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Abstract. Volume changes of human T-lymphocytes
(Jurkat line) exposed to hypotonic carbohydrate-
substituted solutions of different composition and
osmolality were studied by videomicroscopy. In
200 mOsm media the cells first swelled within 1-
2 min and then underwent regulatory volume de-
crease (RVD) to their original isotonic volume within
10—-15 min. RVD also occurred in strongly hypotonic
100 mOsm solutions of di- and trisaccharides (tre-
halose, sucrose, raffinose). In contrast to oligosac-
charide media, 100 mOsm solutions of monomeric
carbohydrates (glucose, galactose, inositol and sor-
bitol) inhibited RVD. The complex volumetric data
were analyzed with a membrane transport model that
allowed the estimation of the hydraulic conductivity
and volume-dependent solute permeabilities. We
found that under slightly hypotonic stress
(200 mOsm) the cell membrane was impermeable to
all carbohydrates studied here. Upon osmolality de-
crease to 100 mOsm, the membrane permeability to
monomeric carbohydrates increased dramatically
(apparently due to channel activation caused by
extensive cell swelling), whereas oligosaccharide per-
meability remained very poor. The size-selectivity of
the swelling-activated sugar permeation was con-
firmed by direct chromatographic measurements of
intracellular sugars. The results of this study are of
interest for biotechnology, where sugars and related
compounds are increasingly being used as potential
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cryo- and lyoprotective agents for preservation of
rare and valuable mammalian cells and tissues.
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Introduction

Various sugars, sugar alcohols and other carbohy-
drates are found at high concentrations in organ-
isms that are capable of withstanding extreme
environmental conditions, including freezing, desic-
cation and hypersalinity. The disaccharides treha-
lose and sucrose accumulate in anhydrobiotic and
cold-tolerant yeasts, plants and some animals (e.g.,
tardigrades, nematodes) [5, 40, 53]. The monosac-
charide glucose provides cryoprotection to wood
frogs [43]. Other mono- and oligosaccharides, such
as galactose, maltose, lactose and raffinose, as well
as sugar alcohols, alone or in various combinations,
have also been reported to protect cells and seeds
against dehydration and cold [4, 25, 33]. In addi-
tion, a wide range of cells respond to chronic hy-
persalinity with elevated cytosolic levels of sugar
alcohols, most notably inositol and sorbitol, which
exert stabilizing effects on cellular proteins and
membranes [19, 22, 38, 44]. Based on their ability to
induce cryo- and lyotolerance, sugars and sugar
alcohols have found a variety of biomedical appli-
cations. These include stabilization of frozen and/or
dry macromolecules (e.g., antibodies, enzymes,
chromatin, etc. [39]), preservation of artificial and
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natural membranes, as well as whole cells and or-
gans [2, 8, 13].

Several experimental techniques have been ex-
plored to introduce non-native sugars, such as
trehalose, sucrose, etc., into mammalian cells to
confer desiccation or cold tolerance. These techniques
include the expression of genes for trehalose synthesis
[13], microinjection of trehalose and other oligosac-
charides into oocytes [9], trehalose uptake by cells
during the membrane phase transition or via the
fluid-phase endocytosis [2, 36, 52]. In a different ap-
proach, a pore-forming protein from a genetically
engineered Staphylococcus aureus has been inserted
into the membrane of mammalian cells to allow the
introduction of exogenous trehalose [8]. Electroin-
jection can also be used for intracellular trehalose
delivery [41]. High cytosolic concentrations of some
sugars and sugar alcohols (inositol, sorbitol) have
been achieved in mammalian cell lines by long-term
(days) cultivation in hyperosmotic media [21, 44].
Despite their efficiency, most techniques for intra-
cellular sugar delivery (except electroinjection) are
restricted to a specific cell type (e.g., microinjection
into large oocytes) or they are unacceptable for
medical applications (e.g., gene/protein manipula-
tions).

The present study addresses native membrane
transport mechanisms, particularly those involved in
the regulation of cell volume, as possible pathways
for the introduction of exogenous saccharides into
mammalian cells. Volume regulation is a basic
property of various animal cell types and tissues.
Even under continuous hypotonic stress imposed by
decreased external osmolality, most cells can re-ad-
just their normal isotonic volume after transient os-
motic swelling by a mechanism known as regulatory
volume decrease (RVD). During RVD, the initial cell
swelling induces coactivation of volume-sensitive CI™
and K™ channels, thus leading to the net efflux of
KCl, osmotically inevitable water loss and to the
restoration of normal cell volume. The fundamentals
of cell volume regulation in mammalian cells have
been described in detail elsewhere [10, 26, 28, 32, 34,
45].

Numerous biophysical and biochemical studies
have demonstrated that some volume-sensitive anion
channels not only allow the passage of small inor-
ganic anions (e.g. ClI” efflux during RVD), but are
permeable for large organic anions, zwitterionic and
neutral osmolytes, including amino acids, sugars and
sugar alcohols [7, 19, 20, 23]. Swelling-activated re-
lease of organic solutes (e.g., inositol, sorbitol, etc.)
has been reported from a very wide range of mam-
malian cells [22, 46]. These findings suggest that
exposure of cells to hypotonic sugar-substituted
solutions, in which the concentration gradient favors
sugar entry into the cells, may mediate substantial
uptake of certain sugars by cells through swelling-
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activated channels. Consequently, activation of these
dormant transport pathways may well be a useful
approach for the introduction of non-native carbo-
hydrates as potential cryo- and lyoprotectants into
mammalian cells.

In this study, we explored the volume response of
human T-lymphocytes (Jurkat line) to an acute
hypotonic challenge in media of different sugar
composition. We found that RVD took place in
strongly hypotonic solutions (100 mOsm) containing
an oligosaccharide (trehalose, sucrose or raffinose) as
the major osmolyte. In contrast, partial or even no
RVD occurred in strongly hypotonic solutions of
monosaccharides (glucose, galactose) or monomeric
sugar alcohols (inositol, sorbitol). Theoretical analy-
sis of the volumetric data using a simple phenome-
nological RVD model suggested the presence of
volume-sensitive pathways in the cell membrane
conducting selectively monomeric sugars and polyols
but being poorly permeable for oligosaccharides.
Chromatographic determination of intracellular su-
gar contents confirmed the selective uptake of
monomeric carbohydrates by hypotonically stressed
Jurkat cells.

Materials and Methods
CELLS

All experiments were performed on Jurkat cells, a human leukemic
cell line, obtained from the American Type Culture Collection
(ATCC, Manasses, Virginia, USA). Cells were cultured in complete
growth medium (CGM) containing RPMI 1640 supplemented with
10% fetal calf serum, 2 mM r-glutamine, 100 U/ml penicillin, 100
pg/ml streptomycin, 2 mM sodium-pyruvate, 1 x MEM non-
essential aminoacids (PAA, Linz, Austria) and 50 M 2-mercap-
toethanol (Sigma, Deisenhofen, Germany), at 37°C under 5% CO,.
Every day, the cell cultures were diluted 3:7 with CGM to keep the
cells in the log phase.

HyprotoNic SOLUTIONS AND CHEMICALS

All sugars and sugar alcohols of highest purified grade, including
glucose (glu), galactose (gal), trehalose (tre), sucrose (suc), raffinose
(raf), inositol (ino) and sorbitol (sor), as well as the channel
blockers 5-nitro-2(3-phenyl-propylamino) benzoic acid (NPPB)
and 4,4’-diisothiocyanatostilbene-2,2’-disulfonic acid (DIDS) were
purchased from Sigma or Fluka (both Deisenhofen, Germany). In
RVD experiments, hypotonic solutions of osmolalities 100 and
200 mOsm (mosmol/kg) were used, which contained, respectively,
90 and 190 mM carbohydrate as well as about 5 mM HEPES-
KOH (pH 7.2). The osmolality of solutions was determined cryo-
scopically (Osmomat 030, Gonotec GmbH, Berlin, Germany).

CELL VOLUMETRY

Cell volume changes were measured in a 50-ul flow chamber de-
signed for rapid exchange of media. The transparent body and
floor of the chamber were made of PMMA (plexiglass) and a 0.15-
mm thick glass coverslip, respectively. To enhance cell adhesion,
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the coverslip was pretreated for 5-10 min at room temperature
with 0.5 mg/ml poly-p-lysine (Sigma) [37, 51]. At a flow rate of
about 1 ml/min the exchange of solutions in the chamber took
about 2 s from the moment of turning the tap.

Before videomicroscopic measurements, an aliquot of cells
suspended in isotonic CGM (300 mOsm) at a density of about 10°
cells/ml was injected into the flow chamber and the cells were al-
lowed to settle and to adhere to the glass coverslip for 10-15 min.
The chamber was placed on the stage of a microscope (BX50,
Olympus, Hamburg, Germany) and the cells were viewed with a 40
X objective in transmitted light. The microscope was equipped with
a CCD video camera (SSC-M370CE, Sony, Cologne, Germany)
connected to the video digitizing board of a personal computer [48].
Images of cells were taken 1 min before and at various time
intervals (20-60 s) up to 25 min after medium exchange, using
WinTLV software (C3 Systems, UK). The cross-section areas (4)
of 3-9 cells per microscopic field were determined with an image
analysis program (Scionlmage; Scion, Frederick, MD). At each
time interval, the volume (7) of an individual cell (Fig. 1) was
evaluated from its cross-section by assuming spherical geometry.
The cell volume was normalized to the original isotonic volume
(Vo) as: v = V/V,. The mean v values (+ sg) for a given experi-
ment were calculated from a sequence of about 30 images and
plotted against time after the change from isotonic (300 mOsm) to
hypotonic solution (200 or 100 mOsm). Experiments for each sugar
solution were performed on 2-3 separate cell passages.

VOLUMETRIC DATA ANALYSIS

The volumetric data obtained in different hypotonic sugar solu-
tions were analyzed with a membrane transport model given in the
Appendix. The model assumes the presence of volume-sensitive
channels (VSC) for sugars and electrolytes in the cell membrane
and allows the complex volumetric response of cells (including cell
swelling and RVD) to be explained in terms of the membrane
hydraulic conductivity L, and the volume-dependent permeabili-
ties of sugar P and electrolyte P..

Because of the complex volume dependence of the plasma
membrane permeability (Eq. A4), the system of differential equa-
tions A1-A3 cannot be solved analytically. Therefore, a numeric
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Fig. 1. Fast swelling and regulatory
volume decrease (RVD) of a Jurkat
cell in 100 mOsm medium
containing 90 mOsm trehalose and
10 mOsm electrolyte. The
microphotographs show the same
cell before (4, isotonic CGM) and
after acute hypotonic challenge (B—
F) at the indicated time intervals. In
isotonic CGM (4, time < 0), the
cell had a radius r of 9.4 um,
corresponding to the original
isotonic volume ¥ = 3.5 pL. Upon
medium replacement at zero time,
the cell swelled to V. ~ 8.4 pL
(r ~ 12.6 pm) within 2 min (B) and
then shrank gradually to its isotonic
size within 10-23 min (C—F).

nonlinear regression (NNLR) procedure was devised in F77-For-
tran that allowed the estimation of the unknown transport
parameters L,, P. and Pg by fitting the VSC-model (i.e., combi-
nation of Eqgs. A1-A4) to the experimental volumetric data.

CHROMATOGRAPHY

Concentrations of sugars and sugar alcohols in cell lysates were
determined using high performance anion-exchange chromatogra-
phy (HPAEC) and pulsed amperometric detection (PAD). Mea-
surements were performed on a BioLC/DX-600 IC chromatograph
distributed by Dionex (Idstein, Germany). The system consisted of
a gradient pump GP50 and an electrochemical detector ED50
including a detection cell with a gold working electrode and a pH-
Ag/AgCl reference electrode. HPAEC CarboPac MAl (4 X
250 mm) and CarboPac MA1l Guard (4 x 50 mm) were used as
analytical and guard columns, respectively. The eluent (612 mm
NaOH) was degassed with helium. The eluent flow rate was 0.4 ml/
min. Sample loop and injection volumes were 25 and 100 pl,
respectively. Amperometric detection settings were 0.05 V (0.40 s),
0.75V (0.20 s), and —0.15V (0.40 s). The acquisition and pro-
cessing of chromatograms were performed on a personal computer
equipped with the Dionex Peak-Net 6.0 software. Prior to sugar
determinations in cell samples, the PAD peaks in the elution pro-
files were identified and the chromatograph was calibrated using
standard sugar solutions (inositol, sorbitol, trehalose, etc.).

PREPARATION OF CELLS FOR CHROMATOGRAPHIC
SUGAR ANALYSIS

Aliquots of Jurkat cells (1.5 x 107 cells) were incubated for 25 min
in hypotonic solutions (100 mOsm, 5 ml) containing 90 mM tre-
halose, inositol or sorbitol as the major osmolyte. Control cells
were incubated in diluted PBS of the same osmolality. Following
hypotonic treatment, each cell sample was washed twice with iso-
tonic PBS (centrifugation at 200 x g and removal of the superna-
tant). An aliquot of the pellet (5 pl) was resuspended in 10 ml PBS.
Cell volume and density were analyzed by electronic cell counting
using a Coulter-like device (Casy, Schirfe System GmbH, Reut-
lingen, Germany). The remaining pellet (~45 pl) was transferred
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into 1 ml deionized water and then subjected to two freeze-thaw
cycles (cooling to —80°C and warming to room temperature), in
order to solubilize the cells. The cell lysate was then deproteinized
by incubation with 10% acetonitrile (15 min at 4°C) and centri-
fuged at 3000 x g for 15 min at 4°C. The supernatant was collected
and analyzed by HPAEC-PAD. It should be noted that the tre-
halose content detected in cell lysates fell steadily with increasing
number of washing cycles (data not shown). However, rigorous
washing (i.e., 3—4 centrifugation/resuspension cycles) was imprac-
tical because of significant losses of viable cells available for
chromatographic determinations.

CELL VIABILITY AND PROLIFERATION

The short-term viability of hypotonically treated cells was analyzed
by means of propidium iodide (PI) exclusion assay. Cells (10> cells/
ml) were incubated in a 100 mOsm sugar-substituted solution (g/u,
gal, sor, or ino) for 25 min. Thereafter, 40 uM PI (Sigma) were
added to the cell samples and fluorescent cell staining was mea-
sured by means of a flow cytometer (Epics XL system; Beckman
Coulter, Fullerton, CA) equipped with a 488 nm argon laser. Red
fluorescence (RF) signals from at least 5000 cells were detected
using the band pass filter 675 + 15 nm. The output Log RF data
are presented as one-dimensional histograms, from which the
percentage of viable cells is evaluated as described elsewhere [31].

To analyze the effect of hypotonic stress on the long-term
viability of lymphocytes, cell proliferation and growth in culture
were assessed by direct cell counting. After a hypotonic shock
(25 min, 100 mOsm glu, gal, sor, or ino), cells were resuspended in
CGM in 24-well multiplates at a final cell density of 5 x 10* cells/ml
and then cultured for 10 days under standard conditions (see
above). Cell density was measured immediately and at various time
intervals after hypotonic shock (12, 24, 36, ... h) by means of
electronic cell counting (see above). To estimate the initial growth
rate, cell growth curves (i.e., cell density N vs time ¢) were fitted to
the Gompertz equation [3]: N = N, exp{a/f[l-exp(-f1)]}, where
Ny is the initial cell density and «/f is the initial growth rate.

Results

The magnitude and time course of cell volume
changes were studied by rapid transfer of the Jurkat
cells from an isotonic saline solution (300 mOsm) to a
hypotonic environment. The hypotonic solutions
contained one of the following sugars or sugar
alcohols (polyols) as the major osmolyte: glucose,
galactose, sorbitol, inositol, trehalose, sucrose and
raffinose. For each sugar, the solution osmolality was
adjusted to 200 and 100 mOsm.

FasT INITIAL SWELLING

In response to hypotonicity, Jurkat cells swelled
within the first 1-2 min from their original isotonic
volume V), to the maximum volume V. (Fig. 2). At
the same osmolality, the relative magnitudes of initial
swelling, defined as vyax = Viax/ Vo, Were similar in
the presence of all sugars and sugar alcohols studied
here (Table 1). At 100 and 200 mOsm, the v, ran-
ges were 1.5-1.9 and 1.2-1.3, respectively. The latter
result is in good agreement with the v, value of

R. Reuss et al.: Effect of Sugars on Cell Volume Regulation

trehalose

16} }
100 mOsm
1.4}
galactose
1.2}
P10 ) TP GO 2 - -2 S §§§‘}{) .......
0 5 10 15 20
Time, min

Fig. 2. Changes of the relative volume (v = V/V)) of Jurkat cells
in hypotonic trehalose (4) and galactose solutions (B). The cell
samples were originally (z < 0) exposed to an isotonic saline so-
lution (CGM). At zero time CGM was replaced by a hypotonic
sugar solution. After fast initial swelling, the cells underwent RVD
in slightly hypotonic solutions of both sugars (200 mOsm, empty
symbols), as well as in strongly hypotonic trehalose medium
(100 mOsm, filled circles in A). In contrast, 100 mOsm galactose
completely inhibited RVD in Jurkat cells (B, filled circles). The
continuous curves are the best fits of the VSC model to the data
(see below). The anion channel blockers NPPB (100 uM) and
DIDS (1 mM) inhibited RVD in Jurkat cells exposed to 100 mOsm
trehalose (A4, filled triangles and squares, respectively).

1.18 + 0.04 reported for this cell line (when exposed
to 197 mOsm saline medium) in the literature [6].

In trehalose solutions (Fig. 24), the time
intervals T, required to reach the maximum cell
volume vy, were 90 £ 5 and 70 £ 6 s at 100 and
200 mOsm, respectively. Similar initial swelling
kinetics were observed in hypotonic galactose solu-
tions (Fig. 2B). The vpax and T values for all
sugars and sugar alcohols are summarized in Ta-
ble 1.

OSMOTICALLY INACTIVE VOLUME

To estimate the osmotically inactive volume fraction
in Jurkat cells, volumetric measurements were per-
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Table 1. Effects of osmolality and carbohydrate composition on the initial swelling kinetics (vnax and Tay) and the secondary volume

response (venq) of Jurkat cells to hypotonic stress

Carbohydrate Osmolality Vinax' Tnax' Vend” RVD
mosmol/kg s
Galactose 200 1.31 + 0.02 120 0.99 + 0.01 +
100 1.54 = 0.05 140 £ 11 1.60 + 0.04 -
Glucose 200 1.22 £ 0.01 80 + 4 0.83 + 0.02 +
100 1.67 = 0.07 120 £ 9 1.68 + 0.05 -
Sorbitol 200 1.27 = 0.02 80 + 4 091 £ 0.02 +
100 1.84 + 0.06 140 £ 3 1.95 £ 0.05 -
Inositol 200 1.15 = 0.01 60 0.88 + 0.03 +
100 1.88 + 0.06 130 + 4 1.35 £ 0.05 partial RVD
Trehalose 200 1.21 = 0.02 70 £ 6 0.88 £ 0.04 +
100 1.84 +£0.08 90 = 5 0.92 £ 0.02 +
Sucrose 100 1.67 = 0.07 120 £ 5 0.85 £ 0.03 +
Raffinose 100 1.65 = 0.05 130 £ 5 0.92 £ 0.04 +

Ymax and Trax are the mean values (+ sg) of the relative magnitude of the initial cell swelling and the time interval required to reach the vy

volume.

2Yend is the final relative cell volume measured 20-25 min after hypotonic shock.

formed over a wide osmolality range from 100 to
500 mOsm. In contrast to hypotonic solutions (gen-
erally used in this study), the hypertonic 500 mOsm
medium caused rapid transient decrease of the cell
volume to its minimum value v, Afterwards the
cells swelled back to their original isotonic volume
within 20-25 min (data not shown). The experimental
Vmax and vy, values were plotted against the re-
ciprocal normalized osmolality (symbols in Fig. 3)
and fitted by the Boyle van’t Hoff equation:

C4
Vmax:%(l_vb)"‘vb (1)

where C is the solution osmolality, the isotonic
osmolality is Cj,, = 300 mOsm, the term v, = Vy/
Vy represents the osmotically inactive volume frac-
tion at 300 mOsm. Judging by the correlation coef-
ficient (r = 0.98), the initial osmoregulation response
of Jurkat cells during the water phase is well de-
scribed by the linear Boyle van’t Hoff relationship.
From the best least-square fit of Eq. 1 to the volu-
metric data obtained in inositol solutions (filled cir-
cles in Fig. 3), the osmotically inactive fraction was
found to be v, = 0.48 £+ 0.05. The v,., data for
other carbohydrates (empty symbols in Fig. 3 and
Table 1) indicate that the initial swelling behavior
was very similar in hypotonic solutions of different
sugar alcohols, mono- and disaccharides used in this
study. The osmotically inactive volume obtained here
for proliferating Jurkat cells was significantly larger
than those reported for quiescent human blood
lymphocytes (v, = 0.32) [12] and murine T-lympho-
cytes (vy, =~ 0.28) [29].

In a previous study [47], we found that three
murine cell lines, including fibroblasts, myeloma

Vmax’ v

min
| ;
a
1+

_ ® ino

-7 O sor
(v, =0.48 O glu
b A tre
0 ! 1 1
0 1 2 3

Ciso/ C

Fig. 3. Boyle van’t Hoff plot for Jurkat cells in various sugar
solutions including inositol (filled circles), sorbitol, glucose and
trehalose (empty squares, circles and triangles, respectively). Each
data point represents the mean (% sg) of normalized volume
magnitudes (Vyax OF Viin for a 500 mOsm solution) plotted against
the reciprocal normalized osmolality (Cis,/C, where Ci, = 300 -
mOsm) for 6-10 cells. The line shows the best least-square fit of Eq.
1 to the data obtained in inositol media (filled circles). From the Y-
intercept, the osmotically inactive volume fraction (v,) was found
to be 0.48 £ 0.05.

and hybridoma cells, exhibited strongly non-linear
dependences of volume on reciprocal osmolality. It
should be noted, however, that volume changes in
the murine cells were determined 15-40 min after
exposure to hypotonic inositol, whereas the linear
Boyle van’t Hoff plot for Jurkat cells (Fig. 3) is
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based on the initial swelling magnitude data v,
measured 1-2 min after hypotonic shock. The
departure from the linear osmometric behavior re-
ported earlier for murine cells [47] was most likely
due to the secondary volume regulation processes,
such as partial RVD observed here in inositol
media (see Table 1).

INFLUENCE OF OSMOLALITY AND SUGAR COMPOSITION
oN RVD

We found that under mild hypotonic stress, both
short- and long-term volumetric responses of Jurkat
cells were very similar for the different sugars
(Fig. 2AB, empty symbols). After the fast initial
swelling phase, the cells slowly underwent regula-
tory volume decrease (RVD) in 200 mOsm solutions
of all carbohydrates used here (Table 1). Despite
persisting hypotonicity, the cells shrank gradually
and recovered their original isotonic volume (V)
within 5-10 min. After reaching the original value,
the cell volume continued to reduce modestly and
stabilized at or slightly below ¥V, in most sugar
solutions. At 200 mOsm, the long-term v values
(Venq) measured after 20-25 min incubation varied
between 0.83 (glucose) and 0.99 (galactose, see Ta-
ble 1). The ability of Jurkat cells to undergo RVD
in 200 mOsm saline solutions has been reported
earlier [6].

The use of strongly hypotonic media
(100 mOsm) revealed a dramatic difference between
oligosaccharides (trehalose, sucrose and raffinose)
and monomeric carbohydrates (galactose, glucose,
sorbitol, inositol) in their effects on the secondary
(long-term) volume changes in Jurkat cells. As shown
in Fig. 24 (filled circles), RVD took place in
100 mOsm trehalose medium, but it vanished in
galactose medium of the same osmolality (Fig. 2B).
Similar to galactose, 100 mOsm solutions of other
monomeric sugars and sugar alcohols inhibited par-
tially (ino) or completely (glu, sor) RVD in Jurkat
cells. In contrast, the cells retained their ability to
undergo RVD in all hypotonic solutions containing a
di- or trisaccharide (suc, tre or raf) as the major
osmolyte (see Table 1).

The anion channel blocker NPPB (100 pM)
strongly inhibited RVD in Jurkat cells exposed to
100 mOsm trehalose (Fig. 24, triangles) and also the
partial RVD in 100 mOsm inositol (see below), sug-
gesting the involvement of anion channels in the
RVD of Jurkat cells in hypotonic sugar solutions.
DIDS (1 mm) was less efficient at blocking RVD
(Fig. 24, squares). Much higher concentrations of
the cation channel blocker Ba*>" (~10 mm) were re-
quired to noticeably inhibit the RVD of Jurkat cells
in 100 mOsm trehalose. These findings are in agree-
ment with earlier electrophysiological and isotope
flux studies, which have shown that swelling-acti-
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vated currents and solute transport are inhibited by a
range of anion channel blockers, but are less sensitive
to Ba>™" [10, 14, 18, 32].

NUMERIC SIMULATIONS OF THE VSC MODEL

The complex volumetric response of Jurkat cells to
hypotonic stress was analyzed with the volume-sen-
sitive channel (VSC) model outlined in the Appendix.
The VSC model is based on the simplest L,-P for-
malism (Egs. AI-A3), in which the hydraulic con-
ductivity L, electrolyte P, and sugar permeabilities
P, are used to characterize the cell membrane (for
review see [24]). In contrast to the usual approach, in
which the membrane permeability is viewed as a
constant parameter, the effective membrane perme-
ability is treated as a function of the relative cell
volume in the VSC model. In Egs. A2 and A3, the
volume dependences of electrolyte and sugar perme-
ability are given by the terms ¢es X Pes . The
“swelling activation™ factor for sugars, ¢, was as-
sumed to be equal to that of electrolyte ¢, (i.e.,
¢s = ¢ = ¢). The dependence of ¢ on v is given by
Eq. A4 (Appendix) and illustrated graphically by the
inset in Fig. 44.

To demonstrate that the VSC model is appro-
priate for analyzing the experimental volumetric data
of Jurkat cells under acute hypotonic stress a number
of numerical simulations were first performed with
the model. The curves in Fig. 4 illustrate the relative
volume versus time responses (v vs. time) of a hypo-
thetical cell, calculated with Eqs. A1-A4 (Appendix)
using Mathematica. Curves 1, 2, 3, etc., in Fig. 44,
4B and 4C were computed by incrementing individ-
vally L,, P& and PJ™, respectively, while other
parameters remained unchanged, as stated in the
figure legend. In Fig. 4D, two parameters, i.e.,
extracellular sugar and electrolyte osmolalities (Cg
and C¢, respectively), were changed in order to keep
the total external osmolality constant (Cy +
Ce = 100 mOsm), in accordance with the experi-
mental conditions of this study. The symbols for
further parameters used in the VSC model are defined
in Table 2.

Inspection of the theoretical plots reveals that the
initial portion of the v(¢) curves (i.e., the initial cell
swelling due to the fast water inflow) is dominated by
the hydraulic conductivity L,. Thus, increasing L,
causes the cell to swell faster and raises the initial
swelling magnitude v, (Fig. 44, curves [-5). In
contrast, the secondary volume changes, i.c., the
intermediate and final portions of the v curves, are
largely determined by both solute permeabilities,
P7 and PJ®, as well as by their ratio. Varying ei-
ther PZ'** or P& has little effect on the initial
swelling phase, but strongly influences the secondary
volume changes (Figs. 4B and 4C). For Py less
than P, complete or partial RVD occurs (Fig. 4C,
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Fig. 4. Numerical simulations of the temporal volume changes
calculated with the VSC model given in the Appendix by Eqs. Al—
A4. The hypothetical cell was exposed to an acute hypotonic
challenge (100 mOsm) at time zero. The simulations were per-
formed with the following common parameters: the isotonic cell
radius to ry = 8 pm, the osmotically inactive relative cell volume
vy = 0.5; the initial intracellular osmolalities for electrolyte cl
(t = 0) = 300 mOsm and sugar C. (+ = 0) = 0. The inset in A
illustrates the dependence of the open ratio parameter ¢ on the
relative cell volume v, given by Eq. A4 (Appendix). In A-C, the
extracellular solute osmolalities after medium exchange (¢ > 0) were
Cy =100 mOsm and C¢ = 0. (4) Curves /-5 were calculated for
L, = (0.65, 1.3, 2.6, 5.2 and 10.4) x 10713 m3N~Is7!, respectively.

Table 2. Definitions of the major symbols

10 15 20 25
Time, min

The solute permeabilities were constant: P¢™* = 10 ms™,
P = 0. (B) Curves -4 were calculated for P&** = (0, 0.5, 1.0,
1.5) x 107 m s™', respectively, whereas P™™* = 0 and L, = 2.6 x
10713 m3N~!s™! were constant. (C) Curves /-4 were calculated for
PN = (0, 0.5, 1.0, 1.5) x 107 ms™', respectively, whereas
PP = 108 m s~ and L, =26x 107" m® N~'s™! were constant.
(D) The curves were calculated for various extracellular sugar and
electrolyte osmolalities, while keeping the total osmolality of
100 mOsm unchanged. Curves /—4 correspond to the following
osmolal ratios of sugar/electrolyte: 0/100, 10/90, 20/80 and 40/60,
respectively. P@™* = 107 m s7!, PM* = 0, and L, =26x 10713
m>N~'s™! were constant. Note that curves A3, B3, Cl and DI are
identical.

Symbols Description Units Value

0 Subscript 0 represents original isotonic values

e, s Subscripts: e, electrolyte; s, sugar (carbohydrate)

i,o Superscripts: i, intracellular; o, extracellular

A Cross-section or projected cell area pm? Measurable parameter

r (ro) Cell radius (isotonic cell radius at 300 mOsm) pm r = (4/m)*°

S Apparent cell surface area pm?> Assumed invariable S = 4nr3
Vand V) = Vi Cell volume and original isotonic volume at 300 mOsm um3 V=47rr3/3

v Relative cell volume v=V/V,

Yy Osmotically inactive cell volume portion at 300 mOsm

C.and 2 Intra- and extracellular osmolality of electrolytes osmol/kg

Cland C? Intra- and extracellular osmolality of sugars osmol/kg

L, Hydraulic conductivity m*N~ls™!

P and P™* Solute permeability and its maximum value ms™! P = ¢ x P™ (see Eq. A4)
¢ Volume-dependent channel activity factor 0<¢ <1, Eq. A4

R The universal gas constant J mol™' K™ 8.31

T Temperature K 298

t Time s Variable

curves / and 2). If P{™ is equal to or larger than
P RVD vanishes (Fig. 4B, curve I; Fig. 4C,
curves 3 and 4). Moreover, if P{* > PI* the cell

exhibits secondary swelling, but with a much lower
rate (Fig. 4C, curve 4) than during the initial swelling.
Figure 4D shows that increasing the external elec-
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Fig. 5. (4) Time courses of the relative volume of Jurkat cells in
hypotonic raffinose and inositol solutions (empty squares and cir-
cles, respectively). Note that, in contrast to other monomeric car-
bohydrates (Fig. 2 and Table 1), 100 mOsm inositol partially
inhibited RVD in Jurkat cells. The continuous curves in 4 are the
best fits of the VSC model to the data. The fitted parameters are
given in Table 3. 100 pM NPPB inhibited the partial RVD in
100 mOsm inositol (filled circles in A). (B) The various curves show
the temporal changes in the intracellular osmolality of indicated
carbohydrates. The curves were calculated using the VSC model
and the fitted parameters given in Table 3.

trolyte content, while keeping the total osmolality of
external medium constant, alters only slightly the
time course of RVD in the presence of impermeable
sugar (P; = 0). Comparison of the simulated curves
(Fig. 4) with the experimental data (Fig. 2) shows
that the VSC model describes well the complexity of
the cell volume excursions in the presence of different
sugars.

VOLUMETRIC DATA ANALYSIS

Best least-square approximations of the VSC model
to the volumetric data (continuous curves in Fig. 2
and Fig. 54) were calculated using a numeric non-
linear regression (NNLR) procedure. In general, the
VSC model contains three unknown parameters: L,
P and Py, All other quantities appearing in the
model are known. In 100 mOsm media, the extra-
cellular sugar and electrolyte osmolalities were Cg
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=90 mOsm and C¢ = 10 mOsm, respectively. The
200 mOsm solutions contained 190 mOsm carbohy-
drate and 10 mOsm electrolyte. The original isotonic
cell volume V, and cell surface S, (assumed invari-
able) were determined microscopically (Fig. 1). The
osmotically inactive volume ratio v, was determined
from the Boyle van’t Hoff plot (Fig. 3). The time-
dependent relative cell volume v(f) was the fitted
variable.

From the best fits of the VSC model to the vol-
umetric data of individual cells, the membrane
transport parameters L,, P¢ " and P¢** were de-
duced for each individual cell. Table 3 summarizes
the mean values (£ sE) of the membrane parameters
of Jurkat cells exposed to 200 and 100 mOsm solu-
tions of various carbohydrates. At a given medium
osmolality (e.g., 100 mOsm), the highest Pg*** values
for electrolyte were observed in the presence of sor-
bitol (5.7 x 107 m s7') and galactose (4.3 x 10~ m
s!). Substitution of a monomeric solute by an oli-
gosaccharide slightly reduced P™* to (2.2-3.5) x 107*
m s . At 200 mOsm, the P™* value varied only
slightly among various carbohydrate solutions (Ta-
ble 3), suggesting that sugar substitution did not
noticeably affect the swelling-activated electrolyte
efflux. Under mild hypotonic stress, the fitted P5'**
values for electrolyte were greater by 3—4 orders of
magnitude than the corresponding Pg** values. This
means that the permeabilities of all carbohydrates
were negligible at 200 mOsm (Pg"™* ~ 0, Table 3).

In contrast to L, and P¢™*, which were prac-
tically unaffected by variations of medium tonicity,
the P¢"** values of monomeric sugars and sugar
alcohols were strongly dependent on the osmolality.
Thus, reduction of the osmolality from 200 to
100 mOsm resulted in a dramatic increase of the
P values of monomeric carbohydrates from zero
to (1.7-5.7) x 107 m s™!, whereas the permeabilities
of di- and trisaccharides remained very low (Ta-
ble 3).

INTRACELLULAR SUGAR

Using the fitted values of L,, P¢™* and P (Ta-
ble 3), the time courses of sugar uptake by hypo-
tonically stressed cells can be calculated from the
volumetric data by applying the VSC model (Eq. A3).
The theoretical plots of the Cy versus time (Fig. 5B)
illustrate that gal, glu and sor accumulated rapidly in
Jurkat cells, reaching the maximum C; value
(~90 mOsm) within few minutes (5-7 min) after
exposure to 100 mOsm medium. Inositol entered the
cells somewhat slower than other monomeric osmo-
Iytes (Fig. 5B), but its osmolality also reached a high
value of about 85 mOsm after 20-25 min incubation.
In contrast, accumulation of oligosaccharides (tre, raf
and suc) in Jurkat cells was negligible within the
observation time interval.
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Table 3. Membrane parameters of Jurkat cells exposed to hypotonic media of different osmolalities and carbohydrate composition'

Carbohydrate N L, m> N7 s7! P g7 PI% g7

200 mOsm, mild hypotonic stress
Galactose 4 (112 £ 0.8) x 107 (33 +08)x107® ~0
Glucose 5 (5.4 £ 03)x 107 (5.2 + 0.6) x 107% ~0
Sorbitol 7 (8.2 + 0.8) x 1071 (32 + 04)x107® ~0
Inositol 5 (7.2 £ 0.6) x 107 (5.1 £ 0.6) x 1078 ~0
Trehalose 3 (6.4 £ 0.9)x 107 (39 + 03)x107* ~0

100 mOsm, strong hypotonic stress
Galactose 7 82+ 13)x107™ 43 +12)x107* 4.0 + 1.3)x 107®
Glucose 5 (11.0 + 2.9) x 107 (42 + 1.4)x 1078 (3.8 £ 1.3)x107°
Sorbitol 9 (9.2 £ 0.7)x 107 (5.7 + 0.5)x 107® (5.7 £ 0.5)x 107®
Inositol 6 (112 + 1.4) x 107 (39 + 02)x 107* (1.7 £ 02) x 1078
Sucrose 5 (10.6 + 2.6) x 107 (3.5 + 04)x107® ~0
Trehalose 5 (16.2 + 0.3) x 107 22+ 02)x1078 ~0
Raffinose 5 92 + 1.1)x 107 (2.9 + 03)x 1078 ~0

'The data represent the means + se of N cells. Ly, P and P& are defined in Table 2.

In order to verify the C. values calculated from
the volumetric data (Fig. 54 B), intracellular carbo-
hydrates were determined directly by chromatogra-
phy. In this series of experiments, cell samples were
incubated for 25 min in 100 mOsm solutions of tre-
halose, inositol or sorbitol, as well as in hypotonic
PBS diluted to the same osmolality (control). Prior to
chromatography, the hypotonically treated cells were
collected and solubilized (see above, Materials and
Methods). The sugar composition and content were
analyzed in cell lysates by means of high performance
anion-exchange chromatography (HPAEC) with
pulsed amperometric detection (PAD).

Figure 6 shows representative chromatograms of
cell lysates that were prepared from cells pretreated
with different hypotonic solutions: PBS, trehalose,
inositol and sorbitol (4—D, respectively). The reten-
tion times (RT) for trehalose, inositol and sorbitol,
whose peaks were well resolved in the chromato-
grams, were 15.3, 8.3, and 16.1 min, respectively. In
the lysates of control cells (Fig. 64), a small amount
of inositol was detected (the peak PAD values of
~3.5 nC with RT of 8.3 min). From the chromato-
grams obtained in 3 independent experiments, the
cytosolic concentration of inositol in control cells was
found to be 1.0 = 0.1 mM (mean * sg). For these
calculations, the electronic cell volume and density, as
well as corresponding calibration PAD-curves were
used. The inositol levels in cells exposed to hypotonic
trehalose and sorbitol solutions (Figs. 6B and 6D)
were similar to that in control. It is interesting to note
that the background concentration of inositol in
control Jurkat cells determined here by HPAEC
compares favorably to the value of 1.29 £+ 0.15 mm
detected by '"H-NMR in human blood lymphocytes
[49].

Exposure of cells to hypotonic inositol or sorbi-
tol solutions resulted in dramatic increase of both
sugar alcohols in the cell lysates (Figs. 6C and

Fig 6D, the peak PAD values of ~800 and ~250 nC).
Using chromatographic and electronic size data, the
cytosolic concentrations of 76 £ 7 and 63 £ 2 mm
(N = 3) were calculated for inositol and sorbitol,
respectively. These findings indicate significant up-
take of both monomeric sugar alcohols during
hypotonic treatment, thus validating the theoretical
estimates based on the volumetric data analysis
(Fig. 5B).

As expected, HPAEC-PAD did not reveal any
detectable amounts of trehalose in control and in the
cell samples treated with either sugar alcohol
(Figs. 64, 6C and 6D), whereas the chromatograms
of trehalose-treated cells displayed a detectable tre-
halose peak with an RT = 16.1 min and a magni-
tude of about 6 nC (Fig. 6B). Based on these data, a
concentration of 9.4 + 2.2 mM was calculated for
the intracellular trehalose, which exceeded markedly
the value deduced from the volumetric data (Fig. 5B).
A larger trehalose concentration measured by chro-
matography can be explained by the contamination
of cell lysates with extracellular trehalose, e.g., due to
sugar adsorption to the cell surface. Strong interac-
tions of trehalose with phospholipid membrane have
been reported elsewhere [1]. In addition, trehalose
uptake can also occur via the fluid-phase endocytosis
[52] without involvement of swelling-activated path-
ways. Even though the HPAEC and volumetric esti-
mates of the intracellular trehalose were different, the
chromatographic data confirmed the theoretical pre-
diction that the swelling-activated uptake of trehalose
occurred much more slowly than those of inositol and
sorbitol.

CELL VIABILITY AND PROLIFERATION AFTER
HyproTtoNic TREATMENT

Typical RF distributions of untreated control,
hypotonically treated and saponin-lysed Jurkat cells
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Fig. 6. Typical HPAEC-PAD
chromatograms of Jurkat cell
lysates: the data in A-D represent
the cell samples treated,
respectively, with hypotonic PBS,
trehalose, inositol and sorbitol
solutions of the same osmolality of
100 mOsm. The chromatograms
show the PAD responses in nC as
functions of time after starting the

elution.
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suspended in the presence of 40 uM PI are shown
in Fig. 7. The histogram of the control cells (Fig. 7,
curve /) exhibited a very weak fluorescence peak
centered at about 7 arbitrary units (a.u.). Usually,
only a small fraction (~2%) of control cell samples
showed RF intensities larger than 500 a.u. after
staining with PI. This subpopulation consists of
dead cells, as demonstrated by the addition of 0.2%
saponin. Cells lysed with saponin showed a very
high RF intensity level ranging from about 500 to
2000 a.u. (Fig. 7, curve 4), which corresponded to
near saturation of the intracellular binding sites for
PI [31].

The RF distributions of cells treated with
100 mOsm glucose and sorbitol solutions (Fig. 7,
curves 2 and 3, respectively) were similar to that of
control (Fig. 7, curve ). The strong hypotonic
treatment only slightly shifted the main RF peak
from 7 a.u (control) to ~10 a.u., associated with the
appearance of a small fraction of cells (~6-22%) with
an increased PI content (20 < RF < 300 a.u.). The
level of PI was, however, far from equilibrium with
the medium, indicating that these cells were still vi-
able. The portions of strongly fluorescent, dead cells
(~1-3% at RF > 500 a.u.) after treatment with
hypotonic glucose and sorbitol solutions were com-
parable to that in control. Qualitatively similar PI
content distributions were obtained for cell samples
exposed to 100 mOsm galactose and inositol media
(data not shown). The results of the PI exclusion assay
presented in Fig. 7 demonstrate that the majority
of Jurkat cells were capable of withstanding an
extensive hypotonic shock without significant mem-
brane damage.

living | dead
100 !
80 4
60
40
20 Co\ e
0 - . ~~"\."|‘Jnu~'c~.,}:
102 103

Red Fluorescence, a.u.

Fig. 7. Representative red fluorescence (RF) histograms of Jurkat
cells in the presence of 40 uM PI. Curve / shows the RF signals of
untreated control cells. Histograms 2 and 3 represent, respectively,
cell samples exposed to 100 mOsm hypotonic glucose and sorbitol
for 25 min. Curve 4 represents saponin-treated cells. Note that only
a small fraction of hypotonically treated cells (~1-3%) was dam-
aged, i.e., exhibited strong fluorescence signals above 500 a.u.

We also examined the proliferation activity of
hypotonically treated Jurkat cells by means of elec-
tronic cell counting. Figure 8 shows cell growth
curves generated from sequential cell counting assays
in untreated control (filled circles) and hypotonically
treated cell samples (empty symbols). Control cells
exhibited a characteristic lag phase (days 0-1), fol-
lowed by a rapid growth phase (days 2-7) and a
subsequent plateau phase. In the case of hypotonic
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Cell Density, 108 cells/ml

Fig. 8. Proliferation of Jurkat cells treated with hypotonic glucose
and inositol solutions (100 mOsm, 25 min, empty circles and
squares, respectively), compared to control (filled circles). Each
data point represents the mean = SE of triplicate measurements,
using electronic cell counting. The smooth curves show the best
least-square fits of the Gompertz equation (see Materials and
Methods) to the data.

100 mOsm solutions of g/u and ino, the lag phase was
extended to about 1.5-2 days (Fig. 8, empty squares
and circles, respectively), presumably due to the loss
of cytosolic electrolytes through swelling-activated
channels. Despite the prolonged lag phase, the initial
growth rates in hypotonically treated cell samples (o/
p = 4.449) were similar to that in control (o/
B = 4.1), as demonstrated by fitting the Gompertz
equation to the data (see Materials and Methods).
The effects of 100 mOsm galactose and sorbitol on
cell growth (data not shown) were similar to those of
glucose and inositol.

In the light of the results presented in Figs. 7 and
8 it is clear that the majority of Jurkat cells remained
viable and were able to proliferate after a severe
hypotonic challenge in 100 mOsm monosaccharide
solutions. These findings are consistent with a bulk of
literature published on electrofusion and electro-
transfection of cells, which are routinely performed in
strongly hypo-osmolar, sugar-substituted media (for
review see Ref. 55). There is also evidence [17] that
apoptosis of cells is greatly reduced when electrolytes
are replaced by sugars.

Discussion

In this study, the time courses of cell volume changes
were measured in Jurkat cells following their expo-
sure to a hypotonic solution containing a mono- or
an oligosaccharide as the major osmolyte. Analysis
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of the volumetric data with the theoretical model
developed here (VSC model, Appendix) allowed the
evaluation of the membrane transport parameters in
terms of hydraulic conductivity (L,) and volume-
dependent permeability coefficients for sugar and
electrolyte. Based on these parameters the kinetics of
sugar uptake by cells during hypotonic stress could be
derived.

Hyprauric CONDUCTIVITY

The rapid water influx into cells suddenly exposed to
hypotonic stress gave rise to a fast initial swelling. At
a given osmolality, neither swelling kinetics nor
magnitude (see vpax and Tp. in Table 1) were
noticeably affected by the type of carbohydrate used
as the major external osmolyte. Therefore, cell sur-
face structures, such as glycocalyx, microvilli, etc.,
which can alter the actual solute gradients via un-
stirred layer and related effects [16], did not, appar-
ently, significantly influence the passive water influx
into Jurkat lymphocytes.

The initial swelling is largely determined by L,
which in turn is directly related to the osmotic water
permeability Py. The latter is defined as Py = RTLp/
Ly, Where R, T and v, are the gas constant,
temperature and partial molar volume of water
(uy = 18 cm’/mol), respectively. The L, values of
(5.4-16.2) x 107" m® N~ s7!(Table 3) (or 0.32-0.97
pum min~' bar™") found here for Jurkat cells and the
corresponding Py estimates (7.4-22.3) x 107 m s~
are in good agreement with previously reported data
for this cell line and other human cells. Thus, the P¢
values of (9.3 + 4.8) x 107® and 12 x 10® m 5!
exhibited by Jurkat cells and by red blood cells,
respectively [30, 37], are both within the Pf range
obtained in the present study. It is noteworthy that all
P; values derived here are at least one order of
magnitude less than the cutoff value Py = 10 *ms™,
which is viewed as a criterion for the presence of
aqueous pores in cell membranes [50].

The L, values of (8.2-16.2) x 107'* m* N' 57"
obtained in 100 mOsm solutions of various sugars
(except for trehalose) differed only slightly from the L,
of (5.4-112) x 107" m® N7' s7! measured at
200 mOsm (Table 3), suggesting that, in general, sugar
concentration had little effect on the water influx. In
the case of trehalose, however, increasing osmolality
from 100 to 200 mOsm resulted in a nearly threefold L,
decrease. The stronger effect of trehalose may be due to
the unique ability of this sugar to interact with bio-
logical membranes via hydrogen bond formation with
the phospholipid head groups [1].

RVD AND UPTAKE OF CARBOHYDRATES

Unlike the initial swelling phase, the direction and
magnitude of the secondary volume changes of Jurkat
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cells during hypotonic stress were found to depend
strongly on both osmolality and molecular size of the
carbohydrate (Figs. 2 and 5, Table 1).

In response to a mild osmotic shift from 300 to
200 mOsm, Jurkat cells underwent complete RVD
in the presence of all sugars and sugar alcohols
studied here. Analysis of the volumetric data with
the VSC model revealed that the initial cell swelling
in 200 mOsm solutions rendered the cell membrane
permeable to electrolyte (Table 3, Pg™* > 0). In
contrast to electrolyte permeability, the membrane
permeability to sugars and sugar alcohols remained
very poor (P¢** = 0). It seems that, in spite of the
volume regulatory release of electrolyte, the small
initial swelling of 10-20% at 200 mOsm (Vyax =~ 1.2,
Table 1) was not sufficient to activate sugar-con-
ducting pathways in the Jurkat cell membrane. As
discussed below, at stronger hypotonicity (i.e.,
100 mOsm), the transport of electrolyte and mono-
meric carbohydrates may occur through the same
swelling-activated channels. In this case, the strong
osmolality dependence of the relative sugar-to-elec-
trolyte permeability (Pg?*/Pg®*, Table 3) suggests
that the osmotic thresholds at which these channels
are activated should be different for sugars and
electrolyte. It is interesting to note that, unlike
Jurkat lymphocytes, HeLa cells show a significant
increase in the influx rate of sorbitol and other
solutes, such as taurine, thymidine, etc., upon
reduction in the osmolality from 300 to 200 mOsm
[14].

Similar to their response to the mild 200 mOsm
stress, Jurkat cells were also able to accomplish RVD
in strongly hypotonic solutions of di- and trisaccha-
rides tested here (100 mOsm, Table 1). This means
that membrane permeability to oligosaccharides re-
mained very poor (Table 3), even though the initial
cell swelling at 100 mOsm was much larger than at
200 mOsm.

In sharp contrast to the 200 mOsm stress as well
as to 100 mOsm oligosaccharide media, strongly
hypotonic solutions (100 mOsm) of monomeric sugars
and sugar alcohols inhibited RVD partially (ino) or
completely (gal, sor, glu). Theoretical analysis of these
data showed that the cell membrane became highly
permeable to all monomeric carbohydrates (Table 3)
and that efficient uptake of these solutes by cells occurs
within few minutes at 100 mOsm (Fig. 5B). In agree-
ment with the volumetric data, HPAEC analysis also
revealed high millimolar concentrations of inositol
and sorbitol in the cytosol of hypotonically treated
Jurkat cells (Fig. 6), whereas intracellular trehalose
level was much lower. Despite the strong hypotonic
shock, the majority of Jurkat cells survived and were
able to proliferate in culture after exposure to
100 mOsm solutions (Figs. 7 and 8).

Taken together, the volumetric data analysis and
chromatographic sugar determination suggest that
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RVD inhibition by monomeric sugars and sugar
alcohols can be viewed as an indication of the
swelling-activated uptake of these small solutes by
cells through volume-sensitive channels. This con-
clusion is consistent with the results of earlier studies,
in which permeability of mammalian cell membranes
to a series of organic and inorganic anions was
examined under anisotonic conditions. Thus, similar
to the neutral monomeric carbohydrates studied here,
large poorly permeable anions, such as gluconate,
allow a volume decrease in hypotonically swollen
human lymphocytes, whereas highly permeating
small inorganic anions, such as SCN™ and 1™, inhibit
RVD or even induce secondary swelling [11].

Similar to T-lymphocytes studied here and else-
where [37], many other cell and tissue types, including
hepatocytes [15], kidney cells [21], astrocytes [18],
Ehrlich ascites tumor cells [35] etc., undergo RVD
after transient initial swelling induced by an acute
hypotonic challenge. Recent studies have demon-
strated that RVD is not simply the controlled release
of inorganic ions (primarily K™ and CI7) but it also
involves swelling-mediated efflux of small organic
osmolytes, such as amino acids, methyl-amines and
sugar alcohols. As already mentioned, organic
osmolytes can make a significant contribution to the
total intracellular osmolality, especially if cells are
grown in hyperosmotic media [21, 22]. It is note-
worthy that unlike inorganic ions and urea, which, at
high concentrations, destabilize protein structure,
sugar alcohols and some other organic osmolytes do
not interfere with protein functions even when pres-
ent at high concentrations [15, 22, 53]. Based on their
stabilizing effect on macromolecules and membranes,
sugar alcohols and some other organic osmolytes
protect living cells against extreme temperatures and
desiccation [27].

Various volume-sensitive transport pathways
(including anion and cation channels) are involved in
the volume regulation in osmotically stressed cells. A
large body of evidence now indicates that in many cell
types the volume regulatory efflux of structurally
dissimilar organic osmolytes from swollen cells oc-
curs via the volume-sensitive organic osmolyte and
anion channel (VSOAC) [19, 46]. Arguments in sup-
port of the hypothesis that anion-selective channels
provide a major route for the volume-regulatory ef-
flux of organic osmolytes from vertebrate cells are
presented in detail elsewhere [23]. Volume-sensitive
channels are commonly found in a variety of animal
species, including mammals, amphibians, etc. [22, 45].
Similar mechanisms may also be involved in the
osmoregulation of hypotonically challenged plant
cells [16]. The large effect of the anion channel
blocker NPPB observed in the present study (Figs. 24
and 54) also indicates the involvement of anion
channels in the RVD response of Jurkat cells to
strong hypotonic sugar solutions.
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SELECTIVE PERMEABILITY OF SWELLING-ACTIVATED
CHANNELS

In the present study, the osmotic shift from 200 to
100 mOsm caused an increase of the initial cell
swelling v,., from ~1.2 to ~1.9 (Table 1), which was
accompanied by a dramatic increase of the membrane
permeability to monosaccharides (Table 3). The
much greater swelling magnitude at 100 mOsm ap-
pears to be the reason for the activation of volume-
sensitive pathways conducting monomeric sugars and
sugar alcohols. Judging by the P values given in
Table 3, the permeability of monosaccharides ap-
proached that of electrolyte in cells exposed to
100 mOsm stress. In the presence of an inward sugar
gradient (i.e., under the conditions of our experi-
ments), the monosaccharide influx obviously abol-
ished RVD by compensating the loss of intracellular
solutes from osmotically swollen Jurkat cells. Our
finding that monosaccharide permeability was higher
at lower osmolality (Table 3) is consistent with the
observation that the rate constant of *H-inositol ef-
flux from rat astrocytes increases with decreasing
osmolality [18].

Despite extensive swelling at 100 mOsm, the
membrane of Jurkat cells remained poorly permeable
to the larger molecules of di- and trisaccharides (re,
suc and raf), all of which allowed complete RVD at
100 mOsm and even at a more severe hypotonic shift
(e.g., 50 mOsm trehalose, data not shown). Unlike
Jurkat cells studied here, some cell types (e.g., HeLa
and renal epithelial cells) show swelling-activated
transport of oligosaccharides including sucrose and
raffinose [42].

Analysis of the volumetric response of Jurkat
cells to 100 mOsm stress revealed that the swelling-
activated permeability to monomeric sugar and sugar
alcohols decreased in the order: sor > gal ~ glu >
ino (Table 3). The P value for sorbitol was found
to be larger by about a factor of three than that for
inositol (570 vs. 170 um/s, respectively). This finding
is in good agreement with the results on osmotically
swollen renal epithelial cells, in which the perme-
ability of sorbitol is 2.7 times that of inositol, as
determined by comparing the relative rates of solute
release in isotope flux studies [42]. Furthermore,
measurements of the swelling-activated efflux of or-
ganic osmolytes (e.g. sor, ino, taurine, etc.) from renal
medullary cells have shown that the osmotic thresh-
old and steepness of the activation curve are different
for various osmolytes [21]. Thus, the swelling-acti-
vated efflux of inositol from these cells has a much
longer lag period after a hypotonic challenge than
sorbitol release [21]. A longer lag time required for
activation of inositol permeability would also ac-
count for its slower uptake by Jurkat cells reported
here (Fig. 5B). If carbohydrate molecules are viewed
as cylinders, the lower permeability of the cyclic
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polyol inositol may be due to its larger cylindrical
diameter of 5.9 A compared to the 5.0 A of the linear
polyalcohol sorbitol [46]. Besides the molecular-size
effect, the permeation rate of organic osmolytes
through swelling-activated pathways also depends on
the arrangement of OH-groups in the molecule [22].

CONCLUDING REMARKS

We have demonstrated that hypotonic treatment is an
efficient method for the loading of human lympho-
cytes with high concentrations of low-molecular
weight solutes including monomeric sugars and sugar
alcohols. In contrast to most invasive techniques
currently used for the delivery of membrane-imper-
meable cryo- and lyoprotectants into cells, our
method utilizes the dormant transport mechanisms
naturally present in the cell membrane, most likely,
the swelling-activated pathways known in the litera-
ture as the volume-sensitive organic osmolyte and
anion channels [19]. Preliminary studies have shown
that monomeric sugar alcohols could also easily be
introduced through swelling-activated channels into
human blood dendritic cells as well as into whole
organs such as isolated rat islets of Langerhans,
supporting the view that volume-sensitive channels
are nearly ubiquitous in animal cells [22, 45]. There-
fore, the method presented here appears to be a
promising approach for the rapid delivery of small
carbohydrate molecules and other potential stabiliz-
ers of cellular macromolecules and membranes into a
variety of cell and tissue types. In combination with
conventional membrane-permeable cryoprotectants,
such as dimethylsulfoxide, glycerol, etc. [2, 8], high
intracellular levels of carbohydrates can pave the way
to significantly improve the survival of cryo- and ly-
opreserved cells. Finally, the method presented here is
compatible not only with conventional cryoconser-
vation but also with the novel miniaturized cryobank
technology [54], with far-reaching implications for
cryo- and lyopreservation of rare and valuable
mammalian cells and tissues.
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Appendix

A standard set of equations relating the passive fluxes
of water (J,), electrolyte (J.) and sugar (J;) through
the cell membrane to the extra- and intracellular
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osmolalities of the solutes was used to analyze the
volume regulation data:

dv—w)  LyRT[(C2 - CL) + (€2 = C))]

Jo= Sdt a Vo
(A1)
_dC (v —=w)] _ Pe(Co — C)
Je= Sdt N Vo (42)
Js = d[Cs(V — Vb)] _ PS(CS — Cs) <A3)

Sdt Vo

Explanations for the symbols, sub- and superscripts
used in Eqs. A1-A3 are summarized in Table 2. The
equations are based on the classic two-parameter
model (L,-P-model), by assuming that solutes and
solvent are transported independently [24].
Regulatory volume decrease (RVD) observed
here after the fast cell swelling in response to an acute
hypotonic stress implies the involvement of volume-
sensitive channels (VSCs) for electrolytes and sugars.
The impact of VSCs on the solute fluxes through the
membrane can be modeled by introducing the vol-
ume-dependent permeability coefficients P ¢(v):

1 —exp(—|v—1])
P.s = PI =
e = @ X Pey 1 +exp(—|v—1])

Where ¢ = w is the volume-dependent
_ Liexp(—[y—1]) > ™
channel activity factor, which is assumed to be the
same for sugar and electrolyte. Equation A4 implies
that the permeability increases from zero if the cell
swells or shrinks from its isotonic volume, thus
allowing to describe both regulatory volume decrease
and increase in response to hypo- and hypertonic

stresses, respectively.

X PP (44)

As illustrated by the plot ¢ versus v (inset in
Fig. 44), the value ¢ and so the effective membrane
permeability (P.s = ¢ X Pes ) are both zero under
isotonic conditions, i.e., at v = 1. The ¢ value in-
creases gradually with volume v and approaches unity
atv — infinity (i.e., lim ¢ = 1), which in turn causes
the effective membrane permeability P for solutes
to assume its maximum values Pcy . It should be
noted that the assumption of gradual P.g increase
does not account for some important properties of
volume-sensitive channels, such as their steep acti-
vation at a threshold volume, different lag-times of
activation, etc., reported in the literature for some
cellular systems (see Discussion). To account for all
complex membrane and cytosolic processes, also
including the time-dependent ion conductance,
membrane potential and cytosolic Ca®" changes,
triggered by hypotonic cell swelling, more sophisti-
cated models are required. Despite its simplicity, the
present model matched well the observed volumetric

R. Reuss et al.: Effect of Sugars on Cell Volume Regulation

behavior of hypoosmotically treated Jurkat cells
(Figs. 2 and 5), thus allowing the quantitative esti-
mation of membrane parameters in terms of solute
and water permeabilities (Table 3).
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