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Abstract
Apoptotic volume decrease (AVD) is a characteristic cell shrinkage observed during apoptosis. There are at least two known 
processes that may result in the AVD: exit of intracellular water and splitting of cells into smaller fragments. Although AVD 
has traditionally been attributed to water loss, direct evidence for that is often lacking. In this study, we quantified intracel-
lular water in staurosporine-treated cells using a previously described optical microscopic technique that combines volume 
measurements with quantitative phase analysis. Water loss was observed in detached HeLa and in adherent MDCK but not 
in adherent HeLa cells. At the same time, adherent HeLa and adherent MDCK cells exhibited visually similar apoptotic mor-
phology, including fragmentation and activation of caspase-3. Morphological changes and caspase activation were prevented 
by chloride channel blockers DIDS and NPPB in both adherent and suspended HeLa cells, while potassium channel blocker 
TEA was ineffective. We conclude that staurosporine-induced dehydration is not a universal cell response but depends on 
the cell type and substrate attachment and can only be judged by direct water measurements. The effects of potassium or 
chloride channel blockers do not always correlate with the AVD.

Keywords Apoptotic volume decrease · Staurosporine · Intracellular water · Transport of intensity equation · Transmission-
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Introduction

The remarkable and often the most noticeable feature of 
apoptosis is a decrease in cell size. While many other char-
acteristics of apoptosis can be cell- and stimulus-depend-
ent, shrinkage occurs very reliably. Numerous publications 
investigating various aspects of apoptotic volume decrease 
(AVD) have appeared in the 1990–2000s and resulted in 
significant progress in our understanding of this phenom-
enon [1–4].

Volume decrease in apoptotic cells can occur both by 
water loss and by fragmentation; of these, the first mecha-
nism has received most attention. The most popular model 
of the AVD envisions activation of  K+ and/or  Cl− channels 
causing a loss of intracellular ions and osmotically-driven 
water efflux. In many cases, blockers of  K+ or  Cl− channels 

applied simultaneously with an apoptotic stimulus prevent 
both shrinkage and all other manifestations of apoptosis.

Fragmentation and generation of smaller apoptotic bod-
ies is another typical sign of apoptosis; it has been docu-
mented on numerous micrographs and by light scatter [5]. 
In addition to formation of small particles, the cells from 
which those particles have separated are also supposed to 
become smaller. When the total cell volume is the only 
measured parameter, there is not enough information to 
unequivocally attribute volume decrease to dehydration or 
to fragmentation.

There have been relatively few publications where cell 
dry mass or water content have been measured directly. The 
most convincing data come from buoyant density measure-
ments [6–10]. At the same time, not all density centrifuga-
tion experiments agree with the dehydration model of the 
AVD [11, 12]. Other authors have reported a decrease in the 
phase delay of light passing through the cell, which can only 
be interpreted as a reduction in the cells’ dry mass [13–17]. 
Thus, it appears that both factors may in principle contribute 
to what is known as the AVD.
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In this work, we applied a recently described microscopic 
method [18] to quantify water loss in apoptosis induced by 
a protein kinase inhibitor staurosporine (ST). ST has been 
a popular apoptosis inducer for studying AVD and related 
ion changes [19–27]. In particular, two publications from 
the Okada group [19, 28] reported a volume decrease in 
detached HeLa cells stimulated with ST as measured on 
an electronic size analyzer. We replicated the conditions 
employed by these authors, but measured intracellular 
water instead of the volume; a pronounced water loss has 
indeed been observed. At the same time, when HeLa cells 
were attached to glass, ST caused no loss of water; this was 
all the more remarkable since the cells were undergoing 
dramatic shape changes and fragmentation. To see if the 
lack of ST-induced water loss is a general characteristic of 
adherent cell lines, we tested ST on Madin-Darby Canine 
Kidney (MDCK) cells. MDCK responded with morpho-
logical changes that were very similar to those exhibited by 
HeLa but, unlike HeLa, they quickly became dehydrated. 
We conclude that the specific mode of action of ST depends 
on the cell type and on the state of attachment. To make 
conclusions about water loss, accurate water measurements 
are necessary.

Methods

Cell culture and treatment

HeLa and MDCK cells (ATCC, Manassas, VA) were grown 
in DMEM medium (Lonza) with 10% FBS and antibiot-
ics. For microscopic observation of adherent cultures, cells 
were transferred to No. 1.5 coverslips or to coverslip-bot-
tom chambers (Ibidi, Martinsried, Germany) no later than 
24 h before the experiment. Measurements of intracellu-
lar water content were done as described previously [18]. 
Approximately 10–15 min before imaging, the medium 
was replaced with an identical one containing additionally 
7 mg/ml Acid Blue 9 (AB9) (TCI America, Portland, OR), 
and the coverslips were mounted on slides over small spots 
of silicone grease [29]. When monitoring adherent HeLa 
over prolonged periods, coverslips were continuously kept 
in DMEM/AB9; the presence of the dye does not affect cell 
viability and functioning [18, 30, 31]. To prepare suspended 
HeLa samples, cells were detached from culture dishes using 
trypsin and transferred into fresh DMEM at 2.5 × 106 cells/
ml. They were incubated with agitation on a battery-oper-
ated platform for 2 h in a 5%  CO2 atmosphere before treat-
ment (in that, we followed the previously published protocol 
of Hazama and Okada [19, 32]). Prior to intracellular water 
measurements, the cells were centrifuged and resuspended 
in DMEM/AB9; the absorption of the final solution was 
determined by the lens-immersion method [33].

Apoptosis was induced with 2 µM ST (Cayman Chemi-
cal, Ann Arbor, MI). In some experiments, stimulation with 
ST was carried out in the presence of ion channel blockers: 
10 mM of potassium blocker tetraethylammonium chloride 
(TEA, Sigma-Aldrich, St. Louis, MO), or 0.5 mM of chlo-
ride blockers 4,4′-diisothiocyanato-2.2′-stilbenedisulfonic 
acid (DIDS) or 5-nitro-2-(3-phenylpropylamino)benzoic acid 
(NPPB; both from Cayman).

Microscopy and sample analysis

Individual cell protein concentration was determined by trans-
port-of-intensity (TIE) imaging with parallel volume measure-
ments by the dye exclusion method (transmission-through-dye 
or TTD) [18, 29, 30, 34, 35]. The samples were imaged on an 
Olympus IX81 microscope (Olympus, Center Valley, PA) in 
transmitted light. First, two images were collected through a 
485 nm band-pass filter: one in focus and the other by shifting 
the focal plane 5 µm into the sample; these two images allow 
the computation of the phase delay of transmitted light from 
the TIE equation; the output of the TIE had been previously 
calibrated in units of dry mass  Mdry [18]. Observation of the 
same sample through a 630 nm filter gives the cell volume 
from displacement of the strongly absorbing dye AB9 by the 
cells. By dividing the dry mass by the cell volume, intracel-
lular macromolecular concentration is obtained:

Conversion of protein concentration C (g/ml) into the vol-
ume fraction occupied by water (W) was done as

which is based on the typical value for protein density, 
1.4 g/ml [36]. This operation does not necessarily have to 
be performed on entire individual cells: parts of cells or, 
conversely, large cell clusters are equally suitable.

To detect apoptosis, we used 5 µM of the CellEvent rea-
gent (ThermoFisher) for visualizing activated caspase-3/7 and 
1,1′,3,3,3′,3′-hexamethylindodicarbocyanineiodide  (DiIC1(5), 
Anaspec, Fremont,CA) for mitochondrial membrane potential. 
The cells were imaged on an Olympus confocal microscope 
FV1000 using 488 nm excitation for CellEvent and 635 nm 
for  DiIC1(5). Flow cytometric analysis of CellEvent and 
 DiIC1(5) staining was performed on a FacsAria flow cytom-
eter (BD Biosciences, San Jose, CA) using excitation at 488 
and 635 nm, respectively.

C (g∕ml) = Mdry(pg)∕V(mm3)

W = 1 − 0.70 C
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Results

Adherent HeLa cells undergo apoptosis 
without water loss

Cells treated with staurosporine quickly begin to form slen-
der and loosely bound processes (Fig. 1a, b). Because the 
exact cell boundaries are now hard to determine, cell water 
content becomes a more reliable metric than the volumes of 
individual cells.

Figure 2 shows the results of water measurements pooled 
from twelve separate experiments. The data were consistent 
and showed no major or persistent water loss. At the same 
time, staining for caspase 3/7 and mitochondrial membrane 
potential confirmed that apoptosis was indeed stimulated by 
staurosporine treatment (Fig. 3).

Suspended HeLa cells undergo apoptosis 
accompanied by water loss

The observed lack of volume decrease was at variance with 
the much-cited publication by Maeno et al. [19]. Those 
authors, however, used HeLa cells detached from the plate 
and kept in suspension. Therefore, we attempted to replicate 
their conditions: HeLa were trypsinized, transferred to fresh 
medium and kept in suspension for two hours before apply-
ing ST. There was a clear loss of intracellular water under 
these conditions (Table 1), which agrees with the notion 
that staurosporine-induced shrinkage results from dehydra-
tion. The scatter in the data for dry mass was much greater 
than for W, and we did not attempt to analyze enough cells 
to conclude whether there was also a concomitant loss of 
organic matter (for example, because of fragmentation) in 
addition to water loss.

Apoptosis in adherent MDCK cells involves water 
loss

Next, we tested whether the lack of staurosporine-induced 
dehydration is a general property of attached cells. MDCK 
cells respond to staurosporine with morphological and 
biochemical changes similar to those of attached HeLa 
(Figs. 1c, 3); but, unlike HeLa, they showed a substantial 
loss of water (Table 1).

Fig. 1  a, b TTD images of the same population of HeLa cells before and 1 h after addition of staurosporine. c MDCK cells treated with stauro-
sporine. Cell brightness in TTD images is directly proportional to local thickness

Fig. 2  Relative volume occupied by water during incubation of 
adherent HeLa cells with staurosporine. Different symbols indicate 
data obtained in different experiments; each symbol represents the 
average water content for multiple groups containing from 2 to 17 
cells. The average water content W = 0.857 corresponds to the protein 
concentration of 0.205 g/ml, which agrees with our previous data [18] 
and lies within the typical range for mammalian cells [37, 38]
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The effect of inhibitors

In the publication by Maeno et al. [19], apoptosis in sus-
pended HeLa cells was prevented by chloride channel block-
ers DIDS and NPPB. We have repeated some of their exper-
iments with a similar outcome (Fig. 4a): both DIDS and 
NPPB prevented caspase activation, although NPPB allowed 
depolarization of mitochondria. The potassium channel 
blocker TEA failed to suppress apoptosis (in the cited work, 
no experiments with TEA were reported). Adherent HeLa 
responded to channel blockers in the same way as they did 

in suspension: DIDS and NPPB, but not TEA, prevented 
ST-induced morphological changes and caspase activation 
(Fig. 4b).

Discussion

Water loss does not always have to be equivalent to volume 
decrease, and it is likely that in some reports of the AVD, 
cell fragments were mistaken for shrunken and dehydrated 
cells [4, 36]. This kind of ambiguity can be avoided by using 

Fig. 3  Caspase (green) and 
mitochondrial potential staining 
by  DiIC1(5) (red) of HeLa and 
MDCK cells. Cells were either 
exposed to 2 µM staurosporine 
for 8 h or left untreated. No cas-
pase activation was noted after 
2 h of treatment (not shown). 
(Color figure online)

Table 1  Water and dry mass 
measurements in staurosporine-
treated cells

Incubation with ST was carried out for 4 h for HeLa and 1.5 h for MDCK. The differences between W in 
staurosporine-treated and control cells was statistically significant with P < 10−3; the differences in  Mdry 
were insignificant

HeLa in suspension MDCK adherent

Experiment 1 Experiment 2 Experiment 1 Experiment 2

Control
 W 0.825 ± 0.009 (61) 0.832 ± 0.009 (34) 0.869 ± 0.016 (39) 0.879 ± 0.007 (47)
 Mdry, pg 626 ± 114 634 ± 94

Staurosporine
 W 0.782 ± 0.017 (68) 0.798 ± 0.007 (74) 0.800 ± 0.024 (44) 0.792 ± 0.067 (33)
 Mdry, pg 661 ± 59 656 ± 56
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combined TIE/TTD microscopy, which quantifies dry mass 
and intracellular water separately from the total volume. 
The method is effective even when individual cells are dif-
ficult to measure, as is the case with spread and splintered 
staurosporine-treated cells.

We re-examined the effect of ST on suspended HeLa 
cells, where a decrease in the average cell volume was pre-
viously interpreted as dehydration [19]. By using direct 
measurements of intracellular water, we came to the same 
conclusion.

Attached HeLa cells behaved differently. Despite the rapid 
development of dramatic morphological changes, intracel-
lular water remained constant for at least 8 h. This was not 
due to suppression of other markers of apoptosis, because 
caspase activation and depolarization of mitochondria were 
quite pronounced by that time. We wish to point out that the 
multiple cell protuberances, most of which remain attached 
to parent cells while in adherent state (Fig. 1b, c), become 
separated during trypsinization (not shown). Thus, if adher-
ent and ST-treated cells were detached and ran on a particle 
analyzer or on a flow cytometer, one might have concluded 
that that the cells underwent AVD.

The lack of dehydration in adherent ST-stimulated cells 
prompted us to ask whether this could be a general feature of 
adherent cultures. The answer to this question was negative 
because MDCK cells, whose visible appearance under ST 
treatment was very similar to that of HeLa (Fig. 1), became 
dehydrated after 2 h of treatment.

We tested some of the ion channel blockers that prevented 
cell death in HeLa suspensions [19]. The chloride blockers 
DIDS and NPPB abolished apoptosis in both attached and 

suspended HeLa, even though attached HeLa exhibited no 
water loss. Thus, their effects may be unrelated to chloride 
channels and the AVD: direct inhibition of caspases [39] or 
activation of the PI3K/Akt signaling by DIDS [40] may be 
the explanation. Likewise, the action of NPPB can extend 
beyond chloride channels [41, 42]. No protective effect of 
potassium blocker TEA was noted. The conclusion from this 
part of the study was that the effect of some ion channels 
blockers on apoptosis may not correlate with water loss.

One additional observation can be made. If water loss 
were the only factor in shrinkage, the relative volume change 
would be

where the subscripts 1 and 2 refer to the initial and shrunken 
stages. On the other hand, it follows from the conditions of 
electrical neutrality and osmotic equilibrium that when the 
volume decrease is caused solely by an efflux of  K+ and 
 Cl− at a constant pH, the maximum extent of shrinkage (at 
complete depletion of  Cl−) would be

where P stands for external osmolarity [4]. The measured W 
in apoptotic MDCK cells corresponds to  (V2/V1)w between 
0.60 and 0.66; assuming that intracellular chloride concen-
tration in these cells is 60 mM [43], these values are close 
to the chloride-imposed limit.

(

V2

V1

)

W

=
1 −W1

1 −W2

(

V2

V1

)

W

= 1 −
2[Cl]1

P

Fig. 4  The effect of channel blockers on suspended and attached 
HeLa. a Flow cytometric data for suspended cells stained with 
CellEvent (horizontal) and  DiIC1(5) (vertical). b Confocal fluores-
cence images of attached cells, with CellEvent staining displayed in 

green and  DiIC1(5) in red. Incubations with ST and inhibitors were 
carried out for 6  h. Because our results with suspended cells were 
similar to the previously published ones [19], we only provide single 
representative FACS plots. (Color figure online)
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