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Figure 1 Regulatory volume decrease (RVD) and regulatory volume
increase (RVI) in EAT cells. RVD: EAT cells, preincubated in isotonic
(300 mOsm) medium for 40 min, were at zero time transferred to hypo-
tonic medium (150 mOsm). Cell volume is given relative to the initial
isotonic volume. RVI: cells preincubated in hypotonic (225 mOsm)
medium for 10 min were returned to isotonic medium'’
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Figure 2 (Color online) A spherical cell enclosed by an actomyosin
cortex and the cell membrane. Embedded in the membrane are several
families of passive MS ion channels and active ion pumps'*

H 0 28 TR, UL 11 2
SEAET. AU D T, WL R
L ), T RE S WA MR ) 15
ML BRI, B AN B . 5%
L L L B LB 1 B R 07 4 R B
TR

1.2 PEREIRY

FLWEIE A0 M AR FRR 45 0 ) 2E ML R b I 25 A 25
& FHR LA R, JiangZe NP2HEH T — ST
P ERZEOKWBE, BETmEs S5k, i
R 2B 1225200 ) B ) 22 A W 2R B AR5 3l ) 4
RRURI R T By R, ZEAL TR B R h, BvR A e i
12 55 2 PN R 1 5 - B B B ] ) AR Ak R DA R 7 R
A
dr

—=J_ =—a(AP—AIl), (1)
dt

water

dn

— =4’ (J, +J,)s 2)
dr

out

Horh, o AR K 15 2 W AL, APIEANIE A MY
HiKIEZE, ATUZNAMYB B2, JouS Jin 700
e Ao S 30 AL T A e T A A Y
B R T I A AT R N A O R o
540 95 i I 22 ATM L3N 3 5 R R 8910 7 ol
EH
0, if o<o,,
J.. =3-B(c—0,)AIl, ifo.<o<o, @3
—-p(o, —0,)AI, if >0,

503



a4 % B B 2018428 $£63% #56H

Hrb, BREEFFE, oMo hl R I UgEE T IS
T AT I BB B 1 B 2 N 7. 38 2R ) A e
PRIz B Y i

Ji, = VAl — AT, 4
Hrh, yRHURE R, AR B R IE R TAEM I A
BB (ATI<ALL). WE3FTR, JiangZ: AP % #1410
MIAE A2 338 385 e R 2 T e 0% 38 28 7K RS - 1) 2255 e
s ARGy Hb FL A Y AE R SRR, T Ho A0 e A
FROE R 54 B3 JC R (Kl3(e)). (H 2 20 i 3
B F BB 2 B A A 08 0F e i B AR Ak A2 Ak
(E3(g)).

2 PRBRRTS AN T R 1

4 f 1 75 AR 22 A HUR B O R kA 1 FE A
MALIERLRE . DA A . PN & A % 7.
BT, FRATR 20 ML R AL 0 1 KK IR TR 4h
T4k (2D)FEJE 40 AT RS A B AT Y. I E 3 ETOR,
FE2D VLS b, AT S A 28 AR = AN W 1) 21
HEEEALIR: () W3IE M (actin) R A4 5 il
(protrusion)™®'; (2) TE4HMIAGTHIE L 554 KA L1
FTHIRRB A (3) MM AR EE 5 M4 (4) WIEkER
F M(myosin 1) 5| 2 1) W5 45 o 15 40 il % 1K 5 7% (]
4, actinfi A DL Femyosin 1724 AU 46 11
XM AE 2D B ER R AR . B &
2 AW R, FE2DIENE B, 4 nT DLESZ 3]

x10° ®) & x10*

SL RS Y 2 W B R POV B R B R TR LU B b RE
JEE P21 DA 1w 24 40 ik 3 O v R 2 ), 356 S O (O
Bl ) R0 B 28 R i M ) ) X BB RS . AR AE 2D RS
() 200 A A A% 5 1 P %) i e A B AR A 2R ALY, il
WA W B G 8 1) v ks A B Bl R 20 B 455 1T A
A, (HIE R ZER S ) 2D AT % 5256 #AS BE A1 4 A5
U020 R A A R PN R T T 3 ) A B AR

FEAYIR N, A0 M58 5 = AE = 4k (3D) I 4 i Ak
TR, AN IRt S A S 4R A NI
Fe POk oF MOR [A] B 1 4. 3k S8 3DAE T il S 78 45 45
AURIWLIA |« 2N b B B R 2 (BB . 7R 45 4
(] BRZH 2 v, AH AR ) i S &1 2k 2 [a) 3 1T DL i 3D 2L
A IE . XEE R PN B 3D I (1R 1 AR A R —
FE10~300 pum®PY, 533 W A A W 44 Y 3 B 1 40 £
Z BAN[A R EE A ) BRBR . BT I e PR, FE3DAE
1 N IE R 40 i TC Tk 57 2DFE R A #5110 41 g — A
TE BARCIR O 2 B2 ] e iR A S e TR, R T
actini 5 L) Femyosin ITAYICZE, 40 H458% BEFE3D
BIENIT R X SE R 5T % W 40 A 1 A2 BR 7S ] Py A7
TE—SactinZR 4 . myosinif P L K 41 i 2 Bt 6 5% 14
R

5 B3 3¢ IH B 118 1B K GHE E 8 2 5 20 i
M3 #1025 A R R T E - 1
(NHE- 1)1 il 248 B Xo) 25— 1) 1255 s i s 2 [ ATR P B 440
L R 240 i %) S A o R Y, i K S R P 7E bR A

(@) 5.0 (c) 200 (d) 200 (e)10.0

o .o __150 150 95
g £° g g £

=40 = = 100 100 E 90
 m} = - e

= 35 ‘& 4 ‘7 50 < 50 > 85

3.0 3 0 0 8.0

0 10 20 30 0 10 20 30 0 10 20 30 0 10 20 30 0 10 20 30
t (min) t (min) t (min) t (min) t (min)
-13 -8 -7 &
(f) 2000 @ 7o (h) 1012 i) ok G 1210

1500 6 = o ‘w0
= — w 5 w 2.999008900 "

£ 1000 g5 E I £ E 4
e = £o g2 g

500 4 = 9 i = <2
b i ]

0 -5 2 -3

0 10 20 30 0 10 20 30 0 10 20 30 0 10 20 30 0 10 20 30
t (min) t (min) t(min) t (min) t (min)

B3 (RZRR ()A7E B35 e oh i T BT (a) 7E=6 ming | A—MKB ohili, 6 7E=18 min3| A— &5 iily, WL 2 pi

ANRBIB BB E R il (0)~() AMBERIIRIAL. T L B AR fr) 21

Figure 3 (Color online) Cells adapt to osmotic shocks'?

BRI

!, (a) A hypotonic shock is introduced at =6 min followed by a hypertonic shock at =18 min.

Two curves are two wave forms of the osmotic shock; (b)—(j) the response of the cell. We can find that cells can maintain a constant cell radius at dif-

ferent osmotic pressures
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Figure 4 (Color online) Cell migration is divided into four discrete steps. (a) Protrusion based on actin growth and polymerization force; (b) for-
mation of new adhesions at the front; (c) release and recycling of adhesions at the rear; (d) actin myosin powered contraction of the cytoplasm, resulting

in forward translocation of the cell body'*”!
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Figure 5 (Color online) Osmotic Engine Model™. (a) Water permeation through the cell membrane at leading and trailing edges drives cell migration
in confined microenvironments; (b) a hypotonic shock at the leading edge can change the direction of cell migration; (c), (d) cell velocity as function of
the osmolarity at cell leading edge
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Figure 6 (Color online) The influences of cellular volume regulation on the dynamic adhesion and dynamic detachment. (a) The adherent cells can be
either stable (convex or concave) or unstable (spontaneous rupture or collapse); (b) the detachments of convex cells and concave cells are very different
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As an open system, cells can exchange water, ions and energy with the environment, thus the cellular volume and pres-
sure are not constant. In the last decade, cellular volume regulation has attracted intense attention. It has been found that
the changes of cell volume can impact many cell physiological processes, such as cell mechanical properties, cell meta-
bolic activities, cell viability and cell growth. However, the mechanisms of cellular volume regulation and how the
changes of cell volume affect cell physiological functions are still unclear. In this paper, we will briefly review the
mechanisms of cellular volume and pressure regulation, as well as the roles of cellular volume regulation in cancer cell
migration, cell adhesion and cell mechanics.

The regulation of cellular volume includes the combined effects of the transport of water and ions, as well as the me-
chanical properties of cytoskeleton. The membrane is permeable to water and the flow of water is driven by the osmotic
pressure difference and the hydrostatic pressure difference across the membrane. Since water is incompressible, the
transport of water is directly related to the changes in cellular volume. And cells can regulate the ion number (the osmotic
pressure) inside the cells by the ion efflux through ion channels and ion pumps. The properties of cytoskeleton can con-
trol the activity of ion channels, and then affect the cellular volume regulation. Experiments found that when cells mi-
grate in narrow channels, they can undergo persistent movement in one direction for several hours, and this persistent
movement occurs spontaneously in the absence of external gradients. Inhibition of adhesion complexes and cortical con-
tractility do not affect cell migration in narrow channels. In contrast, the adhesion complexes and cortical contractility are
the prerequisite of the cell migration on two dimensional substrates since they can provide the traction force for cell mi-
gration. Recent theoretical studies and experiments have showed that the water permeation through the cell membrane at
leading and trailing edges can provide the driving force for the cell migration in the 3D confined microenvironments.
Furthermore, the changes in cell volume can affect the morphology and mechanics of cells adhered between two surfac-
es. Depending on the cell size, adhesion energy density, the separation of two adhesive surfaces, and the stiffness of the
flexible surface, cells can be convex or concave. Furthermore, the changes in volume can directly lead to two unstable
adhesion states, i.e., spontaneous rupture and collapse. The changes in cell volume can also affect the detachment of ad-
herent cells. Different changes in cell volume would lead to different detachment behavior for convex cells and concave
cells. The cell volume of convex cells decreases during detachment, which is accompanied by a decrease in stretch force.
However, the volume of concave cells increases during detachment, and then leads to an increase in stretch force. More-
over, as an open system, the mechanical responds of cells is related to the loading history and the loading rate.

This review summaries the mechanisms of cellular volume regulation, emphasizes the importance of water and ion
transport in cellular volume regulation, and discusses the regulating roles of cellular volume changes in cancer cell mi-
gration, cell adhesion and cell detachment. In conclusion, this review provides an overview of the experimental and the-
oretical developments on cellular volume regulation, and discusses the current challenges and further prospects of how
cellular volume changes affect the cell physiological processes, such as wound healing, cell spreading, membrane traf-
ficking, rigidity sensing, haptotaxis, durotaxis and cell fate determination.

ion channels, water and ion transport, volume regulation, cancer cell migration, cell adhesion, mechanobiology
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