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The Pathophysiology ofProtein-Overload Proteinur a
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Alterations in glomerular function and structure were
studied in protein-overload nephrosis in the rat in-
duced by intraperitoneal administration of bovine
serum albumin (BSA). Fractional clearance (C/GFR)
studies using inulin and tracer proteins of different
molecular size and charge revealed in proteinuric rats
1) unchanged glomerular filtration rate and renal
plasma flow; 2) a 34-fold increase in C/GFR of rat
serum albumin, reaching values similar to BSA; 3) a
2-fold increase in C/GFR for anionic horse radish per-
oxidase (HRP), but normal values for neutral and ca-
tionic HRP, and 4) an 11- and 3-fold increase for heter-

THE GLOMERULAR capillary wall (GCW) consti-
tutes a semipermeable, size- and charge-selective filter
between the glomerular capillary lumen and the uri-
nary space." 2 Under normal conditions, the ultrafil-
trate is virtually devoid ofproteins. Increased perme-
ability to plasma proteins may be caused by a number
ofimmunopathologic, toxic, or hemodynamic events
leading to damage ofthe endothelial and/or epithelial
cells and disruption of the glomerular basement
membrane (GBM).3'4 Increased passage of proteins
from the capillary lumen to the urinary space has also
been observed in man and in laboratory animals after
parenteral administration of high amounts of pro-
teins.5-26 Studies on experimental models of protein-
overload proteinuria have shown that increased trans-
capillary movement of proteins causes degenerative
changes ofglomerular epithelial cells characterized by
swelling, vacuolization, increased reabsorption drop-
lets, loss of foot processes, and lifting from the under-
lying GBM.'1"220 Recent studies have reported on
functional and structural glomerular alterations in rat
models of protein-overload proteinuria, providing
conflicting evidence with regard to changes in size-
and charge-selective properties ofthe GCW. In BSA-
induced proteinuria sieving curves of neutral dex-
trans were found to be normal, suggestive ofan intact
sieving filter.23 In contrast, in the same model in-
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ologous IgG and IgM, respectively. Glomerular
epithelial cells showed degenerative changes, but the
distribution of anionic sites in the glomerular base-
ment membrane was found to be unaltered, as deter-
mined by polyethyleneimine binding studies. In sum-
mary, an elevation of serum albumin concentration
resulted in an increased transcapillary albumin trans-
port. This was found to lead to degenerative changes of
glomerular epithelial cells with development of large
pore defects, which were completely reversible. (Am J
Pathol 1987, 129:64-73)

creased filtration ofIgG24 and ofanionic ferritin22 was
found, and morphologic studies revealed detachment
of glomerular epithelium from the underlying
GBM,20,26 a lesion which is usually associated with a
large pore defect.27-29 Immunoelectrophoresis of uri-
nary proteins revealed that albumin constitutes the
majority of filtered proteins, but a considerable pro-
portion of the globulin fraction also reaches the
urine.13"16,19'20 In addition, the role of hemodynamic
factors, such as possibly increased flows and pres-
sures, has not been studied in detail.

This article describes pathophysiologic mecha-
nisms in protein-overload proteinuria in female Wis-
tar rats rendered proteinuric by daily administration
ofbovine serum albumin (BSA). Hematocrits, serum
total protein, rat serum albumin (RSA), and BSA
concentrations were monitored during and after BSA
administration. Alterations in charge- and size-selec-
tive properties of the GCW after two doses of BSA
were studied by measuring proteinuria and fractional
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clearances of a number of protein tracers. Structural
changes were studied by light and electron micros-
copy. Distribution of anionic sites within the GBM
was studied by binding ofpolyethyleneimine (PEI), a
strongly cationic polymer.30 Finally, the role ofhemo-
dynamics in the pathogenesis of this model of pro-
teinuria was evaluated by determining changes in glo-
merular filtration rate (GFR) and renal plasma flow
(RPF) at 4 hours after one, two, or three daily intra-
peritoneal doses of BSA.

Materials and Methods

Animals

Female Wistar rats were used at 3 months of age
with a weight range of 190-220 g. The animals were
housed in metabolic cages and had free access to stan-
dard rat food (Hope Farms Inc., Woerden, The Neth-
erlands) and tap water. Urine was collected for 24
hours and analyzed for protein content by the biuret
method.

Induction of Proteinuria

Proteinuria was induced by daily intraperitoneal
injections of 1.25 g BSA (Sigma Chemical Comp.,
Rijswijk, The Netherlands) dissolved in 0.9% NaCl in
a volume of 5 ml. Control rats received saline only.

Experimental Design

The rats were divided into four groups.
Group A (n = 5) was used for quantitative analysis

ofserum and urinary proteins and hematocrits during
6 consecutive days after two intraperitoneal BSA
doses at Day 0 and Day 1.
Group B (n = 30) was used for measuring GFR,

RPF, and the fractional clearances of RSA, BSA,
three differently charged horse radish peroxidases
(HRP), exogenous rabbit IgG, and human monoclo-
nal IgM at Day 2, when proteinuria was maximal. The
protein tracers were characterized for molecular
radius and charge by column chromatography and
isoelectric focusing as described below.
Group C (n = 12) was used for light- and electron-

microscopic studies 16 hours after one or two doses of
BSA and 6 days after the first dose ofBSA. Glomeru-
lar distribution of glycosaminoglycans in laminae
rarae interna and externa was studied by staining with
PEI and morphometric analysis in proteinuric ani-
mals after two doses of BSA and in controls.
Group D (n 14) was used for sequential determi-

nation of changes in GFR, RPF, and filtration frac-

tion (FF) at 4 hours after one, two, or 3 daily intraper-
itoneal doses of BSA.

Analysis of Proteins

In animals ofgroup A, blood was collected daily by
tail vein punction. Total serum and urinary protein
was measured by the method described by Lowry et
al.3' BSA and RSA were measured by radial immuno-
diffusion.32

Clearance Experiments

Physicochemical characteristics of the proteins
used in the clearance experiments are listed in Table
1. HRP was purified, chemically modified, and char-
acterized as described.2933 Rabbit IgG was purified by
DEAE-column chromatography and gel filtration.
Human monoclonal IgM was purified from serum of
a multiple myeloma patient by precipitation in 0.01
M sodium acetate, pH 6.0, followed by DEAE-col-
umn chromatography and gel filtration. Rabbit IgG
and human IgM were characterized for molecular
radius by an S300 gel filtration column (Pharmacia,
Woerden, the Netherlands), and isoelectric points (pI)
were determined by isoelectric focusing in a 1% agar-
ose gel (LKB Produkter, Zoetermeer, Netherlands
following the manufacturer's manual. The fractional
clearances of RSA, BSA, IgG, and IgM were deter-
mined in the animals also receiving nHRP.

Clearance experiments were performed as de-
scribed before29 in animals of group B at Day 2, 16
hours after the last dose of BSA. At this time protein-
uria was maximal. The animals were anesthesized by
Inactin (Promonta, Hamburg, FRG) at a 100 mg/kg
dose and placed on a heated table. Body temperature
was monitored via a rectal thermometer (Telether-
mometer, Yellow Springs Instruments, Denver, Co)
and maintained between 37 and 38 C. Tracheostomy
was performed and two polyethylene tubings (PE 10,
Clay Adams, Parsipanny, NJ) were inserted into the
left jugular vein for infusion of inulin and protein

Table 1 -Physicochemical Characteristics of Tracer Proteins

Rat serum albumin
Bovine serum albumin
Rabbit IgG
Human IgM
Anionic HRP
Native HRP
Cationic HRP

ae

36
36
55
85
29
30
30.5

pI
4.3
4.3
6.8
7.3
3.4
7.2
9.0

a, molecular radius as determined by gel filtration (see text); pl, isoelectric
point as determined by isoelectric focusing in polyacrylamide or agarose gels
(see text); HRP, horse radish peroxidase.
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tracers. PE50 tubing in the right femoral artery was
connected to a transducer (Elema Schonander EMT
34, Siemens, Amsterdam, NL). Arterial blood pres-
sure was recorded with a Mingograph 34 (Siemens).
The left femoral artery was cannulated for withdrawal
of arterial blood. Urine was collected from the left
ureter. Inulin (6%) was infused at a constant rate of
0.034 ml/min after a starting bolus of 0.4 ml. After a
60-minute equilibration period, transition time was
determined by lissamine green infusion. The HRP
tracers were administered as a small bolus (0.2-0.6
ml) followed by continuous infusion at a rate of
0.069-0.026 ml/min. The clearance rate ofinulin and
protein tracers was determined over a 30-minute pe-
riod, during which time arterial blood was obtained
by continuous withdrawal from the left femoral ar-
tery. Urine samples were collected from the left kid-
ney during a similar time period (corrected for transi-
tion time). At the end ofthe 30-minute period, 0.3-ml
blood samples were collected from the renal vein and
the aorta in heparinized syringes to calculate RPF
from the renal extraction ofinulin and the GFR. The
kidney was then perfused with saline and homoge-
nized as described29 for the determination of reab-
sorbed peroxidase tracers. Inulin concentration in
urine and plasma samples was determined by the
anthrone colorimetric assay.34 HRP concentration in
urine, plasma, and kidney homogenate was measured
by enzymatic activity.35

One-kidney GFR and RPF were then calculated
from the inulin concentration obtained in the urine,
peripheral arterial, and renal venous plasma samples
by standard formulas: for GFR, the ratio was calcu-
lated of urine volume times urine concentration of
inulin over the time-averaged plasma inulin concen-
tration; for RPF, GFR was multiplied by the ratio of
arterial plasma inulin concentration over the arterial
minus the renal vein inulin concentration, both col-
lected at the same time at the end of the clearance
period. The clearance (C) of each peroxidase tracer
was calculated as the ratio of the amount excreted in
the urine plus the reabsorbed fraction determined in
the kidney homogenate over the time-averaged con-
centration in the peripheral artery. Fractional clear-
ance was defined as C/GFR. Plasma samples were
also analyzed for total plasma protein. Separate blood
samples were taken for measurement of hematocrits
(Hct). Rabbit IgG and human IgM were measured by
radioimmunoassay.

Light and Electron Microscopy

Structural glomerular changes in protein-overload
nephrosis were studied by light, immunofluorescence

(IF), and electron microscopy 16 hours after one and
two injections ofBSA and at 6 days after the first dose,
when proteinuria had returned to background levels.
Under Inactin anesthesia a small biopsy specimen of
kidney cortex was taken from the left kidney and fro-
zen for IF studies. Subsequently, both kidneys were
fixed by perfusion at 120mm Hg with 1 25% glutaral-
dehyde in 0.1 M phosphate buffer, pH 7.4. Renal
tissue was then dehydrated and embedded in epoxy
resin. Semithin sections were stained with toluidene
blue. Thin sections were stained with lead citrate and
uranyl acetate and examined in a Philips 201 electron
microscope.
Immunofluorescence was performed on frozen

sections using monospecific fluoroisothiocyanate
(FITC)-conjugated antisera to RSA and BSA and to
rat IgG and C3 (Nordic, Tilburg, Netherlands).
Glycosaminoglycans in the GBM were visualized

and studied by morphometric analysis in kidneys of3
rats at 16 hours after administration of two doses of
BSA and in 3 control rats after saline injections. Six-
teen hours after the second BSA injection, the animals
were anesthesized with Inactin, and 0.2 ml ofa 0.05%
solution of PEI in phosphate-buffered saline was ad-
ministered intravenously under arterial blood pres-
sure control. After 15 minutes, the kidney was per-
fused with a mixture of 1% phosphotungstic acid and
0.5% glutaraldehyde in phosphate buffer as described
before.29 Renal tissue was processed as described
above. Of each kidney, 8 blocks of Epon-embedded
cortex were cut, and at least one representative glo-
merulus per block was used for morphometric analy-
sis of PEI-stained anionic sites by means of a MOP
AM 0.3 graphic tablet (Kontron, Munich, FRG). In
total, 440,000 ± 36,000 nm of GBM were counted
per animal for anionic sites in the laminae rarae in-
terna and externa.

Renal Function

In order to assess changes in GFR and RPF at 4
hours after one, two, or three BSA injections, we used
a separate group of rats to measure inulin clearance
and extraction (group D). Clearance experiments
were performed as described above.

Statistics

Statistical analysis of differences between experi-
mental and control groups was performed by means
of the unpaired Student t test.

Results
Fluctuations in total serum protein, RSA, BSA,

and hematocrits upon administration oftwo doses of
BSA are depicted in Figure 1. Simultaneously with a
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Figure 1-Changes in total serum protein (TSP), hematocrits (Hct), RSA,
BSA, and urinary protein loss upon intraperitoneal administration of 0.5 mg
BSA. Values are the mean of 5 rats ± standard deviation (SD) of the mean.

rise in BSA serum concentration to a maximum of44
mg/ml, RSA concentration decreased proportionally.
Total serum protein content and hematocrits re-
mained almost unchanged during the 6 days follow
up period. Urinary protein loss did not rise after the
first injection of BSA (16 ± 5 mg), but increased sig-
nificantly at Day 2 to a value of 320 ± 93 (P < 0.01)
mg. Immunoelectrophoresis showed this to be largely
albumin. At Day 4, urinary protein loss had returned
in most animals to baseline values.

Values ofthe clearance studies ofprotein tracers are
given in Tables 2-4 and Figures 2 and 3. GFR and
RPF were virtually unchanged. The fractional clear-
ance ofRSA rose from 0.000055 to 0.00 1853, ie, ap-
proximately 34-fold (P < 0.01), whereas the frac-
tional clearance of BSA was 0.00136. The fractional
clearances of aHRP, IgG, and IgM showed an in-
crease from 0.6 to 1.4 (P < 0.05), from 0.000072 to
0.000787 (P < 0.01) and from 0.000097 to 0.000306
(P < 0.01), respectively. Fractional clearances of
neutral and cationic HRP did not change signifi-

Table 2-Functional Data Collected in Clearance Studies for Group B

UP

Control
Experimental

Weight
(g)

219 ±17
206 ± 18

(mg/24
hr)

16±5
281 ± 64*

SBP
(mm Hg)

144 ± 9
132±11

Hct
(%)

49±4
49±4

TSP
(mg/ml)

73.3 ± 7.2
78.2 ± 10.7

GFR
(ml/min)

0.76 ± 0.15
0.76 ± 0.12

RPF
(ml/min)

2.90 ± 0.60
3.46 ± 0.87

Values are mean ± SD; n = 15 per group.

UP, urinary protein loss; SBP, systolic blood pressure; Hct, hematocrit; GFR, one-kidney glomerular filtration rate; RPF, one-kidney renal plasma flow; TSP,
total serum protein.
*P < 0.05.

Table 3-Fractional Clearance Values for Anionic (a), Native (n), and Cationic (c) HRP

GFR C * HRP-c C HRP+c C- HRP-c/GFR C * HRP+c/GFR

a HRP Control (n = 5) 0.69 ± 0.16 0.004 ± 0.001 0.005 ± 0.001 0.006 ± 0.002 0.008 ± 0.002
a HRP Experimental (n = 5) 0.74 ± 0.09 0.010 ± 0.002* 0.013 ± 0.003* 0.011 ± 0.003* 0.015 ± 0.003*

n HRP Control (n = 5) 0.74 ± 0.12 0.060 ± 0.018 0.067 ± 0.020 0.085 ± 0.026 0.092 ± 0.029
n HRP Experimental (n = 5) 0.74 ± 0.13 0.074 ± 0.020 0.081 ± 0.024 0.107 ± 0.042 0.114 ± 0.045

c HRP Control (n = 5) 0.84 ± 0.15 0.250 ± 0.027 0.256 ± 0.027 0.250 ± 0.026 0.288 ± 0.034
c HRP Experimental (n = 5) 0.84 ± 0.15 0.280 ± 0.032 0.288 ± 0.032 0.305 ± 0.061 0.309 ± 0.061

-c, without correction for reabsorbed tracer; +c, with correction for reabsorbed tracer (see text); n = 5 per group; values are mean ± SD.
*P < 0.05.

Table 4-Fractional Clearance (C/GFR) Values for IgG, IgM, RSA, and BSA in Control and Proteinuric Rats

IgG IgM RSA BSA

-c +c -c +c -c +c -c +c

Control 48 ± 22 72 ± 14 45 ± 31 97 ± 22
Experimental 343 ± 140* 787 ± 200* 85 ± 79* 306 ± 159*

31± 14 55± 14
900 ± 316 1853 ± 203 409 ± 130 1360 ± 283

Values are mean ± SD X 10+6; -c, without correction for reabsorbed trace; +c, with correction; n = 5 per group.

*P < 0.05. For GFR values see nHRP groups in Table 3.

80

40

20

100
200
300

I I r

Vol. 129 * No. I



68 WEENING ET AL

0.40

U-

LiJI~

030

0.20

0.101

aHRP nHRP cHRP
Figure 2-Fractional clearance of anionic (a), native (n), and cationic (c) HRP
in proteinuric and control rats. Values are the mean of 5 animals in each group
± SD of the mean.

cantly. A considerable proportion of some of the fil-
tered proteins was found in the kidney homogenate
(Table 4). By immunofluorescence techniques it was
not possible to detect the exact localization within the
kidney of these tracer proteins. Because ofthe uncer-
tainty, whether kidney bound proteins were filtered
and reabsorbed by tubules or bound to vessel walls
and interstitium, we have given the fractional clear-
ance values with and without correction for kidney
bound tracer. Kidney bound fractions were 43% of
total for aHRP, 72% for IgG, and 54% for IgM, but
these percentages were found to be similar for pro-
teinuric and for control animals, thus not affecting the
net increase in fractional clearance due to BSA over-
load.
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Figure 3-Fractional clearances of RSA, BSA, IgG, and IgM in proteinuric
and control rats. Values are the mean of 5 animals in each group± SD of the
mean.

Light microscopy revealed numerous protein reab-
sorption droplets in glomerular and tubular epithelial
cells of proteinuric animals (Figure 4). The reabsorp-
tion droplets stained strongly for RSA and BSA and
weakly for rat IgG. Rat C3 was absent. No glomerular
hypercellularity was found. Ultrastructural studies
showed glomerular epithelial cell swelling, partial ob-
literation of foot processes, an increased number of
pinocytic vesicles, occasional lifting from the under-
lying GBM, a variable number of protein reabsorp-
tion droplets, and microtubular condensation in ani-
mals which had received two doses ofBSA (Figure 5).
Minor changes were found after only one dose of
BSA. Morphometric analysis of PEI staining of the
GBM revealed similar numbers of anionic sites in

Figure 4-Ught micrograph of a glo-
merulus from a proteinuric rat after two
doses of 1.25 g BSA, showing numer-
ous protein reabsorption droplets

1 _s ~~~~~~~(arrows). (Toluidene blue, X640)
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Figure 5-Electron micrograph of a glomerular capillary loop from the same rat as in Figure 1, showing areas of foot process obliteration, a high number of
developing pinocytic vesicles (arrows), protein reabsorption droplets in the epithelial cells, and accumulation of flocculent proteinaceous material (arrowhead) in
the urinary space. CL, capillary lumen. (Uranyl acetate and lead citrate, Xl 0,500)

laminae rarae interna and externa in proteinuric and
control animals (Table 5, Figure 6). At 6 days, elec-
tronmicroscopy showed epithelial cells to be almost
completely normal. Occasionally a few reabsorption
droplets were found.

Renal function as determined by inulin clearance
and extraction at 4 hours after one, two, or three bolus
injections ofBSA showed no overt changes (Table 6).
At surgery, interstitial tissue was remarkably edema-
tous in the animals that had been given three doses of
BSA.

Discussion
Parenteral administration ofBSA to female Wistar

rats caused a transient and massive increase in urinary
protein loss, which was found to contain predomi-
nantly rat and bovine albumin. These findings con-
firm previous studies in rats exposed to BSA8"12,13,16-26
and studies in rabbits given injections of human
serum albumin.36 The almost immediate disappear-

ance of proteinuria and glomerular epithelial cell le-
sions at approximately 48 hours after the last BSA
injection was found by most other investigators in this
model, but not by Marks and Drummond,'4 who
found prolonged proteinuria and eventually severe
glomerular lesions in the rat strain they studied. Possi-
bly this is due to the source of protein (human serum
albumin) and to strain differences. Sex and strain
have been found to be important determinants ofthe
glomerular response to high parenteral doses of pro-
tein. 18

Proteinuria was found to be associated with struc-
tural changes ofthe glomerular epithelial cells, resem-

Table 5-Distribution of PEI Bound Anionic Sites per Nanometer
in Laminae Rarae Interna (Iri) and Externa (Ire) of the GBM
(n = 3 Animals per Group)

Control
Experimental

NS, not significant.

Iri

8.1 ± 1.4
7.1 ± 2.0 (NS)

Ire

10.5 ± 1.3
9.8 ± 2.1 (NS)
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a

b
Figure 6-Electron micrographs of segments of theGCW from a proteinuric
(a) and a control (b) rat after staining with PEI and phosphotungstic acid.
(X28,500)

bling those seen in aminonucleoside nephrosis27'28
and adriamycin nephrosis.29'37 In protein overload
proteinuria, these lesions seemed to be somewhat
milder and especially detachment of epithelial cells
from the GBM seems to be less frequent than in the
toxic models of nophrosis.27,29-37 Davies et a126 per-
formed morphometric analysis of glomerular ul-
trastructural changes in BSA-induced overload
nephrosis. They found the extent of glomerular epi-
thelial cell changes to correlate with the amount of
BSA administered and with the extent ofproteinuria.
Andrews38 compared glomerular lesions of protein

overload proteinuria with those of aminonucleoside
nephrosis in male Sprague-Dawley rats and found a
striking difference in glomerular pathology between
the two models. He described markedly less severe
glomerular lesions in the overload model than those
found by us and others, which may again be due to the
differences in strain and sex of the rats studied. In
aminonucleoside nephrosis all glomeruli exhibited
severe epithelial cell damage, due to the direct cyto-
toxic effect of aminonucleoside of puromycin;
whereas in protein-overload nephrosis epithelial cell
changes appear to be less uniform in their distribu-
tion.

In the present study, administration of BSA was
found to induce massive proteinuria containing both
rat and bovine albumin. Although most homologous
and heterologous proteins used in the models ofover-
load nephrosis caused similar glomerular changes and
an increase of proteinuria consisting ofboth endoge-
nous and exogenous proteins, investigators using egg
albumin as the source ofprotein have reported differ-
ent results. Administration of egg albumin, which is
markedly different in molecular weight (48,000 dal-
ton) and molecular charge (pl 7.0) from albumin
(69,000 and 4.3, respectively) has been found to cause
massive urinary loss of the injected egg albumin, but
no glomerular changes and no increased excretion of
proteins other than the egg albumin. 10,26

Recently, Mori et al39 described a unique model of
protein-overload proteinuria in rats bearing a pitui-
tary tumor secreting prolactin, growth hormone, and
adrenocorticotropic hormone. Growth hormone gen-
erated by the pituitary tumor in these rats induces
liver hyperplasia associated with hyperproduction of
albumin. The ensuing condition resembles homolo-
gous albumin protein-overload proteinuria. The ani-
mals develop massive proteinuria ofover 500 mg per
day containing predominantly albumin but also glob-
ulins. The glomerular epithelium shows degenerative
changes resembling the changes observed in the
present study. No studies on glomerular hemody-
namics or on permeability characteristics to high mo-
lecular weight proteins or dextran sieving curves have
been performed in this model.

Table 6-Renal Function at 4 Hours After One, Two, or Three Doses of BSA (Group D)

UP SBP Hct TSP
(mg/24 hr) (mm Hg) (%) (mg/ml)

Control (n = 5) 15 ± 4 146 ± 8 48 ± 3 73.8 ± 6.8
1 X1.25gBSA(n=3) 19±4 143±6 49±4 76.2±5.2
2X1.25gBSA(n=3) 193+37* 140±8 47±3 78.2±9.0
3X1.25gBSA(n=3) 345±81* 139±6 47±4 77.6±8.1

*P < 0.05 versus control values.
Values are mean + SD; GFR and RPF are one-kidney values.

GFR
(ml/min)

0.72 ± 0.10
0.74 ± 0.09
0.74 ± 0.12
0.78 ± 0.15

RPF
(ml/min)

2.70 ± 0.41
3.23 ± 0.52
3.42 ± 0.40
3.41 ± 0.82
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Lippman 10 and Davies et a126 have shown that ad-
ministration of BSA in rats caused massive protein-
uria consisting ofapproximately equivalent amounts
of BSA and RSA. In addition, filtration of hemoglo-
bin10 and ofthe globulin fraction26 was increased. The
present study has quantified these alterations in filtra-
tion and excretion of proteins in BSA-induced over-
load nephrosis by measuring the fractional clearances
ofa number ofendogenous and exogenous proteins of
different molecular weight and charge. The results
support the observations of others that raising serum
albumin concentration by exogenous or rat albumin
administration results in increased albumin excre-
tion. As shown by others in time sequential stud-
ies, 1'12'720'26morphologic changes ofthe glomerulus
are a consequence of increased protein filtration.
They demonstrated that upon protein administration
increased epithelial cell pinocytosis, lysosomal activ-
ity, and vacuolization occur. Later, the epithelial cells
lose their fine architecture by flattening and retraction
offoot processes. Ultimately, the cells retract from the
GBM, and occasionally bare segments ofGBM can
been seen. At the height of proteiniuria, when the
structural lesions as described above have fully devel-
oped, a large pore defect has been shown by using
electron-microscopic studies22'24 and in the present
study by measuring the fractional clearances of high-
molecular-weight proteins. Anionic HRP, rabbit IgG,
and human IgM were found to be filtered in increased
amounts. Fractional clearance values of neutral and
cationic HRPwere not changed, probably because the
filtration ofthese proteins is rather high under normal
conditions and an additional fraction filtered through
a large pore defect does not increase significantly the
amount already filtered across the intact GCW. A
similar explanation has been given for the normal
fractional clearances found for small and medium-
sized neutral dextrans in models ofnephrosis in which
a sieving defect can be determined only by measuring
high molecular radius dextrans.28'29 The HRP clear-
ances indicate that charge selectivity remains rela-
tively intact.
The occurrence of a functional sieving defect is

concordant with the structural changes in the GCW
and with the finding of increased filtration of IgG24
and anionic ferritin with a molecular radius of6 nm.22
In contrast, Bliss and Brewer23 found normal dextran
sieving curves in BSA-induced nephrosis. An expla-
nation for this discrepancy is not at hand.
The unchanged distribution ofPEI binding anionic

sites in the GBM confirms the findings of Rollason
and Brewer21 in BSA-induced overload nephrosis.
They studied glomerular polyanion and anionic sites
by different histochemical methods with light and

electron microscopy. No changes were found for most
of the cationic tracers they used, but a loss of anionic
charges from the GCW was documented by using
alcian blue, confirming studies of Bliss and Brewer25
using lysozyme. Also, a decreased binding ofcolloidal
iron was found with light microscopy, confirming
previous studies of Roy et al.1" The marked decrease
in lysozyme binding2' has also been found in am-
inonucleoside nephrosis.40 In aminonucleoside
nephrosis no changes in GBM glycosaminoglycans
have been found when studied by biochemical or ul-
trastructural methods using dyes other than lyso-
zyme.4
The reduction in colloidal iron staining at light mi-

croscopy has been found in many proteinuric condi-
tions and is usually attributed to simplification ofthe
epithelial cell surface, since at electron microscopy, a
strong binding ofcolloidal iron can still be found, not
very different from controls.4'15'26'29 Kerjaschki et al
recently described reduced sialic acid content of po-
docalyxin, the major sialoprotein of the GCW, in
aminonucleoside nephrosis.4' The anionic molecular
charges ofglycosaminoglycans and cell-surface sialo-
proteins are thought to constitute the charge barrier of
the GCW; but, in addition, they are likely to contrib-
ute to the integrity ofthe molecular sieve ofthe GCW.
The negatively charged components play an impor-
tant role in attachment of cells to extracellular matri-
ces, and disturbance by binding of strongly cationic
substances to anionic sites42 or removal of sialic acid
by neuraminidase43 causes defects in charge and size
selectivity. Loss of sialic acid after treatment with
neuraminidase has been shown to cause detachment
ofepithelial cells from the underlying GBM,43 similar
to what can be seen in puromycin aminonucleoside
nephrosis27'43 and in adriamycin nephrosis.29 These
sites of detachment are considered to be large pore
defects because they allow high-molecular-weight
proteins access to the urinary space.27-29 43
The loss of sialoproteins, as visualized by a reduc-

tion in colloidal iron staining, does not have to be
associated with a loss of charge selectivity, as was
shown in adriamycin nephrotic rats, which developed
severe sieving defects and massive proteinuria but no
loss of charge selective properties of the GCW.29
High protein diets are known to increase intraglo-

merular flows and pressures resulting in increased
GFR and RPF.44'45 These changes in glomerular
permselectivity have been shown to be associated
with increased transcapillary movement of proteins
and may lead to structural damage of the GCW and
the mesangium.46 Such alterations in glomerular he-
modynamics have been excluded by the present study
as a possible pathogenetic mechanism in the induc-
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tion of protein-overload proteinuria, since parenteral
administration of BSA was found to leave GFR and
RPF largely unchanged.

In conclusion, parenteral administration of large
doses of BSA leads to an increased transcapillary
movement ofalbumin to the urinary space. Increased
glomerular epithelial cell absorption ofalbumin leads
to degenerative changes ofthe glomerular epithelium,
resulting in large pore defects. These defects allow
macromolecules other than albumin to enter the uri-
nary space. All these phenomena were found to be
reversible. Other studies'4 have shown progression of
glomerular lesions and proteinuria in rats given 2 g of
BSA. This may be due to genetically determined dif-
ferences in the glomerular response (hemodynamic?
metabolic?) to protein overload and epithelial cell
damage.
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