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membrane films in vitro
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Influence of charge on filtration across renal basement membrane films
in vitro. The filtration of differently charged species of myoglobin and
dextran across films of isolated basement membrane in vitro showed
that the filtration behavior of both polymers was influenced by charge.
Rejection increased with increasing negative charge. Titration of the
isolated basement membrane revealed an isoionic point of pH 5.5 and
an isoelectric point of pH 5.7. The net negative charge at pH 7.4 was
0.15 mEq/g protein; this charge was attributed to carboxylate anion.
Glycosaminoglycan sulphate did not contribute significantly to the net
charge. Filtration of narrow range dextran fractions across films of
basement membrane at the isoelectric point markedly reduced differ-
ences in filtration due to charge confirming that the differences in
behavior found at pH 7.4 were due to charge interactions between the
solutes and the membranes. Physical characterization of the charged
and uncharged dextran fractions revealed no substantial differences in
size or shape for the differently charged species.

Influence de la charge sur la filtration a travers des films de membrane
basale rénale in vitro. La filtration d’espéces différemment chargées de
myoglobine et de dextran a travers des films de membrane basale isolée
in vitro a montré que le comportement de filtration des deux polymeéres
était influencé par la charge. Le rejet s'élevait lorsque la charge
négative augmentait. La titration de la membrane basale isolée a révélé
un point isoionique de pH 5,5 et un point isoélectrique de pH 5,7. La
charge négative nette a pH 7,4 était de 0,15 mEq/g protéines; cette
charge a été attribuée a I'anion carboxylate. Le sulfate de glycosamino-
glycan ne contribuait pas significativement a la charge nette. La
filtration de fractions d’étendues étroites de dextran a travers des films
de membrane basale au point isoélectrique réduisait de fagon marquée
les différences de filtration ddes & la charge, confirmant que ses
différences de comportement trouvées a pH 7,4 étaient dles a des
interactions de charge entre les solutes et les membranes. La caratérisa-
tion physique des fractions de dextran chargées ou non n’a pas révélé
de différence substantielle dans la taille ou la forme des espéces de
charges différentes.

Studies in vivo suggest that the rejection of macromolecules
by the glomerular capillary wall is influenced by the net charge
on the molecules [1-5]. Briefly, rejection increases as molecular
charge becomes more negative leading to the view that negative
charges in the basement membrane and on adjacent cells serve
to hinder the passage of negative molecules while facilitating
the passage of positive molecules [6, 7]. In attempting to
simplify our understanding of this problem, we examined the
filtration of differently charged myoglobins and dextrans across
films of isolated renal basement membrane in vitro to establish
whether or not this membrane per se exhibits charge selective
effects. Additionally, we determined the charge on isolated
basement membrane to establish whether or not the membrane

possesses a net negative charge at physiological pH as is
inferred from histological studies [8].

Methods

New Zealand white rabbits of either sex, weighing 2.5 to 3 kg,
were obtained locally. Myoglobin (horse) was purchased from
the Sigma Chemical Co., Poole, United Kingdom, dextrans and
Sephadex from Pharmacia Ltd., Hounslow, United Kingdom:
and radiochemicals from Amersham International, Amersham.
Filtration cells were obtained from Amicon Ltd., High Wyc-
ombe, United Kingdom, and Millipore membranes (Type
HAWP, 0.45 um exclusion) from Millipore Ltd., Haltow,
United Kingdom.

Preparation of basement membranes. Rabbit renal basement
membranes were prepared from minced, sieved, kidney cortex
after lysis of the cells with N-lauroyl sarcosine [9]. As judged by
eye, 30 to 40% of the fragments recovered were derived from
glomeruli, seen in preparations as clusters of loops of capillary
membranes; the remaining fragments were tubular membrane.

Filtration studies. Coherent films of basement membrane
fragments were constructed in pressure filtration cells of either
65 or 10 ml capacity (filtration areas, 13.8 and 4.9 cm?,
respectively) using methods described previously [10]. The
cells were assembled after placing a membrane (Millipore) over
a filter paper (Whatman no. 50, hardened) which in turn rested
on the porous filter support of the cell. A known quantity of
basement membrane, 1.5 mg for large and 0.5 mg for small cells,
was suspended in buffered saline (0.15 M sodium chloride, 0.01
M tris-hydrochloric acid buffer, pH 7.4) in cells filled to two-
third capacity. The cells were pressurized with oxygen-free
nitrogen (200 kpa); the buffer was expelled thus forcing the
fragments to form a layer on the Millipore membrane surface.
The films thus formed were consolidated by continuously
filtering buffered saline at the same pressure for 60 min. The
films were comprised, on the average, of a depth of 20 layers of
membrane; overlapping of the fragments sealed the films as
judged by rejections of greater than or equal to 0.98 for -
globulin. In filtration studies the buffered saline was replaced by
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the solution to be filtered, 50 ml in the large and 10 ml in the
small cells. Stirring was begun and pressure was applied. After
15% of the volume had been filtered, steady state conditions
were reached and three sequential samples of filtrate were
collected, 2.5 ml for large and 1 mi for small cells. The volume
and time of each sample collected were recorded. Solute
concentrations in the filtrate, in the initial, and in the final
overstanding solutions were measured. Rejections (o0 = 1 —
C/Cy) were calculated. C; was the solute concentration in the
filtrate; C,, the concentration in the overstanding solution, was
calculated for corresponding filtrates by correcting the initial
concentration of the overstanding solution for losses of solute
and solvent during filtration. Filtration conditions for each
experiment are detailed in the text and all filtrations were at
22°C. Unless stated otherwise, filtrations were in buffered
saline. Usually three filters were run in parallel using the same
preparation of basement membranes.

Preparation of myoglobin derivatives. Anionic derivatives
were prepared by succinylation [11]. The reaction was allowed
to proceed for 90 min; the reaction mixture was dialyzed against
distilled water and then buffered saline. Cationic derivatives
were prepared by conjugation with hexanediamine [12] in 1 M
sodium chloride; the reaction time was 5 hr. The reaction
mixture was maintained at pH 6.5 to avoid denaturation. The
products were dialyzed against buffered saline.

Prior to use the myoglobin derivatives were fractionated on
Sephadex G-75 to separate monomer from aggregates formed
during the reactions. The anionic/succinylated derivatives were
shown to have an average pl of 5.3 in isoelectric focusing. The
cationic derivatives were separated on carboxymethyl-cellulose
ion exchanger. The fraction used was that eluting at pH 10 using
0.1 M sodium chloride in 0.1 M glycine-sodium hydroxide
buffer. The sy, values were 1.91, 1.99, and 1.80 (x107'%) for
native, anionic, and cationic forms, respectively. In some
experiments the myoglobins were labelled with '*°I using the
chloramine T method [13]. The physical characteristics of the
proteins remained unchanged as judged by behavior on gel-
exclusion.

Preparation of polydisperse dextrans and dextran fractions.
Dextran T-2000, dextran sulphate, and diethylaminoethyl dex-
tran were hydrolyzed to yield polydisperse samples. For dex-
tran and dextran sulfate, hydrolysis was continued for 60 min at
100°C in 0.1 M hydrochloric acid [14]. DEAE dextran was
hydrolyzed in two batches, one for 30 min and one for 60 min;
these were combined to provide a range of polydispersity
similar to that obtained with the other dextrans. All hydrolyses
were at a concentration of 5% (w/v). Reaction was stopped by
neutralization after which the reaction mixtures were dialyzed
against buffered saline. In some experiments the dextrans were
labelled with *H by reduction with sodium borotritiide following
periodate oxidation [14]. The partially hydrolyzed polymers
retained their charge as judged by their adsorption to cellulose
ion exchangers of opposite but not like charge. However, in the
case of dextran sulfate, analyses showed that 55% of the sulfate
residues had been lost during hydrolysis.

Separation of the polydisperse material was achieved by gel-
exclusion chromatography on Sephadex G-100 using columns
2.5 cm x 80 cm developed at room temperature in buffered
saline containing 0.02% (w/v) sodium azide. The columns were
calibrated with blue dextran, bovine serum albumin, ovalbu-
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min, myoglobin, before and after
experiments.

To prepare narrow range fractions of the dextran species
consecutive fractions, usually three 5-ml fractions, were pooled
from different positions in the elution profile.

Physical methods. Viscosities were measured using a rota-
tional viscometer (Contraves). Measurements were at 25°C, the
shear rate range was 2 to 128 sec™ ', and solute concentration
ranged from 0.2 to 2.5% (w/v) in buffered saline. All samples
showed Newtonian behavior; values for calculation were taken
at a shear rate of 94.5 sec™!. Molecular weights were deter-
mined by equilibrium sedimentation using a three-sectioned
Yphantis cell run in an analytical centrifuge (model E, Beckman
Instruments, Inc., Fullerton, California). Samples were dia-
lyzed against 0.2 M potassium chloride containing tris-hydro-
chloric acid buffer (0.01 M, pH 7.4). The combined optical
methods were used to obtain the z-average molecular weight;
runs were at 20°C and speeds were chosen to give equilibrium in
24 hr. Partial specific volumes of the parent dextrans were
measured by pycnometry and were found to be 0.64, 0.50, and
0.72 cm®/g for dextran, dextran sulphate, and DEAE-dextran,
respectively.

Basement membrane titrations were conducted at 25°C in a
sealed stirred cell under nitrogen using a pH meter (Radiometer
type 26). Analar water (BDH Ltd., Poole, United Kingdom)
was used throughout, and the quantities of membrane titrated
ranged from 18 to 27 mg protein in 9 ml. After measuring the
isoionic point in water, solid potassium chloride was added to a
final concentration of 0.1 M allowing measurement of the
isoelectric point; titrations from this point were made with
either 0.1 N hydrochloric acid or 0.1 N sodium hydroxide.
Solvent was titrated separately under the same conditions.

Chemical methods. Basement membrane protein was mea-
sured by the procedure of Lowry et al [15] using dried and
weighed basement membrane as the standard. Myoglobin con-
centrations were measured by Eigg nm determinations. The
dextran concentration was measured by the anthrone procedure
[16] using the parent dextran species as standards. When
radiolabelled solutes were used, radioactivity was determined
by scintillation counting with internal standardization to correct
for quenching.

and cytochrome c,

Results

The myoglobin species, when filtered across basement mem-
brane films with stirring, gave rejection values which reflected
differences in charge with rejection increasing in the order
cationic < native < anionic (Table 1); with no stirring, charge
dependence was not seen. Filtering the same proteins, but
labelled with '®1, in rabbit serum gave increased rejections and
no charge dependence was observed (Table 1).

In the first series of dextran experiments, polydisperse sam-
ples of dextran, dextran sulfate, and DEAE-dextran were
filtered across basement membrane films. The overstanding
solutions and filtrates were then chromatographed on calibrated
Sephadex G-100 columns to allow comparison of the profiles of
molecules in each solution. In these experiments labelled
dextran species were used after having first established that the
chromatographic elution profiles of the original samples were
identical when either radioactivity or the anthrone method was
used to measure dextran concentration. These results, calculat-
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Table 1. Rejection and flux values for charged species of myoglobin filtered across films of renal basement membrane under differing
conditions?

Native myoglobin

Anionic myoglobin

Cationic myoglobin

Flow Flux Flow Flux Flow Flux

Filtration wlmin™' g min~! wlemin~' ug - min™! wlmin™'  ug - min”!

conditions cem™? s em™? Rejection s em™? cem™? Rejection cem™? cem™? Rejection
Myoglobin

0.5 mg/mi

with stirring  31.2 = 1.4 40 *0.7 0.73 £0.04 29223 26=*03 0.8 +0.04 31.8=x2.1 6.2 =08 0.55 £ 0.04
Myoglobin

0.5 mg/ml

no stirring 29319 11.7 =12 005001 26.1=*x23 9507 0.10x0.01 29620 10.5 =£0.7 0.05 = 0.01
Myoglobin

0.1 mg/ml

in serum 7903 0.09 = 0.01 0.88 =0.01 8408 0.1+0.02 0.87=0.01 8308 0.11 £0.02 0.85 = 0.02

= Cationic and anionic forms of myoglobin were prepared as described in Methods. Filtrations were conducted at 150 kpa across films prepared
from 0.5 mg of basement membrane protein in 10-ml filtration cells; the stirring rate was 1500 rpm. The myoglobins were dissolved in either
buffered saline or serum after iodination with '>*I. Rejections and fluxes were calculated from radioactivity measurements. Each result is the mean

from two observations made on each of three separate filters = sp.
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Fig. 1. Filtration of polydisperse dextrans across films of basement
membrane. Polydisperse [*H]-labelled dextrans, prepared as described
in Methods, were dissolved in buffered saline (0.5 mg/ml) and filtered
through films prepared from 1.5 mg of basement membrane protein in
65-ml filtration cells. Filtration was at a pressure of 150 kpa with stirring
at 1000 rev/min. The overstanding solutions and the filtrates were
chromatographed on Sephadex G-100 columns calibrated with proteins.
Rejections were calculated by comparing the radioactivities recovered
in fractions with the same partition coefficients. Average molecular
radii (R.) were determined from the column calibration curves. The
results are the means from six separate filters. The bars indicate SD.
Symbols are: @, DEAE dextran; O, dextran; B, dextran sulfate.

ed as rejections for molecules of increasing radius (Fig. 1),
showed that rejection increased with size and was influenced by
charge (cationic < neutral < anionic). The experiments were
then repeated using rabbit serum as the filtering medium. The
results (Fig. 2) were similar except that rejections were in-
creased; charge effects were still seen in parallel with in vivo
studies [1, 2].

Since charge influenced rejection of the dextrans and the
myoglobins, when filtered alone, it was concluded that base-

ment membrane exhibits a net negative charge. This inference
was tested by titration of the isolated basement membrane; the
titration curve is shown in Figure 3. The membrane exhibited an
isoionic point at pH 5.5 and an isoelectric point at pH 5.7 in 0.1
M potassium chloride demonstrating slight binding of Cl™.
Analysis of the titration curve showed 1 mEq/g protein of
carboxylate anion compared with 1.6 mEq/g from amino acid
analysis [17]; presumably the difference is accountable by
masked carboxyls, possibly amides. Titratable histidine was
0.13 mEq/g compared with 0.16 mEq/g from analysis. Total
basic amino acid, equivalent to titratable carboxylate taken
from the isoelectric point, was 1 mEq/g compared with 1.16
mEqg/g from analysis. Thus, the titration results reasonably
agree with the amino acid composition.

Having established that the isoelectric point of the basement
membrane was pH 5.7, filtration studies with dextrans were
conducted at this pH and at pH 7.4 for comparison. Narrow
range dextran fractions were prepared as described under
Methods. Fractions were selected so as to be sufficiently
different in size to show obviously different rejections and so
that rejections would fall in the 0.2 to 0.8 range; for rejections
outside this range small differences in filtration behavior were
less readily seen. One half of each fraction was dialyzed against
phosphate-buffered saline (0.15 M sodium chloride, 0.05 M
sodium phosphate buffer) at pH 5.7 and the other half against
phosphate-buffered saline, pH 7.4. For filters run at pH 5.7, the
basement membranes were washed centrifugally four times in
phosphate-buffered saline pH 5.7; the control membranes were
similarly washed in phosphate-buffered saline pH 7.4. Filtra-
tions were then carried out in the following order: anionic,
neutral, cationic. The results are shown in Figure 4. The
differences in rejection between the different charge species
were much reduced at pH 5.7. A second experiment using
separate hydrolysates showed the same results.

The physical characteristics of narrow fraction dextrans were
studied to establish whether the fractions of the different
species, which had the same excluded volume on gel-exclusion,
showed comparable physical behavior. These results are shown
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Fig. 2. Filtration studies of polydisperse dextrans in serum. The
conditions were the same as those for Figure 1 except that the dextrans
were dissolved in rabbit serum, 0.5 mg/ml. Symbols are: @, DEAE
dextran; O, dextran; B, dextran sulfate.

in Table 2. Generally, samples of the different species with the
same average molecular radii (R.) possessed similar molecular
weights. Measurement of intrinsic viscosities allowed calcula-
tion of R, from the measured molecular weights; these calculat-
ed values were close to those assigned from chromatography.
The intrinsic viscosities of the dextran sulfate fractions were
lower than for the other two dextran species. Logarithmic plots
of intrinsic viscosity against molecular weight gave exponents
of 0.97, 1.1, and 0.87 for dextran, dextran sulfate, and DEAE
dextran, respectively. For this limited study, these values were
not significantly different from the theoretical value of 0.8 for a
“self-avoiding’’ chain [18].

Discussion

It was clear from the titration results that basement mem-
brane does possess a net negative charge at physiological pH.
The charge was low, 0.1 mEq/g protein or 12 mEg/liter,
assuming a void volume of 0.85 (unpublished findings) and a
protein specific volume of 0.85 cm®g. This value is considera-
bly lower than values deduced from theoretical analyses of
charge effects on filtration, 120 to 170 mEg/liter [19], 60
mEg/liter [20]. The results from titration reasonably agreed with
the values predicted from the amino acid composition; the
isoelectric point, pH 5.7, compares with a value of pH 5.2
reported from electrophoretic analyses of rat basement mem-
brane [21]. Glycosaminoglycan sulfate groups would not be
easily measurable by titration having a pK = 2, but if present in
significant amounts, they would contribute to the isolectric
point and an appreciable disparity between titratable groups
and amino acid composition would be expected. Transmission
microscopy of the membranes, after allowing the binding of
cationized ferritin, showed clusters of ferritin on the membrane
surfaces [22]. Such binding has been judged characteristic of the
presence of heparan sulfates [23]; this component of the mem-
brane therefore does seem to have been retained during isola-
tion as reported previously [24]. Heparan sulfate accounts for
only 1% by weight of rat basement membrane [25]. If this is so
in the rabbit, and assuming heparan sulfate to contain 14% by
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Fig. 3. Titration curve for renal basement membrane. Experimental
details are described in Methods.

weight sulfate [25], then the negative charge contributed by
sulfate would be ~20 wEq/g. Thus, sulfate would not contribute
significantly to the net charge given the large amount, relative-
ly, of carboxylate anion.

When considering the filtration studies, it is first necessary to
assess how concentration-polarization effects might influence
the observations. Concentration polarization occurs when re-
jected protein accumulates at the filter surface and filtration
behavior is then determined by this local concentration of
solute rather than by the concentration in the overstanding
solution. Polarization is a function of the velocity of solvent
flow through the filter and, for rotary-stirred cells, the speed of
stirring and the cell dimensions. The polarization parameter (
is given by [26]:

Q = Nu/R.,'?Sc'? (1)
where
Nu = 2 Uy * b/D, Rey = @ * b/v, Sc = v/D. 2)

Abbreviations used are: U, solvent velocity; b, cell radius; D,
solute diffusivity; o, stirrer speed (radians sec™); v, solvent
kinematic viscosity; Rey, Reynolds number; Sc, Schmidt num-
ber. For R, greater than 32,000, that is for turbulent stirring,
the exponent of the number (Eq. 1) becomes 0.75 [27]. Polariza-
tion effects become significant at Q > 0.25 [26].

The effects of polarization are evident in the results obtained
with myoglobins (Table 1). When the myoglobins were filtered
alone, with stirring, ! = 0.36, and polarization would be
expected to increase solute flux slightly (10 to 20%). When
stirring was absent, polarization effects were very marked;
solvent flux declined, solute flux increased, and rejection
values were reduced to the point where any differences in
behavior due to charge became obscured. When mixtures of
proteins are filtered, polarization effects are more complex.
Completely rejected proteins predominate in the rejection layer
and act as a barrier to the movement of small proteins [28]. This
effect was seen when myoglobins were filtered in serum. That
polarization had occurred was shown by the reduction in water
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Fig. 4. Filtration of narrow range dextrans
across basement membrane films at pH 5.7
and 7.4. The dextran fractions were prepared
from polydisperse dextrans by
chromatography on Sephadex G-100 columns
as described in Methods. Basement membrane
films were prepared from 0.5 mg of basement
membrane protein in 10-ml filtration cells.
Filtration was at a pressure of 150 kpa with
stirring at 1500 rpm. Dextrans were dissolved
in phosphate-buffered saline at the appropriate
pH; the concentration was 0.5 mg/ml. The
results are the means of two observations on
each of three filters. The bars indicate sp. pH
in A is 7.4; in B 5.7. Symbols are: ®, DEAE
dextran; O, dextran; B, dextran sulfate.
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Table 2. Physical characteristics of narrow fractions of dextran,
DEAE-dextran, and dextran sulfate»

Frac- R. from
Dextran tion R, from gel- M, 7] M, (z)
species number exclusion z-average dl-g”' and [7]
Dextran 1 2.70 = 0.2 18900 0.123 3.34
2 2.30 £ 0.2 13600 0.096 2.75
3 1.75 £ 0.15 9400 0.040 1.81
4 1.45 = 0.1 6500 —_ —
5 1.28 = 0.1 5700 0.043 1.57
DEAE- i 2.69 = 0.2 14700 0.144 3.23
dextran 2 2.28 0.2 12000 0.062 2.29
3 1.77 = 0.15 7300 0.050 1.80
4 1.45 £ 0.1 5800 0.040 1.54
5 1.28 = 0.1 3600 0.035 1.26
Dextran 1 2.73 £ 0.2 15800 0.072 2.63
sulfate 2 2.30 = 0.2 12900 0.045 2.10
3 1.77 £ 0.15 8600 0.027 1.55
4 1.44 = 0.1 5500 0.022 1.25
S 1.27 = 0.1 5300 0.016 1.12

Abbreviations: R., average molecular radii; M,, molecular weight
(relative); 7, dynamic viscosity.

2 The fractions were prepared from polydisperse dextrans by gel-
exclusion chromatography on Sephadex G-100 columns calibrated with
proteins as described in Methods. Molecular weights and intrinsic
viscosities were determined as described, also in Methods.

flow rates by ~75%; similar reductions were found in the
myoglobin flux values. Thus, movement of the myoglobin has
been markedly restricted presumably due to physical obstruc-
tion by the larger proteins in the polarization layer. Size rather
than charge may become predominant in determining rejection
in these circumstances; certainly charge selectivity had been
obscured.

The polarization parameter cannot be determined accurately
for the dextran filtrations since the diffusion coefficients for the
solutes are unknown. Attempts to determine values by ultra-
centrifugation proved unsuccessful since the coefficients were
found to be markedly concentration-dependent in contrast to
the report by Jorgensen and Moller [29]. Diffusion coefficients,

24 2.8 1.2 2.8

Re, nm

calculated from the average radii of the dextrans, gave {} < 0.2
for the largest fraction (radius 4 nm) filtered in the 65 ml cells
(Fig. 1), indicated negligible polarization in these experiments.
For the 10 ml cells (Fig. 4), = 0.46 for the largest fraction and
0.26 for the smallest so that polarization effects would have
influenced these results. However since D, that is, solute
diffusivity, and hence €2, would be independent of charge at the
salt concentrations used, comparisons of filtration behavior of
the different species possessing the same size should remain
valid. Filtrations in serum were affected by polarization since
both water and solute flux rates were reduced. Rejections were
found to be slightly increased (Fig. 2), but charge effects could
still be observed in contrast to the results obtained with
myoglobin. The reason for this difference is unknown, but
dextrans are more readily deformed than proteins and the
polarization layer may thus be a less effective barrier to
movement. There is no experimental evidence as to whether or
not concentration-polarization occurs in glomerular capillaries,
but judging from the present findings, charge dependence would
still be observed if polarization were to occur.

The dependence of filtration behavior on charge was estab-
lished using both myoglobin and dextran. In all the experiments
(Table 1, Figs. 1 and 2), the rejection values of the macromol-
ecules were found to be influenced by charge with rejections
decreasing in the order: anionic > neutral > cationic. When
unfractionated hydrolysates of the dextrans were filtered, there
was a less marked difference in rejection between dextran and
dextran sulfate than between dextran and DEAE dextran (Figs.
1 and 2). In addition the results showed a higher variance than
when narrow range fractions were filtered (Fig. 4) presumably
because the former experiments were more complex in design
resulting in a larger margin of error.

Two approaches were adopted in an attempt to demonstrate
that the differences in the behavior of the dextrans was due to
charge. The first was to examine the physical properties of the
dextrans to judge whether or not the charged and uncharged
species behaved differently in solution. This study was restrict-
ed in the sense that it was pertinent to study only those fractions
which were able to permeate the membranes. In thus restricting
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the study, the small range of results obtained provided only
limited data. Additionally, the small size of the molecules
introduced uncertainty as to whether or not theoretical treat-
ments of polymer folding in solution could be applied since the
theories assume a large polymer chain length. The viscometric
studies indicated that the charged and neutral dextrans behaved
as unperturbed flexible polymers approximating in shape to
spheres. Charge repulsion effects did not affect shape in an
obvious manner and would not be expected to do so in 0.15 M
sodium chloride [30]. The molecular weights of fractions of the
different species of the same Stokes-Einstein radii from gel-
exclusion were similar; these molecular weight values, com-
bined with intrinsic viscosity values, produced calculated radii
close to those measured. This indicates that polymer theory is
indeed applicable to the small molecules studied. That the two
measurements agree also implies that the relationships between
Stokes-Einstein radius and column partition coefficients are the
same for both proteins and polymers. This finding supports
observations made elsewhere [31], but it has been reported that
divergence of behavior is found as molecular weight increases
[29]. Although fractions with the same radii possess similar
molecular weights, the molecules are not identical; the mono-
mer molecular weights of the polymers differ and hence mole-
cules of the same weight will possess different chain lengths.
This might explain why the intrinsic viscosities of dextran
sulfate fractions were somewhat lower than for dextran and
DEAE dextran. Attempts to determine chain lengths using end-
group assay proved imprecise because of the different reactiv-
ities of the end groups of the three polymer species. No obvious
physical differences between the three species were apparent
from these studies supporting the view that differences in
charge account for the differences in filtration behavior.

This contention was proven using the second approach of
examining the filtration behavior of the dextrans at the isoelec-
tric point of the basement membrane when it did not exhibit a
net charge. These experiments (Fig. 4) showed that charge
dependence was reduced or iost at the isoelectric pH. There-
fore, the differences in filtration behavior seen at neutral pH
must result from interactions between the charged polymers
and charges in the basement membrane.

When relating these findings to glomerular filtration, one
major difference to realize is that the membranes used here
were derived from tubules as well as from glomerular capillar-
ies. Clusters of glomerular capillary membrane account for 30
to 40% of the fragments seen in preparations. The clusters were
larger than the fragments of tubular membrane. Hence, the
weight proportion of glomerular membrane is greater than 30 to
40% and neither membrane type predominates. Comparisons of
rabbit glomerular and tubular membrane have shown no major
differences in gross protein or chemical composition [32]. No
obvious differences were seen in the binding of cationized
ferritin [22]. Thus, the two membranes appear to be chemically
very similar and so might be expected to behave similarly.

The basement membrane films show charge-dependent char-
acteristics similar to those found in vivo [1, 2]. One difference is
that the films exhibit higher rejections toward dextrans than is
found for capillary ultrafiltration. Here it should be noted that
the films are twenty times thicker than the single basement
membrane in the capillary wall and behavior of the two barriers
might not be identical. Nonetheless, since the films do show
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charge-dependent rejection, there seems to be no reason to
assume that in the capillary, the charges on cells adjacent to the
basement membrane play a role in this process. It has been
speculated that heparan sulfate may be important in determin-
ing charge selectivity and that loss of this material may contrib-
ute to loss of protein retention in vivo [23]. The present study
shows that the charge-dependent effects are determined primar-
ily by carboxylate anions rather than by the sulfate residues of
glycosaminoglycans. Hence, the functions of the glycosamino-
glycans may lie in cell basement membrane interactions rather
than in sieving. Indeed, the glycosaminoglycan clusters seen on
the basement membranes lie 60 nm apart leaving very large
spaces through which macromolecules could penetrate the
basement membrane.
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