
Abstract. The changes of the microtubular network induced
by microtubule destabilizing (Vinblastine, VBL) and
stabilizing (Taxol, TAX) agents were studied in NIH/3T3
fibroblastic cells in conventional culture conditions (NIHb)
and in a subpopulation (NIHs), obtained after serum
deprivation and expressing different morphofunctional features
and higher cytokinetic activity. In this cell model, we analyzed
VBL and TAX effects on cell cycle and microtubular network,
in relation to cell death. In NIHb cells, VBL induced higher
microtubule depolymerization, prevalence of tubulin para-
crystals and micronucleation, while, in NIHs cells, lower
depolymerization and appearance of tubulin spiral-like
structures, with lower micronucleation, increase of apoptosis
and disappearance of high polyploid cells. DNA static
cytofluorometry of cells showing paracrystals or spirals
permitted correlation of the appearance of these tubulin
aggregation forms with the cell cycle phases. In NIHb
cultures, the DNA content curves, in cells with paracrystals or
spirals, showed a similar trend, with a higher frequency of
the two anomalies in the G2/M phase. In NIHs cultures,
paracrystals and spirals are found in G2/M cells, while G1
cells showed prevailingly paracrystals. TAX induced the
appearance of microtubule bundles in the two cultures. The
prevalence of circular bundles was found in NIHb cells, while
a higher number of linear bundles was shown in NIHs cells.
In NIHb cells, circular bundles were related to higher

apoptosis and micronucleation. DNA cytofluorometry, in
cells with linear or circular bundles, showed that the latter
was present with high frequency in NIHb cells in all the cell
cycle phases; in NIHs cells, they appeared, with lower
frequency, prevailing in the S-G2/M phase. Furthermore, in
NIHs cells, the appearance of linear bundles in G1 cells was
related to a lower micronucleation. These finding showed
that microtubule reorganization in different cell cycle phases
could play a role in the progression of nuclear fragmentation/
micronucleation relating to cell death.

Introduction

Microtubules are important cytoskeletal components involved
in many cellular events (e.g. mitosis, organelle dislocation and
cell locomotion). The necessity of microtubules for cell
survival, coupled with the need to maintain a delicate balance
between free and assembled tubulin, makes these structures
an interesting target for many drugs used for cancer chemo-
therapy. Antimicrotubule agents including depolymerizing
drugs (vinblastine, vincristine and vinorelbine) and
polymerizing agents (paclitaxel and docetaxel) are widely
used either alone or in combination with other anticancer
drugs. Moreover, these antimicrotubule agents are promoters
of apoptosis in cancer cells (1,2).

The Vinca alkaloids, such as vinblastine, widely used for
the treatment of leukemia, lymphomas, and some solid tumors
(1), induce the destabilization of polymerized tubulin by
blocking the region involved in tubulin dimer attachment, thus
preventing polymerization of microtubules (2). On the
contrary, taxanes bind tubulin by stabilizing the microtubule
polymer, and promoting the formation of microtubule
bundles (3-5).

It has generally been believed that the antitumor effects of
these toxins mainly depend on interference with the normal
function of microtubules and blockage of cell cycle
progression in the G2-M phase. Suppression of spindle
dynamics by low concentrations of drugs is a common
mechanism responsible for mitotic block, induced by
microtubule-stabilizing and -destabilizing agents (6,7).
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Several laboratories demonstrated that, at clinically
relevant concentrations, Vinca alkaloids are able to induce
apoptotic cell death in several solid tumor cells (2,8). Cell
death also occurs in cancer cells treated with Taxol (9).

Nevertheless, the relationship between mitotic block and
cell death induced by different antimicro-tubule agents must
be defined. As far as Taxol is concerned, although apoptosis
may occur after a prior mitotic arrest (10), it could also be
induced independently of G2-M arrest (11). Previous studies
with lung carcinoma A549 cells found that low concentrations
of Taxol inhibited cell proliferation without blocking cells at
mitosis (12) and induced a large population of hypodiploid
cells seen close to the G1 peak (13). It was speculated that the
aneuploid cells may originate from aberrant mitosis (13),
although the mechanism remained to be determined.

Furthermore, previous studies have revealed that
glucocorticoids could selectively inhibit paclitaxel-induced
apoptotic cell death, but did not affect the ability of paclitaxel
to induce microtubule bundling and mitotic arrest (14,15).

On the other hand, the combined use of paclitaxel and
Vinca alkaloids in clinical trials suggested that the cooperative
effects of the drugs on apoptosis are not mediated through
similar disruptional effects on microtubules (16). These
phenomena suggested that antimicrotubule agent induced
apoptosis may take place via a separate pathway independent
of cell cycle arrest and microtubule alterations (17). Further
variability in the drug responses could derive from the different
cytokinetic activity and the different level of microtubule
network organization.

Starting from these assumptions, the aim of this study was
to correlate the specific changes of the microtubular network
induced by depolymerizing (VBL) and polymerizing (TAX)
agents with the specific phases of the cell cycle and their
sensitivity to cell death events. For this purpose, we used two
NIH/3T3 cultures with different proliferative activity,
derived from cells in normal culture conditions (NIHb) or
obtained after critical culture conditions (NIHs), respectively.

NIHs cells, obtained from the mouse NIH/3T3 cell line
after prolonged serum deprivation, represent a particularly
resistant surviving subpopulation with a higher proliferative
activity. These cells, that maintain the fibroblastic morphology,
showed lower dimension in the modal population, even though
aneuploid/polyploid cells were present in subconfluent
cultures (18).

From our point of view, NIH/3T3 cells, in the two experi-
mental conditions, could represent a cell model in which it is
possible to examine and compare some changes in part
similar to those occurring during neoplastic transformation (18).

Materials and methods

Cell cultures. NIH/3T3 cells, a mouse fibroblastic line, were
used in normal (NIHb) and after critical culture conditions
(NIHs). Starting from the conventional culture (NIHb), we
selected, after prolonged (7-10 days) serum deprivation
(culture medium containing 0.5% foetal calf serum) and
massive detachment from the growth substratum, a sub-
population of resistant cells (NIHs), characterized by high
proliferative activity and different morphology (18), in
comparison to those in basal culture condition (NIHb).

In the experiments performed in this work, all cultures
were maintained in Dulbecco's modified Eagle's medium
supplemented with 10% foetal calf serum, 2 mM L-gluta-
mine, 100 U/ml penicillin, and 100 μg/ml streptomycin
(Invitrogen Ltd., Paisley, UK). The cells were cultured at
37˚C in a humidified chamber containing 5% CO2, and
analyzed, as sub-confluent monolayer, in control and after
treatment conditions.

Drug treatment. Cell cultures were treated for 24 h with the
antimicrotubular agents Vinblastine sulphate (VBL) and Taxol
(TAX) at concentrations of 8 and 10 μg/ml in complete
medium, respectively.

Tubulin and DNA labelling. After washing in PBS, NIHb and
NIHs cells, grown on glass coverslips, were fixed in 3% PFA
in PBS containing 1 mM EGTA and 1 mM MgCl2 (buffer A)
for 30 min at room temperature. After fixation and washing
in buffer A, the cells were permeabilized with Triton X-100
(0.2% in buffer A) for 15 min at room temperature. Cells were
incubated with anti-ß-tubulin primary antibody (dilution
1:400) for 45 min in a humid chamber. After washing in
buffer A, the cells were incubated with FITC-conjugated
secondary antibody (dilution 1:250) for 45 min in a humid
chamber. In indirect immunofluorescence techniques,
negative reaction controls were obtained by omitting the
incubation in the presence of the primary antibody. In all
fluorescence microscopy specimens, nuclear counter-staining
was obtained with Hoechst 33342 (2 μg/ml in PBS) for 10 min
at room temperature.

After washing in buffer A, coverslips were mounted in
1:10 (v/v) mixture of PBS/glycerol containing p-phenylen-
diamine as antifading agent. Observation was performed by
epifluorescence with a Nikon Eclipse 600 microscope
equipped with a 100-W mercury lamp. The following
conditions were used: 450-490 nm excitation filter (excf),
510 nm dichroic mirror (dm) and 520 nm barrier filter (bf) for
FITC; 330-380 nm excf, 400 nm dm and 420 nm bf for
Hoechst 33342.

DNA static cytometry. Samples of NIHb and NIHs cells,
grown on coverslips, after tubulin and DNA labelling, were
used for static cytometry measurements. The amount of DNA
per cell was evaluated by measuring the fluorescence emitted
by each single nucleus of cells showing different microtubular
alterations (e.g. paracrystals and bundles). For this analysis, a
cytoflurometer Nikon P II (Nikon, Kanagawa, Japan) was
used. In the cytometric apparatus, an appropriate system of
diaphragms permitted the selection of single nuclei and the
fluorescence was quantitatively analyzed after automatic
subtraction of the background brightness.

For each experimental condition, three slides were
examined and 300 cells per slide were measured. The results
were represented as histograms of DNA content.

Transmission electron microscopy. NIHb and NIHs cells,
grown in 75 cm2 culture flasks, in the various experimental
conditions, were collected by centrifugation. Pellets were fixed
with 2.5% glutaraldheyde in cacodylate buffer (0.1 M, pH 7.4)
for 2 h. After washing in cacodylate buffer containing 6%
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sucrose, the pellets were post-fixed in 1% OsO4 in cacodylate
buffer for 90 min at 4˚C. The cells were then resuspended in
1 ml 2% agarose at 35˚C and centrifuged at 300 g for 10 min
at 35˚C. After 1 h at 4˚C, the samples were fragmented,
dehydrated in an ethanol series and embedded in epoxy resin
(Agar 100; Agar Scientific, Stansted, UK) at 60˚C for 48 h.
Ultrathin sections were double stained with uranyl acetate
and lead citrate, examined and photographed using a Zeiss
EM 900 transmission electron microscope (Carl Zeiss Jena
GmbH, Jena, Germany), operating at 80 kV.

Reagents. Chemicals and antibodies, except where specified,
were purchased from Sigma.

Results

Morphological and cytokinetic aspects of NIHb and NIHs
cells in control conditions. Phase contrast microscopy analysis
of NIH/3T3 cells permitted the demonstration of serum
deprivation induced in the conventional culture (NIHb), the
selection and the persistence of cells with a reduced cytoplasm
(NIHs) with respect to the cells constituting the original culture
(Fig. 1). In the microscopic fields of Fig. 1b and c, areas with
cells showing different morphology, relative to 7 (b) and 10 (c)
days serum-deprived cultures and successively restored with
complete medium, are shown. On the left side of Fig. 1b and c,
cells with reduced dimensions and with a morphological
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Figure 1. Phase contrast microscopy of NIH/3T3 cells. (a) Morphological aspects of conventional culture (NIHb); (d) morphology changes of the culture after
stress condition (NIHs). (b and c) Microscopic fields relative to NIH/3T3 cells re-fed with complete medium, after serum deprivation for 7 (b) and 10 days
(c): areas showing cells with different morphology, typical of NIHs (left side of the images) or similar to NIHb cells (right side of the images). (e and f)
Ultrastructure of NIHb (e) and NIHs cells (f). (g and h) DNA content histograms of NIH/3T3 cells in basal condition (NIHb) and after selection of a stress-
surviving subpopulation (NIHs). Bars: (a and d) 12 μm; (b and c) 24 μm; (e and f) 2 μm.
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aspect typical of NIHs cells are visible. On the right side of
Fig. 1b and c, cells, usually present in the conventional culture
(NIHb), are also present. These latter cells progressively tend
to detach from the growth substrate and to be lost.

The comparison between electron micrographs of NIHb
(Fig. 1e) and NIHs (Fig. 1f) cells showed a different cytoplasm
extension and complexity: in NIHs cells, a lower number of
organelles and endomembranes was evident.

From a cytokinetic point of view, analysis of histograms
relative to the DNA content cytofluorometry (Fig. 1g and h)
demonstrated that the changes of cell morphology and
ultrastructure were accompanied by an increase of the kinetic
activity, in terms of cell proliferation, and the appearance of
cells with higher ploidy levels (10c-16c) that did not show
proliferative activity (Fig. 1).

Vinblastine (VBL) treatment
Fluorescence microscopy. In NIHb and NIHs cells,
fluorescence microscopy after tubulin immunostaining
permitted to show, in comparison with control conditions
(Fig. 2a and d), the drastic changes induced by VBL (Fig. 2b,
c, e and f).

In particular, in NIHb cells, incubation with the antimicro-
tubular agent induced in all cells the disappearance of the
typical microtubular network. A small number of the cells
showed depolymerization exclusively, while this alteration was
accompanied, with different frequency, by the appearance of
particular types of tubulin aggregations, such as paracrystals
and spiral-like structures (Fig. 3). Morphological aspects of
cells with paracrystals or spirals are shown in Fig. 2.
Paracrystals are the consequence of a precise orientation of
protofilaments arranged in parallel masses (see below ultra-
structural analysis). VBL-induced spirals can be the result of
a lateral aggregation of protofilaments, with helicoid
arrangement. It must be underlined that the cells showed, in
association with depolymerization, either paracrystals or
spirals, exclusively. In NIHb cells, these cytoskeletal changes
could be related to prominent nuclear anomalies such as O-
shaped (Fig. 2b) and lobulated nuclei. The appearance of
micronucleations with high frequency was also observed
(Fig. 3a).

In NIHs cells, VBL treatment caused the same type of
microtubular alteration, even if helicoid tubulin aggregates
(Fig. 2e and f) appeared with higher frequency with respect
to paracrystals more expressed by NIHb cells (Fig. 3a). As far
as NIHs nuclear aspects is concerned, the analysis performed
by fluorescence microscopy after DNA fluorochromization
showed, in comparison with NIHb cells, more apoptosis than
micronucleations (Fig. 3a).

Ultrastructural analysis. Electron microscopy analysis in
NIHb cells showed some ultrastructural features of alterations
induced by VBL treatment at nuclear and cytoplasmic levels.
Besides fragmentation/micronucleation phenomena (Fig. 4a),
initial events of nuclear degeneration were shown:
sometimes, there were budding and enlargement of the nuclear
cisterna (Fig. 4b and c). These phenomena can be associated
with the presence of tubulin paracrystals strictly near to the
nucleus (Fig. 4b and c) with different orientation at the
perinuclear area and dispersed in the cytoplasm, also near to

secondary lysosomes (Fig. 4a and d). Ultrastructural analysis
permitted also to outline the simultaneous presence of tubulin
paracrystals and massive storage of intermediate filament
bundles, often distributed around the nucleus (Fig. 4d, e and f).
At cytoplasm level, in some cases, there were residual bodies
(Fig. 4a). In general, cisternae of endoplasmic reticulum were
scarcely evident.
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Figure 2. Double fluorescence (anti-tubulin/FITC and DNA-Hoechst 33342)
in NIHb (a, b and c) and NIHs cells (d, e and f). (a and d) Controls; b, c, e
and f) VBL treatment. In (b) and (c), tubulin paracrystals are visible, while
in (e) and (f), spiral-like structures are shown. Bars: 6 μm.

Figure 3. Percentage distribution of micronucleations, apoptosis and
microtubular anomalies observed in VBL- (a) and TAX-treated (b) NIHb
and NIHs cells. The data represent mean ± SEM of triplicate experiments.
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In NIHs cells, VBL treatment induced, at nuclear level,
changes in part similar to those pointed out in NIHb cells, with
higher dynamic phenomena of the nuclear envelope (Fig. 5a
and b). At cytoplasm level, the appearance of enlarged cisternae
of endoplasmic reticulum (Fig. 5b) and vesicles of possible
autophagocytic origin (Fig. 5c) was observed; sometimes,
these signs of cell suffering were associated with the presence
of different forms of tubulin aggregation (Fig. 5b). In general,
with respect to the basal condition (NIHb cells), a lower
number of paracrystals was observed.

DNA static cytometry. Quantitative analysis of the DNA
content, performed by static cytofluorometry, in cells showing
paracrystals or spirals, permits to correlate, in NIHb and NIHs
cultures, the appearance of these reaggregation forms of tubulin
with the various phases of the cell cycle, also in relation to cell
death (Fig. 6).

In NIHb cells, the comparison between the frequency
histograms of the DNA fluorescence emission in the two
subpopulations of cells with paracrystals and spirals
demonstrated a similar outline (Fig. 6b). The analysis of DNA
profiles showed not only peaks relative to the G1 and G2/M
(2c and 4c DNA content, respectively) cell cycle phases, but
also a sharp intermediate peak indicative of degenerating or
c-mitotic cells that can derive from the G2/M phase, as a
consequence of the block of the spindle kinesis during the
mitosis (Fig. 6b). The other two peaks, coinciding with 6c and
8c DNA levels, indicate the presence of polyploid cells in

addition to tetraploid elements, also containing paracrystals or
spirals (Fig. 6b).

On the contrary, in VBL-treated NIHs cells, cytofluoro-
metric profiles relative to the DNA fluorescence showed some
differences in the two cell subpopulations containing
paracrystals or spirals (Fig. 6e). The amount of cells in the
G2/M phase showing paracrystals or macrotubules was
comparable; on the contrary, the G1 cells showed histograms
with different patterns. Apoptotic cells containing paracrystals
appeared to originate from 2c and 4c cells, while apoptotic
cells containing spirals showed a diploid origin.

Taxol (TAX) treatment
Fluorescence microscopy. In NIHb cells, treatment with the
microtubule-stabilizing agent causes the formation of a notable
number (Fig. 3b) of microtubular bundles with linear or circular
arrangement around the nuclear area, often containing
karyological fragments and micronucleations (Fig. 7a, b and
c). In some cells, these changes coexist with the presence of
several microtubule organizing centers (MTOCs). This latter
event is particularly evident in mitotic cells and could play a
role in cell death phenomena (mitotic catastrophe) (Fig. 8a
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Figure 4. Ultrastructure of VBL-treated NIHb cells. Nuclear fragmentation/
micronucleation (a) and budding with enlargement of the nuclear cisterna (b
and c) are shown. Tubulin aggregates (paracrystals: white arrows) and
bundles of intermediate filaments (black arrows) surrounding the nucleus
are also visible. Bars: a, b and d 2 μm; c, e and f 1 μm.

Figure 5. Ultrastructure of VBL-treated NIHs cells. Effects of microtubule
destabilizing agent at cytoplasmic level: (a and b) presence of enlarged
cisternae of endoplasmic reticulum (asterisks) and paracrystals (arrow); (c)
large areas of vacuolization. Nuclear and cytoplasmic alterations appear to
range from apoptosis to autophagic cell death. Bars: (a and c) 0.5 μm; (b)
0.25 μm.
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and a'). Immunofluorescence analysis performed on NIHs
cultures demonstrated that, in these cells, TAX induced less
thick microtubule bundles (Fig. 7d, e and f) than those found
in NIHb cells (Fig. 7a, b and c). In NIHs cells, the general
distribution of the microtubular network appears to be in part
maintained, even though it showed discontinuity in some
cytoplasmic areas and at the cell periphery (Fig. 7e).
Furthermore, these minor effects on microtubules are
correlated with a reduced number of cells that degenerate by
alternative cell death, subsequent micronucleation and/or die
by apoptosis (Fig. 3b).

Ultrastructural analysis. In NIHb cells, TEM analysis
demonstrates the presence of micronuclei (probably originated
from mitotic alterations) in which chromatin hypercon-
densation can appear (Fig. 8b). At cytoplasmic level, the
appearance of multiple centers from which microtubules
originate is confirmed (Fig. 8c) and the presence of multi-
vesicular bodies, probably representative of advanced stages of
autophagic phenomena, is also visible (Fig. 8c).

In NIHs cells, nuclei appeared to be scarcely hetero-
chromatic, while nucleoli showed high-condensation (Fig.
9a) and, in some cases, an altered morphology; nuclear

fragmentation phenomena were scarce. At cytoplasm level,
there were strong signs of degeneration, with the presence of
vacuolization and vesicles containing portions of organelles
or myelin figures (Fig. 9b). The presence of autophagosomes
is indicative of active autolytic phenomena.

DNA static cytometry. Cytofluorometric analysis of the DNA
content, related to cells with linear or circular microtubule
bundles induced by TAX treatment, shows an opposite
situation, by comparing NIHb vs. NIHs cultures (Fig. 6). In
general, circular bundles are present with higher frequency in
NIHb cells, in particular in the G1 phase of the cell cycle
(Fig. 6c), while; in NIHs cells, they appear, with lower
frequency, prevailingly in the S-G2/M phases and in polyploid
cells (Fig. 6f). In NIHb cultures, the curve relative to DNA
fluorescence of cells with linear microtubular bundles (Fig. 6c)
shows a plurimodal pattern with peaks in correspondence of
G1, S and G2/M phases. The peak relative to intermediate
DNA content (2c-4c) is probably enriched with hypo-4c
micronucleated cells derived from the G2/M phase of the cell
cycle. The appearance of microtubule bundles with linear
arrangement appears to involve, in NIHs cells, in particular
the G1 phase of the cell cycle (Fig. 6f). In these cells, the
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Figure 6. Typical static cytometric analysis of the DNA cellular content of NIHb (a, b and c) and NIHs cells (d, e and f) in control conditions (a and d) and
after treatment with VBL (b and e) and TAX (c and f). In cultures incubated with the antimicrotubular agents, the DNA content has been evaluated in cells
showing paracrystals or spiral-like structures (VBL treatment) and linear or circular bundles (TAX treatment). The curves represent the interpolation (see also
Fig. 1g and h) of the values of frequency histograms. Beyond the cell cycle phases (G1, S and G2/M), only sub-2c apoptotic cells (Ap) are indicated.
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microtubular changes could be related to a lower formation of
micronuclei (Fig. 3b). As far as apoptosis derived from the
G1 phase (hypo-2c areas) is concerned, the curves relative to
DNA fluorescence show scarce signals, in cells with linear or
circular bundles, in NIHb cultures only. It must be added that
NIHb and NIHs cultures after treatment with the two drugs
were characterized by the disappearance of cells with high
ploidy levels (from 10c to 16c DNA content).

Discussion

In tumor treatment, chemotherapy is aimed to induce the
elimination of neoplastic cells; unfortunately, cell cycle effects
and death phenomena can involve, in different tissues, not
only neoplastic cells, but also normal actively proliferating
cells. The possibility of inducing selective death in neoplastic
cells is related not only to the action mechanism(s) and
pharmacological drug concentration, but also depend on the
equilibrium of various biological factors, such as features of
neoplastic cells, related to tumor cell heterogeneity. Fibro-
blastic cells and cell lines derived from solid tumors, such as
sarcomas, characterized by well-organized cytoskeleton, can
represent a pharmacological target model for the study of
antimicrotubular drug action (19,20). These drugs can induce
the depolymerization or hyperpolymerization of microtubules,
most likely by modifying their dynamics (7,21), and conse-
quently can block the cell cycle mostly during mitosis or
produce abnormal mitoses. Metaphase spindle microtubules
are strongly altered by inducing control factors that cause
mitotic block; cells that are able to enter the G1 phase, despite
damages, can repair, becoming polyploid, or die (22,23).

We studied a mouse fibroblast NIH/3T3 line by
comparing the action of antimicrotubular drugs in normal/
conventional (NIHb) and after critical culture conditions
(NIHs). NIHs cells were obtained from NIHb cell line after a
prolonged period of serum deprivation. This actively
growing cell subpopulation, though maintaining a fibro-
blastoid morphology, showed lower size in the modal
population, even though cells with high ploidy levels (up to
16c) were present in subconfluent cultures (18). The increase
of polyploidy may represent an adaptative response to the
stressful conditions of the culture microenvironment or a sign
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Figure 7. Double fluorescence (anti-tubulin/FITC and DNA-Hoechst 33342)
in NIHb (a, b and c) and NIHs (d, e and f) cells after TAX treatment. In (a),
short linear bundles of microtubules are visible, while in (b and c), circular
bundles of microtubules are shown. In (d) and (f), thin circular bundles are
represented, in (e) discontinuity of the microtubular network is evident.
Bars: (a-e) 6 μm; (f) 1.5 μm.

Figure 8. (a and a') Fluorescence microscopy of double-stained NIHb cells
(a): DNA/Hoechst 33342; (a'): anti-tubulin/FITC) observed in two
conditions of the specimen excitation. A correlation between aberrant
mitoses and multiple MTOCs (arrows) could be established. (b and c)
Ultrastructure of TAX-treated NIHb cells: (b) presence of micronuclei with
chromatin hypercondensation; (c) cytoplasmic area in which an MTOC
(white arrows) surrounded by multivesicular bodies (black arrows) is
visible. Bars: (a and a') 6 μm; (b) 2 μm; (c) 0.5 μm.

Figure 9. Ultrastructure of TAX-treated NIHs cells. Micrographs show the
effects of the stabilizing microtubule agent especially at cytoplasmic level,
with the appearance of wide areas of vacuolization (a) and some details of
autophagocytic vacuoles (b). Bars: (a) 2 μm and (b) 1 μm.
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of genetic instability linked to a situation of aged cell-related
cancer (24), in which change in ploidy can occur through
endoreplication mechanism (25). In this cell model, we have
compared the dynamics of microtubular network changes,
induced by the treatment with microtubule destabilizing
(Vinblastine, VBL) or stabilizing (Taxol, TAX) agents. The
effects on cytoskeleton, related to micronucleation and death
processes, have been quantified by evaluating their specific
incidence during the various cell cycle phases.

NIHb and NIHs cells showed different responses to the
antimicrotubular agents especially in the amount of
anomalies induced at cytoskeletal and nuclear levels. As far
as VBL is concerned, this drug caused, in NIHb and NIHs
cells, microtubule depolymerization (in all the cells) and,
with different frequency, two main anomalies of tubulin
reaggregation: paracrystals and spiral-like structures. In
particular, VBL caused the prevalence of paracrystals in NIHb
cells, while in NIHs cells there was the predominance of
spirals.

In several experimental studies, the effect of VBL on
various cell types, such as cells of the kidney cortex (26) has
been analysed. After VBL treatment, these cells showed a
typical reduction of the number of cytoplasmic microtubules
or their apparent absence. The formation of particular
intracytoplasmic paracrystals, formed after binding of VBL
to microtubular subunits that, instead of originating normal
microtubules, formed intracytoplasmic tubulin crystalline
aggregates (26-28) has been also observed. Despite
numerous investigations indicating that Vinca alkaloids
appear to have similar actions at the tubulin level (29), it
must be underlined that different responses based on the
relationship between cell type features and drug concentration
can exist. In vitro, they all prevent microtubule assembly in
the micromolar range (29). At higher concentrations, these
compounds induce the assembly of tubulin spiral filaments in
vivo and in vitro (30,31) interacting laterally to form large
ordered aggregates. Such aggregates are called paracrystals
when their size and spiral order lead to birefringence
properties under polarized light microscopy. Studies have
described variable effects of temperature and MAPs on
aggregate morphology induced by Vinca alkaloids (28).
Other authors have suggested that the vincristine-induced
spiral structures are related to the Vinca-induced paracrystal,
the in vitro crystal formation observed in thin-sectioned
samples corresponds to the aggregation of spirals seen in
negatively stained material which occurs over a period of time
after drug addition. In addition, it has been shown that MAPs
are required for formation of crystals as well as spirals, further
indicating that these structures are closely related (32).

In our experimental model, VBL treatment caused the
appearance of the two aggregation forms of tubulin in NIHb
and NIHs cells; nevertheless, it has been already underlined
that paracrystals or spirals showed a different prevalence in the
two cultures. This partial different response of NIHb and NIHs
cells at cytoskeletal level was also correlated with different
effects at nuclear level: in NIHb cells, there were prevalent
micronucleation, as expression mainly of mitotic block (c-
mitosis), while in NIHs cultures, cell death with apoptotic/
autophagocytotic features appeared to be predominant. This
can be interpreted by considering the cytofluorometric

profiles of the DNA content in NIHs cells, after VBL
treatment, that show, in comparison with NIHb cells, the
presence of sub-2c and sub-4c values, more indicative of
apoptosis in cells containing paracrystals. Furthermore, the
fact that the G2/M block caused, in NIHs cells, a lower
micronucleation could be explained by considering that
microtubular network in these cells can have a different
sensitivity in the various phases of the cell cycle favouring a
different fate in relation to cell death. In particular, in NIHb
cells, the interphasic microtubules and the mitotic ones could
be differently sensitive also in relation to a marked interaction
with the growth substratum and anchorage dependence. The
higher incidence of micronucleations in NIHb cells could be
also related to the phenomena of dynamism of the nuclear
envelope, shown by electron microscopy. In other studies, it
has been already demonstrated that micronuclei can originate
as a consequence of not only mitosis alterations (c-mitosis),
but also budding of the nuclear cisterna (18,33). In VBL-treated
NIHb cells, ultrastructural data show the presence of tubulin
paracrystals strictly near to the nuclear cisterna; in the dynamics
of these events, the reorganization of intermediate filaments
(vimentin) could also play a role; they appear to be distributed
in compact bundles around the nucleus and perhaps interacting
with tubulin paracrystal structures.

By comparing VBL effects on NIHb and NIHs cultures, it
appears to emerge that cells with the same origin, that acquire
different phenotypic features (NIHs vs. NIHb cells), can show
a partial different response to the same drug, a situation like
that occurring during the neoplastic transformation.
Nevertheless, the growth condition that favours the kind of
tubulin reaggregation and consequently the possible different
way of cell degeneration  must be defined. In NIHb and
NIHs cells, beside depolymerization, we observed the
presence of paracrystals and spiral-like structures;
nevertheless, we emphasize that individual cells show either
the one or the other form of tubulin reaggregation. This fact
could indicate the existence of specific subcellular conditions
that are able to favour the formation of paracrystals or
spirals. In this field, beyond specific MAPs expression, other
factors and cytoplasmic conditions could play an important
role. Some authors have demonstrated that by reducing
intracellular pH in proximity to neutrality, there was a
significant acceleration of VBL-induced paracrystal growth.
When the cytoplasmic pH value ranged from 6.3 to 6.7,
paracrystals disappeared and short and thick tubulin bundles
appeared (34). The variability of these cytoplasmic factors
could be correlated, in the same culture, with the metabolic
activity, in a specific phase of the cell cycle and with the cell
kinetics in terms of proliferation and polyploidization.

The results obtained in NIHb cultures, after TAX
treatment, confirm that these cells are more susceptible to
induction of micronuclei, although the effects on the
microtubular network are different from those induced by
VBL. This drug caused in NIHb cells the appearance of
circular bundles that showed a typical arrangement around
the nucleus or  micronuclei/nuclear fragments. In these cells,
micronucleation events are also probably favoured by the
presence of multipolar mitoses induced by the drug. A
contribution to the presence of nuclear fragments in
degenerating cells could also derive by the particular
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disposition of circular microtubule bundles. The DNA
cytofluorometric analysis indicates, especially in NIHs cells,
that this microtubular anomaly appears to involve the cells
with a DNA content higher than 2c (tetraploid or polyploid
cells). These data underline how the efficacy of the
pharmacological treatment must take in account the cell
cycle phase in which the cells are and the polyploidy
conditions. Moreover, in NIHs cells, the appearance of
microtubule bundles with linear arrangement appears to be
involved in particular the G1 phase of the cell cycle; these
microtubular changes could be related not only to a lower
formation of micronuclei, but also to scarce cell dynamism,
that could negatively influence conventional apoptotic
processes derived from this phase of the cell cycle. A
potential role for microtubules, in cooperation with actin-
myosin II, has been described in the formation of chromatin-
rich surface blebs of the late apoptotic cells. The apparent
close association between microtubules and condensed
chromatin in late apoptotic cells prompted some authors to
consider that microtubules contribute to apoptotic chromatin
remodelling and, in general, cell dynamism during apoptosis.
Data from literature suggest that the interphase microtubule
network is disassembled early in the execution phase and that,
successively, it is replaced by an apoptotic microtubule array
at later stages (35).

In our experimental model, as far as apoptosis derived
from the G1 phase (hypo-2c areas) is concerned, the curves
relative to DNA fluorescence show scarce signals, in cells with
linear or circular bundles, in NIHb cultures only. By
comparing TAX vs. VBL treatment in NIHs cells, the data
obtained showed a decrease of apoptosis induced by the
stabilizing agent. This could demonstrate a particular
resistance of NIHs cells to TAX-derived drugs and could be
in agreement with other studies that reported the isolation of
cultured mammalian cells resistant to paclitaxel (36). Although
the relevance of tubulin mutations to clinical resistance has
been called into question (37), mutant cell lines have proven
useful in making predictions about amino acid residues that
may be involved in drug binding (38-40) and in mediating
potential interactions between tubulin subunits or between
microtubules and associated molecules (41,42). Other studies
previously proposed a model to explain the drug resistance
mechanism in these cells based on the concept that
microtubules function normally within a narrow range of
microtubule assembly or stability (43). Tubulin mutations
that increase microtubule assembly or stability produce
resistance to drugs that inhibit assembly; whereas mutations
that decrease tubulin assembly or stability produce resistance
to drugs that enhance assembly. Consistent with this model, all
paclitaxel-resistant cell lines have diminished microtubule
assembly, while all colcemid-resistant cell lines have increased
microtubule assembly (44). The exact mechanism by which
mutations in tubulin genes affect microtubule assembly is not
known. Alterations occur in various regions of α- or ß-tubulin
subunits, but again could cause structural changes that
perturb subunit interactions to strengthen (colcemid-resistance
mutations) or weaken (paclitaxel-resistance mutations) the
microtubule network. Consistent with this interpretation, in
some studies, immunofluorescence microscopy of paclitaxel-
dependent cells reveals a sparse microtubule network and

defective mitotic spindles (45). Moreover, a study has
demonstrated significantly increased dynamic instability in a
paclitaxel-dependent cell line (46).

In our cell model, in some cells of NIHs cultures, Taxol did
not induce the appearance of microtubule bundles, but the
partial maintenance of the microtubular network. This
variability could be correlated with a different reactivity of the
cells during the phases of the cell cycle. From this point of
view, the relationship between microtubule assembly and cell
proliferation and death must be defined. Drug-resistant cells
have small changes in tubulin assembly that produce little or
no effect on cell growth and survival, whereas drug-dependent
cells have larger changes in assembly that produce clear
defects in chromosome segregation and cell division and
ultimately cause cell death (47). Poised between drug
resistance and dependence are cells with intermediate
alterations in microtubule assembly that produce partial drug
dependence and a significant decrease in cell survival. These
latter cells, along with paclitaxel-dependent cells rescued with
a minimal concentration of the drug, help to define the limits
of how far microtubule assembly can be altered before effects
on cell division are encountered. Analysis of these various cell
lines suggests that microtubule function is maintained when
tubulin assembly is reduced or elevated by up to 45-50%,
thereby defining a ‘normal range’ of microtubule assembly
that is able to support cell proliferation. Beyond those limits,
microtubule function is compromised and cells fail to survive.
Therefore, the unequal alteration of the microtubular network
and consequently of the cell kinetics and death, in our two
culture cell lines, is probably due to different subtypes of
microtubule-associated proteins and/or tubulin sub-types,
derived from DNA-mutations and/or post-translational
changes (48). The same hypothesis could be applied as regard
the disappearing, after treatment, of the culture fraction with
the higher ploidy levels (10c-16c).

In general, in our cell model, treatment with antimicro-
tubular agents, characterized by different mechanisms, after
stress condition (NIHs cells), induced lower cell death
phenomena than in the basal condition (NIHb cells); this fact
was evident especially after TAX treatment, and was related
to a discrete maintenance of the microtubular network and a
lower number of microtubule bundles. This could be also
related, beyond a probable different microtubule dynamism,
to intracellular environment conditions in NIHs cells. These
cells expressed some features observed in transformed cells,
such as low number of mitochondria and a consequent more
anaerobic metabolism. This was also testified by the release
of acid catabolites, able to rapidly reduce the pH value of the
culture medium. Our data demonstrated that drugs affecting
the microtubular network could produce effects, related to
programmed cell death, that could be expressed, in a manner
quantitatively different, independence on the phases of the cell
cycle and the general morphofunctional and metabolic features
of the cells.
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