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Focal and segmental glomerulosclerosis (FSGS) represents
a final pathologic pattern of a number of human renal
disorders. Among laboratory models, repeated in-
traperitoneal injections of the aminonucleoside of
puromycin (PA) produces a histologic pattern not unlike
the human process. A single intravenous dose ofthis drug
usually results in glomerular morphologic changes in rats
resembling those in human nephrotic syndrome with
minimal changes. This report describes acute and chronic

IN MAN, focal and segmental glomerulosclerosis
(FSGS) is believed to represent a final pathologic pat-
tern of a number of clinical renal disorders. 1-3 Labora-
tory models also exist with glomerular abnormalities
that are very similar to the human pathologic process.
In the rat, FSGS occurs spontaneously, as either a con-
genital lesion or with aging,4-7 follows renal ablation,89
and develops after the administration of adriamycin", II

or after repeated doses of aminonucleoside of puromy-
cin (PA).12-14

Recently, our laboratory produced a pathologic pro-
cess that had many similarities to FSGS, 8 days after
a single central intravenous injection of the aminonu-
cleoside of puromycin.'5 The glomerular abnormalities,
with light microscopy, included mesangial cell prolifer-
ation and matrix expansion, obliteration of capillaries,
and development of synechiae; whereas with transmis-
sion electron microscopy, glomerular epithelial cell
(GEC) foot processes were markedly spread.'5 In or-
der to assess whether this acute glomerular injury be-
came progressively worse in a protracted period of time,
we studied animals for 18 weeks after a single intrave-
nous injection of the drug. This is in contrast to an ear-
lier report by Lannigan,16 where the glomerular mor-
phologic findings were normal after a solitary
intravenous injection of PA up until 35 weeks after drug
administration. At that time, only an increase in PAS-
positive material, which was presumably mesangial ma-
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glomerular injury that begins as early as 8 days after a
single central administration ofPA and progresses to FSGS
within an 18-week period. It seems likely that minimal
change disease and FSGS are two pathologic processes
in the same continuum of disease. In this model, the
severity and persistence ofthe glomerular lesion may rep-
resent irreversible glomerular epithelial cell (GEC) in-
jury secondary to the toxic effects of PA. (Am J Pathol
1986, 122:481-487)

trix, was noted in axial zones of some glomeruli.
Lannigan"6 also reported that more advanced degrees
of glomerular damage, which resemble what are now
recognized as histologic features consistent with FSGS,
did not become evident until after 35 weeks following
PA delivery.

Materials and Methods

Male Sprague-Dawley rats (Charles River, Wilming-
ton, Mass), weighing 180-250 g, were studied. After the
animals were anesthetized with an intraperitoneal in-
jection of sodium pentobarbital (30 mg/kg body
weight), 7 rats received a single intravenous injection,
over 5 minutes, of PA (5 mg/100 g body weight, Sigma
Chemical Company, St. Louis, Mo) via a tapered poly-
ethylene catheter (PE 50) placed in the right internal
jugular vein. The drug was dissolved in 3 ml of 0.9 g/100
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ml sodium chloride. Another 5 rats received an equal
volume of 0.9 g/100 ml sodium chloride. No apparent

acute toxic effects of drug infusion were noted. The can-

nula was removed, and the vein was ligated at the end
of the infusion. The animals were allowed free access to
standard Purina Rat Chow and water. At 10, 63, 84, and
126 days after the intravenous injection, the rats were

placed into metabolic cages, and a 24-hour urine col-
lection was obtained for measurement of protein and
creatinine. Total protein was quantitated by the Lowry
method. 17 Serum for creatinine was obtained at the end
of each 24-hour collection. Random animals from each
group were sacrificed at 10, 42, and 84 days after PA
administration for histologic study, with the remainder
continuing for the duration of the study.

Preparation for Light Microscopy

Animals were anesthetized with ether, and the kid-
neys were perfused, in vivo, via an infrarenal aortic can-
nula. The perfusate solution consisted of a 0.1 M caco-

dylate buffer containing 5% sucrose (pH 7.4) for 2-3
minutes, followed by 2% glutaraldehyde in 0.1 M cac-

odylate buffer for 1-2 minutes. Both kidneys were re-

moved, and the cortices were separated from the re-

mainder of the kidneys and immersed in 2%
glutaraldehyde in cacodylate buffer for an additional 2
hours. After fixation 1-2-mm cortical sections were

rinsed for 2 hours in 0.1 M cacodylate buffer with 5%
sucrose (pH 7.4) and prepared for light microscopy.
Thick sections approximately 1y were stained with ei-
ther 1% toluidine blue or periodic acid-Schiff (PAS) re-

agent and viewed with a Leitz photomicroscope.
Statistical significance between groups was deter-

mined by using the Student t test.

Results

Values for body weight, 24-hour urinary volume and
protein excretion, and creatinine clearance, after either
PA or saline infusion, appear in Table 1. Weight gain
was significantly lower in the PA group, at all time in-
tervals after treatment. Daily urinary volumes between
the two groups were not different. Ten days after PA
administration, the mean value for 24-hour urinary pro-

tein excretion rose to 190.3 ± 136.2 mg/day as compared
with the saline control animals (P < 0.05). Thereafter,
urine protein excretion rate, in the PA group, declined,
but persisted above normal control levels (Table 1). The
creatinine clearance in PA-treated animals was signifi-
cantly lower than in the saline control group at 10, 63,
84, and 126 days after administration of the drug (P
< 0.025, < 0.025, < 0.05, and 0.025, respectively).

Light Microscopy

Review of whole kidney sections revealed no differ-
ence in morphologic alterations between juxtamedul-
lary and outer cortical glomeruli. Figure 1 demonstrates
histologic changes 10 days after PA administration. Evi-
dent abnormalities include segmental mesangial
proliferation with matrix expansion, obliteration of glo-
merular capillary lumens, and adhesions between the
glomerular tuft and Bowman's capsule. Changes in the
GECs consisted of cell swelling, bleb formation, and
protein reabsorption droplets. Forty-two days after PA
delivery (Figure 2), the process is more global, with an

increase in mesangial matrix and expansion of the
mesangium as confirmed by PAS stain. In addition, it
is more difficult to discern the glomerular capillary
loops. In Figure 3, 84 days after PA, there is shrinkage
of the glomerular tuft, with mesangial cell and matrix

Table 1-Serum and Urinary Measurements in Experimental Animals

Time interval after treatment

Parameter measured Treatment Baseline value Day 10 Day 63 Day 84 Day 126

Body weight (kg) PA 198 + 7* 264 46t 432 ± 26f 497 ± st 585 7t
Saline 200 334 13 514 5 552 24 645 7

Urinary volume PA 7.2 ± 0.9 6.3 + 3.9 3.7 + 3.1 8.1 ± 6.9 3.7 ± 1.1

(ml/day) Saline 7.7 + 0.8 7.9 + 1.3 5.7 ± 1.7 4.5 + 1.1 9.0 + 0.7

Urinary protein PA 14.5 ± 1.4 190.3 + 136.2§ 41.8 + 19.4 81.6 + 26.2 105.0 ± 60.2

(mg/day) Saline 15.6 ± 2.8 31.2 ± 7.0 36.7 ± 5.3 62.7 ± 8.0 58.0 + 2.8

Creatinine clearance PA 1.17 ± 0.30 0.89 ± 0.4211 0.65 ± 0.1711 0.82 ± 0.06§ 0.78 ± 0.0611

(ml/min) Saline 1.17 ± 0.45 1.80 ± 0.45 1.11 ± 0.26 1.11 ± 0.20 1.49 ± 0.41

* Values are expressed as the mean ± 1 SD.
t PA versus saline groups, P < 0.010.
t PA versus saline groups, P < 0.001.
§ PA versus saline groups, P < 0.05.
11 PA versus saline groups; P < 0.025.
Statistical significance determined by the Student t test.
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Figure 1-Light micrographs of glomeruli from PA-treated rats 10 days after drug administration. A-Glomerulus demonstrating segmental mesan-gial cell proliferation, mesangial matrix expansion, collapse of capillary lumens, and a small adhesion between Bowman's capsule and segment of glomerulartuft (arrow). (Toluidine blue, x 645) B-Glomerulus showing increased mesangial matrix with mesangial expansion. (PAS, x645)

proliferation and marked collapse of capillary lumens.
In addition, the epithelium lining Bowman's capsule
has now become cuboidal, with large nuclei and prom-
inent nucleoli. Also evident at 84 days after PA were
scattered early hyalinosis lesions, which appeared as
PAS-positive, crescent-shaped collections located
subendothelially or within segments of expanded
mesangium (Figure 4). At 126 days after PA,
427o ± 5.1/o and 13.5% ± 5.1% of glomeruli examined
showed segmental areas of mesangial proliferation or
glomerulosclerosis/hyalinosis (Figure 5), respectively,
in both outer cortical and juxtamedullary areas. How-
ever, in contrast to the renal ablation model, no areas
of extensive hyalinosis or global glomerulosclerosis9

were observed at the end of the 18-week period. There
was no histologic evidence of hypertensive damage in
the renal vasculature at any of the time periods after
PA administration.

Discussion

Glomerular morphologic changes in rats with
aminonucleoside nephrosis resembling those in human
nephrotic syndrome with minimal changes have been
demonstrated. 18 In addition, spontaneous resolution of
the GEC lesion, on electron microscopy, accompanied
by normalization of protein excretion occurred approx-
imately 4 weeks after drug administration. 18 More re-

YAM .-.Y>;I

Figure 2-Light micrographs of glomeruli from PA-treated rats 42 days after drug administration. A-Glomerulus demonstrating more global mor-phologic abnormalities with increase in mesangial matrix and mesangial expansion. (Toluidine blue, x 645) B-PAS stain of glomerulus confirmingincreased deposition of glycosaminoglycans substance within the expanded mesangium. (x 645)
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Figure 3-Light micrographs of glomeruli from PA-treated rats 84 days after drug administration. A-Shrunken glomerular tuft with marked global
obliteration of capillary loops, mesangial cell, and matrix proliferation. Note also the presence of cuboidal epithelial cells lining Bowman's capsule with
large nuclei and prominent nucleoli. (Toluidine blue, x 645) B-Glomerular tuft which is shrunken with capillary lumens that are difficult to discern.
Again, the epithelial lining of Bowman's capsule has an altered histologic appearance. (PAS, x 645)

cent studies12'-4 have revealed that repeated intraperi-
toneal injections of PA can result in persistent
proteinuria accompanied by morphologic abnormali-
ties consistent with FSGS. In addition, Glasser et all2
demonstrated that unilateral nephrectomy augmented
proteinuria and markedly accelerated development of
FSGS in rats given PA. Our data show that one-third
of the usual dosage of PA employed, when injected as
a single intravenous bolus, results in acute and chronic
glomerular injury consistent with FSGS.

In an attempt to explain the differences in the course
of the histologic progression of disease in rats receiv-
ing a single central intravenous dose of PA, as com-
pared with other studies where the drug was ad-
ministered via tail vein or intraperitoneally, we regard
minimal change disease and FSGS as two pathologic
processes in the same continuum of disease. Accord-
ing to Hoyer,'9 the morphologic features of the PA
model vary depending on the magnitude of the initial
injury, time after exposure to PA, and whether ongo-
ing injury is occurring; either minimal change disease
or FSGS may be seen despite a common primary cause.
With the urinary protein excretion being significantly
higher in the PA group at only Day 10 following drug
delivery, our data, likewise, suggest that the magnitude
of the initial glomerular injury may predict whether
FSGS will occur. Although the precise mechanism for
the development of FSGS following a single intrave-
nous dose of PA remains obscure, one may speculate
that the GECs suffered an irreversible insult secondary
to PA. In our model, PA was administered directly into
the central venous circulation by rapid bolus injection.
Theoretically, the drug may have more reliably achieved

higher concentrations within the kidney, as compared
with previous studies in which the drug was ad-
ministered as either single or repeated doses via the tail
vein or intraperitoneally. In fact, Derr et al2O have shown
that there is an extremely rapid rate of urinary excre-
tion of the drug when given to clinically normal animals.
Thus, greatly elevated acute and transient levels of PA
within the glomerulus may have produced such pro-
found GEC injury that FSGS developed. Because our
animals were normal prior to PA infusion, there is no
reason to suspect that there was another ongoing renal
insult that would have retarded the excretion of the drug.
With regard to the pathogenesis of FSGS in models

utilizing PA, a few hypotheses have been proposed. First,

Figure 4-Light micrograph from a PA-treated rat 84 days after drug ad-
ministration showing an early hyalinosis lesion (arrowhead) and segmen-
tal expansion of mesangium by hyalinosislike material and other materials.
(Toluidine blue, original magnification x 645)
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Figure 5-Light micrographs from a PA-treated rat 126 days after drug administration. A and B-Representative glomeruli demonstrating segmentalareas of hyalinosis in peripheral capillary loops (arrows) with adhesions to Bowman's capsule. C and 0-Representative glomeruli showing segmen-tal necrotic foci in the glomerular capillary tuft (arrowheads) in addition to hyalinosis lesions (arrows). (PAS, x 600)

it has been demonstrated that there is enhanced mesan-
gial accumulation of macromolecules in aminonucleo-
side nephrosis, which could cause "mesangial overload-
ing."2'"22 This could then produce mesangial cell injury,
mesangial cell proliferation, and matrix overproduction
and ultimately glomerular sclerosis.2 Available data sug-
gest that the increased mesangial flux of macromole-
cules is probably not on a hyperfiltration or hyperper-
fusion basis, because direct micropuncture measure-
ments have revealed significant reductions in single
nephron glomerular filtration rate23 24 and glomerular
plasma flow rate24 at 2 weeks after PA administration.
Thus, there must be permselectivity changes within the
glomerular basement membrane (GBM) and/or direct
cell injury, independent of glomerular hemodynamic
perturbations, in aminonucleoside nephrosis that ulti-
mately leads to FSGS. The absence of glomerular hyper-
filtration and/or hyperperfusion may also explain the
lack of extensive hyalinosis in our animals, as contrasted
with the renal ablation model.9 Olson et al25 have also
recently suggested that early endothelial damage is
caused by hyperfiltration, with the consequent accumu-

lation of plasma constituents in the subendothelial
space forming the hyalinosis lesions.
A second possibility is based on a correlation ob-

served by Velosa et al. 13 In that study there was a direct
relationship between the percentage of glomeruli with
FSGS, polyanion loss, and total protein excreted, as well
as a demonstration that areas of glomerular sclerosis
corresponded to areas devoid of polyanion.13 In sum-
marizing the available data, Cotran and Rennke26 sug-
gested that in human diseases, such as congenital
nephrosis or diabetes mellitus, as well as in experimen-
tal models, such as aminonucleoside nephrosis, there
may be an abnormality in the turnover of proteogly-
can or other anionic moieties by glomerular cells.
A third potential mechanism, which is not mutually

exclusive with loss of charge selectivity, involves PA-
mediated GEC injury that is independent of glomeru-
lar hyperfiltration and/or hyperperfusion and produces
an abnormality in mesangial cell (MC) growth regula-
tion. Castellot et al2" have demonstrated, in vitro, that
exogenous heparin, when added to culture medium, in-
hibited proliferation of both exponentially growing
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MCs and MCs released from growth arrest. In addi-
tion, these authors noted that conditioned medium
from GEC cultures possesses an inhibitor ofMC growth
and that this substance has heparinlike properties. Fish-
man and Karnovsky28 have shown, in vitro, that the
GEC is both morphologically and functionally injured
by PA. Although the data remain conflicting, Caulfield
and Farquhar29 have shown that there is progressive loss
of fixed negative charges from both the epithelial cell
coat and the GBM. Since then, Mynderse et a130 have
found, in vivo, a marked loss of heparan sulfate pro-
teoglycan in animals treated with PA; whereas Ker-
jaschki et a131 have recently demonstrated that there is
defective glycosylation of podocalyxin, a sialoglycopro-
tein, in addition to alterations in heparan proteogly-
can. However, Kanwar and Kakubowski32 have recently
shown, using quantitative electron-microscopic auto-
radiography, that there are no significant alterations in
the anionic sites rich in heparan sulfate proteoglycan
in aminonucleoside nephrosis. Indeed, it would be in-
teresting if the PA-mediated GEC injury initially pro-
duced a reduction in heparan biosynthesis, and this,
in turn, secondarily resulted in an abnormality in MC
growth regulation that could ultimately lead to the
mesangial changes seen in FSGS. In fact, investigators
have utilized different exogenous heparin species in the
renal ablation,33'34 the spontaneously hypertensive rat,35
and the habu snake venom36 models and have demon-
strated protective effects in these disease states where
MC proliferation play an integral role.

Clearly, additional investigation is needed to more
properly discern the precise pathogenetic mechanism
of FSGS following PA administration. This modified
method of drug delivery, though, provides an easy and
reliable technique for producing the chronic glomeru-
lar lesion. Because micropuncture studies, early in the
course of the lesion, do not support glomerular
hyperfiltration or hyperperfusion,23'24 this model offers
another approach for examining the natural progres-
sion of glomerular diseases to FSGS where augmented
glomerular hemodyamics perturbations may not be in-
volved.
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