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Introduction

Cell shrinkage and apoptotic volume decrease (AVD) are 
considered an important early stage of apoptosis [1–6]. A 
common way to detect AVD is by forward light scattering 
(FSC) on a flow cytometer [7–12]. It is known, however, 
that light scattering depends on many factors other than 
cell size [13]. One of them is cell hydration. However, it is 
specifically cell dehydration that is thought to be a major 
mechanism of AVD [6, 14–17].

Comparative study of light scattering during apopto-
sis induced by etoposide, staurosporine (STS) and hyper-
tonic stress is interesting because of different patterns of 
changes in cell hydration during initiation of apoptosis in 
these cases. Apoptosis induced in U937 cells by etoposide 
is the best example of apoptosis without an initial water 
loss; staurosporine provides an opposite case of apoptosis 
with the typical cell dehydration; hypertonic stress initiates 
apoptosis by direct osmotic loss of cell water [3, 14–16, 
18–20]. The results presented below show flow cytometry 
data in parallel with cell water assay by buoyant density 
and Coulter cell sizing. We show that an increase, but not 
a decrease, in light scattering marks the initial cell volume 
decrease associated with apoptotic cell dehydration if the 
latter takes place at all. The delayed FSC decrease paral-
leled the accumulation of annexin-positive cells and was 
similar in apoptosis caused by all of the studied inducers. 
The popular view that a decrease in FSC accompanies the 
initiation of apoptosis is inconsistent with the data obtained 
on U937 cells. We suppose that this view took hold because 
cell fragments with reduced sizes were viewed as early 
apoptotic cells. Only whole cells identified on FSC/SSC 
contour plots and tested for early apoptosis by annexin and 
propidium iodide (PI) were analyzed in the present study.
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Materials and methods

Cell culture, drug treatment and chemicals

U937 human histiocytic lymphoma cells were obtained 
from the Russian Cell Culture Collection (Institute of 
Cytology, Russian Academy of Sciences, St. Petersburg, 
cell line U937 catalogue number 160B2). The cells were 
cultured in RPMI 1640 medium (Biolot, Russia) with 10% 
fetal calf serum (HyClone, USA) in an atmosphere of 95% 
air and 5% CO2 at 37 °C. Cells were grown to densities of 
1 × l06 cells/ml before use and prepared for experiment on 
day 1 or 2 of culture. For induction of apoptosis, the cells 
were exposed to STS (Sigma-Aldrich, Germany), etopo-
side (Sigma-Aldrich, Germany) or hypertonic medium. 
Stock solutions of STS (2 mM) and etoposide (34 mM) in 
DMSO were used to yield the final concentrations of 1 μM 
STS and 50  μM etoposide. Hypertonic media were pre-
pared by addition to RPMI medium of 180 mM sucrose or 
100 mM NaCl from the stock solutions of 2 M sucrose in 
PBS and 1 M NaCl, respectively. The osmolarity of solu-
tions was checked with the Micro-osmometer Model 3320 
(Advanced Instruments, USA). Sucrose and NaCl were of 
analytical grade from Reachim (Russia). Alexa Fluor 647 
Annexin V (annexin) was purchased from Life Technolo-
gies (USA) and PI was from Immunochemistry Technolo-
gies (USA). Percoll was from Pharmacia (Sweden). Den-
sity marker beads were from Sigma (Germany).

Cell size and buoyant density assay

Cell size was measured by Scepter cell counter equipped 
with a 40-μm sensor and software version 2.1, 2011 (Merck 
Millipore, Germany). After treatment with apoptosis induc-
ers for appropriate time periods, the cells were centrifuged 
at 2000×g and re-suspended in Hank’s balanced salt solu-
tion (HBSS) or in hypertonic HBSS with added sucrose or 
NaCl. At the same time, cells were diluted to concentra-
tions of (0.5 − 1) × 106 cells/ml, which lie within the operat-
ing range of the instrument. An increase in the conductivity 
of the media due to addition of 100  mM NaCl decreases 
the apparent particle size by about 20%, as was verified by 
running standard 10 µm polystyrene microparticles (Sigma-
Aldrich Product No 72986). Only the corrected data are 
presented on the graphs.

Cell water was determined by measurements of the 
buoyant density of cells in continuous Percoll gradients. 
In our experience, this is the most sensitive and reliable 
of all currently existing methods for determination of cell 
water [14, 15, 17, 20, 21]. Density marker beads were 
used to calibrate density gradients. The water content 
per g protein, vprot, was calculated as vprot = (1 − ρ/ρdry)/
[0.72(ρ − 1)], where ρ is the measured buoyant density of 

the cells and ρdry is the density of the cell dry mass, the 
latter taken as 1.38 g/ml. The ratio of protein to dry mass 
was taken as 0.72. Relative changes in cell water do not 
depend noticeably on the assumed values of ρdry or on the 
ratio of protein to dry mass.

Flow cytometric analysis

The dynamics of apoptosis induced by etoposide, STS 
and hypertonic stress was studied by flow cytometry. 
Samples were analyzed on a CytoFLEX Flow Cytom-
eter (Xitogen Technologies, Suzhou, China) equipped 
with three lasers (405, 488 and 638 nm) and nine detec-
tors. The apoptosis assay utilized annexin V and PI as 
probes for phosphatidylserine outer leaflet exposure and 
non-selective membrane permeability, respectively. The 
annexin fluorescence was measured in the APC-A700 
channel (638-nm excitation, 712/25  nm bandpass emis-
sion filter), and PI fluorescence was measured in the PE 
channel (488-nm excitation, 585/42  nm bandpass emis-
sion filter). For subsequent analysis with CytExpert soft-
ware (Xitogen Technologies, Suzhou), at least 2 × 104 
events in the “cell” area of the FSC versus SSC dot plots 
were collected per sample.

For staining with annexin and PI, control cells or cells 
after induction of apoptosis were washed with PBS and re-
suspended in the annexin-binding buffer (140  mM NaCl, 
2.5  mM CaCl2, 10  mM HEPES/NaOH, pH 7.4). 5  μl of 
annexin and 2  μl of PI (0.25  mg/ml) were subsequently 
added to 100  μl of cell suspension. 180  mM sucrose or 
100 mM NaCl were added during washing and cell stain-
ing, as appropriate. After 15–20 min of incubation at room 
temperature, cells were diluted to 500 μl with annexin-bind-
ing buffer and analyzed on a CytoFLEX Flow Cytometer. 
Annexin-positive, PI-negative cells were counted as early 
apoptotic, annexin, PI-positive cells - as dead. For analysis 
of annexin and PI fluorescence, cells were gated on FSC 
with threshold at 2 × 104. Annexin-positive and annexin-
negative cells were selected on contour plots where bound-
aries between cell populations are more visible.

Statistical analysis

The medians of the FSC, SSC, APC-A700-A or PE-A 
areas for appropriate cell subpopulations given by CytEx-
pert 1.2.8.0 software were averaged for all samples ana-
lyzed. Using the means leads practically to the same results 
as using the medians. The averaged median data were 
expressed as Mean ± SE for indicated numbers of experi-
ments and were analyzed using Student’s t test. P < 0.05 
was considered as statistically significant.
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Results

Major particle subsets in the entire cell culture 
as revealed by the FSC/SSC contour plots

Whole cells and residual particles present in FSC/SSC con-
tour plots form two distinct major subsets denoted below as 
P0 and P1 (Fig. 1). The former is rather scattered whereas 
the latter is compact. The gap between them is reduced 
as apoptosis progresses. The P0 and P1 subsets made up 
about 40 and 60% of the entire control cell population, 
respectively. The subset P0 increased significantly in cul-
tures induced to apoptosis. The observed increase of P0 is 
a well-known phenomenon, which is a specific feature of 
apoptosis [11, 22, 23]. The kinetics of P0 particles genera-
tion in U937 cell culture treated with all tested apoptosis 
inducers is shown in Fig.  2. The number of P0 particles 
increases significantly only after 3–4 h or a little earlier in 
cells treated with hypertonic media (P < 0.05). It should 
be noted that some authors consider subsets similar to P0 
as apoptotic cells with reduced FSC and annexin staining. 
Indeed, the P0 particles bound annexin. However, one can 
assume that cell fragments could be stained with annexin 
as the P1 cells. The number of cells in the P1 subsets was 
kept at the level 2 × 104 in all samples and used as a ref-
erence in estimation of sizes of all other subsets. Current 
study focuses on the analysis of initial stages of apoptosis 
in unfragmented P1 cells. The origin of P0 is beyond the 
scope of the current article.

Apoptosis progress in the cell subpopulation P1 
as revealed by annexin‑propidium iodide test

The cell subpopulation P1, which appears homogeneous 
in the FSC/SSC plots, splits into distinct groups in the 
annexin versus PI plots (Fig. 3a). Two major (P2, P3) and 

one minor subset (P4) are distinguishable after treatment 
with apoptosis inducers for sufficient time (Fig. 3a). Cells 
with low fluorescence in both channels (P2) can be oper-
ationally classified as pre-apoptotic. Cells with strong 
annexin but low PI signal are classified, in agreement 
with current views, as early apoptotic (Fig. 3a, P3). The 
remaining 2–5% of P1 cells (P4) that are double annexin-
PI positive represent late apoptosis (Fig.  3a, P4). The 
analog of the P2 subset can be seen in unstained samples 
(Fig.  3b). The signal in the “Annexin” channel in this 
case is caused by autofluorescence. It should be noted 
that the positions of subsets P2 in plots for stained and 
unstained samples do not fully coincide. This fact might 
be due to the ability of normal cells to be slightly stained 
with annexin when it is present in the medium. Remark-
able increase in number of early apoptotic cells P3 occurs 
at 3–4 h. This corresponds to the time when the number 

Fig. 1   FSC/SSC contour plots showing two major particle sub-
sets, P0 and P1 in U937 cell cultures before and after 4 h treatment 
with etoposide (Etop), STS and hypertonic sucrose solution (Suc). 
All plots are results of one representative experiment in which cells 

were stained with annexin and PI. The percentages of P0 and P1 were 
obtained after selection of two rectangular gates in CytExpert soft-
ware. Percentages of gated cells in stained and not stained cell sam-
ples are similar within standard error

Fig. 2   The increase of size of microparticle population (P0) in 
U937cell cultures after treatment with etoposide, STS and hypertonic 
sucrose or NaCl solutions as related to the size of populations P1 
(see Fig. 1 for their selection). Means ± SE of the ratios of P0 to P1 
are shown. The number of experiments used for calculations of P0/
P1 ratios for each time point is indicated on graphs. *, ** P < 0.001 
and 0.05, respectively, as compared to untreated cells (t = 0). Typical 
experiment is shown on Fig. 1



1290	 Apoptosis (2017) 22:1287–1295

1 3

of particles in the P0 subset increases (compare Figs. 2, 
4). The rate of increase in the numbers of early apoptosis 
cells depends on the inducer (Fig. 4).

Apoptosis progress in cell population P1 as revealed 
by changes in FSC, SSC, cell size and water content

The CytExpert software gives statistics of particle distri-
bution in individual subsets, in particular, their means and 
medians. These parameters were used to study fine changes 
in FSC and SSC during the initial stages of apoptosis, apart 
from routine counting of particles P0 and P1 separated by 
crude gating on logarithmic FSC/SSC plots. The initiation 
of apoptosis with etoposide was found not to be accom-
panied by any significant increase in the magnitude of the 
FSC signal for particles in P1 during the first 2 h (P < 0.01, 
Fig.  5). Only later, a decrease in FSC was observed in 
parallel with an increase in the number of P3 cells, which 
indicates early apoptosis (Fig.  4). The FSC decrease is 
frequently interpreted as an evidence of apoptotic shrink-
age due to cell water loss. However, in contrast to apop-
tosis induced in U937 cells by other drugs or apoptosis 
induced by etoposide in other cell types (e.g. thymocytes), 
etoposide-induced apoptosis U937 cells does not lead to an 

Fig. 3   Normal (P2), early apoptotic (P3) and late apoptotic (P4) sub-
populations of U937 cells following 4  h treatment with etoposide, 
STS and hypertonic sucrose are revealed in annexin versus PI plots. 
Population percentage indicated next to P2, P3, P4 marks are related 
to P1 population, i.e. to the non-fragmented cells. The same samples 

as in Fig. 1 (a); no subpopulations P3 are observed in unstained cell 
cultures in the same channels. Residual analog of P2 can be inter-
preted as autofluorescence (b); a and b data are obtained in one and 
the same experiment

Fig. 4   Time course of an increase in percentage of early apoptotic 
cell populations P3 and decrease for normal cell populations P2 in 
cultures treated with etoposide, STS and hypertonic sucrose or NaCl 
solution. P2 and P3 percentages are calculated for parent population 
P1. Means ± SE for 3–4 independent experiments, typical experiment 
is shown on Figs. 1 and 3
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increase in cell buoyant density, i.e. cell dehydration. This 
was studied in details in our previous work [14] and con-
firmed in the current experiments (Fig. 5). Figure 6a shows 
the distribution of U937 cells by electronic size in a sample 
treated with etoposide for 4 h. There are two distinct sub-
sets in the histogram. One subset may represent cell frag-
ments (P0) and other represents P1 whose average size may 
be a little smaller than in untreated control.

STS-treated cells showed an initial increase in FSC fol-
lowed by a slow decrease (P < 0.01 for comparison 0–1 and 
2–4  h, respectively) and, at the same time, the large cell 
dehydration (Fig. 5). Therefore, the widely shared opinion 
that a decrease in FSC during apoptosis is a reliable indi-
cator of AVD connected with dehydration appears to be 
erroneous. The reduced water content of STS-treated cells 
was shown earlier by cell buoyant density determination 
[14] and confirmed by the similar assay of the same batch 
of cells (Fig.  5). The effect of cell dehydration on FSC 
increase is known [24, 25]. The significant decrease in size 
of STS treated cells at 4 h is confirmed by determination of 
cell size by Scepter (Fig. 6a). The FSC level to 4 h is the 
same as in untreated cells.

The experiment with hypertonic media further supports 
this explanation: in this case, there is no doubt that shrink-
age is caused by the loss of cell water, and yet the FCS 

initially increases (P < 0.01 for comparison 0–1 h, Fig. 5). 
The long-term response to hypertonic solution is more 
complicated. The rapid osmotic dehydration is followed 
by two opposing processes: a delayed loss of water associ-
ated with apoptosis (AVD) and an active response aimed at 
restoration of the cell volume (regulatory volume increase, 
or RVI). Apoptosis is also accomplished by formation of 
diverse microparticles. The corresponding three subsets of 
cells (microparticles and cells at the AVD and RVI stages) 
are found on histograms obtained with the Scepter Cell 
Counter (Fig.  6e). These subsets could not be character-
ized quantitatively in the histograms but they are still well 
visible. The data show that, initially, the entire volume dis-
tribution shifts to the left (rapid dehydration), but later it 
begins to split into two: some cells keep shrinking (AVD) 
and others begin to increase in size (RVI). The numbers of 
cells experiencing AVD and RVI, as well as the magnitude 
of volume changes, vary from experiment to experiment 
(compare Sucrose Jan 28 and Feb 9 in Fig.  6c, d). These 
two opposite trends, AVD and RVI, have been examined 
earlier in our publications and by other researchers [3, 16, 
20].

Hypertonic stress caused either by 180 mM sucrose or 
by 100 mM NaCl following a prompt initial FSC increase 
gives way to a slow FSC decrease similar to that in STS- or 

Fig. 5   Time course of changes in FSC, SSC, cell volume and water 
content of U937 cells induced to apoptosis by etoposide, STS and 
hypertonic stress as compared with untreated cells of the same batch. 
Medians by CytExpert software are used to estimate cells P1 FSC and 
SSC changes and given as means ± SE for 3–15 experiments. P < 0.01 
for FSC compared at 0–1  and 2–4  h. Cell volume by Scepter cell 

counter is the modes averaged for indicated number of experiments, 
mean ± SE. Cell water was estimated by cell buoyant density; symbols 
are means ± SE, the gray bands represent width of cell distribution in 
density gradient estimated by eye. The number of the experiments for 
measurement the water/protein ratio is indicated in the graphs
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etoposide-induced apoptosis. The FSC at 4 h appears to be 
about the same as in control. The slow FSC decrease was 
observed in all studied types of apoptosis. It could be con-
nected with a slow decrease in cell size due to dissociation 
of apoptotic bodies and with an alteration of cell morphol-
ogy. Examples of numerous changes in U937 cell morphol-
ogy during apoptosis caused by hypertonic solutions can be 
found in our previous publication [20] and those caused by 
etoposide and STS are shown in Fig.  7. Microscopy also 
shows a wide variety of microparticles related to the subset 
P0.

The described changes in FSC characterize the major-
ity of cells in population P1 and apply both to stained 
and unstained samples. These changes were significant 
even though the P1 population was heterogeneous: not all 
cells in P1 have developed annexin staining by 4 h. Apart 
from the above conclusion a more detailed analysis was 

performed. We compared FSC for annexin-positive “early-
apoptotic” cells P3 with FSC for annexin-negative “pre-
apoptotic” cells P2 in the same samples. In each treatment, 
annexin-positive cells had a lower FSC signal than cells at 
a less advanced stage P2. The difference was 20–30% for 
etoposide and hypertonic apoptosis and only 10% for STS 
(P < 0.05, Fig.  8). Thus, the effect observed for the entire 
population P1 was confirmed sufficiently well by compari-
son of the subpopulations P2 and P3.

Discussion

Since the Kerr’s paper [26], cell shrinkage has been 
accepted as a hallmark of apoptosis. Moreover, there is 
a concept that cell shrinkage and water loss, i.e. AVD, 
may trigger the initial stages of apoptosis [1, 3, 27–29]. 

Fig. 6   Cell volume distribu-
tions by Scepter Counter in cell 
cultures induced to apoptosis 
with etoposide or STS for 4 h 
(a), and hypertonic NaCl (b), 
or sucrose solutions (c, d) for 
indicated time; Gauss approxi-
mations assuming three distinct 
subsets in cells culture treated 
with sucrose: 1 microparticles 
of small size, 2 non-fragmented 
cells with reduced size and 3 
non-fragmented cells partly 
recovering cell volume in direc-
tion opposite to AVD (e)
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Apoptotic cell volume decrease, known as AVD, remains 
under focus in many studies of apoptosis [6, 10, 11, 
30–34]. The most popular way of monitoring AVD is by 

flow cytometric light scattering. However, because scat-
tering intensity depends not only on the cell size but also 
on the extent of cell hydration, which is expected to be 
affected during early stages of apoptosis, interpretation of 
the scattering signal as a measure of cell size becomes 
problematic. Correlation studies of FSC and electronic 
sizing had been previously done by other authors on 
human lymphocytes, granulocytes and hamster fibro-
blasts treated with anisosmotic media [24, 25]. It was 
found, in particular, that a decrease in cell volume in 
hypertonic media is accompanied by an increase in for-
ward light scattering because the effect of an increase in 
refractive index (which augments scattering) outweighs 
the effect of cell size reduction. Detailed studies of elec-
tronically measured cell volume on cell fractions sorted 
by FSC and SSC were performed recently on several cell 
types and showed that light scattering can be an effective 
tool for studying cell volume variations, but that depends 
on the cell type [35, 36]. Parallel studies of changes in 
light scattering and electronically measured cell size dur-
ing apoptosis are sparse and controversial [3, 37–40]. A 
study combining both techniques with determination of 
cell hydration by the buoyant density assay is performed 
to our knowledge for the first time.

We conclude that an increase, but not a decrease, in 
FSC marks the initial cell volume decrease associated 
with apoptotic dehydration. The delayed FSC decrease 
occurs along with accumulation of annexin-positive 
cells. It is similar in apoptosis caused by all of the stud-
ied inducers and could be due to dissociation of apoptotic 
bodies or (and) morphological changes of cells. The pop-
ular view that a decrease in FSC reflects the AVD that 
occurs during initial stages of apoptosis is inconsistent 
with our data obtained on U937 cells. We suppose that 
this view gained popularity because cell fragments with 
reduced sizes have been misinterpreted as dehydrated 
apoptotic cells. Our initial gating was based on FSC/
SSC contour plots, which are more informative than dot 
plots. Only whole cells identified on FSC/SSC contour 
plots were analyzed further and tested, in particular, for 
signs of early apoptosis by annexin and propidium iodide. 
We believe that initial stages of apoptosis related to cell 
dehydration should be studied on whole cells to avoid 
having light scattering affected by cell size reduction due 
to dissociation of apoptotic bodies. The other advantage 
of our approach is that fine changes in FSC and SSC were 
estimated directly by their magnitude provided by the 
instrument software rather than by simple calculation of 
the number of cells in each particle subset.

Acknowledgements  This study was supported by Russian Founda-
tion for Basic Research, Projects No. 15-04-00776a and No. 17-00-
00364 KOMFI.

Fig. 7   Confocal images of U937 cells before (a) and after treatment 
for 4 h with STS (b) or etoposide (c, d). Cells were stained with acri-
dine orange and ethidium bromide; in a combination with RH414 (a, 
b and d); apoptotic bodies collected from different images (d). Leica 
TCS-SL microscope was used for confocal microscopy. Other details 
see in [14]

Fig. 8   FSC decrease in early apoptotic cells P3 as compared with 
cells P2 of the same sample. Cells were treated with indicated apop-
tosis inducers for 4 h. Mean ± SE of the ratios FSC-P3/ FSC-P2, num-
ber of experiments n and the percentages of P3 cell subpopulation 
for the used inducers are indicated on the graph. Medians by CytEx-
pert software are used to estimate cells FSC and SSC changes. *, ** 
P < 0.05 and 0.005 respectively as compared to 1 (that corresponds to 
FSC-P3 = FSC-P2)
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