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In this work, we developed a method that allows precise control over changes in the size of a cell via
hydrostatic pressure changes in the medium. Specifically, we show that a sudden increase, or reduction, in

the surrounding pressure, in the physiologically relevant range, triggers cross-membrane fluxes of sodium
and potassium ions in leukemia cell lines K562 and HL60, resulting in reversible volumetric deformation
with a characteristic time of around 30 min. Interestingly, healthy leukocytes do not respond to pressure

shocks, suggesting that the cancer cells may have evolved the ability to adapt to pressure changes in their
microenvironment. A model is also proposed to explain the observed cell deformation, which highlights
how the apparent viscoelastic response of cells is governed by the microscopic cross-membrane transport.
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Introduction.—Cell regulations often involve the exchange
of ion species and water molecules across the cell membrane,
as in processes including programed death [1] and regulatory
volume decrease or increase of cells [2]. Because of the
great potential in their therapeutic applications, intensive
research efforts have been spent in the past few decades on
understanding the regulation mechanisms of various ion
channels and pumps [3-5]. For example, using the patch
clamp technique, the existence of the so-called mechanosen-
sitive channels, with activities regulated by the stretch of
membrane, has been convincingly demonstrated in both
bacteria [3] and eukaryotic cells [4,5]. The focus of these
studies has been primarily on whether and exactly how tension
levels within the plasma membrane influence the behavior
of specific ion channels [6-8]; however, the question of
whether there are ion channels that can be regulated directly by
pressure changes in the surrounding medium remains unclear.
Since cell membranes are permeable to water [9], a change in
the hydrostatic pressure in the extracellular medium will
induce the same change in the intracellular pressure, and by
virtue of the Laplace law, this will not lead to any change in the
cellular membrane tension. Thus, if ion channels are only
regulated by membrane tension, the cell should not respond to
changes in the extracellular pressure. Whether this is so is an
important question to answer. Recent studies have in fact
shown that cross-membrane ion transport in bladder epithelial
cells [10] or chondrocytes [11] can be triggered by pressure
shocks or compressions. Unfortunately, most experiments of
this kind were conducted on the tissue level and, hence, are
unable to reveal the activation mechanisms behind.

To address this issue, an apparatus was designed to
apply extra hydrostatic pressure to live cells where the sealed
cell culture holder is connected to a medium tank with
temperature and CO, control (Fig. S1 in the Supplemental
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Material [12]). The position of the holder is made adjustable
so that changes in the pressure acting on the cell can be
conveniently introduced by varying the height difference
between the tank and the holder itself. Note that the spherical
geometry of nonadherent cells used here, including K562
(chronic myelogenous leukemia) and HL60 (promyelocytic
leukemia) cells [ 13] as well as healthy leukocytes, allows us to
accurately record their volume changes. At the same time,
using well-established protocols [14,15], evolutions of the
intracellular potassium and sodium concentrations in
the pressurized cells were monitored by flow cytometry
(see the Supplemental Material [12], Sec. A).
Experimental results.—Figure 1(a) shows the size evolu-
tion of K562 cells in response to a step increase in hydrostatic
stress by 70 mm Hg, which was held for 2 h before removal,
with r and r, being the radii of the deformed and undeformed
cell, respectively. Clearly, the presence of extra pressure
induces cell shrinkage but the rate of deformation is rather
slow, taking ~1 h to complete. Interestingly, cells were
found to slowly recover to their original size after the pressure
is removed, indicating that the deformation is reversible.
These observations are surprising because, as mentioned
above, a pressure change in the culture medium should
quickly be passed to the intracellular fluid, with little or
no change in the membrane tension. If ion channels are
activated only by changes in the membrane tension but not
by pressure directly, then there is no reason for the cell to
shrink, given that water efflux from the cell should not
occur unless there is a change in the intracellular molarity.
The fact that K562 cells respond to elevated environ-
mental pressure by shrinking suggests that cross-membrane
ion transport might be triggered, as schematically illus-
trated in Fig. 2. To test this hypothesis, we monitored how
the concentrations of intracellular potassium and sodium

© 2014 American Physical Society
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FIG. 1 (color online). (a) Evolution of the mean radius of K562
cells, normalized by its initial value ry = 10.5 ym, under a
suddenly applied pressure of 70 mm Hg which was then removed
after 2 h. Experimental data are represented by markers while
theoretical prediction by Eq. (3) is shown by the solid curve. The
error bar indicates the standard error of the mean (SEM). Repre-
sentative cell morphologies at different stages are given in the insets.
(b) Fluorescent intensities of intracellular sodium and potassium
as functions of time during the loading-unloading process. Both
intensities are normalized by their initial values before the pressure
treatment. (c) Fluorescent images of both ions at different time
points as indicated in (b). Scale bars in (a) and (c) correspond to 7.5
and 10 um, respectively. Results shown in (a) and (b) were based on
measurement on 50 live cells with p < 0.03 by the ¢ test.

(two major ion species in the cytosol) evolve using the
method described in the Supplemental Material [12],
Sec. A. Normalized fluorescent intensities of both ions
(labeled by and PBFI (K*) and CoroNa (Na'), respec-
tively) as functions of time during the loading-unloading
process are shown in Fig. 1(b), with the actual fluorescent
images at several representative time points given in
Fig. 1(c). One can see that both intracellular Nat and
K™ concentrations decrease when the pressure is applied,
and then recover after its removal. Such variations in the ion
densities should induce osmosis-driven water flow across
the membrane, which is likely the reason for the observed
volumetric deformation of the cell.

The response of K562 cells under various hydrostatic
pressures was further examined and, irrespective of the
magnitude of loading, they all took around 1 h to reach
a steady-state size [Fig. 3(a)]. Note that the pressures used

in this study are all within the physiological range. In
particular, applying an extra pressure of 30, 50, and
70 mm Hg (or, equivalently, 4.0, 6.7, and 9.3 kPa) in
the culture medium roughly corresponds to hypotension,
normal, and hypertension conditions (see the Supplemental
Material [12], Sec. B). The total numbers of intracellular
potassium and sodium ions, calculated by multiplying the
measured cell volume with the concentration of each
species, were plotted in Figs. 3(b) and 3(c) (also see
Fig. S2 in the Supplemental Material [12]), indicating that
more ions will be pumped out of the cell under higher
pressure. Interestingly, we found that the results shown in
Figs. 3(b) and 3(c) can be approximately fitted by the
following empirical relation

dN;, AN;,, (0P t
ion 10n( ) exp |:_ _:| , with
dt Tion Tion (1)

Nion(t:O) N

on’

where the subscript ion corresponds to either Na or K, #;, is
a characteristic time describing how fast ion transport can
take place (fy, = 24 min and fg = 28.6 min), N is the
total number of each ion species inside the cell initially
while AN, as a function of the applied pressure, represents
how many of them have been pumped out. Furthermore,
our measurements suggested that AN, (6P) ~ @;,,6P,
with ay, = 2.25 x 107 Pa™! and agx = 5.63 x 107 Pa~!,
when the increase in the external pressure is between
30-90 mm Hg; refer Figs. 3(b) and 3(c). However, we must
point out that no change in the density of intracellular ions
[Fig. 3(d)], as well as cell size (see the Supplemental
Material [12], Sec. C), was detected if 6P is below a
threshold level of ~7.5 mm Hg. To further confirm the
ion transport mechanism by pressure, Sotalol and Quinidine
were used to block, nonspecifically, sodium and potassium
channels [16,17] (see the Supplemental Material [12],
Sec. D). As expected, blocking of these channels stops,
partially or completely, the shrinkage of pressurized cells
[Fig. 3(e)], which corroborates the notion that some of them
are pressure regulated. Similar findings have also been
obtained for HL60 cells (see the Supplemental Material
[12], Sec. E).

Theoretical model.—We first realize that fluid must be
pushed in or out of the cell in order for the latter to swell or
shrink. Therefore, we proceed by treating each cell as a fluid
droplet enclosed by a semipermeable membrane, composed
of the lipid-protein bilayer and the associated actin cortex
underneath, with radius r [Fig. 2(a)]. Microequilibrium of
the membrane, along with the classical osmosis relation,
requires that the shrinking speed V of the cell (V = —dr/dt)
takes the form (see the Supplemental Material [12], Sec. F)

vor, [Aﬂ(z) + z—ﬂ , 2)
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FIG. 2 (color online). Schematic diagram illustrating the
pressure-triggered cross-membrane ion transport and volumetric
deformation of cells. Here the term “membrane” refers to the
lipid-protein bilayer and the associated actin cortex underneath.
(a) Initially, cells maintain a steady-state size in the culture fluid,
and the pressure difference across the membrane is balanced by
the tension generated inside. (b) The cell shrinks in response to
increasing hydrostatic pressure in the medium by activating ion
channels that “pump” out intracellular potassium and sodium
ions. (c) Pressure-induced cell shrinkage will be stopped if all
channels have been blocked.

where L,, and y represent the membrane permeability and
overall tension, respectively, and Az is the osmotic pressure
difference between the outside and inside of the cell.
Assuming that no other ion species, besides sodium and
potassium, has been actively transported across the mem-
brane, the total intracellular ion concentration can then be
expressed as cn, (1) + cx (1) + (r3/ 1) b, where ¢l refers
to the initial concentration of residue ions, ry is the radius of
the cell before pressure treatment, and cy,(#) and cg(7) are
estimated from Eq. (1) by dividing the number of each
species by the cell volume. At the same time, the ion
concentration in the medium, i.e., ¢, is unlikely to change
and, hence, taken to be a constant. Finally, Eq. (2) can be
reduced to

1 dr 1 5
e i e | () k() = Bk
2 22
s K N o 3
- AcokgTr <7/A + 2 > 3)

where kT is the thermal energy and Acy = ¢oy — cna(0) —
ck(0) — ¢ is the initial difference in ion concentration.
Here, similar to that in [18], we have assumed that
Y =va +7u, Where y, is the tension generated by active
actomyosin contraction (treating as a constant) and y,, =
K(r* — r2)/r2 corresponds to the passive stress from the
deformation of the cell envelope with K and r, being the
so-called area expansion modulus of the membrane [19] and
the radius of an “unstretched” cell, respectively. In total,
there are four parameters, i.e., c?es, L, v4,and K [the values
of r, and ¢, can be determined by enforcing Eq. (2) before
pressure is applied, ie., yo=ys +K(ri—1r3)/r: =
—AcokgTry/2, where both ry and y, were directly measured,
via micropipette aspiration as detailed in the Supplemental
Material [12], Sec. G], in our model whose values can be
adjusted to fit to the experimental data. The adopted values of
all parameters in this study, favorably compared to those
reported in the literature, are summarized in Table S1 [12].
Clearly, good agreement between model and experiment has
been achieved [Figs. 1(a) and 3(a)].

Discussions.—Important information that can be
immediately extracted from our observation is the pressure-
induced pumping rate of ions. Taking 70 mm Hg
hydrostatic pressure as an example, this rate is estimated
to be around 10° to 107 ions/s per channel (see the
Supplemental Material [12], Sec. H), which is comparable
to typical potassium channels allowing permeation of ions
at a rate of ~107 cations/s [20,21].

The apparent volumetric properties of live cells can also
be estimated from our experiment. For spherical cells
treated as homogeneous solids, the uniform compressive
strain induced by the applied pressure 6P is simply
1 — (r()/ry). As such, the linearized solution of Eq. (3)
under small strains can be found as (see the Supplemental
Material [12], Sec. I)

0o o

where, within the framework of linear viscoelasticity [22],
1 & tn, &t represents the relaxation time associated
with volumetric deformation of the cell while B =
4rct) 3 /3(an, + ag) is its long-term bulk modulus with
¢ = cna(0) + ¢k (0) + ¢ Evidently, the main resistance
of a cell against volumetric deformation comes from the
osmolarity in the cytoplasm with the corresponding vis-
cosity largely determined by how fast cross-membrane ion
transport can take place. We want to reemphasize that B
introduced here is an effective modulus (of the cell), not the
modulus of an elastic material as conventionally defined.
Adopting the parameter values shown in Table S1 in
the Supplemental Material [12], we estimated that
B ~26.2 kPa and * ~ 26.3 min for K562 cells, and B ~
25.8 kPa and ¢* ~ 32.8 min for HL60 cells. Indeed, a good
fit between Eq. (4) and the experimental data has been
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FIG. 3 (color online). (a) The size of K562 cells, with initial
radius of ry = 10.5 um, as a function of time after the intro-
duction of extra hydrostatic pressure in the medium. Predictions
shown here are from Eq. (3) with parameter values given
in Table S1 in the Supplemental Material [12]. (b) and (c)
Evolutions of the number of intracellular potassium (b) and
sodium (c) under different applied pressure. Theoretical fittings
by Eq. (1) are also shown. (d) Fluorescent intensity drops
(2 h after the pressure was applied) of intracellular sodium
and potassium as functions of the magnitude of the pressure
introduced. No detectable drop was observed when the applied
pressure is below ~7.5 mm Hg. (e) The radii of pressurized cells,
treated with quinidine (potassium channel inhibitor), quinidine
and sotalol (sodium channel inhibitor), or without drug treatment,
as functions of time. Micrographs show the representative
morphologies of these cells after 2 h of pressure treatment.
(f) Evolution of the mean radius of mixed leukocytes (normalized
by the initial value ry = 5 pm) under a suddenly applied hydro-
static pressure of 30 or 70 mm Hg. In comparison, the average
sizes of K562 and HL60 cells subjected to the same treatment are
also shown. Micrographs here show the representative morphol-
ogies of normal leukocytes during the experiment. Scale bars in
(e) and (f) represent 10 and 5 um, respectively. Cell radii shown
in (a),(e), and (f) were based on measurements on 50 live cells
(p < 0.03), while 2000 cells were examined by flow cytometry to
render the results given in (b),(c), and (d) with p < 0.01.

achieved (see the Supplemental Material [12], Sec. I). In
contrast, existing measurements from nanoindentation,
magnetic or optical trap stretching, and microplate rheom-
etry all suggested that a Young’s modulus of the order of
1 kPa and a characteristic time for strain relaxation around a
few seconds [23-28]. We have also conducted rate-jump
indentation [29,30] on K562 cells and similar values were
obtained (see the Supplemental Material [12], Sec. J). We
believe that the huge difference is because the aforemen-
tioned local testing methods will likely only probe the fast
response of cells against shear deformation with little
volume change [31] and, hence, contributions due to
osmolarity or cross-membrane transport will not be picked
up therein. This finding could be important for our under-
standing of how processes like tissue growth or the slow
migration [32] and deformation [33] of cell aggregates
actually take place.

The results so far have indicated that K562 and HL60
cells shrink upon an increase in the extracellular pressure.
An important question to ask is why cells behave in this
way. Actually, it can be shown that the steady-state increase
in the intracellular pressure is (see the Supplemental
Material [12], Sec. K):

2 (2K 4y, -2
AP,(t = o) ~ 5P[1 = <M>] (5)
3B ro

which suggests an answer for this. For any applied
pressure 0P, the intracellular pressure increment will be
reduced with cell shrinkage, the magnitude of which is
inversely proportional to B. As such, a smaller B (leading
to more significant cell shrinkage) will correspond to a
higher homeostatic response of cells to maintain their
intracellular pressure. To examine whether such a response
is cell-type specific, we have also monitored the size
evolution of mixed leukocytes (from a healthy human
volunteer; see the Supplemental Material [12], Sec. A)
when subjected to pressure shocks. Interestingly, no
apparent cell shrinkage was observed [Fig. 3(f)], suggesting
that, comparing to cancerous K562 and HL60 cells, normal
leukocytes (with an effective bulk modulus B — o0) may
have less capability in adapting to changes in their
microenvironment.

Several important aspects were neglected here. For one
thing, studies have shown that the membrane surface of
K562 or HL60 cells is not perfectly smooth but, instead, is
decorated with small blisters [34,35]. However, our SEM
analysis suggested that the roughness-induced excess area
should be much smaller than the areal reduction or increase
of these cells during the shrinking or swelling process
(see the Supplemental Material [12], Sec. L) and hence its
influence was not taken into account. In addition, it is well
known that cells can react quickly to external stimuli. For
example, both regulatory volume changes and variations in
the cytoskeletal actin content have been observed in HL60
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cells within the first 5 min of the application of osmotic
shock [34]. It is conceivable that such fast morphological
and structural alterations may lead to phenomena such as
blebbing [36,37] and eventually affect the cell fate [1].
Interestingly, as shown in the amplified plots of Figs. 1(a)
and 3(a), it was indeed observed that pressurized K562 cells
appear to undergo small volume oscillations in the first
~10 min. However, we decided to focus on the slow
behavior in the current study based on following consid-
erations: (i) the long-term response of cells to hydrostatic
pressure has never been carefully examined; (ii) the physi-
cal picture of the slow deformation of pressurized cells
appears to be clear; and (iii) no obvious blebs were
observed in our experiment [Figs. 1(a), 3(e), and 3(f)],
suggesting that possible structural inhomogeneity or weak-
ening caused by the fast response of cells may not be an
important factor in their long-term size evolution.
Nevertheless, how cells respond to hydrostatic pressure
shock initially, whether healthy and cancerous cells behave
differently in this regard, and what the biological implica-
tions are, are all questions that warrant further
investigations.
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