4276 Biophysical Journal Volume 96 May 2009 4276-4285

The Hydrogel Nature of Mammalian Cytoplasm Contributes
to Osmosensing and Extracellular pH Sensing

Johannes Fels,™ Sergei N. Orlov,™ and Ryszard Grygorczyk ™

TResearch Centre, Centre hospitalier de 'Université de Montréal (CHUM), Hotel-Dieu, and *Department of Medicine, Université de Montréal,
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ABSTRACT Cytoplasm is thought to have many hydrogel-like characteristics, including the ability to absorb large amounts of
water and change volume in response to alterations in external environment, as well as having limited leakage of ions and
proteins. Some gel-like behaviors have not been rigorously confirmed in mammalian cells, and others should be examined under
conditions where gel volume can be accurately monitored. Thus, possible contributions of cytoplasm hydrogel properties to
cellular processes such as volume sensing and regulation remain unclear. We used three-dimensional imaging to measure
volume of single substrate-attached cells after permeabilization of their plasma membrane. Permeabilized cells swelled or
shrinked reversibly in response to variations of external osmolality. Volume changes were 3.7-fold greater than observed with
intact cells, consistent with cytoplasm’s high water-absorbing capacity. Volume was maximal at neutral pH and shrunk at acidic
or alkaline pH, consistent with pH-dependent changes of protein charge density and repulsive forces within cellular matrix.
Volume shrunk with increased Mg?®" concentration, as expected for increased charge screening and ionic crosslinking effects.
Findings demonstrate that mammalian cytoplasm resembles hydrogel and functions as a highly sensitive osmosensor and extra-
cellular pH sensor. Its high water-absorbing capacity may allow rapid modulation of local fluidity, macromolecular crowding, and

activity of intracellular environment.

INTRODUCTION

The plasma membrane plays a prominent role in controlling
cell volume responses to extracellular and intracellular envi-
ronment changes. Besides serving as a diffusion barrier that
prevents uncontrolled leakage of cellular content, its array of
specialized transporters actively regulate electrochemical
gradients of inorganic and organic osmolytes between the
cell’s interior and surrounding medium. Although the role
of the plasma membrane in volume-regulatory mechanisms
has been widely appreciated, the membrane-enclosed cyto-
plasm is usually considered a simple aqueous solution in
which water and small ions are free to diffuse. Such a para-
digm, however, has been extrapolated from studies of dilute
solutions and founded on several implicit assumptions that
may not be valid in a protein-crowded intact cell milieu
(1,2). Cytoplasm consists of a water-containing matrix
formed by a cytoskeletal network of interconnected protein
fibers that might be better described as an aqueous gel
(1,3,4). As such, cytoplasm may have properties similar to
hydrogels, a synthetic or natural water-swollen polymeric
network containing chemical or physical crosslinks (5). Hy-
drogels are either neutral or ionic with porous or nonporous
structures that can absorb large amounts of water, but the
extent of their swelling depends on external osmolality,
temperature, and ionic strength. Ability to swell is a major
property of artificial and biological gels and is attributed to
volume exclusion effect (6), but gels that have a net nondif-
fusible charge on their insoluble matrix (polyelectrolyte gels)
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will swell in aqueous media through internal electrostatic
repulsion forces between neighboring matrix charges. These
repulsive forces are partly screened by mobile counterions in
the aqueous medium penetrating the matrix, and their distri-
bution between the gel and the outer solution is determined
by the Donnan equilibrium (7-9). Therefore, hydrogel
swelling will depend on the ionic composition of the external
solution and charge density on the polymeric network, which
for biological protein-based hydrogels could be modulated
by pH. Multivalent counterions such as Mg?" may have
particularly strong effects on gel volume, not only by more
efficient charge screening but also due to ionic crosslinking
effect, which involves electrostatic attractive forces between
multivalent cation and two or more neighboring anionic
polymers. Polyelectrolyte gels are intrinsically unstable and
would swell indefinitely in the absence of stabilizing forces
such as chemical crosslinking of the network; physical forces
due to entanglement of the fibrilar elements of the gel;
external osmotic pressure; and in biological tissues, physical
forces exerted by the extracellular matrix. Another biologi-
cally important volume-stabilizing mechanism involves
lowering intracellular osmotic pressure by metabolically
driven ion pumping out of the cell, which is believed to be
responsible for volume stabilization in most intracellular
gels (9). Thus, removal or permeabilization of plasma
membrane will abolish this volume-stabilizing mechanism
and lead to cell swelling due to ion movement driven by
the Donnan effect. Indeed, squid axoplasm, after extrusion
from the giant axon directly into an artificial axoplasm solu-
tion, retains its cylindrical shape and shows significant
swelling that is likely a direct manifestation of cytoplasm
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gel-like nature (10). Similar behavior is demonstrated by the
intracellular membrane-enclosed insoluble matrix of the
secretory granules, which rapidly swells when the interior
of the granule is exposed to Ringer’s solution. The matrix
volume also reversibly shrinks and swells like an ion-
exchange gel by changing the valency of cation in the
external bathing solution (11). Other gel-like behaviors of
the cytoplasm have been observed with whole tissue prepa-
rations such as detergent-permeabilized or cut open lens
fibers and skinned muscle fiber cells. These preparations
show ability to retain large amounts of water, >3 g H,0O/g
dry mass (12,13) and limited leakage of ions and proteins
(12,14). Retention of water, proteins, and potassium was
also observed with isolated permeabilized epithelial cells
(15) and lymphocytes (16), consistent with the gel-like nature
of cytoplasm. Other examples of biological gels include
supracellular gels formed by mucins, which cover and protect
epithelial cells in the respiratory, gastrointestinal, and other
systems; amphibian epidermis; and the gills in fishes (17).
Mucins are tightly packed in acidic intracellular granules con-
taining high milimolar CaCl, levels and show significant
swelling upon exocytotic secretion, consistent with their
ability to retain large amounts of water (18). Cytoplasm gel-
like hydration properties have also been predicted from
studies of model systems such as protein-containing dialysis
cassettes (19) and studies with nonliving artificial and natural
gels (7,20). Despite much evidence of cytoplasm’s gel-like
behavior, these properties have not been explicitly incorpo-
rated into current models of cell-volume regulation. This is
likely because the gel properties of mammalian cytoplasm
have been difficult to study at the single-cell level and their
contribution to intact cell-volume responses cannot be
directly evaluated. This requires testing single-cell cytoplasm
behavior under conditions in which its gel-like structure is
preserved and volume can be accurately monitored.

In this study, we tested the hypothesis that mammalian
cytoplasm is a hydrogel and examined its volume response
to external environment changes. We used a three-dimen-
sional (3D) imaging technique developed in our laboratory
that allows monitoring volume of single substrate-attached
cells after permeabilization of their plasma membrane.

METHODS
Cell-volume evaluation

Cells grown on glass coverslips were mounted in a custom-made flow-
through imaging chamber perfused with 37°C solution. To evaluate volume
changes of substrate-attached cells, we deployed an upgraded version of
the 3D imaging technique described in our previous work (21,22). Briefly,
the method involves 3D reconstruction of cell shape based on cell images
acquired in two perpendicular directions. Side-view and top-view cell images
were acquired with two independent miniature charged-coupled device
cameras (Moticam 350, Motic Instruments, Richmond, British Columbia,
Canada) and Motic software at 10- to 60-s intervals to closely follow rapid
volume changes. 3D topography of the cell surface was reconstructed by
a dual image surface reconstruction technique (21). This generated a set of
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topographical curves of the cell surface from its digitized side-view profile
and base outline. Cell volume and surface were calculated from this recon-
structed cell topographical model. All calculations were carried out with
MATLAB (The MathWorks, Natick, MA). In this study, data plots show rela-
tive volume normalized to volume of intact cell in physiological solution.

Solutions

Physiological isotonic solution (PS) contained (in mM): 140 NaCl, 5 KCl,
1 MgCl,, 1 CaCl,, 10 glucose, and 10 HEPES (pH 7.4, adjusted with
NaOH). Intracellular-like solution (ILS) contained (in mM): 10 NaCl, 110
KCI, 5 MgCl,, 1 Na-ATP, 1 EGTA, 10 HEPES, 11 DTT, and 25 imidazole
(pH 7.4, adjusted with KOH). Osmolality of the solutions was measured
with a freezing point osmometer (Advanced Micro Osmometer Model
3300, Advanced Instruments, Norwood, MA) and were 292 4+ 3 mOsm
for PS and 279 £+ 2 mOsm for ILS. Hypertonic solutions were made by
addition of mannitol (200 mM, 300 mM, and 400 mM), whereas hypotonic
solutions were made by reducing salt (NaCl, KCIl) concentration. High
Mgt ILS was prepared by isoosmotic replacement of KCI by MgCl,.

Cells

Culture of human lung carcinoma A549 cells and human bronchial epithelial
16HBE140™ cells, a gift from Dr. D. Gruenert (California Pacific Medical
Center Research Institute), is described in (23). HL-60 cells were cultured in
suspension in RPMI containing 10% FBS, 2 mM L-glutamine, 56 U ml™"'
penicillin G, and 56 ug ml~" streptomycin. Before the experiment, HL-60 cells
were treated with phorbol ester (0.1 uM, 24 h) to induce their differentiation
and attachment to the glass substrate. All constituents of the culture media
were from Invitrogen (Burlington, Ontario, Canada). Cell volume was quanti-
fied from cells plated at low density on 22 x 22-mm glass coverslips.

Plasma membrane permeabilization

Exceptin initial experiments where higher detergent concentrations and longer
treatment times were used, the cell plasma membrane in most experiments was
permeabilized by brief ~2-min exposure to 5 ug ml~" (~4 M) of digitonin
(Sigma-Aldrich Canada, Oakville, Ontario, Canada) in ILS, followed by
washing with digitonin-free ILS. As verified by Trypan Blue staining, ~90%
of A549 cells were permeabilized by such treatment. In separate experiments,
we found that by adding Trypan Blue at different time points after digitonin
treatment,~70% of cells remained permeabilized for at least 30 min, long
enough to study their properties. Because some cells resealed their plasma
membrane during the 30—40 min period, Trypan Blue staining was always per-
formed at the end of each experiment to verify that the plasma membrane of any
given cell under investigation remained permeabilized throughout the entire
experiment. Cells that failed this test were rejected from analysis. For compar-
ison, in some experiments, cells were permeabilized with amphotericin
B (7.5 ugml ™", 8 min), which produced essentially the same results as digitonin.

Intracellular pH measurements

Intracellular pH was monitored using a pH-sensitive fluorescent dye BCECF
(Invitrogen-Molecular Probes, Burlington, Ontario, Canada). To load cells
with the dye, they were incubated (1 h, room temperature) in PS containing
10 uM BCECF-AM, 0.02% Pluronic® F127, and 2.5 mM probenecid. For
fluorescence imaging, a coverslip with cells was mounted in an imaging/
perfusion chamber attached to a heated platform (P-5, Warner Instruments,
Hamden, CT) on the stage of an inverted microscope TE300 (Nikon, Mon-
treal, Quebec, Canada). Details of the fluorescence imaging system are
described in our previous work (24).

RESULTS

We hypothesized that mammalian cytoplasm behaves as a
hydrogel, and, therefore, its volume should reversibly respond
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FIGURE 1 Flow-chart of a typical experiment. Cells
were mounted in the perfusion chamber and equilibrated
in PS (37°C, ~10 min) (O); perfusion with ILS (/); perme-
abilization with digitonin (2 min) or amphotericin B
(8 min) followed by the wash out (2); change of osmolality,
pH, or [Mg2+] of the external solution (3); return to initial
conditions to test reversibility of the volume changes (4).
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to alterations of osmolality, pH, and concentration of divalent
cations such as Mg " in bathing solution.

Plasma membrane permeabilization induces
cytoplasm swelling

To gain direct access to the cytoplasm, cell-surface membrane
was perforated with a detergent. Because membrane permea-
bilization is usually associated with cell swelling, we
questioned what experimental conditions were required to
reproducibly observe such swelling and whether permeabi-
lized cells after initial swelling could attain a stable volume.
Fig. 1 shows a flow chart of a typical permeabilization exper-
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Trypan Blue added at this point to verify that the cell
remained permanently permeabilized.

iment. Glass coverslips with adherent cells were mounted in
the side-viewing experimental chamber and cells were
perfused with warm (37°C) PS for 10—15 min. During off-
line analysis, the volume of a resting intact cell was deter-
mined at the end of this equilibration period and used as
a reference for the entire experiment. In absolute numbers,
volume of intact A549 cells was 2.4 & 1 pl (1 pl = 1000 um®,
n = 50), which agrees with previously reported values (22).
When perfusate was changed to ILS, it resulted in moderate
cell swelling of 1.35- + 0.01-fold initial volume. Volume
increase is likely due to depolarization of membrane electrical
potential and increased concentration of intracellular C1™
under high K* conditions (see Fig. 2, @ and b) (25) and, in

FIGURE 2 (a) Light microscopic
side-view images of an intact substrate-
attached A549 cell in PS (0), ILS (1),
and after plasma permeabilization with
digitonin  (2). The corresponding
s perspective view of 3D cell models re-
constructed by dual image surface recon-
struction technique (as described in
Methods) is shown on the right,
from which absolute cell volume (in pl)
\ was determined. (b) Permeabilization-
induced relative cell volume changes.
Initial absolute cell volume measured in
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5 A549 (H), 16HBEl40™ (O), and

HL-60 (A). Representative traces are
shown for n = 50 (A549 cells) and
n = 4 for two other cell lines. The thick
horizontal bar indicates a 2 min period
of digitonin application.
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part, due to slightly lower (~4%) osmolality of the ILS
compared to PS. After cell volume reached a new stable level,
cell plasma membrane was permeabilized by continuous
perfusion with ILS containing digitonin. As Fig. 2 b reveals,
after plasma membrane permeabilization with 25 ug/ml digi-
tonin, a typical concentration used for permeabilizing many
cell types, cells rapidly collapsed loosing most of their intra-
cellular content. Similar results were obtained with Triton
X-100, which even at the lowest concentration tested
(0.1%) led to rapid solubilization of cell membrane and cyto-
plasm, resulting in the collapse of cellular structure. In some
experiments with lower digitonin concentration (10 pg/ml),
a transient swelling was observed followed by cell collapse,
suggesting that cell swelling could be observed. However,
permeabilization procedure with such high detergent concen-
tration leads to destruction of cytoplasm structural integrity
and leakage of cellular content. To avoid this, we used
5 pg/ml digitonin and shortened the treatment time to
~2 min. With this permeabilization protocol, different
behavior of A549 cells was observed; they swelled 2.2-fold
reaching a steady level within ~5 min. The same result was
observed when another detergent, amphotericin B (7.5 pug/ml,
8 min) was used. Similar swelling was observed with human
bronchial epithelial I6HBE140~ and HL-60 leukemia cells,
demonstrating that the effect is not unique to A549 cells
(see Fig. 2 ¢). This swelling is attributable to the Donnan effect
and is a direct result of abolishing the volume-stabilizing
function of the plasma membrane. The fact that after initial
swelling, permeabilized cells attained a stable volume indi-
cates a limited leakage of cellular proteins. Volume of per-
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meabilized cells in these experiments remained stable for at
least 30 min, allowing investigating their responses to alter-
ations in external environment. The efficiency of plasma
membrane perforation was verified for each cell under study
by Trypan Blue uptake, which was applied at the end of the
experiment. Because the plasma membrane permeability
barrier is absent in such cells, volume is determined primarily
by volume of its cytoplasm. Furthermore, due to presence of
large surface membrane reserves, volume changes are
unlikely to be physically restricted by the remaining plasma
membrane (22).

Cytoplasm has intrinsic osmosensitivity

An important characteristic of hydrogels is their ability to
absorb or release large amounts of water in response to osmo-
lality alteration of the external bathing solution. We tested
whether A549 cell cytoplasm shows similar behavior. Indeed,
after plasma membrane perforation, variations of external
osmolality produced reversible swelling or shrinking of the
cytoplasmic gel (see Fig. 3 a, vertical lines 3—4). In 50%
hypotonic solution (~140 mOsm), it further swelled from
2.2- to 3.08- £ 0.07-fold and shrank to 0.51- &= 0.01-fold of
its initial volume when osmolality of the external solution
was increased to ~679 mOsm with mannitol. Results demon-
strate that cytoplasm behaves like a hydrogel and has intrinsic
osmosensitivity independent of cell surface membrane integ-
rity. Maximal cytoplasm swelling seen with plasma
membrane-perforated cells was ~4-fold compared to the
initial volume of intact cells. Larger swelling could not be

FIGURE 3 (@) Time-course of single-cell volume
response to membrane perforation and subsequent osmo-
* lality changes. Representative traces are shown, each repre-
senting a single-cell experiment. Volume changes are
relative to initial volume of the cell in PS before membrane
- permeabilization. The vertical dotted lines indicate: change
of external solution from PS to ILS (/); plasma membrane
permeabilization with digitonin (5 ug/ml, 2 min, denoted
by the thick horizontal bar) (2); change of external osmo-
lality from isotonic 316 mOsm to (in mOsm): 158 (V),
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(Osmolality)" (mOsm)'1
1 3 4
716 mOsm
R ks
158 mOsm
- F 2 ;
e 4t el | )

516 (W), 616 (O), and 716 (A) (3); return to isotonic
conditions (4). Below are examples of light microscopic
side-view images of two different cells taken sequentially
at the time points corresponding to vertical lines /, 3, and
4 as described above. Images were taken via a 20x phase
contrast objective (Nikon, LWD, NA 0.4). At 4, the two
cells were exposed to hypertonic (716 mOsm) or hypotonic
(158 mOsmO solutions. The scale bar below corresponds to
20 pm. (b) Volume of intact cells () and of cytoplasmic
gel (@) plotted against reciprocal osmolality. The data
points are the average (& SE) from 5 to 50 independent
experiments. The two straight lines represent a least-square
linear regression fitted to the data points in the entire osmo-
lality range tested for intact cells, whereas for permeabi-
lized cells the data point of lowest osmolality was excluded.
Corresponding slopes were: 212 = 9 mOsm and 782 + 24
mOsm and intercepts 0.26 + 0.03 and —0.65 £ 0.07.

Biophysical Journal 96(10) 4276—4285



4280

investigated due to wash-out of cytoplasm content and
possible loss of its gel-like consistency in solutions of exces-
sively low osmolality (<140 mOsm). Fig. 3 b illustrates the
cytoplasm volume observed in external solutions of different
osmolalities and compares it to that of intact cells. Assuming
avan’ t Hoff relationship between volume and inverse osmo-
lality, the linear fit to the 6 points in the range between the 20%
hypotonic to the hypertonic osmolality gives the cytoplasm
a significant 3.7-fold steeper dependence compared to intact
cells. This demonstrates that cytoplasmic gel behaves like
ahighly sensitive linear osmometer. It deviates from the linear
dependence of the ideal osmometer at 50% hypotonicity. This
may result, however, from significantly decreased ionic
strength of this solution, which was prepared by lowering
salt concentration. The high osmosensitivity of cytoplasmic
gel is consistent with its extraordinary water-absorbing
capacity, a property typical for hydrogels. Interestingly, in
the presence of 200 mM mannitol, permeabilized cell volume
shrinks back close to that of intact cells, indicating that ~200
mOsm extra osmotic pressure is required to stabilize cell
volume. In intact cells, stable steady-state volume is main-
tained by the plasma membrane, which prevents uncontrolled
leakage of osmolytes and reduces intracellular osmotic pres-
sure by energy-dependent ion pumping.

Effect of pH

Swelling of protein-based hydrogels is modulated by pH
changes due to alteration of protein surface charge density,
electrostatic repulsive forces between neighboring matrix
charges and osmotic effects due to altered counterion distribu-
tion. We hypothesized that these effects may contribute to
pH-dependent volume changes of protein-rich gel-like cyto-
plasm. Fig. 4 a shows that reducing pH of the external solution
from 7.4 to 5.0 significantly decreases cytoplasmic volume.
The effect was reversible and similar for two different deter-
gents used to permeabilize the plasma membrane. Volume
of intact and permeabilized cells reached maximum at
pH 7.4 and then declined toward acidic or basic pH values
(see Fig. 4 b). Interestingly, pH-dependent volume changes
of cytoplasm and intact cells were very similar despite
a greater than twofold larger initial volume of the cytoplasm
caused by Donnan swelling. To determine if such pH depen-
dence is similar in the absence of Donnan swelling, permeabi-
lized cells were examined in solutions of elevated osmolality
(with 200 mM mannitol) to reduce their volume back to that
observed with intact cells. Fig. 4 b illustrates that under these
conditions at pH 5, a similar volume reduction occurred as
with intact cells. Thus, pH-induced volume changes of intact
cells were not different from those of the cytoplasm alone. In
intact cells, volume changes may, however, result from pH-
induced alteration of transmembrane ionic fluxes and osmotic
water movement. To determine the extent of volume changes
of intact cells from the latter mechanism, we examined how
intracellular pH (pH;) responds to alterations of extracellular
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FIGURE 4 (a) Time-course of two representative experiments showing
effect of external pH changes on permeabilized cell volume. Vertical lines
indicate: change of external solution from PS to ILS (/); plasma membrane
permeabilization with digitonin (5 ug/ml, 2 min) (e) or amphotericin B
(8 min, 7.5 uM) () (2). The thick horizontal bars denote the duration of
detergent treatment: white = Amphotericin B, black = digitonin (3); change
of external pH from 7.4 to 5.0 (4); return to pH 7.4. (b) Comparison of
pH-dependent volume changes of permeabilized cells in ILS (O); in ILS +
200 mM mannitol (e) and of intact A549 cells ((J). The graph shows the
difference between relative volume at pH = X and that observed at
pH 7.4 according to the formula: volume change = Vx/V — V;4/V,, where
Vo = initial volume of intact cell in PS, pH 7.4; V; 4 = volume of intact or
permeabilized cell in ILS, pH 7.4; and Vx = volume of intact or permea-
bilzed cell at pH = X. Data points are the average (&= SE) from 5 to 50 inde-
pendent experiments for each condition.

pH. Fig. 5 shows that pH; of intact cells closely follows that
of the extracellular solution, demonstrating that in A549 cells,
pH homeostasis mechanisms cannot in the short term
compensate for the large pH changes of extracellular solution
as cytoplasm is subjected to almost the same pH changes.
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FIGURE 5 Intracellular pH in A549 cells closely follows pH changes of
extracellular solution. Time course of pH; changes after change from extra-
cellular PS to ILS at pH 7.4 and subsequent stepwise reduction of extracel-
lular pH to 6.5 and 6.0 (@), and to pH 5 (b). Data are representative of n = 3
independent experiments. The effect was fully reversible upon returning to
extracellular pH of 7.4. All experiments were performed at 37°C; pH; was
measured by BCECF fluorescence imaging (see Methods).

Results suggest intrinsic pH-sensitivity of cytoplasm may
significantly contribute to volume changes of intact cells during
large extracellular pH shifts.

Effect of Mg?"

Swelling capacity of hydrogels, including those with a protein
backbone, is known to strongly depend on the surface charges
of polymers and is influenced by the ionic strength of the solu-
tion and multivalent cations such as Ca*" or Mg*"
(8,18,20,26). Therefore, if mammalian cytoplasm is a hydro-
gel, its volume should be reduced by increasing concentration
of divalent cations. We examined the effect of different
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FIGURE 6 Time course of a typical experiment illustrating the volume
response to Mg>" elevation. (a) Vertical lines indicate: change of external
solution from PS to ILS (/); plasma membrane permeabilization with digi-
tonin; the thick horizontal bar denotes the duration of detergent treatment
(2); increased external Mg”" from 5 to 70 mM by isoosmotic replacement
of K (3); and return to 5 mM Mg?" (4). (b) Summary of volume responses
to different Mg®" levels. Data are mean + SE of 4-50 independent experi-
ments for each condition. Inset shows experimentally observed relative
volume changes (normalized to volume observed with 5 mM Mg“, (o)
induced by different external Mg>" (indicated in mM) and compared to
those expected due to reduction of counterion concentration (expressed as
relative concentration change) and lower intragel osmotic pressure (O).

MgCl, concentrations on permeabilized cell cytoplasm
volume. Fig. 6 a reveals isoosmotic elevation of MgCl,
concentration in the external solution from 5 to 70 mM revers-
ibly reduced cytoplasmic volume, and the effects obtained
with different MgCl, concentrations are summarized in
Fig. 6 b. Shrinkage of cytoplasmic gel in the presence of
elevated Mg®" concentrations parallels similar findings with
hydrogels and can be attributed to a combination of polymer
surface charge screening, ionic crosslinking effects, and
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osmotic effects resulting from electroneutral exchange of
monovalent K™ ions by half the number of divalent Mg?",
as required by electroneutrality in the gel matrix (7,11,20).
The inset in Fig. 6 b shows that observed volume changes
are actually larger than expected from ideal osmotic effect
of intragel counterion concentration changes alone, suggest-
ing electrostatic forces contribute to cytoplasmic gel volume
modulation.

DISCUSSION

The response of cell volume to external environment pertur-
bations has generally been considered an attribute of the
plasma membrane. In this study, we show that cytoplasm
of mammalian cells behaves as a hydrogel, and, in the
absence of plasma membrane barrier, its volume responds
reversibly to changes of external osmolality, pH, and the
divalent cation concentration. To preserve structural integrity
of the fragile cytoplasmic gel, we used single substrate-
attached cells whose surface membranes were perforated
by gentle treatment with a detergent briefly perfused through
the experimental chamber. In most experiments, we used
digitonin, a mild nonionic detergent of plant origin. By com-
plexing with membrane cholesterol, digitonin is thought to
form pores of 9—10 nm in diameter, allowing molecules of
up to 200 kDa to permeate (27). Thus, not only small ions
and osmolytes but also mannitol (MW 180) and Trypan
Blue (MW 891.8) should readily permeate the digitonin-per-
meabilized membrane. Because pore formation requires
cholesterol, it is anticipated that cholesterol-poor endomem-
branes such as ER and mitochondria should be much less
affected. Considering a relatively low digitonin dose and
short exposure, we expect endomembranes to remain largely
unaffected. Under these conditions, loss of cellular content is
likely limited and cytoplasm gel-like structure is preserved,
as indicated by stable volume attained after initial swelling
of permeabilized cells. Indeed, release of cellular content
after plasma-membrane permeabilization was reported to
be much slower than expected for freely diffusing molecules,
e.g., mouse L1929 cells released only 10-15% of cellular
proteins during 30 min permeabilization (1,28). There is
evidence that not only proteins but also small ions do not
simply leak-out of permeabilized cells. Detergent-treated
lens fiber cells (12), kidney epithelial BSC-1 cells (15),
and lymphocytes (16) were found to retain much of their
protein and K™ content.

Permeabilization of plasma membrane resulted in a signifi-
cant 2.3-fold swelling that was similar for all three cell lines
tested. One possible interpretation of this swelling involves
the Donnan effect, i.e., the fixed negative charges of cyto-
plasmic proteins attract counterions, which in the absence of
compensatory mechanisms lead to increased osmotic pres-
sure, water influx, and cell swelling. It is thought that in intact
cells, Na* K*-ATPase-dependent active Na™ extrusion main-
tains a steady state in which intracellular Na™ and, by electro-
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neutrality requirement, C1~ concentrations are reduced, result-
ing in osmotic balance and stable cell volume. Inhibition of
active Na* pumping leads to increased intracellular Na™ and
CI™ concentration and cell swelling (25). Extent of this
swelling varies greatly between different cell types from
30% up to 170% after ouabain inhibition of Na™,K"-ATPase
(29,30). Similarly, this mechanism of volume stabilization is
abolished in permeabilized cells when ions can move freely
across plasma membrane leading to a net influx of ions and
water into the cytoplasm. The 2.3-fold cytoplasm swelling
observed in this study after membrane permeabilization may
be counterbalanced by elevating external osmotic pressure
by ~200 mOsm. Large swelling was reported for the secretory
granule matrix of mast cells and mucins during exocytosis.
Gel-forming mucins are tightly packed inside the granules
due to low pH and high Ca>" concentration but undergo
significant swelling during exocytotic release (31). Mast cell
matrix acts as an ion exchanger and swells when native multi-
valent counterions are exchanged by monovalent cations
present in the external bathing solution. This results in
increased osmotic pressure and water influx (11). We could
speculate that a similar effect, i.e., leakage of native multiva-
lent counterions from the cytoplasm, may be a contributing
factor in the initial swelling observed upon membrane perme-
abilization. However, the nature of such native cytoplasmic
counterions remains speculative.

We found that cytoplasm volume responded to variations
in external osmolality, which was adjusted by addition of
mannitol to the bathing solution. After crossing digitonin-
permeabilized membrane, mannitol likely penetrates the
bulk of cytoplasm, which should be considered not as
solution or solid gel but rather a sponge-like network of
cross-linked fibrous structural elements that partitions the
intervening liquid into a series of interconnected interstices,
channels, or pores, as proposed in studies by Knull and Min-
ton (4) and Shepherd (44). This concept is not new: the early
microtrabecular lattice model (15) and more recently the po-
roelestic cytoplasm model, in which the cytoplasm has been
postulated to have two distinct phases, a solid phase of
a network; membranes; and particulates; and a fluid phase
consisting of water, ions, metabolites, and soluble proteins
(32), which are consistent with this view. The poroelestic
cytoplasm hypothesis suggested existence of fluid-filled
pores of 30—60 nm based on membrane bleb formation and
nonequilibration of hydrostatic pressure in blebbing cells
(32,33). This is similar to 50 nm pores in actin-rich cyto-
plasmic domains determined by partition (molecular sieving)
of fluorescent tracer (34). Thus, cytoplasm should behave as
a sponge-like porous gel in which the fluid-filled pores are
readily accessible for osmolytes such as mannitol. By replac-
ing water molecules and reducing its concentration in the
cytoplasm fluid phase, mannitol will exert osmotic pressure
on the gel phase. Consistent with the gel-like nature of the
cytoplasm, we found that osmolality-induced volume
changes were 3.7-fold greater compared to intact cells.
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Such large volume responses of permeabilized cells in
response to osmolality perturbations demonstrate cyto-
plasm’s ability to absorb or release large amounts of water.
This property may allow rapid modulation of local fluidity,
diffusive processes, and activity of the intracellular environ-
ment (35,36). Cytoplasm volume response deviates from
a linear dependence in reduced ionic strength 50% hypotonic
solution. In contrast, intact cells displayed a linear relation-
ship in the entire osmolality range tested, demonstrating
that they behave as perfect though less sensitive osmometers
in accordance with numerous earlier studies reviewed (37).
The intercept of extrapolated dependence with the ordinate
axis is indicative of cellular dry matter and bound water
content, which in this study, amounts to ~26 £+ 3%. This
value is consistent with the reported total protein, carbohy-
drate, lipid, and nucleic acid content of up to ~30% of tissue
wet weight (38), and with ~20% of osmotically unresponsive
water content found, e.g., in human erythrocytes (39). Our
observations are also consistent with the studies of Escheri-
chia coli cytoplasm, where plasmolysis titration experiments
in the high-osmolality region showed a linear change of
cytoplasmic water volume with inverse external osmolality
and found ~0.45 ul/mg dry weight of bound osmotically
unresponsive water (40). From these data (see Fig. 4) (40),
it is possible to estimate and compare osmotic sensitivity
of E. coli cytoplasm with that of mammalian cytoplasm
examined in our study. For example, to reduce mammalian
cytoplasm volume by 50% from that observed under isotonic
conditions (~300 mOsm), it was necessary to increase
external osmolality by ~597 mOsm for intact cells but by
only ~173 mOsm for permeabilized cells (see Fig. 3 b).
Similar volume reduction required ~506 mOsm in E.coli,
which compares well with results obtained with intact cells
in this study, indicating similar osmosensitivity of both
systems in the presence of intact cytoplasmic membrane.

Cytoplasm swelling observed in this study is unlikely to
be significantly restrained or limited by the remaining perfo-
rated plasma membrane, due to large membrane excess on
the surface of A549 cells. We previously reported that
A549 and other mammalian cells have huge surface and
intracellular membrane reserves of up to ~4-fold their resting
surface area. This allows them to swell by 12.9- £ 1.69-fold
before the membrane ruptures (22). A large excess of plasma
membrane is present on the surface of A549 cells, likely in
the form of membrane folds and other irregularities. This
reserve alone enables cells to swell up to 4.5-fold without
the contribution of endomembrane exocytosis (22).

A bell-shaped relationship between permeabilized cell
volume and pH is reminiscent of a pH-dependent swelling
curve reported for collagen-based superabsorbent hydrogel
(20), indicating that mammalian cytoplasm may share several
biophysical properties with such gel. The volume changes
were explained by pH-dependent alteration of protein surface
charges, electrostatic repulsive forces and degree of charge
screening by counterions. At acidic pH, the gel is neutral;
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but with increasing pH, the carboxyl -COOH groups are con-
verted to -COQO™, increasing anion-anion repulsive forces.
Anion density in the hydrogel had a maximum at pH 8
when all carboxyl groups were ionized, resulting in high
swelling capacity. At higher pH (beyond 8), the increased
number of Na™ ions from the NaOH caused more effective
charge screening, reducing anion-anion repulsive forces and
hydrogel volume. Similar mechanism may explain pH-depen-
dent behavior of cytoplasm in our experiments, with the
exception that K* was present as counterion instead of Na™*
and the observed effects were due to net changes of surface
charge density on the multiple cytoplasmic polymers, but
mainly proteins. Additional effects related to pH-dependent
alteration of protein surface charges may involve changes of
protein conformation and aggregation and extent of hydration
(35). This was also suggested by behavior of serum albumin in
dialysis cassettes experiments (19). In intact mammalian
cells, swelling is commonly observed upon acidification
due to activation of pH;-regulatory mechanisms. In renal
proximal tubules, this involves activation of basolateral
NHEI and Na' uptake, which via Na™,K"-ATPase is re-
placed by K*. The net effect is increase of intracellular ion
concentration and cell swelling. In red cells, acidic pH-
induced swelling involves both Na*/H" and HCO3 /Cl~
exchange. This acidity-induced swelling response is opposite
to what we found with permeabilized cells, where both acid-
ification or alkalanization reduced cytoplasm volume.
However, in taste-receptor cells, acidic stimuli was found to
induce cell shrinkage through its effect on the actin cytoskel-
eton by shifting equilibrium from F-actin to G-actin and acti-
vation of basolateral acid-sensitive cation conductance (41).
In our experiments, pH-dependent volume changes of cyto-
plasm were moderate (~12%/pH unit) for both directions of
pH changes. Thus, pH sensitivity of cytoplasm may notice-
ably affect intact cell volume responses only during sudden
and large pH,, shifts, which cannot be compensated by cellular
pH; regulatory mechanisms. It may also play a role in smaller
uncompensated pH changes, e.g., under pathological condi-
tions where pH; regulatory mechnisms are defective. Under
such conditions, the pH sensitivity of cytoplasmic volume
may contribute to diverse effects detected in cells exposed
to an acidotic environment in chronic ischemia and other path-
ological conditions (42), including suppression of oncosis in
renal epithelial cells (43).

The hydrogel nature of mammalian cytoplasm is also sup-
ported by the effects of Mg>" on cytoplasmic gel volume
found in these experiments. Shrinkage in high Mg*" solu-
tions may be explained by a combination of electrostatic
and osmotic effects, when Mg replaces K™ in the gel. In
these experiments, KCl in the external solution was isoosmo-
ticaly replaced by MgCl,. However, osmotic pressure inside
the gel can be reduced due to lower number of counterions
required by electroneutrality. A reduced number of counter-
ions causes a decrease in osmotic pressure; water moves out
and the gel shrinks. Thus, cytoplasmic gel behaves like an ion
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exchanger, where one divalent cation (e.g., Mg>") replaces
two monovalent (e.g., K") cations, a phenomenon similar to
that reported for secretory granule matrix (11). However, as
the inset in Fig. 6 b shows, the osmotic effect alone could
not fully explain the observed Mg* -induced volume
changes, and its contribution is likely overestimated because
only a fraction of counterions are osmotically active (7). Thus,
there is an important contribution of electrostatic effects,
where Mg2+ may reduce cytoplasmic gel volume by
providing more effective charge screening and by reducing
electrostatic repulsive forces in the polyelectrolyte gel. In
addition, tighter packing of the cellular matrix could result
from ionic crosslinking effect, which involves electrostatic
attractive forces between Mg”" and two or more neighboring
anionic polymers. Indeed, swelling driven by electrostatic
repulsion is thought to be a dominating mechanism of
swelling in biological tissues (9).

This study establishes that mammalian cytoplasm shares
several biophysical properties with hydrogels. Single cells
with their plasma membrane permeability barrier removed
swell and shrink depending on ionic conditions, osmolality,
and pH, as do nonliving hydrogels. On the one hand, this
study fills the gap between whole tissue hydration/dehydra-
tion research (12,13). In addition, the vast information on arti-
ficial and natural hydrogel properties (7,20), together with
results from model systems such as dialysis cassettes filled
with natural proteins (19) and other cell types, e.g., plant cells
(44), provide a full spectrum of complementary data convinc-
ingly supporting that cytoplasm is indeed a gel. This is consis-
tent with the recent realization that an abundance of proteins
are significantly unfolded under physiological conditions.
Flexible, unstructured polypeptides at high concentrations
found in the cytoplasm are expected to cause local cyto-
plasmic regions to become gel-like (45). The gel-like char-
acter of cytoplasm has consequences on cellular behavior.
For example, this study reveals that, due to super-swelling
capabilities, cytoplasmic volume senses even minute changes
in extracellular environment osmolality. This is especially
relevant to the mechanism underlying cell volume sensing
by eukaryotic cells, which remains unknown despite more
than six decades of investigation (46). The results strongly
suggest that osmosensitivity of the gel-like cytoplasm, rather
than the cytoskeleton and other membrane-bound structures,
plays a key role in detecting cell volume perturbations caused
by osmolality changes. Due to the extremely sharp depen-
dence of biochemical reactions on macromolecular crowding
(38), cytoplasm volume alterations will affect numerous well-
documented, volume-dependent cellular responses (37).

Insummary, this study reveals that in the absence of a surface
membrane permeability barrier, cytoplasm of mammalian cells
behave as a hydrogel whose volume reversibly responds to
changes in external osmolality, pH, and Mg2+ concentration.
Cytoplasm’s gel-like properties may play a key role in osmo-
sensing and contribute to extracellular pH sensing, and these
functions may be complementary to those of the plasma
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membrane. Undoubtedly, the cell-surface membrane, with its
array of ion channels and pumps, plays an active role in prevent-
ing Donnan swelling of the cytoplasm and in adjusting optimal
cell volume under different environmental conditions. Thus,
these findings should help unify the two opposing concepts
of the cell viewed as a gel or as a water-filled membrane bag.
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