean value is
lower for the first group than for the fifth, translating
the observation that the staining sites are excluded
from the center of nuclei in the first group and not in
the fifth group.

Some parameters display direct or inverse correla-
tion. Table 5 gives the correlation coefficient for the
parameter pairs. There is a correlation between topo-
graphical parameters and stochastic parameters (i.e.,

the correlation for A%LF and SKE-BrdU, skewness of
the BrdUrd fluorescence histogram, is 0.85; the corre-
lation of SD-BrdU, standard deviation of the BrdUrd
fluorescence histogram, and A%HF is 0.71).
Factorial discriminant analysis. To summerize
the differences or resemblances between the five tex-
ture groups taking into account all the topographical
parameters simultaneously, we used a factorial dis-
criminant analysis. Figure 4 represents the projection
of the texture groups (95% tolerance means) on the first
discriminant plane as well as the respective contribu-
tion of parameters in describing the groups. The anal-
ysis of the factorial plane shows the following trends
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Table 4
Statistical Comparison of Means of Texture Groups (Student’s t Test) for the Nine Topographical Parameters®

A%HF MDHF SDHF A%MF MDMF SDMF A%LF MDLF SDLF
1vs. 2 + + + + — — — — ++ + + 4+ T+
2vs. 3 — — — — — — — — —
Jvs. 4 + + — ++ — — — ++ + + +
4vs. 5 + — — + + ++ + 4+ ++ ++
1vs. 3 +++ ++ — — — — + ++ + 4+ + + + +
lvs. 4 — ++ ++ ++ — + + + ++ +
lvs. 5 — — +++ — — — — —
2vs. 4 ++ + — ++ + — — ++ + 4+ 4+ —
2vs. 5 +++ ++ + — — +++ +++ ++
3vs. 5 + 4+ — +++ — — +++ +++ +++

2Column entries: topographical parameters. Row entries: pairs of compared texture groups (e.g., 1 vs. 2: first group versus
second group). Significance levels: + + +, means significantly different with p <0.001; + +, means significantly different with
P <0.01; +, means significantly different with P <0.05; —, means not significantly different P =0.05. The Table is divided in
two parts: the upper panel concerns adjacent groups with respect to Figure 1 and the lower panel concerns the remaining

combinations.
Table 5
Linear Correlation Coefficients®

SD- SKE- KUR-

BrdU BrdU BrdU A%HF MDHF SDHF A%MF MDMF SDMF A%LF MDLF SDLF
SD-BrdU 1.000
SKE-BrdU -0.506 1.000
KUR-BrdU -0.285 0.226 1.000
A%HF 0.713 -0.711 -0.346 1.000
MDHF 0.284 —0.082 0.146 0.085 1.000
SDHF —-0.224 0.217 0.338 —0.257 0.329 1.000
A%MF -0.091 -0.226 0.302 —0.313 0.176 0.212 1.000
MDMF —0.283 0.072 0.067 —0.363 —0.241 0.162 0.334 1.000
SDMF 0.017 -0.008 -0.169 -0.074 -0.331 -0.196 -0.065 0.688 1.000
A%LF —0.687 0.852 0.191 -0.859 -0.179 0.149 -0.217 0.191 0.111  1.000
MDLF —-0.716 0.714 0.009 -0.731 -0.320 0.138 -0.069 0.190 0.091 0.991 1.000
SDLF —0.620 0.530 0.014 -0.574 -0.261 0.114 0.010 0.286 0.156 0588 0.886 1.000

3The correlation coefficients were calculated on the merged groups. The correlation coefficients greater than [0.7] are in bold

type.

(Fig. 4): The second and third group display staining
over the whole nuclear area when compared to the
other groups. The relative area of high fluorescence
class (A%HF) contributes to the discrimination be-
tween group two, three, and the others.

The stained spots are more distant from each other in
the fourth and fifth group (staining concentrated in
large spots with a heterogeneous localization) than in
the first. Thus, the standard deviation of the distances
from the nuclear border for high fluorescence class
(SDHF) contributes largely to the discrimination be-
tween the first group and the fourth and fifth.

The fourth group differs from the fifth according to
the middle fluorescence class. The remaining nucleo-
plasmic staining of nuclei of the fourth group adds to
the relative area of middle fluorescence class, and the
distribution of this fluorescence class is more collected
for the fourth than for the fifth group. The projections
of SDMF and A%MF illustrate how these parameters

contribute in discriminating the fourth group from the
fifth. The fifth group shows more sites without staining
than fourth group and it differs from fourth due to its
low fluorescence class parameters as well.

For illustration, Table 6 shows the rate of well clas-
sified cells for each group after a stepwise discriminant
analysis. Using a Bayesian classifier, the best classifi-
cation rate is 83%. However, the number of the learn-
ing set must be increased to insure a robust classifier.

Although it is easy and informative to describe the
general features of texture groups, there is actually a
texture evolution rather than five fixed clusters of pat-
terns. This leads to intra-group deviations, as illus-
trated in Figure 5 (upper panel) by the evolution of the
most discriminant parameter (A%HF) with respect to
the pattern ranking of Figure 1. Some groups display
large intra-group deviations (for example the first
group) and some are more homogeneous according to
this parameter (fifth group).
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Relationship Between BrdUrd Tagged
Fluorescence Measurement (BrdUrd Content)
and BrdUrd Texture Patterns

BrdUrd content versus pattern ranking. Figure
5, lower panel, shows that the higher BrdUrd-tagged
fluorescence values (high BrdUrd content) occur when
the nuclei display the patterns of the second and the
third group. In these groups the difference in the
BrdUrd nuclear content is the largest. This panel
shows the differences in replication activity intensity
(BrdUrd content) per replication activity type (BrdUrd
spatial distribution, pattern groups).

Figure 6 shows the scattergram representation of
BrdUrd-tagged fluorescence (BrdUrd content) versus
PI fluorescence (DNA content). The pattern groups are

plotted in this figure. There is a large variability in
BrdUrd content (replication activity intensity) for cells
with the same DNA content, as well as for cells with
similar BrdUrd spatial distributions (replication activ-
ity type).

BrdUrd content versus a topographical param-
eter. The evolution of BrdUrd tagged fluorescence of
nuclei along with pattern ranking is similar to the ev-
olution of the relative area of high fluorescence class
(Fig. 5, compare the two panels).

DISCUSSION
Classification of the BrdUrd Labelled Cells
Subjective visual ranking of the BrdUrd-labelled nu-
clei was assessed by a spectral analysis of the stored
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Table 6
Confusion Matrix®

First Second Third Fourth Fifth CR%
First 10 0 2 0 1
Second 0 14 1 0 0
Third 0 4 8 1 0 83.0
Fourth 0 0 1 12 0
Fifth 0 0 0 1 11

?The confusion matrix was obtained by classification of
BrdUrd-labelled nuclei after the seventh step of a stepwise
discriminant analysis using nine topographical variables.
The seven variables were MDLF, SDHF, A%LF, SDMF,
SDLF, MDMF, and MDHF. The two remaining variables
(A%MF and A%HF) did not significantly improve the good
classification rate. In such a matrix, rows are the groups of
origin of the nuclei and columns are the groups where the
nuclei were assigned by a Bayesian classifier. Bold faced
numbers indicate the number of well classified BrdUrd-la-
belled nuclei. CR%, good classification rate.
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units) versus the pattern ranking (according to Fig. 1). First group: =;
second group: O; third group: +; fourth group: o; fifth group: e.

images followed by clustering techniques (43). We
stress that a classification based on visual screening of
the slide lacks the notion of dynamic changes in pat-
tern (as shown in Fig. 1) and leads to the notion of
static clusters of patterns. When the most typical nu-
clei from each cluster are chosen, the continuum is no
longer evident, each of these nuclei being maximally
different from the others (compare the impression re-
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Fig. 6. Scattergram of the BrdUrd-tagged fluorescence measure-
ment versus PI fluorescence measurement (arbitrary units) for the
BrdUrd-labelled nuclei. Pattern groups are plotted according to the
classification in Figure 1. Each group is surrounded by its convex
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Fig. 7. Laserscan confocal optical section, parallel to the optical
axis. One nucleus and its section line are represented (bottom), as well
as the resulting optical section (top). Note the flattened shape of the
MRC-5 nucleus. Section width: 3 um.

sulting from a comparison of Fig. 1 with Fig, 4 where
only characteristic images were selected). Subjective
recognition may introduce errors because certain im-
ages of nuclear organization may be more attractive or
typical for the human observer, and these images may
therefore be chosen more frequently (37). Moreover, we
observed that with storage and juxtaposition of im-
ages, nuclei from different microscopic fields, which
seemed similar, were in fact very different, and vice
versa. This could explain why some authors indicate
fractions of unclassified nuclei when making S phase
partitions (32), or why authors reported that two (25),
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three (31), or five (45) texture groups could be distin-
guished during the S phase. Therefore, the existence of
well separated sub-phases during S phase should be
postulated with caution, and some authors have pre-
fered the concept of overlapping groups (45).

The partition into groups was necessary for the pur-
pose of multiparametric analysis, but the arbitrarily
drawn frontiers between groups does not imply the ex-
istence of actual limits between sub-phases in the S
phase.

Correlation Between the BrdUrd Pattern
Ranking and the DNA Content of Cells

We statistically tested whether our pattern ranking
was consistent with an increase in DNA content
throughout the S phase (Fig. 2). Thus, with respect to a
simultaneous estimation of the progression of cells
within the S phase (BrdUrd vs. PI fluorescence mea-
surement from double stained nuclei), we may assume
that the occurrence of various BrdUrd patterns reflects
a specific topographical arrangement of the DNA syn-
thesis sites during the S phase rather than a random
event.

While the correlation coefficient was significant and
suggested that the BrdUrd patterns are correlated
with the progression of cells within the S phase at the
cell population level, we observed that overlapping be-
tween different texture types occurs with respect to the
DNA content (Fig. 6). This may be due to immuno-
cytochemistry artefacts and/or fluorescence measure-
ment errors. The PI CV value of 12.6% obtained for a
population of GO/G1 cells is not negligible and could
partly account for the group overlappings. However,
such group overlappings can be inferred from other
studies, where the landmark was not the DNA content
measurement, but cell synchronization (31), or nuclear
area measurement (45). Accordingly, overlapping may
be due to factors other than fluorescence measurement
errors.

These factors may also account for the variations in
the BrdUrd content between cells with the same DNA
content and the same BrdUrd patterns. Figure 6 illus-
trates how much the differences in replication activity
intensity (BrdUrd content), and replication activity
types (BrdUrd spatial distribution) may contribute to
the large variability in BrdUrd content observed for
cells with the same DNA content. Arguments against
the problem of immuno-cytochemistry artefacts can be
deduced from studies on PCNA, the auxiliary protein of
the mammalian DNA polymerase 4, whose intra-nu-
clear distribution is very similar to BrdUrd distribu-
tion. Some authors reported that the transition be-
tween different PCNA patterns does not take place
simultaneously in all cells of a synchronized population
(7). Double PCNA/DNA quantification led to scatter-
grams showing large variations of PCNA content for
cells with the same DNA content (24), which were sim-
ilar to those obtained from BrdUrd/DNA quantification
(15,42). Immunocytochemistry steps are very different
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between PCNA and BrdUrd procedures (BrdUrd im-
muno-revelation needs BrdUrd incorporation and DNA
denaturation; PCNA immuno-revelation needs neither
PCNA incorporation nor DNA denaturation). Taking
into account the similarity between BrdUrd and PCNA
quantification results (see above) and the differences
between the immunocytochemistry procedures, it is
unlikely that only immunocytochemistry artefacts,
such as imperfect BrdUrd incorporation or incomplete
DNA denaturation, can account for BrdUrd content
variations for a given DNA content, or for BrdUrd pat-
tern group overlappings.

We should consider whether speed of S phase
traverse, or the temporal order of the DNA replication,
are responsible for the BrdUrd content (replication ac-
tivity intensity) variations and pattern (replication ac-
tivity type) overlappings. Although S phase is consid-
ered to be of constant duration, its length can vary in
vivo between different development stages of the same
species (44), and in vitro it depends on the medium
tonicity (34). Gezer et al. (11) found that the differen-
tiation of HL-60 cells in response to retinoic acid slows
down the cell cycle as a result of a prolongation of both
the S and the G1 phase of the cell cycle. Skehan re-
viewed articles on the regulation of the generation
time by changes in the duration of S phase (39). One
wonders whether small differences may also occur be-
tween cells of the same line and the same culture and
thus lead to the variations in BrdUrd content for cells
with the same DNA content. In addition to these vari-
ations, flexibility of temporal order of the DNA repli-
cation may occur within the S phase. DNA replication
does not progress continuously during the S phase
(22,23), and on the chromosome, but also proceeds by a
scattered firing of replicon clusters. It may be possible
that the firing of particular replicons is not exactly
synchronized in a population of cells. The groups of
patterns 2 and 3 have scattered small spots, homoge-
neously distributed in the nucleus, and show both the
highest content and greatest variations in BrdUrd con-
tent. This suggests that a large portion of DNA is syn-
thesized in those nuclei (high BrdUrd content) and may
be with a flexible program (high variations of BrdUrd
content). Additional arguments for the flexibility of
temporal order of the DNA replication come from the
increasing number of reports on the coordination of
DNA replication with transcription (1,17,27). Prescott
(36) thus concluded that “the ordered structure of S
phase is flexible at least to the extent that DNA tran-
scription is a flexible regulated process.” DNA replica-
tion can be assumed to be an ordered process, in the
sense that some main events take place before others,
but the events may not be that rigorously controlled by
time or DNA content at the replicon level.

Texture analysis of the BrdUrd labelled nuclei

Nuclear shape (confocal analysis). It was neces-
sary to verify that BrdUrd pattern recognition and
classification did not depend on the focal plane chosen,
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as stressed by Mazzoti (29) for spherical nuclei. The
confocal optical secticns obtained from the MRC-5 nu-
clei (Fig. 7) confirm that two-dimensional images of
these nuclei can be considered to be independent of the
focal plane, because of their flattened shape and the
field depth (1.43 pum) of the objective lens (40 x /0.75).

Picturing power of topographical parameters.
Because they make it possible to codify visual experi-
ence, the topographical parameters are easy to inter-
pret. One can predict which parameter should be used
in order to discriminate one pattern from another. For
example, the standard deviation of the distances from
the nuclear border (SDHF) is a useful parameter to
discriminate the pattern group 1 from 5. This is an old
dream of synthesizing the image of a nucleus from its
computer description. The topographical parameters
constitute a step forward in this endeavour.

Correlation between topographical and sto-
chastic parameters. The use of topographical param-
eters combined with the stochastic parameters pro-
vides a means of interpreting the latter which are
otherwise difficult to understand. The skewness of the
BrdUrd fluorescence histogram (SKE-BrdU) is corre-
lated at 85% with A%LF and inversely correlated at
71.1% with A%HF. When fluorescence classes are
equally represented, there is no skewness which only
appears when one fluorescence class increases with re-
spect to the others. The standard deviation of the
BrdUrd fluorescence histogram (SD-BrdU) is corre-
lated with A%HF parameter and shows the highest
values for the second and third group. This is because
increased fluorescence leads to a larger halo surround-
ing each spot, making the fluorescence histogram bi-
modal for each nucleus. Thus, such parameters may be
useful for discriminating between groups but must be
used carefully to describe a texture, because nuclei
having a large range of intensities can have a lower
SD-value than nuclei having two narrow but distant
modes of intensities.

BrdUrd content versus topographical parame-
ters. Because the fluorescence intensities and nuclear
shape are not used in the mathematical definition of
the topographical parameters, the correlation observed
between the BrdUrd content (BrdUrd tagged fluores-
cence) and the relative area of high fluorescence class
(A%HF) (Fig. 5) has a biological significance (when a
site is stained it seems to be of similar intensity from
one nucleus to another) and is not a calculation arte-
fact. Thus, it is possible to interpret the values of
A%HF and A%LF in terms of sites of BrdUrd incorpo-
ration and sites without, A%MF contributing to the
incertainty.

Biological Relevance of the Replication
Site Distribution

Typical figures. The main changes from the begin-
ning to the end of the S phase concern the size of spots
(small at the beginning, large at the end), the spot
number (maximum in the middle), location close to the
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nuclear, and nucleolar boundaries (absent at the begin-
ning and in the middle, perinuclear and perinucleolar
thereafter, and perinuclear at the end). These results
are in agreement with previous findings (20,25,45,47).

Early replication. Since the cells were acquired
randomly and the cell proportions were respected, it
may be assumed that some cells did not spend the en-
tire labelling hour in the S phase, and therefore the
first images of the ranking reflect an incubation time
gradient. The increasing spot number and the constant
size of spots observed in these cells indicated that early
replication occurs asynchronously. Here we concur
with Vogel et al. (46).

Late replication. Two main characteristics of the
late replication patterns are the perinuclear and peri-
nucleolar labelling and the large spot size. This sug-
gests that the late replication involves heterochroma-
tin, as it is generally accepted (20,35). The fact that
BrdUrd spots appear condensed is not surprising since
replication could occur on condensed material, such as
mitotic figures (16), and in vitro even across the nucle-
osome without histone displacement (4). In fact, the
observed patterns do not exclude other possibilities:
the larger spot size could also reflect an increased rate
of DNA synthesis in late S (5), a larger portion of AT-
rich sequences (13), or simply indicate a large quantity
of DNA. Furthermore, some questions remain. Does
the staining annulus actually result from constitutive
heterochromatin replication, or is it the result of the
replication of DNA in prophase condensation phase
(10)?

Topographical parameters provide quantitative de-
scription of the BrdUrd patterns during the S phase
(topography, DNA, and BrdUrd content measurement),
instead of visual and subjective description. Applied to
the studies of double BrdUrd/DNA texture analysis
(20), these topographical parameters should contribute
to improving the understanding of replication with re-
spect to the chromatin condensation state. It would also
be of fundamental interest to combine techniques of
BrdUrd labelling and in situ hybridization to localize a
sequence, when it is replicated, as a means of S phase
compartmentalization studies.
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