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Abstract

We used dextran sulfate (DS) to evaluate barrier charge selec-
tivity in 11 nonproteinuric subjects and in 11 patients with the
nephrotic syndrome due to either membranous nephropathy or
minimal change nephropathy. The *H-DS preparation spanned
a molecular radius interval of 10-24A and exhibited size-de-
pendent protein binding in vitro. Urine and ultrafiltrates of
plasma were separated by size into narrow fractions using gel
permeation chromatography. The sieving coefficient (#) for ul-
trafilterable DS of 15A radius averaged 0.68+0.03 in nonpro-
teinuric vs. 0.95+0.05 in nephrotic subjects (P < 0.001). Un-
charged dextrans of broad size distribution were used to evalu-
ate barrier size-selectivity in separate groups of nonproteinuric
subjects (n = 19) and nephrotic patients with either minimal
change (n = 20) or membranous nephropathy (n = 27). The
value of 0 for an uncharged dextran of similarly small radius
(~ 18A) was significantly larger than that observed for DS in
nonproteinuric subjects, but was similar in nephrotic individ-
uals. Further, impaired barrier size-selectivity, as assessed by
the sieving profile for uncharged dextrans (18-60A radius),
failed to account fully for the observed level of albuminuria in
almost half of the patients with either minimal change (9/20)
or membranous nephropathy (12 /27). Together these findings
suggest that the human glomerular capillary wall normally pro-
vides an electrostatic barrier to filtration of negatively charged
macromolecules such as albumin, and that impairment of this
electrostatic barrier contributes to the magnitude of albumin-
uria in the nephrotic syndrome. (J. Clin. Invest. 1993.
92:2274-2282.) Key words: dextran sulfate sieving « fractional
protein clearances ¢ pore theory * protein binding ¢ uncharged
dextran sieving

Introduction

The Bowman’s space fluid-to-plasma concentration ratio, or
sieving coefficient (#), of a macromolecule of known radius
and charge density provides the most direct measure of the
intrinsic barrier properties of the glomerular capillary wall
(GCW).! Provided that a filtered macromolecule is neither
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reabsorbed nor secreted by the tubule, dividing its urinary clear-
ance by that of freely filtered inulin corrects for water reabsorp-
tion along the nephron, and the quotient yields the value for 6
(1). Because endogenous proteins undergo a variable rate of
tubular reabsorption, they cannot be used to elucidate the
barrier properties of the GCW (2, 3). Instead, investigators
have employed a variety of nonreabsorbable exogenous poly-
mers for this purpose (4-6).

The substance most widely used to characterize the size
selective properties of the human GCW is dextran 40, an un-
charged and polydisperse polymer of glucopyranose. It is com-
posed of component molecules, which vary between 18 and
70A in radius. A consistent finding in nephrotic subjects with a
variety of underlying glomerular diseases has been a selective
elevation above normal values of 8 for large, nearly imper-
meant dextrans of > SOA in radius (7-14). With the use of
pore theory this finding has been interpreted to indicate that
the GCW is perforated by two parallel populations of pores,
which vary widely in radius. Pores of relatively low radius
(~ 50A) dominate the GCW and are inferred to restrict the
passage of plasma proteins the size of albumin and larger. Pores
of large radius are relatively few in number but are inferred not
to discriminate among macromolecules of up to 60A in radius,
behaving in effect as a shunt pathway (15). Immunoglobulin
G (IgG), a large protein of 55A in radius, has been estimated to
permeate the shunt-like pores at a rate sufficient to explain
fully the observed level of immunoglobulinuria in nephrotic
subjects (7, 9, 11). However, the corresponding rate for trans-
membrane shunting of albumin does not always account com-
pletely for the observed magnitude of the urinary excretion rate
of this relatively small (radius = 36A) but strongly anionic
protein (9, 11).

This finding raises the possibility that the smaller, restric-
tive pores of the GCW might normally hinder passage of albu-
min on the basis of its charge as well as its size (5, 16). Accord-
ing to this hypothesis, an abundance of negatively charged sites
within the GCW could retard albumin electrostatically, pre-
venting it from gaining access to the smaller, restrictive pores
that dominate the GCW. Depletion of these negatively charged
sites consequent upon glomerular injury could impair the elec-
trostatic retardation of albumin, permitting it to pass through
the predominant smaller pores as well as those which are en-
larged and shuntlike, thereby accounting for the phenomenon
of nephrotic-range proteinuria. Support for this hypothesis
comes from the demonstration that the GCW of the healthy rat
restricts the passage of anionic dextran sulfate (DS) more than
that of an uncharged dextran of equivalent size. In contrast, the
GCW of the proteinuric rat cannot discriminate among dex-
tran molecules on the basis of their charge (5, 17). To elucidate
whether this is true also of the human GCW we have estimated
the 6 for both anionic and uncharged dextrans of discrete ra-
dius in subjects with either normal or nephrotic levels of pro-
teinuria.



Methods

Patient population. We studied barrier charge selectivity toward DS in
14 patients who were attending our clinic because of the development
of a nephrotic syndrome due to biopsy-proven minimal change or
membranous nephropathy. We selected patients with the latter two
disorders for study because the morphology of all glomeruli in their
biopsy cores was uniformly altered, suggesting a generalized glomeru-
lar injury. They were aged between 20 and 73 yr and eight were male.
Eleven of the patients had not received treatment and exhibited ne-
phrotic range proteinuria (> 3.5 g/24 h) at the time of study. The
remaining three patients, all with minimal change nephropathy, had
entered a complete remission of proteinuria (< 0.2 g/24 h) after a
3-mo course of cyclosporine therapy. Eight healthy volunteers whose
age varied between 21 and 31 yr, and five of whom were males, served
as controls. All denied a history of renal disease, hypertension and
diabetes, and each tested negative for proteinuria by dipstick.

In a parallel study of barrier size selectivity toward uncharged dex-
tran 40 we studied an additional 47 nephrotic patients (20 with mini-
mal change nephropathy and 27 with membranous nephropathy) and
19 healthy controls. The age range was similar (15-71 yr for nephrotics
and 18-54 yr for controls) and the male gender was predominant in
each group. The uncharged dextran sieving data for approximately one
half of the nephrotic subjects of the parallel study group have been
reported previously (9, 11).

Protocol. Patients and volunteers were admitted to the General
Clinical Research Center at Stanford University Medical Center. Dif-
ferential solute clearances were performed during water diuresis after
each subject had given informed consent to the procedure. Either un-
charged dextran 40 (130 mg/kg) or 100 uCi of tritiated DS (*H-DS)
was infused as a bolus along with inulin (50 mg/kg) and para-amino-
hippurate (PAH, 12 mg/kg). Dextran 40, inulin, and PAH (but not

.3H-DS) were then infused continuously to maintain the plasma con-
centration of each marker constant. After a 60-min equilibration pe-
riod, four carefully timed 30-min urine collections were made along
with bracketing samples of plasma. The average urinary clearance of
inulin was equated with the GFR. The corresponding clearance of
PAH divided by an estimate of its renal arteriovenous extraction ratio
was used to derive the rate of renal plasma flow (18). An additional
determinant of GFR, the oncotic pressure of plasma, was determined
by membrane osmometry.

The 8 for uncharged dextrans in the parallel study was determined
after separation of dextran molecules in urine and deproteinized
plasma of the first collection period into narrow 2A fractions over the
18-60A molecular radius interval. This was accomplished by gel perme-
ation chromatography (GPC), using Ultragel ACA 44 (LKB, Inc.,
Pleasant Hill, CA). The 6 for each discrete fraction was derived by
dividing its urine-to-plasma concentration ratio by that of inulin. An
autoanalyzer technique which has been described elsewhere was used
to assay inulin, PAH, and dextran concentrations (7-10). An enzyme-
linked immunosorbent assay was used to determine the simultaneous
clearances of endogenous IgG and albumin (7-10). The dextran sul-
fate used in both clearance and various in vitro studies was tritiated,
and its specific activity in all biological and artificial fluids was deter-
mined by scintillation counting. Samples were mixed 1:10 parts with
Cytoscint-ES scintillation fluid (ICN Biomedicals, Irvine, CA) and
counted for 10 min on a model LS-9000 scintillation counter (Beck-
man Instruments, Inc., Fullerton, CA).

Physicochemical properties of dextran sulfate. We selected DS as a
probe of the filtration barrier because it has been shown to be neither
reabsorbed nor secreted by the tubule (5). Comparing its 6 to that of
uncharged dextran of similar size thus provides a convenient method
for isolating the charge-selective properties of the GCW. The prepara-
tion used in the present study was a gift from its manufacturer, Ueno
Fine Chemicals, Inc., Osaka, Japan. Its use as an investigational drug
had been approved by the U. S. Food and Drug Administration for the
treatment of patients with HIV infection. This approval was extended

to include its use in the present study as a probe of the glomerular
charge-selective barrier in humans. Based on the pharmacokinetic
properties of the preparation, we calculated that a dose in the toxic
range would have to be infused to achieve steady-state plasma concen-
trations within the range assayable by anthrone or refractive index
(19). We accordingly obtained permission from our Institutional Re-
view Board to label the preparation with tritium and administer a
tracer dose of 100 uCi.

The tritiation was performed by the Research Products Division of
New England Nuclear Corp. (Boston, MA). DS (1,000 mg) was dis-
solved in 3 ml of water. Using 150 mg of 5% Rh/Al,O; as a catalyst, 30
Ci of tritium gas was added to the solution and the reaction stirred for
48 h at room temperature. We then passed 1 mCi of the final prepara-
tion over desalting columns (Econo-Pac 10 DG, Bio-Rad Laboratories,
Hercules, CA) to remove free tritium, which accounted for 70% of the
radioactivity.

We determined the molecular radius distribution of the final *H-DS
preparation using GPC over an 82-cm-long column with an internal
diameter of 5 cm. The column bed was Sephadex G75 (Pharmacia
Fine Chemicals, Uppsala, Sweden) which we calibrated with four
narrow fractions of dextran of known radius provided by Pharmacia. A
0.3% solution of sodium chloride was used as the eluent. The *H-DS
exhibited a Gaussian distribution of radii ranging from 10 to 24A with
a peak radius at 16A (Fig. 1). The same GPC technique revealed our
inulin preparation (Isotex Ltd., Austin, TX) to have an essentially
identical distribution of radii (Fig. 1). The sulfate content of the dex-
tran sulfate preparation was estimated to be 13.5% by Galbraith Labora-
tories, Inc. (Knoxville, TN), indicating it to be strongly anionic.

Adsorbent columns containing dextran sulfate have recently been
shown by Knisel et al. (20) to remove a variety of serum proteins
during the extracorporeal circulation of human plasma. To estimate
the extent of protein binding by DS we performed in vitro experiments
using both equilibrium dialysis (Spectrum Medical Industries, Los An-
geles, CA) and a stirred cell ultrafiltration apparatus (Amicon Corp.,
Beverly, MA). A membrane with a 50 kD molecular weight cutoff was
employed in both systems. All experiments were performed at room
temperature using a stir bar to achieve continuous rotation of the sam-
ple in order to avoid concentration polarization.

Two equilibrium dialysis experiments were performed. In the first 1
ml of Krebs buffer was added to the chambers on each side of the
membrane. In the second experiment 1 ml of Krebs buffer was added
to one chamber and 1 ml of normal human serum to the other. Tracer
amounts of *H-DS, calculated to result in a final concentration similar
to that observed in serum in vivo, was added to Krebs buffer in one
chamber in the first experiment, and to serum in the second experi-
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Figure 1. Sephadex G-75 chromatogram of infusate *H-DS (o) and
inulin (- - - +) reveal a similar size distribution. The peak radius for
each marker approximates 16A.
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ment. Each chamber was then sampled after 30 min, and 1, 15, 23, and
50 h. Equilibration was achieved after 50 h only in the Krebs buffer
experiment (Fig. 2). In the serum experiment a steady state was
reached after 15 h with 69% of the *H-DS remaining on the serum side
and 31% on the Krebs buffer side of the membrane. Dividing the latter
(free) by the former (free + bound) indicates that only 45% of the
3H-DS was not protein bound.

For the ultrafiltration experiments tracer amounts of *H-DS were
added to Krebs buffer, Krebs buffer containing human albumin in
concentrations varying from 0.01 to 40 mg/ml, nephrotic and normal
urine, and nephrotic and normal serum. 10 ml of each solution was
placed in the sample chamber and subjected to an ultrafiltration pres-
sure of 50-100 mmHg for 30 min, yielding ultrafiltrate volumes which
were 15-20% of the initial sample volume. Each experiment was re-
peated after addition of nonisotopic DS in amounts equimolar with the
albumin in each solution. Whereas 90% of the *H-DS was recovered in
the ultrafiltrate of pure Krebs buffer, recovery fell to between 30% and
40% in the albumin-containing Krebs solutions. Similarly, recovery of
H-DS in ultrafiltrate of normal urine was 86%, but corresponding
recovery from nephrotic urine or normal or nephrotic serum, varied
from only 30% to 40%. Addition of an excess of cold DS to each of the
foregoing solutions restored recovery to ~ 90% (Fig. 3).

To examine the effects of molecular radius on protein binding,
3H-DS added to Krebs buffer or human serum was separated into four
fractions by elution from the Sephadex G75 columns and the ultrafil-
tration experiments were then repeated on each eluate. The recovery of
3H-DS from eluted fractions in Krebs buffer of varying molecular ra-
dius varied from 85% to 100%. In contrast, recovery of each fraction
from serum varied with the molecular radius of the *H-DS in the frac-
tion, declining progressively from 78% for the 10A radius fraction to
only 13% for the 24A fraction (Fig. 4). That this phenomenon most
likely represents size-dependent binding of DS to serum protein was
confirmed by restoration of recovery to levels observed with Krebs
buffer when an excess of cold DS was added to each serum sample prior
to chromatographic separation (Fig. 4).
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Figure 2. Equilibrium dialysis experiments where Krebs buffer (upper
panel) or serum spiked with *H-DS (lower panel) has been dialyzed
against Krebs buffer alone.
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Figure 3. Recovery of *H-DS in ultrafiltrates of normal or nephrotic
urine (/eft) and normal or nephrotic serum (right, open bars). Addi-
tion of excess cold DS before filtration restored recovery of *H-DS in
ultrafiltrates to ~ 90% in both fluids (solid bars).

Determination of 9 for dextran sulfate. In light of our finding that
DS is indeed extensively protein-bound we used the stirred-cell ultrafil-
tration apparatus to prepare ~ 2 ml of ultrafiltrate from 10 ml of
plasma (5 ml from each plasma sample bracketing the first urine col-
lection). We calculate the fraction of *H-DS bound to circulating albu-
min to account for only < 1% of observed specific activity in normal or
nephrotic urine, indicating that the extensive binding of *H-DS to pro-
tein in nephrotic urine occurred along the nephron or in the collecting
system. We accordingly eluted the ultrafiltrate of plasma along with
unfiltered urine containing an excess of cold DS from Sephadex G75
columns to isolate the peak *H-DS fraction from each fluid. We then
determined 6 for this narrow DS fraction using the equation:

bps = (U/ PF)ps + (U/ P)inutin (1)
where (U/PF)ps is the specific activity ratio of unfiltered urine-to-
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Figure 4. Recovery of *H-DS from ultrafiltrates of Krebs buffer (X,
open bar) and serum (S, solid bar) after separation by GPC into four
fractions of discrete radius. Addition of excess cold DS to serum be-
fore filtration restores recovery in fractions of the latter (S+, stippled
bars) to values similar to those in corresponding Krebs’ fractions.



plasma filtrate; and (U/ P);puin is the urine-to-plasma concentration
ratio for inulin.

Data and statistical analysis. To characterize the size-selective
properties of the glomerular filtration barrier, we applied the 6 for un-
charged dextrans in the 24-60A radius interval to a heteroporous
membrane model that has been described in detail previously (15). In
this model, the major portion of the capillary wall is assumed to be
perforated by restrictive, cylindrical pores of identical radius (ry). The
model assumes that there exists in addition a parallel shunt pathway
that does not discriminate on the basis of dextran size (up to 60A
radius), and through which passes a small fraction of the filtrate vol-
ume. The shunt pathway is characterized by a parameter, w,, which
governs the fraction of the total filtrate volume passing through this
nonrestrictive portion of the membrane. In addition to ry and w, the
membrane barrier to filtration of water and uncharged macromole-
cules is characterized by an ultrafiltration coefficient (K ), the product
of effective hydraulic permeability and total glomerular capillary sur-
face area (for two kidneys). The approach used for calculating these
intrinsic membrane parameters separates their effects on fractional
dextran clearance from those of purely hemodynamic changes (15).
An additional value that can be derived from this membrane model
(15), is the clearance of a hypothetical macromolecule that is attribut-
able to the shunt pathway (6, ). Because the luminal concentration of a
retained macromolecule will increase with distance along the glomeru-
lar capillaries as water is removed by ultrafiltration, 6, slightly exceeds
the fraction of filtrate volume passing through the shunt pathway. By
deriving 6, and comparing it to the corresponding fractional clear-
ances of albumin and IgG in the nephrotic patients of the parallel
study, we have attempted to elucidate whether the magnitude of the
urinary losses of these proteins can be attributed solely to the postu-
lated shunts.

The significance of differences between the two groups studied with
dextran sulfate was evaluated by a two-tailed unpaired Student’s ¢ test.
An analysis of variance and Scheffe’s test were used to evaluate the
significance of differences among nephrotic patients with either mini-
mal change or membranous nephropathy and healthy controls in the
parallel study of uncharged dextran sieving. Most group values are
expressed as the mean+standard error. The exceptions are group data
with a skewed distribution, which are expressed as a median and a
range.

Table 1. Glomerular Function in DS Sieving Study

Nonproteinuric Nephrotic
(n=11) (n=11)
Glomerular filtration rate
(ml/min per 1.73 m?) 97+6 45+13%
Renal plasma flow
(ml/min per 1.73 m?) 507+36 399+77
Filtration fraction 0.19+0.01 0.13+0.01%
Plasma oncotic pressure
(mmHg) 24.2+0.6 13.8+1.3%
Albumin excretion rate* 6 5557%
(ng/min) (1-26) (1,276-14,322)
IgG excretion rate* 2 220%
(ug/min) (1-4) (77-1,946)
Fractional albumin clearance* 0.2 879%
(x107°%) 0.1-1) (79-7,328)
Fractional IgG clearance* 0.1 268*
(x107%) (0.1-0.5) (16-4,074)

* Values are median (range). ¥ P < 0.01 vs. controls.
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Figure 5. Distribution of *H-DS in representative chromatograms of
urine (0) and plasma ultrafiltrate (e ) is different from that in chro-
matogram of *H-DS in infusate (—). The largest DS molecules are
underrepresented in urine and plasma ultrafiltrate, reflecting size-de-
pendent protein binding and glomerular filtration. The two peak
fractions (corresponding to a radius of ~ 15A) in urine and plasma
ultrafiltrate have been used to calculate 6§ for DS.

Results

Dextran sulfate sieving. Neither GFR and its determinants nor
the magnitude of urinary protein losses differed between the
eight healthy volunteers and the three patients with minimal
change nephropathy which had entered a complete remission.
For purposes of statistical analysis, we have thus combined
these two categories into a single nonproteinuric group. Their
glomerular function is compared to that of the nephrotic group
in Table I. In addition to urinary excretion rates and fractional
clearances of albumin and IgG that were larger by two to three
orders of magnitude, the nephrotic group differed from the
nonproteinuric group in that the GFR, filtration fraction and
plasma oncotic pressure were all significantly depressed.

The peak radius of DS in plasma ultrafiltrate and urine was
shifted to slightly smaller size than in infusate due to a combina-
tion of protein binding and size dependence in glomerular fil-
tration (Fig. 5). Only the specific activity of the 2 peak eluted
fractions of *H-DS in plasma ultrafiltrate was sufficiently above
background to be accurately determined in every case, varying
between 400 and 2,300 cpm. We accordingly used the average
value of these two peak fractions (corresponding to a molecu-
lar radius of 15A) and the corresponding aligned fractions in
urine to calculate the § for DS. The 6 for this 15A radius DS
molecule averaged 0.68+0.03 in nonproteinuric subjects. For
nephrotic subjects by contrast, corresponding 6 for the 15A
radius DS was elevated significantly to 0.95+0.05 (P < 0.001)
(Table II).

Uncharged dextran sieving. The measures of renal function
in both the nephrotic and nonproteinuric groups in the parallel
study were similar to the values listed for the corresponding
DS-infused groups and are summarized in Table II1. As before,
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Table II. Sieving Coefficients (8) for 154 DS

Nonproteinuric Nephrotic
Case Category [/ Case Category [/
1 healthy control 0.68 1 membranous 0.93
2 healthy control 0.64 2 membranous 0.76
3 healthy control 0.49 3 membranous 1.06
4 healthy control 0.68 4 membranous 1.04
R healthy control 0.80 5 membranous 1.02
6 healthy control 0.79 6 MCN 0.63
7 healthy control 0.67 7 MCN 1.04
8 healthy control 0.81 8 MCN 1.09
9 remission MCN 0.55 9 MCN 1.02
10 remission MCN 0.66 10 MCN 1.09
11 remission MCN 0.75 11 MCN 0.77
Mean (+SE) 0.68+0.03 0.95+0.05*

MCN, minimal change nephropathy. * P value = 0.0001 vs. nonproteinuric.

‘nephrotic range proteinuria was accompanied by depression of
the GFR, filtration fraction, and oncotic pressure ( Table III).
The magnitude of glomerular injury tended to be greater in the
subset with membranous nephropathy than in the subset with
minimal change nephropathy, however. The GFR was signifi-
cantly lower, averaging 54+6 vs. 75+9 ml/min per 1.73m?,
respectively (P < 0.05). Judged by higher median values for
the fractional clearances of albumin (700 vs. 491 X 1073, P
= NS)and IgG (109 vs.41 X 103, P=NS), glomerular perme-
ability to proteins tended to be more enhanced in membranous
than in minimal change nephropathy.

A qualitatively similar alteration of the uncharged dextran
sieving profile was observed in each category of nephrotic glo-
merular injury (Fig. 6). Compared to control values, the 6§ for

Table III. Glomerular Function
in Parallel Uncharged Dextran Sieving Study

Nonproteinuric Nephrotic
(n=19) (n=47)
Glomerular filtration rate
(ml/min per 1.73 m?) 108+3 63+5%
Renal plasma flow
(ml/min per 1.73 m?°) 584425 628+61
Filtration fraction 0.19+0.01 0.12+0.01%
Plasma oncotic pressure
(mmHg) 22.8+0.4 13.9+0.6*
Albumin excretion rate* 6 58274
(ug/min) (2-32) (2,200-26,300)
IgG excretion rate* 1.3 234%
(ug/min) (0.2-4) (8-2,719)
Fractional albumin clearance* 0.3 584%
(X107%) (0.1-1) (88-8,880)
Fractional IgG clearance* 0.1 93t
(x107%) (0.1-0.4) (5-9,367)

* Values are median (range). * P < 0.01 vs. controls.
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low radius dextrans (< 50A radius) was depressed, whereas
for large nearly impermeant dextrans of > 52A was signifi-
cantly elevated. In keeping with the higher values for fractional
protein clearances in membranous than minimal change ne-
phropathy, the values for 8 over the entire range of molecular
radii examined tended to be higher in the former (Fig. 6).
We used the 0 for dextran, measured GFR, renal plasma
flow and plasma oncotic pressure and an assumed value for the
glomerular transcapillary hydraulic pressure difference (AP) of
35 mmHg to compute membrane parameters for each member
of the two nephrotic categories and the control group (Table

Fractional Dextran Clearance

.001

24 28 32 36 40 44 48 52 56 60
Dextran Radius (A)

Figure 6. Fractional dextran clearance profiles in the parallel groups
of healthy controls (0), MCN (a ), and MN (m). An asterisk indicates
significant differences between the values for 6 in the two nephrotic
groups vs. controls (P < 0.01).



Table 1V. Membrane Parameters
in Unchanged Dextran Sieving Study

Nonproteinuric MCN MN
(n=19) (n=20) (n=27)
Ultrafiltration coefficient,
K¢ (ml/{min-mm Hg}
per 1.73 m?) 14.7£1.6* 4.6+0.7* 3.0+0.3¢
Restrictive pore radius
(ro, A) 57.2+0.2* 52.3+0.5*  53.9+0.5¢
Shunt parameter
(wo X 1073) 1.3 5.0% 6.5¢
(0.6-2.8) (0.4-40) (2.7-32.3)
Fractional clearance via 3.6* 7.3% 7.9%
shunt (9, X 1073 (2-11.8)  (1.1-35.0) (4.7-38.8)

Means that are not different are represented with the same symbol.

IV). Computed K was depressed by 80% in membranous ne-
phropathy and by 69% in minimal change nephropathy, indi-
cating a severe loss of ultrafiltration capacity in each disorder.
The radius of restrictive pores was also lowered in each cate-
gory of the nephrotic syndrome, on average by 3 and 5A, respec-
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Figure 7. The ratio of fractional protein clearance-to-6,, in individual
nephrotic subjects of the parallel study. Albumin is shown in the up-
per panel and IgG in the lower panel. Solid bars represent patients
with membranous and light stippled bars patients with minimal
change nephropathy. The dashed horizontal lines indicate equality of
the fractional protein clearance with 8, the fractional clearance of

a hypothetical macromolecule through the shunt pathway.

tively (Table IV). However, judged by an elevation of the me-
dian value for wy, which reached fivefold in membranous ne-
phropathy and fourfold in minimal change nephropathy, a
considerably larger fraction of filtrate volume permeated the
shuntlike pores in each nephrotic subset than in the nonpro-
teinuric control subjects (Table IV).

The foregoing membrane parameters were used to calculate
the fractional clearance of a hypothetical macromolecule attrib-
utable to the shuntlike pores (Table V). This quantity is de-
noted by 6, and neglects tubule reabsorption. The relationship
between the fractional clearance of each protein and 6, in indi-
vidual nephrotic subjects of the parallel study is illustrated in
Fig. 7. Judged by the fractional clearance -to-§, ratio, the value
for 0., is similar to or in excess of the corresponding fractional
IgG clearance in almost all instances, suggesting that trans-
membrane shunting can account for the level of immunoglobu-
linuria in these two nephrotic disorders. In contrast, the frac-
tional albumin clearance exceeded 0, in a substantial fraction
(21/47) of the nephrotic subjects, regardless of whether they
were suffering from membranous or minimal change nephropa-
thy (Fig. 7). Recalling that a fraction of filtered albumin is
reabsorbed, this finding suggests that the smaller restrictive
pores must also be permeable to albumin in at least some ne-
phrotic patients with minimal change or membranous ne-
phropathy.

That enhanced permeability to albumin of restrictive pores
could be a consequence of impaired electrostatic retardation is
suggested by a comparison of § for the 15A radius DS with that
of @ for the smallest assayable molecule of uncharged dextran
(18-22A in radius) in the parallel study (Fig. 8). Because all
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Figure 8. The 0 for anionic dextran sulfate (DS, solid bars) and neu-
tral dextran of similar radius (18-22A, D, open bars) in nonprotein-
uric controls (/eff) and nephrotic subjects (right).
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assayable dextran molecules of < 26A were unrestricted by the
GCW of the control subjects of the parallel study (Fig. 6), we
infer that § for an uncharged dextran of 15A radius must also
be 1.0. For the nonproteinuric groups, the 6 for DS was signifi-
cantly lower than the corresponding @ for uncharged dextran
0.68+0.03 vs. 1.00+0.04, respectively (P < 0.001). For the
nephrotic groups by contrast, the respective values of 6 for DS
and uncharged dextran were similar, 0.95+0.05 vs. 0.85+0.03,
respectively (P = NS). Thus, unlike the healthy GCW, the
nephrotic GCW appears not to discriminate between anionic
and uncharged dextran molecules of similar radius.

Discussion

Numerous studies using experimental animals have shown
that the normal glomerular capillary wall is a charge-selective
barrier. In rats and dogs, values of 8 for various anionic macro-
molecules have been shown to be lower than 8 for neutral mac-
romolecules of similar size and chemical structure (5, 21-30),
which in turn are lower than values of 6 for otherwise similar
cationic macromolecules (24-26, 28, 29, 31). In other words,
transport of negatively charged macromolecules is hindered,
and that of positively charged macromolecules is enhanced,
relative to uncharged macromolecules. The present results
with DS provide the first direct evidence that the glomerular
capillary wall in humans normally exhibits charge selectivity
similar to that reported for experimental animals.

DS was chosen as the charged probe because, like dextran,
it has been shown not to be reabsorbed (5, 23). Accordingly, its
fractional urinary clearance equals its sieving coefficient, or
Bowman’s space-to-plasma concentration ratio. By contrast,
drawing conclusions about glomerular barrier properties from
the urinary excretion of albumin is made difficult by the fact
that the fractional reabsorption of albumin normally ap-
proaches unity (2, 3), and can be estimated in humans only
indirectly (32). An important disadvantage in the use of DS,
not previously recognized, is its tendency to bind to plasma
proteins. For the polydisperse preparation used here, only
~ 45% of the DS in serum was not protein bound. In concur-
rent studies of the same DS preparation, the extent of binding
to proteins in rat plasma (48% not bound) was found to be
similar (33). The situation is further complicated by the fact
that the percentage bound depends on the molecular radius of
the DS, increasing as molecular radius increases. Thus size ex-
clusion chromatography of an ultrafiltrate of plasma and of
urine is necessary in order to determine the true sieving coeffi-
cient for DS.

The failure to account for protein binding in earlier studies
using DS makes the quantitative interpretation of those results
difficult. However, it must be emphasized that the current find-
ings are qualitatively the same, namely that DS is restricted
relative to neutral dextran of similar size. Moreover, similar
glomerular selectivity has been demonstrated towards proteins
of similar size but varying charge in studies where urinary clear-
ances have been adjusted for reabsorption by measuring accu-
mulation of the test protein in renal tissue. This approach has
been employed in rats using neutral, anionic, and cationic
forms of horseradish peroxidase (24-26, 28, 29) and anionic
and neutral forms of bovine serum albumin (34).

It has been proposed that the charge selectivity of the glo-°
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merular capillary can be attributed to an electrostatic potential
difference created by fixed negative charges within the capillary
wall, as in a Donnan equilibrium (16). In this model the capil-
lary wall is represented as an equivalent homogeneous mem-
brane containing a uniform concentration, C,, of fixed nega-
tive charges. According to this simplified approach, the only
property of a test macromolecule which affects its electrostatic
interaction with the membrane is its total charge, or effective
valence, z. For the 15A radius DS, we calculate that z = —11,
based on an estimate of the number of sulfate groups and a
correction for counterion condensation (see Appendix ). Using
the values of GFR, renal plasma flow, and oncotic pressure in
Table I, an assumed value of AP = 35 mmHg, the effective pore
radius in Table IV, and 6 = 0.68, we obtain C,, = 90 meq/liter
for healthy humans. Applying the same approach to the recent
data for normal Munich Wistar rats (33 ), where protein-bind-
ing was corrected for, and 8 = 0.46 for r, = 18A, we calculate?
that C,, = 60 meq/liter. The present estimates of C,, from
dextran sulfate data are about one-half those reported previ-
ously (35). This is primarily because a different method was
used to estimate z for DS, and not because of any large differ-
ence between the values of 6 used here and those reported in
earlier studies. It is interesting to note that the present estimate
of C,, for rats agrees with the value calculated from data re-
ported for neutral and charged species of horseradish peroxi-
dase (35). It must be emphasized that, because this simplified
model does not incorporate any details of where the fixed
charge resides, and does not account for the effects of molecu-
lar size or shape on electrostatic interactions, the values of C,,
do not necessarily correspond to actual charge concentrations
within any given part of the capillary wall. Like values of effec-
tive pore radius, they are useful for making comparisons within
the context of a particular model.

In addition to furnishing the first direct evidence that the
human glomerular capillary wall is normally charge-selective,
the present results also provide the first demonstration that this
charge-selectivity is impaired in nephrotic humans. For the
nephrotic groups studied there was no significant difference
between 0 for DS and 8 for uncharged dextran of similar size.
Losses of charge-selectivity have been demonstrated also in sev-
eral rat models of glomerular injury, including nephrotoxic
serum nephritis (5), puromycin aminonucleoside nephrosis
(17), and renal ablation (24, 33). As already discussed, the loss
of charge selectivity in the nephrotic individuals provides an
attractive explanation for the fact that the rate of albumin ex-
cretion often exceeded what could be accounted for by postu-
lating the emergence of large, shuntlike pores (Fig. 7). In other
words, the magnitude of the defect in glomerular size selectiv-
ity, as measured by the increased filtration of large, neutral
dextrans, was insufficient in many cases to explain the extent to
which albuminuria was enhanced. Because albumin is a po-
lyanion, a reduction in the fixed negative charge associated

2. The mean value for systemic protein concentration reported by
Mayer et al. (33) was C, = 4.7 g/dl. For the other inputs necessary in
the charge model for which data were not reported, we chose values
representative of a large number of studies in normal euvolemic Mun-
ich-Wistar rats, as summarized by Maddox et al. (35): effective pore
radius, ry = 50A; glomerular plasma flow rate, Q, = 150 nl/min; glo-
merular ultrafiltration coefficient, K; = 5.6 nl/min/mmHg; and glo-
merular transcapillary pressure difference, AP = 35 mmHg.



with the small-pore part of the membrane could greatly en-
hance its filtration. According to the aforementioned electro-
static model, a reduction in C,, from 90 meq/liter to 0 would
result in a hundred fold increase in albumin filtration (35).

Given the results for dextran and DS, the albuminuria ob-
served in minimal change and membranous nephropathy prob-
ably reflects a combination of size-selective and charge-selec-
tive defects. However, it is not yet possible to calculate the
relative importance of the two types of defects. Studies in the
rat have shown that, for a given value of molecular radius,
dextran passes through the glomerular capillary wall more
readily than does another uncharged test macromolecule, Fi-
coll (6, 36). Diffusion studies with synthetic membranes sug-
gest that Ficoll behaves like the neutral, spherical molecule
envisioned in the theory of hindered transport through pores,
whereas transmembrane diffusion of dextran is more rapid
than expected from its molecular radius (37, 38). This facilita-
tion of dextran transport implies that the use of dextran data to
evaluate membrane pore parameters will tend to overestimate
the effective pore size (36). It is possible that the contribution
of the shunt pathway, as reflected by the value of 8, is also
overestimated by using dextran. Thus, whereas the dextran
data in the nephrotic subjects clearly demonstrate that there is
a size-selective defect, studies with Ficoll or other more ideal
test macromolecules are needed to better establish the precise
magnitude of that defect. The finding that dextran sulfate binds
to plasma proteins makes it clear that future studies would
benefit also from the development of a more ideal marker for
glomerular charge selectivity.

Appendix

Estimation of molecular charge for DS. The measured sulfur
content of 13.5% by weight indicates that the sodium dextran
sulfate had an average of 1.2 sulfate groups (1.2 negative
charges) per glucose monomer. In the absence of suitable dex-
tran sulfate standards of known molecular weight (M), which
would have permitted determination of M for our material by
size-exclusion chromatography, we assume that our DS had
the same number of monomers (#) as a neutral dextran mole-
cule of equivalent Stokes-Einstein radius, r,. Using a recently
reported correlation between r, and M for neutral dextran
(36), My, = 2600 for r, = 15A and therefore np, = 16. Assuming
nps = np and accounting for the difference in monomer mass
(284 vs. 162), Mps = 4500 for r, = 15A.

With npg = 16 and an average of 1.2 sulfate groups per
monomer, the total stoichiometric charge is —(1.2)(16)
= —19. However, it has been found that if the stoichiometric
charge density of a linear polyelectrolyte exceeds a certain
limit, counterions are so strongly attracted to the polymer that
they neutralize any additional charge. This phenomenon is
termed “counterion condensation.” According to the simplest
model for counterion condensation, developed by Manning
(39), if the polyelectrolyte is represented as a series of charges
arranged in a line, the average spacing between charges cannot
be less than the Bjerrum length

e2

Ly = 4meky T’

where e is the electronic charge, ¢ is the permittivity, kg is Boltz-

mann’s constant, and T is absolute temperature. For water at
37°C, Ly = 7.25A, which exceeds the length of a glucose mono-
mer (Ly, = 5.2A) and the average spacing of sulfate groups on
DS (5.22\/ 1.2 = 4.3A). Thus, the effective charge of DS will be
less than its stoichiometric charge. It follows that the effective
charge zof DSis |z| = npg Ly/Lg = 0.72 npg. For npg = 16, z
—0.72 (16) = —11. This is the effective charge of DS for r,
15A. A similar calculation for DS with r,= 18A, the size used
in the recent study by Mayer et al. (33) with rats, yields z
=—17.

Previous estimates of z for DS were based on measurements
of electrophoretic mobility (16). The relationship derived
yields a much smaller value for z, —3.7 at r, = 15A vs. the
present value of —11. The problem with the electrophoretic
mobility approach is that there is a complex and not fully char-
acterized relationship between the charge distribution on a lin-
ear polyelectrolyte, its hydrodynamic behavior, and its electro-
phoretic mobility. It is likely that the model used to interpret
the mobility measurements was oversimplified. Recent data on
the diffusion of polystyrene sulfonate through charged mem-
branes (40) supports the use of a stoichiometric charge
corrected for counterion condensation.
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