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The cell volume changes induced by hypotonic electrolyte and sucrose solutions were
studied in Chinese-hamster-ovary epithelial cells. The effects in the solutions with
osmolarities between 32 and 315 mosM/L and distilled water were analyzed using
bright-field and fluorescence confocal microscopy. The changes of the cell volume,
accompanied by the detachment of cells, the formation of blebs, and the occurrence
of almost spherical vesicle-like cells (“cell-vesicles”), showed significant differences in
the long-time responses of the cells in the electrolyte solutions compared with the
sucrose-containing solutions. A theoretical model based on different permeabilities of
ions and sucrose molecules and on the action of Na™/K*-ATPase pumps is applied. It is
consistent with the observed temporal behavior of the cells’ volume and the occurrence
of tension-induced membrane ruptures and explains lower long-time responses of the
cells in the sucrose solutions.
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INTRODUCTION

Variations in cell volume have to be kept to a minimum in order to maintain the structural and
functional integrity of the cell (McManus et al., 1995; Lang et al., 1998; Strange, 2004; Hohmann,
2015). This is of special importance for animal cells that have, compared with organisms with more-
or-less elaborate rigid cell walls (e.g., bacteria, fungi, and plants), significantly lower mechanical
stiffness of the membrane and thus a lower resistance to intracellular osmotic pressure buildup.
The cellular responses to the changes in the osmolarity of the cell’s surroundings have
been widely observed (Hall et al, 1996; Lang et al., 1998; Reuss et al., 2004; Groulx et al,
2006; Kiesel et al., 2006; Usaj et al., 2009; Pietuch et al., 2013). Normally, the cell is able to
adjust its cytosolic osmolarity to the surroundings by employing the transport mechanisms
of water, electrolytes (Nat, K*, and Cl~ ions), and organic osmolytes (polyols, amino acids,
and methylamines) (Lang et al,, 1998). However, if the cell is exposed to the more severe
and persistent osmolarity change, it preserves its integrity by additional mechanisms known
by the expressions regulatory volume decrease (RVD) and regulatory volume increase (RVI)
(Lang et al, 1998; Okada et al., 2001; Strange, 2004; Groulx et al., 2006). These mechanisms
include the shape transformations and the flattening of the membrane invaginations (Echarri
and Del Pozo, 2015; Echarri et al., 2019), the activation of additional membrane transport
mechanisms (Jennings and Schulz, 1990; Sarkadi and Parker, 1991; Kirkegaard et al., 2016),
and the upregulation of osmoregulatory proteins and molecular chaperonins to counteract the
protein unfolding (Burg and Garcia-Perez, 1992; Caruccio et al, 1997). The channels that
drastically increase the permeability of the cell membrane were believed to be ion-selective
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(Stutzin et al., 1999; Culliford et al., 2004); however, many studies
indicate that smaller organic osmolytes can also pass through
these channels (Jackson and Strange, 1993; Strange and Jackson,
1995; Hall et al., 1996). Many putative molecular triggers of the
RVD have been revealed, e.g., a membrane tension increase,
an alteration of the cytoskeletal architecture, or changes of the
concentrations of specific cytoplasmic molecules or cellular ions,
detected by mechanoreceptors or chemoreceptors (Duan et al,,
1997; Okada et al., 2001; Strange, 2004; Qiu et al., 2014; Voss et al.,
2014; de Los Heros et al., 2018; Orlov et al., 2018).

The complex volumetric response of the cells has been the
subject of several theoretical studies (Reuss et al., 2004; Zemljic
Jokhadar et al., 2016; Fazelkhah et al, 2018). The response
of Jurkat cells to the hypotonic stress was modeled by the
volume-sensitive channel (VSC) model (Reuss et al., 2004).
Recently, a quantitative model describing the ion transport and
the cytoplasm conductivity of the Chinese-hamster-ovary (CHO)
epithelial cells was presented (Fazelkhah et al., 2018). CHO-
specific model parameters, e.g., the cellular ion concentrations
and permeabilities, were determined using a flux assay approach
(Fazelkhah et al., 2018). A theoretical model, which includes
also the occurrence of membrane ruptures (i.e., tension pores),
was developed in order to understand the responses of the
CHO epithelial cells induced by a pore-forming polyene nystatin
(Zemljic Jokhadar et al., 2016). It is based on the theory of
osmotic lysis (Koslov and Markin, 1984) and on the pore-
formation theory (Huang et al., 2004). Namely, an increase of the
cell volume occurs after the formation of the size-discriminating
nystatin pores that can lead to critical membrane tension and,
consequently, to membrane rupture. The characteristics of the
tension-induced ruptures have been studied in phospholipid
vesicles that represent a relatively simple model for the cell
membranes (Bloom et al., 1991; Brochard-Wyart et al., 20005
Evans et al., 2003; Hsueh et al., 2007; Kristanc et al., 2014;
Chabanon et al., 2017; Liviu and Dumitru, 2019). Their behavior
has been explained by theoretical models based on the theory
of osmotic lysis (Koslov and Markin, 1984). The experimental
studies on phospholipid vesicles showed that the critical lateral
membrane tension of the lipid bilayers, which is dependent on the
lipid composition and the rate of tension change, is in the range
between 1 and 25 mN/m (Bloom et al., 1991; Evans et al., 2003).
This leaves only a limited space of approximately 3% membrane
area for its expansion (Nichol and Hutter, 1996; Hamill and
Martinac, 2001), which can be determined by the ratio between
the critical membrane tension (o¢) and membrane-stretching
constant (k4). This expansion corresponds to a 5% cell volume
increase of the spherical vesicle in giant unilamellar vesicles.
Different types of tension-induced ruptures, such as transient
ruptures (lasting around 100 ms) and longer lasting vesicle
ruptures (order of magnitude 1 s and longer), which depend on
the osmolarity difference across the vesicle’s membrane and its
temporal evolvement, were predicted and determined (Brochard-
Wryart et al,, 2000; Mally et al., 2007; Kristanc et al., 2014;
Chabanon et al., 2017; Liviu and Dumitru, 2019).

Our aim was to study the effects induced in mammalian cells
exposed to hypotonic solutions of electrolytes, i.e., Leibovitz-
water solutions, and sugar solutions, i.e., sucrose-water solutions.

We focused on the characteristic volume changes and on the
behavior of tension-induced ruptures in CHO cells. A theoretical
model that was primarily applied for the description of the
osmotic phenomena induced by the pore-forming agent was
upgraded by considering different permeabilities of ions and
the action of Na™/K*-ATPase pumps. Significant differences in
the long-time volume responses of the CHO cells and in the
occurrence of tension-induced ruptures were observed in the
electrolyte and sugar solutions. Two main questions addressed in
this study are: (i) can the model presented describe the complex
volumetric behavior of the cell and, especially, the occurrence of
tension-induced ruptures at extreme hypotonicity? and (ii) can
the observed differences in the electrolyte and sugar solutions be
predicted and explained by the model?

MATERIALS AND METHODS

Preparation of the CHO Cells

The CHO epithelial cells (ECAC) were grown in a minimum
essential medium (Gibco, United States) (growth medium) at
37°C in a CO; incubator (Kambic, Slo). CHO cells were seeded
(20,000 cells/ml) in a self-fabricated dish [polydimethylsiloxane
(PDMS) chamber] with a glass slide bottom 1 day prior to
the experiments.

Just before the time-lapse imaging with the bright-field
illumination was started, the PDMS chamber with the cells was
transferred to the microscope stage, and the growth medium
was substituted with the hypotonic solutions of interest. For
leakage experiments, the calcein AM solution (Life Technologies,
United States) was added to the cells in the growth medium
20 min before the measurement. For the observations of
the cellular morphological changes and the cells volume
determination, the CellMask plasma membrane stain (Life
Technologies, United States) was added to the cells for the same
period. After the incubation, the cells were carefully washed and
transferred to the microscope, where the growth medium was
substituted with the hypotonic solutions of interest just before the
imaging was started. In all imaging experiments, the cells were
heated to ensure a constant temperature of 37°C. The pH values
were kept in a physiological range. A more detailed description
can be found elsewhere (Zemljic Jokhadar et al., 2016).

The contribution of the Nat/K™-ATPase pumps was
evaluated by partially repeating the experiments in the presence
of ouabain that is known to reduce the active ion transport
(Strange, 1989). The cells were pretreated by ouabain at a
concentration of 1 wmol/L for 24 h. Afterward, they were exposed
to the Leibovitz’s solution that was diluted by 60% with distilled
water and to the sucrose solution with a comparable osmolarity
(126 mosM/L). The cells were monitored for 60 min, and their
volumes were determined as in other experiments in the study.
Both solutions included ouabain at the same concentration.

Experimental Set-Up and Procedure

The cells were studied with bright-field and fluorescence
microscopy using a Nikon ECLIPSE TE2000-E microscope (Plan
Apo TIRF objective, magnification 60x, NA = 1.45). Using the
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bright-field technique, the images were captured with a digital
camera (DS-2M BW; Nikon, Japan). For confocal microscopy,
the Nikon C1 system was used (light source: xenon-argon laser
488, excitation filter: EX510-560, absorption filter: BA590). The
images were recorded within the same field of view for 60 min at
a rate of 1 frame/s in the bright-field mode and at a rate from 1
frame/s to 1 frame/10 min in the fluorescence microscopy.

The hypotonic solutions were obtained by either (i) the
addition of distilled water (J. T. Baker, Poland) to the
Leibovitz’s L-15 medium (Gibco, United States) supplemented
with 10% fetal bovine serum (FBS) (Leibovitzs medium) or
(ii) the preparation of different sucrose-water solutions (Sigma,
United States). In the first case, the Leibovitzs medium was
diluted by 90, 80, 60, 40, or 20% with distilled water, leading
to Leibovitz-water solutions with osmolarities equal to 32, 63,
126, 189, and 252 mosM/L. In the second case, different sucrose-
water solutions whose osmolarities corresponded to those of the
Leibovitz-water solutions were prepared. Finally, the cells were
also measured in the distilled water.

Analysis of the Images
Qualitatively, the characteristic cell behavior and the leakage of
the cell content were determined from the observations of bright-
field and fluorescence images by three independent observers.
Quantitatively, the cell volume was determined by the addition
of the volumes of consecutive cell slices obtained from the
confocal microscopy (Zemljic Jokhadar et al, 2016). For the
volume determination of each slice in the stack, the cell cross-
section was manually delineated from its surroundings, and
the obtained cross-section area was multiplied by the step size
(Figure 1). The relative standard deviations of the measurement

FIGURE 1 | Example of a measurement of the cell volume from the stack of
confocal images. Some consecutive slices with the drawn outlines of the cell
membrane are depicted from the bottom of the cell to the top (from below
upward).

of relative cell volume due to different observers were estimated
to be less than 5%.

For the evaluation of the experimental data, the regular
statistic procedures including the average values, medians,
errors of the mean value, and standard deviations of the
values normalized relative to their initial values were employed.
The significance analysis was performed following Students ¢
distribution. The two mean values of sets of data were considered
to be significantly different with the probability value (p-value)
lower than 0.05.

Control Measurements

The CHO cells were measured firstly in Leibovitz’s medium
without any addition of water and, secondly, in a sucrose-water
solution with an osmolarity equal to 315 mosM/L, which
corresponded to the osmolarity of Leibovitz’s medium. The cells
in the control experiments were treated and analyzed in the same
way as the cells in the hypotonic media.

Viability Test

The cell viability was determined using the MTS test. The
cells were plated in 96-well microtiter plates (100 wL; TPP,
Switzerland) at a concentration of 5,000 cells/well 1 day before
the treatment for 24 h in the growth medium and then treated
for 60 min in different hypotonic Leibovitz-water or sucrose-
water solutions. Afterward, the hypotonic solution of interest
was replaced by fresh growth medium in the cell culture for
another 48 h, followed by the addition of MTS reagent (CellTiter
96 AQueous Reagent; Promega, United States) for 1 h. In the
control measurements, the cells were treated for 60 min in either
undiluted Leibovitz’s medium or an iso-osmolar sucrose-water
solution. The absorbance, which corresponds to the amount of
formed soluble formazan product that is directly proportional
to the number of viable cells, was measured at a wavelength of
490 nm. The cell viability was determined as the ratio of the
absorbance measured in the cells in different hypotonic solutions
and the absorbance in the undiluted Leibovitz’s medium.

EXPERIMENTAL RESULTS

Results Obtained in the Diluted

Leibovitz’s Medium

In the Leibovitz-water solution with the osmolarity of
252 mosM/L, no obvious cell-shape changes were detected
during the observation time of 1 h (Figure 2), which is similar to
the results obtained in the undiluted Leibovitz’s medium.

In the Leibovitz-water solutions with osmolarities equal
to 189, 126, and 63 mosM/L, cells swelled instantaneously.
The major shape changes, including the formation of smaller
and bigger blebs, occurred within the first minute after the
exposure (Figure 2). The blebs retracted back into the cell’s
body in the first 5 min after their exposure, and only minor
differences in the shape could be observed afterward between
the control and treated cells using bright-field microscopy. The
cell detachment on its periphery was not observed, and the cell
footprint looked alike.
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FIGURE 2 | Bright-field images of CHO cells in hypotonic media. The cells are presented in the Leibovitz-water solutions with 252 and 63 mosM/L (first and second
rows), in the sucrose-water solutions of the same osmolarities as the Leibovitz-water solutions (third and fourth rows), and in the distilled water (fifth row). The
left-hand-side images present the cells before the hypotonic medium was added, the middle ones after 2 min, and the right-hand-side images 1 h after the addition
of the diluted medium. Representative blebs are denoted by the arrowheads in the second and in the fourth row, and the “cell-vesicles” are denoted by the arrows in
the fifth row, respectively. Images are presented in the same field of view, and the white bars represent 10 um.

In the Leibovitz-water solution with osmolarities equal to or
lower than 32 mosM/L, larger blebs appeared and disappeared
in different regions of the cell membrane. The neighboring blebs
often merged, and single blebs with almost spherical shape,

referred to as “cell-vesicles,” were formed for the first time
(Figure 2, fifth row). The binding of the membrane to the
cytoskeleton was disrupted, the attachment of the membrane
to the substrate was minimized, and the cell started to behave
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FIGURE 3 | Slow “cell-vesicle” ruptures as observed by the bright-field and fluorescence microscopy. The images on the left-hand side represent “cell-vesicle” right
before the slow rupture, the middle ones during, and the ones on the right-hand side after the rupture (bright-field upper and fluorescence lower rows). The tension
pores are denoted by the arrows. The times of the cell exposure to the distilled water are given in the images. The images in the same row are presented in the same
field of view, and the white bars represent 10 pum.

like a strained lipid vesicle. Some slow ruptures, characterized
by a significant leakage of the vesicle content and a substantial
decrease of the “cell-vesicle” volume in a few seconds, were
detected. In most cases, a “cell-vesicle” with a smaller radius was
observed afterward (Figure 3 and Supplementary Video 1). In
the distilled water, corresponding to the maximum osmolarity
difference (gradient) between the cell interior and the exterior,
the cells swelled instantaneously and formed “cell-vesicles”
(Figure 2). Slow “cell-vesicle” ruptures were often observed.

The volume changes, determined by the confocal microscopy,
confirmed the dependency on the osmolarity difference between
the cell interior and its surroundings. Faster increases of the
cell volume in the first 2 min after the exposure of the cells
to the hypotonic medium as well as higher maximum values
reached during the whole observation period could clearly
be seen at lower osmolarities of the Leibovitz-water solutions
(Figures 4A, 5A). An average volume increase of 50% was
observed in the first 2 min after the cell exposure to the hypotonic
solution with an osmolarity of 189 mosM/L, whereas 70 and
150% volume increases were detected at osmolarities of 126
and 63 mosM/L, respectively (Figure 4A). An average volume
increase as high as 240% was determined in the distilled water
in the first 2 min. During the whole observation period, the
average maximum relative volume increases were 120, 170, and
230% at osmolarities of 189, 126, and 63 mosM/L, respectively
(Figure 4A). A maximum relative volume increase equal to
approximately 250% was assessed in the distilled water.

It should also be noted that four characteristic time-behavior
patterns of the single-cell volume changes could be detected
(Figure 6A): “type A” is characterized by a gradual, asymptotic
increase in the cell volume during the entire measuring period;
“type B” is characterized by a fast increase in the cell volume that
attains its maximum plateau value shortly after the beginning of

the measurement; “type C” is characterized by a rapid volume
increase up to the critical value, followed by a gradual reduction
of the cell volume; and “type D” is characterized by a volume
increase up to its maximum value (lower than the critical value),
followed by a gradual reduction of the cell volume. As seen in
Figure 6B, the “type A” and “type D” cell behavior patterns were
observed predominantly for osmolarities with values not lower
than 63 mosM/L [“type A”: 61% in Leibovitz-water (n = 36)
and 6% in sucrose-water (n = 36) solutions and “type D”: 14%
in Leibovitz-water (n = 36) and 69% in sucrose-water (n = 36)
solutions]. The “type B” and “type C” behavior patterns were
more frequently observed in the experiments with osmolarities
below 63 mosM/L and, in particular, in the distilled water [58%
“type B” and 25% “type C” in distilled water (n = 12)].

Control Measurements

The control experiments of the cells in the undiluted Leibovitz’s
medium showed no significant changes to the cell shape during
the whole observation time. On average, a continuous decrease
in the cell volume to approximately 90% of its initial value
was determined by quantitative measurements (Figures 4A, 5).
In contrast, significant cell shrinkage was observed in the
sucrose-water solution, whose osmolarity corresponded to the
undiluted Leibovitzs medium (315 mosM/L). In this case, the
cell volume decreases to approximately 50% of its initial volume
as determined (Figures 4B, 5). The volume decrease was more
pronounced at the beginning of the measurement.

Results Obtained in the Sucrose

Solutions
The responses obtained by the bright-field microscopy in the
cells that were exposed to the sucrose-water solutions with the
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Table 2. The standard errors of the mean value are drawn.

FIGURE 4 | Time-behavior patterns of the average cell volume in hypotonic media. The average volume changes are plotted relative to their initial values for the cells
exposed to (A) the Leibovitz-water solutions with the osmolarities of 189 (a), 126 (@), and 63 mosM/L (M) and (B) the sucrose-water solutions with the same
osmolarities [189 (A), 126 (o), and 63 mosM/L (CJ)]. The average volume changes for the cells in the distilled water (x) and for the control measurements in (A)
undiluted Leibovitz’s medium (¢) and (B) in iso-osmolar sucrose solution (¢) are depicted as well. The lines are drawn to guide the eye. The number of cells in each
group equals 12, which were determined in four or five independent experiments. For clarity, the standard deviations are not drawn in this figure, they are provided in

f [min]

osmolarities of 252, 189, 126, 63, and 32 mosM/L only partially
correspond to those in the Leibovitz-water solutions. In the
sucrose-water solution with an osmolarity equal to 252 mosM/L,
no significant changes to the cell shape were detected during 1 h
of the observation time, which is comparable to the cells in the
undiluted Leibovitz’s medium (Figure 2). In the sucrose-water
solutions with osmolarities equal to 189, 126, and 63 mosM/L,
the cells, as seen with the bright-field microscopy, behaved in

a similar way to the cells in the corresponding Leibovitz-water
solutions. However, the swelling and the bleb-forming processes
were less pronounced at the corresponding osmolarities.

In the sucrose-water solution with an osmolarity equal to
32 mosM/L, larger blebs compared with the sucrose-water
solutions at higher osmolarities appeared in different regions of
the cell membrane. However, no “cell-vesicles” were detected at
this osmolarity. The shape changes were comparable to those
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FIGURE 5 | Volume changes of single cells in hypotonic media. (A) Normalized single-cell volumes (V2/V) 2 min after the exposure to Leibovitz-water solutions (red)
are drawn as a function of their osmolarities. Normalized single-cell volumes (V2/V) 2 min after the exposure to sucrose-water solutions (blue) are depicted for the
same osmolarities. The control values for the cells in an undiluted Leibovitz’'s medium (red) and in an iso-osmolar sucrose solution (blue) are also shown. The volume
changes of the cells exposed to the distilled water are shown in black. The single-cell volumes are normalized relative to their initial volumes. In each case, the boxes
span over 50% of the measurements from the mean, the whiskers enclose the whole range of measurements, and the horizontal lines indicate the medians.
Normalized single-cell volumes (Vg0/V o) 60 min after the exposure to different solutions and normalized differences between the single-cell volumes [(Vgo — V2)/V(]
60 and 2 min after the exposure to different solutions of Leibovitz-water (red) and sucrose-water (blue) media with the corresponding osmolarities are drawn in (B,C).
The results of the control measurements in the undiluted Leibovitz's medium (red) and in the iso-osmolar sucrose solution (blue) as well as of the cells exposed to the
distilled water (black) are also shown. The number of cells in each group equals 12.
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FIGURE 6 | Four characteristic volume changes of the single cells exposed to hypotonic solutions. (A) The changes to the single-cell volumes can be characterized
as “type A’ (O), “type B” (+), “type C” (@), and “type D” (#) time-behavior patterns. The choice is based on a total of 84 single-cell volume measurements in
Leibovitz-water (n = 36) and in the sucrose-water solutions (n = 36) as well as in the distilled water (n = 12). The lines are drawn to guide the eye. (B) Distribution of
the cell volume behavior as a function of (Vgg — V2)/Vo and V2/V. The symbols are described in Figure 5. Type A cell behavior [i.e., positive (Vgg — V2)/Vo, low
V»/Vp] lies on the left side above the dashed line, and type B with a fast increase at the beginning, followed by a fairly constant volume afterward [i.e., (Vg0 — V2)/Vo
around O, higher V/V(], lies around the dashed line on the middle and right sides of the diagram. Type C with a fast increase at the beginning, followed by a volume
decrease afterward [i.e., negative (Vgo — V2)/Vg, high V»/Vg], lies below the dashed line on the right side of the diagram, and type D with a modest increase at the
beginning, followed by a volume decrease afterward [i.e., negative (Vgg — V2)/Vo, low V2/Vo], lies on the left side below the dashed line.

seen in the cells exposed to the Leibovitz-water solution with an
osmolarity equal to 63 mosM/L.

The cell volumes, determined by the confocal microscopy,
showed comparable increases to those obtained in the
corresponding Leibovitz-water solutions in the first 2 min after
the cell exposure to the sucrose-water solutions (Figures 4, 5A).
An average volume increase of 65% was detected in the first
2 min after the cell exposure to the sucrose-water solution
with an osmolarity equal to 189 mosM/L, whereas 70 and
160% volume increases were obtained at 126 and 63 mosM/L,

respectively (Figure 4B). Insignificant differences in the volume
increases among the Leibovitz-water and sucrose-water solutions
at these three osmolarities are also confirmed by p-values to be
considerably higher than 0.05, with minimum p-value equal to
0.41. In contrast, significant differences among these solutions
were observed at later times. The average volume increases
reached their maximum values in the first 2 min after the cell
exposure and started to decrease afterward (Figure 4B), which
is also clearly reflected in the characteristic volume behavior
patterns. They can be, in contrast to the cells exposed to the
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Leibovitz-water solutions, characterized predominantly (25 cases
out of 36) by the “type D” behavior pattern (Figure 6). This is
also exhibited by mostly negative differences between the single-
cell volumes 60 and 2 min after their exposure to sucrose-water
solutions (Figure 5C), which lead to highly significant differences
(p < 107°) when compared with the results of the corresponding
Leibovitz-water solutions.

Results Obtained With Ouabain

Treatment

The exposure of the cells pretreated for 24 h with ouabain causes
a comparable increase of their volumes in the Leibovitz’s medium
diluted by 60% with distilled water and sucrose solution with
corresponding osmolarity in the first minutes. An average cell
volume increase of 1.55 (SD = 0.29) was determined in the diluted
Leibovitz’s and 1.54 (SD = 0.17) in the sucrose solutions in the
first 2 min. Afterward, the average cell volume of the ouabain-
treated cells decreased only slightly in the diluted Leibovitz’s
solution. In contrast, a pronounced decrease of the average cell
volume was observed in the sucrose solution leading to highly
significant differences in the cell volumes at longer times in
the diluted ionic solution compared with the sucrose solution
p < 10~3). After 1 h of the observation time, for example, the
average cell volume of the cells was only 6% smaller than the
maximum cell volume in the diluted Leibovitz’s solution, whereas
the corresponding cell volume exposed to the sucrose solution
was diminished by 49%. The average cell volumes decreased to
1.44 (SD = 0.28) relative to the initial volume in the diluted
Leibovitz’s solution and to 0.79 (SD = 0.13) in the corresponding
sucrose solution. The number of cells in each group equals
12, which were determined in four independent experiments
for each solution.

Results Obtained in Calcein AM Marked
Cells

The cells marked with the fluorescent calcein that were exposed
to the undiluted Leibovitz’s medium showed no signal loss due to
the calcein leakage during the whole observation time (Figure 7,
first row). When the osmolarity of the Leibovitz-water solutions
was decreased to 189, 126, or 63 mosM/L, a decrease in the
fluorescent signal due to the calcein leakage was observed. On
average, the signal started to decrease between 30 and 50 min
after the exposure to the hypotonic medium, and it was not
entirely lost in all the cells at the end of the measuring period
(Figure 7, second row). In contrast, the cells started to lose
their signal already in the first minute after their exposure
to the Leibovitz-water solutions with an osmolarity equal to
32 mosM/L and to the distilled water (Figure 7, fourth row),
where the largest signal drop normally occurred within 5 s. In
general, an earlier and faster signal loss was more frequently
encountered in more diluted solutions and especially in the
distilled water.

On the other hand, the disappearance of the fluorescent
signal due to the calcein leakage was rarely observed in the
cells exposed to the sucrose-water solutions at osmolarities above
or equal to 63 mosM/L during the whole observation time

(Figure 7, third row). No signal loss was also encountered in
the fluorescently marked cells in the control measurements.
However, for osmolarities below 63 mosM/L, the signal loss
could only be observed within the first 5 min after the
exposure to the sucrose-water solutions. Fluorescent signal
losses due to the calcein leakage were not observed after
this initial period.

Cell Viability

The cell viability, expressed as the percentage of viable cells
according to the MTS test (Viability Test section), was found to be
93% in the hypotonic Leibovitz-water solution with an osmolarity
of 189 mosM/L (Figure 8), which is significantly lower (p < 0.05)
than the control value. The cell viability in the Leibovitz-water
solutions with osmolarities of 126 and 63 mosM/L experienced a
highly significant drop to values of around 50% (p < 10~%). The
viability was found to be below 5% in the Leibovitz-water solution
with an osmolarity equal to 32 mosM/L, which is comparable to
the viability value found in distilled water.

The viability of the cells exposed to the sucrose-water solutions
shows a comparable dependency on the osmolarities, as in the
Leibovitz-water solutions (Figure 8).

THEORETICAL DESCRIPTION

The primary goal of this section is to understand and to predict
the behavior of the cells exposed to a hypotonic medium. For
this purpose, a model describing the volume changes and the
tension pore (tension-induced membrane rupture) behavior in
cells, induced by the formation of transmembrane channels
(Zemljic Jokhadar et al., 2016), was upgraded by considering the
quantitative model for ion transport and the Na®/K*-ATPase
pumps (Hernandez and Chifflet, 2000; Fazelkhah et al., 2018).

The Model

Flow of Water

The volume of the cell in a hypotonic medium is increasing due
to the inflow of water induced by a higher osmolarity inside the
cell. The water flow through the cell membrane, which is driven
by the differences in the osmotic pressure and in the hydrostatic
pressure (Ap) between the interior and the exterior of the cell,
can be expressed as:

Jm = Al (kT Y, Aci = Ap) (1)

where A is the membrane area, I,,, is the permeability coefficient
of the CHO cell membrane with respect to water, kp is the
Boltzmann constant, and T is the temperature. Ac; = N;/V - ¢j is
the difference of the solute concentrations inside and outside the
cell, with 7 referring to the different types of solute molecules that
contribute to the osmosis, with N; and V being the intracellular
number of solute molecules and the cell volume. The permeability
coefficient [, can be regarded as the sum of the permeability
coeflicients of the lipid bilayer (I) and the water permeability
through aquaporins (1,), I, = I, + I,.

Frontiers in Physiology | www.frontiersin.org

December 2020 | Volume 11 | Article 582781


https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles

Bozi¢ et al. Cells Exposed to Hypotonic Media

FIGURE 7 | Fluorescent images of calcein-loaded cells. Images of the cells in the undiluted Leibovitz's medium (first row), in the Leibovitz-water, and in the
sucrose-water solutions with osmolarities of 63 mosM/L (second and third rows) and in the distilled water (fourth row) are shown for different time points (from left to
right): before the exposure of the cells to the hypotonic medium, 2 and 60 min after their exposure. Images in each row are presented in the same field of view,
whereas the white bars represent 20 um.

A tension pore (tension-induced membrane rupture) occurs flow can be written as the sum of the water flows through
after the critical cell volume, corresponding to the critical the cell membrane (J;,) and through the tension pore (Jp):
membrane lateral tension, is reached (Koslov and Markin, av

1984). When the tension pore is open, the total volume mn =/m+ (2)
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FIGURE 8 | Cell viability in the hypotonic media. The percentage of viable cells (Viability Test section) depending on the exposure to the Leibovitz-water (gray) and to
the sucrose-water (white) solutions with different osmolarities and to distilled water (cross-hatched) is shown. The results were obtained from three independent
experiments. The viabilities, normalized to the undiluted Leibovitz’'s medium, are presented as mean + SD.
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The volume flow through the tension pore can be described by
the equation (Sampson, 1891):

3
_RpAp

Jo= i (3)

where R, is the radius of the tension pore and 7 is the viscosity
of the solution.

Flows of Solute Molecules
The flows of ions ®,,; through the cell membrane can be written
as (Hernandez and Chifflet, 2000; Fazelkhah et al., 2018):

i€ _

Z N
Dy, i = —AP;Ac; — APi——¢;U +fiA—(a—B) (4)
kgT z

where P; is the membrane ion permeability of the solute
molecules, Z; is the valence of the charged solutes, ey is the
elementary charge, ¢; is the mean solute concentration, U is the
electric potential difference between the interior and the exterior
of the cell, f; is the factor that equals to —3, 2, and 0 for Na™,
K*, and CI~ ions, respectively, N is the Na*/KT-ATPase pump
density, X is a function of all the rate constants and ligand
concentrations, and a and P are functions of the forward and
backward rate constants. The first term, which is proportional to
the concentration gradient, describes the passive flow of ions. The
second term describes the flow of ions induced by the electrostatic
potential (Goldman, 1943). The third term describes the flow due
to the Na™/K+-ATPase pumps. The parameter o is proportional
to (Nna/V)3, ck?, and the intracellular ATP concentration,
whereas the parameter f is proportional to (N, KIV)?, cna’, the
intracellular concentrations of ADP, and the inorganic phosphate
(P;) (Fazelkhah et al., 2018). The parameters o and p are also
proportional to exp(eoU/2kpT) and exp(-eoU/2kpT) (Fazelkhah
et al,, 2018). The constants determining the parameters o and f
were adjusted to keep the cell ion concentrations in the growth
medium constant. It was also assumed in the model that the

numbers of ATP, ADP, and P; remain constant during the time
of the simulation.

The flows of solutes ®,; through the tension pore (tension-
induced membrane rupture) can be written as (Goldman, 1943;
Zemljic Jokhadar et al., 2016; Chabanon et al., 2017):

Ni

Ac; 2 Zieg Dj _
—Jp—mREDi— — R
1% P

R, PkeT d

Dy = U (5)
where D; is the diffusion constant of the solute molecules, R, is
the radius of the “cell-vesicle,” and d is the membrane thickness.
The first term, which is proportional to the volume flow, describes
the solute flows due to the convection. The second term, which is
proportional to the concentration gradient, describes the solute
diffusion. The third term describes the flows of charged solute
molecules induced by the electrostatic potential.

The potential difference U is determined by the conservation
of the electric charge inside the cell, which implies that the sum
of all the electric currents of the charged solute molecules must
be equal to zero at any time (3, Z; ((I)m,,- + (Dp,i) =0).

The total initial extracellular and intracellular concentrations
of all the solute molecules were taken to be equal to the
physiological concentration (315 mmol/L). Only the most
abundant ions (Na*t, KT, and Cl7) in the Leibovitz medium with
concentrations over 5 mmol/L were considered in the model.
The organic osmolytes, e.g., amino acids and inositol, were not
considered to enter the cell and were assumed to be on average
without any electric charge. The sucrose molecules can enter the
cell only by diffusion through the tension pore and leave the cell
by diffusion and convection through the tension pore. In the cell,
the difference between the physiological concentration and the
concentrations of the most abundant intracellular ions (Na™, KT,
and CI™) pertains to the concentration of the molecules in the
cell that cannot penetrate the plasma membrane. These molecules
were taken to be either too large to penetrate the membrane or
they were not taken into account for the membrane penetration
because of their small concentrations. These molecules are

Frontiers in Physiology | www.frontiersin.org

December 2020 | Volume 11 | Article 582781


https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/physiology#articles

Bozi¢ et al.

Cells Exposed to Hypotonic Media

TABLE 1 | Values of parameters employed in the model.

Parameter

Value

Initial Na* intracellular concentration
Initial K* intracellular concentration
Initial CI~ intracellular concentration
Growth medium Na™ concentration
Growth medium K* concentration
Growth medium CI~ concentration
Leibovitz’s medium Na* concentration
Leibovitz’s medium K* concentration
Leibovitz’s medium CI~ concentration
Na* diffusion constant in water (Dy)
K* diffusion constant in water (Dk)
CI~ diffusion constant in water (D¢y)
Sucrose diffusion constant in water
Na* membrane permeability (Ppa)

K+ membrane permeability (Px)

CI~ membrane permeability (Pg))
Critical membrane tension (o¢)
Membrane-stretching constant (ka)
Line tension of the pore (I')
Permeability coefficient of CHO cell membrane (/)
Viscosity of the solution (n)

Viscosity of the membrane (nm,)
Temperature (T)

Critical cell vesicle radius [Rg = (3V/4m)! /9]
Membrane thickness (d)

11 mmol/L (Fazelkhah et al., 2018)

145 mmol/L (Fazelkhah et al., 2018)

70 mmol/L (Fazelkhah et al., 2018)

145.4 mmol/L (Gibco, United States; Supplementary Material)
5.3 mmol/L (Gibco, United States; Supplementary Material)
126.1 mmol/L (Gibco, United States; Supplementary Material)
140.6 mmol/L (Gibco, United States; Supplementary Material)
5.7 mmol/L (Gibco, United States; Supplementary Material)
145.9 mmol/L (Gibco, United States; Supplementary Material)
1.334 x 1079 m?/s (Samson et al., 2003; Velegol et al., 2016)
1.957 x 10~% m2/s (Samson et al., 2003; Velegol et al., 2016)
2.032 x 1072 m2/s (Samson et al., 2003; Velegol et al., 2016)
0.52 x 1079 m?/s (Lide, 2004)

5.0 x 10710 m/s (this studly)

6.2 x 10~ 10 m/s (this studly)

3.2 x 1079 m/s (Fazelkhah et al., 2018)

1.19 x 1072 N/m (Evans et al., 2003; Hsueh et al., 2007)

0.354 N/m (Tierney et al., 2005)

1.7 x 10~ N (Molotkovsky and Akimov, 2009; Portet and Dimova, 2010)
9 x 10~ m3/(Ns) (Farinas et al., 1997)

0.9 x 103 Pas

5 Pas (Hormel et al., 2014)

310K

18 um

5nm

The corresponding references are listed.

assumed to be electrically neutral on average and can leave the cell
only by the convection through the tension pore. The parameters
used are specified in Table 1.

The values of initial intracellular concentrations for Na¥,
K*, and CI™ ions in CHO epithelial cells and the membrane
permeability for Cl~ ions were taken from the literature
(Table 1). In the next step, the Na™ and K™ membrane
permeabilities (P, and Pg) were adapted to our experimental
conditions in the growth medium (Table 1) by taking the net
flow of water molecules and ions across the membrane equal to 0
in order to keep the cell volume constant. Namely, the obtained
values for Py, and Pk were tuned in such a way that their mean
value (5.6 x 10719 m/s) corresponds to the value used in the
literature (Charras et al., 2005).

Determination of the Tension Pore Radius

The tension pore occurs when the critical membrane tension
(o¢) is reached, corresponding to the critical hydrostatic pressure
(Apc = 20¢/Rc, with Rc the critical “cell-vesicle” radius). The
initial tension pore radius equals to I'/oc, and its temporal
evolution can be determined with the differential equation
(Brochard-Wyart et al., 2000; Ryham et al, 2011; Aubin
Christopher and Ryham Rolf, 2016):

dR
(dMm + ZnnRP)d—tp =oR,— T (6)

where 1, and o are the membrane viscosity and its
lateral tension, and I' is the line tension of the pore. The
tension o depends on the membrane-stretching constant
ka through the equation o = ka(A — Ag)/Ag, where A
(A = 4nR2 — T[sz) and A are the expanded and the
equilibrium membrane areas.

The values for the constants oc, k4, and I' correspond to
the typical values of lipid bilayers (Table 1). The critical cell
volume was taken to be 3.4 times the initial one (V¢ = 3.4V)
in agreement with the experimental results. Furthermore, it
was assumed that the hydrostatic pressure Ap increases linearly
with the cell volume [Ap = (20¢/Rc)(V — Vo)/(Ve — Vo)
until the occurrence of the tension pore. The initial Ap was
assumed to be 0.

The role of the cortical actin-based cytoskeleton is not
considered in the model although the blebs are well known
to reassemble the cortical actin cytoskeleton very quickly
(Charras et al., 2006). However, it was demonstrated that “cell-
vesicles” possess no actin fibers or any other forms of actin
organization, especially in the upper part of the cells that could
provide mechanical resistance (Zemljic Jokhadar et al., 2016).
Therefore, the contribution of the cytoskeleton contraction to
the observed partial ejection of the cytosol cannot be expected
to systematically increase the area elasticity modulus of the
stretchable bilayer.
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FIGURE 9 | Predicted time behavior of the cell volume at different osmolarities
of Leibovitz-water (thick lines) and sucrose-water (thin lines) solutions. It is
depicted for osmolarities equal to 189 (dash double dot lines), 126 (dash dot
lines), and 63 mosM/L (dashed lines). Iso-osmolar Leibovitz’s medium and
iso-osmolar sucrose-water solution (dash triple dot lines) and the distilled
water (full line) are also depicted. The dotted line indicates the critical cell
volume. The cell volume is normalized to its initial volume (V/V().
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FIGURE 10 | Predicted occurrence time (t,) of the first tension pore (dashed
lines) and maximum cell volume (Vmax/Vo) (full lines) as a function of the
osmolarity of Leibovitz-water (thick lines) and sucrose-water (thin lines)
solutions. In addition, the time of the maximum volume of the cell (tnax) in the
sucrose-water solution is shown by the thin dotted line. The maximum cell
volume is plotted relative to its initial value.

Predictions of the Model

Behavior in the Leibovitz-Water Solutions

The theoretical results are obtained from numerical solutions
of the system of equations [Egs. (1) to (6)]. The water inflow,
driven essentially by the osmotic pressure, induces only a small
increase in the cell volume in Leibovitz-water solutions with
low osmolarity gradients (Figure 9). Consequently, asymptotic
increases of the cell’s volume to its maximum value at the end
of the 1-h period are predicted for higher osmolarities (189 and
126 mosM/L), which can be seen in Figure 9 by the thick dash
double dot (189 mosM/L) and dash dot (126 mosM/L) lines.
In general, steeper increases in the cell volume are predicted at
decreasing osmolarities. The maximum values of the cell volume
within the simulation period are shown in Figure 10.

In contrary, as seen in Figure 9 for the osmolarity of the
Leibovitz-water solution equal to 63 mosM/L (thick dashed line)
and for the distilled water (full line), the cell’s volume increases up
to the critical cell volume are predicted. Consequently, a tension
pore (tension-induced membrane rupture) occurs at the critical
volume, and the cell volume diminishes. After the closure of the
tension pore, the cell’s volume starts to increase again and can
attain its critical volume again. In this way, the process of the
tension pore occurrence can be repeated.

The critical cell volume is reached in cells exposed to
the Leibovitz-water solutions with osmolarities lower than
99 mosM/L (Figure 10, full thick line). The predicted occurrence
time of the tension pore increases with the increasing osmolarity
of the Leibovitz-water solution. For example, the tension pore
occurrence times equal to 2 min are predicted for the distilled
water and 5 and 34 min for the Leibovitz-water solutions
with osmolarities equal to 63 and 95 mosM/L, as seen by the
dashed thick line in Figure 10. The increase of the tension pore
occurrence time becomes significantly steeper at osmolarities
higher than around 80 mosM/L. It has also to be mentioned that
the tension pore opening times, predicted by the model for the
first tension pore, decrease with the increasing osmolality of the
Leibovitz-water solutions (not shown). It has to be noted that the
predicted occurrence times also depend on the water permeability
of the membrane (see Supplementary Material).

The duration of the tension pores is also dependent on the line
tension of the pore. The simulations show that an increased line
tension increases the number of consecutive tension pores and
lowers their duration. For example, an increase of I" value from
1.7 x 1071 t0 3.0 x 107! N raises the number of tension pores
from 82 to 86, whereas its decrease to the value of 1.0 x 107! N
decreases the number of tension pores to 50 in the distilled water.

It has also to be noted that the results predicted for the iso-
osmolar undiluted Leibovitz’s medium show a minor relative
increase of cell’s volume of 5% (Figures 9, 10).

Behavior in the Sucrose-Water Solutions

The theoretical results obtained for the sucrose-water solutions
predict a significantly different behavior compared with the
Leibovitz-water solutions. A significant decrease of the cell’s
volume to a 56% of its initial volume is encountered already in the
iso-osmolar sucrose-water solution, which differs from the one
predicted for the iso-osmolar Leibovitz’s solution, as seen by the
dash triple dot lines in Figure 9.

Accordingly, the results of the simulations in the sucrose-
water solutions with the osmolarities corresponding to Leibovitz-
water solutions showed significant differences in the predicted
volume increase, its maximum value, as well as in the predicted
occurrence time of the tension pores and their temporal behavior
(Figures 9, 10). The increases of the cell’s volume in the sucrose-
water solutions with higher osmolarities (189 and 126 mosM/L),
which can be seen in Figure 9 by the thin dash double dot
(189 mosM/L) and dash dot (126 mosM/L) lines, experience
comparable cell’s volume increases within the first minutes of
the simulation period. However, significant decreases in the cell’s
volume are predicted afterward, and accordingly, the maximum
values of the cell's volume do not occur at the end of the 1-h
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period. The maximum values of the cell’s volume and their
occurrence times are shown in Figure 10.

The cell’s volume increases up to the critical volume and
tension pore occurrences are predicted for osmolarities of the
sucrose-water solutions lower than 81 mosM/L (Figures 9, 10).
The cell’s volume can significantly diminish after the occurrence
of one or several tension pores as demonstrated in Figure 9
by the thin dashed line. The tension pores in the sucrose-water
solutions are predicted to occur only at times shorter than 14 min,
depending on the osmolarity of the solutions.

Reliability of the Model

The Goldman approach was used in the model [Eqgs. (4) and
(5)] to describe the flow of ions induced by the electrostatic
potential (Goldman, 1943). The simulations show that if we
use the Hodgkin Katz approach to model the flow of ions
induced by the electrostatic potential (Hodgkin and Katz, 1949),
the predicted differences in cell’s volume increase and tension
pore occurrence time compared with the ones using Goldman
approach are non-significant. For instance, when the Hodgkin
Katz approach is used, only less than 0.2% higher relative increase
of the cell’s volume is predicted in the Leibovitz’s medium and in
the 185 mosM/L Leibovitz-water solution. Correspondingly, the
first tension pore is predicted to occur at less than 0.02% shorter
times in 63 and 32 mosM/L Leibovitz-water solutions when the
Hodgkin Katz approach is used instead of the Goldman approach.

It was also assumed that the hydrostatic pressure Ap increases
linearly with the cell volume (V) from its initial value (V) to
its critical value (V). Even though the pressure is expected to
remain more or less unchanged during the initial swelling since
some portion of the cell membrane is not tightly attached to
the substrate or to the cytoskeleton, it can be shown that the
alterations of the assumed pressure behavior do not significantly
affect the predictions of the model. The simulations show that
either a prompt increase of the hydrostatic pressure to its
critical value (Ap = 20¢/Rc) appears at the beginning or a
slow one with an almost negligible pressure value (Ap = 0) till
the pore formation is assumed, only 1% difference in the cell’s
volume variation is predicted in a 158 mosM/L Leibovitz-water
solution. This demonstrates a robustness of the model concerning
the dependency of Ap on the cell volume. As a consequence,
it is not possible to assess the intracellular pressure changes
using this model.

For the numerical simulations, the value of the area elasticity
modulus ky, typical for lipid bilayers, was used. The results
show that the effect of k4 on relative volume changes is not
pronounced, which makes the model stable for a larger range of
ky values in the literature (Pietuch et al., 2013). For example,
in 158 mosM/L Leibovitz-water solution at 10 times smaller
ka value, only 0.5% lower value of the maximum volume is
predicted, and at 10 times higher k4 value, only 0.1% higher value
of this volume is predicted, respectively.

The program can be found on the GitHub'.

Uhttps://github.com/bbozic-ul/program

DISCUSSION

The goal of this study was to examine the cell’s volume changes
and the occurrence of tension-induced membrane ruptures
in hypotonic media. The experimental results show that the
characteristic cell behavior depends strongly on the osmolarity
of the medium, and that it differs considerably between the
electrolyte and sugar solutions. A theoretical model presented can
explain the essential characteristics of the observed phenomena.

Experimental and Theoretical Results

An inflow of water into the cell is induced as a result of the
osmotic pressure difference in a hypotonic medium. Because
of the limited capacity of the cell’s active self-preservation
mechanisms, a volume increase is expected. Concomitantly, the
changes in the cell’s shape and footprint, the formation and
merging of blebs, and the occurrence of a single bleb (i.e., “cell-
vesicle”) are experienced (Figures 2, 3). These phenomena are
expressed in a more spherical cell shape, which optimizes the cell
volume at a given membrane area (Groulx et al., 2006).

The theory predicts comparable short-term increases of
the observed cell’s volume in hypotonic electrolyte and sugar
solutions at higher osmolarities (Figures 4, 9). They also
predict the observed long-time volume differences between the
hypotonic electrolyte and sugar solutions. The higher efficiency
of the RVD in a modest osmotically induced water inflow
is namely reflected in “type D” cell's behavior pattern in
sucrose-water solutions and in an asymptotically increasing
“type A” volume behavior pattern in electrolyte Leibovitz-water
solutions (Figure 6). In accordance, significant differences in
the occurrence times in electrolyte and sugar solutions can be
foreseen by the model (Figure 10). A good correlation of the
predicted volume decrease is also obtained in the iso-osmolar
sucrose solution where an approximately 50% cell’s volume
decrease was observed in a period of 1 h (Figures 4B, 9).

In addition, the model defines the role of tension-induced
membrane ruptures at lower osmolarities and explains the
observed differences in the osmolarity range and the occurrence
times in the electrolyte and sugar solutions (cf. Figures 4, 10).
Namely, the self-preservation mechanisms are not sufficient to
compensate the intensive osmotically induced water inflow at
lower osmolarities. In this case, the cells volumes grow the
most intensively (Figures 4, 5), and “cell-vesicles” are formed
(Figure 2, fifth row). The “cell-vesicle” is regarded as the ultimate
stage where all the hidden membrane reserves are exhausted.

When the cell’s volume equals to approximately 3.4 times the
initial cell volume (Figure 4), the membrane’s lateral tension
reaches its critical value, and a membrane rupture occurs as
seen in Supplementary Videos 1, 2 (Brochard-Wyart et al,
2000; Kristanc et al, 2014; Zemljic Jokhadar et al, 2016;
Chabanon et al., 2017). Short or longer lasting membrane
ruptures are predicted to repeat until the osmolarities inside
and outside the cell are essentially equalized (Figure 9). The
longer lasting membrane rupture is characterized by a quick
increase and partial decrease of the pore radius that stabilizes
at a significantly lower value for a longer period. It is predicted
at the lowest osmolarities where the highest water inflows
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cannot be compensated by a short membrane opening. With
the occurrence of a non-selective leakage of the cell contents
during the membrane rupture (Figure 3 and Supplementary
Video 1), the observed characteristic “type B” and “type C”
time-behavior patterns of the cell volume can be explained
(Figure 6). After the closure of a membrane rupture, the cell’s
volume can start to increase again, and the process of the
membrane rupture occurrence can be repeated that explains the
“type B” time-behavior pattern (Figures 6, 9). The “type C”
time-behavior pattern, which is characterized by a significant
decrease of the cell’s critical volume, could be correlated to
the “cell-vesicles” that resealed completely or partially after
longer lasting membrane rupture (Supplementary Video 1 and
Figures 6, 9). The occurrence of membrane ruptures, which
were observed either during the whole measuring time in the
electrolyte Leibovitz-water solutions or within a limited time after
the exposure to the sucrose-water solutions, is also predicted by
the model (Figures 7, 10). The latter could also explain the loss
of the fluorescent signal observed during the whole measuring
time at higher osmolarity values in the Leibovitz-water solutions
(Figures 7, 10).

The data found in the literature, in particular on CHO cells, are
scarce and partially divergent. A fast increase of the cell’s volume
was observed in CHO cells when exposed to 6 mosM/L electrolyte
solution (Groulx et al., 2006). Critical cell volume increases
equal to approximately 10 times the initial cell volume were
determined, and the occurrence times of membrane ruptures
were found to be around 5 min after the cell exposure to the
hypotonic medium (Groulx et al., 2006). Furthermore, an average
maximum cell volume increase equal to 1.3 times the initial cell
volume was obtained 2 min after the exposure of CHO cells to
100 mosM/L sucrose solution. The temporal behavior of the cell’s
volume is reflected in the “type D” behavior pattern (Usaj et al.,
2009). Hence, the occurrence times of membrane ruptures and
of maximum volumes are in accordance with our observations
(Figure 4); however, the maximal value is either significantly
higher (Groulx et al., 2006) or significantly lower (Usaj et al.,
2009) than our results. The large differences in the results will
be addressed in the Biological Aspects section. It is also to be
noted that the Boyle van’t Hoft plot cannot be used to estimate
the osmolality range at which membrane rupture occurs in our
case since it is based on the concept of the constant amount of
the intracellular impermeable solute (Katkov, 2011).

Reasons for the Differences in the
Hypotonic Electrolyte and Sugar

Solutions

The theoretical model incorporates (i) the effects induced by
the osmosis and the hydrostatic pressure that drive water
molecules into the cell, (ii) the transmembrane movements of
Nat, KT, and CI~ due to their intracellular and extracellular
concentration differences and due to the active Na™/K*-ATPase
pumps, (iii) and the occurrence of tension-induced membrane
ruptures in the membrane with the corresponding flows (Koslov
and Markin, 1984). The observed differences in the behavior of
cells in the Leibovitz-water solutions (ion-containing medium)

and in the sucrose-water solutions (sugar-containing solution)
can be explained based on a high membrane permeability to
water, the lower membrane permeabilities to the K+, Cl~, and
Na™ ions, and the poor membrane permeability to the sucrose
molecules (Reuss et al.,, 2004; Kiesel et al., 2006; Hoffmann,
2011). The time changes of the cell’s volume can be divided
in alignment with Reuss et al. (2004) into two phases: (i)
the first phase is characterized by the cell’s volume increase
caused by the inflow of water molecules driven by the osmotic
difference between the cell and the medium applied. In this
phase, only negligible influences on the osmotic difference and,
accordingly, on the cell’s volume are expected to be induced
by the repositioning of the solute molecules across the cell
membrane because of their low membrane permeability. (ii)
The second phase is characterized by an influence of the active
outflow of Na™ and the active inflow of KT ions as well as the
passive outflows of Kt and CI~ ions and the passive inflow of
Na* ions.

In the Leibovitz-water solutions, the active and passive K™ and
Na™ exchange mechanisms experience partially compensating
effects on the cell osmolarity. The outflow of Cl™ ions is also
not pronounced because of the restriction of the cell’s electric
neutrality. Consequently, the cell osmolarity does not change
significantly, and the cell continues to swell. In contrast, in the
sucrose-water solutions, the active flow of ions is disabled, and no
passive inflow of sucrose molecules occurs because of their poor
membrane permeability. As a result, only outflows of ions occur,
and consequently, the cell osmolarity decreases accompanied by
an immediate outflow of the water molecules. Hence, the volume
decrease will be induced, and a more effective RVD is experienced
in the sucrose-water solutions.

The cell’s volume is expected to increase equally in Leibovitz-
water and sucrose-water solutions during the first phase, and
its rate of increase will be dependent solely on the osmolarity
difference between the interior and exterior of the cell. In
accordance, a tension-induced membrane rupture will occur in
both media at the lowest osmolarities, where the cell volume
will increase to the critical volume already during the first phase
(Figure 10). Longer occurrence times of membrane ruptures
can be expected only in the Leibovitz-water solutions due to an
asymptotic increase in the cell volume (Figures 4, 10).

In control experiments undertaken with the Leibovitz’s
medium, only minimal changes of the cell’s volume result from
a minor water inflow and active and/or passive flows of ions
because of the iso-osmolarity and comparable composition to the
growth medium (Figure 9). In contrast, cell shrinkage is expected
in the iso-osmolar sucrose-water solution due to the passive
outflow of K+ and CI~ ions without the inflow Na™ (Figure 9).

The measurements were also undertaken on the cells, which
were pretreated by ouabain in order to eliminate the ion
transport through Nat/K*-ATPase pumps. The cells showed
an increase of their volume already after the ouabain treatment
(Strange, 1989; Fels et al, 2009). When they were exposed
to the Leibovitzs solution diluted by 60% with distilled water
or to the sucrose solution with a comparable osmolarity, the
differences in the characteristic time courses were observed.
More specifically, lower cell volumes were determined at
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TABLE 2 | Standard deviations of the relative volume changes of the cells presented in Figure 4.

t (min) Osmolarities of Leibovitz-water solutions Osmolarities of sucrose solutions Distilled water
315 mosM/L 189 mosM/L 126 mosM/L 63 mosM/L 315 mosM/L 189 mosM/L 126 mosM/L 63 mosM/L

2 0.30 0.20 0.64 0.41 0.30 0.81 1.07

5 0.10 0.27 0.24 0.48 0.09 0.42 0.23 0.65 1.17

10 0.13 0.30 0.36 0.49 0.08 0.44 0.29 0.54 1.41

60 0.14 0.71 1.22 0.86 0.28 0.43 0.79 0.71 1.44

longer times for the sucrose solution than for the diluted
Leibovitz’s solution.

Biological Aspects

The observed flattening of the membrane and the bleb formation
in cells exposed to hypo-osmotic stress are in accordance
with the findings in the literature (Ebner et al., 2005; Charras
et al., 2008; Babiychuk et al., 2011; Mayor, 2011; Ryham et al,,
2011). Larger blebs are formed at volume increases higher than
approximately 70%, whereas the “cell-vesicles” are formed at the
volume increases higher than approximately 150% (Figures 2, 5).
The membrane ruptures that are formed at the critical volume
increase (approximately 240%) are essentially the only way by
which the cellular macromolecules can leave the cell. The results
of the viability presented in Figure 8 show that the seemingly
preserved membrane integrity cannot be simply correlated to the
cell’s structural and functional integrity as a whole.

The extremely low osmolarities used in the experiments
were applied, in spite of the fact that they lead to 100% cell
mortality, with the intention to model the cell behavior in a wider
range of osmotic gradients. In this way, we could get additional
insights into the relation between the cell volume increase and
the occurrence of tension-induced membrane ruptures and,
concomitantly, the corresponding cell volume maximum. Similar
bleb formations, cell detachment, volume increase, and the
occurrence of membrane ruptures were namely observed and
predicted in CHO cells after the application of the pore-forming
antibiotic nystatin (Zemljic Jokhadar et al., 2016).

The scattering of the maximum values measured in individual
cells with standard deviations around 35% indicates a large
intrinsic variability of the cells (Figure 5 and Table 2). Even a
wider range of the cell’s volume increase is expected concerning
different cell types where in addition to the differences in
experimental parameters used, the differences in the membrane
reservoir availability, in the cytoskeleton organization, and in
the cell volume regulation mechanisms may take place (Lang
et al., 1998; Pasantes-Morales and Tuz, 2006). Nevertheless, since
the theoretical model involves the essential contributions to the
transmembrane flows through the cell membrane, it can be
regarded as a basic quantitative tool for the description of the
RVD in the cells.

CONCLUSION

Our results clearly show that the in vitro results of the volume
response to the osmotic shock gained in experiments using

different sugar and electrolyte solutions are difficult to be
interrelated. The most appropriate time for the comparison is
within the first 3 min after the hypotonic shock when the flow
of the water is still not significantly influenced by the type of
the medium. The observed cell behavior in hypotonic electrolyte
and sucrose solutions could be explained by a theoretical model
based on the passive transmembrane movement of ions and on
the action of Na™/K*-ATPase pumps. To our knowledge, it is
the only quantitative model simulating the cell behavior in the
hypotonic conditions that includes the formation of tension-
induced membrane ruptures.
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