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The influence of the anionic polysaccharide matrix (APM) of the glomerular basement membrane (GBM) on water transport and 
macromolecular transport charge selectivity has been studied in model systems which enable the analysis of the specific properties of 
the APM. Various APMs were studied including heparin and heparin-like polysaccharides, chondroitin sulfate and dextran sulfate. 
Upper estimates of the APM concentration in the GBM were obtained by relating measurements of the specific hydraulic 
conductivity of the heparin-like polysaccharides to measurements of single nephron glomerular filtration rate. This gave values of 
40-45 mg ml-’ of polysaccharide, which was then used to analyse factors contributing to macromolecular charge selectivity. 
Transport analysis of the test dextran probes, used for previous in viva clearance studies, in APMs demonstrated that there were no 
differential charge effects at APM concentrations in the range predicted above in the GBM. This was also found to be the case for 
the partitioning of anionic test probes at the APM-solution interface as measured directly using frontal gel chromatography and 
through thermodynamic analysis of sedimentation and diffusion data. These studies demonstrated that previous biophysical 
interpretations of glomerular charge selectivity have severely overestimated the partitioning effect due to the electrostatic effects of 
polyion-polyion interaction. 

1. Introduction 

Studies of the fractional clearance of charged 
dextran transport probes relative to inulin in kid- 
neys have demonstrated that, apart from size 
selectivity, the kidney exhibits charge selectivity. 
For a given hydrodynamic size, negatively charged 
dextran (dextran sulfate) shows a lower clearance 
as compared to its uncharged counterpart, dextran 
[5,6], whereas positively charged dextran (diethyl- 
aminoethyl (DEAE) dextran) shows higher 
clearance relative to dextran [33_ The functional 
significance of this charge selectivity is not clear 
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but it does represent a characteristic of normal 
kidney ultrafiltration. The relative clearance of 
dextran sulfate vs dextran has been demonstrated 
to be considerably less in proteinuric states, de- 
rived either from nephrotoxic serum nephritis [l] 
or the administration of puromycin aminonucleo- 
side to rats [4]. These proteinuxias have been cor- 
related with a loss of fixed negative charge from 
the glomerular basement membrane (GBM). In- 
creased glomerular permeability to albumin has 
also been shown following specific enzyme di- 
gestion of heparan sulfate in the GBM [24]. 

The theoretical, biophysical interpretation of 
renal charge selectivity by Deen et al. [12] has 
been based on the fact that transglomerular mac- 
romolecular transport occurs as a passive process 
in the intercellular space of the capillary wall and 
across the GBM. The fixed negative charges of the 
basement membrane, which are mainly contrib- 
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uted by the ionizable groups of extracellular 
heparan sulfate proteoglycan and to a lesser extent 
by chondroitin sulfate proteoglycan [15], then sin- 
gularly account for transport charge selectivity. 
Quantitative prediction of macromolecular charge 
selectivity was possible utilizing the classical 
Nemst-Planck equations. Charge selectivity was 
primarily derived from the Donnan equilibrium 
that governs the partition of charged macromole- 
cules at the membrane-solution interfaces. It was 
predicted that with increasing molecular weight of 
the charged dextran and therefore increasing 
charge or total valence on the macromolecule, 
then the greater is the charge selectivity. Their 
predictions gave a value of fixed charge concentra- 
tion (assumed uniform throughout the GBM) of 
165 mequiv. 1-r. 

While charge selectivity has been demonstrated 
in films of isolated basement membranes [2], its 
degree is considerably lower than that observed in 
in vivo fractional clearance studies. There is now 
growing evidence too that suggests that some of 
the assumptions associated with the biophysical 
interpretation are inappropriate. The GBM 
heparan sulfate proteoglycans are recognized as 
being nonuniformly distributed and appear con- 
centrated in the larninae rarae interna and extema 
regions [16,27]. Further, the GBM concentration 
of heparan sulfate has been subject to widely 
varying estimates. The fixed charge concentration 
of 165 mequiv. I-’ of Deen et al. [12] would 
translate to 40-45 mg ml-’ of heparan sulfate, 
which compares to the much lower values of 26.5 
mequiv. I__ ’ from sodium chloride distribution 
across the GBM [36] and of 30 pg heparan sulfate 
n-r-’ (basement membrane) as determined by 
chemical analysis [26]. We also envisage a serious 
problem using the Nernst-Planck equations associ- 
ated with the applicability of the classical Donnan 
equilibrium between a charged membrane and 
permeant macromolecules of multiple valence [ 121. 
This has yet to be experimentally verified, and 
further, the Donnan equilibrium tacitly assumes 
that the mobile component is a point source as 
distinct from the relatively large hydrodynamic 
volume occupied by the charged dextran probes. 
Another dilemma associated with transglomerular 
transport is whether it proceeds purely by passive 

extracellular mechanisms as morphological evi- 
dence would suggest the involvement of cell-medi- 
ated processes [22]. 

In this study the role of the anionic polysac- 
charide matrix (APM) of the GBM is examined in 
relation to the partition of permeant material at 
the membrane-solution interface and transport 
within the membrane. No theoretical assumptions 
are made, but rather we test the hypothesis that 
the passive anionic polysaccharide matrix gives 
rise to the charge selectivity associated with kid- 
ney ultrafiltration. Studies are made on similar 
charged dextran test probes that have been used 
previously in in vivo clearance studies. To ex- 
amine whether passive, physical processes could 
account for glomerular charge selectivity we use a 
model system of concentrated polyanionic poly- 
saccharide as representative of the APM in the 
GBM. Actual charge selectivity of the GBM, when 
rationalised on the basis of the biophysical 
Nemst-Planck model, can be delineated into two 
processes, namely, (1) the ability of the test mole- 
cule to enter the membrane-matrix, and (2) the 
rate at which the test molecule is transported 
within the membrane. Both these processes will be 
experimentally studied independently in the model 
system. The analysis of the partitioning of the test 
dextran probes at the APM-solution interface is 
performed by frontal gel chromatography [33]. 
Quantitative estimates of polyion-polyion interac- 
tions that constitute Donnan partitioning are also 
made through the analysis of thermodynamic non- 
idea&y of various polysaccharide preparations in- 
cluding heparin and dextran sulfate as obtained 
by sedimentation-diffusion analysis in the ultra- 
centrifuge [9,37]. Transport measurements of the 
test dextran probes in APM are carried out in 
diffusion cells [28] which create a shear formed 
liquid-liquid boundary. The two major types of 
APM that have been used in this part of the 
investigation are concentrated solutions of high 
molecular weight dextran sulfate and chondroitin 
sulfate. We regard the use of dextran sulfate with 
its high charge density (2.01 ionizable groups per 
hexose residue [35]) as being a particularly suita- 
ble APM to test the effects of polysaccharide 
anionic charge on transport and partitioning of 
mobile charged solutes. 
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2. Theory 

2.1. The Nernst-Planck model 

The concentration profiles associated with the 
transport of molecules across a passive, anionic 
charged membrane are schematically shown in fig. 
1. There are three regions of importance in the 
Nernst-Planck model governing transport. Un- 
charged mobile solutes will undergo partitioning 
at the two membrane-solution interfaces (due to 
steric hindrance). Their transport within the mem- 
brane will generate a concentration gradient de- 
pendent on membrane thickness and the dynamic 
interaction of the mobile solute with the mem- 
brane. Charge selectivity associated with anionic 
and cationic mobile solutes will be associated with 
differential effects at these three regions. For sim- 
plicity we will assume that, for transport left to 
right in fig. I, the charge selectivity is governed 
primarily by the initial partitioning at the mem- 
brane-solution interface and transport within the 
membrane. It is assumed that the second partition 
will not affect selectivity to any significant extent. 
This approach will tend to overestimate the degree 
of charge selectivity offered by the membrane. 

2.2. Component nomenclature 

The permeant species through the APM is des- 
ignated as component 1, the APM as component 
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Fig. 1. Schematic diagram of concentration profiles of charged 
and uncharged permeant species across a negatively charged 
membrane. The concentration gradient extends from left to 

right across the membrane. 

2, and solvent (water plus NaCl) as component 3. 
The component designations are for the electro- 
neutral components only. The electroneutral sim- 
ple electrolyte, normally NaCl, when considered 
specifically is designated as component s. 

2.3. Hydraulic conductivity and osmotic pressure 

The use of the sedimentation-diffusion tech- 
nique in the ultracentrifuge provides a powerful 
tool to evaluate specific hydraulic conductivity 
and thermodynamic nonideality. The rationale be- 
hind using these parameters is that (1) the hydra- 
ulic conductivity can be used to evaluate maximal 
APM concentration in the GBM using measure- 
ments of single nephron GFR and (2) the thermo- 
dynamic nonideality can be used to estimate, not 
only osmotic pressure but also partition coeffi- 
cients of permeant species at the APM-external 
solution interface. The latter estimate will provide 
information on the role of APM in the GBM in 
conferring charge selectivity on test probes at the 
GBM-solution interface. 

Irreversible thermodynamics provides an ex- 
pression for solute flux (4) associated with sedi- 
mentation in a volume fixed frame of reference 
P41, 

J,=(s,)"c,02r- (D,),(K;/Gr)(i=l,2) (1) 
where w is the angular speed of the rotor (rad per 
s), r the distance from the center of the rotor, 
(S,), the sedimentation coefficient and ( Di), the 
mutual diffusion coefficient of solute i in a volume 
fixed frame of reference, and C, the concentration 
of i in mass/volume units. Expressions for (S,), 
and (D,), have been derived previously [9] such 
that 

(s,),=(1-Pui)(1-_cp,)Mj/fr3 

and 

(2) 

(Q>, = (1 -‘Pi)2(M,/f,3)(~n*/ac,),,, (3) 

Substituting eqs 2 and 3 into eq. 1 gives 

J, = (I -+i>C”i/fi3)[ ciu2U - P”i) 

x { (3r2/2)/3r} - (I- 9,mwwr,,,] 

(4) 
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where p is the solution density, vi the partial 
specific volume of i, & the volume fraction of i, 
M, the molecular weight of i, fr3 the hydrody- 
namic frictional coefficient which represents the 
frictional interaction between solute and solvent, 
II* the osmotic pressure, T the temperature and 
p3 the chemical potential of solvent. This equation 
then represents a balance of a mechanical force 
(Ciw2(1 - pui)ar2/2) and an osmotic force ((1 - 
&)aII*) on the solute. The equation bears a 
marked resemblance to D’Arcy’s law where the 
coefficient of eq. 4 is directly related to the effec- 
tive diffusion coefficient of component i (= RT/_& 
where R is the universal gas constant) which 
governs the kinetics of both pressure-driven 
processes, namely, hydraulic flow and osmosis. At 
high rotor speeds the flux J, is determined prim- 
arily by the sedimentation coefficient. A direct 
relationship between specific hydraulic conductiv- 
ity, k,, and the sedimentation coefficient has been 
derived [21] 

k, = &%%(I - @i/u,)) (5) 

where q, is the viscosity of solvent. 
At lower rotor speeds, where sedimentation is 

negligible, the mutual diffusion coefficient of the 
solute may be evaluated. The combination of both 
the 0, and S, data may then be used to calculate 
the thermodynamic nonideality term 

This equation is important for two reasons. Firstly, 
integration of eq. 6 with respect to C, yields 
osmotic pressure as a function of C,. Secondly, the 
(an*&‘,) term may be used to evaluate partition 
coefficients, at the APM-solution interfaces, as 
described in section 2.4. 

Most experiments are performed with macro- 
molecular solutes in thermodynamic equilibrium 
with physiological saline. Under these conditions 
for polyelectrolytes the equation for the mutual 
diffusion coefficient takes on the same form as eq. 
3 [34]. The equation for the sedimentation coeffi- 
cient of polyelectrolytes is also the same as that 
described by eq. 2 as simple salt effects on ( Sj), 
(or electrolyte dissipation) have been shown to be 

negligible for connective tissue polysaccharides 
[371- 

2.4. The partitioning of a mobile component between 
the APM and the external solution 

The chemical potentials of the permeating 
species in the APM region (designated by “) and 
the external solution (designated by ‘) are 

pi = ~7 + RT ln( y;C{/C”) 0) 

&’ = py + RT ln( v;‘C;‘/C@) (8) 

where p1 is the chemical potential of component 
1, &’ the standard chemical potential, C@ a 
standard value of mass concentration and y, the 
activity coefficient of 1. It is assumed that the 
pressure-volume terms in eqs 7 and 8 are negligi- 
ble. At equilibrium 

@; = IL: 

so that using eqs 7 and 8 we obtain for trace 
quantities of component 1 

In K= -In y(’ (for C, -0) (9) 

where the partition coefficient K = Ci’/C;. The 
partition coefficient, through eq. 8, is related to 
the thermodynamic nonideality term by the fol- 
lowing at constant T, p3, and C, in ” 

+ (C,/M,)(~cl,/~C~) (10) 

For simplicity we utilise equations that have 
neglected the influence of simple electrolyte (how- 
ever, see below). A number of studies have now 
established that IT* (or HI*/aC) for polysac- 
charides and proteoglycans is molecular weight 
independent in semidilute solutions [ 8- 11,31 J. For 
these systems we consider the special case that 
component 1 is chemically identical to component 
2, and exhibits the same thermodynamic nonideal- 
ity, but is different in that it is smaller than 2. 
Since the (+,/X,) terms are molecular weight 
independent we can express eq. 10 in terms of 
In K of eq. 9 such that [19] 

(aII*/X,) = RT(1 -In K)/M, (11) 
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K = e-((.w/Rw~*/acl)- 1) (12) 
The factors then that will contribute to the parti- 
tioning of component 1 will be embodied in the 
osmotic pressure terms of mixtures of components 
1 and 2. The osmotic pressure can be regarded as 
being the sum of the following parameters [8], 
namely, 

(13) 

n* excluded volume = nLh&ctrostatic + nZ2ctrostat~c (14) 

and where the II$,,unterion_polyion term represents the 
contribution of micro-counterion interaction and 
its associated simple electrolyte distribution to the 
osmotic pressure, i.e., the Donnan term. The 
He*xcluded volume term is a function of polyion-poly- 
ion interactions which will have an entropic ex- 
cluded volume component associated with the un- 
charged properties of the interacting polymers and 
an electrostatic component associated with the 
Coulombic charge-charge interactions. These elec- 
trostatic interactions may enhance excluded 
volume, as in the case of polyanion-APM interac- 
tion, or decrease excluded volume as in the case of 
polycation-APM interaction. It will be these types 
of electrostatic interactions that will determine 
charge selectivity at the partition of the APM-ex- 
ternal solution interface. 

The influence of simple electrolyte on the dis- 
tribution of permanent electrolyte (being chem- 
ically identical to the APM) is expected to be 
small. At an interface, the Donnan equilibrium of 
components (with c, ---) 0) can be approximated by 
the following expression 

(VI + c:>c:(Y:)2 = ( 2,c;’ + Z$I’ + cl’) ci’( y:‘)2 

05) 

where zi represents the effective degree of ioniza- 
tion of the polyion, ci the molar concentration of i 
and y, the activity coefficient of the simple elec- 
trolyte. For c, 4 0 and with the assumption that 
the activity coefficient of salt is the same in both 
phases (likely when c;’ 5 cl) then eq. 15 reduces to 

c;//c; = cb/ci’ (16) 

This equation suggests that the per-meant polyion 
will distribute itself in a manner inversely propor- 
tional to simple electrolyte; even at high con- 
centrations, i.e., 160 mequiv. 1-l the distribution 
of salt would not be expected to be greater than 
1.5 [23,35]. 

3. Experimental 

3.1. Materials 

Heparin (porcine intestinal mucosa), chondroi- 
tin sulfate (bovine tracheal) and benzylated dialy- 
sis tubing (molecular weight cutoff = 2000) were 
purchased from Sigma (St. Louis, MO). Dextran 
sulfate T500 (weight average molecular weight 
(MW) of 500000 according to manufacturer’s 
specifications), dextran T500 (MW = 500000), de- 
xtran TlO, dextran sulfate TlO, DEAE dextran 
T10 and Sephadex G-100 were from Pharmacia 
(Sweden). Sodium boro[ 3H]hydride (spec. act. 
131.2 mCi mg-‘) was from Amersham (U.K.). 
Controlled-pore glass with a mean pore diameter 
of 229 a was from Electra-Nucleonics (Fairfield, 
NJ) (0A240) and one with a mean pore diameter of 
150 A (CPG-120-120) was from Sigma. All other 
reagents used were of the highest .grade commer- 
cially available. 

3.2. Methods 

3.2.1. Sedimentation and diffusion analysis 
The sedimentation coefficients were measured 

in an analytical ultracentrifuge at a temperature of 
20” C by methods which have been described in 
detail elsewhere [10,11,37]. 

3.2.2. Tracer diffusion in APM 
Tracer diffusion coefficients of 3H-labelled test 

dextran probes (table 1) were measured in a diffu- 
sion cell [28,32] that consists of two cylindrical 
chambers that rotate to shear-form a sharp, free 
liquid boundary between upper and lower solu- 
tions. The labelled species was always placed ini- 
tially in the lower chamber. The APM was in both 
chambers but with a 5 mg ml-’ gradient between 
the upper and lower solutions which was to ensure 
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Table 1 

Physicochemical characteristics of test dextran probes 

[jH]Dextraa sulfate T10 
[3H]DEAE Dextraa TlO (i) 
[3H]DEAE Dextran T10 (ii) 
[3H]Dextran T10 

Charge substitution 

(ionizable groups per 
disaccharide residue) 

4.02 
1.32 = 
1.32 = 
0 

Diffusion coefficient at 
infinite dilution (DO) 
(cm’s_‘) 

1.6x10-’ 
9.5x10-’ 

21.0x10-7 
10.5x10-’ 

Radius ’ 

(A) 

17 
25 
13 
20 

a According to manufacturer’s specifications. 
b Obtained by the estimation of K,, on Sephadex G-100 columa (50x1.8 cm) and the relationship between K,, and the effective 

solute radius [7]. 

against gravitational instabilities that may form in 
multicomponent systems. For measurements of 
the diffusion coefficient without APM material 
sorbitol at 5 mg ml- ’ was used in the lower 
chamber. All experiments were run in duplicate 
over four different time points and at a tempera- 
tureof23*l’C. 

3.2.3. Frontal gel chromatography 
The partition coefficient between APM and 

mobile probe was evaluated by use of a technique 
described previously [33], where the interface be- 
tween solutions at a pore in a gel (which excludes 
the APM) is equivalent to that at the interface of 
the sohrtion and the APM. For an APM of de- 
xtran sulfate T500 a column (dimensions 52 X 1.8 

cm) (void volume 21 ml and total volume 36 ml) 
was packed with controlled-pore glass (pore diam- 
eter 229 A) (deaerated in the presence of polyeth- 
ylene glycol), and 30 ml of a concentrated dextran 
sulfate solution containing 3H-labelled mobile 
probe was then applied and run at a 4 ml h-’ flow 
rate with l-ml fractions being collected. For an 
APM of chondroitin sulfate (bovine trachea), a 
column (dimensions 20 X 1.2 cm) with controlled- 
pore glass (pore diameter 150 A) was run at 5 ml 
h-‘. 

3.2.4. Tritium labelling 
Tritiation of the dextrans and chondroitin 

sulfate was carried out as described by Van 
D+nrne et al. [32] using a reductive technique with 
sodium boro[ 3H]hydride. The preparations were 
then fractjonated on a Sephadex G-75 column 

with 80% of the major peak being pooled and used 
for transport experiments. Radioactive counting 
analysis of the tracer dextrans has also been de- 
scribed previously [ 321. 

3.2.5. Preparation of solutions 
To represent physiological ionic conditions, the 

polymers used in the biophysical measurements 
were dialysed extensively against phosphate 
buffered saline (PBS), which consisted of 0.14 mol 
dmT3 NaCI, 2.68 x 10d3 mol dmm3 KCI, 1.5 x 

lop3 mol dm-’ KH,PO, and 8.1 X 10m3 mol 
dmH3 Na,HPO*, pH 7.5 before use. All solutions 
used were dialysed to thermodynamic equilibrium 
with PBS unless otherwise stated. 

Solutions for the diffusion cells were made up 
by the addition of 0.15 mol dme3 of NaCl to the 
dry material, with compensation for electrolyte 
exclusion caused by the polyelectrolyte according 
to the modified Manning theory [20,35]. This 
facilitated construction of the solutions at the 
concentration of APM required. 

3.2.6. Preparation of low molecular weight [‘HI- 
chondroitin sulfate 

50 ~1 [3H]chondroitin sulfate plus 1 mg un- 
labelled chondroitin sulfate were dissolved in 1 ml 
of water within a hydrolysis tube; to this were 
added 3 ml of 3 M HCl and the tube heated at 
70°C in a water bath for 10 mm. The tube was 
then placed on ice and the solution neutralised 
with NaOH. The solution was then dialysed 
against PBS and then fractionated on the CPG- 
120-120 column. Fractions between K,, of 0.6 
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and 0.9 were collected which correspond to de- 
xtran molecular weights of 1000 and 5000. 

3.2.7. Assays 
The concentration of dextran and dextran 

sulfate was estimated through polarimetry using a 
Perkin-Elmer 141 Polarimeter (Norwalk, CT). 
Heparin and chondroitin sulfate were measured 
by the carbazole method and conversion factors 
have been described elsewhere [11,37]. Partial 
specific volumes of the polymers were estimated 
from density measurements as previously de- 
scribed [9,11,37]. 

3.2.8. Polynomial analysis 
The osmotic and diffusion data were analyzed 

in terms of a virial expansion by polynomial re- 
gression analysis using a curvilinear regression 
model with orthogonal polynomials on a VAX 
model 11/780 computer (Digital Equipment 
Corp.). All osmotic data are based on a tempera- 
ture of 20 ’ C. 

12 : 
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Fig. 2. Variation of the specific hydraulic conductivity k 
calculated from eq. 5 using data from sedimentation velocity 
experiments in the analytical ultracentrifuge for heparin in 
PBS (A) 1371 and 1 mol dmm3 NaCl (A), and desulfated 

heparin in PBS (v) [ll] as a function of concentration. 

4. Results and discussion 

We can make an approximate estimate of the 
APM concentration in the GBM through esti- 
mates of specific hydraulic conductivity of heparin 
solutions shown in fig. 2. The hydraulic conductiv- 
ity decreases markedly with increasing concentra- 
tion. It is also shown to be independent of the 
degree of sulfation and of ambient salt concentra- 
tion. The studies demonstrate that all heparin-like 
polysaccharides will have similar k values whose 
magnitude is primarily determined by the nature 
of the glycosidic linkage [11,37]. If we assume that 
the single nephron GFR is governed essentially by 
the heparin-like polysaccharide concentration in 
the laminae rarae regions of the GBM then an 
estimate of its concentration can be made from 
the k data in fig. 2. The volume flux of solvent 
defining glomerular filtration rate (GFR) as a 
function of net pressure (AP) is 

J,= K,AP (17) 

08) 
which is calculated for rat renal flow using K, the 
ultrafiltration coefficient for the single nephron, as 
0.1 nl/s per mmHg [13,25], A is the effective 
filtration area which is taken as 105% [12] of the 
total nephron surface area of 0.0019 cm* [18] and 
1 is the thickness which is taken as the sum of the 
laminae rarae regions which is 100 nm for rat 
GBM (which is equivalent to two resistance layers 
each of 50 nm placed in series). Using these fig- 
ures gives a k of 2.76 X lo-l4 cm2 which wrre- 
sponds to a heparin-like polysaccharide con- 
centration (from fig. 2) of 40-45 mg ml-‘. It is 
emphasized that this will be an overestimation of 
GBM APM concentration as no account has been 
made for the effects of GBM collagen on the 
GFR. However, it turns out that coincidentally, 
this APM concentration is similar to the value 
predicted by Deen et al. (121 when their value of 
charged concentration in the GBM is converted 
into heparan sulfate mass concentration (vide 
supra). Further, it is likely that this APM con- 
centration could not be much higher as rat GBM 
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Fig. 3. Variation of the reduced diffusion coefficient ( D/Do)l 
(where Do is the diffusion coefficient at infinite dilution; table 
1) as a function of volume fraction of the APM of dextran test 
probes, [3H]DJ?AE dextran (i) (v) and (ii) (A) (see also table l), 
[3H]dextran (0) and [3H]dextran sulfate (A) in dextran sulfate 
APMs and of DEAE dextran (i) (o), dextran (0) and dextran 
sulfate (0) in chondroitin sulfate APMs. The error bars repre- 

sent standard errors. 

heparan sulfate proteoglycan with a molecular 
weigbt of 150000 [17] would be expected to have 
spherical dimensions of 40-50 nm if fully hy- 
drated. Therefore, regions associated with the 
laminae rarae would contain heparan sulfate pro- 
teoglycan not much more than a single molecule 
thick. 

The diffusional transport of low molecular 
weight 3H-labelled dextran test probes, namely, 
DEAE dextran, dextran and dextran sulfate whose 
physicochemical properties are described in table 
1, has been measured as a function of APM con- 
centration afforded by either high molecular 
weight dextran sulfate or chondroitin sulfate (fig. 
3) or the neutral polysacchzuide matrix afforded 
by dextran (fig. 4). The assumption that diffu- 

I I 

Fig. 4. Variation of the reduced diffusion coefficient for 
13H]DEAE dextran (i) (v), [3H]dextran (0) and [3H]dextran 
sulfate (A) in dextran polysaccharide matrices (NPM) as a 
function of the volume fraction of NPM. The error bars 

represent standard errors. 

sional transport properly reflects the relative dy- 
namic characteristics of the test probes within the 
GBM in vivo, where both convectional and diffu- 
sional transport are known to occur, is probably 
not severe as charge selectivity for both types of 
transport will be governed by the same type of 
polyion-polyion interaction. For the transport of 
test probes in dextran sulfate APMs there is a 
decrease in the reduced diffusion coefficient with 
increasing volume fraction of the APM. This is a 
reflection of the frictional interaction of all the 
test probes with the matrix. Similar reductions 
have been observed for protein transport in poly- 
saccharide matrices and for concentration-depen- 
dent tracer diffusion studies of neutral polymers 
(231. The degree of interaction is independent of 
the molecular weight of the probe as demonstrated 
by the behaviour of the DEAE dextran probes of 
different molecular size (fig. 3). Quantitative theo- 
retical predictions of the variation in reduced dif- 
fusion coefficient are not available; however, there 
are some further important qualitative features of 
these data. At volume fractions less than 0.03 for 
the various APMs there was no significant dif- 
ference between the reduced diffusion coefficients 
of the three charge types of dextran test probes. 
This would correspond to charge concentrations 
less than 370 mequiv. 1-l for dextran sulfate and 
170 mequiv. 1-l for chondroitin sulfate. Therefore, 
at APM concentrations equivalent to, or consider- 
ably greater than the predicted APM concentra- 
tion in the GBM, the electrostatic contribution to 
dynamic polyion-polyion interaction is negligible. 
This concurs with the assumption by Deen et al. 
[12] in their theoretical biophysical treatment of 
glomerular transport that transport of test probes 
within the GBM would not show charge selcctiv- 
ity. The lack of any significant electrostatic contri- 
bution to polyion-polyion interaction is confirmed 
by the similar reductions in the diffusion coeffi- 
cient of the test probes when studied in uncharged 
dextran polysaccharide matrices (fig. 4). 

Another feature of the data in fig. 3 is that at 
equivalent APM volume fractions the chondroitin 
sulfate APM offers considerably more resistance 
to diffusional transport as compared to the de- 
xtran sulfate APMs. This may reflect the different 
conformation and glycosidic linkage of chondroi- 
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tin sulfate in exerting higher frictional interaction 
with the test probes. Yet, no charge selectivity was 
observed with this APM. It is only at high volume 
fractions of dextran sulfate APM (i.e., 550 mequiv. 
1-l) that charge selectivity is detected where 
DEAE dextran is seen to have a significantly 
higher reduced diffusion coefficient as compared 
to the dextran and dextran sulfate probes. The 
hindrance offered by APM to neutral and nega- 
tively charged probes even at high APM values is 
charge independent, indicating that the electro- 
static contribution to dynamic polyanion-polyan- 
ion interaction is negligible. 

In vivo clearance studies suggest that dis- 
crimination of charged solutes relative to dextran 
of essentially the same hydrodynamic size was 
greatest for the negatively charged probe dextran 
sulfate. Maximum selectivity is seen with the rela- 
tive clearance of dextran sulfate to dextran being 
in the ratio of 0.04 as compared to that of DEAE 
dextran to dextran of 4.0 [12]. In using dextran 
sulfate as a test probe, as well as APM material in 
the model system, we would expect to amplify the 
electrostatic contribution to polyion-polyion inter- 
action as the dextran sulfates have considerably 
higher charge densities than the heparin-like poly- 
saccharides. 

Direct experimental measurement of the parti- 
tioning of the test dextran probes described in 
table 1 with 40 mg ml-’ dextran sulfate APM (or 
220 mequiv. 1-l) under physiological conditions 
by frontal gel chromatography revealed that the 
partitioning of all the probes was essentially unity. 
In other words, the 40 mg ml-’ dextran sulfate 
matrix did not exert any significant exclusion of 
either the entropic or charge interaction kind at 
this concentration. It is only when the dextran 
sulfate is studied at relatively high concentration 
(60 mg ml-‘) that we did eventually see a small 
partition of the dextran sulfate probe (radius = 17 
A, table 1) (fig. 5). The partition coefficient of the 
[ 3H]dextran sulfate probe in this APM matrix was 
0.88 (obtained from the ratio of the two plateaus 
of labelled material in fig. 5 (n = 3)). The disttibu- 
tion represents the ability of the probe to partition 
itself between the mobile (extra bead space) phase 
of the column (where the APM material is re- 
tained) and the stationary phase (internal bead 

5. 

Fig. 5. Elution profiles obtained for [3H]dextran sulfate T10 
(0) in frontal gel chromatography of dextran sulfate TWO 
(DSTSOO) 60 mg ml ’ (0) in PBS on a column (1.8 X 52 cm) of 
controlled-pore glass A240 equilibrated with PBS. The arrows 
a and b represent the initial concentrations of dextran sulfate 
TWO and [3H]dextran sulfate TlO, respectively. The K,, for 
the [ ‘Hldextran sulfate TlO with controlled-pore glass A240 

was greater than 0.95. 

space) of the column (which is APM free but is 
essentially totally accessible to small test probes 
like [3H]dextran sulfate (K,, > 0.95)). This value 
compares with the partitioning of neutral dextran 
(radius = 20 A, table 1) of 0.95 for the same 
dextran sulfate matrix at 60 mg ml-‘. These re- 
sults suggest that polyion-polyion electrostatic in- 
teraction contributing to the partition coefficient 
was small. It is certainly clear that these experi- 
mental values do not compare at all with the 
predictions of the partition coefficient by Deen et 
al. [12]. For an APM concentration of 330 mequiv. 
1-l and a dextran sulfate probe of 17 A in radius a 
partition coefficient of approx. 0.25 is predicted 
[12] purely on the grounds of electrostatic interac- 
tions. Even at an APM concentration of 160 
mequiv. 1-l a partition coefficient of 0.65 is esti- 
mated on the basis of the model of Deen et al. [12] 
which is consistently lower than that obtained in 
the model experimental and theoretical systems 
studied here. This suggests that equilibrium poly- 
ion-polyion interaction exhibited essentially no 
charge selectivity at the high charge concentration 
of the APM studied. Additional investigations of 
chondroitin sulfate APM revealed a similar lack of 
partitioning. The partitioning of low molecular 
weight chondroitin sulfate in 40-60 mg ml-’ 
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chondroitin sulfate APMs in PBS was found to be 
0.95 or higher. 

The lack of experimental confirmation of the 
predictions of charge selectivity by Deen et al. is 
also reinforced by theoretical considerations. The 
Donnan equilibrium considerations (see section 2) 
would suggest that the partition of the dextran 
sulfate probe (as a point source) on purely electro- 
static grounds, would be inversely proportional to 
the simple electrolyte distribution (eq. 16) and 
therefore be greater than unity, whereas polyion- 
polyion interaction of the excluded volume type 
would tend to generate a partition coefficient less 
than unity. 

Direct measurement of the electrostatic contri- 
bution to polyion-polyion interaction is difficult. 
However, it is of interest to pursue the problem 
through an estimate of its magnitude from the 
analysis of the (aH*/aC) data shown in fig. 6 
using eq. 12. These studies have been made on two 
types of APMs, namely, heparin and dextran 
sulfate. The nonelectrostatic contribution to 
(aII*/aC) for heparin has been estimated by 
measurements of sedimentation and diffusion in 1 
mol drnp3 NaCl (table 2). We use the approxima- 
tion that if the osmotic pressure is purely de- 
termined by the Donnan equilibrium then II* a 
(l/c:‘) [29] so that the osmotic pressure in 1 mol 
dm p3 NaCl will be, at least, 6.66times lower than 
that obtained in phosphate-buffered saline (PBS). 
Using the difference between (aH*/iK) rss/6.66 
and (an*/aC)t, NaCl and reiterating the proce- 
dure will give an approximate nonelectrostatic 
contribution to (aII*/aC) (table 3). It is likely 
that this value will be an underestimate. The non- 
electrostatic contribution to (aIT*/X) for dex- 
tran sulfate in PBS was approximated by the value 
corresponding to dextran (fig. 6). The results, as 
shown in table 3, demonstrate that the estimated 
nonelectrostatic contribution to (aII*/K’) is sig- 
nificant, being in the range of 37-53%. 

The major feature of these results is that they 
confirm the experimental partition studies from 
frontal gel chromatography as described earlier. In 
terms of the nonelectrostatic contribution to parti- 
tioning (table 3) it is only heparin-heparin interac- 
tion that may approach the magnitude of in vivo 
clearance data for the predicted value of Deen et 

Fig. 6. Variation of (an*/K,) obtained from sedimentation- 
diffusion data using cq. 6 with concentration for (a) heparin in 
PBS (- - -_) (sedimentation/diffusion data from ref. 11) 
and in 1 mol dmm3 NaCl (- - - - - -) (table 2) and (b) dextran 

sulfate in PBS (- - -) [37] and dextran (- - - - - -) [9]. 

al. (table 3). Dextran sulfate-dextran sulfate inter- 
action would not result in any significant parti- 
tioning in nonelectrostatic terms. It seems likely 
that heparin-dextran sulfate interaction (a model 
similar to the in vivo interaction) would lie some- 
where between the two sets of data. 

Table 2 

Hydraulic and diffusion data for heparin in 1 mol dmm3 NaCl 

Concentration k D 
(mgml-t) (X10_ ‘3) (x10-7) 

(cm’) (cm2 SC’) 

Specific 2 20 
hydraulic 5 7.5 
conductivity 11 2.9 
data 22 1.2 

30 0.65 
53 0.28 
85 0.13 

Mutual 2 
diffusion 14 
data 26 

40 

6.6 
7.2 
8.0 
8.1 
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Table 3 

Predicted partition coefficients for an anionic test probe of the same chemical composition as the APM (radius 30 A, molecular 
weight 15 000) 

Calculations were performed from the data in fig. 6 through the use of eq. 12 at an APM concentration of 160 mequiv. I-’ for 
dextran sulfate and heparin which is the concentration corresponding to the single nephron k value of 2.7 x lo-l4 cm*. NA, not 
applicable 

APM 

Dextran sulfate 
Heparin 
Theoretical 

(Deen et al. 1121) 
In viva fractional 

clearance [12] 

Total 

3.0 
8.0 

NA 

NA 

(an*/ac) 
Electrostatic 

1.4 
5.0 

NA 

NA 

Nonelectrostatic 

1.6 
3.0 

NA 

NA 

Partition coefficient (K) 

Electrostatic Nonelectrostatic 

1.0 1.0 
0.143 0.46 

0.023 0.17 

0.05 0.35 

Evaluation of the apparent electrostatic interac- 
tion partition coefficient is spurious as it is ob- 
tained from the difference (aII*/K),,,,, and 
(alI*/aC)*OneleCITOStatic’ Many studies have shown 
that it is essentially derived from the counterion 
osmotic activity and salt distribution rather than 
from the enhancement of electrostatic effects asso- 
ciated with volume exclusion, Therefore, it is likely 
to represent a gross overestimate of the electro- 
static effect on polyion distribution when pre- 
sented in this manner (table 3). In any case, if the 
whole (aII*/X),,,,,,,,,,,, was used to describe 
the electrostatic partition, the values obtained still 
do not approach that obtained in vivo i.e., 0.05. In 
the case of the predicted value the heparin-dextran 
sulfate interaction would lie somewhere between 
1.0 and 0.143. 

Using the same type of analysis as in table 3, 
predictions of the partition coefficient associated 
with systems used in frontal gel chromatography 
showed marked agreement. No partitioning at all 
is predicted of dextran sulfate in 40 mg mll’ 
dextran sulfate (even taking the (XI*/X),,,,, 
value to estimate K from eq. 12) and for dextran 
in 60 mg ml-’ dextran sulfate APM. The small 
partitioning of dextran sulfate in 60 mg ml-’ 
dextran sulfate APM may represent the influence 
on electrostatic effect. 

The conclusion from this study is that previous 
assumptions [12] involving the partition of charged 
solutes between the GBM and free solution has 
been shown not to hold and that the biophysical 

interpretation of charge selectivity cannot explain 
the quantitative difference observed in vivo. This 
is consistent with new observations that charge 
selectivity associated with dextran sulfate clearance 
has been shown to involve cell-mediated processes 
[301. 
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