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Background: DNA denaturation, required for fluorescent
in situ hybridization (FISH) experiments, is likely to induce
chromatin alterations. Only few attempts have been made
to quantify the extent of these perturbations. We propose
a quality-control approach based on image analysis to
monitor the effect of a procedure commonly used in FISH
experiments.

Methods: Using DAPI as a probe, the same nuclei were
successively imaged with a CCD camera after fixation,
after permeabilization, and after thermal denaturation and
hybridization with a centromeric probe. The modifica-
tions of the staining pattern were analyzed. Volumes of the
FISH signals were measured using confocal imaging.
Results: DAPI staining combined with image analysis
proved to be a sensitive tool to visualize the effects of

different treatments used in FISH experiments. Permeabili-
zation of nuclei after fixation has only limited impact on
the chromatin. On the contrary, the denaturation proce-
dure modifies the staining of DNA by DAPI, as well as the
underlying chromatin structure as assessed by the increase
of FISH signal volume with denaturation time. The proto-
col that involves a pre-fixation permeabilization step
results in a more severe loss of chromatin structure.
Conclusions: Our results clearly show that analysis of
alterations of DAPI staining patterns is a useful monitoring
tool to control and standardize hybridization procedures.
Cytometry 36:96-101, 1999. © 1999 Wiley-Liss, Inc.
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Fluorescent in situ hybridization (FISH) has proven to be
a versatile tool for cytogenetics, and a straightforward
mapping procedure for physical cartography of cloned
DNA fragments. The long-standing question of nuclear
chromatin organization and its relation to genetic activity
has also benefited from constant improvements of the
methods (1).

Preservation of the fine, native chromatin structures
throughout the analysis is an essential but an elusive goal
to reach as some of the involved treatments, including
permeabilization, fixation, and denaturation steps, are not
under full control. Furthermore, no objective criterion of
chromatin integrity is available. In this article, we propose
an image analysis-based approach to evaluate the impact of
different treatments associated to FISH protocols, as well
as various denaturation times. Variations in the volume of
FISH signals, as a function of denaturation time, were also
measured.

MATERIALS AND METHODS
Cell Culture

Human female amniocytes (kindly provided by Dr. F.
Amblard, Grenoble, France) were grown on glass slides in
DMEM medium supplemented with 20% fetal calf serum
for 24 h. Cells were then fed with a serum-free medium for

72 h. More than 95% of the cells are then in a quiescent
state (data not shown).

Cell Processing

Two different procedures were investigated. The first
one is essentially described in (2,3), and does not use any
permeabilization treatment before fixation. The second
one, introduced by Lawrence et al. (4), uses a pre-fixation
detergent-based permeabilization.

Procedure 1 (post-fixation permeabilization). Un-
less stated otherwise, the procedure was performed at
room temperature. Chemicals are from Sigma, Saint
Quentin-Fallavier, France. Cells were briefly rinsed in PBS
and immediately fixed in freshly prepared 4% paraformal-
dehyde (PFA) in PBS, pH 7.2 for 15 min. Slides were then
treated for 10 min in Triton X-100/saponin (0.1% each, in
PBS), equilibrated for 20 min in PBS/20% glycerol, and
freeze-thawed three times in liquid nitrogen. Cells were
further treated with 0.01 N HCI for 5 min and with Triton
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Fic. 1. Diagrams of the imaging procedures. Diagram on the left describes Protocol 1. Ctrl0, Ctrl1, and Ctrl2: image sets of control nuclei. 1A, 2A, 2.5A, and
4A: sets of nuclei imaged after fixation. 2.5B: same nuclei as in set 2.5A, imaged again after permeabilization. 1C, 2C, and 4C: same sets as 1A, 2A, and 4A,
respectively, imaged again after denaturation of 1, 2, or 4 min and overnight hybridization. 2.5C, same nuclei as 2.5B, imaged after 2.5 min denaturation and
mock hybridization. The diagram on the right describes Protocol 2 that uses a pre-fixation permeabilization carried out in CSK buffer. CSKA: image set of 32

nuclei, imaged after permeabilization and fixation. CSKC: same nuclei as in CSKA, imaged after denaturation for 2 min and overnight hybridization.

X-100/saponin (0.5% each, in PBS) for 5 min. The denatur-
ation step consisted in an incubation in 70% ultra-pure,
deionized formamide, in 2X SSC pH 7.3 at 73°C. Denatur-
ation times of 1, 2, 2.5, and 4 min were used. A mock
hybridization (no probe added) was performed overnight
with slides that had undergone a 2.5 min denaturation.

Other slides were hybridized overnight with 50 ng of a
biotinylated probe specific for the centromere of chromo-
some 11 (5), in 10 pl of 50% formamide, 2X SCC, 10%
dextran sulfate at 37°C. Post-hybridization washes and
probe detection using antidigoxygenin FITC-labeled anti-
body were performed as described (2).

Procedure 2 (permeabilization prior to fixation).
Cells were incubated for 3 min in ice-cold cytoskeletal
buffer (CSK; NaCl, 100 mM, sucrose 300 mM, MgCl,,
3 mM, PIPES 10 mM pH 6,8), containing 0.5% Triton
X-100, rinsed in cold CSK, immediately fixed in 4% PFA as
described above, and stored in 70% ethanol. Before hybrid-
ization, cells were rinsed in 2X SSC, and processed as
described above, using a denaturation time of 2 min.

Imaging

A) DAPI images. Grayscale 8 bits, 512 X 512 pixels
images were collected using a cooled CCD camera (C4880
Hamamatsu Photonics, Massy, France) fitted on an Ax-
iophot epifluorescence microscope (Zeiss, Le Pecq, France)
equipped with a 100W mercury lamp, and a 63X, 1.25 NA,
plan-neofluar, iris oil immersion objective (pixel size =
0.15 pm). The Zeiss 01 filter set (BP 365/12, FT 395, LP
397) was used. For each imaging session, slides were
successively washed three times in 0.01% Tween-20 in

PBS, then in PBS, and were mounted in an antifade
medium containing DAPI (90% glycerol, 20 mM Tris pH
7.3, 2.3% triethylenediamine, 0.02% NaN3, and 250 ng/ml
DAPI). Staining was carried out overnight at 4°C. After
image acquisition, slides were unmounted, washed three
times in PBS containing 0.01% Tween-20 and submitted to
further treatments (see Fig. 1 for a flow-diagram of the
protocol).

Randomly chosen cells (n = 64) processed according to
Protocol 1 were imaged at three different stages: (i) after
the fixation step (image set 2.5A), (ii) after permeabiliza-
tion (image set 2.5B), (iii) after a 2.5 min denaturation, and
an overnight mock hybridization (image set 2.5C).

Three other independent sets of cells (n = 32 for each
set) treated with Procedure 1 were also imaged. First, after
fixation (image sets 1A, 2A, and 4A, respectively), then
images of the same cells were collected at the end of the
FISH procedure which included a denaturation time of 1,
2, or 4 min (image sets 1C, 2C, and 4C, respectively). For
these three sets, no images were acquired after permeabili-
zation.

Similarly, images of nuclei (n = 32) treated with Proce-
dure 2 were also collected, first after the fixation step (set
“CSKA”), then at the end of the FISH procedure (set
“CSKC™).

To ensure that removal of the coverslip, washing of
mounting medium, and addition of new mounting me-
dium were not damaging to the nuclei, these operations
were performed on fixed control cells (n = 10) three
times successively, and images were acquired each time
(image sets “Ctrl1,” “Ctrl2,”” and “Ctrl3""). These controls
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allowed also to take into account the slight variations
inherent to the imaging procedure, such as variation of
optical alignment of the microscope, heterogeneity of the
illumination field, and focusing errors.

B) FISH signals. For denaturation times of 1, 2, and 4
min (Procedure 1) and 2 min (Procedure 2), 50 randomly
chosen hybridization signals were imaged with a LSM 410
(Zeiss) confocal microscope fitted with a 63X 1.4 NA oil
immersion objective, and the 488 nm line of an argon
laser. Sampling step was set to 100 nm in the xy plane and
250 nm along the optical axis.

Image Analysis

A) DAPI images analysis. Two approaches were used
to analyze the alteration of DAPI chromatin staining. A first
approach was based on the measurement of nuclear
texture. A second approach was based on a pixelwise
comparison of fluorescence intensities between the differ-
ent stages of the FISH procedure.

Nuclear features. For each image, the binary mask of
the nucleus was extracted. The segmentation was ob-
tained by means of an automatic threshold selection
method (6,7) based on an optimal two classes partitioning
of the gray level histogram according to Fisher’s criterion.
From this mask, the area of the nucleus was calculated.
The intensity histogram of nuclear fluorescence was then
extracted. Two texture descriptors were calculated from
this histogram: the skewness (Sk) and the kurtosis (Ku).
These two parameters describe how the global shape of
the gray level distribution diverges from an ideal Gaussian
distribution. The skewness reflects the unbalance of the
gray level bins between the left and the right side of the
histogram with reference to the mean value (Sk = 0 means
perfect balance). The kurtosis describes the flattening or
sharpening of the distribution (Ku < 0 for a flat histogram
and Ku > 0 for a sharp peak). These two features are
completely independent from the average intensity and its
standard deviation (see formulas in Appendix). Further-
more, these measurements are readily available or easily
implemented with most software packages dedicated to
image analysis.

Pixelwise comparison. Linear regression analysis was
used in order to compare the spatial distributions of the
gray levels between images of the same nucleus. Because
reposition of nuclei under the microscope was not highly
reproducible, it was necessary to use a procedure for
accurate registration of the nuclear images. For each image
series, an ellipse model was fitted to each binary mask (8)
and the main features of the ellipse were calculated. The
images were then translated so that the centers of gravity
of the ellipses were superposed, and then rotated in order
to align the major axes of the ellipses. Finally, images of the
same nucleus were scaled independently along the horizon-
tal and vertical axes to obtain the same lengths for major
and minor axes, respectively. After registration, images
were compared by calculating a least-square regression of
the nuclear fluorescence. The magnitude of difference was
expressed as a divergence percentage (DP) defined as:

DP = 100*(1 — r?), where r? is the regression coefficient of
a linear fit.

B) FISH signals analysis. Image stacks were pro-
cessed and analyzed using ana3D, a dedicated software
package designed by Parazza et al. (9). Briefly, images were
filtered with a 3D median filter, then segmented using an
interactively chosen threshold value. Objects were then
automatically labeled and their volume measured. This
procedure, when applied to test micro-objects of known
size (fluorescent latex beads), consistently gave accurate
and reproducible volume measurements.

All the images were acquired by one investigator, while
analysis was independently performed by another.

RESULTS

Examples of two representative nuclei submitted or not
to Procedure 1 are shown in Figure 2 together with
corresponding gray-level histograms. DAPI gives sharply
contrasted images of intact fixed nuclei, with clearly
recognizable landmarks like the Barr body. These two
nuclei were chosen as the most representative (average
features) of their groups. As expected, no particular
change in the fluorescence patterns of the control nucleus
(Ctrl0, Ctrl1, and Ctrl2) was observed. In particular, the
Barr body remained clearly visible. The corresponding
histograms displayed similar shapes. This was further
substantiated by comparing the Sk and Ku (cf. Table 1).
For both parameters, a strong correlation was found
between measurements performed before and after han-
dling of the slides, indicating that no gross perturbation
was induced by our imaging procedure. Another evalua-
tion of potential modifications was performed through
computing a DP, pixel by pixel after image registration.
Divergence percentage of the staining patterns between
control set Ctrl0 and Ctrl1, and between Ctrl0 and Ctrl2,
were 4 and 7%, respectively. Taken together, these results
clearly indicate that the successive washing and removal of
the coverslip did not alter the DAPI pattern. These
controls were necessary to further assess the possible
effects of permeabilization and denaturation steps.

As shown in Figure 2, permeabilization when applied
after fixation did not affect the staining pattern (compare
images of sets 2.5A and 2.5B). The correlation between
sets 2.5A and 2.5B for both Sk and Ku was found to be
lower when compared to the control group (cf. Table 1),
but the differences were not statistically significant (paired
t-test, Sk P = 0.083, Ku P = 0.853). The divergence per-
centage was found to be slightly increased to 11.6% after
permeabilization. These results indicated that post-fixation
permeabilization did not significantly change the DAPI
staining pattern. In contrast, nuclei submitted to denatur-
ation exhibited a drastic change of the fluorescence
pattern (compare images 2.5A with 2.5C in Fig. 2). A loss
of contrast was observed, with a modification in location
and size of the brightest regions. The Barr body became
more difficult to discern. Also, the shape of the histogram
was skewed and flattened, and the general brightness also
increased. These changes in global brightness do not
preclude the use of Sk and Ku as these features are
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Fic. 2. DAPI staining pattern of two typical nuclei with their corresponding fluorescence intensity histograms. See legend of Figure 1. Each histogram
corresponds to the distribution of fluorescence of the nucleus at the left. The horizontal scale is normalized between 0 (minimum intensity in the nucleus)
and 1 (maximum intensity in the nucleus). The vertical scale is normalized with reference to the number of pixels in the modal class. Sk = skewness, Ku =
kurtosis. Arrowheads point to the Barr body. Width of each image = 26 um.

Table 1
Correlation Coefficients Between Image Histogram Parameters*

Denaturation

Procedure Control Permeabilization 1 min 2 min 2.5 min 4 min CSK
Image sets compared Ctrl0 vs. Ctrl1; CtrlO vs. Ctrl2  2.5Avs.2.5B  1Avs.1C 2Avs.2C 2.5Avs. 25C 4Avs.4C CSKA vs. CSKC
Skewness 0.996; 0.984 0.694 0.313 0.217 0.380 0.394 0.026
Kurtosis 0.997; 0.964 0.783 0.216 0.323 0.340 0.289 0.005

*Nomenclature is as described for Figure 2.

independent of the average intensity and standard devia-
tion (see Appendix). The observed differences were highly
significant (Table 1, ttest, P < 0.00001 for Sk and Ku).
Those changes were, to a variable extent, observed for all
denaturation times used. The modifications of the DAPI
pattern were also well detected by the computation of DP,
which increased to 55.3% when a 2.5 min denaturation
was applied. Moreover, as shown in Figure 3, DP increased
with the time of denaturation. Taken together, these data
demonstrate that thermal denaturation has strong adverse
effects on the DAPI pattern, and that the extent of the
effect is proportional to the time of denaturation.

Finally, the protocol that makes use of permeabilization
prior to fixation causes a complete loss of correlation for
both Sk and Ku (cf. Table 1) and gives a DP value
significantly higher than the other treatment (cf. Fig. 3).
This demonstrates that pre-fixation permeabilization very
severely impairs the stability of chromatin.

Measurements of the FISH signal volumes recorded after
denaturing the nuclei for various lengths of time brought
information about the loss of structure that the chromatin

had undergone. Figure 4 shows measurements of the
hybridization signal volumes, as a function of denaturation
time. For each time point, 50 signals were imaged using a
confocal microscope, and their volume measured. All the
nuclei were labeled with a centromeric probes specific for
chromosome 11. There is a clear increase in volumes as a
function of denaturation time. This increase is highly
significant between 1 and 2 min, between 1 and 4 min
(ttest, P < 0.001), but not between 2 and 4 min. Volumes
measured in pre-fixation permeabilized nuclei were signifi-
cantly larger than volumes measured in post-fixation
permeabilized nuclei (ttest, P < 0.001). This confirms
that these nuclei cannot stand the rigors of denaturation.

DISCUSSION

Fluorescent in situ hybridization is a powerful tool to get
insights into chromatin structure and function. However,
because the effects of DNA denaturation on fixed nuclei
are poorly documented, care should be taken for the
interpretation of FISH data. In the present study, we have
monitored the modifications of the global chromatin
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Fic. 3. Box and whiskers plots of the divergence percentage (DP) in the
DAPI pattern induced by the different treatments. Control: control group;
2.5A/B, nuclei compared before and after permeabilization with Proce-
dure 1. 1A/C, 2A/C, 2.5A/C, 4A/C nuclei compared before fixation and
after processing with Procedure 1 and denaturation for 1, 2, 2.5, or 4 min.
CSKA/C: nuclei processed with Procedure 2 and denatured for 2 min,
compared to their state after fixation. The central part of the distribution is
represented by a box of which the lower and upper sides indicate the first
and third quartile (i.e., 25 and 75% of distribution), respectively. The line
splitting the box indicates the median value. The upper and lower
whiskers indicate the position of 10 and 90% of the population, respec-
tively. The isolated circles indicate the extreme values.
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FiG. 4. Box and whiskers plots of the FISH signal volumes obtained with
Protocol 1 and denaturation time of 1, 2, or 4 min, or Protocol 2 and
denaturation time of 2 min. See legend of Figure 3 for details.

structure of female human amniocyte nuclei submitted to
two different widely used FISH procedures. Two ap-
proaches were used: the first one is based on the analysis
of DAPI staining. Different denaturation times were tested,
and high resolution images of the same nuclei were
collected and compared at different steps of the FISH
procedure before further processing of the cells. The
second approach is based on measurements of FISH signal
volumes obtained from a centromeric probe, using confo-
cal microscopy. Volumes of the signal were analyzed as a
function of time of denaturation.

On the basis of DAPI analysis, permeabilization per-
formed after fixation had only limited effects on the DAPI
pattern. On the contrary, the denaturation step was found
to have profound impact on the staining pattern. Indeed, a

major redistribution of fluorescence is observed after this
step. These changes became more visible when the time of
denaturation was increased. The pre-fixation permeabiliza-
tion resulted in the most dramatic modifications of the
DAPI pattern when compared before and after denatur-
ation. This suggests that pre-fixation permeabilization
makes chromatin more sensitive to a subsequent denatur-
ation step. A significant increase in the FISH signal volumes
was found concomitant with increasing time of denatur-
ation. Finally the pre-fixation treatment resulted in the
largest observed hybridized volumes, twice larger than
those obtained with the post-fixation-based procedure
using identical conditions of denaturation.

Modifications of DAPI staining that we observed may be
explained by a release of proteins associated with DNA
(10,11). Recently, in situ detection of core histone acetyla-
tion was used to assess the integrity of chromatin after
denaturation (12). Although non-quantitative, this study
provided convincing evidence that when fixed nuclei are
thermally denatured, large quantities of chromatin-
associated proteins are released. This likely leads, in turn,
to modifications of chromatin structure. It is likely that
formaldehyde fixation, which is often short and incom-
plete (13), is not strong enough to fully maintain nuclear
proteins during denaturation as many of the crosslinks
established between proteins and DNA are reversible
(14,15). Modifications in DAPI staining may also be, in
part, attributed to incomplete renaturation and loss of
DNA. Both phenomenons were observed by Raap et al.
(16). Whatever the causes are, we believe that the diver-
gence percentage that we measure does integrate the
different types of degradation the chromatin undergoes.

In conclusion, our study indicates that image analysis of
the DAPI staining pattern is a sensitive method to detect
chromatin alterations caused by FISH protocols. Denatur-
ation was shown to be the most damaging step. In
comparison, post-fixation cell permeabilization did not
significantly change the chromatin pattern. The use of
pre-fixation permeabilization, which results in dramatic
losses of structure, is not recommended. As the DP value
was shown to increase with increasing denaturation time
and to be correlated with changes observed in FISH signal
volumes, we recommend its use to assess chromatin
integrity and to help in efforts to standardize FISH treat-
ments.
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APPENDIX
Skewness formula
1 i=N Xi _ u 3
Sk = —
N ; o)

with N the number of pixels in the nucleus, x; the gray
level value of a pixel, p the average gray level, and o the
standard deviation.

Kurtosis formula

Ku =

1 § x; — u[* .
N i=1 g

with N the number of pixels, x; the gray level value of a
pixel, u the average gray level, and o the standard
deviation.
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