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A B S T R A C T Weevaluated glomerular barrier func-
tion in 28 patients with glomerulonephritis. Neutral
dextrans of graded size were used to characterize the
size-selective properties of the barrier. Charge selec-
tivity was characterized by electrofocusing excreted
urinary proteins. A fractional IgG clearance (relative
to freely permeable inulin), smaller or greater than
100 X lo- was used to distinguish patients with minor
(group I, n = 13) and major (group II, n = 15) urinary
IgG leakage, respectively. Fractional clearances of
smaller dextrans (radii 20-50 A) were similar, but
those of larger dextrans (radii 52-60 A) were elevated
in group II relative to group I patients. A model of
solute transport through a bimodal pore size distri-
bution revealed the values for pore radius in the lower
mode to approximate 51-55 A in both group I and
group II patients. Pore radius in the upper mode, by
contrast, was much larger in group II than in group
I patients, approximating 87-97 vs. 72-77 A, respec-
tively. Electrofocusing of urinary protein from
group I patients revealed mostly albumin (isoelectric
point 5.2). In group II patients, however, immuno-
globulin excretion was copious. Moreover, the
distribution of anionic, neutral, and cationic species
(isoelectric points 5.5-8.5) in urinary and plasma
eluates of IgG2 and IgG4 was similar. Weconclude that
when glomerulonephritis is associated with selective
albuminuria, as in group I, there is an isolated reduc-
tion of electrostatic retardation of relatively small an-
ionic proteins. Major urinary IgG leakage (group II),
however, appears to result from the development in
the glomerular membrane of a subpopulation of en-
larged pores that are highly permeable towards pro-
teins of large size and varying charge.
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INTRODUCTION

Although proteinuria is an invariable finding in pa-
tients with proliferative glomerulonephritis, it may
vary considerably in magnitude and composition. Nu-
merous attempts have been made to use differences
in the urinary clearance of individual proteins of
graded size to characterize the glomerular barrier to
protein filtration (1-4). However, uncertainty regard-
ing the fraction of filtered protein reabsorbed from
proximal tubular fluid precludes an estimation of the
Bowman's space-to-plasma concentration ratio of the
test protein and hence a quantitative description of
sieving characteristics of the glomerular barrier (5-7).
Moreover, previous studies that have related the clear-
ance of individual proteins to their molecular size have
failed to consider the important influence of negatively
charged components of the glomerular capillary wall
on the rate of protein filtration (8-10).

These limitations of endogenous proteins as glo-
merular transport probes can be circumvented by the
use of exogenous inert polymers, such as dextrans and
polyvinylpyrrolidones (PVP)', which are neither se-
creted nor reabsorbed by the tubule (11). By compar-
ing the clearance of a dextran or PVP molecule of
known size and charge density with that of freely per-
meable inulin, it is possible to accurately characterize
the glomerulus as a macromolecular sieve (12, 13).
Theoretical analyses of the permselective properties
of the healthy human and rodent glomerulus toward
neutral preparations of these polymers have indicated
that mean pore radius approximates 50-55 A
(11, 12, 14). This also appears to hold true for the
nephritic rodent glomerulus (15).

Of the large plasma proteins excreted in the urine
of nephritic subjects, albumin and IgG are the most

I Abbreviations used in this paper: ERPF, effective renal
plasma flow; GFR, glomerular filtration rate; PAH, para-
aminohippurate; PVP, polyvinylpyrrolidone.
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copious. The former has an effective molecular radius
of only 36 A, but is highly anionic in physiological
solution (isoelectric point - 5.2). Accordingly, en-
hanced transglomerular passage of albumin could, in
theory, result exclusively from reduction of the density
of fixed negative charges in the glomerular capillary
wall (9, 10). Defective electrostatic barrier function
is unlikely, however, to account for increased trans-
glomerular passage of IgG. Two of the four major sub-
classes of IgG are only weakly charged and have iso-
electric points close to neutrality (16). More impor-
tantly, determinations of the effective molecular
dimensions of IgG reveal it to have a radius of

55 A (17, 18), with the result that it should be ex-
cluded effectively from Bowman's space on the basis
of its size alone.

In an effort to resolve the respective contributions
to proteinuria of charge depletion and size defects in
the glomerular filter, we have used a differential mac-
romolecule clearance technique to study 28 patients
with proliferative glomerulonephritis. Polydisperse
neutral dextran (with effective molecular radii of 20
to 60 A) was used to define the size-selective properties
of the glomerular capillary wall. In the hope that the
charge-selective properties of the glomerular filter in
proliferative glomerulonephritis might be elucidated,
we also subjected urinary and plasma eluates of IgG
to electrofocusing. Our findings form the basis of this
report.

METHODS

Patient population
Studies of glomerular barrier function were performed in

28 proteinuric patients with biopsy-proven glomerulone-
phritis. In each instance, the glomerulonephritis was char-
acterized by increased glomerular cellularity, diffuse mes-
angial cell proliferation and intraglomerular immune com-
plex deposition. Less uniform findings included extracapillary
cell proliferation (seven cases), widening of the glomerular
capillary wall (eight cases) and variable glomerulosclerosis.
The use of the term "proliferative" to describe the glomer-
ulonephritis encountered in this study is intended in a ge-
neric sense only and should not be taken to imply a homo-
geneous glomerular injury. Glomerulonephritis was asso-
ciated with systemic lupus erythematosis in 16 patients. The
nature of the immune complex disease in the remaining 12
patients was obscure.

The absence or presence of easily measurable quantities
of IgG in the urine was used to divide patient studies into
those associated with minor (group I) or major (group II)
urinary IgG leakage. Urinary IgG concentration was
<20 ug/ml in the 13 patient studies comprising group I, and
varied between 50 and 900 yg/ml in the remaining 15 pa-
tient studies that comprised group II. The urinary excretion
rate of a given protein represents the difference between its
respective filtration and tubular reabsorption rates. Analyses
of early proximal tubular fluid from proteinuric rats with
experimental glomerular injuries suggest that increased rates

of protein filtration overwhelm the tubular reabsorptive pro-
cess and that most of the increased load of filtered protein
is excreted (19-21). If this is also true of our nephritic pop-
ulation, then relative glomerular permeability to IgG will
be reflected most faithfully by the clearance of IgG relative
to that of freely permeable inulin (OlgG). It is important to
note, therefore, that group I studies with minor urinary IgG
leakage were associated uniformly with 0l c < 100 X l0'.
Conversely, the corresponding values for bigc in group II
studies with major IgG leakage were always >100 X 10'.

Age was not significantly different between patients with
minor and major urinary IgG leakage, ranging from 19 to
60 and 20 to 65 yr, respectively. The corresponding values
for mean arterial pressure (diastolic pressure plus one-third
of pulse pressure) were also similar, averaging 99±4 and
105±3 mmHg, respectively (mean±SEM). The study pro-
tocol was approved by the Stanford Committee for the Pro-
tection of Human Subjects in Research. Informed consent
was obtained from each patient before the study began.

Study protocol
Each patient voided spontaneously after a diuresis had

been established with oral water loading and in some cases
with the oral administration of furosemide (80-120 mg). A
priming dose followed by a constant infusion of inulin and
para-aminohippurate (PAH) was administered to permit
determination of the rates of glomerular filtration (GFR) and
of effective renal plasma flow (ERPF), as described previ-
ously (22). 130 mg/kg Dextran-40 (Rheomacrodex, Phar-
macia Fine Chemicals, AB, Uppsala, Sweden) was admin-
istered by slow (- 10 min) intravenous injection immediately
after the inulin/PAH prime. At the end of a 40-60-min
equilibration period, the bladder was emptied by voiding,
after which three carefully timed 20-30-min urine collec-
tions were made. GFRand ERPFwere expressed as the mean
value of all three timed urine collections. From urine and
plasma obtained during the first of these timed collections,
fractional clearances (or sieving coefficients) of dextran-40
(OD) were computed with the equation

OD= [(U/P)D]/[(U/P)i.], (1)

where (U/P)D and (U/P)i, refer to the urine-to-midpoint
plasma concentration ratios of dextran and inulin, respec-
tively. The same urine and plasma samples were used for
the determination of total protein concentration and the
concentration and isoelectric points of albumin and IgG,
respectively.

Laboratory methods
EXOGENOUSCLEARANCEMARKERS

For the GFRcalculation, inulin concentration of urine and
plasma was determined by the autoanalyzer method of
Fjeldbo and Stamey (23). In this method, the fructose-spe-
cific reagent resorcinol, which is uninfluenced by the pres-
ence of dextran, was used. The autoanalyzer method of
Harvey and Brothers (24) was used for the determination
of PAH.

Separation of Dextran-40 and inulin in plasma and urine
into narrow fractions (-2 A) was accomplished by gel per-
meation chromatography with columns packed with Se-
phacryl S-300 (Pharmacia Fine Chemicals). Three columns,
92-96 cm in length with internal diameters of 1.6 cm were
used. Each column was calibrated with three narrow dextran
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fractions of known molecular size provided by the manu-
facturer (Pharmacia Fine Chemicals). With 0.3% buffered
saline as eluent, 2.6 ml eluted fractions were collected with
an automatic fractionator (model S-80, Gilson Medical Elec-
tronics, Inc., Middleton, WI). The void volume (V0) was
determined with blue dextran, and the fractional volume
available to the solute (Ka.) was calculated as

Ka = (Ve- V0)/(Vt - V), (2)

where Ve is the elution volume of the solute and V, the total
volume of the gel column (25). Effective molecular radii
(r) for individual dextran fractions were calculated from Ka.
(26). After gel permeation chromatography of plasma and
urine, eluted fractions were assayed for dextran and inulin
concentrations using a modification of the autoanalyzer an-
throne method of Scott and Melvin (27). Although inulin and
dextran are both anthrone positive, cross-reactivity was not
encountered because of the differing elution volumes of each
solute. Dextran standards were used for assaying the early
dextran containing fractions (Ka. = 0.5-0.2, r = 20-60 A).
Separate inulin standards were used for assay of the smaller
inulin molecules that were dispersed over an r-range of
11-18 A (K., = 0.6-Q,.8). The average urine-to-plasma con-
centration ratio of the two peak inulin fractions was used
for subsequent determination of fractional clearances. It
should be noted that (U/P)i,, as determined by the anthrone
method was not significantly different from that obtained
by the resorcinol method.

ENDOGENOUSPROTEIN PROBES

The following techniques were used to characterize serum
and urinary proteins:

Radial immunodiffusion. The concentration of albumin
and IgG in plasma and urine was determined by radial im-
munodiffusion. To avoid the need for concentrating proce-
dures, low level immunodiffusion plates (Kallestad Labora-
tories, Inc., Austin, TX) were used for the foregoing urinary
protein determinations (28). These plates permit the mea-
surement of albumin and IgG over a concentration range of
4-100 and 2-25 mg/dl, respectively.

Electrofocusing. Analytical electrofocusing in thin-layer
polyacrylamide gels was performed according to manufac-
turer's instructions (LKB Instruments, Inc., Rockville, MD,
application note 250, December 1977). Gels were poured
with 2% LKB ampholine, pH range 3.5-10. Protein staining
and gel preservation followed LKB application note RB423.
Serum and urine were applied in 20-ul aliquots directly to
the acrylamide slab gel with paper application strips. The
acrylamide concentration was 5% with 3% cross-linkage,
which resolves proteins of molecular weights <200,000 and
excludes pentameric IgM from the gel matrix. To permit
comparison between serum and urine, sera were diluted 1:10
with distilled water. Urine samples were then concentrated
or diluted to achieve a ratio of urine-to-serum IgG of 0.5 for
each patient.

Preparative flatbed electrofocusing of 5 ml of whole pa-
tient serum using granulated gel was performed according
to the LKB application note 198. After electrofocusing and
determination of the pH gradient, the gel bed was separated
into 30 fractions and electrofocused serum proteins were
eluted with phosphate-buffered saline (0.1 M sodium phos-
phate, 0.15 Msodium chloride, pH 7.2). Fractions were then
dialyzed against distilled water using spectropore mem-
branes with a molecular weight cutoff of 6,000-8,000,

whereafter each fraction was lyophilized for subsequent
analysis of immunoglobulin content.

Immunoelectrophoresis. Rocket immunoelectrophoresis
was performed according to Weeke (29). Glass slides were
coated with agarose-containing goat anti-human IgG, anti-
IgM or anti-IgA at a concentration of 10 AI/ml of agarose.
After congelation, one-fifth of the antiserum-containing
agarose was removed along the narrow edge of the plate and
replaced with an equal volume of agarose without antiserum.
After congelation of the antiserum-free agarose, 2-mm wells
were punched in the gel and filled with 10 Ml of each serum
fraction previously separated by preparative electrofocus-
ing, and thereafter redissolved in phosphate-buffered saline.
Electrophoresis was performed for 3 h, with an LKB mul-
tiphore cooled to 10°C with 8 V/cm applied to the gel. After
electrophoresis, the slides were pressed, dried, stained, and
destained, and the resulting rocket patterns photographed.

Crossed immunoelectrophoresis was performed utilizing
fresh electrofocused acrylamide strips (30). Kodak glass
slides (Eastman Kodak Co., Rochester, NY) were coated with
10 ml of 1% agarose containing goat anti-human IgG, anti-
IgM, or anti-IgA serum at a concentration of 10 ul/ml of
agarose. After congelation of the agarose, one-fifth of the
antiserum containing agarose was removed along the wide
edge of the plate and replaced with an equal volume of
antiserum-free agarose. After congelation, the electrofo-
cused strip was inverted and placed upon the antiserum-free
agarose several millimeters from the boundary between an-
tibody-containing and antibody-free agarose. The electro-
focused protein bands were then electrophoresed into the
antibody-containing agarose with a current of 8 V/cm for
3 h at 8 and 12°C. The resulting precipitant patterns were
visualized by dehydration and staining according to the pro-
cedure of Weeke (29). To identify the electrofocused protein
bands corresponding to the agarose immunoprecipitates, a
stained electrofocused strip from a parallel run was super-
imposed upon the immunoprecipitate.

Immunoglobulin extraction from patient serum and
urine. Immunoglobulins were extracted from serum and
urine for analysis by electrofocusing using staphylococcal
protein A Sepharose CL4B beads (Pharmacia Fine Chemi-
cals). Before extraction, urine samples (15-30 ml) were con-
centrated to '500 ul. Serum samples (200-500 ,ul) were ex-
tracted without prior concentration. Samples of urine or
serum were mixed in 500 gl of phosphate-buffered saline
with 200-mg aliquots of staphylococcal protein A Sepharose
CL4B beads previously swollen in phosphate-buffered saline.
Samples were allowed to react overnight at room tempera-
ture on a rotating wheel. The beads were then transferred
to polypropylene econo-columns (Bio-Rad Laboratories,
Richmond, CA) and washed with 15 ml of phosphate-buff-
ered saline. Immunoglobulins were subsequently eluted with
15 ml of glycine-HCl buffer (0.1 M, pH 2.8). Glycine-HCl
eluates were concentrated to -75 ul. 20-,ul aliquots were
then applied to the electrofocusing gel for analysis. This
technique resulted in the isolation of IgG,, IgG2, IgG4, as
well as trace quantities of IgA2 and IgM2 (31, 32).

Renal histopathology
Renal tissue obtained by percutaneous biopsy from each

patient was routinely prepared for and examined by light,
electron, and immunofluorescence microscopy. For estima-
tion of glomerular sialoglycoprotein content, sections were
stained by the colloidal iron reaction (33). The intensity of
staining was then graded as normal, reduced, or absent, in
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comparison with uninvolved portions of nephrectomy speci-
mens that elsewhere contained renal cell carcinoma. Scle-
rotic glomeruli and sclerotic portions of glomeruli were
avoided in making this assessment, but consolidated regions
characterized by cellular proliferation were included. Elec-
tron micrographs of an average of three glomeruli were ex-
amined in each case and a qualitative estimate was made
of the extent of foot process obliteration, ranging between
0 and 4+. In these patients with active glomerulonephritis,
foot process obliteration was difficult to assess in badly dam-
aged and consolidated regions of glomeruli. Accordingly,
nonconsolidated zones of the glomeruli were used prefer-
entially for this assessment.

Theoretical analysis of membrane pore
structure
The permselective properties of the glomerular capillary

wall were evaluated using a heteroporous model of trans-
membrane solute transport. This model is a generalization
of the isoporous model of Deen et al. (13) to the case of a
membrane with two discrete pore radii, denoted by r, and
r2. The governing equations for the two-pore model, which
in its present form applies only to uncharged solutes, are
given in the Appendix. Using this idealization of the glo-
merular membrane, the Bowman's space-to-plasma concen-
tration ratio (0) of dextran molecules of known sizes can be
used to derive values for the pore radii and for Q, the fraction
of GFRpermeating the larger pores of r2. Because both dex-
tran and inulin (the reference solute) are excreted by glo-
merular filtration and neither secreted nor reabsorbed by
the renal tubule, 0 is equal to the fractional urinary dextran
clearance. Accordingly, 0 for 15 partially permeant dextran
fractions (r = 30-58 A) was used to estimate rl, r2, and Q in
each patient group.

Statistical analysis
All results are expressed as the mean±SEM. Student's t

test for unpaired data was used to evaluate the significance
of intergroup differences observed.

RESULTS

Glomerular filtration and protein excretion. IgG
was undetectable in the urine of three group I patients
(Table I). In the remaining 10 group I patients the
concentration of trace quantities of urinary IgG was
uniformly <20 sg/ml. Because the immunodiffusion
technique used in this study is insufficiently sensitive
to determine IgG concentration <20 ,g/ml, this latter
value was used to estimate an upper bound for the
fractional clearance of IgG in each patient. The max-
imum possible value observed for this index of urinary
IgG leakage in group I patients was 89 X l0'. Frac-
tional IgG clearances were uniformly in excess of this
latter value (109-9,367 X 10-') in group II patients,
in whom urinary IgG concentration was easily mea-
surable (50-900 ,g/ml). Thus, irrespective of whether
urinary IgG concentration or fracti-onal clearance of
IgG was used as a criterion, patients with minor uri-
nary IgG leakage (group I) were always clearly dis-

tinguished from those with major urinary IgG leakage
(group II).

The phenomenon of minor or major urinary IgG
leakage also distinguished patients with respect to
GFR. Thus, major relative to minor IgG leakage was
associated with greater reduction of GFR, 20±4 vs.
42±10 ml/min per 1.73 m2, respectively (P < 0.05).
One group II patient with lupus nephritis (No. 24,
Table I) had renal hyperemia. When this patient was
excluded, mean ERPF in group II patients tended to
be reduced relative to group I patients, 159±32 vs.
264±51 ml/min per 1.73 m2 (P = NS). In keeping with
the findings of others, depression of GFR was so dis-
proportionate to the decline in ERPFthat the filtration
fraction rarely reached the normal value of 0.20, av-
eraging 0.15±0.01 and 0.15±0.02, in groups I and II,
respectively (34).

The urinary excretion rate and fractional clearance
of albumin tended to parallel that of IgG. Thus, minor
urinary IgG leakage was associated with modest al-
buminuria (476-2,737 ,g/min), whereas albumin ex-
cretion rate was heavy (1,329-12,684 ,g/min) in pa-
tients with major urinary IgG leakage. Although there
was some overlap, albumin excretion rate was signif-
icantly enhanced in group II relative to group I pa-
tients, 6,567±915 vs. 1,242±232 ,g/min, respectively
(P < 0.001). A similar disparity was observed for frac-
tional albumin clearance, the respective values in
group II vs. group I patients averaging 2,205±603 vs.
179±45 X 10-5 (P < 0.005). Given the difference in
the magnitude of proteinuria, it is not surprising that
group II patients were more hypoproteinemic than
group I patients, 4.8±0.3 vs. 5.9±0.3 g/dl, respec-
tively (P < 0.01). The respective values for serum al-
bumin were 2,129±235 and 3,162±270 mg/dl
(P < 0.01), whereas corresponding values for serum
IgG were 494±100 and 809±101 mg/dl, respectively
(P < 0.05).

Urinary protein composition. Sera and urine sam-
ples from six group I and 10 group II patients were
analyzed by analytical electrofocusing. Fig. 1 depicts
results representative of each patient group. Fig. la
illustrates a group I patient whose serum proteins (S)
displayed marked microheterogeneity spanning a pH
range of 4-10 with predominant albumin and preal-
bumin species at pH 5.2. The corresponding urine sam-
ple (U) revealed restricted heterogeneity displaying
only the albumin species of pH 5.2. All six group I
patients exhibited this pattern with urinary excretion
of anionic proteins restricted to isoelectric points <6.0.
Fig. lb depicts the electrofocusing pattern of a rep-
resentative patient from group II. Once again serum
protein microheterogeneity was evident with isoelec-
tric points ranging from 4 to 10. In contrast to group
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I patients, however, the electrofocusing pattern of ex- to analytical electrofocusing. These results are shown
creted urinary proteins matched that of serum and also in Fig. 2. Fig. 2a depicts the electrofocusing pattern
spanned a pH range of 4-10. All group II patients of the staph protein A eluate from the serum (S) and
exhibited a pattern of heterogeneous urinary protein urine (U) of a group I patient. IgA2, IgGj, IgG2, and
excretion. IgG4 species were present in the serum eluate and

The foregoing patients were studied further by iso- electrofocused between pH 5.5 and 10 (IgM2 was ex-
lating immunoglobulins from sera and urine with staph cluded by the acrylamide gel and appeared as a pre-
protein A-Sepharose beads and subjecting the eluate cipitate at the application point marked by the arrow).

TABLE I
Renal Function and Protein Clearances

01sC O.Ib GFR ERPF FF UV.Ibt UVigG1 Pdb§PlgJ

x1o-$

Group I

Patient No. 1
2
3
4
5
6
7
8
9

10
11
12
13

Mean
±SEM

ml * min-'* (1.73m't)

0 562 5 95 0.06
0 18 67 329 0.21
0 68 84 444 0.19

<12 16 121 652 0.18
<28 130 66 425 0.16
<32 246 17 111 0.16
<47 187 12 91 0.13
<53 135 14 105 0.13
<53 186 25 420 0.06
<61 108 25 120 0.21
<81 442 12 103 0.12
<89 54 32 174 0.18
<89 180 60 366 0.17

179 42 264 0.15
45 10 51 0.01

ug/min

572
476

1,838
521

2,737
747

1,030
1,020

780
769

1,686
945

3,019

1,242
232

mg/dl

0
0
0

<114
<193

<17
<76
<63
<40

<164
<34
<33

<148

2,490
3,860
2,780
3,530
3,236
1,720
4,310
4,540
1,560
2,730
2,860
4,590
2,900

3,162
270

800
1,278

715
1,076
1,058

552
1,130
1,007

283
1,290

318
717
287

809
101

13 87
30 203
54 495
14 71
19 144
57 211
14 82

6 57
37 247
22 64
28 1,260
25 170

6 112
5 54

15 235

0.15
0.15
0.11
0.20
0.13
0.29
0.18
0.11
0.15
0.34
0.02
0.15
0.05
0.09
0.06

20 232 0.15
4 79 0.02

1,709
3,805

10,678
2,509
6,305
5,617
4,988
1,327

10,140
11,267

8,280
7,515
4,586
7,100

12,684

6567
915

147
470

1,033
120
587
182
225
161
626
770

1,068
1,955

374
1,087

847

2,600
3,320
2,100
1,920
4,160
1,620
2,300
2,750
1,750
1,970

530
1,620
2,730
1,670

881

643 2128
130 235

P (I vs. 11)

e FF, filtration fraction.
t UV, urine excretion rate.

§ P, plasma concentration.

<0.005 <0.05 NS NS <0.001 - <0.01 <0.05
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Group II

Paitent No. 14
15
16
17
18
19
20
21
22
23
24
25
26
27
28

Mean
±SEM

109
155
183
207
262
262
311
323
488
645

1,800
1,677
2,555
3,456
9,367

1,453
624

474
376
658
868
762
559

1,619
1,157
1,310
2,543
3,975
1,694
2,738
5,455
8,880

2,205
603

1,130
99

729
385

1,126
112
540

1,192
290
531
151
425
239
103
56

494
100
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FIGURE 1 Electrofocusing profile of serum and urinary pro-
tein. Pattern a (upper panel) is from a representative group
I patient (No. 1, Table I). Serum (S) is heterogeneous, con-

taining proteins with isoelectric points ranging from 4 to 10.
By contrast, urine (U) contains only a broad albumin peak
at a pH of 5.2. Pattern b (lower panel) is from a represen-
tative group II patient (No. 27, Table I). Urinary protein
(U) is similarly heterogeneous to that of serum (S) and spans
the full pH range of the gel.

The urine was negative for immunoglobulin. Similar
analysis of the remaining group I patients gave iden-
tical results.

Analysis of the immunoglobulins eluting from staph-
ylococcal protein A of serum and urine of group I1
patients revealed two distinct patterns. Fig. 2b depicts
a representative pattern obtained in five group II pa-

tients with moderate urinary IgG leakage (OIgc = 109-
323 X 10-5). As in group I, serum eluate electrofocused
between pH 5.5 and 10.0. However, the immunoglob-
ulin eluate from urine showed restriction of hetero-
geneity with an absence of cationic immunoglobulin
species with an isoelectric point above 8.6. Fig. 2c
depicts an immunoglobulin electrofocusing pattern
from serum and urine representative of all but one of
five group II patients with massive urinary IgG leakage
(0IgG = 488-3,458 X 10-5). In four members of this
subgroup, the distribution of electrofocused urinary
immunoglobulin exactly paralleled that obtained from
serum. The single exception was patient 23 (Table I),
who showed an electrofocusing pattern indistinguish-
able from that in Fig. 2b (urinary cationic restriction).
This correlation suggests that the appearance of cat-
ionic IgG in urine may be a function of the magnitude
of the filtered IgG load.

The distribution of immunoglobulin molecules in
the serum of selected group II patients was determined

I*__ I * II I I I.

10 9 8 7 6 5 4 3

pH
FIGURE 2 Analytical electrofocusing profile of immuno-
globulin eluate of serum (S) and urine (U). Eluted serum

immunoglobulins (IgG,, IgG2, IgG4 and IgA2) electrofocused
between 5.5 and 10. Pentameric IgM2 is excluded from the
gel and appears as a precipitate indicated by the arrow.

Pattern (a) (upper panel) is from a group I patient (No. 4,
Table I) and reveals urinary immunoglobulin to be unde-
tectable. Pattern (b) (middle panel) is from a group II patient
(No. 17, Table I). Urinary immunoglobulins are restricted
relative to those in serum and span a pH range from 5.5 to
8.5. This pattern was found in 6 of 10 group II patients.
Pattern (c) (bottom panel) is also from a group II patient
(No. 25, Table I). Urinary immunoglobulin now has an iden-
tical banding pattern to that in serum with species present
from pH 5.5 to 10.0. This pattern was found in each of the
remaining group II patients thus studied.

by preparative electrofocusing and rocket immuno-
electrophoresis. Such analysis revealed IgG to be pres-

ent in fractions between pH 4.5 and 10; IgA between
3.5 and 7.5, and IgM between 3.5 and 7.0. Thus, only
IgG species displayed isoelectric points above pH 7.5.
The identity of the cationic immunoglobulins present
in the serum of group II study patients was confirmed
by crossed immunoelectrophoresis. Cationic immu-
noglobulin species eluted from the staphylococcal pro-

tein A beads from both serum and urine of group II

patients formed an immunoprecipitate with anti-hu-
man IgG but not with anti-human IgA or IgM. Because
staphylococcal protein A binds only IgGj, IgG2, and
IgG4, and of these, only IgG, has been shown to exhibit
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isoelectric points above 8.5 (16), we conclude that the
cationic species selectively excluded from the urine of
six out of 10 group II patients was IgG1.

Glomerular filtration of neutral dextran macro-
molecules. The mean fractional dextran clearance
profiles (or dextran sieving curves) were distinctly dif-
ferent in the two patient groups (Fig. 3). Whereas the
sieving coefficients for dextran molecules of relatively
small radii (20-40 A) were similar, the sieving coef-
ficients for larger dextran molecules (r = 40-60 A)
were elevated in group II patients with major urinary
IgG leakage relative to those in group I patients with
minor urinary IgG leakage. Moreover, the tendency
for the dextran sieving curve to become elevated in
group II relative to group I patients became magnified
with increasing dextran size and reached statistical
significance for the largest fractions examined
(r = 52-60 A, P < 0.05-0.005).

Because there was considerable variability in the
quantity, charge, and fractional clearance of urinary
IgG among group II patients, the latter expression was
used to separate these patients further into two
subgroups. Eight patients with moderate urinary IgG
leakage (subgroup IIa, OlgG = 109-323 X 10-) and the
remaining seven patients who had massive urinary IgG
leakage (subgroup Ilb, 0lgG = 488-9,367 X 10-5) had
similar rates of glomerular filtration (26±7 and 23±4
ml/min per 1.73 m2) and renal plasma flow (169±51
and 150±42 ml/min per 1.73 m2). However, plasma
protein concentration was higher in the former than
the latter subgroup, 5.5±0.4 vs. 4.1±0.3 g/dl, respec-
tively (P <0.01). The fractional dextran clearance
profiles also differed between these subgroups (Fig. 4).
In subgroup IIb relative to subgroup Ila, the sieving
coefficients for dextran molecules of relatively small
radius were depressed. The opposite was true of siev-
ing coefficients for dextrans of large radius which were
strikingly elevated. Someof these differences were sta-
tistically significant at the small and large radius end
of the sieving curves (Fig. 4). Comparison of the data
in Tables II and III reveals that the sieving curve in
subgroup Ila tended to be uniformly elevated above
that in group I over the entire range of molecular sizes
examined. Although this difference failed to reach sta-
tistical significance, these findings suggest that a se-
lective and graded elevation of the large radius portion
of the sieving curve (r = 40-60 A) accompanies pro-
gression from minor through moderate to massive uri-
nary IgG leakage.

Analysis of glomerular pore-size distribution. The
differences in dextran fractional clearances among the
groups of patients studied was interpreted in terms of
a model (described in the Appendix) in which the glo-
merular capillary wall is assumed to possess two dis-
crete pore sizes, with radii r, and r2. The relative im-

portance of the larger pores (r2) is determined not only
by their size but by the fraction of GFR that passes
through them (Q1), which depends also on the relative
number of pores of each type. In addition to rl, r2, and
Q, the fourth membrane property that governs glo-
merular filtration of water and neutral macromole-
cules in this model is the glomerular ultrafiltration
coefficient, Kf, defined here as the product of effective
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o GROUPI NEPHRITIS
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50 60
RADIUS (A)

FIGURE 3 Fractional dextran clearance profile (or dextran
sieving curve) for the glomerulus in nephritic subjects with
minor urinary IgG leakage (group I, 0) or major urinary
IgG leakage (group II, 0). Results are expressed as
mean±SEM. °, P < 0.05; °°, P < 0.005.
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values of ERPF, filtration fraction, transcapillary hy-

GROUP11 A draulic pressure difference (AP), and afferent arteri-GROUP11 A olar (systemic) protein concentration (34). The one
-GROUP11 B needed input that could not be measured in this study

was AP, so that all calculations were performed using
* a range of values (30-50 mmHg) that should bracket

the actual transcapillary hydraulic pressure difference.
Calculated membrane parameters for groups I, II,

Ila, and Ilb are shown in Table IV. On the assumption
that AP was similar in patients with varying degrees
of urinary IgG excretion, Kf in group II was one-third
to one-half that in group I, depending on the value of
AP chosen. The calculated radius of the smaller pores
(rl) was quite similar in all groups and for all choices
of AP, falling in the range of 51-55 A. There were,

*\0 however, pronounced differences between groups I
- \M and II in the size and degree of participation of the
-* \vTlarger pores. This second pore population had a larger

radius (r2) in group II than in group I, 87-97 vs. 72-
77 A. Despite the lower fraction of GFR passing
through the second pore population in group II than
in group I (0.07-0.10 vs. 0.11-0.17), the larger size of
these pores was sufficient to account for the higher
fractional clearances seen in group II for the largest
dextrans (Table II, Fig. 3). On the basis of previously

_________________________________,,reported data in healthy volunteers (28, 35) we used
0 30 40 50 60 the present two-pore model to calculate pore charac-

o teristics for the normal human glomerulus. These cal-EFFECTIVE MOLECULARRADIUS A culations revealed that ri = 50.0 A, r2 = 67.4 A, and
Fractional dextran clearance profiles in two 0 = 0.299 for AP = 40 mmHg. Thus, values of ri and
of patients with major urinary IgG leakage r2 in group I nephritics were only slightly higher than

Subgroup hIa (A) comprises eight patients in healthy controls, while the corresponding value of
IgG . 400 X 10-5. Subgroup Ilb (A) comprises the
seven patients in whom eIgG 2 400 X 10-5. °, 0 was lower

, P < 0.02. The quantity 0' in Table IV is the fraction of total
pore cross-sectional area contributed by the larger pore
size, 0.02-0.04 and 0.06-0.09 in groups II and I, re-

permeability and total glomerular capillary spectively. Thus, at most 9%of the pore area is inferred
ea in the two kidneys. Kf was calculated in- to be occupied by the larger pores. Values of 0' are
tly of dextran sieving coefficients, based on smaller than the corresponding values of 0 because the

TABLE II
Fractional Dextran Clearance Profiles

20 24 28 32 36 40 44 48 52 56 60

A

Group I (n = 13)
Mean 0.955 0.746 0.558 0.368 0.218 0.119 0.065 0.034 0.019 0.012 0.007
±SEM 0.032 0.031 0.030 0.027 0.017 0.009 0.005 0.003 0.002 0.001 0.001

Group 11 (n = 15)
Mean 0.978 0.817 0.594 0.369 0.223 0.126 0.074 0.043 0.027 0.019 0.016
±SEM 0.065 0.032 0.031 0.018 0.012 0.007 0.005 0.004 0.003 0.003 0.002

P (I vs. II) NS NS NS NS NS NS NS NS <0.05 <0.05 <0.005
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TABLE III
Fractional Dextran Clearance Profiles in Subgroups with Major Urinary IgG Leakage

GD

20 24 28 32 36 40 44 48 52 56 60

A

Group Ila (n = 8)
Mean 1.032 0.864 0.630 0.400 0.230 0.123 0.066 0.035 0.020 0.013 0.009
±SEM 0.088 0.032 0.030 0.018 0.010 0.005 0.003 0.002 0.002 0.002 0.0003

Group Ilb (n = 7)
Mean 0.898 0.756 0.547 0.333 0.214 0.130 0.082 0.052 0.035 0.025 0.019
±SEM 0.095 0.055 0.060 0.027 0.024 0.015 0.010 0.007 0.005 0.004 0.003

P (Ila vs. IIb) NS NS NS NS NS NS NS <0.05 <0.02 <0.02 <0.02

larger the pores the less flow resistance there is per
unit of cross-sectional area. Since the pressure drop
across all of the parallel pores is the same, a greater
flow rate per unit area is obtained in the larger pores.

The results in Table IV in subgroups hIa and Ilb
indicate that in this case the observed differences in
fractional dextran clearance profiles (Table III,
Fig. 4) may more readily be attributed to different
relative numbers of large and small pores rather than
to differences in pore radius. Similar values of r2 were
obtained for subgroups IIa and Ilb, 82-95 A and 83-
89 A, respectively (depending on the assumed AP).

Q in subgroup Ilb, however, was roughly twice that
in subgroup Ila, which indicates that in subgroup IIb
a much larger fraction of glomerular filtrate per-
meated the larger pores. This greater participation of
the larger pores in water filtration is calculated to be
the result of a two- to threefold higher fraction of pore
area (Q') that they occupy in subgroup IIb than in
subgroup Ila. Whereas the enhanced fractional clear-
ances of large dextrans in group II relative to group
I were explained by larger values of the upper pore
radius, the enhanced filtration of large dextrans in
subgroup Ilb relative to subgroup Ila was attributable

TABLE IV
Calculated Glomerular Membrane Parameters'

AvP Parameter Group I Group 11 Subgroup lIa Subgroup lib

mmHg

30 Kf 6.1 2.0 2.6 1.3
ri 50.9 53.71 53.5t 52.6
'r2 72.4 86.9 81.7 83.2t
0 0.169 0.099 0.091 0.158
0' 0.091 0.040 0.041 0.070

40 Kf 2.5 1.1 1.3 0.8
'r, 53.7 54.7 54.8 53.7
r2 76.8 93.7 90.2 87.4
0 0.110 0.074 0.059 0.128
f' 0.057 0.027 0.025 0.053

50 Kf 1.7 0.8 0.9 0.6
r, 53.8 54.9 55.0 53.9
r2 77.1 97.2 t 95.0 88.6
Q 0.107 0.066 0.049 0.121
0' 0.055 0.022 0.017 0.048

Units are (ml * min-'* mmHg- - (1.73m2)-' for Kf (two kidneys), and angstroms for r1 and
r2 (0 and 0' are dimensionless). Symbols are as defined in text.
I Estimated 95% confidence limit does not overlap with that for group I (determined for ri,
r2, and 0 only).
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to a greater fraction of pore area occupied by the
larger radius pores.

Glomerular morphology. No attempt was made to
relate glomerular morphology to membrane function
in five patients (two in group I and three in group II),
in whomthe interval between the biopsy and clearance
study exceeded 4 wk. In the remaining 23 patients,
electron microscopy uniformly revealed variable re-
placement of discrete and interdigitating foot pro-
cesses by a continuous layer of epithelial cytoplasm.
This finding, which is taken to reflect depletion of
glomerular polyanion (36) varied among patients so
that loss of foot processes ranged from -25 (1+) to
100% (4+) of capillary wall surface area examined.

Tissue was available for colloidal iron staining in 16
patients (eight from each group) in whom the biopsy
was contemporaneous with the clearance study. The
intensity of staining was normal in a single instance
in each patient group. In the remaining patients the
Prussian blue stain was clearly reduced in intensity but
never entirely absent. In keeping with the heteroge-
neous nature of the underlying glomerulonephritis,
reduced colloidal iron uptake was in some patients of
each group confined to segments of some but not all
glomeruli. In others, glomerular uptake of colloidal
iron was reduced in a diffuse and global fashion. Foot
process fusion tended to be more extensive in group
II relative to group I patients. There was, however, no
discernible difference in the reduction of colloidal iron
uptake between the two patient groups.

DISCUSSION

With the use of dextran polymers of broad size dis-
tribution and varying charge density, it has been
shown that rodent nephrotoxic seru'm nephritis is ac-
companied by reduction of fixed negative charges on
the diseased glomerular capillary wall leading to less
restriction of circulating polyanions (10, 13, 37). Our
analysis of excreted urinary proteins provides indirect
evidence that this is also true of patients with prolif-
erative glomerulonephritis. Among group I patients,
urinary protein was almost exclusively composed of
anionic albumin (Fig. 1). Among group II patients, by
contrast, excreted urinary protein was heterogeneous
in composition. As judged by electrofocusing of uri-
nary IgG eluate, however, the IgG permeable region
of the glomerular capillary wall failed to discriminate
between IgG species with isoelectric points that ranged
from 5.5 to 8.5 (Fig. 2). That proteinuria in these pa-
tients derived, at least in part, from diminution of
glomerular fixed charge content is attested to by (a)
the reduced capacity of the glomerular capillary wall
to take up and stain with colloidal iron (38), and (b)
an invariable loss of discrete epithelial foot processes.

That this latter finding is indicative of charge deple-
tion is suggested by its reproducibility when poly-
anionic glomerular glycoproteins are neutralized by
in vivo perfusion with polycations (39, 40) or removed
by in vitro neuraminidase digestion (36).

Whereas a loss of electrostatic barrier function ap-
pears to be common to both nephritic patient groups,
enhanced filtration of large dextran molecules in those
with major IgG leakage (group II) suggests that in these
latter patients there also exists a defect in the size-
selective barrier to macromolecule filtration. In accord
with the findings of Hulme and Hardwicke (41), who
reported selective increases in the transglomerular pas-
sage of large neutral PVP molecules in a subset of
patients with glomerulonephritis, fractional clearance
of dextrans with radii >50 A was elevated in group II
relative to group I patients (Fig. 3). Selectively en-
hanced transport of large dextran and protein (IgG)
molecules suggests that the glomerular membrane in
group II nephritic patients had a less sharp cutoff than
that in group I patients. To test this hypothesis we
devised a mathematical model of the glomerular mem-
brane that provides a means for interpreting changes
in transglomerular dextran transport in terms of mem-
brane-pore structure. According to this model, the
pathologic glomerular membrane in proliferative glo-
merulonephritis is composed of a parallel array of two
different pore structure components. The major com-
ponent is a small-pore ultrafilter which is responsible
for the retention of dextrans of small radius. The minor
component (i.e., the smaller part of the total mem-
brane area) is postulated as being a large-pore ultra-
filter through which large (and small) macromolecules
are able to penetrate. This analysis revealed the small-
pore component to be rather similar in the two patient
groups and to be composed of pores, the radius of
which approximated 51-55 A. In contrast, pore radius
in the large-pore membrane component is computed
to be much larger in group II relative to group I pa-
tients, 87-97 vs. 72-77 A, respectively (Table IV).

In analyzing the dextran filtration data we chose to
postulate the existence of two discrete pore sizes rather
than isoporosity because the latter is inconsistent with
both the very selective increases in fractional clearance
seen for large dextrans in group II relative to
group I, and the intersection of the fractional dextran
clearance profiles in subgroups Ila and Ilb (Fig. 4).
Within the context of this model, the membrane pa-
rameter values given in Table IV provide an accurate
representation of the observed filtration data for all
groups. Although the values given for r1, r2, and Q in
each case minimize the sum of squares of the devia-
tions calculated from observed fractional clearances
(Appendix), in a few instances a second set of param-
eters provides almost as satisfactory a fit to the group
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II, Ila, or Ilb data. This other parameter set invariably
corresponds to much larger values of r2 (typically
-170 A) and much smaller values of SI (-0.02) than

those shown.
It is likely that the present results could be described

equally well by other heteroporous models. An ex-
ample is the approach used by one of us (BDM) pre-
viously (35) in the analysis of dextran fractional clear-
ance data in diabetic nephropathy, in which the cap-
illary wall was postulated to have two continuous
distributions of pores. One was centered on a value
similar to those given here for r,, while the other in-
volved relatively few pores of sufficiently large radius
that no molecular sieving took place. Qualitatively,
these pore properties are not unlike those of the sec-
ond-best parameter sets of the present model, men-
tioned above. Weprefer the present two-pore model
because we find the functional significance of discrete
pore sizes to be more readily visualized than that of
continuous distributions, and because the character-
istics of both sets of pores can be computed in a some-
what more direct and self-consistent manner than in
the previous study just cited.

In attempting to relate the foregoing findings to
proteinuria, it should be emphasized that the dextrans
used to define membrane-pore structure differ from
proteins not only with respect to charge but also in
configuration. Clearance techniques in the rat suggest
that plasma proteins are substantially more restricted
by the normal glomerular capillary wall than dextrans
of equivalent size and similar charge (42). This dis-
parity has been ascribed to asphericity and molecular
compliance of dextran molecules under shear, with the
result that their effective molecular dimensions during
transglomerular permeation are smaller than those
estimated by gel permeation chromatography (43). If
the clearance of proteins and equivalent-sized dextrans
through the glomerular membrane in nephritic pa-
tients is similarly disparate, it remains unclear whether
enhanced albumin transport in group I patients takes
place through a charge-depleted large-pore region of
the membrane alone, or through both small- and large-
pore components of the membrane. No such doubt
surrounds the portal of IgG entry into Bowman's space
and hence into urine. From its molecular dimensions
(r = 55 A), we infer that IgG is restricted totally by
the small-pore component (r1 c 55 A) in both patient
groups. Whereas the large pore component in group
I patients (r2 = 72-77 A) appears also to largely restrict
IgG, the considerably larger pores in the upper mode
of group II patients (r2 = 87-97 A) are inferred to be
highly IgG permeable.

Yet another limitation of any attempt to relate dex-
tran transport and membrane-pore structure to frac-
tional protein clearances derives from uncertainty re-

garding the contribution of tubular reabsorption to the
clearance of filtered proteins. Analysis of early prox-
imal tubule fluid in the normal rat suggests that the
mechanism for tubule protein uptake is nearly satu-
rated (19). Increased protein filtration induced by a
variety of experimental glomerular injuries has been
found to completely saturate the tubule protein trans-
port process, with the result that increments in filtered
protein were qualitatively excreted (20, 21). More in-
direct evidence, based on clearance techniques, has
also been presented to suggest that albumin and IgG
share a common tubular reabsorptive pathway (5). In-
asmuch as these findings can be extrapolated to the
nephritic kidney in man, group II patients appeared
to have a glomerular barrier injury of graded rather
than homogeneous severity. Although the radius of
pores in the upper mode was similar in patients with
moderate IgG leakage (subgroup Ila) to that in patients
with massive IgG leakage (subgroup IIb), the mem-
brane area fraction occupied by large pores was two-
to threefold larger in the latter subgroup (Table IV).

A lower density of large IgG-permeable pores and
hence smaller filtered IgG load in subgroup Ila might
explain the failure of the most cationic species of
plasma IgG to appear in urine. Glomerular transport
theory predicts that electrical interaction between
polycations and a negatively charged membrane (al-
beit less negatively charged than normal) should result
in facilitated and not in restricted transport (13, 44).
This paradox may be reconciled by the observation
that cations bind preferentially to proximal tubule
brush border (45, 46). Thus, facilitated tubular reab-
sorption rather than restricted filtration may account
for the absence of cationic IgG molecules from final
urine in subgroup Ila patients. Inasmuch as enhanced
fractional IgG clearance reflects increased glomerular
permeability to, and hence a larger filtered load of,
IgG in subgroup IIb patients, it seems reasonable to
infer that tubular IgG uptake in such patients was more
completely saturated, permitting even preferentially
bound cationic species of IgG to escape into the urine.

The profound reduction of GFRin group II patients
with major IgG leakage suggests that severe damage
to the glomerular capillary wall may provide a struc-
tural basis for the development of large IgG-permeable
pores. On the other hand, there is also a body of ev-
idence suggesting that the phenomenon of large pro-
tein-permeable pores within the glomerular mem-
brane may be of a functional nature rather than be
due to disease-related disruption of glomerular struc-
ture. For example, Pessina et al. (47) have observed
the appearance of proteinuria and selectively en-
hanced filtration of large PVP molecules (r > 40 A)
during angiotensin infusion in the rat, and Tiggeler
et al. (48) have described an acute reduction in filtra-

742 Myers, Okarma, Friedman, Bridges, Ross, Asseff, and Deen



tion of large PVP and protein molecules in nephrotic
patients receiving indomethacin. They have proposed
that the respectively enhanced and depressed produc-
tion of prostaglandins anticipated during the foregoing
maneuvers may in some way modify the size-selective
properties of the glomerular capillaries (48). Similarly,
infusion of the polycation hexadimethrine into a rat
was found by Hunsicker et al. (40) to result in a tran-
sient but massive increase in urinary excretion of pro-
teins, prominent among which was IgG. Electrofocus-
ing techniques revealed the excreted IgG to have a
distribution of isoelectric points similar to that of
plasma IgG, suggesting that a noncharge discrimina-
tory population of large pores had appeared within the
glomerular capillary wall when glomerular polyanion
was neutralized. It remains uncertain, therefore,
whether the appearance of large protein-permeable
pores in the glomerular membrane of nephritic pa-
tients is a consequence of structural damage or results
from such biophysical influences as hemodynamic and
charge-selective characteristics of the glomerular cap-
illaries.

Regardless of the precise pathogenesis of the size-
selective defects in the glomerular capillary wall, their
absence or presence provides an attractive means for
reinterpreting the widely used proteinuria selectivity
index, and for explaining the previously reported dis-
crepant results of this index in patients with glomer-
ulonephritis (1-4). At the time that the selectivity in-
dex was conceived, heavy proteinuria was ascribed to
a shift in glomerular pore size distribution to one of
larger size than normal. The clearance ratio of a large
protein such as IgG to that of a smaller protein, such
as albumin or transferrin, was used as a measure of
the extent to which glomerular pore size distribution
was shifted to pores of larger size (1-3). Our findings
suggest that in some proteinuric patients with glo-
merulonephritis the size-selective properties of the
glomerular filter are, in fact, little altered. Under these
circumstances, as in group I nephritic patients, a se-
lective enhancement of filtration of anionic proteins
of relatively small radius (such as albumin and trans-
ferrin) appears to result from an isolated loss of glo-
merular fixed negative charge content. Larger pro-
teins, such as IgG, are restricted by virtue of their size
alone. On the other hand, should an array of enlarged
pores develop within the membrane, as in group II
nephritic patients, increased quantities of IgG will be
filtered into Bowman's space. As a consequence, IgG
and larger plasma proteins will constitute a substantial
fraction of the excreted protein in final urine. More
importantly, if such large pores provide the major
means of access to Bowman's space for, and are non-
discriminating toward large plasma proteins, the frac-
tional clearance of IgG will approach that of albumin.

This provides a basis for the phenomenon known as
nonselective proteinuria.

It should be emphasized that neither size- nor
charge-related glomerular barrier dysfunction is unique
to glomerulonephritis. For example, glomerular pore
size distribution in minimal change nephropathy has
been shown to be uniformly shifted to pores of smaller
size than normal (14, 49, 50). The selective proteinuria
typical of this disorder appears to be a consequence
of a loss of glomerular polyanion. Conversely, as
judged by nonselective proteinuria and selectively en-
hanced transport of very large dextran and PVP mol-
ecules, focal defects (or large pores) in the size-selec-
tive barrier appear to typify many nonminimal glom-
erulopathies of man, including diabetic nephropathy
(28, 35, 41, 48). Wepropose that either charge deple-
tion alone, or charge depletion in combination with
defects in the size-selective properties of the glomer-
ular capillary wall, represent nonspecific responses to
a variety of glomerular injuries, including that induced
by glomerulonephritis.

APPENDIX
The mathematical model used here is a generalization of the
model of Deen et al. (13) to the case of a heterogeneous
membrane with two discrete pore radii. In the case of an
isoporous membrane, the flux, Ji, of an uncharged solute i
from plasma to Bowman's space may be expressed as

where

J,,CjKcOIJ=C-I 1-exp(-a)[I - Kc4]'

KCJv5
fKDDj

(Al)

(A2)

Here, J, is the transcapillary volume flux; C, the concentra-
tion of solute i in glomerular plasma; and a is a dimensionless
measure of the relative importance of convection to diffusion
for the transport of solute i through the membrane pores.
The quantities KC, KD, and 4 express restrictions to the trans-
port of solute i on the basis of molecular size, and are eval-
uated as described elsewhere (13, 51). a is the pore length;
Di the diffusivity of solute i in bulk solution; and f is the
fraction of the membrane surface occupied by pores.

The volume flux, J,, is expressed as

JV = - (AP - iG),S
(A3)

where Kf is the ultrafiltration coefficient, S the total glo-
merular surface area, AP the transcapillary hydraulic pres-
sure difference, and HGthe intraglomerular oncotic pressure.
HG is calculated from the local plasma concentration, Cp,,
using the expression

IIG = a1CP + a2CP2 , (A4)

where a, = 1.63 mmHg/(g/dl), and a2 = 0.294 mmHg/
(g/dl)2.

To obtain a relation between a and the pore radius for an
isoporous membrane (ro), we substitute for J, in Eq. A2 to
obtain
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KcKf(AP - llG) (6 Kc(AP - lIc) (r02a- (IKDDIfS KDDG(8, (A5)

where the final expression in Eq. A5 results from the as-
sumption of Poiseuille flow through parallel channels (pores)
across the glomerulus, and q is the viscosity of the glomerular
filtrate.

In the case of a two-pore membrane, consisting of type
1 and type 2 pores, the total flux of solute or volume is the
sum of the fluxes (based on total membrane area) through
the two types of pores:

IJi=il + J12, (A6)
Jv = I + Jv2 (A7)

Here and in subsequent discussion a subscript of 1 or 2 refers
to type 1 or type 2 pores of radii r, and r2, respectively. The
other parameter of interest is Q, the fraction of GFR per-
meating type 2 pores. That is, Q is defined such that J,j
= (1- 1)J, and J,2 = Jv. Accordingly, we also define Kfl
= (1- )Kf and Kf2 = flKf. Thus, Eq. A3, with addition of
subscripts 1 or 2 holds separately for both types of pores.
The overall expression for Ji, representing the additive con-
tributions of the two pore sizes, is then

(1 -Q)KcjO
I - exp(-al)[1 - Kc0141

+ OKc2,2 (A)1 - exp(-a2)( - Kc202J A8

The expression for a in Eq. A5 is valid for a, or a2, if ro,
Kc, and KD are replaced by the corresponding quantities for
type 1 or type 2 pores.

If Q is the plasma flow rate, conservation of volume, solute,
and protein within the capillary lumen is expressed by the
following differential equations:

dQ
= JvS, (A9)dy

d(QCi) = _jS (A10)
dy

(All)d(QCp) 0
dy

Simultaneous numerical solution of Eqs. A9-11 allows cal-
culation of plasma flow rate, solute concentrations, and all
fluxes as functions of position (y) along an idealized glo-
merular capillary. The Bowman's space-to-plasma concen-
tration ratio (0) is then calculated as

f |J,dy
0 = 1 , (A9)

CiA Jov dy

where CIA is the afferent concentration of solute i. Note that
the position coordinate has been normalized so that y = 0
at the afferent end and y= 1 at the efferent end of the
capillary.

For a given neutral solute and specified values of AP, CPA
(afferent arteriolar protein concentration), Kf, GFR, and
ERPF [=Q(O)], 0 depends only on rl, r2, and Q. Optimal
values of these membrane parameters were determined it-
eratively, through an implementation of Powell's method of

nonlinear parameter estimation (52). The parameters, r1, r2,
and Q are denoted by the vector fl = (r,, r2, Q)) and the es-
timated values of f = (ir, i2, Q). The calculated fractional
clearance for dextran of a particular size is denoted by
Oi(#). Wedetermine the combination , to minimize the sum
of squares O(,):

n

#( = z2 ['(0) - 112,
il

(AIO)

where n is the number of dextran radii investigated, and
-(O O&()/0i, the ratio of calculated to measured fractional

clearance of solute i. This transformation allows for equal
weighting of all values of 0, motivated by the finding that
for our data, the uncertainty in 0 is roughly proportional to
the magnitude of 0.

The confidence limits for the parameters f,B were calcu-
lated from the covariance V, and the least squares sum
a(#), where

__O i=1, 2, 3
X = {x1i}= j , j =(All)

and
V = (vj1) - (X'X)-'. (A12)

X' denotes the transpose of the matrix X. The - 100(1
- a)% confidence intervals for estimates of the parameters
(,) are expressed as (53):

-i±t(n-3, a)[vj. a(j#)/(n - 3)]1/2 (A13)
where t(n - 3, a) is the a percentage point of a two-tailed
t distribution with n - 3 degrees of freedom. That is, a is
the probability that Itl . t(n - 3, a).
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