Nature of the Glomerular Capillary Injury in Human Membranous Glomerulopathy
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Abstract

A differential solute clearance technique was used to evaluate
glomerular capillary wall function in 20 patients with membra-
nous glomerulopathy and massive proteinuria. The clearance of
inulin, the filtration fraction, and the fractional clearance of un-
charged dextrans of a radius of 28—48 A were depressed signif-
icantly below control values in 20 healthy volunteers (P < 0.01).
In contrast, the fractional clearance of dextrans of radius >50
A was elevated markedly. A theoretical model of solute transport
that depicts the major portion of the glomerular capillary wall
as an isoporous membrane and the minor portion as a nondis-
criminatory shunt pathway revealed the calculated gomerular
ultrafiltration coefficient to be five times lower and mean pore
radius of the major membrane component to be 4 A smaller than
control values. However, the fraction of filtrate volume per-
meating the shunt pathway was three- to fourfold above control
values and correlated strongly in individual patients with the
fractional clearance of albumin (» = 0.76) and of IgG (r = 0.80).
Lowering renal plasma flow by 24% during indomethacin therapy
in seven patients resulted in a 74% reduction in proteinuria ac-
companied by a corresponding diminution of filtrate formed
through the shunt pathway. Morphometric analysis of glomerular
ultrastructure revealed the magnitude of depression of the glo-
merular filtration rate and of urinary protein leakage to be related
strongly to changes in the epithelial layer of the glomerular cap-
illary wall, but not to the density of subepithelial immune de-
posits. We conclude (a) that glomerular capillaries in membra-
nous glomerulopathy are characterized by a loss of ultrafiltration
capacity and of barrier size-selectivity, and () that subepithelial
immune deposits do not provide a structural basis for these func-
tional alterations.

Introduction

Membranous glomerulopathy is a common cause of nephrotic
range proteinuria in adult males. Although proteinuria may remit
spontaneously, it is likely to persist in the majority of instances
(1-3). Not infrequently proteinuria is accompanied from the
outset by depression of the glomerular filtration rate (GFR),!
and a subset of affected patients go on to develop end-stage renal
failure within a period of 10 yr (1-5).
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Our understanding of the pathogenesis of membranous
glomerulopathy derives largely from the availability of an ex-
perimental animal model known as Heymann nephritis, which
simulates with great accuracy the foregoing clinical features and
the pathological characteristics of the human disorder. Active
Heymann nephritis is induced by immunizing rodents with an
antigen derived from the luminal brush border of tubular epi-
thelial cells (FXIA) (6). Autologous antibodies and complement
reach the outer rare layer of the glomerular basement membrane
where they form subepithelial immune complexes with a glo-
merular antigen that has yet to be characterized fully. That the
subepithelial immune complexes are formed in situ is suggested
by the rapid production of an identical lesion after administration
of heterologous antibody to FXIA antigen (passive Heymann
nephritis) (7-9). Notwithstanding the accompanying derange-
ment of glomerular capillary wall function, both forms of Hey-
mann nephritis are, like membranous glomerulopathy in hu-
mans, characterized by a striking absence of inflammatory or
proliferative changes in glomeruli.

In the hope that the functional nature of this injury to the
glomerular capillary wall might be elucidated, we have studied
20 adult patients with membranous glomerulopathy and a ne-
phrotic syndrome of recent onset. Determination of the clearance
of probe macromolecules (dextrans) of graded size, which are
excreted solely by glomerular filtration, was combined with an
evaluation of the hemodynamic determinants of glomerular ul-
trafiltration. We then applied the observed filtration data to a
theoretical model of hindered solute transport that accurately
represents the human glomerular capillary wall as a heteroporous
membrane (10). We also explored the relationship of observed
filtration data and derived membrane parameters to glomerular
ultrastructure by performing a morphometric analysis of glo-
meruli obtained by needle kidney biopsy in the same patient
population.

Methods

Patient population. The experimental population was composed of 20
patients with biopsy-proven membranous glomerulopathy who were re-
ferred to us consecutively because of nephrotic-range proteinuria (>4 g/
d). The membranous glomerulopathy was associated with systemic lupus
erythematosus in two instances and in one case each with virus B hepatitis
and gold therapy of rheumatoid arthritis. In the remaining 16 subjects
no known associations of glomerular subepithelial immune complex
formation were discernible, and the membranous glomerulopathy was
categorized as idiopathic. With two exceptions proteinuria had first been
detected in the experimental population between 10 and 36 mo prior to
entry into the study. The two exceptions were patients who were found
to have proteinuria and membranous glomerulopathy 17 and 7 yr pre-
viously. Both experienced prolonged remissions with disappearance of
proteinuria. In each case a relapse of the underlying glomerulopathy
with reappearance of massive proteinuria became manifest within the
12-mo period preceding the study. 14 patients had received one or more
courses of corticosteroid therapy after the diagnosis of membranous
glomerulopathy had been established. At the time of study, eight were
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receiving prednisone (range 7.5-90 mg daily), which in two cases was
combined with azathioprine (1.5-2.0 mg/kg - d). The patient population
was predominantly male (17 out of 20) and ranged in age from 18 to 60
with a mean (+standard error of the mean) of 46+3 yr. 20 healthy vol-
unteers spanning the same age range (19-56 yr) served as a control pop-
ulation. This group too was composed mostly of men (12 out of 20). Its
members had no history of known renal disease and on examination
were found to be normotensive and to have urine that was devoid of
measurable protein.

Study protocol. Each patient and volunteer was studied in a clinical
research center after giving informed consent to a protocol that had been
approved previously by the Committee for the Protection of Human
Subjects in Research at Stanford University.

Urine was voided spontaneously after diuresis had been established
with oral water loading and, in those with gross edema, with i.v. furo-
semide administration (80-120 mg). A priming dose of inulin (12.5-25
mg/kg) and para-aminohippuric acid (PAH, 8-16 mg/kg) was then ad-
ministered. Thereafter inulin and PAH were given by continuous infusion
to maintain plasma levels constant at ~20 and 1.5 mg/dl, respectively.
With the exception of three patients with a past history of drug allergy,
the inulin/PAH prime was followed by a 10-min i.v. infusion of dextran
40 (130 mg/kg).

60 min after the priming infusion, arterial blood pressure was deter-
mined and blood was sampled for examination of plasma oncotic pressure
and plasma protein concentration. Three or four carefully timed urine
collections were then made, each of which was bracketed by a blood
sample drawn from a peripheral vein. The average inulin clearance for
the timed collection periods was taken to represent the GFR. The cor-
responding value for PAH was equated with renal plasma flow after
being divided by an estimated value of the prevailing renal arteriovenous
PAH extraction ratio (Epan). In the case of healthy controls, Epay Was
assumed to be 0.85 (11). However, Ep,y has been shown to be moderately
depressed in patients with proteinuric glomerular diseases, particularly
when GFR is reduced (12-15). To define a representative value of Epay
in nephrotic subjects with membranous glomerulopathy, we determined
this quantity directly on a separate occasion in four members of the
experimental group. Renal and peripheral venous blood was sampled
simultaneously during a constant infusion of PAH similar to that ad-
ministered during the clearance study. Although GFR varied widely
among these four subjects (41-86 ml/min per 1.73 m?), Epay was dis-
tributed over a relatively narrow range measuring 0.58, 0.63, 0.68, and
0.73, respectively. To provide a likely lower bound for renal plasma flow
in the present study, we selected arbitrarily a value near the upper end
of this range and assumed that Ep,y during the clearance study approx-
imated 0.7 in each member of the experimental population. Fractional
macromolecule clearances () were computed from the first timed col-
lection using the equation:

0 = (U/P)w/(U/P)in, M

where (U/P)n and (U/P);, refer to the urine-to-midpoint plasma con-
centration ratio of the macromolecule (dextran, albumin, or IgG) and
of inulin, respectively.

Upon completion of the baseline clearance study, seven members of
the experimental population in whom GFR was >50% of the mean
control value were selected for further study. Each was given a low sodium
diet (20 meq/24 h) and chlorthalidone (100 mg daily for 3 d) to induce
a state of mild sodium depletion. This was combined with the admin-
istration of the cyclooxygenase inhibitor indomethacin, 50 mg/8 h
throughout the 3-d period. Commencing 72 h after the baseline study
and within 2 h of administration of the last dose of indomethacin, the
clearance study was repeated using a protocol identical to that of the
initial (baseline) study.

Plasma and urinary concentrations of exogenous clearance markers
and of endogenous proteins were assayed using techniques that have
been described in detail previously (16). The assays for dextran and inulin
concentrations were performed after plasma and urine samples from the
first clearance period had been submitted to gel permeation chromatog-

raphy on precalibrated Sephacryl S300 columns. Plasma oncotic pressure
was measured directly using a membrane osmometer (16).

Analysis of glomerular membrane pore structure. Both dextran and
inulin are excreted by glomerular filtration and neither secreted nor
reabsorbed by the tubule (17, 18). Accordingly, the fractional clearance
of a dextran molecule of known size (relative to freely filtered inulin) is
equal to the Bowman’s space-to-plasma water concentration ratio (or
glomerular sieving coefficient) for that dextran. To compare the size-
selective properties of the glomerular filter in membranous glomerulo-
pathy to those of normal subjects, we applied the fractional dextran
clearances and filtration data to a heteroporous model of the glomerular
capillary wall that has been described in detail previously (10). In this
model the major portion of the capillary wall is assumed to be perforated
by cylindrical pores of identical radius (rp). The model assumes that
there exists, in addition, a parallel “shunt pathway” that does not dis-
criminate on the basis of dextran size, and through which passes a small
fraction of filtrate volume. The shunt pathway is characterized by a pa-
rameter, wg, which governs the fraction of filtrate volume ({w)) passing
through this nonselective portion of the membrane. This “isoporous
with shunt” model has been shown to provide a more satisfactory rep-
resentation of fractional dextran clearances in humans than an isoporous
model or several other alternative heteroporous models (10). According
to this model, the membrane barrier to filtration of water and uncharged
macromolecules is fully characterized by the values of 7y, wp, and K;
where K; is the product of effective hydraulic permeability and total
glomerular capillary surface area (for two kidneys). The approach used
for calculating these intrinsic membrane parameters separates their effects
on fractional dextran clearances from those of purely hemodynamic
changes.

Morphometric analysis. The biopsies of 15 of the patients with mem-
branous glomerulopathy were performed at our institution. Electron mi-
crographs of these biopsy specimens and of four control specimens of
subjects aged 32-62 yr were studied morphometrically. The control
specimens were from grossly normal regions of nephrectomy specimens
which elsewhere contained a renal cell carcinoma (three cases), or a
benign cyst (one case). Specimens were routinely fixed in cacodylate
buffered 2% glutaraldehyde, postfixed in 2% osmium tetroxide, stained
with buffered 1% uranyl acetate, and embedded in epon. 1-um survey
sections were used to locate two or three glomeruli from each specimen,
except for three experimental cases in which only a single glomerulus
was available for study. 60-90-nm sections were then stained with lead
citrate for examination with a transmission electron microscope (Hitachi
H300) and photographed at X 250, X 1,000, and X 4,000. Negatives
were enlarged to a uniform print size and a calibration grid (0.5-um
divisions) was similarly photographed to calibrate morphometric mea-
surements. A collage technique was used to encompass entire glomeruli
at X 1,000. Components of the filtration barrier were assessed by pho-
tographing individual capillary loops at X 4,000.

An SMI Micro-Comp Computerized System (Southern Micro In-
struments, Inc., Atlanta, GA) was used to measure distances, count ele-
ments, and perform area-perimeter analysis. This system, consisting of
a digitizing tablet, computer, and monitor, allows for rapid data acqui-
sition and analysis using the SMI Micro-Comp software package 5.2.2.
Area-perimeter analysis was carried out by tracing from an electron
micrograph onto the digitizing tablet the perimeter of the structure to
be measured. Distances were measured analogously. Measurements in-
cluded (a) total cross-sectional area of each glomerulus in the sample,
(b) fractional mesangial cross-sectional area, (c) total circumferential
length of the peripheral capillary loops in each glomerular cross-section,
and (d) area and thickness of the capillary wall along the length of in-
dividual capillary loops—this was expressed as the ratio of cross-sectional
area of all three layers (endothelial, basement membrane, and epithelial)
to the length of the capillary loop (Fig. 1), (¢) area and thickness of the
basement membrane expressed as the ratio of the cross-sectional area of
the basement membrane and associated osmophilic immune deposits
to the length of the capillary (Fig. 1), (/) the summed area of osmophilic
immune deposits per cross-sectional area of the capillary basement
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membrane, and (g) the number of epithelial filtration slits per unit length
of capillary loop.

The following conventions were used in making the foregoing de-
terminations. The actual outlines of glomerular tufts were traced to de-
termine the cross-sectional area. The criteria of Mauer et al. (19) were
used in defining junctions between mesangium and peripheral capillary
loops, and loop length was defined as the distance between these junctions.
Total thickness of the capillary wall (four above) included epithelial cell
foot processes up to the interface with Bowman’s space. Connections
between foot processes and the main epithelial cell body were included
only up to the point at which they were maximally tapered (see Fig. 1).
Portions of the main body of epithelial cells were included in measure-
ments of the capillary wall area only where the cells were directly applied
to the capillary basement membrane.

Statistical analysis. Differences in clearance and hemodynamic de-
terminations between the membranous glomerulopathy and control
populations were evaluated with a two-tailed Student’s ¢ test or the Wwil-
coxon rank sum test for unpaired data. Differences within the membra-
nous glomerulopathy group before and during sodium depletion and
indomethacin therapy were evaluated with the Student’s ¢ test or the
Wilcoxon rank sum test for paired data. The correlations between fil-
tration data and either derived membrane parameters or morphometric
measurements of glomerular ultrastructure were evaluated by linear
regression analysis. All results are expressed as the means+standard error
of the mean.

Results

GFR and determinants. The GFR in patients with membranous
glomerulopathy varied over a wide range (15-122 ml/min per
1.73 m?, Fig. 2). On the average, however, GFR in the experi-
mental population was depressed to a value only half that of the
control group, 58+7 vs. 109+3 ml/min per 1.73 m? (P < 0.001,
Table I). By contrast, estimated renal plasma flow was similar
in the two groups, 627494 vs. 616+25 ml/min per 1.73 m?
respectively. That GFR was selectively or disproportionately
lowered relative to renal plasma flow is indicated by a marked
lowering of the filtration fraction in patients with membranous
glomerulopathy. Whereas the filtration fraction averaged
0.18+0.01 in healthy controls, the corresponding value in the
experimental population was only 0.12+0.02 (P < 0.002).

The nephrotic range proteinuria in patients with membra-
nous glomerulopathy was accompanied invariably by hypopro-
teinemia. As a consequence, measured oncotic pressure of sys-
temic plasma (which is taken to be the same as that prevailing
in the afferent arteriole) was severely depressed compared to
control values, 15.4+0.8 vs. 23.8+0.5 mmHg, respectively (P
< 0.001), a finding that should result in an increase in net trans-

Figure 1. (Opposite) (a) A representative micrograph of morphologi-
cally mild membranous glomerulopathy shows subepithelial deposits
(Dep), open capillary loops (Cap), and no significant increase in base-
ment membrane (BM) thickness. The junction of a mesangial area
(Mes) with the capillary wall is indicated by a dashed line. Some filtra-
tion slits are indicated by small arrowheads. Filtration slits are reduced
in number in comparison to normal glomeruli. Epi, epithelial cell; En,
endothelial cell; Bow, Bowman'’s space. (b) This digitized tracing of
the capillary loops from the micrograph shown above demonstrates
some of the quantities determined by computer-assisted morphome-
try. Deposits are indicated in black. As noted in the text, epithelial ele-
ments of the wall were only measured when directly applied to the
loops. Measurement of the epithelial cell cytoplasm was terminated at
the point of maximum tapering as the epithelial processes extended
toward the cell bodies (see large arrowheads in the two panels).
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Figure 2. (Left) Fractional albumin clearance plotted as a function of
GFR. Coefficient of correlation = 0.79. (Right) Fractional IgG clear-
ance vs. GFR. Coefficient of correlation = 0.67. C, clearance.

membrane ultrafiltration pressure. In contrast, mean arterial
pressure (estimated as diastolic pressure plus one-third of the
pulse pressure) was elevated above the control value of 86+2 to
105+2 mmHg in patients with membranous glomerulopathy (P
< 0.001). If glomerular capillary hydraulic pressure was also
elevated, as is the case in Heymann nephritis in the rat (20, 21),
the increase in net transmembrane ultrafiltration pressure in the
experimental population would be even greater than inferred
from the decline in oncotic pressure alone. This should elevate
the GFR and filtration fraction and not lower these quantities
as was observed (Table I). By exclusion the glomerular hypofil-
tration of membranous glomerulopathy seems most likely to
result from a profound lowering of the glomerular ultrafiltration
coefficient, K.

Macromolecule excretion and clearance. Neither albumin
nor IgG were detectable by radial immunodiffusion in uncon-
centrated urine of healthy control subjects. In contrast, the uri-
nary excretion of each protein was massively enhanced and easily
measurable in all members of the experimental group (Table I).
The range of urinary albumin excretion was 1.8-26.3, averaging
10.0+1.3 mg/min. The corresponding range of IgG excreted in

Table 1. Renal Function in Membranous Glomerulopathy

Healthy Membranous
controls glomerulopathy
(n=20) (n=20)
Glomerular filtration rate
(ml/min per 1.73 m?) 109+3 58+7*
Renal plasma flow
(ml/min per 1.73 m?) 616+25 627+94
Filtration fraction 0.18+0.01 0.12+0.02*
Plasma oncotic pressure
(mmHg) 23.8+0.5 15.4+0.8*
Mean arterial pressure
(mmHg) 86+2 105+£2*
Urinary albumin excretion
(mg/min) NM 10.0£1.3
Urinary IgG excretion
(mg/min) NM 0.7+£0.2

NM, not measurable.
* P <0.002.
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urine was 0.1-2.7, with an average value of 0.7+0.2 mg/min.
In the face of these massive urinary losses, the serum levels of
both albumin (2.2+0.2 g/dl) and IgG (0.6+0.1 g/dl) were de-
pressed to subnormal values in patients with membranous
glomerulopathy. )

Assuming minor or negligible fractional protein reabsorption
at the high filtered protein loads that characterized the experi-
mental population, the fractional clearances of the test proteins
should approach their glomerular sieving coefficients and reflect,
with reasonable accuracy, the extent to which the glomerular
capillary wall had become hyperpermeable to each protein (22).

Accordingly, the relationship of the fractional clearances of al- .

bumin and IgG to the GFR in individual patients illustrated in
Fig. 2 is instructive. Fractional albuinin clearance was correlated
inversely with GFR (r value = —0.79). An exactly parallel re-
lationship was observed between fractional IgG clearance and
GFR (r = —0.67). Both correlations were highly significant, P
< 0.001. Thus the magnitude of glomerular hyperpermeability
to both albumin and IgG in membranous glomerulopathy ap-
peared to be associated with the extent to which GFR was de-
pressed. -

The fractional clearances of dextrans of broad size distri-
bution differed strikingly between patients with membranous
glomenilopathy and control subjects (Fig. 3). The fractional
clearances of small, relatively permeant dextrans (radius interval
28-48 A) in membranous glomerulopathy were depressed below
normal. The opposite was true of the fractional clearances of
large, nearly impermeant dextrans with radii >50 A, which were
elevated above normal. The selective enhancement of fractional
clearances of the largest dextrans became magnified with in-
creasing size of the dextran molecule, indicating a glomerular
membrane with a less sharp cutoff than normal in patients with
membranous glomerulopathy.
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Figure 3. Fractional dextran clearance profile in subjects with mem-
branous glomerulopathy (e) is compared to that of healthy controls
(0). Fractional clearances are plotted as a function of effective dextran
radius. Results are expressed as meanztstandard error of the mean; * P
<0.01; ** P <0.001.

Analysis of membrane-pore structure. Valuss of membrane
parameters calculated for the glomerular capillary wall from the
mean fractional dextran clearances for each group are shown in
Table II. In making these calculations, a value of transmembrane
hydraulic pressure difference (AP) similar to that observed in
various mammalian species, or 35 mmHg, was assumed to be
representative of the control population (23, 24). In the case of
the experimental group, AP was assumed either to be the same
as in normal subjects (35 mmHg) or to be elevated in parailel
with arterial pressure to 40 mmHg. The latter assumption is
more consistent with direct measurements of AP in glomeruli
of rats with Heymann nephritis (20, 21).

As shown in Table II, the membrane parameters of the glo-
merular capillary wall in membranous glomerulopathy differ
markedly from those in healthy controls. K;, the glomerular
ultrafiltration coefficient, is calculated to be about five times
lower, while the radius of the pores that perforate the major
portion of the capillary wall (ro) is smaller by 4 A. In contrast,
the membrane parameter that characterizes the shunt pathway,
wo, is about eightfold greater in membranous glomerulopathy
than in healthy controls, 0.011 vs. 0.0015, respectively. The cal-
culated fraction of macromolecule-rich filtrate volume that per-
meates the shunt pathway ((w)) is also substantially higher in
membranous glomerulopathy than in controls, 0.013 vs. 0.004,
indicating the prominence of the shunt pathway in the experi-
mental population. It is noteworthy that the departure from
normality of all three membrane parameters in membranous
glomerulopathy is largely independent of whether or not AP is
assumed to have become elevated in this disorder (Table II).

When the fractional dextran clearances of each individual
control and patient were subjected to analysis in the manner
depicted for the mean group data in Table II, remarkably similar
results are obtained. Assuming a value for AP of 35 mmHg in
control subjects, Kraveraged 14.7+1.1 ml/(min - mmHg), while
ro averaged 57.7+0.2 A. Assuming a value for AP of 40 mmHg,
the corresponding values in patients with membranous glome-
rulopathy were 2.9+0.5 ml/(min - mmHg) and 53.6+0.5 A, re-
spectively. Both differences were highly significant, P < 0.005.
Judged by respective mean values of wg of 0.0104+0.0023 vs.
0.0015+0.0002 (P < 0.001), and of {w) of 0.012+0.002 vs.
0.004+0.001 (P < 0.001), the shunt pathway was significantly
more prominent in patients with membranous glomerulopathy
than in healthy control subjects. Moreover, when plotted as a
function of the corresponding fractional protein clearance (Fig.
4) (w) was correlated strongly in individual patients with the
fractional clearance of both albumin (r value = 0.76, P < 0.001)

Table II. Glomerular Membrane Parameters

Membranous glomerulopathy
Healthy controls
(AP = 35 mmHg) (AP = 35 mmHg) (AP = 40 mmHg)
K; (ml/min
-mmHg) 14.5 38 29
ro(A) 574 53.8 53.8
wo 0.0015 0.0113 0.0112
(w) 0.0040 0.0134 0.0130

K, ultrafiltration coefficient; ry, pore radius of major membrane com-
ponent; wo, shunt parameter; (w), fraction of filtrate volume through
shunt.
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Figure 4. Relationship between fractional protein clearance and the
fraction of glomerular filtrate permeating shunt pathway, (w) in pa-
tients with membranous glomerulopathy. (Leff) Fractional albumin
clearance vs. {w). (Right) Fractional IgG clearance vs. {w).

and of IgG (r value = 0.80, P < 0.001). Thus, as judged by a
considerable increase in the participation in the filtration process
of a nondiscriminatory shunt pathway (wo and {(w)), there is a
loss of membrane size selectivity in membranous glomerulo-
pathy, and the magnitude of urinary protein leakage in this dis-
order appears to be a function of the fraction of filtrate volume
that permeates the shunt pathway. The glomerular membrane
in membranous glomerulopathy also differs from normal in that
a marked reduction in K; would appear to account for a sub-
stantial increase in transmembrane resistance to water flow, and
hence, the observed reduction of GFR.

Correlates of sodium depletion and indomethacin therapy.
In keeping with the sodium-depleted state, seven members of
the experimental group demonstrated a highly significant weight
loss from 80.3+4.0 to 77.8+3.8 kg (P < 0.01) during 3 d of
sodium restriction and diuretic therapy. The simultaneous ad-
ministration of indomethacin led to a significant reduction by
33%, respectively, of GFR from 76+10 to 51+6 ml/min per
1.73 m? (P < 0.005). There was a parallel fall by 24% of renal
plasma flow from 812495 to 615+90 ml/min per 1.73 m? (P
< 0.05). Arterial pressure (1035 to 96+5 mmHg) and plasma
oncotic pressure (15.5+0.9 to 21.5+2.1 mmHg, P < 0.005) were
restored toward normal, suggesting a likely fall in net glomerular
transmembrane ultrafiltration pressure. These hemodynamic
changes were accompanied by a remarkable reduction in urinary
protein excretion. Albumin excretion fell from an initial value
of 10.0+3.3 to 2.7+0.5 mg/min while urinary IgG excretion
declined from 0.7+0.3 to 0.1+0.07 mg/min (P < 0.02) during
indomethacin therapy. The corresponding fractional clearance
of each protein was reduced by 57% and 75%, respectively.

Sodium depletion and indomethacin therapy of this subset
of the experimental population was associated also with a marked
alteration of the fractional dextran clearance profile (Fig. 5). The
small radius end of the profile (<50 A) was elevated by the he-
modynamic perturbation, reaching statistical significance for
relatively permeant dextran fractions in the radius interval 36—
44 A. In contrast, the large radius end of the fractional dextran
clearance profile (>52 A), although also slightly elevated, did
not differ significantly from baseline values before indomethacin
therapy. The calculated membrane parameters are summarized
in Table III. Here it has been assumed that AP either remained
unchanged from baseline at 40 mmHg or, more likely, declined
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Figure 5. Fractional dextran clearances vs. dextran radius in seven
subjects with membranous glomerulopathy before (0) and after (o) in-
domethacin therapy. * P < 0.05.

to 35 mmHg in association with the increase in renal vascular
resistance and fall in arterial pressure induced by sodium de-
pletion and cyclooxygenase inhibition (24, 25). The experimental
perturbation had relatively little effect on calculated K; but re-
stored 7, from an initially reduced value of 54.4 toward the con-
trol value, 57.4 A. As judged by a reduction in wo from 0.0050
t0 0.0035-0.0042, the shunt pathway was reduced in magnitude.
From the product of (w) (the fraction of filtrate volume per-
meating the shunt pathway) and GFR, we estimate that the ab-
solute rate of formation of macromolecule-rich filtrate through
the shunt pathway declined by 40% from 0.48 to between 0.28
and 0.29 ml/min per 1.73 m? (Table III). We interpret these
computations to indicate that lowering the glomerular perfusion
rate and ultrafiltration pressure restores membrane-pore struc-
ture towards normal control values in patients with membranous
glomerulopathy. Reduction of proteinuria appears to result, at
least in part, from diminution of the shunt pathway in the size-
selective barrier of the filter.

Morphometric analysis. The morphometric parameters of
the experimental and control groups are compared in Table IV.

Table I11. Effects of Indomethacin on Membrane Parameters

After

Before

(AP = 40 mmHg) (AP = 40 mmHg) (AP = 35 mmHg)
K¢ (ml/min

-mmHg) 3.77 2.86 3.89

ro(A) 54.40 57.40 57.40
wo 0.0050 0.0042 0.0035
<w> 0.0063 0.0055 0.0056
GFR - (w) (ml/min) 0.48 0.28 0.29

For abbreviations see Table II.
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Table IV. Morphometry of Glomerular Ultrastructure

Peripheral GBM + deposit Filtration
Membranous capillary area/micrometer slits/micrometer
glomerulopathy GA Mesangial area/GA length/GA Deposit area/GBM area loop length loop length
mn? X 107°
Patient
1 35 0.28 0.07 0.27 1.33 .36
55 0.21 0.10 0.20 1.00 24
3 60 0.26 0.07 0.15 2.32 43
4 40 0.17 0.12 0.28 1.17 .19
5 61 0.28 0.08 0.22 1.58 .39
6 16 0.25 0.07 0.29 1.12 29
7 78 0.25 0.10 0.10 0.80 16
8 120 0.13 0.06 0.50 1.78 44
9 40 0.20 0.09 0.32 1.85 .19
10 13 0.06 0.10 0.26 0.97 47
11 39 0.33 0.08 0.15 1.36 .59
12 50 0.19 0.10 0.18 1.03 .28
13 27 0.22 0.10 0.14 1.23 24
14 22 0.15 0.08 0.19 1.27 21
15 41 0.16 0.11 0.19 1.26 .30
Mean 46 0.21 0.09 0.23 1.34 32
SEM 7 0.02 0.00 0.03 0.10 .03
Normal controls
Range (n = 4) 29-63 0.19-0.27 0.11-0.15 0-0 0.44-0.73 0.78-1.12
GA, glomerular area; GBM, glomerular basement membrane.
The cross-sectional areas of 36 glomeruli from patients with Discussion

membranous glomerulopathy were similar to those of 10 control
glomeruli, 46.4 vs. 48.5 mm? X 1073 (P = NS). No significant
difference in the fractional mesangial area was evident between
the two groups. In contrast, and in accord with qualitative de-
scriptions, there was a distinct thickening of the entire glomerular
capillary wall (2.7+0.02 vs. 1.3-1.6 per micrometer of loop
length), and of the basement membrane plus deposit component
of this structure, in membranous glomerulopathy (Table IV,
column 5). Immune deposits accounted on average for 0.23+0.03
of the total area enveloped by basement membrane, ranging
from 0.1 to 0.5 in individual biopsy samples. Membranous
glomerulopathy also differed from control in that the circum-
ferential length of peripheral capillary loops was reduced when
corrected for glomerular cross-sectional area (Table IV, column
3). Furthermore, broadening of foot processes led to a marked
reduction in the frequency of filtration slits, 0.32+0.03 vs. 0.78-
1.12 per micrometer of capillary loop length in controls.

Of the foregoing morphometric parameters, only the latter
quantity could be related to GFR in eight patients in whom the
needle biopsy and clearance study were contemporareous (r
= 0.78). In these eight subjects there was also a significant but
inverse correlation between fractional albumin (r = —0.72), or
IgG clearances (r = —0.74) and the frequency of filtration slits.
Of the remaining quantities in Table IV only one, the circum-
ferential length of peripheral capillary loops per glomerulus,
correlated significantly (P < 0.05) with fractional protein clear-
ances. The r values versus fractional albumin and IgG clearances
were 0.760 and 0.747, respectively.

The differential solute clearance technique employed in the
present study suggests that the glomerular capillary wall in
membranous glomerulopathy differs from normal in two major
respects. First, a simultaneous and severe depression of GFR,
filtration fraction, and fractional clearances of smaller, relatively
permeant dextrans (radius < 48 A) points to a lowered K; (26).
Moreover, although based upon an indirect approach, our find-
ings are consistent with micropuncture studies in Heymann ne-
phritis in the rat and suggest that transcapillary ultrafiltration
pressure in the subjects of the present study was enhanced (20,
21). It appears, therefore, that the observed glomerular hypofil-
tration in human membranous glomerulopathy is caused
uniquely, by a depression of K; (27). Second, the development
of massive and nonselective proteinuria in the members of the
experimental population was accompanied by a selective increase
in the filtration of large, nearly impermeant dextrans of radius
> 50 A. This finding can be explained by the emergence in the
glomerular capillary wall of a second population of pores rela-
tively few in number but of large size (16). Thus, the functional
integrity of the glomerular capillary wall in membranous glom-
erulopathy appears to be compromised by a simultaneous loss
of barrier size-selectivity and intrinsic ultrafiltration capacity.
As reviewed recently, glomerular size-selectivity has been
represented in many previous studies by idealizing the filtration
barrier as an isoporous membrane, one containing cylindrical
pores of uniform size (28). That an isoporous model is incom-
patible with the glomerular capillary wall of membranous glom-
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erulopathy, however, is readily appreciated by comparison of
the fractional dextran clearances of experimental subjects of the
present study with those of healthy controls. No single population
of glomerular pores of uniform size can simultaneously account
for the reduced transglomerular transport of smaller dextrans
(radius < 50 A) but the enhanced transport of larger dextrans
(radius > 50 A) illustrated for nephrotic subjects with membra-
nous glomerulopathy relative to healthy controls in Fig. 3. We
have accordingly used a recently described heteroporous ideal-
ization of the glomerular capillary wall (10). This model assumes
that the major portion of the glomerular capillary wall functions
as an isoporous membrane, while a minor fraction of filtrate
volume passes through a second population of pores, relatively
few in number but of sufficiently large size that they fail to restrict
the passage of dextrans of up to 58 A radius.

Our computations reveal that the pores in the major iso-
porous component of the glomerular membrane in membranous
glomerulopathy have an effective radius of only 53-54 A (Table
II). Such functional pores are likely to be, if anything, more
restrictive in vivo toward globular proteins than to dextrans of
comparable size (29). It seems reasonable to infer, therefore,
that because of its large molecular radius (~55 A) IgG must
pass into Bowman’s space exclusively through the enlarged pores
of the shunt pathway. In keeping with this probability is the
strong correlation among patients with membranous glomeru-
lopathy between the fractional clearance of IgG and the fraction
of filtrate volume that permeates the shunt pathway (Fig. 4).2
Moreover, careful examination of Fig. 4 reveals that the values
of {w) are equal to or in excess of fractional IgG clearance,
suggesting that the shunt can account entirely for the observed
levels of the latter quantity. Why the much smaller shunt path-
way in the healthy glomerular capillary wall of control subjects
is not accompanied by measurable immunoglobulinuria cannot
be ascertained from the present data. Conceivably, the large pores
of the control shunt pathway may exhibit a greater degree of
charge or shape selectivity than in membranous glomerulopathy,
thereby permitting the free passage of large uncharged dextrans
while severely restricting proteins of equivalent size (29).

That albuminuria in membranous glomerulopathy may, like
immunoglobulinuria, also result primarily from loss of barrier
size-selectivity is suggested by an equally strong correlation be-
tween fractional albumin clearance and the fraction of filtrate
volume that permeates the shunt pathway, (w) (Fig. 4). In con-
trast to IgG, the subclasses of which are mostly neutral or cat-
ionic, albumin is strongly polyanionic in physiologic solution
(16). Its molecular radius of 36 A is small enough that it could,
in theory, pass through the major small-pore component of the
membrane, should the glomerular capillary wall become depleted
of its fixed, negatively charged glycoprotein components. How-
ever, that impaired size rather than charge selectivity might rep-
resent the major dysfunction of the filtration barrier in mem-
branous glomerulopathy is suggested by analogy with observa-
tions in Heymann nephritis. Rennke and his co-workers (30)

2. The contribution of the hypothetical shunt pathway to the fractional
clearance of a given macromolecule is closely related to (), the fraction
of the filtrate volume passing through these nonselective pores. Because
the plasma concentrations of the larger macromolecules increase with
distance along a glomerular capillary, the fractional clearance contribution
of the shunt must slightly exceed (w) (10). When the filtration fraction

for water is relatively small, as in the present study, this distinction is
unimportant.

observed a normal pattern of barrier charge-selectivity, mani-
fested by restriction of polyanionic macromolecules and en-
hanced filtration of polycationic macromolecules, in rats with
Heymann nephritis. Although not reported in detail, the same
study revealed also a selective increase in the filtration of un-
charged dextrans of large radius, not unlike that observed in the
human subjects of the present study (31).

The current heteroporous model of the glomerular capillary
wall also includes mass balance relations that predict variations
in solute concentrations and fluxes along the length of the glo-
merular capillary (10). In this way it becomes possible to isolate
the influence of hemodynamic factors on fractional dextran
clearances from that owing to the intrinsic selectivity of the glo-
merular capillary wall (26). The utility of this approach is illus-
trated by considering the fractional dextran clearances depicted
in Fig. 5. Elevation of transglomerular transport of dextrans of
broad size distribution during sodium depletion and indometh-
acin therapy of a subset of the experimental population suggests
that the effective pore radius of the glomerular capillary wall
had become larger. Indeed, when hemodynamic alterations as-
sociated with this regimen are taken into account, the radius of
pores in the major component of the membrane (rp) is calculated
to have increased by 3 A. However, the prominence of the shunt
pathway (as reflected by wp and {w})) has diminished slightly, a
finding that could contribute to the observed reduction of pro-
teinuria. Also contributing to reduced urinary protein excretion
during indomethacin therapy is the simultaneous reduction of
GFR (Table III).

The change in membrane-pore structure induced by sodium
depletion and indomethacin also demonstrates that the reduction
in K; and loss of size slectivity that attend membranous glom-
erulopathy can be dissociated (Table III). Indeed, it may be that
elevation of glomerular perfusion rate and/or pressure in the
basal, unperturbed state distorts the membrane, thereby enlarging
the contribution of the shunt pathway. A similar distortion of
membrane-pore structure has been induced by maneuvers that
increase glomerular capillary hydraulic pressure in the normal
rat (32, 33). The same is true of colloid volume expansion of
human subjects with the nephrotic syndrome (34). The lowering
of glomerular perfusion rate and possible decompression of cap-
illaries that appears to have occurred in the wake of indomethacin
therapy may be the proximate events leading to improved size
selectivity of, and diminished protein traffic across, the glomer-
ular capillary wall in the experimental subjects of the present
study.

Using cytochemical techniques, morphologists have iden-
tified a local alteration in the composition and ultrastructure of
the glomerular basement membrane adjacent to subepithelial
immune complexes in experimental (Heymann) membranous
glomerulopathy (35, 36). Indeed, when the large anionic protein
ferritin (radius 61 A) has been used as an ultrastructural tracer,
it can be seen to traverse the basement membrane in close prox-
imity to the subepithelial immune complexes (37, 38). Ultimate
access of ferritin and albumin to Bowman’s space was found to
occur in areas where the overlying epithelial foot processes had
become detached from the lamina rara externa of the basement
membrane (37, 38). Our evaluation of glomerular ultrastructure
in the human subjects of the present study reveals that subepi-
thelial immune deposits are copius, occupying between 10% and
50% of total glomerular basement membrane area. Although
associated foot process broadening with a consequent reduction
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of the number of epithelial filtration slits was a uniform finding
and strongly correlated with the magnitude of fractional protein
clearance, we were unable to detect separation of the epithelial
foot processes from, and denudation of, the underlying basement
membrane. It is probable that routine, clinical electron micros-
copy is too insensitive to permit clear definition of a structural
equivalent of the observed loss of functional barrier size-selec-
tivity. The small number of glomeruli available for study in
biopsy specimens and the inferior fixation of biopsy tissue com-
pared to the in situ techniques used in the aforementioned animal
studies are likely factors contributing to this insensitivity.

Whereas our morphometric analysis of glomerular ultra-
structure has not elucidated the nature of impaired membrane
size-selectivity, it has provided some interesting insights into the
mechanism of glomerular hypofiltration in membranous glom-
erulopathy. The circumference of’ glomerular capillary loops
tended to be smaller and their basement membranes wider than
normal (Table IV). A smaller capillary circumference is predicted
to provide less surface area across which filtration can take place;
a widened basement membrane might lower hydraulic conduc-
tivity by lengthening the pathway for transmembrane water flux.
Both changes should lower K. Surprisingly, among patients un-
dergoing a contemporaneous biopsy and clearance study, loop
circumference and wall thickness of glomerular capillaries were
unrelated to GFR. If anything, wall thickness tended to be related
directly to GFR and not inversely as might be expected (r = 0.62,
P = NS). The only observed morphometric correlation that could
satisfactorily explain a low K; in our experimental population
was a marked diminution in the number of epithelial filtration
slits per unit length of glomerular capillary loop, a nonspecific
finding that is common to all proteinuric states. We wish to
emphasize, however, that the number of our observations is
small, and that further studies will have to be undertaken to
confirm the importance and uniqueness of this association.

If the epithelial foot process broadening and the ensuing
reduction of the number of filtration slits associated with mem-
branous glomerulopathy is indeed the basis of the observed re-
duction of GFR, we submit that the glomerular capillary wall
dysfunction in this disorder might be related only indirectly to
the physical presence of subepithelial immune complexes. The
short course of indomethacin given in the present study is un-
likely to have had any effect on the presence or density of im-
mune deposits. Thus, the finding during indomethacin therapy
of a restoration towards normal of membrane-pore structure
accompanied by diminished urinary protein leakage supports a
limited role for subepithelial immune deposits in the genesis of
proteinuria in this disorder.

It has been shown that Heymann nephritis in the rodent is
associated with activation of the terminal complement pathway
and the assembly of membrane attack complexes (39, 40).
Moreover, blockade of late components of the complement
pathway in Heymann nephritis prevents proteinuria, notwith-
standing the presence of subepithelial immune complexes (41,
42). This phenomenon may explain the apparent lack of asso-
ciation between glomerular capillary wall dysfunction and den-
sity of immune deposits in the experimental subjects of the pres-
ent study. Activation of the terminal complement pathway and
the formation of membrane attack complexes has been dem-
onstrated also in human membranous glomerulopathy (43). It
may be that complement activation leads to altered perfusion
characteristics of the glomerular microcirculation in this cir-
cumstance. We propose that such local hemodynamic alterations

alone, or in combination with yet other biophysical phenomena,
may provide a functional basis for the impaired barrier size-
selectivity and loss of ultrafiltration capacity that typify the glo-
merular capillary walls of subjects with membranous glomeru-
lopathy.
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