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Puromycin aminonucleoside nepbrosis (PAN) is
a model for buman minimal change nepbropathy
induced in rats by injection of puromycin. In
PAN, defective sialylation of a major sialopro-
tein of podocytes, podocalyxin, bas been demon-
strated and the consequent decrease of anionic
charge suggested as a causative factor for in-
creased glomerular permeability and protein-
uria. Whether defective sialylation is a general
Sfeature of PAN affecting also glomerular glyco-
sphingolipids is not known. We bave shown that
rat glomeruli are rich in disialogangliosides GD
and O-acetyl GD, the functions of which are not
known. Here, we made a sequential analysis of
the glomerular gangliosides, especially of GD5
and its O-acetyl derivative in acute PAN using
immunobistocbemical and biochemical tech-
niques and compared the results with anotber
rat model of glomerular disease, Heymann ne-
pbritis. The prominent immunobistochemical
Jfinding was the almost total disappearance of
glomerular O-acetyl GD; and a substantial de-
crease of its precursor GD; peaking at 10 days
after injection of puromycin. Segmental areas
lacking these gangliosides remained in glomeruli
still at 30 days after injection. The response was
dose dependent. Semiquantitative analysis by
thin layer chromatograms showed that O-acetyl
GD; was decreased by 41% already at 3 days and
by 60% at 10 days after injection of puromycin.
Also GDj, the immediate precursor of O-acetyl
GD;, was decreased by 20 and 19%, respectively,
at 3 and 10 days after injection. At 3 days after
injection, overt proteinuria bad not started. At
these times, no otber changes were observed in
the glomerular gangliosides. The decrease of glo-

merular GD; and O-acetyl GD; indicates a de-
crease of GD; synthase activity and perbaps of
O-acetyltransferase activity in PAN nepbrosis. As
these changes preceded the overt proteinuria,
they may bave a causal relationsbip to it. In the
glomeruli of Heymann nepbritic rats, no similar
changes were seen, suggesting that the sialyla-
tion defect is not due to proteinuria but is a
consequence of targeted puromycin action on
cells. (Am J Patbol 1996, 149:1009-1015)

Sialylated glycosphingolipids (gangliosides) are
ubiquitous components of mammalian cell mem-
branes.” These molecules are synthesized by a
stepwise addition of sugar residues to the glycan
side chain of a ceramide backbone by specific en-
zymes to yield developmentally regulated tissue and
cell-type-specific structures.’ Gangliosides may
modulate cell adhesion molecules and are involved
in cellular differentiation and malignant transforma-
tion.*=® Additionally, gangliosides can bind to cell
surface receptors and may modulate receptor ty-
rosine kinase activity and activate membrane-bound
protein kinase C.”® Despite the variety of functions
suggested for gangliosides, little is known of their
roles in specific tissues and cell types except for
neuronal cells.®~""

Gangliosides are particularly abundant in the kid-
ney tissue.'> We have recently reported that the
disialogangliosides GD5 and O-acetyl GD; are found
in the visceral epithelial cells (podocytes) of rat kid-
ney glomeruli.'®'* GD;, has a role in the mesenchy-
mal-epithelial interaction during the development of
mouse kidney,'® but otherwise little is known of the
functions of renal gangliosides. Due to their abun-

Supported by grants from the Sigrid Juselius Foundation, the Paulo
Foundation, the Paivikki and Sakari Sohlberg Foundation, the Finn-
ish Foundation for Cancer Research, the Finnish Foundation of
Nephrology, and the Academy of Finland.

Accepted for publication May 8, 1996.

Address reprint requests to Dr. Harry Holthéfer, Department of
Bacteriology and Immunology, PO Box 21 (Haartmaninkatu 3), FIN-
00014 University of Helsinki, Helsinki, Finland.

1009



1010  Holthofer et al
AJP September 1996, Vol. 149, No. 3

dance and electronegative charge, gangliosides
could be involved in the maintenance of the charge-
selective filtration barrier of glomeruli.’® A decrease
in the sialylation, without changes in the total amount
of podocalyxin, a major sialoprotein of podocytes
and endothelial cells, has been reported in puromy-
cin aminonucleoside nephrosis (PAN) of the rat,”-'8
suggesting that changes in the glycan chains may
be important in the pathogenesis of proteinuria.

PAN is a widely used experimental model of glo-
merular disease in which the damage affects mainly
podocytes.'® However, the molecular mechanisms
of proteinuria in PAN are still not known. Our results
suggest that puromycin induces defective synthesis
and modification of the disialogangliosides of the
podocytes.

Materials and Methods

Animals and Induction of Nephritis

PAN was induced in two series of Sprague-Dawley
rats. In experiments 1 and 2, 10 and 40 male rats
(Department of Bacteriology and Immunology, Uni-
versity of Helsinki), respectively, weighing 175 to
250 g, with free access to tap water and standard rat
chow throughout the study, were used.

To induce PAN, 30 mg/100 g of aminonucleoside
of puromycin (or, in experiment 2, 15 mg/100 g, see
below; Sigma Chemical Co., St Louis, Mo) in phos-
phate-buffered saline (PBS) was injected intraperito-
neally, and 18-hour urinary samples were collected
every second day in metabolic cages. All animals
developed significant albuminuria by day 5 after in-
jection, as measured by nephelometry (Behring
nephelometer 100 analyzer, Behringwerke, Marburg,
Germany?°). The animals in experiment 1 (five PAN
and five control rats) were sacrificed on day 10 at the
peak of proteinuria. In experiment 2, 30 rats were
injected, but with a lower dose of puromycin (15
mg/100 g rat weight), whereas 10 control rats re-
ceived an equal volume of PBS. In experiment 2,
groups of 10 rats were killed on days 3, 10, and 30
after injection after 18-hour urine collection, and a
small cortical sample was taken from each kidney for
immunofluorescence studies. In experiment 1, glo-
meruli were isolated from the kidneys of the injected
and control rats and gangliosides were extracted
from the isolated glomeruli as described earlier.' In
experiment 2, one kidney was taken from each rat for
the extraction of glomerular mRNA and the remain-
ing kidney was taken for ganglioside extraction.

Autoimmune Heymann nephritis was induced as
described earlier in detail.? Briefly, rats as above for

PAN induction were immunized subcutaneously with
0.2 mg of renal brush border protein in 0.4 ml of
Freund’s complete adjuvant. The injections with in-
complete adjustment were repeated 1 month after
the first one. Urine samples were collected, and the
rats were killed at 12 weeks after the first injection.

Immunofluorescence Microscopy

To study the presence and tissue distribution of GD,
and O-acetyl GD5; gangliosides, frozen sections of
rat kidneys were cut at 3 to 4 um, fixed in acetone at
—20°C for 5 minutes, and washed in PBS. Thereafter,
monoclonal antibodies against GD; ganglioside
(clone R24; Biogenesis, Bournemouth, UK) or O-
acetyl GD5 (clone 27A; see Ref. 14) were flooded
over sections for 30 minutes. After washing, the tis-
sue sections were further incubated with rat anti-
mouse |gG (Boehringer Mannheim, Mannheim, Ger-
many) coupled with fluorescein isothiocyanate
(FITC). The sections were also stained with FITC-
conjugated anti-rat C3 (Cappel Laboratories, Co-
chranville, PA) or FITC-conjugated anti-rat IgG
(Boehringer Mannheim) to detect immune deposits
in the kidneys.

An Olympus OX50 microscope equipped with an
epi-illuminator and a filter system for FITC fluores-
cence was used for microscopy.

Ganglioside Analysis

To analyze the glomerular gangliosides, the protocol
was essentially as described before."*22 The pooled
glomeruli isolated from PAN, Heymann, or control
kidneys (1 vol) were homogenized in 3 vol of water at
0°C, 15 vol of chloroform/methanol (1:2 v/v) was
added, and the mixture was agitated for 4 hours on
amagnetic stirrer at 50°C. After repeated extractions
with chloroform/methanol/0.1 mol/L aqueous KCI (5:
10:4 v/v), the two supernatants were combined and
partitioned according to Folch et al.2® The upper
phase containing the crude ganglioside fraction was
collected and evaporated to dryness under nitrogen
flow. After dissolving in a small amount of water, it
was desalted using C18 Sep-Pac cartridges (Waters
Associates, Milford, MA) and further purified with a
DEAE Sephadex A-25 column and desalted with C18
Sep-Pac cartridges.

The total gangliosides thus obtained were sepa-
rated on thin layer chromatography (TLC) plates
(Merck, Darmstadt, Germany) using chloroform/
methanol/0.25% aqueous KCI (50:40:10) as solvent.
Equal amounts of gangliosides as lipid-bound sialic
acid were loaded on each lane. The hexoses were



then stained with orcinol/H,SO, reagent.'* Commer-
cial gangliosides GM3, GM,, GM,, GD5, GD,,, GD,,
and GT,, were used as ganglioside standards.
The relative amount of gangliosides and their
changes in 3-, 10-, and 30-day samples were ana-
lyzed from the thin layer chromatograms using direct
densitometric scanning of the TLC plates with an
Apple Color One scanner. Varying amounts of puri-
fied GM5; ganglioside containing the same molar
amounts of hexoses as the GD; or O-acetyl GD4
gangliosides studied were run on the same plates
with the glomerular samples. An 8-bit gray scale
image was recorded from each lane, and the analy-
sis was performed on a Power Macintosh computer
using the NIH Imaging program v1.56 (written by W.
Rasband, National Institutes of Health, Bethesda,
MD). The detection of GD; or O-acetyl GD; was
done by immune overlay, as described earlier.'22

Urinary gangliosides were extracted from the ly-
ophilized, pooled urine of the rats of experiment 1
and analyzed by TLC as described above.

Results

Proteinuria

In experiment 1 after administration of puromycin at
30 mg/100 g, rats developed increasing albuminuria
reaching 210 = 73 mg/24 hours (mean * SD) at day
10, whereas the control rats had almost no albumin-
uria (0.2 = 0.7 mg/24 hours). In experiment 2 after
injection of puromycin at 15 mg/100 g, a minor ele-
vation of urinary albumin could be detected on day 3
(4.7 = 5.1 mg/24 hours) as compared with the con-
trols (0.1 = 0.7 mg/24 hours), whereas at day 10 or
30 the urinary albumin rates were 210 = 102 mg/24
hours or 277 = 114 mg/24 hours, respectively. The
albuminuria with Heymann nephritis at the time of
sacrifice (at 12 weeks from induction) was 30 + 18
mg/24 hours.

Immunohistological Findings

No deposits of IgG or C3 could be seen in the
glomeruli of PAN or control rats, but in the samples of
the Heymann nephritic rats, diffuse granular depos-
its of IgG and C3 typical of membranous glomerulo-
nephritis were found in all glomeruli. At day 3 after
injection, glomerular staining of the injected rats for
GD; or O-acetyl GD; was by visual evaluation com-
parable with that of the control rats (Figures 1 and 2).
At day 10, a distinct decrease of GD5 was observed
in the glomeruli (Figure 3), whereas O-acetyl GD,
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was barely detectable (Figure 4). Notably, the higher
dose of puromycin caused a more prominent loss of
immunohistologically detectable O-acetyl GDj in the
glomeruli. At day 30, both GD; and O-acetyl GD4
immunoreactivities were back close to those seen in
the control kidneys, although distinct loss of immu-
noreactivity within sectors of variable sizes was reg-
ularly detected within the glomeruli.

Heymann nephritic kidneys appeared closely sim-
ilar to the controls; a prominent granular staining
reminiscent of podocyte reactivity was detected in all
glomeruli but not in other parts of the kidney (see
Figure 1).

Biochemical Analysis of Glomerular
Gangliosides

The major gangliosides of normal rat glomeruli are
GMj;, GDg, and O-acetyl GD; when analyzed by TLC
and hexose staining, as we have earlier shown.'#22
Normally, O-acetyl GD5 is the major band between
the GM, and GM, gangliosides (Figure 5, lane 2).
This was was strongly reduced at day 10 in the
glomeruli of the PAN rats of experiment 1 induced
with the higher puromycin dose. In the samples of
the rats with the lower puromycin dose (experiment
2), a similar but milder reduction in band intensity
was detected already at day 3 (Figure 6, lane 3; see
Table 1). The change was more prominent at day 10
(Figure 6, lane 4; Table 1) and remained at day 30
after injection. A decrease of GD5; and concomitant
increase of GM; was found already at day 3 (Figure
6, lane 3; see Table 1). These data show the time and
dose dependency of the PAN effect for the ganglio-
sides and was, notably, observed already before
appreciable changes in the immunofluorescence mi-
croscopy. The Heymann nephritic kidney glomerular
gangliosides closely resembled those of the control
kidneys (results not shown).

To study whether the decrease of the glomerular
O-acetyl GD, was due to its increased urinary secre-
tion, we isolated the urinary gangliosides in experi-
ment 1 and analyzed these on TLC immune overlays
with 27A antibodies. In control and PAN rat urine,
however, a comparable weak immunoreactivity was
detected in both samples (results not shown), indi-
cating that the loss of glomerular gangliosides in
PAN nephrosis was not due to loss into urine.

Discussion

In this study, we demonstrate both immunohisto-
chemically and biochemically that the normally
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Figure 1. Frozen section of normal rat kidney stained with R24 antibodies for GD, ganglioside. A granular staining pattern is seen within the

glomeruli. Magnification, X 280.

Figure 2. Frozen section of normal rat kidney stained with 27A antibodies for O-acetyl GD;. Granularity confined to the glomerulus in an epithelial

pattern is evident. Magnification, X 360.

Figure 3. Kidney section of a rat with PAN nepbrosis at day 10 stained for GD;. Note the strong decrease of glomerular (G) staining as compared

with the normal kidney in Figure 1. Magnification, X 360.

Figure 4. A complete loss of O-acetyl GD; reactivity within glomeruli (G) of PAN nepbritic rat kidney at day 10. Magnification, X 360.

abundant disialoganglioside O-acetyl GD5 of glo-
merular podocytes becomes barely detectable and
the relative amount of its immediate precursor GD4
disialoganglioside markedly decreases in compari-
son with its monosialyl precursor GM; in the protein-
uric phase of PAN nephrosis. The changes in glo-
merular gangliosides were dose dependent and
could be observed already before the onset of prom-
inent proteinuria on day 3 after injection. This indi-
cates that the changes were not secondary to pro-
teinuria and may have a causal relationship to it. In
comparison, no changes were seen in the Heymann
model of nephrotic syndrome caused by an immu-
nological injury to glomerular podocytes. These re-
sults suggest that puromycin directly interferes with
the terminal sialylation of gangliosides and that the
target cell in PAN nephrosis is the podocyte.

The podocyte is morphologically a highly differen-
tiated cell with its interdigitating foot processes con-
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Figure 5. Thin layer chromatogram (experiment 1) of the ganglioside
extracts of glomeruli isolated from the kidneys of normal rats (lane 2)
and rats with PAN nepbrosis (lane 3). Note the almost total disappear-
ance of the band migrating between standards (lanes 1 and 4) GM,
and GM, (corresponds with O-acetyl GD,) in lane 3 as demonstrated
by bexose staining.
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Figure 6. Thin layer chromatogram (experiment 2) showing the time
dependency of glomerular ganglioside changes in PAN. The amount of
gangliosides loaded is the same in all lanes. Note the decreased inten-
sity of the band migrating between standards (lane 1) GM, and GM,
(corresponds with O-acetyl GD;) and a simultaneous increase of the
GM, already at post-injection day 3 (lane 3), day 10 (lane 4), and day
30 (lane 5). Lane 2 shows the gangliosides of normal rat glomeruli.

Table 1. Proportional Changes of Glomerular GD; and
O-Acetyl GD; Gangliosides Normalized to the
Amount of GM; in PAN

Ganglio-
side  Control 3 days 10 days 30 days
GM; 100 100 100 100
GDg3 220 17.7(80.5) 17.9(81.4) 18.1(82.3)
O-Acetyl 20.8 126 (60.6) 8.5(40.9) 8.3(40.0)
GD4

Results are from densitometric scanning of the TLC plate of
Figure 6 (see Materials and Methods). Numbers in parentheses
indicate the percentage from the respective ganglioside in the
control samples.

nected by slit membranes (see Ref. 24). These cells
form the outermost barrier for plasma proteins filter-
ing through the fenestrated endothelium and the glo-
merular basement membrane. Puromycin amino-
nucleoside apparently has a specific effect on
podocytes in glomeruli; after PAN injection, the foot
processes retract and the intercellular slit mem-
branes are replaced by tight junctions, closely asso-
ciated with the onset of proteinuria.?® The target
molecules and mechanisms of PAN have, however,
remained unknown. Earlier studies suggested that a
decrease in the glomerular anionic charge, mainly
composed of heparan sulfate proteoglycans and

Glomerular Gangliosides in Nephrosis 1013
AJP September 1996, Vol. 149, No. 3

sialic acids, leads to increased permeability.?® In
support of this, neutralization of the glomerular an-
ionic barrier by injection of protamine sulfate®” or
partial removal of sialic acids by neuraminidase di-
gestion®® leads to proteinuria and to similar morpho-
logical retraction of the foot processes. However,
later studies using electron microscopic detection of
polyethylene imine,2® a marker for the fixed anionic
charges, have not been able to confirm the reduction
in charge density in PAN. Thus, a more specific
explanation for the proteinuria in PAN must be
sought. The known effects of the aminonucleoside of
puromycin at the cellular level include inhibition of
RNA and protein synthesis® by interfering with the
peptide chain elongation at ribosomes.3' However,
Kerjaschki et al'” have shown that the major sialo-
protein of glomerular podocytes, podocalyxin, re-
mains quantitatively unchanged in the peak protein-
uric phase of PAN but that the total sialylation of this
protein is decreased to less than 30% of controls.
This suggests a causal relationship between the de-
gree of sialylation and proteinuria at least for glomer-
ular sialoproteins. The present results are well in
agreement with and extend those of Kerjaschki et
al'” by showing that the sialylation of glomerular
glycosphingolipids is also disturbed in PAN. The
reason for this is not known, but it is possible that the
activity in the synthesis of sialyl transferases are
specifically disturbed by puromycin.

As the present results suggest that puromycin
disturbs the metabolism of GD; and O-acetyl GDj,
we tried to estimate the amount of GD5 synthase
mRNA by Northern blotting, using probes for human
GD; synthase obtained from Dr. Nishi (Kyowa Hakko
Kogyo, Tokyo, Japan). However, the sensitivity of the
technique using the probe specific for human GD4
synthase was not enough as we could not demon-
strate any GD5; synthase mRNA in the samples of
normal or PAN glomeruli. Because the rat GD5 syn-
thase has not been cloned, polymerase-chain-reac-
tion-based techniques cannot be currently used to
verify the changes in the mRNA levels of this key
enzyme of ganglioside synthesis in PAN.

The main finding in this study was the dose- and
time-dependent decrease of the O-acetyl derivative
of GD, ganglioside in PAN. O-Acetylation is consid-
ered important in stabilizing the ganglioside struc-
ture in cell membranes by influencing the conforma-
tion and arrangement of glycoconjugates (see Ref.
32). O-Acetylation of sialic acids may also alter the
ligand specificity of the sialic acids and sensitize
cells to the alternate pathway of complement,®® a
well known mechanism associated with various
types of glomerular diseases with proteinuria (see
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Refs. 34 and 35). Complement activation products
are not deposited in the kidneys, however, in PAN
nephrosis. The precise relationship of O-acetylation
of GD; and activation of complement in glomerular
diseases with proteinuria remains to be studied in
detail.

In summary, we demonstrate here that PAN of the
rat is characterized by dose- and time-dependent
changes in the terminal sialylation and O-acetylation
of glomerular gangliosides of the disialoganglioside
but apparently not of the monosialoganglioside se-
ries. In addition, these ganglioside changes seem to
precede the onset of proteinuria. As no similar
changes are seen in the Heymann nepbhritis model
sharing proteinuria, we suggest that these findings
represent the molecular effects of the aminonucleo-
side of puromycin in the glomerular podocytes.
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