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The distributions and diffusivities of Na*, Ca** and Cl~ in chondroitin sulphate (CS), hyaluronate (HA) and proteoglycan solutions
were measured using equilibrium dialysis and a capillary tube method. Measurements were made for a range of glycosaminoglycan
(GAG) concentrations up to those normally found in dense connective tissue (10% CS, 2.5% HA), ionic strengths up to normal
physiological concentrations (0.15 M) and for different combinations of monovalent and divalent cations. The partition coefficients,
K, of the positive ions increased with increasing matrix concentration and with decreasing ionic strength but with one exception the
selectivity coefficient KG2 =‘/K_C, /Kna was close to unity, indicating nearly ideal Donnan distributions. The ionic diffusivities
decreased very much like those of small neutral solutes with increasing matrix concentration and with one exception were relatively
independent of ionic strength, The exception in both cases was low matrix concentrations and low ionic strengths for which the
diffusivity of Ca’* was an order of magnitude lower and selectivity coefficients were = 2. We conclude that at physiological jonic
strengths and GAG concentrations the distributions of small ions are determined by simple electrostatic interactions, without binding

or condensation, and the diffusivities are not affected by the electrostatic field.

1. Introduction

The distribution and mobility of small ions in
the extracellular matrix are important determi-
nants of cellular activity and of the mechanical
and physico-chemical properties of connective tis-
sues [1]. In load-bearing connective tissues the
polyionic fixed charge density is sufficiently high
for the small counterions to generate an osmotic
pressure which makes a major contribution to the
mechanical properties of the tissue [2] and interest
is developing in other electro-chemical effects [3].
The ionic environment influences the conforma-
tions and interactions of the connective tissue
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macromolecules themselves [4] and it is frequently
cited as a factor controlling the precipitation and
organisation of matrix material during tissue
growth and remodelling [5]. It has been suggested
that by virtue of their anionic nature, the glyco-
saminoglycans (GAGs) play a role in the control
of the calcium content of tissues [6] and in calcifi-
cation processes, both normal and pathological
[7,8]. In pathological situations, the preferential
deposition of certain crystals (e.g. sodium urate) in
distinct locations of joint tissues has been linked
with the distribution of the polyelactrolyte mole-
cules in these tissues. Also, ions have been im-
plicated as ligands promoting the deposition of
lipids in atherosclerosis [9]. Moreover, inorganic
ions are known to regulate a number of cellular
processes [10] and the transport of ions from the
extracellular spaces into cells must depend,
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amongst other factors, on the activity and diffusiv-
ity of these ions in the surrounding extracellular
environment.

Corresponding to this diversity of functions is
an extensive literature on ionic interactions in
connective tissues. Experiments on intact tissues
(e.g. refs 11, 12) have provided valyable informa-
tion but the complexity of the tissue structure
makes it imperative to establish the underlying
mechanisms on isolated and well characterised
tissue components. Since one of the clearer con-
clusions to emerge from the above work has been
that proteoglycans play a dominant role in de-
termining the behaviour of ions in the extracellu-
lar matrix, this has stimulated a number of studies
on the behaviour of GAGs or proteoglycans in
isolation. y

At least two parameters are required to char-
acterise the influence of a proteoglycan matrix on
small ions; one is a measure of the equilibrium
distribution volume for ions within the matrix and
the other a measure of ionic mobility. Distribution
volumes have been measured in a number of ways
such as radioactive tracer techniques [13], titration
[14], ion exchange [15], or equilibrium dialysis
[4,16] and the results have been expressed vari-
ously in terms of ionic activities, affinities, binding
constants and partition coefficients. The variety of
terminology is an indication of the diversity of
theoretical models of the interaction between
polymer and ion which have been employed, and
although the data often support the chosen model,
the range of experimental conditions is generally
rather limited and so the agreement is less than
compelling. One particularly striking limitation is
the absence of data on the behaviour of GAGs at
concentrations approaching those occurring in
cartilaginous tissues.

The problem of ionic mobility has received
rather less consideration. The flux of ions across
membranes containing GAGs or proteoglycans
has been measured [17], but the calculation of
diffusivity requires an independent measurement
of the partition coefficient for the ion between
membrane and solvent and the method has, in any
case, been employed only at low GAG concentra-
tions. Direct measurements of diffusivity are few
[18,19] and these too have been made at con-

centrations much lower than those occurring in
some of the tissues of major interest.

The principal objective of the present work was
to obtain data on ionic distribution volumes and
diffusivities at GAG concentrations within the
physiological range. However, measurements were
made over a sufficiently wide range of matrix
concentrations and buffer compositions to allow
comparisons to be made both with previous ex-
perimental work and with theoretical models. In
the present paper an attempt is made to present
results in terms which make no assumptions about
underlying mechanisms; discussions of their theo-
retical implications are considered in a companion
paper [40].

The GAGs we chose to investigate first were
chondroitin sulphate (CS) and hyaluronic acid
(HA), two of the most common GAGs in connec-
tive tissues. HA has a single negatively charged
group (carboxyl) per disaccharide while CS has
two (carboxyl and ester sulphate) resulting in a
smaller intercharge distance. Since intercharge dis-
tance (or equivalently, linear charge density) is an
important parameter in all polyelectrolyte theo-
ries, these two GAGs were expected to exhibit
somewhat different behaviour. In addition, rat
chondrosarcoma proteoglycans (PGs), were used
in a small series of experiments to investigate how
the PG structure affected the polyelectrolytic na-
ture of its constituent GAGs.

Data are given on the partitioning of monova-
lent (Na*) and divalent (Ca®*) cations and of
monovalent (C17) anions between buffers of vari-
ous ionic compositions and solutions of HA, CS
and PG of various concentrations. The technique
of equilibrium dialysis has 'been described
elsewhere [20,21]. In order to extend the range of
measurements to high matrix concentrations, dial-
ysis was performed against buffer containing an
iso-osmotic concentration of polyethylene glycol
(PEG). Under these conditions, the effect of the
PEG itself had to be taken into account and this
was done by measuring the effects of externally
applied PEG solutions on partition coefficients in
cartilage. '

Measurements of ionic diffusivity were made
for the same range of ions, matrix concentrations
and buffers using a capillary tube technique [22].
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This involved the injection of a tracer into the
centre of a closed capillary tube containing the
experimental solution and measuring its distribu-
tion along the capillary after an appropriate time.
It was found that this method avoided end effects,
permitted detection of non-Fickian diffusion and
was generally more accurate than the more familiar
method of measuring the concentration of tracer
in a bath external to an open-ended capillary [18].
In addition, multiple isotope counting techniques
were used either to compare ionic diffusivity with
that of a low molecular weight reference material
((*Hlproline) or to compare the diffusivities of
two ions directly in the same capillary.

2. Materials and methods

2.1. Measurement of partition coefficient

The partition coefficients of sodium and
calcium between CS or HA solutions and salt
solutions of different composition were measured
using equilibrium dialysis and the radioactive
tracers 2?Na* and “Ca®". The partition coeffi-
cients of **Cl~ were measured only for the physio-
logical salt concentration. The GAG containing
solutions were confined within small pore size
dialysis tubing (Spectrapor membrane No. 3,
cutoff 2000 Da, Spectrum Medical Industries,
U.S.A)) and allowed to equilibrate against solu-
tions of different composition. When concentra-
tions of HA or CS greater than 4% were used,
polyethylene glycol 20000 (PEG) (Fluka, F.R.G.)
was added to the external solution so that the
osmotic pressure of the GAG within the dialysis
sac was matched by the osmotic pressure of the
PEG in the outside solution. In this manner the
GAG solution was prevented from diluting itself
by imbibition of bathing solution. The amount of
PEG to be added to the external solution in order
to maintain a given concentration of GAG in the
dialysis tubing was determined from the curves of
osmotic pressure vs. concentration which had been
previously obtained [20]. It was necessary, how-
ever, to determine the effect of PEG itself on
solute partition and this will be described below.

A limited number of measurements were also
carried out on proteoglycan (PG) preparations —
both monomer and aggregate — kindly given to us
by Dr. J. Kimura. They were prepared in his
laboratory from rat chondrosarcoma, and were
characterised by standard procedures [23].

The actual experimental procedure was as fol-
lows. Freeze-dried CS (Sigma, Grade III, whale or

* shark cartilage, 99%, mixed isomers) or HA (Sigma,

Grade III, human umbilical cord) was exhaus-
tively dialysed against distilled water and freeze
dried. Samples of this preparation were then taken
for uronic acid analysis. The freeze dried GAG
was dissolved, in suitable amounts, in a NaCl-
CaCl, solution of the desired ionic composition.
The initial concentration of HA solutions had to
be low enough to ensure ease of handling since
concentrated HA solutions are extremely viscous.
Once in the dialysis tubing, the solution could be
concentrated against a PEG solution of suitable
osmotic pressure. A small quantity (usually 2 ml)
of the GAG solution was placed in small pore
dialysis tubing which was sealed using special
clips (Mediclips, Spectrum Medical Industries,
U.S.A.) after all of the air had been expelled. The
sacs were immersed in 100-200 ml of the chosen
bathing solution, prepared with or without PEG
as necessary. Tracer — **NaCl (~ 0.2 pCi/ml),
Na*Cl (~ 0.4 pCi/ml) or *CaCl, (0.1 pCi/ml)
— was added to the bathing solution and the sacs
were left on rollers at 4°C for an initial period of
48 h. Thereafter, samples were withdrawn from
both the dialysis sacs and the external solution at
regular time intervals until no further change in
the radioactivity was observed. In most experi-
ments equilibrium was attained after 2-3 days.
However, in experiments where very high partition
coefficients were measured, the -equilibration
period was of the order of 1-2 weeks.

During sampling, care was taken to remove by
blotting any solution adhering to the sacs before
taking ‘inside’ and ‘outside’ samples. These sam-
ples were immediately weighed (the weights were
usually about 0.1-0.2 g) and then suitably diluted
(10-100 times) with distilled water to ensure that

.there was no quenching during counting (where a

scintillant was being added to the aqueous solu-
tion). After dilution, the samples were left on
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shakers to make sure that the final solutions were
uniform. This step was particularly important for
HA since HA -solutions take a long time to be-
come uniformly dissolved. The final GAG con-
centrations in the sacs were determined by taking
aliquots of the ‘inside’ solution, freeze drying them
and measuring the uronic acid content. The auto-
mated procedure of Bitter and Muir [24] was
employed. The fixed charge density of the GAG
solutions at equilibrium was calculated using the
formulae:

FCD(CS) =2 x (wt CS)/513

FCD(HA) = (wt HA) /460 M

where the weight is expressed as g/1. These for-
mulae are based on the known chemical composi-
tions of the sodium salts of CS and HA.

In a number of cases a desorption (i.e. reverse
equilibration) step was carried out at the end of
the experiment. This consisted in placing the dial-
ysis sac with its radioactively labelled GAG solu-
tion in a non-radioactive external solution of
equivalent electrolyte concentration and allowing
the two to come to equilibrium. At the new equi-
librium the isotope (*Na* or **Ca?*) distribu-
tion was determined. In some of the experiments
(numbered 3b and 11b in the results), no un-
labelled calcium was originaily introduced into the
GAG solution so that it was certain that the
%Ca?* taken up from the external solution was
completely representative of the total calcium up-
take. By comparing the results of these experi-
ments with those in which some ‘cold” CaCl, had
been initially added to the GAG solution (experi-
ments number 3a and 11a), information could be
obtained as to whether there was any portion of
the sites at which the calcium ions were more
strongly bound.

The molal partition coefficients of Na*, Ca’t,
and C1~ were calculated from the following for-
mula:

_ (/W)

= )
(N/W,)

where K; = molal partition coefficient of the i th

species; N, =radioactivity in the inside solution
expressed as cpm/g of solution at equilibrium;

N, = radioactivity in the outside solution expressed
as cpm/g of solution at equilibrium; W, = weight
fraction of water in the inside solution at equi-
librium; W, = weight fraction of water in the out-
side solution at equilibrium. ‘

The values of the selectivity coefficients of
calcium in relation to sodium ions were calculated
from the formula

K= /Kca/Kna (3)

The selectivity coefficient, KS® is a measure of
the averaged activity of the calcium ion as com-
pared with that of the sodium ion within the
polyelectrolyte. Under conditions of ideal Donnan
equilibrium Ky, =1/Kq and K32 =1.

At higher GAG concentrations (i.e. when PEG
was present in the outside solution), the effective
partition coefficients of the ionic species had to be
corrected for the altered activity coefficients in the
outside solution as a result of the presence of
PEG. The procedure employed made use of the
fact that intact articular cartilage which contains
high concentrations of GAGs does not change
volume when immersed in saline solution, even in
the presence of PEG. It is thus possible to de-
termine the partition coefficients of ions for carti-
lage immersed in 0.15 M NaCl with different PEG
concentrations. In some of the tests 2.5 mM CaCl,
was added to the solution. The method for the
determination of the partition coefficients is based
on the use of radioactive isotopes and has been
previously described [21,25,26].

Consider the distribution of Na*, Ca?* and
Cl~ between cartilage and an external solution in
the absence and presence of PEG. Equating the
activity of the diffusible salts in the two compart-
ments in the absence of PEG requires that
Anafling X Mo = AngMya X 2aMa @
Acaicy X (Gama) = acame, X (aama)’
where m; is the molal concentration and a; is the
activity coefficient of the /th ion and barred quan-
tities refer to the cartilage. If PEG is added, the
activity coefficients in the external solution will be
different because of the excluded volume effects
of the PEG. The activity coefficients in the carti-
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lage, however, will not be affected since the tissue
is surrounded by small pore size dialysis tubing to
prevent penetration by PEG. Again the diffusible
ions will distribute so that the activities in both
compartments are equal

[ - =7 _ 7 ’
Ay My X Ao = Ay My, X doMc

(5)

- — = —s 2 2
Feaflcy X (i) =acame, X (agme)

where primes indicate values in the presence of
PEG.

The ratios of activity coefficients necessary to
correct the selectivity coefficients for the presence
of PEG follow readily from egs. 4 and 5

’ I4 evid —_—f
Analc _ MnaMc

Ana8c1  MuaMa

ac/a” _ e/

2 = =2

ac,/a”  Mcy/myy

The values of the mean activity coefficient ratios
obtained for cartilage immersed in different con-

centrations of PEG are given in table 2 and are
used as correction factors in table 3.

(6)

2.2. Measurement of diffusivity

Ionic diffusivity was measured over a range of
buffer compositions and matrix concentrations
similar to those in the equilibrium dialysis experi-
ments, using GAGs and PGs from the same
batches. The method of measuring tracer diffusiv-
ity has been previously described in detail [22]. In
brnef, a nylon capillary tube (i.d. 1 mm, length 6.5
cm, Portex) was filled with de-gassed GAG or PG
solution (or, for measurements of free diffusivity,
buffer alone) and sealed at both ends. A microin-
jection (= 0.2 pl) of the buffer used in preparing
the solution containing the desired mixture of
radioactive isotopes (generally, [*H]proline to-
gether with either *CaCl,, **NaCl, Na*Cl, or
Na,*S0,, Amersham International) was made
into the centre of the capillary tube and the tubes
were kept at 4°C for between 18 and 48 h. The
incubation time was generally chosen to allow the
tracer to diffuse over a distance of 2 cm. The
capillary tube was then frozen in liguid nitrogen
and a length of 4 cm centred on the injection site

was sectioned into 2 mm lengths using & specially
constructed jig. The radioactivity in each section
was assayed by either B or y-counting, care being
taken as outlined above that samples for S-count-
ing were completely mixed and equilibrated with
scintillant. When more than one isotope was em-
ployed, the ‘crossover’ between the isotope count-
ing windows was measured and a microcomputer
was used to correct the data for crossover and to
calculate tracer diffusivity. For simple Fickian
diffusion, a plot of In C vs X? where C is
concentration and X is distance from the injection
site should be linear with slope (—1,/4DT) where
T is the incubation time and D the solute diffu-
sivity. Effective diffusivities were determined from
the data by using a least squares method to de-
termine the slope of the line of best fit.

3. Results
3.1. Partition coefficients

The experiments fall into three main groups. In
the first, a buffer of ‘physiological’ ionic strength
(0.15 M Na(Cl, 2.5 mM CaCl,) was used and the
effect of changing GAG concentrations on the
partition coefficients was investigated. The GAG
concentrations covered the medium to high range
of those found in connective tissues. In the second
set, a GAG concentration corresponding to the
very top of the above range was used and the
effect of changing ionic strength was investigated.
The third group of experiments were conducted at
low (0.05%) GAG concentration and low ionic
strength. Both the second and the third groups
were designed to clarify mechanisms of interaction
between polyelectrolytes and. small ions and do
not apply to physiological conditions. The initial
compositions of the ‘inside’ and ‘outside’ solu-
tions are given in table 1.

The mean activity coefficient ratios measured
in order to correct for the effect of PEG on
selectivity coefficients are given in table 2. The
values for NaCl are close to those calculated from
the formula given by Wells [27] using the data of
Edmond and Ogston [28]. The ratio (aja/at,)/
(a%./ac,) was obtained only for one PEG con-
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Table 1

Details of initial conditions in the partition experiments

No. Inside solution Outside solution
NaCl CaCl, Solute NaCl CaCl, $Ca 2Na PEG
™) ™) %) ™) ™M) (pCi/ml) (%)
1 0.15 0.0025 1% CS 0.15 0.0025 0.08 0.02 -
2 0.15 0.0025 4% CS 0.15 0.0025 0.08 0.02 8
3a 0.15 0.0025 5% CS 0.15 0.0025 0.08 0.02 9
b 0.15 - 5% CS 0.15 0.0025 0.08 0.02 9
4 0.15 0.0025 10% CS 0.15 0.0025 0.08 0.02 15
5 0.15 0.0025 0.2% HA 0.15 0.0025 0.08 0.02 -
6 0.15 0.0025 2% HA 0.15 0.0025 0.08 0.02 9
7 0.15 0.0025 RCS (A1D1) 0.15 0.0025 0.08 0.02 9
8 015 0.0025 RCS (A1) 0.15 0.0025 0.08 0.02 9
9 0.002 - 7.6% CS 0.002 0.0000004 0.08 0.02 20
10 0.015 0.0025 76% CS 0.015 0.00025 0.08 0.02 20
11a 0.0004 0.0025 0.05% CS 0.0004 0.0000004 0.08 0.02 -
11b 0.0004 - 0.05% CS 0.0004 0.0000004 0.08 0.02 -
12 0.0004 - 0.05% HA 0.0004 0.0000004 0.08 0.02 -

centration, viz. 15%, and was extrapolated to other
concentrations using the formula of Wells [27].
The measured selectivity coefficients were cor-
rected as follows:

An,d :

’ + “NaH(Cl

KyeKa=Kn Ko7 (9)
anadq

Ca _ Cars
KNa - KNa

(10)

The single ion partition coefficients may be cor-
rected for the effect of PEG with formulae derived
from egs. 4 and 5, and using the mean activity
coefficient ratios in table 2, if it is assumed that
the GAG solutions have no net charge at equi-
librium, 1.e. that

Mg, + 2Pg, = FCD + mig (11)

ﬁNa-i- ZﬁCa=FCD+mCl (12)
Table 2
Tonic activity coefficients in solutions containing PEG
PEPGEG Ivent N80 aga/a;d
(e /g solvent) anadcl al./aq
9 1.10+0.02 -
15 1.15+0.03 1.16+0.01
20 1.26 £0.03 -

The partition coefficients for the three groups
of experiments proper are summarised in table
3a—c and the coefficients are also shown after
correction for the presence of PEG in the external
medium. As shown in table 3a, at physiological
ionic strength, the partition coefficients for both
Na* and Ca’" increase approximately two-fold

- and four-fold respectively in response to a seven-

fold increase in GAG concentration. The effect of
changing ionic strength is much more marked, as
shown in table 2b, particularly for Ca®*, where a
75-fold change in ionic strength results in a 3000-
fold change in K,. Despite this range in absolute
values, the selectivity coefficients of calcium with
respect to sodium are in the range 1.06-1.18 for
all concentrations of GAG tested (i.e. from 1-10%)
in physiological saline and in the range 1.14-1,28
for a a high CS concentration (7%) in 0.015 NaCl
and in de-ionised water.

For the four experiments where values of K(
were obtained, it was possible to determine di-
rectly the effect of the GAG or PG solution on
ionic activity coefficients, as

ENaEC] - 1 (13)
V anac VK K&

The mean activity coefficient, Jay,d¢q , for NaCl
in the internal solutions was, on average, 89%
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Table 3

Partition coefficients for Na*, Ca?* and Cl™ between polyelectrolytes (CS, HA, and PG) and pure electrolyte (NaCl+CaCl,)

solutions under different conditions

a) Medium to high polyelectrolyte concentrations at physiological ionic strengths (0.15 M NaCl+ 2.5 mM CaCl,)

No. GAG FCD K ]'ia Kna K éa K¢, K(’II Ko K 15: Mua/Mea KnaKa
™)
1 CS 005 133- 133 2.14- 214 - - 1.10 37 -
2 Cs 020 2.09+0.08(22) 2.03 4.80+021(10) 493 068+0.03(11) 0.64 109 26 1.30
3a CS 025 25410.09(10) 246 7.34+02310) 753 - - .11 21 -
4 Cs 036 3.00+0.05 (8) 2.89 9.75+016 (8) 1047 - - 112 18 -
5 HA 002 122- 122 1.68- 168 - - 106 43 -
6 HA 010 147£010(12) 142 243+020 (4) 247 080+0.0612) 075 111 36 1.06
7 PG 023 2264003 (2) 219 647- 6.67 0.68-— 064 118 21 1.40
8 PG 024 22414001 (2) 218 6.44— 664 063— 059 118 21 1.29
b) High CS concentration, varying ionic strength
No. MmN, (M) Mea (M) FCD (M) Kl:ln KNa K(’Ia . KCa K]S: Mya /m Ca
9 0.002 10~7 0.30 1460 +6.0 (3) 1460 22600 +300 (3) 27523 1.14 200
10 0015 0.00025 0.29 147 +08 (3) 136 288 + 15 (4) 3000 128 3.06
3a 015 0.0025 0.25 2.5440.09(3) 2.46 734+  0.23(10) 753 111 21
3b 015 0.0025 0.25 2.50- 243 733~ 759 113 21
c) Low polyelectrolyte concentration, low ionic strength
No. GAG my,M) mc, (M) FCDM) Ky, Kco KNi  maa/mc,
11a cS 0.001 1073 0.002 212+0.04 (2) 22.5 +4.0(2) 2.20 100
11b CS 0.001 10-¢ 0.002 2.20+0.03 (2) 16.8 +£05(2) 1.94 5
12 HA 0.001 10¢ 0.001 16 — 9.03 - 1.88 100

(SD =5%) of that in the external medium. This
together with the fact that the selectivity coeffi-
cients of calcium to sodium are close to unity
indicates that under a wide range of conditions
departures from the ideal Donnan equilibrium are
small. This is true even in the case of very high
partition coefficients (i.e. of very low ionic
strength) and for very low Ca’* to Na™* ratios
although the latter conditions might have been
thought to be particularly conducive to the ‘con-
densation’ of Ca®*. The fact that the experiment
at high ionic strength in which no Ca?* was
initially present in the GAG solution (experiment
3b) gave exactly the same result as that in which
non-radioactive Ca’" was initially added to the
GAG solution (experiment 3a) shows that the
partition coefficients obtained are representative
of the total Ca?* population and that there are no

artizfacts present due to the initial binding of ‘cold’
Ca®*.

The only conditions which did show consider-
able departures from ideality for K* were those
in which both the GAG concentration and the
ionic strength were very low. In these experiments
the selectivity coefficients lay in the range 1.9-2.2.
The selectivity coefficient was slightly lower when
‘cold” CaCl, was originally present in the CS
solution. The reason for the latter effect is prob-
ably the increased Ca?* concentration due to the
added CaCl, although it may also indicate the
existence of a small fraction of closely bound
Ca’* sites which, in the case of the cold Ca’*
being introduced first, do not subsequenitly par-
ticipate in the tracer exchange within the time
scale of the experiments and thus do not contrib-
ute to the measured calcium partition coefficients.
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With or without cold Ca**, the partition coeffi-
cients for Ca2* are high, and the selectivity coeffi-
cients are significantly higher than unity; hence
there are definite deviations from the ideal Don-
nan equilibrium for these conditions.

3.2. Diffusivities

The principal variables in this investigation were
GAG concentration, the ionic strength of the
medium and the charge on the diffusing ion. A
representative tracer distribution is shown in fig,
1a and in fig. 1b the same data are plotted in the
reduced form In C vs. X2 Theory predicts that
irreversible binding of tracer to the matrix would
cause an accumulation of tracer at the site of
injection and other departures from Fickian diffu-
sion such as concentration dependent or
multi-component diffusion would also give rise to
non-linearities in this plot [22]. For the data shown
any such effects are clearly very small and this was
true of the whole range of experimental conditions
and incubation times, even those of low matrix
concentration and low ionic strength where inter-
action was strongest. It also held irrespective of
whether the tracers were injected singly or in

combinations of two or three. The ionic strength
of the injected solution was always the same as
that of the buffer used to prepare the GAG solu-
tion, except for the experiments using de-ionised
water, where the ionic strength of the radioactive
tracers themselves (typically 200 uM for “CaCl,
and 50 pM for ?NaCl) was not necessarily negli-
gible. However, in this case some pilot experi-
ments in which the injectate was 0.15 M NaCl and
2.5 mM CaCl, gave similar values of diffusivity
and it was concluded that the effects of changing
ionic strength along the diffusion tube in these
experiments were negligible.

The diffusivity values were therefore calculated
on the assumption of simple Fickian behaviour.
The values quoted. are means derived from several
groups of experiments with different preparations
of GAG solutions, different combinations of tracer
ions and different incubation times. The accompa-
nying standard deviations refer to the whole group
of experiments. As is indicated by fig. 1b, the
precision of a particular measurement is quite
high, and the standard deviation within a particu-
lar batch of experiments was less than the varia-
tion between batches. These variations were at-

c/c, In C/ C,
1 = 4 [
4 r N
4
1 r
4 3
4 [ 4
4 [
[
4
4
0 ' '
1 0 o 1
X (cm) x? cm?)
Flg 1. The determination of the diffusivity of Na™ in 10% CS (7 = 46 h). (a) Measured distribution (+ ) ths, ( ) lhs; (b) (———)

linear best fit, slope = —1,/4DT.



A. Maroudas et al. / Distributions and diffusivities of small ions in glycosamino- and proteoglycan solutions 265

tributed in particular to fluctuations in incubation
temperature. They could be largely c¢liminated by
calculating the ratio of ion diffusivity to that of
the neutral reference material, proline, but as the
ratio does not alter or add to the conclusions
reached from examination of absolute values, it
will not be referred to at length.

Although one of the initial motivations for this
study was to measure the diffusivities of ions
through GAG matrices at concentrations com-
parable to those occurring in dense connective
tissues at physiological ionic strengths, it quickly
became apparent that under these conditions there
is little difference between the behaviour of ions
and small neutral solutes. It therefore became of
interest to establish the reasons for this and to try
to define the conditions under which electrostatic
interactions are important. Accordingly we will
present our results in two groups. We will first
investigate the effect of changing matrix con-
centration on ion diffusivity in the absence of
added electrolytes, a condition chosen to maxi-
mise interactions and facilitate comparison with

theory. We will then consider the effect of increas-
ing ionic strength up to physiological levels at
high and low matrix concentrations.

The measured diffusivities of Na*, Ca?*, Cl™,
SO;~ and [*H]proline in C$ solutions with. no
added electrolytes are shown in fig. 2. The free
diffusion coefficients measured for these solutes
were compared with those reported by Preston et
al. [4] after correcting them to 4°C by means of
the Stokes-Einstein equation. Considering the
simplifications inherent in this correction, the
agreement is reasonable. The diffusivity of proline
decreases with increasing CS concentration. As
discussed in the companion paper [40), this reduc-
tion in diffusivity may be accounted for by the
tortuosity of the diffusion path around the poly-
mer chains and the magnitude of the effect is
estimated using the semi-empirical theory of diffu-
sion of neutral particles in a polymer solution of
Ogston et al. [29] which predicts that
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Fig, 2. The diffusivities of (a) (O) proline, (O) Na™, ({) Ca2* and (b) (O) C1~ and () SO4 ™. (X) Free diffusivities {4,18); (----- - )

theoretical effect of steric interaction {24].
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where r is the radius of the diffusing particle, a is
the radius, v the specific volume and ¢, the con-
centration of the polymer. The dotted lines in fig.
2 were calculated assuming ¢ = 0.5 nm, v = 0.54,
[29]. The Stokes’ radius of the hydrated calcium
ion was taken to be 0.3 nm [30] and the radii of
the other tracers were calculated from the free
diffusivities quoted in the literature [4,18] using
the Stokes—Finstein relationship. The diffusivity
of the neutral proline and of the two anions
follows this behaviour closely over the range of
concentrations tested. The diffusivity of Na*
behaved similarly at the higher concentrations but
was slightly lower than that predicted by purely
steric effects at the lower concentrations. This
suggests that electrostatic effects are not negligible
at the lower concentrations. The diffusivity of

Table 4

Effect of ionic strength and ionic composition on Ca2* diffu-
sivity in 0.05% CS (D x 105 cm?/s)

mng + me, (M) mya/Mey Dc,

0.001 ~ 06+0.1(12)
0.001 -0 12401 (6)
0.0014 2.5 15406 (6)
0.003 0.5 24403 (6)
0.1525 60.0 32407 5

Ca®* was qualitatively different from the other
solutes. At low matrix concentrations, its diffusiv-
ity was almost an order of magnitude lower than
that in free solution. Behaviour of this type has
been reported before and attributed to ‘con-
densation’ of ions onto the polymer [18]. As the
matrix concentration increased, so did the calcium
diffusivity, until at a concentration of 10% the
reduction in diffusivity was comparable to that
measured for proline; i.e. an amount which could
be accounted for by steric interactions alone.

The effect. of added electrolytes and the ratio of
monovalent to divalent cations in 0.05% CS is
shown in table 4. The first entry corresponds’ to
experiments done under the conditions of fig. 2,
i.e. the NaCS made up in de-ionised water. The
calcium salt of CS was prepared by dialysing
0.05% NaCS first against 2.5 mM CaCl, and then
against de-ionised water, a procedure which was
shown in the equilibrium dialysis experiments
described above to result in complete exchange of
Na* and Ca?". In this case, the measured diffusiv-
ity was double that measured at the same ionic
strength with the Na-salt predominating. This is in
qualitative agreement with the expected behaviour
of the electrostatic .interaction and with the ex-
istence of a small *tightly bound’ calcium fraction.

Table 5
Measured diffusivities in different solutions at different ionic strengths ( D X 10¢ cm?/s)
Matrix my, (M) meq (M) Dprotine Dy, D,
Free 0 0 40+0.5 (12) 72+04 (5 45+08 (5)
0.015 0.00025 46404 (12) 68108 (6) 40408 (6)
0.15 0.0025 5.4+0.6 (18) 79+1.3(12) 494+1.1(12)
0.05% CS 0 0 411+05(12) 6.7+1.3 (6) 061012
0.015 0.00025 - - -
015 0.0025 60104 - 32407 (5)
10% CS 0 0 29+0.1(18) 50+0.7(12) 25403 (6)
0.015 0.00025 27+02(12) 44+03 (6) 23401 (6)
0.15 0.0025 2.910.3 (48) 59406 (29) 2140.5(36)
0.05% HA 0 0 48+0.7 (6) - 18402 (6)
0.015 0.00025 - - -
0.15 0.0025 48+08 (6) - 3.9+06 (6)
25% HA 0 0 3.840.3(18) 6.2+0.5(12) 35406 (6)
0.015 0.00025 318+02(12) 5.81+0.8 (6) 28105 (6)
0.15 0.0025 3.840.3(18) 6.6+04 (6) 3.7+04(12)
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In addition, it is known that the Ca-salt is more
compact than the Na-salt [4] and steric considera-
tions may therefore contribute slightly to the ef-
fect. As more electrolytes were added to the solu-
tion, the diffusivity of calcium increased until at
physiological levels (0.15 M NaCl+0.0025 M
CaCl,) it was not significantly different from its
free diffusivity.

The effects of ionic strength on diffusivity at
higher concentrations of CS and in HA are shown
in table 5. The decrease in diffusivity of Ca®* seen
at low concentrations of CS is also seen in 0.05%
HA, but the effect is smaller as might be expected
because of the smaller charge density of HA.
Perhaps the most significant feature of these data,
however, is that at the high GAG concentrations
(10% CS and 2.5% HA) the diffusivities are unaf-
fected by the ionic strength of the solution.

A few measurements of diffusivity in both ag-
gregated and disaggregated proteoglycan solutions
(RCS, Al and A1D1) at physiological ionic
strength were made. None of the results were
significantly different from those measured in CS
solutions of the same concentration (weight per-
cent).

4. Discussion

Since a companion paper [40] is devoted to
development of the theory underlying these
experiments, this discussion will be limited to a
comparison of the present data with previous
experiments and to consideration of their implica-
tions to connective tissue physiology. Considering
first the measurement of partition coefficients, the
data at low matrix concentrations can be com-
pared with previous in vitro experiments and the
data for higher concentrations can be compared
with measurements on intact tissue. An impedi-
ment to the former comparison is the diversity of
indices used to characterise glycosaminoglycan-ion
interactions. The earlier literature was reviewed in
some detail by Dunstone [12,15]. There is actually
very little overlap between the experimental condi-
tions he employed and those used in the present
work, although we have both considered the effect
of changing ionic strength on ionic partition. His

_ observation of large variations of the parameter «

with ionic strength seems to contradict our finding
of little effect of ionic strength. However, this
disagreement is illusory because his parameter «
contains an additional factor of total ionic
strength, which when removed results in a nearly
constant partition of ions. Of the more recent
experiments, those of Cleland [31,32] using a titra-
tion method and those of Preston et al. {4] using
equilibrium dialysis covered only the lowest of our
range of concentrations and were for monovalent
ions only. The partitions for Na* in CS were
comparable but were somewhat different for HA.
In view of the large effect of protein content of
the HA preparation demonstrated by Preston et
al. the difference may well be attributable to dif-
ferences in HA composition. The choice of model
used by these authors to analyse the interaction
will be considered in the following paper.

Woodward and Davidson [33] using a titration
technique found no evidence of Ca”* ‘binding’ in
CS (in contrast to CS-proteoglycan) but they
worked at very low concentrations where effects
may be small and their criterion of ‘binding’
(departure from linearity in the plot of Ca?*-elec-
trode potential vs. added Ca’*) is somewhat un-
specific. We did not find differences between CS
and PG and this is supported by another equi-
librium dialysis study [34] again at low glyco-
saminoglycan concentrations. This paper viewed
the interaction between matrix and ions in terms
of a simple binding reaction and the model was
found to break down outside a limited range of
ionic strengths. The conclusion that this break-
down represents a departure from Gibbs—Donnan
behaviour and demonstrates the need to invoke
other than electrostatic interactions does not,
however, seem justified.

The literature on ionic diffusivity is less exten-
sive. Most directly comparable is the work of
Magdelanat et al. {18} who used an open-ended
capillary technique to investigate the effects of
changes in solvent ionic strength on ion diffusion
in a 0.05% CS gel. Using the Einstein model of
diffusion to make temperature corrections, our
results in this weak solution are very comparable
to theirs. Dorabialska and Plonka [19] had earlier
reported reduced diffusivity for sodium in heparin
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Fig. 3. The electrostatic field around uniformly charged parallel rods with spacings corresponding to 0.1% and 10% CS (for details of
the calculation see ref. 40).

but not in HA but the experimental conditions
were not fully described and we infer the con-
centrations to be =0.01% for HA where we also
would expect no effect. The membrane technique
of Meyer et al. [17] has, as described above, been
employed only at low concentrations and changes
in permeability largely reflect changes in partition
coefficient under those conditions.

The demonstration that, even in solutions of
low ionic strength, cationic diffusivity is reduced
at high glycosaminoglycan concentrations by
steric, rather than electrostatic interactions, does
not appear to have been previously reported. In
the companion paper [40] we discuss this be-
haviour theoretically in terms of numerical solu-
tions of the Poisson-Boltzmann equation. Qualita-
tively, however, it may be understood with the aid
of fig. 3 which shows the electrostatic ficlds in
0.1% and 10% CS, modelled as regular arrays of
parallel, appropriately spaced rods. The closer
spacing of the rods at the higher concentrations

reduces the potential gradient in the region be-
tween the rods and the effect on the diffusing ions
of this ‘smoothed’ potential is expected to be
reduced. ‘

The main conclusions from our experimental
results are that at physiological ionic strengths the
partition and diffusion not only of monovalent
ions such as Na* and Cl1™ but also the divalent
Ca®* show very limited departures from the pre-
dictions of the ideal Donnan equilibria and can be
approximately described in terms of this effect
and the exclusion properties of the GAG. On the
other hand, at low ionic strengths and low poly-
electrolyte concentrations, the behaviour of the
calcium ion becomes very different from that of
the monovalent ions and exhibits low diffusivities
and high selectivity coefficients. This difference in
the behaviour of Ca?* has never to our knowledge
been clearly described and is probably one of the
main reasons for the apparently contradictory re-
ports present in the literature. It should be stressed
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that we found no evidence of any calcium ‘bind-
ing’ under physiological conditions in either CS or
HA. The high concentration of ionic calcium in
the vicinity of the GAG moieties is merely a
consequence of the electrostatic forces.

Although CS and HA are the major compo-
nents of connective tissue proteoglycans, it seemed
possible that the more complex configuration of
the latter may affect the interaction between the
negatively charged groups of the GAG and the
ions in solution. Within our limited data using
proteoglycans extracted from rat chondrosarcoma,
this does not appear to be the case. Moreover,
previous studies on articular cartilage [35], the
intervertebral disc [16,36] and bovine nasal carti-
lage [37] have also led us to similar conclusions
regarding partition and diffusion coefficients of
small ions. One possible exception was a some-
what high value of K5 obtained in human femoral
head cartilage [38,39]. The reason for this may
simply be that the results were based on total
hydration, without taking into account the ex-
istence of an extra-fibrillar and an intra-fibrillar
compartment with different fixed charged densi-
ties. In order to clarify such questions conclu-
sively, a study similar to that described in the
present paper but involving proteoglycans of dif-
ferent size, structure and composition rather than
simple GAGs is being undertaken. It should be
emphasised that the knowledge of the activity and
diffusivity coefficients of the calcium ion in con-
nective tissue matrices is important if attempts are
to be made to describe quantitatively the condi-
tions of precipitation of calcium salts in different
physiological and pathological conditions.

Acknowledgements

This work was supported in part by the BP
Venture Research Unit. P.D.W. was the holder of
a Lady Davis Postdoctoral Fellowship at the
Technion. We would like to thank A.R. Ewins for
her technical assistance. We would also like to
acknowledge with gratitude the very generous
equipment grant for our Technion laboratory from
Caroline and Joseph Gruss.

References

1 W.D. Comper and T.C. Laurent, Physiol. Rev. 58 (1978)
255.

2 A. Maroudas and J.P.G. Urban, in: Studies in joint disease,
vol. 1, eds. A. Maroudas and J. Holborow (Pitman Medical,
London, 1980) p. 87.

3 AJ. Grodzinsky, CRC Crit. Rev. Biomed. Eng, 9 (1983)
133.

4 B.N. Preston and J.McK. Snowden, Biopolymers 11 (1974)
1627. B.N. Preston, J.McK. Snowden and K.T. Houghton,
Biopolymers 11 (1974) 1645.

5 S.M. Partridge, in: Biology of the fibroblast, eds. E. Kulonen
and J. Pikkarainen (Academic Press, New York, 1973) p.
13.

6 R.E. Safford and J.B. Bassingthwaite, Biophys. J. 20 (1977)
113.

7 A. Maroudas and J.P.G. Urban, Trans. Orthop. Res. Soc. 9
(1984).

8 C. Burstein and A. Bosqui, Trans. Orthop. Res. Soc. 10
(1985).

9 L. Robert, A. Kadar and B. Robert, in: Arterial mesenchyme
and arteriosclerosis, eds. W.D. Wagner and T.D. Clarkson
(Plenum Press, New York, 1974) p. 85.

10 J.F. Manery, Fed. Proc. 25 (1966) 1799.

11 A. Maroudas and H. Evans, Conn. Tissue Res. 1 (1972) 69.

12 J.R. Dunstone, Biochem. J. 77 (1960) 164.

13 M.F. Venn and A. Maroudas, Ann, Rheum. Dis, 36 (1977)
121.

14 N.R. Joseph, H.R. Catchpole, D.M. Laskin and M.B. En-
gel, Arch. Biochem. Biophys. 84 (1959) 224.

15 J.R. Dunstone, Biochem. J. 85 (1962) 336.

16 J.P.G. Urban and A. Maroudas, Biochim. Biophys. Acta
586 (1979) 166.

17 F.A. Meyer, W.D. Comper and B.N. Preston, Biopolymers
10 (1971) 1351.

18 H. Magdelenat, P. Turq and M. Chemla, Biopolymers 13
(1974) 1535.

19 A. Dorabialska and A. Plonka, Nucleonika 10 (1965) 282.

20 J.P.G. Urban, A. Maroudas, M.T. Bayliss and J. Dillon,
Biorheology 16 (1979) 447,

21 A. Maroudas and J.P.G. Utban, in: Skeletal research: an
experimental approach, vol. 2, eds. Kunin and Simon
(Academic Press, New York, 1983) p. 135.

22 C.P. Winlove and K H. Parker, Biorheology 21 (1984) 347.

23 L.L. Faltz, A H. Reddi, G.K. Hascall, D, Martin, J.C. Pita
and V.C. Hascall, J. Biol. Chem. 254 (1979) 1375.

24 T. Bitter and H.M. Muir, Anal. Biochem, 4 (1962) 330.

25 A. Maroudas, Biophys. J. 10 (1970) 365.

26 A. Maroudas and C. Bannon, Biorheology 18 (1981) 619.

27 J.D. Wells, Proc. R. Soc. Lond. B 183 (1973) 399.

28 E. Edmond and A.G. Ogston, Biochem. J. 117 (1970) 85.

29 A.G, Ogston, B.N. Preston and J.D. Wells, Proc. R. Soc.
Lond. A 333 (1973) 297.

30 R. Erdey-Gruz, Transport phenomena in aqueous solutions
(Adam Hilger, London, 1974) p. 462.

31 R.L. Cleland, Macromolecules 15 (1982) 382.



270 A. Maroudas et al. / Distributions and diffusivities of small ions in glyc ino- and prot

32 R.L. Cleland, L. W. Wang and D.M. Detweiler, Macromole-
cules 15 (1982) 386.

33 C. Woodward and E.A. Davidson, Proc. Natl. Acad. Sci.
U.S.A. 60 (1968) 201.

34 E.A. MacGregor and J.M. Bowness, Can. J. Biochem, 49
(1971) 417.

35 A. Maroudas, in: Adult articular cartilage, ed. M.AR,
Freeman (Pitman Medical, London, 1973) p. 131.

36 1.P.G. Urban, PhD. Thesis, London University, UK. (1977).

ghycan solutions

37 R. Farndale and A. Maroudas, Bicelectr. Bull. 14 (1985)
105.

38 H. Benderley and A. Maroudas, Ann. Rheum, Dis. 34
Suppl. 2 (1975) 46.

39 R. Schneiderman, D. Keret and A. Maroudas, J. Orthop.
Res. 4 (1986) 393.

40 K.H. Parker, C.P. Winlove and A. Maroudas, Biophys.
Chem. 32 (1988) 271.



