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Regulation of Cell Volume by Glycosaminoglycans
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ABSTRACT

Cell volume is regulated by a delicate balance between ion distribution across the plasma membrane and the osmotic properties of intra- and

extracellular components. Using a fluorescent calcein indicator, we analysed the effects of glycosaminoglycans on the cell volume of

hyaluronan producing fibroblasts and hyaluronan deficient HEK cells over a time period of 30 h. Exogenous glycosaminoglycans induced cell
blebbing after 2 min and swelling of fibroblasts to about 110% of untreated cell volume at low concentrations which decreased at higher
concentrations. HEK cells did not show cell blebbing and responded by shrinking to 65% of untreated cell volume. Heparin induced swelling of
both fibroblasts and HEK cells. Hyaluronidase treatment or inhibition of hyaluronan export led to cell shrinkage indicating that the
hyaluronan coat maintained fibroblasts in a swollen state. These observations were explained by the combined action of the Donnan effect
and molecular crowding. J. Cell. Biochem. 113: 340-348, 2012. © 2011 Wiley Periodicals, Inc.
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CROWDING

C ell volume serves as signal for a wide variety of responses
including proliferation, migration, apoptosis, oncotic necro-
sis and transepithelial transport [Hoffmann et al., 2009]. It is
regulated by the intracellular content of osmotically active
compounds and the extracellular tonicity, because the plasma
membrane is highly permeable to water. Normally cells counteract
swelling by KCl release and shrinkage by KCl gain. The ratio of
intra- and extracellular K* concentration in turn determines the
membrane potential, another critical parameter of cellular metabo-
lism. Glycosaminoglycans exert a strong osmotic pressure and often
concentrate locally on the cell surface by receptor binding. High
molecular weight hyaluronan has exceptional properties in
particular, as it displays molecular crowding which in turn pushes
other macromolecules from its hydration volume due to steric
exclusion. This potentiates the osmotic pressure [Laurent and
Ogston, 1963]. While many studies investigated the osmotic
behaviour of glycosaminoglycans in solution [Ogston, 1966;
Maroudas, 1975; Maroudas and Venn, 1977; Urban et al., 1979;
Maroudas and Bannon, 1981; Urban and Maroudas, 1981; Maroudas
et al., 1985; Reed and Rodt, 1991; Peitzsch and Reed, 1992; Knepper
et al., 2003], their influence on the cell volume has been neglected so
far. The precise effect of exogenous glycosaminoglycans on the cell

volume has to be determined experimentally, because the three
parameters cell volume, intra- and extracellular ion distribution and
membrane potential exhibit a complex relationship [Fraser and
Huang, 2004]. Recently, we demonstrated that high molecular
weight hyaluronan has a profound depolarising effect on the
membrane potential [Hagenfeld et al., 2010].

The role of hyaluronan in regulating cell volume and tissue
hydration is of particular interest, because it has such an enormous
hydration volume. Hyaluronan is synthesised at the inner side
of plasma membranes [Prehm, 1984] and exported by the ABC
transporters MRP5 from fibroblasts [Schulz et al., 2007] and CFTR
from epithelial cells [Schulz et al., 2010]. Hyaluronan export from
fibroblasts is inhibited by intracellular cGMP which also acts as a
vasodilator [Carvajal et al., 2000], and mediator of tissue hydration
[Metry et al., 2001].

MATERIALS

Bacterially derived hyaluronan with an average molecular weight
of 1.4 x 10°Da [Shiedlin et al., 2004], hyaluronidase from testis or
Streptomyces and other chemicals were from Sigma Chemical Co.
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CELLS AND CELL CULTURE

Epithelial breast cancer cells HMT3552 [Jojovic et al., 2002], human
embryonic kidney cells (HEK) [Hagenfeld et al., 2010], primary
human skin fibroblasts cultures from wild type and MRP5 deficient
mice [Schulz et al., 2010] have been described. Cells were grown in
Dulbecco’s medium supplemented with streptomycin/penicillin
(100 units of each/ml), 10% fetal calf serum; else they were grown
in serum-free Quantum medium supplemented with streptomycin/
penicillin (100 units of each/ml), kanamycin (100 units/ml) on
96-well microtiter plates.

DETERMINATION OF THE CELL VOLUME

Relative changes in the cell volume were determined by the
fluorescent calcein acetoxymethyl ester (calcein-AM) method
[Capo-Aponte et al., 2005] with slight modifications. Cells were
grown in 96-well plates and the original medium was replaced with
serum-free Quantum medium containing 10 uM calcein-AM for
60min at 37°C. Cells were then washed twice and incubated with
Quantum medium as control and Quantum medium containing
varying concentrations of glycosaminoglycans and hyaluronidase.
Initial readings were taken for 5min at intervals of 30s, then
after every 5min until a steady state was reached. Changes in
fluorescence were monitored from the bottom of the wells at
excitation and emission wavelengths of 485 and 525nm respec-
tively. Prior to every experimental run, initial fluorescence values
were taken for every well. These were set to 1 for subsequent
calculation of the relative volume changes. Independent of cell
volume changes, raw data were also corrected for fluorescence drift
by calculating the ratio of fluorescence of the sample and control
wells for each time point. Diagrams were plotted as relative volume
in percent (100 x V,/Vy), as a function of time, where V, is the cell
volume at time t; Vy, is the initial relative cell volume (set to 1). The
data were recorded as triplicates which had an error of <2%. The
statistical significance was analysed by the ANOVA test and the
significance was calculated by the areas under the curves. Post hoc
multiple comparison tests were applied to compare mean values.
These calculations indicated that differences of 2% relative volume
changes were significant. The effects of hyaluronan and chondroitin
sulphate on fibroblasts and HEK cells were also visualised by
fluorescent microscopy of calcein labelled cells.

CELL VOLUME CHANGES INDUCED BY EXTRACELLULAR
HYALURONAN
As cell volume changes might be induced by the osmotic pressures
exhibited by the glycosaminoglycan solutions, we determined the
osmolarities for each solution in a preliminary experiment. The
culture medium had an osmotic pressure of 318 mOsm and the
increase by the glycosaminoglycans stayed within the range of
experimental error up to concentrations of 2 mg/ml. Theoretically, a
hyaluronan solution of 2 mg/ml should have an osmotic pressure of
5.6 mOsm raising the osmotic pressure of the medium by 1.8%.
The influence glycosaminoglycans exerted on the cell volume
was studied with hyaluronan-producing fibroblasts, which retain an
extensive hyaluronan coat on the cell surface by binding to the

CD44 receptor, and with hyaluronan-deficient human embryonic
kidney cells (HEK). The HEK cell line was also devoid of the CD44
receptor as determined by a sensitive immunostaining method
[Mitchell et al., 1996]. Relative volume changes of human fibroblasts
and HEK cells were recorded by the fluorescent calcein-AM method
in the presence of increasing concentrations of high molecular
weight hyaluronan over a period of 30h. Figure 1A shows that
extracellular hyaluronan induced a concentration- and time-
dependent volume response. For lower concentrations up to
0.5mg/ml, it steadily increased the fibroblast volume in a
concentration-dependent manner to a maximum for about 14h.
Then it dropped again. At a concentration of 1 mg/ml the time-
dependent changes were marginal. Merely a volume decrease was
observed at 2mg/ml after about 18 h. HEK cells responded to
extracellular hyaluronan only by a volume decrease in a
concentration-dependent manner (Fig. 1B).

The calcein-loaded fibroblasts and HEK cells were also observed
under fluorescence microscopy after the addition of culture medium
containing 1 mg/ml of hyaluronan or chondroitin sulphate over a
period of 10 min (Fig. 2). Both hyaluronan and chondroitin sulphate
induced blebbing 4 min after addition. This blebbing occurred with
hyaluronan preparations from rooster comb as well as with
hyaluronan from Streptococcus equi and appeared more prominent
at higher concentrations. In contrast, HEK cell did not show this
blebbing (data not shown).

These results suggested that multiple factors determined cell
volume as a function of concentration, time and nature of cell line.
The difference in response patterns between hyaluronan coated
fibroblasts and hyaluronan-deficient HEK cells indicated that the
hyaluronan coat may have profound effects on the regulation of the
cell volume regulation.

FIBROBLASTS VOLUME CHANGES BY HYALURONIDASE TREATMENT
In order to verify that the above observations indeed have a
physiological significance, fibroblasts were treated with hyalur-
onidases for them to digest hyaluronan from the cell surface.
Figure 3 shows that hyaluronidases caused a reduction in cell
volume within 4 h. Thus, the endogenous hyaluronan cell surface
coat appeared to increase the cell volume.

CELL VOLUME CHANGES BY EXTRACELLULAR CHONDROITIN
SULPHATE

Chondroitin sulphate also caused volume changes in fibroblasts
(Fig. 4A) and HEK cells (Fig. 4B) in concentration- and time-
dependent manner that resembled the hyaluronan effect. This result
suggested that hyaluronan and chondroitin sulphate had similar
cellular functions.

CELL VOLUME CHANGES BY EXTRACELLULAR HEPARIN

Heparin at different concentrations markedly increased the cell
volume of fibroblasts (Fig. 5A) and even more pronouncedly of HEK
cells (Fig. 5B). This result suggested that the hyaluronan coat may
attenuate the swelling effect of heparin.
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Volume changes by extracellular hyaluronan. Human fibroblasts (A) and HEK cells (B) were grown in 96-well microtiter plates to confluency. The media were changed

to serum-free Quantum containing 10 pg/ml calcein-AM and incubated for 1 h to load the cells with the volume-sensitive dye. The cells were washed and incubated with
Quantum containing 2 mg/ml (), 1 mg/ml (H). 0.5 mg/ml (A), 0.25 mg/ml ([7J), 0.125 mg/ml (O) hyaluronan and control medium without hyaluronan (@).

CELL VOLUME CHANGES BY HYALURONAN EXPORT INHIBITION

We have previously shown that hyaluronan export from fibroblasts
through MRP5 can be inhibited by zaprinast, a cGMP analogue that
blocks both, phosphodiesterase 5 and hyaluronan exporter MRP5
[Deiters and Prehm, 2008]. Export from epithelial cells through
CFTR can be inhibited by GlyH101 which clogs the channel from
outside and thus does not interfere with the intracellular metabolism
[Muanprasat et al., 2004; Schulz et al.,, 2010]. We inhibited
hyaluronan export by zaprinast from mouse fibroblasts, and by
GlyH101 from MRP5-deficient mouse fibroblast and a human breast
cancer cells that both express the CFTR channel. As a control for a
cell line which does not produce hyaluronan, we used HEK cells.
Figure 6 shows that export inhibition of hyaluronan-producing cells

caused cell shrinkage, whereas HEK went through a transient
shrinkage at 25 uM zaprinast and then swelled like the ones in the
50 uM treatment. This experiment indicated that accumulation of
intracellular hyaluronan led to cell shrinkage.

Glycosaminoglycans have several physicochemical effects in
solution. First, they attract water. Second, they have an osmotic
effect. This effect was responsible for the swelling pressure of
corneal stroma [Friedman et al., 1972] or cartilage [Urban et al.,
1979]. In our experiments these effects appeared marginal, because
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Fig. 2. Cell blebbing by hyaluronan in the culture medium. Fibroblasts were incubated serum-free Quantum containing 10 pg/ml calcein-AM and incubated for 1 h to load the
cells with the volume-sensitive dye. The cells were washed and incubated with Quantum containing 1 mg/ml of hyaluronan at time point O over a period of 10 min. Fluorescent
images were taken at the times indicated.
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Fig. 3. Fibroblast volume changes through hyaluronidases. Human fibroblasts were grown in 96-well microtiter plates to confluency. The media were changed to serum-free
Quantum containing 10 pg/ml calcein-AM and incubated for 1 h to load the cells with the volume-sensitive dye. The cells were washed and incubated with Quantum containing
2 mg/ml hyaluronidase from bovine testis () or from Streptomyces (#) and control medium without hyaluronidases (@).
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Fig. 4. Cell volume changes through extracellular chondroitin sulphate. Human fibroblasts (A) and HEK cells (B) were grown to confluency in 96-well microtiter plates. The
media were changed to serum-free Quantum containing 10 pg/ml calcein-AM and incubated for 1 h to load the cells with the volume-sensitive dye. The cells were washed and
incubated with Quantum containing 2 mg/ml (@), 1 mg/m| (M), 0.5 mg/ml (A), 0.25mg/ml (1), 0.125mg/ml (O) chondroitin sulphate and control medium without

chondroitin sulphate (@).

the glycosaminoglycans did not significantly enhance the osmotic
pressure of the culture medium. Third, the Donnan effect influences
the membrane potential and drives counterions into the neighbour-
ing compartment. In our recent publication [Hagenfeld et al., 2010],
we found that a solution of 2 mg/ml of hyaluronan caused a pH shift
of 0.9units over a dialysis membrane which converts into an
eightfold concentration difference. Such an increase in concentra-
tion of counterions into the neighbouring compartment should also
apply for other ions. Fourth, large glycosaminoglycans and in
particular hyaluronan produce molecular crowding at higher
concentrations for example exclusion of other macromolecules
from their territory due to insufficient water for solvation. The
phenomenon of steric exclusion is strongly dependent on molecular
weight and concentrations. It is particularly large for high molecular

weight hyaluronan that has a critical concentration of about 0.1 mg/
ml above which steric exclusion sets in [Laurent and Gergely, 1955;
Laurent, 1964]. The water attraction leads to concentration of other
macromolecules in the residual water and potentiates the osmotic
pressure. So far, molecular crowding has been reported to play
an important role in osmosensing and cell volume regulation in
bacteria [Al-Habori, 2001; Poolman et al., 2004]. Fifth, the Donnan
osmotic effect in combination with molecular crowding leads to
fixed charge densities in the inhomogeneous micro-areas where the
concentration of glycosaminoglycan is higher. The glycosamino-
glycans then behave like ion exchangers and impede-free diffusion
of counterions [Wu, 1926; Maroudas, 1968]. The influence of fixed
charge densities and the Donnan effect on pressure increase, tissue
swelling and oedema has only recently been acknowledged [Elkin
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Fig. 5.

Cell volume changes through extracellular heparin. Human fibroblasts (A) and HEK cells (B) were grown in 96-well microtiter plates to confluency. The media were

changed to serum-free Quantum containing 10 p.g/ml calcein-AM and incubated for 1 h to load the cells with the volume-sensitive dye. The cells were washed and incubated
with Quantum containing 2 mg/ml (), 1 mg/ml (H). 0.5 mg/ml (A), 0.25 mg/ml (1), 0.125 mg/ml (O) heparin and control medium without heparin (@).

et al., 2010]. The final outcome of the interaction of cells and
extracellular matrix is difficult to predict, as cellular ion pumps and
channel gating will attempt to maintain homeostasis.

Cell surface receptors for glycosaminoglycans provide a
concentrated glycocalix which is particularly large for hyaluronan
retained by CD44. The chemical properties of hyaluronan are
exceptional among glycosaminoglycans, because it has the largest
molecular weight (>10°Da) and lowest charge density. Chondroitin
sulphate has a lower molecular weight (<5 x 10*Da) and has a
higher charge density due to sulphation. It can also self-aggregate
[Scott et al., 1995] and binds to CD44 [Kawashima et al., 2000].
Heparin, too, has a lower molecular weight and possesses the highest
charge density. All these properties must be taken into account, if an
understanding of the determinants of cell volume is the aim.

We must also consider, whether the employed glycosaminogly-
can concentrations of 0.125-2 mg/ml are physiologically relevant in
vivo. Human adult skin has hyaluronan concentrations of about
0.5 mg/g dry weight and 0.1 mg/g wet weight [Oh et al., 2011]. The
distribution of glycosaminoglycans in skin is as follows: 56%
consists of hyaluronan, 15.6% is dermatan sulphate and 9.1% makes
up the remaining chondroitin sulphate [Hardingham and Phelps,
1970], a fact that is roughly reflected by the production of skin
fibroblasts in cell culture [Kapoor et al., 1983]. In cell culture, human
skin fibroblasts produce about 10 wg/ml of hyaluronan within 24 h
of which 149% remain associated with cells creating a more than
10 pm thick hyaluronan coat. The amount of intracellular
hyaluronan shows a near to twofold increase, when hyaluronan
export is inhibited [Schulz et al., 2010]. Epithelial cells prodzuce
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Cell volume changes through inhibition of hyaluronan export. Human fibroblasts expressing MRP5 (A), MRP5-deficient mouse fibroblasts expressing CFTR (B), human

breast cell carcinoma cells expressing CFTR (C) and HEK cells that did not produce hyaluronan (D) were grown in 96-well microtiter plates to confluency. The media were

changed to serum-free Quantum containing 10 pg/ml calcein-AM and incubated for 1 h to load the cells with the volume-sensitive dye. The cells were washed and incubated
with Quantum containing the hyaluronan export inhibitors zaprinast (A,D) and GlyH101 (B,C) at 25 uM (A). or 50 wM (). [Color figure can be seen in the online version of

this article, available at http://wileyonlinelibrary.com/journal/jcb]

about tenfold less hyaluronan. The amount of heparin in skin was
determined to be 400-800 pg/g dry weight [Straus et al., 1984].

The kidney medulla, which is involved in water balance, contains
about 1mg of glycosaminoglycans per gram of dry tissue with a
distribution of 54.6% hyaluronan, 10.1% chondroitin sulphate,
13.9% heparan sulphate and 13% dermatan sulphate [Vasan et al.,
1983]. With a water content of about 77% [Jansen, 1961], this
converts to about 180 mg of hyaluronan, 33 mg of chondroitin
sulphate, 46 mg of heparan sulphate and 43 mg of dermatan
sulphate per gram of wet weight. These data indicate that the
concentrations of glycosaminoglycans used in this study are in the
range of physiological conditions.

Our results showed that the glycosaminoglycans caused cell
immediate blebbing and sustained swelling of fibroblasts which
was more prominent at lower concentrations. Cell blebbing and
regulatory volume increase are survival mechanisms under stress
conditions due to massive chloride influx followed by influx of
water [Svoboda et al., 2009; Hoffmann et al., 2009]. Enhanced cell
blebbing should reduce the cell volume and may explain that lower
concentrations of glycosaminoglycans yielded higher volume
increase. It is also possible that molecular crowding for example
the attraction of water for self hydration, became more prominent at
higher glycosaminoglycan concentrations. The driving force for
chloride influx is likely to be the Donnan effect exerted by

extracellular glycosaminoglycans which was also responsible for
the depolarisation of plasma membranes [Hagenfeld et al., 2010].
The kinetic response curves for fibroblasts also showed an
interesting feature, as they peaked at about 18 h. This may indicate
that the cells underwent cell division during this time period,
because quiescent cells had been stimulated with new growth
medium at time point 0. Removal of the hyaluronan coat from
fibroblasts or inhibition of hyaluronan export led to cell shrinkage.
The latter result indicated that the hyaluronan coat of fibroblasts
maintained the cells in a swollen state. This might have been even be
boosted by additional glycosaminoglycans in the culture medium.
In contrast, HEK cells swelled only in the presence of heparin and
shrunk in the presence of hyaluronan and chondroitin sulphate.
Heparin stood out in its effect on HEK cells, as it caused swelling
in contrast to hyaluronan and chondroitin sulphate. Heparin is also
exceptional amongst the glycosaminoglycans as it has an extremely
high affinity for Ca** with a K, =31 M, compared to 310 uM for
chondroitin sulphate and 1,408 wM for hyaluronan [Hunter et al.,
1988]. With 4 negative charges per heparin disaccharide, a solution
of 2mg/ml has the capacity of binding roughly 4.7 mM of Ca*",
whereas the normal Ca®" concentration in culture medium is only
about 2 mM. Thus, heparin behaves like EDTA which is known to
increase the cell volume in astrocytes [Olson et al., 1990]. The
mechanism might be depletion of intracellular Ca*", closure
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of Ca®"-activated K* channels and increase of intracellular
osmotically active K* concentration.

Inhibition of hyaluronan export led to cell shrinkage in all
hyaluronan producing cell lines. This effect could also be explained
by the prevalence of the Donnan effect that expelled salt outside to
decrease the intracellular osmotic pressure. Under physiological
conditions, hyaluronan export is inhibited by intracellular cGMP
[Schulz et al., 2007]. At high intracellular cGMP concentrations,
hyaluronan remains in the cytosol where it can inhibit its own chain
elongation through its synthase [Liikke and Prehm, 1999].Further-
more, the amount of extracellular hyaluronan decreases and again
reduces the level of hydration of the extracellular matrix, because
the existing hyaluronan is turned over by CD44-mediated
endocytosis, intracellular degradation or dissipation with a half
life of 1-2 days [Fraser et al., 1997; Rugheimer et al., 2009]. Thus,
intracellular hyaluronan accumulation and extracellular hyalur-
onan loss both lead to tissue constriction and dehydration.

This scenario stands in marked contrast to the pathological
situation of edema formation. There are ample, hitherto unrecog-
nised correlations between intracellular cGMP levels and hyalur-
onan production resulting in edema formation. Pulmonary
inflammation is accompanied by increased hyaluronan production
[Teder et al., 1995] and post-transplant lung edema can be treated by
bromo-cGMP [Sandera et al., 2000]. In the post-ischaemic heart, the
cardioprotective NO signalling and cGMP levels are depressed [Itoh
et al., 2006] which might very well be the reason for the observed
hyaluronan overproduction in myocardial tissue after infarction
[Waldenstrom et al., 1991]. Similarly, diabetic nephropathy is
characterised by decreased NO synthase activity and cGMP levels
[Khamaisi et al., 2006]. Diminished competition with hyaluronan
export could lead to the observed hyaluronan accumulation in the
ischaemic inflamed renal cortex of diabetic rats [Melin et al., 2006].
These correlations indicated that tissue hydration or edema
formation may be regulated by intracellular cGMP levels controlling
hyaluronan export by MRP5.

It has long been known that accumulation of hyaluronan in the
extracellular matrix led to tissue hydration and swelling [Hansell
et al., 2000]. In conclusion, our results showed that the interstitial
hyaluronan also caused swelling of the producing fibroblasts.
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