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Fluorescence Cytometry of Microtubules and Nuclear
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Abstract Synchronized CHO-K1 cells and their dibutyry! c-AMP treated counterparts have been characterized by
means of static and flow fluorescence cytometry at the level of nuclear DNA and cytoplasmic microtubules.

In order to confirm earlier findings on synchronized population, Carnoy fixed and hydrolyzed, several new findings
are here reported at the level of single intact cell. The fluorescence intensity of DAPI-stained glutaraldehyde fixed 2C
celis correlates well with the average absorbance of the corresponding Feulgen-stained cells, thereby appearing also to
be a measure of chromatin condensation during the G1 phase.

In the early part of G1, the drastic alteration in anti- tubulin immunostaining is shown to parallel microtubule
depolymerization induced by calcium or colcemide.

The known 1-2 h lengthening of the G1 period after reverse-transformation appears to correlate with a similar delay
in the abrupt chromatin decondensation.

The above results are discussed in terms of the role of microtubules and nuclear morphometry (and their coupling) in
the control of cell cycle progression of transformed vs. fibroblast-like cells.  © 1992 wiley-Liss, tnc.
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It is now accepted that the microtubules and
the chromatin-DNA structure have impact on
various biological processes such as the control
of gene expression, protein synthesis, cell cycle
regulation, and cell transformation [Brinkley et
al., 1975; Brinkley, 1982; Nicolini and Beltrame,
1982; Schliwa, 1986; Leavitt et al., 1987]. Our
interest is addressed to further explore the role
of the microtubules and nuclear morphometry
in the control of normal and abnormal cell
growth [Nicolini and Beltrame, 1982; Schliwa,
1986; Leavitt et al., 1987; Belmont et al., 1980],
keeping in mind that nuclear morphometry in
turn has been shown to be related to the three-
dimensional organization of chromatin-DNA
and, hence, to gene expression [Belmont and
Nicolini, 1983; Kendall et al., 1980; Nicolini,
1986].

We have thereby analyzed CHO-K1 cells and
their c-AMP treated counterparts as a function
of the cell cycle. Administration of c-AMP to
proliferating cells causes a shift from polygonal
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(called transformed) to a spindle-shaped mor-
phology (called fibroblast-like or reverse trans-
formed) accompanied by a significant change in
growth characteristics [Hsie and Puck, 1971;
Parodi et al., 1979]. Following earlier studies,
which employed harsh Feulgen and Naphtol-
yellow absorbance staining, we carried out quan-
titative fluorescence microscopy (using anti-8
tubulin antibodies and DAPI staining) at the
level of single fixed cell; flow cytometry was also
performed on a larger number of cells properly
synchronized for a more statistically significant
characterization.

MATERIAL AND METHODS
Cell Culture

In this study we used Chinese hamster ovary
fibroblasts (CHO clone K1 supplied by American
Type Culture Collection, Rockville, MD) before
and after reverse transformation by dibutyryl
c-AMP. CHO-K1 cells were routinely grown in
F12 medium supplemented with 10% fetal calf
serum (Boheringer Mannheim, Sandhofer,
FRG); CHO-K1 doubling time was approxi-
mately 13 h. Treatment of cells with 10-32 M
Dibutyryl cyclic 3',56" monophosphate adenosine
sodium salt (Sigma Chemical Co., St. Louis,
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MO) induces a drastic change in the cellular
shape from polygonal to elongated morphology
[Hsie and Puck, 1971]. The effects of c-AMP are
probably due to its suboptimal level in trans-
formed cells [Brinkley et al., 1975].

In the treated cells, dibutyryl c-AMP was
present from the moment of seeding even in the
starting flasks and throughout the entire exper-
imental interval. Treated cells show an elonga-
tion of cell cycle duration in agreement with
previous observations [Belmont and Nicolini,
1983].

Our experiments were performed on synchro-
nized cells at different times of the cell cycle,
namely at 30 min, 1 h, 2, 3, and 6 h after the
selective detachment of mitotic cells. This
method yields cells optimally synchronized in
M, G1, and early S phase, as apparent by the
combined utilization of labeling index, Feulgen
staining, and optical microscopy [Belmont and
Nicolini, 1983; Kendall et al., 1980; Nicolini,
1986; Hsie and Puck, 1971; Parodi et al., 1979].
Mitotic cells were obtained by colcemide block
(0.1 pg/ml for 15 h) and early S phase by hydrox-
yurea (2 mM for 15 h). In order to study the
effect of the microtubule depolymerization on
the B-tubulin antibody binding cells have been
treated either with colcemide (as described
above) or with calcium. In the last case CHO-K1
cells synchronized in G1/S phase with hydrox-
yurea have been treated with 2 mM ecalcium for
30 min before fixation.

Static Cytofluorimetry

All cells were cultured in petri dishes on ster-
ile coverslips at 37°C, and then fixed in PBS
(phosphate buffer saline) containing 0.75%
paraformaldehyde, 1.75% glutaraldehyde, 2 mM
EGTA, and 2 mM MgCl, for 1 h at room temper-
ature.

Microtubule staining was accomplished by
washing fixed cells in sterile PBS (3 times for 5
min each), then placing in 1% TRITON X100 for
5 min and washing in PBS. Coverslips were
placed upside down on microscope slides, previ-
ously covered with PARAFILM on which one
drop of the first antibody (anti-g tubulin sup-
plied by Biomakor, Rehovot, Israel) was previ-
ously placed (to obtain a homogeneous distribu-
tion of antibody on the coverslip surface).

In order to prevent evaporation, slides were
placed in a moist chamber and incubated at 4°C
overnight. After usual washing in PBS, cover-
slips were incubated with the second antibody
(anti-mouse IgG FITC-conjugated, supplied by

Sera-Lab, Sussex, England) in the moist cham-
ber at 37°C for 1 h [Tilloca et al., 1987]. Immedi-
ately prior to observation, DNA staining was
accomplished by 10 pl of 15 uM DAPI (4',6-
diamidino-2-phenylindole, supplied by Molecu-
lar Probes, Eugene, OR) in 10 mM Tris-HCl
buffer, pH 7.2 [Tilloca et al., 1987; Boschek et
al., 1981].

Fluorescence dependent images have been ac-
quired through a 100x 1.3 NA oil-immersion
objective on a Zeiss Axioplan microscope (Zeiss,
Oberoken, FRG) set up for epifluorescence (HBO
100 Osram Mercury Lamp, Zeiss Filter sets
487402, 487709, 487715). Neutral density fil-
ters (Kodak, Wratten N.96) have been used to
avoid saturation effects on the TV target due to
different fluorescence intensities emitted depend-
ing on the marker. Calibrations for intensity
filters and for geometric corrections have been
performed using 10 pm diameter fluoresbrite
carboxilate microspheres (Polysciences Inc., Phil-
adelphia, PA).

Flow Cytofluorimetry

Samples for the flow cytofluorimetry were
prepared as above but all the steps were per-
formed with cells in suspension and DNA stain-
ing was accomplished by a 30 min incubation of
the sample in 20 png/ml propidium iodide and 20
png/ml RNase in PBS. The samples were ana-
lyzed by means of a PAS H flow-microfluo-
rimeter (Partec, Bottmingen, Switzerland) per-
forming two parameter acquisition (PI and
FITC). The optical setup was composed of a
HBO 100 arc lamp, excitation filters (KG1,
BG38), 40x objective, beam splitters (TK
500,630 or 560), mirrors, and filter RG610,
0G505 (T). Two parameter data were acquired
and processed with the help of modified Assem-
bly software. Calibrations for intensity filters
were performed using 480 um diameter fluores-
brite carboxilate microspheres (Polysciences Inc.,
Philadelphia, PA) and calf thymocytes.

Digital Imaging

Images directly formed through the optical
microscope were computer processed by an inte-
grated image processing system developed in
house and previously described in detail [Di-
aspro et al., 1990a,b,c]. After background sub-
traction, an intensity threshold was established
to define the border of cells and nuclei. This
allowed us to calculate cellular and nuclear area.
In this context, the term area refers to the area
of bidimensional projection of the observed ob-
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ject. As previously reported [Belmont et al., 1980,

1984; Kendall et al., 1980], for our method of
slide preparation, there is a direct correlation
between bidimensional projection and both the
nuclear volume and the intranuclear DNA distri-
bution.

RESULTS

In Figure 1 the typical frequency distribution
of pixel fluorescence intensity is represented for
both cells stained with anti-g tubulin antibody
(FITC fluorescence) and nuclei stained with

DAPI. It doesn’t escape our notice that while the
intracytoplasmic microtubules display rather
uniform unimodal distribution (see Fig. 1A), the
intranuclear DNA displays a broad (bimodal)
distribution (Fig. 1B) reflecting the existence of
different high order structural levels for the
nuclear chromatin in G1 phase.

The dependence of DAPI fluorescence inten-
sity on cell cycle progression is presented in
Figure 2, both for untreated and c-AMP treated
cells. Similar changes of fluorescence intensity
are exhibited by the two populations: both dis-
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Fig. 1. Histograms representing the number of pixel vs. fluorescence intensity obtained from two typical images of
synchronized CHO-K1 cells at 30 min and 3 h after mitosis and simultaneously stained (A) for microtubules with
anti-B tubulin antibodies FITC conjugated and (B) for nuclear DNA with DAPI.
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Fig. 2. Blue fluorescence intensity (IBLUE) vs. time for untreated (0) and c-AMP treated (A) CHO nuclei, stained

with DAPI.

play an initial decrease of fluorescence intensity
at 30 min (early G1) followed by an increase
during the next 3 h (G1 period) and subsequent-
ely by another decrease at 6 h (late G1/early S
phase). This is apparent even after normalizing
for the DNA amount (4C in mitosis and 2C in
G1). The most abrupt increase is between 1 and
2 h for untreated CHO and between 2 and 3 h
for ¢c-AMP treated ones, in accordance with the
known 1-2 h lengthening of G1 period after
cAMP administration.

The direct correlation between DAPI fluores-
cence intensity (IBLUE) and nuclear area for
untreated control cells having the same 2C
amount of DNA is shown in Figure 3A; both cell
populations exhibit a very good correlation be-
tween these two parameters (P < 0.01 both for
untreated and c-AMP treated CHO). In the same
figure, the reverse correlation between average
optical density (AVOD) and nuclear area is also
represented for the same 2C DNA cell popula-
tion stained by Feulgen reaction; the amount of
DNA per cell remains constant in this popula-
tion, as shown by the constant value of the inte-
grated optical density (I0D) (data not shown).

The established correlation between AVOD
and chromatin condensation suggests a possible
interpretation of the staining characteristics of
DAPI, whereby the binding of DAPI to the nu-
clear DNA could appear a direct function of
chromatin decondensation.

The lack of correlation between cytoplasmic
anti-B tubulin fluorescence (IGREEN) and cell

area is reported in Figure 3B; namely B-tubulin
immunostaining shows a constant value, be-
tween 1 and 6 h after mitosis, for a wide range of
cell areas.

Confirming earlier data [Belmont et al., 1984],
during cell cycle progression the correlation be-
tween cellular and nuclear area (Fig. 4) appears,
at the 1% confidence level, good for the fibroblast-
like cells (r = 0.80) and lacking for the un-
treated ones (r = 0.57; figure not shown). How-
ever, no difference of FITC intensity is evident
for the two cell types: during the cell cycle both
display indeed the same behavior in anti-f tubu-
lin staining (Fig. 5).

The maximum of FITC fluorescence is evi-
dent, for both samples, 30 min after mitosis
when the cells go through the depolymerization
of mitotic spindle and reorganization of cytoskel-
eton. During the rest of the cell cycle the IG-
REEN values remain nearly constant.

The flow cytometry of over 65,000 cells double
stained both for microtubule (with FITC) and
chromatin-DNA (with propidium iodide) con-
firms the increase of the cytoplasmic IGREEN
of the colcemide-treated cells in respect to the
untreated ones (Fig. 6). The abrupt decrease in
immunofluorescence staining from mitosis to
early G1 could be related to the tubulin polymer-
ization which causes a decreased binding of the
antibodies; an opposite effect is indeed apparent
whenever microtubule depolimerization is
achieved by 2 mM calcium administration to
hydroxyurea synchronized cells (Fig. 7). For the
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Fig. 3. A: Correlation between nuclear total fluorescence intensity (IBLUE) and area for untreated CHO; the value of
correlation coefficient is 0.75 (at the confidence level less than of 1%). The correlation between average optical
density determined by Feulgen staining and area is also shown for the same nuclei (0J). B: Correlation between

cellular IGREEN and area for c-AMP treated CHO cells.

same sample the corresponding average values
of IGREEN and area are shown in Table I1.

DISCUSSION

The presented data, which are based on a
fluorescence staining of gluteraldheide fixed cells,
confirm earlier results based on absorbance
staining of the corresponding Carnoy fixed and
hydrolyzed cells [Nicolini and Beltrame, 1982;
Schliwa, 1986; Leavitt et al., 1987; Belmont et

al., 1980]: the correlation between cellular and
nuclear geometry is present in ¢c-AMP treated
cells but is absent in the untreated cells. Simi-
larly the existence of two cycles of chromatin
condensation during the G1 period of both
c-AMP treated and untreated cells appears con-
firmed, while the increase of G1 period by 1-2 h
following ¢-AMP administration (as originally
suggested by previous reports [Parodi et al,
1979; Belmont et al., 1984; Nicolini et al., 1987])
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Fig. 4. Correlation between cellular and nuclear area for fibroblast-like CHO, synchronized at0, 0.5, 1,2, 3,and 6 h

after mitosis.
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Fig. 5. Green fluorescence intensity (IGREEN) vs. time both for untreated (CJ) and c-AMP treated (A) CHO cells
stained by immunofluorescence technique with anti-g tubulin antibodies. The standard deviations are about 40% for

the untreated and 45% for the c-AMP treated nuclei.

appears correlated with a similar delay in chro-
matin decondensation. This new observation
supports earlier suggestions on the role of chro-
matin-DNA in the control of DNA replication.
Additional conclusions can be drawn from the
above data. The use of anti-f tubulin mono-
clonal antibodies makes it possible to correlate
the difference of cytoplasmic fluorescence inten-
sity with the level of microtubule polimeriza-
tion. This correlation is confirmed by the higher

level of immunofluorescence in cells treated with
different depolymerizing agents (colcemide and
calcium) in respect to control cells.

The results of quantitative fluorescence mi-
croscopy show significant changes during the
cell cycle progression: the decreased immunoflu-
orescence in the early part of G1 appears to be
only partially due to the distribution caused by
cell division, but is related to a larger extent to
the microtubule polymerization which could
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Fig. 6. Fluorescence intensity histograms for CHO-K1, either synchronized in mitosis with colcemide to depolymer-
ize the cytoskeleton (A) or logarithmically grown (B). The cells have been immunostained for anti-B tubulin as

described in the text.

make tubulin less accessible to the monoclonal
antibodies. This microtubule polimerization ob-
served 1 h after mitosis is associated with an
increase in nuclear area (Fig. 2) which perfectly
matches with the restoration of metabolic activ-
ity of the cell.

A drastic increase in tubulin synthesis in G2
Jjust before mitosis, followed by a similarly dras-
tic decrease at the end of mitosis, when the cells
enter the G1 phase, was reported previously.
These facts were actually used to develop a
model which implies that elevated levels of solu-

ble tubulin inhibit new tubulin mRNA synthesis
[Klevecz and Forrest, 1975; Bird et al., 1980].
No significant difference in the total intensity
of anti-B tubulin immunostaining were detected
for the untreated and the c-AMP treated cells, in
agreement with previous biochemical studies.
These data combined with earlier observations
[Brinkley, 1982; Hsie and Puck, 1971] led us to
postulate that untreated and c-AMP treated cells
differ only in terms of microtubule three-dimen-
sional organization and orientation and are quite
similar in terms of the amount of polymerized
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Fig. 7. CHO-K1 cells synchronized in G1/S phase by hydroxyurea before (left) and after treatment (right) with 2
mM CacCl, for 30 min. Cells are stained with anti-B tubulin antibodies. Image has been filtered with a Gaussian
Low-Pass to reduce the spatial-distributed noise present in the original image and then a histogram-equalization

operation has been applied to improve details in the image.

TABLE 1. CHO-K1 Cells Synchronized
in Early S Phase (by hydroxyurea 2 mM)
and in Mitosis (by colcemide 0.1 pg/ml)*

Early S
Mitosis (M) (eS)
n a (%) v o (%)
10D 962 21 534 47
Feulgen Area 1,884 17 5,467 20
AVOD 0.52 24 0.10 37
DAPI IBLUE 168,328 53 201,024 38

Area 2,140 32 5,156 16

Relative Increase in Chromatin
Decondensation Between Mitosis and Early
S as Measurement by Feulgen Absorbance
and DAPI Fluorescence Intensity After
Normalization to the Same Amount of 2C DNA

Feulgen AVODy 5.2
AVOD,4

DAPI 2xIBLUES g 09
IBLUE,,

*The samples have been stained from one side by Feulgen
reaction and and from the other side by DAPI.

AVOD = average optical density; IBLUE = total fluores-
cence intensity; IOD = integrated optical density.

tubulin. Hence, it appears that either a higher
level of microtubule organization or other com-
ponents of cytoskeleton are responsible for the
observed correlation between cellular and nu-
clear area.

TABLE II. CHO-K1 Cells Synchronized at
the G1/S Interphase by 2 mM Hydroxyurea
Before (control) and After the

Treatment With 2mM CaCl,
FITC
fluorescence
intensity

Sample (IGREEN) Area
Control n = 165,213 n=4,138

o=24% oc=T7%
Calcium treated p = 201,242 w = 5,398

o=25% c=5%

Finally, previous papers [for review see
Nicolini, 1986, 1983] have shown that the nu-
clear area is directly correlated with chromatin-
DNA condensation and that I0D and AVOD
parameters, evaluated on Feulgen-stained cells,
are related to the total DNA amount and the
chromatin condensation, respectively.

The inverse linear relationship evident for
AVOD (Feulgen-stained) and IBLUE (DAPI
staining) is another interesting new observation
which deserves some consideration.

It was recently established [Kubista et al.,
1987; Kapuscinski, 1990] that DAPI can bind
nucleic acid in a double helix conformation with
both a mechanism of intercalation between the
stacking base pairs and an electrostatic binding
to the AT-rich regions present in the minor
groove. The second kind of binding has been
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known for a long time and shows a quantum
yield and an affinity much greater than the first
one [Kapuscinski, 1990]. However, it was not
clear if and how the fluorescence intensity shown
by the dye binding to DNA is related to the level
of chromatin condensation. Our results in Table
I and Figure 3 suggest that binding of DAPI to
DNA is really affected by the level of chromatin
condensation.
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