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Abstract 

Background Neoplastic subpopulations can include polyploid cells that can be involved in tumor evolution 
and recurrence. Their origin can be traced back to the tumor microenvironment or chemotherapeutic treatment, 
which can alter cell division or favor cell fusion, generating multinucleated cells. Their progeny, frequently geneti-
cally unstable, can result in new aggressive and more resistant to chemotherapy subpopulations. In our work, we 
used NIHs cells, previously derived from the NIH/3T3 line after serum deprivation, that induced a polyploidization 
increase with the appearance of cells with DNA content ranging from 4 to 24c. This study aimed to analyze the cellu-
lar dynamics of NIHs culture subpopulations before and after treatment with the fusogenic agent polyethylene glycol 
(PEG), which allowed us to obtain new giant polyploid cells. Successively, PEG-untreated and PEG-treated cultures 
were incubated with the antimicrotubular poison vinblastine. The dynamics of appearance, decrease and loss of cell 
subpopulations were evaluated by correlating cell DNA content to mono-multinuclearity resulting from cell fusion 
and division process alteration and to the peculiarities of cell death events.

Results DNA microfluorimetry and morphological techniques (phase contrast, fluorescence and TEM microscopies) 
indicated that PEG treatment induced a 4–24c cell increase and the appearance of new giant elements (64–140c DNA 
content). Ultrastructural analysis and autophagosomal–lysosomal compartment fluorochromization, which allowed 
us to correlate cytoplasmic changes to death events, indicated that cell depletion occurred through distinct mecha-
nisms: apoptotic death involved 2c, 4c and 8c cells, while autophagic-like death involved intermediate 12–24c cells, 
showing nuclear (lobulation/micronucleation) and autophagic cytoplasm alterations. Death, spontaneously occur-
ring, especially in intermediate-sized cells, was increased after vinblastine treatment. No evident cell loss by death 
events was detected in the 64–140c range.

Conclusions PEG-treated NIHs cultures can represent a model of heterogeneous subpopulations originating 
from cell fusion and division process anomalies. Altogether, our results suggest that the different cell dynamics 
of NIHs subpopulations can affect the variability of responses to stimuli able to induce cell degeneration and death. 
Apoptptic, autophagic or hybrid forms of cell death can also depend on the DNA content and ability to progress 
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Background
Multicellular organisms tend to maintain an appropri-
ate cell size that can show general uniformity within 
most animal tissues. Mammalian cells can regulate their 
size through a system connected to the succession of the 
cell cycle phases and, therefore, to the division process 
that requires a preventive increase in cell mass. In gen-
eral, changes in cell size and nuclear DNA content affect 
several aspects of the structure and function of the cells. 
Homeostasis of cell size in different tissues involves dif-
ferent signaling pathways that can contribute to the regu-
lation of proliferative activity: larger cells grow less than 
small ones. The increase in cell size, therefore, affects 
signaling pathways that regulate the expression of genes 
related to cell cycle progression. Experimental evidence 
shows that cell size regulation takes place around the 
G1-S transition of the cell cycle [1]. However, the differ-
ent biological implications of adequate cellular size in tis-
sues are not fully understood [2, 3].

Regarding neoplastic cell populations, several stud-
ies have shown that cells constituting tumors exhibit 
evident differences in both the size and characteristics 
of the genome. They are complex biological systems in 
which cancer cells with different sizes and DNA con-
tents are present. The relative cellular subpopulations are 
heterogeneous and consist of stem cells, polyploids, and 
bulk cells. The latter is usually the prevalent component 
within solid tumor cell populations and frequently shows 
a high degree of aneuploidy, with an increase in chromo-
some number.

Cancer stem cells (CSCs) play a decisive role in main-
taining the cellular heterogeneity and malignancy of 
various tumors, fueling growth and resistance to radio-
therapy and chemotherapy treatment [4]. In addition to 
CSCs, this property has been attributed to a component 
defined as ‘‘stemloids’’ consisting of proliferating cells 
originating from progenitors that were found to be able 
to reactivate the self-renewal capability. In these cells, a 
transient polyploidy mechanism capable of originating 
the clonogenic growth of neoplastic cells after genotoxic 
treatment has been documented by some authors. Other 
studies still conducted on lymphoma cell lines have inves-
tigated the role of pluripotency and self-renewal of stem 
genes OCT4, SOX2, and NANOG in this polyploidy-
dependent survival mechanism. The results of the study 
indicated that polyploid cells are refractory to apopto-
sis and able to overcome senescence by implementing 

different mechanisms of mitotic division and transmit-
ting the upregulated self-renewal stem genes OCT4, 
SOX2, and NANOG to their descendants [5–7].

 Atypical polyploid multinucleated fibroblasts have 
been described in several previous works, referring to 
mammary fibroepithelial neoplasms [8], to the stroma 
of benign breast tumors [9], to connective tissue dis-
eases due to fibrotic phenomena or in the senescence of 
in vitro cell models [10].

Regarding in  vitro situations, some studies have indi-
cated that multinuclearity is reached by cell fusion or due 
to alteration of cytokinetic processes depending on the 
cell culture conditions. It has already been demonstrated 
how the subtraction of serum from the culture medium 
can lead to polyploidy induction [11]. Alternatively, giant 
cell formation has been described in cultures of senescent 
fibroblasts as a consequence of alterations in cell division 
processes, with mitoses not accompanied by cytokinesis 
[12]. Then, polyploid giant cells can derive from subse-
quent cycles of DNA replication with cytokinesis failure 
and can be associated with mitotic checkpoint defects, as 
occurs in cancer cells, in which an increase in their chro-
mosome number can be observed [13]. At present, it is 
not yet clear whether these cell features can cause the 
onset of tumors or whether neoplastic transformation 
determines the origin of giant polyploid/aneuploid cells 
[14, 15]. In this context, it has been speculated that cell 
fusion may also play a role in the transition from poly-
ploidy to aneuploidy and hence in tumor progression 
[16]. Therefore, this pathological process appears to be 
related to the increase in genome instability detected in 
polyploid and aneuploid cells, which, through altered 
division processes, can originate giant cells with a signifi-
cant contribution to the cellular heterogeneity that char-
acterizes some tumors. Cells with high levels of ploidy 
show a substantial inability to undergo mitotic processes, 
which, when not correctly performed, can lead to mitotic 
catastrophe and therefore to cell death [17]. Although 
polyploidy and aneuploidy can generally represent sig-
nificant prognostic factors for the evolution of differ-
ent tumor types, the biological role of neoplastic cells in 
these conditions has yet to be fully elucidated. Therefore, 
there is a clear need to expand knowledge on the role of 
polyploid/aneuploid cells in the origin and chemoresist-
ance of some neoplasms. Some reports have indicated 
that some polyploidy/aneuploid cells that appear to be 
resistant to chemotherapy can proliferate and lead to the 

through the cell cycle, which may influence the persistence and fate of polyploid cell descendants, also concern-
ing chemotherapeutic agent action.
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reappearance of tumors. On the other hand, drugs capa-
ble of affecting DNA structure and mitotic dynamics can 
induce the formation of polyploidy/aneuploid cells [18] 
that can constitute subpopulations with aggressive char-
acteristics and play an important role in tumor negative 
evolution. Then, the origin of these cells can have multi-
ple causes related to the tumor microenvironment or to 
chemotherapy itself [19].

Starting from these assumptions, interest in deepen-
ing the biological aspects underlying the development 
of polyploid/aneuploid giant cells and in analyzing cell 
death pathways, also related to antiproliferative and 
apoptogenic agent use, emerges. Further knowledge in 
this area could help to consolidate a new approach for 
cancer therapy for some types of tumors with very het-
erogeneous cancer cell subpopulations. In some tumors, 
such as those of mesenchymal origin, the highly variable 
response to chemotherapy could depend on the different 
drug sensitivities of the various cancer cell subsets.

In our laboratory, we have been working for some time 
in this area, and in recent years, we have used a culture 
derived from the NIH/3T3 mouse fibroblast line, here 
named NIHs, obtained after prolonged serum depriva-
tion as an experimental model [20].

The withdrawal of serum caused massive cell detach-
ment and death of almost all cells constituting the cul-
ture. When serum was restored, the surviving cells 
(NIHs) re-entered the cell cycle and recovered their pro-
liferative activity. In comparison with the original NIH 
3T3 cell line, in the successive stages of propagation of 
the NIHs culture, the appearance of polyploid cells with 
DNA content values ranging from 4 to 24c [20] was 
detected. Some elements have shown the characteristics 
of cellular senescence; however, the greater fraction of 
NIHs cells has shown a lower adhesion capacity toward 
the growth substrate (compared to the original NIH 3T3 
line) and the tendency to form foci of actively proliferat-
ing fibroblasts. Cells isolated from these areas can grow 
in suspension and give rise to aggregates in the form of 
spheroids. For this set of reasons, it seemed interesting to 
use this cell line even if it is not made up of tumor cells.

Furthermore, given our interest in the biology of poly-
ploid cells and since their fraction is usually relatively low 
in NIHs cultures, the first objective of the present work 
was to try to increase their number. For this purpose, we 
evaluated the effects of the fusogenic agent PEG.

The chemical methods based on PEG-mediated cell 
fusion are, in practice, alternatives to those with a biolog-
ical basis, in which fusogen viruses are used [21], or those 
with a physical basis, involving instead the use of electric 
currents applied to the cells. Unlike PEG, which acts as 
a dehydrating agent that allows close contact of mem-
branes, leading to the formation of small cytoplasmic 

bridges between cells, electrofusion uses pulses of alter-
nating and direct currents or localized electric fields to 
merge plasma membranes through electroporation [22]. 
Each method has its advantages and disadvantages. 
PEG-mediated cell fusion is a simple and efficient tech-
nology and does not require expensive instrumentation. 
This approach, which can be performed on adherent and 
suspension cells [23], has been used widely for obtaining 
somatic cell hybrids, antibody production [24, 25] nuclear 
transfer in mammalian cloning [26], and the produc-
tion of osteoclasts in vitro [27]. However, the procedure 
requires conducting tests aimed at balancing the fusion 
efficiency with the minimum level of cytotoxicity (with a 
negligible level of cytotoxicity) possibly induced by PEG, 
depending on the different cellular characteristics.

In our work, in addition to these tests, a series of pre-
liminary experiments were aimed at establishing the 
most suitable protocol treatment to increase polyploid 
giant cells.

After this phase, we chose the experimental condi-
tion in which the microfluorimetric measurements of 
NIHs polyploid cells also showed a DNA content rang-
ing from 4 to 140c (reference condition). The persistence 
of different polyploid cell subpopulations was evaluated 
during PEG-treated culture progression after cycles of 
cell propagation by trypsinization. The second objec-
tive of this study was to characterize the dynamics of the 
appearance, decrease and loss of the different cellular 
subpopulations of NIHs cells, also considering the pos-
sible origin mechanisms of polyploid cells and their abil-
ity to produce progeny. In the evaluation of these aspects, 
the DNA content was correlated to the conditions of 
mono- and multinuclearity and to the peculiarities of the 
cell death events.

The analysis of the general cell morphology was per-
formed by phase-contrast and fluorescence micros-
copy, while some details of the structure of the nucleus 
and cytoplasm were examined by transmission electron 
microscopy (TEM). The functionality of the lysosomal 
compartment and the detection of autophagy were deter-
mined under conditions of cell viability using acridine 
orange.

In subsequent experiments, untreated and PEG-treated 
(in the reference condition) NIHs cultures were sub-
jected to incubation with VBL, a cytostatic agent capable 
of inducing perturbations on the microtubular network 
with influences not only on the mitotic activity but also 
on the cellular structure itself. By considering the sig-
nificant cellular heterogeneity of the PEG-treated NIHs 
culture in reference conditions, these experiments were 
aimed at testing the variability of the effects induced by 
VBL on the different cellular subpopulations. Tumor 
cell heterogeneity remains a fundamental obstacle that 



Page 4 of 28Spano and Sciola  Cell Division           (2023) 18:18 

prevents the development of truly curative anticancer 
therapies [28].

Results
General morphological aspects and DNA content 
microfluorometry of NIHs cultures before and after PEG 
treatment
General morphological analysis of the NIHs cultures, 
obtained after serum starvation, was performed by phase 
contrast microscopy (micrographs in Fig.  1a, b, c, d). 
In the control condition (before PEG treatment), some 
dimensional heterogeneity of the cells was observed 
(micrograph in Fig. 1a).

The measurements of the DNA content performed on 
the original NIH/3T3 cell line before serum starvation 
(insert a1 in Fig. 1a and insert a2 in Fig. 9a1), allowed us 
to detect that these cells are hypertriploids with the first 
peak (G0/G1 phase) of DNA content histogram posi-
tioned in the 3–4c range. In the case of the NIHs line, 
given the presence of different cellular subpopulations, 
cells with 3–4c DNA content were arbitrarily considered 
diploids, with the first peak in the abscissa axis of the 
microfluorimetric histogram indicated as 2c. We consid-
ered this suitable to simplify the data representation of 
the different DNA content values of the polyploid NIHs 
cell subpopulations and to avoid having to represent 
ploidy values expressed by decimal numbers.

Taking into account this premise, in PEG-untreated 
NIHs cells, microflurometric measurements of DNA 
content showed the presence of polyploid elements with 
DNA content ranging from 4 to 24c (Fig. 1a).

The analysis 30 h after PEG treatment (Fig. 1b) showed 
that cell subsets included in the range 4c-24c underwent 
a general increase in their percentage incidence   (Fig. 2); 
PEG-induced cell fusion also resulted in the appearance 
of three new main giant cell subpopulations with 64c, 
110c, and 140c DNA content (Fig.  1b;   Fig.  2). Based 
on DNA content, polyploid elements were arbitrarily 
divided into small (4–8c), intermediate (10–24c), and 
large (64–140c) cells.

After PEG treatment, the percentage decrease of the 
2c subpopulation may be in part the consequence of 
its involvement in fusion events leading to the increase 
of cells with DNA content equal to or greater than 4c 
(Fig. 1b; Fig. 2).

After one trypsinization (following 30 h of permanence 
in PEG-free complete medium after PEG-treatment) 
and five trypsinizations of NIHs cultures, DNA content 
histograms (Fig.  1c, d), respectively) and phase contrast 
micrographs (inserts in Fig. 1c, d) show the loss of giant 
cells, with very large dimensions. In general, culture split-
ting caused a decrease and/or the disappearance of sev-
eral subsets of PEG-induced aneuploid/polyploidy cells; 

this effect can be partially due to cell dilution during cul-
ture propagation (Figs. 1, 2). After one trypsinization, the 
microfluorometric analysis showed a tendency to reduce 
cell subpopulations with DNA content greater than 4c, 
including new main giant cell subsets with 64c, 110c, and 
140c DNA content (Fig.  1c; Fig.  2). After trypsin incu-
bation, the persistence of cells with larger dimensions 
in both flasks and coverslips appeared to be related to 
their strong adhesion to the growth substrate and high 
cytoskeletal organization. These cells detached from the 
substrate after trypsin incubation for 15 min, while cells 
with small and intermediate dimensions detached more 
easily after trypsin incubation for 7 min (Fig. 3). After the 
fifth trypsinization, microfluorometric and morphologi-
cal analyses performed following PEG treatment (Fig. 1d) 
indicate that, compared to one trypsinization (Fig.  1c), 
NIHs cultures are further impoverished in polyploid cells 
with DNA content ranging from 4c to − 24c. Giant cells 
with DNA content greater than 24c disappear.

Mononuclearity, multinuclearity and nuclear anomalies 
before and after PEG treatment
As reported in the Methods section, during DNA micro-
fluorometric measurements (Hoechst 33,342 and acrid-
ine orange fluorochromization), images of the different 
nuclear conditions in individual cell population were 
acquired. Thus, the obtained photomicrographs allowed 
us to correlate, in the same cells, the DNA content to the 
different features, such as number, size, positioning of the 
nuclei, and the eventual presence of anomalies such as 
micronuclei, nuclear envelope budding, and internuclear 
bridges. An example of their percentage distribution in 
the different experimental conditions is shown in Table 1.

The presence of a single nucleus was observed in cells 
with DNA content values up to 24c. Polyploid mononu-
cleated NIHs cells have shown an oscillating trend in the 
different cellular subpopulations and in relation to the 
different experimental conditions (Table 1).

Excluding cells with 2c DNA content, multinuclearity 
was detected in all the main polyploid subpopulations 
constituting the NIHs culture and was observed as the 
prevalent condition in polyploid cells with DNA con-
tent equal to or greater than 8c. Data on mononuclear-
ity and multinuclearity are reported in Table  1, while 
Fig.  4 shows the morphology of mononucleated and 
multinucleated cells with different DNA contents. In 
detail, 4c and 6c cells (small elements of the 4–8c range) 
were detected in the prevailing mononucleation condi-
tion (Fig. 4b, c). Alternately, 4c and 6c cells showed the 
presence of two or three nuclei, respectively. Cells with 
8c DNA content were detected as both binucleated 
(Fig.  4e) and mononucleated (Fig.  4f ). In trinucleated 
cells, different situations in terms of the positioning of 
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nuclei and their DNA content were found. In some cases, 
nuclei showed an unbalanced (from 2.8c to 4.4c for each 
nucleus) DNA content (total DNA per cell ranging from 
10 up to hypo-12c); in other cases, the microfluoromet-
ric analysis indicated trinucleated cells showing different 

combinations of nuclei with 2c or 4c DNA content. This 
latter situation can be considered the outcome of three-
cell fusion according to the following combinations: three 
2c cells (total DNA content 6c); two 2c cells and one 4c 
cell (total DNA content 8c); two 4c cells and one 2c cell 

Fig. 1 Typical microfluorimetric analyses of the DNA cellular content after Hoechst 33342 fluorochromization. In a PEG-untreated, in b PEG-treated 
NIHs cells, in c and d the measurements after one (c) and five (d) trypsinizations of PEG-treated cultures are reported, respectively. The smaller 
histogram (a1) inserted in a shows the microfluorimetric measurement of the NIH/3T3 cell line DNA content before serum starvation. During this 
analysis, a sample of mouse lymphocytes was measured in parallel to obtain the position of the value 2c in the abscissa axis (logarithmic scale). 
Although NIH/3T3 cells are hypertriploids (3–4c DNA content), NIHs cells derived from this line have been arbitrarily considered diploids to simplify 
the representation of data in various histograms. Therefore, in a, b, c, d, the first peak (3–4c DNA content) in the abscissa axis of microfluorimetric 
histogram was arbitrarily indicated as 2c. Overall histogram evaluations show the dynamics of the increase/decrease and/or appearance/
disappearance of cells with different polyploid/aneuploid levels. Phase contrast micrographs inserted in a, b, c, and d, show the morphology 
of NIHs cultures under the respective experimental conditions
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(total DNA content 10c); and three 4c cells (total DNA 
content 12c). Considering the positioning of nuclei, two 
types of trinucleated cells were detected. In the first 
situation, trinucleated hypo-12c cells showed nuclei 
arranged according to the vertices of a triangle (Figs. 5a, 
6a). As reported in the discussion section, they can be the 
result of tripolar mitoses  ) (insert in Fig. 6a, d) without 
cytokinesis occurring in mononucleated 6c cells. In tri-
nucleated cells derived from this kind of event, nuclei can 
retain the ability to enter mitosis, as evidenced by events 
of prophase synchronization that have been detected    
(insert in Fig. 6d); frequently, these cells may have one or 
more micronuclei dispersed in the cytoplasm (Fig.  5a).

In the second situation, trinucleated cells exhibit a dif-
ferent positioning of nuclei: they do not appear to be 
arranged according to the vertices of a triangle but rather 
aligned (Fig.  6b). Microfluorometric measurements indi-
cated that these trinucleated elements may be the result 
of 2c and 4c cell fusion, according to the different com-
binations considered above. In these cells, micronuclei 
were not detected. In both types of trinucleated cells, 

acridine orange staining, carried out under suitable con-
ditions to identify the acidic vesicles in the cytoplasm 
(see Methods section), allowed us to deduce a different 
subcellular localization of the Golgi apparatus area (Fig.  
6a, b). Based on this criterion, two types of localization 
of the Golgian area can be identified: more concentrated 
in a single area in the center of the cell (Fig.  6a) or more 
dispersed in the cytoplasm (Fig.  6b). In addition to being 
trinucleated, 12c cells were also detected as mononucle-
ated. In some cases, chromatin internuclear bridges, due 
to cell division anomalies, were observed between mono-
nucleated 12c cells (Fig.  6f ). Among the cells with inter-
mediate dimensions, in addition to the 10–12c cells, 16c 
and 24c cells were also detected. As previously reported, 
all these cell subpopulations increased in percentage after 
PEG treatment compared to the control    (Fig. 2).

The 16c cells were detected in the conditions of binu-
cleation and tetranucleation, with two 8c nuclei and 
four 4c nuclei (Fig.  4d), respectively. The 24c subpopu-
lation was found to consist of mononucleated and hex-
anucleated cells (Fig.  6c). In some multinucleated 24c 

Fig. 2 DNA content in NIHs cell subpopulations. Percentage of NIHs cells with different DNA content measured by  microfluorimetry after Hoechst 
33342 fluorochromization. The values, which refer to the main cell subpopulation of NIHs cultured in the different experimental conditions, 
represent the mean number of cells ± SEM of triplicate DNA content measurements. The asterisks (*) indicate the values that are not significantly 
different (P > 0.05 after Student’s t-test) from the control (PEG-untreated cells). Hashtags (#) indicate the values of 1 Try, 5 Try, and PEG-VBL conditions 
that are not significantly different (P > 0.05 after Student’s t-test) from PEG-treated cells (PEG)
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cells, it was possible to detect small micronuclei that 
could arise from unsegregated chromosomes derived 
from mitosis without cytokinesis of trinucleated 12c 
cells (24c after the S phase). These micronuclei may 

contribute, as well as chromatin bridges, to the imbal-
ance of the DNA content of the individual nuclei and 
the genesis of an aneuploid state. Internuclear bridges 
have also been observed following cell division pro-
cesses based on tripolar mitosis (Fig.  6e).

Fig. 3 Cell heterogeneity and adhesion variability. Phase contrast micrographs (a–d) and fluorescence microscopy (e, f) of PEG-treated NIHs cells. In a, 
the morphological aspect of the culture before trypsinization; in b and c, the effects of trypsin action for 7 min are shown: after this incubation time, 
cells with large dimensions are still adherent, while the small cells are in suspension. In c, an area of the growth substrate showing the persistence 
of large cells after trypsinization for 7 min is shown. In d, it is possible to observe the detachment of large cells after 15 min of trypsinization. In e 
and f, immunofluorescence techniques allow us to evaluate cytoskeleton organization in giant cells: e, microtubules; f, actin microfilaments. Scale 
bar in a: 40 µm; in b and d: 10 µm; in c, e, and f: 20 µm
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Especially in polyploid cells with intermediate 
dimensions (10–24c DNA content), multinuclear-
ity was frequently accompanied by different nuclear 
anomalies (Table  1), such as small micronuclei (Fig.  
4d; Fig. 5a)  and nuclear envelope evaginations result-
ing in nuclear portion detachment leading to micronu-
clei formation of heterogeneous size (Fig.  5b, c, d).

The 64c, 110c, and 140c subpopulations were found 
to consist exclusively of multinucleated cells. In these 
very large giant elements, a number of nuclei between 
30 and 50 was determined (Fig.  4a); microfluorometric 
measurements indicated that single nuclei displayed 2c 
or 4c DNA content. The presence of these cells can be 
referred to as PEG-induced fusion.

Nuclear and cytoplasmic modifications and lysosomal 
and autophagic activity of untreated and PEG‑treated NIHs 
cells
As reported in the Methods section, the use of acrid-
ine orange under cell viability conditions allowed us 
to evaluate lysosomal and autophagic activities. After 
staining of PEG-untreated and PEG-treated cultures, 
in intermediate polyploid cells (10–24c DNA content), 
changes in nuclear morphology, including the pres-
ence of chromatin aggregates (Fig.  7a) and fragments/
micronuclei of heterogeneous size (Fig.  7b), appeared 
to be associated with the presence of bright red granu-
lations, indicative of autodigestive events (Fig.  7a, b). 
The percentage of cells with autophagic features under 

Table 1 Mononuclearity, multinuclearity and main nuclear anomalies

Example of percentage distribution of mononuclearity, multinuclearity and main nuclear anomalies in polyploid/aneuploid NIHs cells. The individual percentage 
values were calculated within the subpopulations with different DNA content. The nuclear features examined could occur simultaneously in the same cell. Changes of 
nuclear conditions were evaluated in both controls (PEG-untreated cells) and after PEG treatment. Vinblastine incubation was carried out in both PEG-untreated cells 
(VBL) and in previously PEG-treated cultures (PEG-VBL). To establish the percentage of various nuclear features, at least 200 cells for each DNA content value (c) were 
evaluated. ND: the value was Not Determined due to the absence of cells with the respective DNA content

Small Intermediate Large

4c 6c 8c 10c 12c 16c 24c 64c 110c 140c

Mononuclearity
 Untreated 96 63 39 48 41 13 22 ND  ND ND

 PEG 88 67 26 33 29 7 16 0  0 0

 VBL 70 ND 18 51 35 9 13 ND ND ND

 PEG-VBL 73 ND 24 52 48 21 25 ND 0 ND

Multinuclearity
 Untreated 4 37 61 52 59 87 78 ND ND ND

 PEG 12 33 74 67 71 93 84 100 100 100

 VBL 30 ND 82 49 65 91 87 ND ND ND

 PEG-VBL 27 ND 76 48 52 79 75 ND ND ND

Small Micronuclei
 Untreated 0 65 39 26 30 14 8 ND ND ND

 PEG 0 63 36 22 27 15 7 0 0 0

 VBL 0 ND 0 0 ND 0 ND ND ND ND

 PEG-VBL 0 ND 0 0 0 0 0 0 ND ND

Nuclear budding and fragmentation
 Untreated 0 0 0 2 4 9 12 ND ND ND

 PEG 0 0 0 2 6 13 16 0 0 0

 VBL 0 0 0 3 10 17 ND ND ND ND

 PEG-VBL 0 0 0 3 10 19 21 ND ND ND

Internuclear bridges
 Untreated 0 2 0 4 8 7 6 ND ND ND

 PEG 0 1 1 4 4 6 8 0 0 0

 VBL 0 0 0 0 0 0 0 ND ND ND

 PEG-VBL 0 0 0 0 0 0 0 ND ND ND
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the different experimental conditions is shown in    
Fig. 8.

Regarding the different subpopulations of polyploid 
intermediate cells, no significant changes in the percent-
age of autophagic events before and after PEG treatment 

were found. TEM microscopy confirmed that cytoplas-
mic degenerative processes occur in cells exhibiting 
nuclear anomalies; images showing comparable situate, 
ions were obtained by fluorescence and TEM micros-
copy 6 (Fig. 7b vs d). These features, in part referable to 

Fig. 4 Cell mononuclearity and multinuclearity related to the DNA content. Phase contrast (a) and acridine orange (AO) fluorescence (b–f) 
micrographs of PEG-treated NIHs cells. In a, the morphological aspect of the culture, with a multinucleated giant cell. In b, c, d, and f, AO staining, 
performed according to a standard protocol, allowed us to observe green nuclear DNA and red cytoplasmic RNA fluorescence. In all fluorescence 
micrographs, the value of the DNA content of polyploid cells is reported. In d, arrowheads indicate micronuclei in the cytoplasm of a 16c 
tetranucleated cell, while in e, the punctuate red fluorescence of acidic vesicles in the cytoplasm (after the use of dilute AO solution) is shown. Scale 
bars: 10 µm
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autophagic cell death, detected in both control condi-
tions and after PEG treatment, occurred more frequently 
after VBL incubation of NIHs culture (see below), both 
before and after PEG treatment ( Fig. 8).

Effects of VBL incubation before and after PEG treatment
DNA content analysis and microscopic observations 
at the nuclear level
VBL incubation was performed in NIHs cells before and 
after PEG treatment. In both cases, the drug induces a 
remarkable simplification of the cytofluorometric profile 
(Fig. 9a, b). Some cell subpopulations disappear  (see also 
Fig.  2) compared to the corresponding reference situ-
ations (Fig.  1a, b), which are also reported as inserts in 
(Fig.  9a, b), respectively.

In PEG-untreated culture, VBL induced a significant 
accumulation of cells with 4c DNA content as an effect of 
the action on the highly proliferating 2c subpopulation; 
among polyploid cells with DNA content greater than 4c, 

only 8c and 16c subpopulations persisted, even if reduced 
in percentage  (see also Fig. 2). In PEG-treated cultures, 
VBL induces similar effects as regards the incidence of 4c, 
8c, and 16c subpopulations   (Fig. 2). In PEG-untreated 
cultures, 12c and 24c subpopulations are absent after 
incubation with VBL  (insert in Fig.  9a; Fig.  2); instead, 
these same subpopulations persist in PEG-treated cul-
tures, even if their percentage incidence decreases com-
pared to the control condition  (insert in Fig.  9b; Fig. 2). 
In PEG-treated culture, polyploid cells with DNA con-
tent higher than 24c disappeared, after VBL incubation  
(Fig. 9b, Fig. 2).

Fluorescence microscopy observations, after Hoechst 
33342-DNA staining of PEG-untreated (Fig.  9c, e) and 
PEG-treated (Fig.  9d, f ) NIHs cells, allowed us to assess 
the effects induced at the nuclear level by VBL incu-
bation. In both PEG-untreated (Fig.  9c, e) and PEG-
treated  (Fig.  9d) cultures, aggregates of chromosomal 
structures (mainly derived from altered metaphases) 

Fig. 5 Changes and abnormalities of cell nuclei. Acridine orange (AO) fluorescence (a, b, d) and TEM (c) micrographs of PEG-treated polyploid 
NIHs cells. AO staining, performed according to a standard protocol, allowed us to observe yellow/green nuclear DNA and red cytoplasmic 
RNA fluorescence. In a, a trinucleated cell with micronuclei in the cytoplasm (arrows). In b, c, and d, events of nuclear envelope budding 
(arrows) resulting in the detachment of nuclear portions and the presence of micronuclei with heterogeneous sizes are shown (b, c, and d). The 
ultrastructural image in c shows a situation similar to that shown in d. The arrow in c indicates a possible detachment of a nuclear portion. Scale 
bars in a: 10 µm, in b and d: 5 µm, in c: 1 µm
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Fig. 6 Nuclear dynamics related to cell division processes. Acridine orange (AO) fluorescence (a, b, c, e, f) micrographs of PEG-treated NIHs cells. In 
a and b, the punctuate red fluorescence of acidic vesicles after use of dilute AO solution is shown; in this staining condition, nuclei are marked 
with a weak green fluorescence. The arrows in a and b indicate trinucleated cells in which the distribution of aggregates of red puncta allows us 
to deduce the positioning of the Golgi area that appears to be mainly in the center of the cell in a (arrowhead) or more dispersed in aggregates 
in the cytoplasm in the cell in b (arrowheads). In the insert in a, tripolar mitosis is shown. In c, e, and f, AO staining, performed according 
to a standard protocol (see Methods section), allowed us to observe green nuclear DNA and red cytoplasmic RNA fluorescence. In the hexanuclear 
24c cell in c, the arrows indicate areas of cytoplasm discontinuity; the arrowhead indicates a micronucleus. In e and f, chromatin internuclear 
bridges are visible after cytokinesis process completion; arrowheads in e indicate micronuclei. In d, Hoechst 33,342 fluorescence in a microscopic 
field with irregular tripolar mitosis (arrow), in the insert, a trinucleated cell with single nuclei synchronized in prophase is shown. Scale bars in a, b, c, 
and f: 10 µm, in d and e: 5 µm
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Fig. 7 Degenerative aspects of cytoplasm and nuclear changes. Acridine orange (AO) fluorescence (a, b) and TEM (c, d) micrographs of PEG-treated 
polyploid NIHs cells. Images in b and d refer to cultures subsequently treated with vinblastine. It is possible to observe diffuse granular red 
fluorescence (AO) or the presence of vacuoles, secondary lysosomes, and residual bodies in the cytoplasm (TEM). These aspects, indicative 
of autophagic events in the cytoplasm of polyploid/aneuploid cells, appeared to be correlated with changes in the nuclear morphology (c), 
presence of chromatin aggregates (a), and fragments/micronuclei of heterogeneous size (b, d). In the image in d, the arrows indicate chromatin 
bridges that appear to connect the fragments to the remnant of the main nucleus. Scale bars in a and b: 5 mm; in c: 1 mm; in d: 2 µm

(See figure on next page.)
Fig. 8 Cell degeneration events. In a, percentage distribution of apoptotic programmed cell death events (type I—PCD) and a form of cell 
degeneration with autophagic features. Morphological examples of apoptotic death in cells with 2 c and 8 c DNA content are shown 
in the inserted fluorescence micrographs (acridine orange staining). In a1 and a2, the arrows indicate chromatin condensation with margination 
against the nuclear envelope and karyorrhexis events, respectively. In a3 and a4, the arrows indicate nuclear apoptotic-like alterations (shrinkage 
and nuclear budding). In a3, an example of nuclear fragmentation/micronucleation can be observed in a cell with a DNA content near the 12 c 
value (arrowhead). In b, the percentages of chromosome aggregates and nuclear fragmentation/micronucleation are shown. The inserted 
fluorescence micrographs (b1 and b2) show, in a microscopic field (HO 33342-blue fluorescence) (b1), the nuclear positivity to the TUNEL 
reaction (red fluorescence) (b2), indicating DNA fragmentation in apoptotic nuclei (arrows) and alternative forms of cell death (arrowheads). 
The individual percentage values were calculated within the subpopulations with different DNA content. The various cellular aspects were 
evaluated in both controls (PEG-untreated cells) and after PEG treatment. Vinblastine incubation was carried out in both PEG-untreated cells (VBL) 
and in previously PEG-treated cultures (PEG-VBL). To establish the various cellular aspects, at least 300 cells for each DNA content value  were 
evaluated. The values, which refer to the main cell subpopulation  of NIHs culture in the different experimental conditions, represent the mean 
number of cells ± SEM of triplicate morphological evaluations. The asterisks (*) indicate the values, referred to the different experimental conditions, 
that are not significantly different (P > 0.05 after Student’s t-test) from the control (PEG-untreated cells). Type I PCD values, referring to the 4c and 8c 
subpopulations, are all significantly different (P < 0.05 after Student’s t-test) from those of the 2c subpopulation
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unevenly distributed in the microscopic fields are iden-
tifiable. Microfluorometric measurements of these chro-
mosomal aggregates mainly indicated a DNA content 
near 4c and 8c values; the highest percentage incidence 
was detected in the 4c subpopulations (Fig. 8). In a very 
limited number of chromosomal structure aggregates, a 
total DNA content close to 16c and 24c was measured. 

Chromosomal aggregates with a value near 12c were 
detected only in PEG-treated NIHs cultures before VBL 
incubation (Fig. 8).

Other nuclear modifications induced by the antimi-
crotubular poison were represented by the appearance 
of a high number of micronuclei per cell, with hetero-
geneous dimensions, in both PEG-untreated (Fig.   9e) 

Fig. 8 (See legend on previous page.)
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Fig. 9 Cytokinetic and nuclear morphology changes induced by vinblastine. Typical microfluorometric analyses of the DNA cellular content (a, b) 
and Hoechst 33342 fluorescence micrographs (c, d, e, f) after VBL incubation in PEG-untreated cells (a, c, e) and PEG-treated cells (b, d, f). Insert 
a1 in a and insert b1 in b  represent microfluorometric measurements in the absence of vinblastine. Insert a2 in a1 represents a microfluorometric 
measurement in NIH/3T3 cell line before serum starvation; the first peak (3c–4c DNA content) in the abscissa axis of microfluorimetric histogram 
was arbitrarily indicated as 2c. In c and d, microscopic fields particularly rich in 4–8c aggregates of chromosomal structures (circles in c and d), 
as a consequence of the mitosis blockade, can be observed. In e and f, nuclear events characterized by large micronuclei of heterogeneous 
dimensions (circles in e and arrow in f) are reported. The arrow in e indicates chromosomal structures. Scale bars in b and c: 10 µm; in e and f: 5 µm
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and PEG-treated (Fig. 9f ) NIHs cultures. In the aggre-
gates of micronuclei, a total DNA content close to the 
16c value, or included in the 16c-24c range, was prev-
alently detected. With a lower percentage incidence, 
the measurements also revealed a DNA content in the 
10–12c range (Fig. 8). VBL action did not produce sig-
nificantly different effects between untreated and PEG-
treated cultures (Fig. 8).

The use of the TUNEL assay made it possible to 
detect that these heterogeneous micronuclei aggregates 
were positive for the reaction (Fig.  8b). After incuba-
tion with VBL, fluorescence microscopy, through DNA 
fluorochromization (acridine orange and Hoechst 
33342 staining) and the TUNEL reaction, also allowed 
the detection of a low number of conventional apopto-
sis events (type I PCD) and only in 2c, 4c and 8c cells 
(Fig. 8a).

After VBL incubation, a low number of conventional 
apoptotic events was detected and only in 2c, 4c and 8c 
cells. In particular, typical features of type I apoptosis, 
such as chromatin hypercondensation and nuclear frag-
mentation, were observed with a higher incidence in 2c 
and 8c cells  (Fig. 8a). The use of the TUNEL reaction 
made it possible to detect that in these apoptotic cells, 
the nuclear alterations were correlated with the positiv-
ity of the reaction and therefore with DNA fragmenta-
tion (Fig. 8b).

The low percentage of hypo-2c, hypo-4c, and hypo-8c 
values, due to the DNA loss of apoptotic cells, did not 
make it possible to identify them in microfluorometric 
DNA content histograms.

Polyploid cells with DNA content higher than 8c, 
in addition to the drastic modifications of the inter-
phasic nucleus, increased by VBL action, showed 
evident modifications of the cytoplasm, indicative 
of autophagic process activation ) and (Fig.  8a). The 
occurrence of autophagic digestion events before and 
after the antimicrotubular poison action can be evalu-
ated, even from an ultrastructural point of view, in 
Fig. 10 (see below for description).

Cytoplasmic degenerative aspects of polyploid 
intermediate giant cells and ultrastructural details
As already described, AO fluorochromization allowed 
us to note that the drastic changes in NIHs cell nuclear 
morphology appear to be related to cytoplasm altera-
tions, identifiable by the appearance of bright red gran-
ulations (Fig.  7a, b). These features, likely indicative of 
autophagic activity, occur more frequently in mononu-
cleated and multinucleated intermediate cells and can 
also be detected through phase contrast microscopy as 
dark granulations in the cytoplasm (Fig.  10a). In these 
cells, TEM ultrastructural analysis showed the presence 
of cytoplasmic areas with vacuolation (Fig. 10b). The vac-
uoles usually contain residual bodies and myelin figures 
(Fig.  10c, f ) and express autodegradation of organelles 
and endomembranes. In several cells with extensive 
vacuolation, the wide areas of cytoplasmic discontinuity 
(Fig.  10e) may be derived from the possible confluence of 
smaller-size vacuoles that appeared to be empty. Features 
of the same type can correspond to dark and nonfluo-
rescent areas detected at the cytoplasm level after AO 
fluorochromization (Fig.  10d). These dark vacuolizations  
(also shown in Fig. 6c) are predominantly observed in the 
cytoplasm of polyploid cells.

After VBL incubation, the signs indicative of 
autophagic processes appeared to be increased, especially 
in 16c and 24c cells (Fig. 8), and in some cases, vacuola-
tions appeared to be close to tubulin paracrystals. These 
structures, which consist of packed microtubules, can be 
observed in longitudinal sections in transmission elec-
tron micrographs (Fig.  10e) As a possible reflection of 
microtubular network alterations, intermediate filaments 
tend to form compact bundles (Fig.  10f ). The cytoplas-
mic modifications reported above could be implicated 
in detachment from the substrate and in degeneration, 
detected by phase contrast microscopy, in some interme-
diate/large polyploid cells. The confluence of discontinu-
ous cytoplasmic areas and cytoskeletal reorganization 
could lead to drastic cytoplasmic remodeling before cell 
detachment. A possible sequence of the events involved 
is depicted in Fig. 11 in a set of micrographs, which refers 

(See figure on next page.)
Fig. 10 Vacuolation of cytoplasm and cytoskeletal modifications. Phase contrast (a), TEM (b, c, e, f), and acridine orange (AO) fluorescence (d) 
micrographs of PEG-treated NIHs cells. Images in a, c, e, and f refer to cells subsequently incubated with vinblastine. In a and b, signs of cytoplasmic 
changes in polyploid/aneuploid cells are visible as granulations (phase contrast micrograph of a multinucleate cell in a) and vacuolations (TEM 
micrograph in b). In c, a detail of the vacuoles that appear to be empty or with variable content. AO staining (d) allowed us to observe dark 
areas (arrows) in the cytoplasm of a polyploid/aneuploid cell. This aspect may be related to the images obtained by TEM microscopy, which 
allowed us to note electron-transparent areas of cytoplasmic discontinuity (arrows), especially in VBL-incubated cells (e). In e and f, VBL effects 
on the cytoskeleton can also be observed: in particular, in e, tubulin paracrystals (arrowheads) close to areas of extensive vacuolation (arrows) are 
visible. In f, a bundle of intermediate filaments (arrowhead) in proximity to a vacuolation area is evident. Vacuoles show heterogeneous content, 
which may result from the degradation of organelles or endomembranes (myelin figures indicated by arrows). Scale bars in a and d: 10 µm; in b: 
1 µm; in c and e: 3 µm; in f: 1 µm
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Fig. 10 (See legend on previous page.)
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to PEG-treated NIHs cells. The first phase of the degen-
erative process could be represented by the appearance 
of diffuse cytoplasm granularity observed by phase con-
trast microscopy (Fig.  11a). This cellular aspect may be 
correlated with the increase in vacuoles detected through 
TEM microscopy (Fig.  10b). During the progression of 
the process, the possible confluence of the vacuoles and 
the contribution given by autodigestive phenomena could 
lead to the reduction of cell mass with the cytoplasm that 

appears restricted to a thin network, supported by sub-
tle and long cell expansions (Fig.   11b, c). In the follow-
ing steps, these cells, which would acquire a neuron-like 
morphology (Fig.  11d), can retract their cytoplasmic 
extensions by detaching from the substrate and assum-
ing an apoptosis-like morphology (Fig.  11e). In some 
cases, careful observation by phase contrast micros-
copy allowed us to note budding phenomena on the thin 
extensions in cells with a DNA content of approximately 

Fig. 11 Possible pathway of degeneration and detachment from the substrate of polyploid cells. Phase contrast micrographs of PEG-treated NIHs 
cells. The images refer to the possible progression steps (a, b, c, d, e) of degenerative events in polyploid/aneuploid cells, resulting in detachment 
from the growth substrate. In a, middle/large cells with an intense cellular granularity (that correlates with the high degree of autophagic 
vacuolations detected in this type of cell through TEM microscopy) are visible. In b, it is possible to observe the cytoplasm restricted to a thin 
network supported by subtle and long cytoplasmic expansions. This aspect could be the possible consequence of drastic cytoplasmic remodeling 
partly due to self-digestive cytoplasmic events. In the final stages of the process, these cells, which would acquire a neuron-like morphology (d), can 
retract their cytoplasmic extensions by detaching from the substrate and assuming an apoptotic-like morphology (e). In f, a detail of a neuron-like 
cell is reported: the arrows indicate possible budding events on thin extensions with the release of daughter cells with low ploidy levels. Scale bars 
in a, b, c, d, and e: 15 µm; in f: 30 µm
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64c (Fig.  11f ). As reported in the discussion section, 
these dynamic processes could lead to the genesis of low 
ploidy daughter cells.

Discussion
This work records the potentially significant roles played 
in  vitro by polyploid cells with low, intermediate, and 
high DNA content in the genesis and dynamics of sub-
populations of NIHs fibroblastic culture before and after 
incubation with the fusing agent PEG. Referring to the 
complexity and heterogeneity of the cell populations 
in some tumors, this model can provide discussion ele-
ments on the events of appearance/disappearance and 
the fate of polyploid cells, evaluating the contribution of 
mitotic anomalies and cell fusion in these dynamics.

In NIHs cell subpopulations, the different DNA con-
tent was related to mononuclearity or multinuclearity 
and to cell persistence and cell loss dynamics. Therefore, 
in addition to the cytokinetic aspects, the role of degen-
eration and death processes was evaluated.

The study, performed in untreated and PEG-treated 
cultures in the absence of and after VBL incubation, can 
provide a basic contribution to defining, from morpho-
logical and cytokinetic points of view, models for preclin-
ical investigation assays for the assessment of anticancer 
agent properties and activity. This appears to be relevant, 
especially in relation to the chemotherapeutic treatment 
of tumors with heterogeneous cell populations, includ-
ing polyploid and aneuploid giant cells. Polyploidy can 
represent a transition stage toward aneuploidy, and by 
achieving these biological conditions, the cells of some 
tumors can become particularly aggressive and diffi-
cult to treat from a pharmacological point of view [15, 
18]. Programmed cell death induction may represent a 
physiological mechanism useful for their selective elimi-
nation and can appear with variable features or alterna-
tive pathways to canonical apoptosis. Studies in the last 
two decades have demonstrated that programmed cell 
death, originally described as a substantially univocal 
biological event, can appear with some variability related 
to different biological situations [30, 31]. Data from our 
work demonstrate that in NIHs culture, polyploid cells, 
with intermediate dimensions (10c—24c), can die, even 
spontaneously, through degenerative mechanisms, alter-
native to canonical apoptosis, contributing to their tran-
sient decrease. Normally, during the routine maintenance 
of long-term cultures, the NIHs fibroblastic population 
shows, with some variability, the appearance/disappear-
ance of polyploid elements with DNA content ranging 
from 4 to 24c. As in other cell cultures of different ori-
gins, the presence of polyploid/aneuploid cells can be 
related to repeated mitosis with cytokinesis failure and/
or cell fusion. Genetic stability is maintained, in addition 

to the right functioning of DNA repair mechanisms, by 
coordinating the regulation of chromosome segregation 
and cytokinesis. Perturbations of this delicate balance 
can lead to anomalies of the cell division process, char-
acterized by aberrant mitoses and/or formation of poly-
ploid/aneuploid mono- and multinucleated elements, as 
a consequence of cytokinesis lack. These anomalies can 
alter normal cellular functions and contribute to neo-
plastic transformation or can cause mitotic catastrophe 
events [32, 33]. In general, little attention has been given 
to the relationship between alterations in cell division 
processes or cell survival capacity and the DNA content 
of polyploid/aneuploid cells. In NIHs culture, under con-
trol conditions, phase contrast microscopy allowed us to 
routinely observe that the increase in intermediate/large 
cells with polyploid DNA content is correlated with the 
state of cell confluence. Therefore, a contribution to their 
origin could be provided by cell fusion events favored by 
close cellular contacts. On the other hand, in subconflu-
ent cultures, the presence of polyploid cells could also 
be due to abnormalities of the cell division mechanisms. 
Microflurometric measurements of DNA content in the 
NIHs control (PEG-untreated cells) showed the pres-
ence of polyploid elements with values ranging from 4 
to 24c. In comparison with the control condition, PEG 
treatment, here used, allowed us to obtain an increase in 
polyploid cells in this range and the appearance of large 
plurinucleated cells with DNA content higher than 24c. 
Furthermore, the subconfluence condition permitted the 
maintenance of some proliferative capability of the cul-
ture and, at the same time, rent the cells (especially in 
some areas of the growth substrate) near enough to allow 
contact for PEG-induced fusion. In this way, it was pos-
sible to obtain polyploid cells with different origins, such 
as mitotic anomalies and cell fusion.

The interpretation of the data obtained in this work 
leads us to believe that the presence of intermediate cells 
(with 10-12c, 16c, and 24c DNA content values) may be, 
in part, the result of cytokinetic phenomena involving tri-
nucleated and tetranucleated cells that can appear in the 
culture as a consequence of mitotic anomalies or cellular 
fusion events. Within intermediate cells, 12c cells appear 
with some frequency as trinucleated and characterized by 
variable situations. In addition to cells with three aligned 
nuclei (each with 4c DNA content) probably derived from 
fusion events, in some cases, trinucleated cells with val-
ues ranging from 2.8c to 4.4c for each individual nucleus 
were measured. This cell fraction can show total hypo-
12c values (ranging from 10 to 12c) per cell, indicating a 
possible origin alternative to cellular fusion. In addition 
to the analysis of the DNA content of each nucleus, the 
distribution of the Golgi apparatus area could also pro-
vide indications to clarify trinucleated cell provenance. 
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In elements with hypo-12c DNA content, the organelle 
appears to be positioned in the center of the cell, inside 
a triangle at whose vertices the nuclei are found. The 
imbalance of nuclear DNA contents could arise from 
tripolar mitoses, not accompanied by cytokinesis, occur-
ring in 6c mononucleated cells. These cells, which should 
reach the 12c value after DNA duplication, actually show 
hypo-12c values. The imbalance of DNA content (not 4c) 
for a single nucleus can be related to unequal segregation 
of the chromosomes in telophase and/or to their partial 
nonsegregation with the formation of small micronuclei, 
observed with a higher frequency in these cells. The total 
hypo-12c value could be linked to the fate of micronuclei. 
These extranuclear chromatin bodies, surrounded by a 
nuclear envelope, may persist in the cytoplasm or may 
be reincorporated into the main nucleus or degraded 
and extruded from the cell [34] with a total DNA content 
decrease in these last cases. Alternately, in the 12c trinu-
cleated cells showing aligned nuclei, probably originat-
ing from fusion events, small micronuclei are usually not 
detected. In these cells, the Golgi apparatus appeared to 
be dispersed in the cytoplasm rather than positioned in 
a single central area. On the other hand, the combined 
microfluorometric and microscopic analyses allowed 
us to detect that trinucleated cells with nuclei arranged 
as a triangle can express the ability to enter subsequent 
mitosis, as demonstrated by the presence of three mitotic 
nuclei synchronized in prophase.

Cells with DNA content close to or equal to 12c could 
play a role in the genesis of polyploid elements with a 
higher DNA content. Mitotic events, in the absence of 
cytokinesis, starting from trinucleated or mononucle-
ated 12c cells, may give rise to a hexanucleated or a 
mononucleated 24c cell, respectively; both these types 
of cells were detected by combining microfluorometric 
and microscopic analyses. Small micronuclei, predomi-
nantly observed in hexanucleated cells, can contribute 
to the imbalance of the DNA content of the individual 
nuclei. Mononucleated 12c cell origin would be attrib-
utable to bipolar mitotic processes, in the absence of 
cytokinesis, occurring in 6c cells (12c after the S phase), 
in which all chromosomes would be segregated in a sin-
gle telophasic nucleus. Subsequently, these 12c cells 
appeared to be capable of undergoing mitotic division, 
as demonstrated by the presence in NIHs cultures of 12c 
nuclei linked by interchromatin bridges after cytokinesis. 
Hexanucleated 12c cells, with balanced 2c DNA content 
in each nucleus, were not detected. This absence could 
be caused by the inability of trinucleated 6c cells with 
aligned nuclei (derived from the fusion of three 2c cells) 
to duplicate their DNA and enter mitosis. This could be 
a possible consequence of the inability to synchronize 
their three nuclei, which may be in different stages of 

the cell cycle. After PEG treatment of NIHs cultures, in 
addition to 10-12c and 24c cells, the 16c subpopulation 
also increased in percentage compared to the control. 
Cells with 16c DNA content were detected as binucle-
ated and tetranucleated, with two 8c nuclei or four 4c 
nuclei, respectively. As an alternative to possible fusion 
events involving two 8c or four 4c elements, the origin of 
the two 16c cell types could be attributed to mitotic pro-
cesses occurring in mononucleated 8c cells (16c after the 
S phase) or in binucleated 8c cells (with two 4c nuclei; 16c 
after the S phase), respectively, detected in NIHs culture. 
In both cases, the mitotic events would not be accompa-
nied by cytokinesis. Regarding the origin of binucleated 
4c cells (with two 2c nuclei), in addition to the fusion of 
two 2c cells, the occurrence of mitotic events in a 2c cell 
(4c after S phase), without cytoplasm division, can be 
considered. This would lead to the genesis of a cell with 
two 2c nuclei. As an alternative, a single 4c nucleus could 
reform in telophase. Phenomena of this kind could also 
be considered to interpret the presence of mononucle-
ated 8c elements: in this case, the nuclei involved would 
have 4c and not 2c DNA content.

Some studies carried out in recent decades have con-
verged to indicate that among the different checkpoints 
defined in cell cycle progression, the ‘‘checkpoint of tetra-
ploidy’’ is also included [35]. Its presence would have the 
meaning of avoiding the proliferation of 4c cells and the 
genetic instability that could result from it. This could 
lead to the opinion that cells with tetraploid DNA con-
tent have poor proliferative capacity. On this topic, the 
results obtained in some works do not always appear in 
agreement with each other. In some cases, experiments 
on different cell models indicated that, especially in 
transformed cells, tetraploid binucleated cells (with two 
2c nuclei after cytokinesis failure) retain their prolifera-
tive capacity and can produce multinucleated cells [36]. 
This evidence would be in agreement with the aforemen-
tioned hypothesis in which we considered that 4c NIHs 
cells would be progenitors of 8c and 16c cells.

The proliferating and nonproliferating cell subpopu-
lations constituting the NIHs culture were found to be 
differently sensitive to the action of the cytostatic agent 
vinblastine. Compared to the conditions in the absence 
of VBL, in both PEG-untreated and PEG-treated cul-
tures, the accumulation of 4c cells induced by the drug 
can be the consequence of a mitotic block in the 2c cells 
(4c after the S phase). On the other hand, the lack of 
accumulation and the decrease in 8c and 16c subpopula-
tions induced by VBL could be partly linked to the lower 
proliferative capacity of 4c (8c after the S phase) and 8c 
(16c after the S phase) cells compared to that of 2c cells. 
Furthermore, variable cell death mechanisms may play a 
role in the dynamics of these subpopulations. It can be 
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emphasized that in NIHs culture, only cells with DNA 
contents near 2c, 4c and 8c show, albeit at a low percent-
age, the features of conventional apoptotic death (type 
I PCD); a higher value of apoptosis was detected in the 
8c subpopulation. Moreover, fluorescence microscopy 
observations performed during DNA microfluorometric 
analysis, in both PEG-untreated and PEG-treated NIHs 
cultures, allowed us to also detect that in 4c and 8c cells 
(after the S phase in 2 c and 4 c cells, respectively) and in 
12c (after the S phase in 6c cells) more limitedly, a frac-
tion of them showed the presence of chromosomal struc-
tures dispersed in the cytoplasm, mainly derived from 
altered metaphases, after VBL action on mitotic spindle. 
For these cell subpopulations, the occurrence of apop-
totic death events or, alternately, alterations in mitotic 
processes may be dependent on the phase of progres-
sion in the cell cycle. The appearance of chromosome 
aggregates could be followed by cell death mechanisms 
at least partly related to mitotic catastrophe [33]. On the 
other hand, the disappearance of 12 c and 24 c cells after 
VBL incubation of the PEG-untreated cultures could be 
due to the particular drug sensitivity of the microtubu-
lar network and mitotic apparatus of the proliferating 
6  c and 12  c cell fractions. The limited number of 12  c 
aggregates of chromosomal structures induced by VBL in 
PEG-treated cultures compared to their absence in PEG-
untreated cultures could be related to the higher inci-
dence of 6c cells (12 c after S phase) after PEG-induced 
cell fusion.

The absence or presence of 12  c cells, which showed 
some proliferative activity, could also affect the absence 
or presence of the 24  c subpopulation. Indeed, in NIHs 
cultures previously treated with PEG, in consideration of 
the higher percentage incidence of 6c and 12c cells, VBL 
incubation resulted in a decrease in 12 c cells, accompa-
nied by a decrease in 24c cells.

Compared to the VBL absence condition, the subpopu-
lation of 16c cells tended to decrease in percentage after 
drug action in both PEG-untreated and PEG-treated 
NIHs cultures. Following drug incubation, the percent-
age incidence of these cells can be influenced by the lim-
ited numerical contribution given by the proliferation of 
8 c cells (eventually, they become 16 c after the S phase). 
After VBL action, in both PEG-untreated and PEG-
treated NIHs cultures, fluorescence microscopy observa-
tions performed during DNA microfluorometric analysis 
allowed us to detect a very limited number of aggregates 
of chromosomal structures near the 16 c value. For this 
DNA content, it was possible to more frequently detect 
particular nuclear situations with the appearance of a 
high number of large micronuclei/nuclear fragments 
with heterogeneous dimensions per cell. This nuclear 
condition could be attributed to the probable greater 

fraction of nonproliferating 16c cells. According to this 
same interpretation, micronucleations with overall DNA 
content close to the 24 c value could be representative of 
a subpopulation consisting of nonproliferating 24 c cells, 
present in both PEG-untreated and PEG-treated NIHs 
cultures. In support of this hypothesis, it would also be 
the lack of an appreciable number of cells with 32 c and 
48 c DNA content deriving from the potential prolifera-
tion of 16 c and 24 c cells, respectively.

Based on the above considerations, the presence of 
giant cells with a high level of multinuclearity and DNA 
content greater than 24 c would be exclusively due to cell 
fusion events occurring after PEG treatment. In these 
cultures, VBL incubation resulted in the disappearance of 
cells with 64 c, 110 c, and 140 c DNA content. Since no 
specific degenerative mechanisms have been identified 
in these larger cells, the presence of nuclear fragmenta-
tions or large micronuclei would seem to be more typi-
cal of less proliferating polyploid cells with intermediate 
dimensions (within subpopulations with DNA content in 
the 10c—24 c range). In these cells, the large micronuclei 
or nuclear fragments could mainly originate from altera-
tions of the interphasic nucleus rather than from mitotic 
anomalies. In support of this hypothesis, fluorescence 
and electron microscopy makes it possible to detect 
introflexions and budding of the nuclear envelope, which 
could precede the nuclear fragmentation phase, even in 
the absence of VBL incubation. In some cases, during the 
progression of this process, detaching nuclear portions 
appear to be still connected to the main nucleus through 
thin chromatin bridges. In VBL-incubated NIHs cultures, 
interphasic nucleus/i instability of cells with intermedi-
ate dimensions would be accentuated by the drug action 
through the involvement of cytoskeletal intermediate 
filaments that would undergo significant modifications 
as a consequence of microtubular network depolymeri-
zation (discussed later). Alterations in nuclear structure 
could be part of the modifications that may precede the 
occurrence of cell death events. In cells with a DNA con-
tent ranging from 10 to 24 c, present in both untreated 
and PEG-treated NIHs cultures, the nuclear anomalies 
appeared to be predominantly related to some cytoplas-
mic features (discussed later) typical of autophagic cell 
death. In PEG-treated cultures, the number of cells with 
cytoplasmic autophagic features was not significantly 
increased compared to that in PEG-untreated cultures. 
Even in the absence of VBL incubation, the overall analy-
sis of degenerative events indicated considerable variabil-
ity with the involvement of mono- and multinucleated 
NIHs polyploid cells. In comparison to their diploid 
counterparts, polyploid cells can show, in general, differ-
ent types of karyological modifications (e.g., micronuclei 
of variable size, multilobulated and fragmented nuclei). 
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In some cases, notable dynamic changes, such as a reduc-
tion in the number of small micronuclei and an increase 
in furrowed nuclei with variable shapes, may appear. 
According to some author opinions, this kind of nuclear 
alteration may represent a morphological feature related 
to mitotic catastrophe [33]. In our opinion, the presence 
of deep nuclear notches may indicate stages of probable 
transition toward other anomalies and the expression of 
an intermediate phase characterized by the appearance 
of nuclear lobes and vesicular budding of the nuclear 
envelope. At a later stage, heterogeneously sized micro-
nuclei could arise from these protrusions. As reported by 
other authors, nuclear lobulation and fragmentation are 
commonly occurring features of various tumor cell lines 
[37, 38]. In NIHs culture, nuclear fragments or large het-
erogeneous micronuclei are distinguishable from small 
micronuclei of probable mitotic origin. In other cell mod-
els, lobulation and morphological and structural changes 
in the nucleus have been related to the perturbation of 
the cytoskeletal network involving, in particular, the reor-
ganization of the centrosome-microtubule complex [37].

Even in the absence of VBL action, but with an increase 
after incubation with this drug, the nuclear morphology 
changes of intermediate polyploid NIHs cells appeared to 
be concomitant with significant cytoplasm modifications. 
In these cells, acridine orange vital staining for lysoso-
mal and autophagic activity evaluation showed the pres-
ence of bright red cytoplasmic granulations, indicative of 
autodigestive events.

Furthermore, TEM ultrastructural analysis showed that 
nuclear changes were associated with remarkable modi-
fications of the cytoskeleton, which also involved the 
intermediate filament component. Extensive areas of the 
cytoplasm appeared to be strongly altered with the pres-
ence of empty or full vacuoles with heterogeneous con-
tent. This situation could be an expression of a kind of 
hybrid form of degeneration that lies between autophagic 
cell death and paraptosis [39].

In these two forms of nonapoptotic programmed cell 
death, the typical internucleosomal fragmentation of 
DNA produced by the activity of endonucleases activated 
through the caspase pathway is not described. However, 
some authors reported a form of PCD in which somato-
lactotrope pituitary GH4Cl cells [40, 41] showed mor-
phological characteristics with close similarities with 
paraptosis, from which it differs in the presence of inter-
nucleosomal DNA fragmentation, which is in this case 
caspase-independent [40, 42].

This emphasizes that certain modalities of cell death 
can partially overlap but differ for the not identical sign-
aling pathways. This would be consistent with the type of 
nonapoptotic cell death that we have detected in some 
NIHs cell subpopulations. In this case, the appearance 

of dimensionally heterogeneous micronuclei (or nuclear 
fragments) is associated with DNA fragmentation, as 
indicated by the positivity of the TUNEL reaction and 
the presence of intense vacuolation of the cytoplasm.

Moreover, the heterogeneity of vacuole features can be 
related to their different origins. The electron-dense con-
tent (such as residual bodies and myelin figures) inside 
them could reveal the nature of secondary lysosomes 
and express an intense autodegradation of organelles and 
endomembranes. Alternately, the vacuoles that appear to 
be empty could have an acidic or nonacidic nature and 
originate from different cellular compartments by dif-
ferent mechanisms: they could arise from the complete 
digestion of secondary lysosome content or vacuolation 
can affect the endoplasmic reticulum. The ultrastructural 
investigation further indicated that vacuoles that appear 
to be empty can coalesce with each other and form large 
areas of cytoplasmic discontinuity, which could also be 
independent of autophagic processes. The presence of 
vacuolations and autodigestive phenomena, which can 
mark cytopathological conditions leading to cell death, 
has been detected with higher frequency in NIHs cells 
as a consequence of the cytotoxic VBL stimulus. In some 
cases, tubulin paracrystalline structures can be observed 
in cytoplasmic areas with strong extensive vacuolation.

Although the mechanism underlying the tight packing 
of tubulin molecules has not yet been fully elucidated, it 
can be reasonably hypothesized that the assembly of the 
paracrystal in a specific area of the cytoplasm subtracts 
free tubulin from the normal equilibrium of its cyto-
solic concentration, preventing the formation of normal 
microtubules. This interference with microtubule polym-
erization could be reflected in the organization and local-
ization of endomembrane systems within the cytoplasm. 
Additionally, in nonmitotic cells, it has been previously 
shown that VBL, as well as other alkaloids, is capable of 
altering the microtubular network, determining the for-
mation of spheroidal cavities and reducing its mass with 
changes in cell morphology [43].

Furthermore, these microtubular network alterations 
could have repercussions on the overall rearrangement of 
the other components of the cytoskeleton.

In VBL-treated NIHs cells, ultrastructural analysis 
also showed intermediate filament bundles in the cyto-
plasm areas, which appeared to be strongly altered with 
vacuolation coalescence. These ultrastructural aspects, 
together with the morphocytochemical features detected 
after acridine orange staining, can indicate, especially in 
intermediate cells, the presence of active degenerative 
phenomena that can contribute to a loss of cytoplasmic 
mass and cell body reduction. This hypothesis would 
be supported by the drastic morphological changes 
detected through phase contrast microscopy in some 
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intermediate/large polyploid cells. From this point of 
view, the images in Fig. 11 may represent, in our opinion, 
a possible sequence of dynamic events that could charac-
terize the key phases expressed during the execution of 
a cell death program aimed at dismantling the cell body. 
According to this proposed interpretation, the cells could 
proceed on the degenerative pathway by integrating cyto-
plasm reduction (also through self-digestion processes) 
with an evident rearrangement of cytoskeleton, leading 
to the acquisition of nerve cell-like morphology before 
their detachment from the substrate. Giant mononucle-
ated and multinucleated cells with similar morphological 
features have been described in previous works, in which 
HEY and MDA-MB-231 epithelial cancer cell lines were 
used. In these cultures, giant cells exhibited numerous 
subtle extensions assuming a neuron-like morphology 
[44]. As reported by these authors, this particular mor-
phology was displayed by giant cells in relation to asym-
metric cell division processes, in which the branches of 
these cells were involved in budding and bursting pat-
terns that led to the release of different daughter cells. 
This particular form of cell division, called neosis or 
depolyploidization by previous investigators, could play a 
role, also in vivo, in regulating tumor heterogeneity and 
contribute to the generation of cancer stem-like cells [45, 
46]. In our cell model, neuron-like morphology seemed 
to be predominantly acquired by some intermediate/
giant cells in relation to degenerative events. As a possi-
ble alternative (or concomitance) to neosis, neuronal-like 
NIHs cells take on a rounded morphology and tend to 
detach from the growth substrate after branch retraction. 
This kind of mechanism could be part of programmed 
cell death expression in elements with very extensive 
cytoplasm and strong adhesion to the growth substrate. 
As reported in the Results section, morphological obser-
vations, carried out by phase contrast microscopy during 
and after culture trypsinization, showed a higher adhe-
sive capability of intermediate/large cells that detach with 
more difficulty than small cells.

Therefore, in giant cells, drastic remodeling of the cell 
structure to perform the execution phases of the pro-
grammed cell death process would be needed, involv-
ing also the lysosomal compartment [47]. In NIHs 
culture, polyploid giant cells, with DNA content values 
ranging from 64 to 140c, tend all to be lost in the dif-
ferent experimental conditions; however, among these 
cells, signs of degeneration were observed only in the 
64c subpopulation. Furthermore, according to what 
was previously described [44], some NIHs cells with 
neuronal-like morphology belonging to this same sub-
population can show budding phenomena on the thin 
ramifications of the cytoplasm. These dynamic pro-
cesses could represent a survival mechanism by which 

large cells could subdivide, at least in part, their cell 
body with the genesis of small daughter cells with a low 
ploidy level (2c-4c DNA content). It cannot be excluded 
that these processes can also occur in giant cells with 
DNA content greater than 64c. These cells with a higher 
number of nuclei present in PEG-treated NIHs cultures 
disappeared after VBL incubation, despite showing a 
very organized cytoskeleton and a high adhesive capac-
ity related to extensive cytoplasm.

Regarding VBL activity, it is not possible at present 
to provide conclusive information on several aspects 
related to the effects on NIHs cells. Beyond VBL spe-
cific action on the M phase, the effects on the other 
phases of the NIHs cell cycle need to be further inves-
tigated. Furthermore, the influences on nuclear fusion 
phenomena and endoreduplication processes that may 
concern the dynamics of mononucleated polyploid cells 
need to be clarified. In fact, as alternative to nuclear 
fusion, cells with a single nucleus can be generated 
through a mechanism that uncouples DNA duplica-
tion from mitotic cell division. As known, endoredu-
plication can occur through endocycling, in which 
periods of S and G phases alternate with no cell divi-
sion. Furthermore, some studies on tumor cells treated 
with antimitotic drugs, such as colcemid and vinblas-
tine, have demonstrated that endoreduplication can be 
a cellular process used as a means to survive mitotic 
catastrophe or genotoxic stress, as an alternative to 
apoptosis[48, 49].

In the case of NIHs cells, by examining the data col-
lected so far, the polyploid mononucleated cells have 
shown an oscillating trend in the different cellular sub-
populations and in relation to the different experimental 
conditions. This does not allow us until now to have spe-
cific information on a process such as endoreduplication 
whose data can contribute to clarifying the dynamics of 
appearance and disappearance of polyploid cells in the 
culture of NIHs cells.

Regardless of the mononuclear conditions and using 
other cellular models, in some works on the mechanisms 
of drug resistance induced by the increase in cell ploidy 
values of some tumors (whose DNA content value was 
not indicated), it has been shown that although most 
giant polyploid cells undergo death events, alternately, a 
fraction of them can contribute to the negative evolution 
of the tumor, being able to produce a progeny of viable 
cells. Then, in this case, the number decrease of giant 
elements may be partly due to the subdivision of their 
large cell body into cells with a lower ploidy level, which 
include some proliferating cells near diploidy [19, 44, 45].

Regarding the dynamics related to the fate of NIHs 
polyploid cells with particular reference to degen-
erative and depolyploidization events, conclusive 
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elements could be provided by the use of real-time 
microscopy and time-lapse imaging techniques.

Conclusions
While highlighting the limitations of in  vitro stud-
ies in reproducing the complexity of tissue and organ 
systems, PEG-treated NIHs cultures can represent a 
model of heterogeneous subpopulations originating 
from cell fusion and division process anomalies, which 
could be used in screening programs for molecules 
with different pharmacological activities. As a conse-
quence of different cell features related to the differ-
ent DNA content, NIHs subpopulations can provide 
variable responses to stimuli internal to the culture 
or induced by exogenous pharmacological treatments 
able to induce cell degeneration and death. Canonic, 
autophagic-like, or hybrid forms of cell death can also 
depend on the ability of the cells to progress through 
the cell cycle and may influence the persistence and 
fate of polyploid descendants, which is also related 
to chemotherapeutic agent action. The different cell 
subpopulations constituting the NIHs culture, on the 
basis of their state, can use different ways of expres-
sion to activate self-destruction. Conventional apopto-
sis seems to be a mechanism involved, especially in the 
removal of cells with higher proliferative activity and 
a reduced dimension, while autophagic-like or alterna-
tive degenerative phenomena appeared to be involved 
in the removal of polyploid cells with intermediate 
and larger sizes. Concerning the possibility that the 
different cell features can modulate the expression 
of alternative or hybrid forms of cell death, it can be 
underlined that autophagic events could alter conven-
tional apoptosis progression, making one or the other 
form of cell death prevail. This highlights the need to 
clarify the role of autophagy in the regulation of pro-
cesses related to the cell degeneration machinery and 
the interconnection with apoptosis or other forms of 
cell death. In the larger giant NIHs cells, with a DNA 
content greater than 64c, no aspects related to cell 
death events were clearly detected under the differ-
ent experimental conditions. This could support the 
hypothesis that the decrease and disappearance of 
these subpopulations would be partly related to pos-
sible cell body fragmentation as an alternative to the 
activation of a cell death program, with the genesis of a 
progeny of smaller cells with a lower ploidy level. The 
possibility of clarifying these aspects and the expan-
sion of knowledge in this area could provide the basis 
for the development of new therapeutic strategies in 
the treatment of tumors characterized by marked cel-
lular heterogeneity.

Methods
Cell cultures
The NIHs cells were cultured in Dulbecco’s modified 
Eagle’s medium (Sigma-Aldrich) supplemented with 10% 
fetal calf serum (Gibco, Life Technologies), 2 mM L-glu-
tamine (Gibco, Life Technologies), 100 units/ml penicillin 
(Gibco, Life Technologies), and 100  μg/ml streptomy-
cin (Gibco, Life Technologies) at 37  °C in a humidified 
atmosphere containing 5%  CO2. The NIHs culture used 
in this work was previously obtained after prolonged 
(7–10  days) serum deprivation (culture medium con-
taining 0.5% fetal calf serum) from the NIH3T3 mouse 
embryo fibroblast line. The withdrawal of serum caused 
massive cell detachment and death of almost all cells con-
stituting the culture. A small fraction of surviving cells, 
when serum was restored, re-entered the cell cycle and, 
after recovery of the normal proliferative activity, showed 
a higher presence of polyploid/aneuploid cells [20] with 
respect to the original NIH/3T3 cell line.

The cultures were propagated by trypsinization by 
incubating the cells at 37 °C for times ranging from 7 to 
15 min. The first trypsinization was performed 30 h after 
PEG treatment.

Trypsin (Gibco, Life Technologies) was typically used 
at a concentration of 0.25% in calcium- and magnesium-
free Dulbecco’s phosphate buffered saline (PBS) (Gibco, 
Life Technologies). The cultures were analyzed as a sub-
confluent monolayer, both in control and after treatment 
conditions.

PEG‑induced cell fusion
The ability of PEG to fuse biological membranes is pri-
marily referred to as its chemical nature as a polymer 
capable of achieving a high level of hydration and there-
fore functioning as a dehydrating agent. Referring to this 
property and the consequent subtraction of water from 
cell surfaces, PEG can put plasma membranes close to 
tightening molecular contact. Then, to induce fusion, it 
is necessary that lipid monolayer packaging is disorgan-
ized with the mixture of lipids in the bilayers of touching 
membranes [50].

In this work, PEG-mediated cell fusion was performed 
in a single-step procedure: NIHs cells were incubated 
with 37% PEG 6000  MW (Merck-Schuchardt, Hohenb-
runn, Germany) in Dulbecco’s modified Eagle’s medium, 
pH 8.2, for an exposure time of 10  min at 37  °C in a 
humidified atmosphere containing 5%  CO2.

The best experimental conditions for cell fusion, which 
guaranteed an increase in polyploid/aneuploid multinu-
cleated cells and the maintenance of acceptable cell via-
bility conditions (cell viability was as high as 88,2 ± 3.2%), 
were determined based on preliminary experiments 
that allowed us to define treatment modalities in terms 
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of both PEG concentration and incubation time. For 
PEG-mediated fusion, NIHs cells were grown in T-25 
 cm2 culture flasks up to the achievement of a confluence 
of approximately 75%, and the most favorable incuba-
tion times ranged from 10 to 15  min, without showing 
significant differences in terms of fusion efficiency and 
cell viability in this range. Subconfluence permitted the 
maintenance of some proliferative capability of the cul-
ture and, at the same time, rented the cells (especially in 
some areas of the growth substrate) near enough to allow 
contact for PEG-induced fusion. After treatment, the 
PEG solution was removed, and the cells were washed 
twice in PBS and maintained in complete medium for 
30 h. This time was also chosen to obtain information on 
the cytokinetic aspects of the new cell subpopulations 
induced by the fusogenic agent. After PEG treatment, 
cell fusion products were evaluated by phase contrast 
and fluorescence microscopy. To determine the per-
centage incidence of polyploid cells, a mean number of 
500 cells were counted; cell viability was determined by 
trypan blue exclusion. The data obtained by morphologi-
cal analysis and fluorometric evaluations 30 h after PEG 
treatment represented the reference situation (control). 
After this time, some cultures were subjected to trypsi-
nization for propagation, while other cultures were incu-
bated with vinblastine (VBL).

Vinblastine incubation
Cell cultures were incubated with 2 μg/ml VBL (Sigma-
Aldrich) in complete medium for 24  h. The drug was 
added to both untreated (control) and PEG-treated sub-
confluent cultures.

Microscopy and photographic documentation
Photographic documentation was obtained using a Zeiss 
Axiovert 40C inverted phase contrast microscope (Carl 
Zeiss Jena GmbH, Jena, Germany) in a conventional 
way and suitable lighting to obtain an interference con-
trast effect. A Nikon Eclipse 600 microscope (Nikon, 
Kanagawa, Japan) equipped for epifluorescence observa-
tion of fluorochromized samples was used.

Evaluation of polyploid cells by microfluorometry of DNA 
content
NIHs cells grown under different experimental con-
ditions on coverslips were fixed with 70% ethanol for 
30  min at 4  °C. Nuclear DNA content was determined 
using Hoechst 33,342 (Sigma-Aldrich) or acridine orange 
(AO) (Sigma-Aldrich) fluorochromes.

For DNA staining with Hoechst 33342, the cells were 
incubated with a fluorochrome solution [2 µg/ml in PBS 
(pH 7.4)] for 30  min at room temperature. For the AO 
staining procedure, see below.

The amount of DNA per cell was analyzed by meas-
uring the fluorescence emitted by every single nucleus. 
For this analysis, a Nikon P II cytoflurometer (Nikon, 
Kanagawa, Japan) was employed using a 100 × oil-immer-
sion objective.

In the microfluorometric apparatus, an appropriate 
system of diaphragms permitted the selection of single 
nuclei, and the fluorescence was quantitatively analyzed 
after automatic subtraction of the background bright-
ness. The operations of alignment and focusing of the 
nuclei were preliminarily conducted under phase con-
trast in low light conditions to avoid photo decay.

In a series of parallel samples, the cells were fluoro-
chromized with acridine orange to better correlate the 
DNA content to cell morphology and different nuclear 
conditions (multinucleation and anomalies). In this 
way, images related to a specific cellular situation were 
acquired after the DNA content microfluorometric 
measurements.

For each experimental condition, three slides were 
examined, and 500 cells per slide were measured. The 
DNA content results were represented as fluorescence 
intensity histograms.

A histogram of the DNA content of NIH-3T3 culture 
before serum starvation was inserted in the results. Dur-
ing this microfluorimetric measurement, a suspension of 
lymphocytes separated by mouse blood [49, 51] was used 
as an external reference standard to derive the position 
of the 2c value in abscissa. Lymphocytes cytocentrifuged 
(200 × g for 10  min) on microscope slides previously 
coated with Poly-L-Lysine Hydrobromide (SIGMA, St. 
Louis, MO, USA) (300  μg/ml in PBS) were simultane-
ously measured under the same instrumental conditions 
used for NIH-3T3 cells.

The results of the measurements of the DNA content 
of the two samples were reported in the same graph, and 
the value of their ratio calculated based on peak chan-
nel numbers allowed us to detect that the NIH/3T3 cells 
have, in the G0/G1 phase, DNA content in the range 
3c-4c. The cells of this line are therefore hypertriploids. 
In the case of the NIHs line, given the presence of dif-
ferent cellular subpopulations and to simplify data rep-
resentation, cells in G0/G1 were arbitrarily considered 
diploids, with the first peak in the logarithmic scale of the 
cytofluorimetric histogram indicated as 2c. A similar cri-
terion of representation of cellular ploidy data for NIH-
3T3 cells has been previously used by other authors [52].

Acridine orange staining
DNA microfluorometric measurements
Acridine orange is a metachromatic fluorophore use-
ful for nucleic acid analysis. Through the applica-
tion of standard protocols (see below), the use of this 
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fluorophore offers simultaneous cell staining of DNA and 
RNA. In this way, it is possible to distinguish and meas-
ure separately the fluorescence of the two nucleic acids 
due to AO intercalation in the DNA double helix or elec-
trostatic interaction with single-stranded RNA and stack-
ing of dye monomers. Therefore, the cytoplasm shows a 
dark red (> 630  nm) fluorescence of RNA, while in the 
nucleus, acridine orange fluoresces bright green (525 nm) 
after interaction with DNA and dark red after interaction 
with RNA of nucleoli.

NIHs cells were stained as follows, using an adjustment 
of the method of Darzynkiewicz [53] applied to cells 
grown on coverslips in multiwell plates. After fixation 
with 70% ethanol for 30 min at 4  °C, cells were washed 
in buffer A (0.1% Triton X-100, 0.2  M sucrose,  10–4  M 
EDTA, and 2X  10–2 M citrate phosphate buffer, at pH 3.0) 
(Sigma-Aldrich). Thereafter, 1 ml of buffer A was added 
to each well for 1 min. For staining, 2 ml of the solution 
containing 50  µg/ml acridine orange, 0.1  M NaCl, and 
 10–2 M citrate–phosphate buffer (pH 3.8) were added to 
the cells. After 15  min of incubation at room tempera-
ture, single-cell fluorescence intensities were measured 
with a Nikon P II cytoflurometer. To measure nuclear 
fluorescence emission, red fluorescence of the cytoplasm 
was excluded through a variable diaphragm between the 
specimen plane and the ocular, limiting the measurement 
of the fluorescent image to the nucleus only.

Autophagy detection
As an alternative to the previous procedure, AO can be 
used in vital stains as a marker of autophagy. Under spe-
cific incubation conditions (low concentration and neu-
tral pH), this fluorochrome accumulates in the acidic 
compartments of the cells in a pH-dependent manner. 
Within acidic vesicles (assuming a pH value of 4.5–5.0) 
such as lysosomes and autolysosomes, the molecule is 
protonated, and within the organelle, it forms aggregates 
that emit bright red fluorescence. This metachromatic 
shift is due to the dimerization of AO at high concen-
trations inside acidic vesicles [54]. In the nucleus, acri-
dine orange fluoresces weakly green. This is a common 
method used to visualize acidic intracellular compart-
ments, quantify acidic vesicular organelles, and evaluate 
their distribution in relation to events such as autophagy 
[55].

For the staining procedure, cells were incubated for 
10 min at 37 °C with AO used at a concentration of 2.5 µg/
ml in culture medium (pH 7.4). The samples were exam-
ined after washing in PBS to remove excess dye. Under 
these incubation conditions, the membrane permeability 
to protonated AO is very low, and therefore, it is possible 
to clearly distinguish brilliant red fluorescent granula-
tions in the cytoplasm. This assay can be an alternative or 

complementary to other methods for determining acidic 
vesicles that increase during autophagy induction. Other 
works indicated that red fluorescent cytoplasm granula-
tions obtained after AO staining, under the conditions 
described above, correlated with the distribution of fluo-
rescent-tagged LC3 [55].

In the present work, autophagy was quantified based 
on the mean number of cells displaying intense punctuate 
red staining of the cytoplasm. For each experimental con-
dition, at least 500 cells from three different slides were 
evaluated. The analysis was performed under a fluores-
cence microscope using a 50 × oil-immersion objective.

Apoptosis detection
The morphological detection of the different forms of 
PCD was carried out during the measurements of the 
DNA content after acridine orange or Hoechst 33342 
fluorochromization, according to the procedures already 
reported above. Regarding type I PCD, nuclei show-
ing morphological alterations, including chromatin 
condensation and its margination against the nuclear 
envelope, nuclear shrinkage, and karyorrhexis, were 
considered apoptotic. Nuclei with these characteris-
tics were expressed as a percentage of the total cells 
evaluated. The occurrence of DNA fragmentation was 
assessed through the TUNEL (terminal deoxynucleotidyl 
transferase dUTP nick end labeling) assay. Briefly, NIHs 
cells grown on glass coverslips were fixed with 4% (w/v) 
paraformaldehyde (Sigma‒Aldrich) and analyzed using 
a commercial kit (TUNEL In  Situ Cell Detection Kit, 
AAT Bioquest) according to the manufacturer’s protocol 
(#22,844, AAT Bioquest, Inc. CA, USA). Samples were 
incubated with 50 μl of TUNEL working solution (0.5 µL 
of 100X  Tunnelyte™ Red was added to 50 µL of reaction 
buffer) for 1 h at 37 °C in a dark chamber. After removing 
the TUNEL working solution, the cells were washed with 
PBS, and to establish the cell fraction positive for the 
reaction, nuclei were counterstained with Hoechst 33342 
(ex/em: 355  nm/465  nm). The TUNEL red fluorescence 
signal was analyzed using a fluorescence microscope with 
a TRITC filter set (ex/em: 540 nm/590 nm).

Cytoskeleton network labeling
Some details of the cytoskeleton related to cell adhesion 
were acquired through fluorescence microscopy after the 
application of immunofluorescence techniques.

Microtubule network
NIHs cells grown on glass coverslips were fixed in 3% 
paraformaldehyde (Sigma-Aldrich) 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% 
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in Buffer A) for 15 min at room temperature. Cells were 
incubated with anti-tubulin antibodies (1:2000, Sigma 
#T5168) for 1  h in a humid chamber. After washing 
in Buffer A, the cells were incubated with goat anti-
mouse Alexa 488 antibodies (1/800, Molecular probes # 
A-11001) for 1 h in a humid chamber. In indirect immu-
nofluorescence techniques, negative reaction controls 
were obtained by omitting the incubation in the pres-
ence of the primary antibody. In all fluorescence micros-
copy specimens, nuclear counterstaining 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 a 1:10 (v/v) mixture of PBS/glycerol con-
taining p-phenylenediamine (Sigma-Aldrich) as an anti-
fading agent. For fluorescence microscopy, the following 
conditions were used: 490 nm/525 nm (excitation/emis-
sion) for Alexa 488 and 355 nm/465 nm (excitation/emis-
sion) for Hoechst 33342.

Microfilament network
NIHs cells grown on glass coverslips were fixed in 3% 
paraformaldehyde in PBS containing 1  mM  CaCl2 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. Actin microfilament visu-
alization was performed by incubating the cells in the 
presence of TRITC-conjugated phalloidin (dilution 1:50) 
(Sigma-Aldrich) for 45 min in a humid chamber.

Nuclear counterstaining was obtained with Hoe-
chst 33342 (2  μg/ml in PBS) for 10  min at room tem-
perature. After washing in Buffer A, coverslips were 
mounted in a 1:10 (v/v) mixture of PBS/glycerol con-
taining p-phenylenediamine as an anti-fading agent. For 
fluorescence microscopy, the following conditions were 
used: 540  nm/590  nm (excitation/emission) for TRITC; 
355 nm/465 nm (excitation/emission) for Hoechst 33342.

All fluorescence micrographs were obtained with a 
digital camera (Olympus ColorView III u) (Tokyo, Japan) 
connected to an epifluorescence microscope (Nikon 
Eclipse 600) equipped with a 100 Watt mercury lamp.

Transmission electron microscopy
NIHs cells grown in 75  cm2 culture flasks under various 
experimental conditions were washed in phosphate-buff-
ered saline and then fixed for 2  h with 2.5% glutaralde-
hyde (Sigma-Aldrich) in 0.1 M sodium cacodylate buffer 
(pH 7.4) (Sigma-Aldrich) at 4 °C. The fixed samples were 
scraped off with a spatula, transferred to sterile tubes and 
centrifuged at 300 × g for 10 min.

The pellets were washed in the same buffer containing 5% 
sucrose and postfixed for 90 min with 1% osmium tetrox-
ide (Sigma-Aldrich) and 1.6% potassium ferrocyanide 

(Sigma-Aldrich) in sodium cacodylate buffer (pH 7.4) 
at 4  °C. The cells were then resuspended in 1 ml 2% aga-
rose and centrifuged at 300 ×g for 10  min at 35  °C. After 
1  h at 4  °C, the samples were fragmented, dehydrated in 
an increasing ethanol series, and embedded in epoxy resin 
(Agar 100) (Agar Scientific, Stansted Essex, UK) at 60  °C 
for 48  h. Ultrathin sections were mounted on 200 mesh 
copper, double stained with uranyl acetate and lead citrate 
and examined under a Zeiss EM 900 transmission electron 
microscope operating at 80  kV (Carl Zeiss Jena GmbH, 
Jena, Germany). The basic ultrastructural analyses focused 
on nuclear morphology and some subcellular cytoplasmic 
aspects indicative of cell degeneration.

Statistical analysis
Statistical analysis was performed using SigmaPlot Soft-
ware (Systat Software Inc., San Jose, CA). The measure-
ment data were expressed as the mean ± standard error 
(SEM). A t test was used for comparisons between two 
groups. P < 0.05 was considered statistically significant.
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