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We report a new model of chronic progressive renal
failure in rats, produced by a single injection of mi-
crospheres (20 to 30 mm in diameter) into the left
renal artery after right nephrectomy. Significant pro-
teinuria appeared after 4 weeks, followed by hy-
poalbuminemia and hypercholesterolemia, in rats
that received approximately 5 3 105 microspheres
(0.8 mg). Renal function partially recovered by 4
weeks after nephrectomy and injection from postop-
erative dysfunction, but deteriorated again 12 weeks
after operation. In the early stage, histologic exami-
nation showed tubules with cuff-like thickening of
basement membranes scattered among apparently in-
tact tubules. Many epithelial cells in the atrophic tu-
buli were immunoreactive for proliferating cell nu-
clear antigen (PCNA). Dilated tubules became
apparent several weeks after development of tubular
atrophy, most likely representing distal tubules. Di-
lated tubuli were mostly negative for the proliferation
marker. These results showed similarity to findings in
human chronic renal failure and strongly suggested
that tubular atrophy and dilation in chronic tubulo-
interstitial lesions differ in pathogenesis. This new
model of renal failure induced by microembolism
should be useful for studying the interaction between
normal and diseased tissue elements in histologically
heterogenous lesions as well as the pathogenesis of
interstitial fibrosis in disturbance of microcircula-
tion. (Am J Pathol 1999, 155:1371–1380)

Renal function is thought to deteriorate spontaneously
and progressively after the number of functioning
nephrons has decreased below a certain threshold.
Thus, a common process appears to underlie functional
deterioration in various renal diseases, irrespective of
cause. The hyperfiltration theory1 proposes nonimmuno-

logical mechanisms underlying renal functional deterio-
ration and is supported by many observations in animal
models in which nephron numbers are reduced by sim-
ple excision of tissue2–4 or by ligation of specific
branches of the renal artery.5–7 In these models, the
remaining kidney is histologically normal at the beginning
of progressive impairment of renal function. However, in
various severe human renal diseases, the decrease in the
number of functioning nephrons is associated with
marked tubulointerstitial changes, and relatively undam-
aged nephrons are admixed with those that are exten-
sively damaged until the intact nephrons spontaneously
deteriorate. These features are shared by both immuno-
logically and nonimmunologically mediated kidney dis-
eases.

Progressive chronic renal failure is characterized his-
tologically by tubulointerstitial and vascular scarring as
well as glomerular scarring. Renal dysfunction and out-
come correlate better with tubulointerstitial scarring than
with glomerular scarring. The extent of tubulointerstitial
scarring sometimes exceeds that of glomerular sclerosis
in rats with remnant kidneys,8 in nephrotoxic serum ne-
phritis,9 and in adriamycin nephropathy.10 Tubular cells
in damaged kidneys are known to express or secrete
various cytokines and growth factors.11,12 Furthermore,
tubular epithelial cells are capable of secreting interstitial
collagens,13 proteoglycans, and fibronectin.14 Strutz et
al15 have shown in experimental models of renal disease
that certain tubular cells expressed FSP1, a specific
marker for fibroblasts, which might indicate some degree
of transformation of tubular epithelial cells into fibroblasts.
In addition, Nadasdy et al16 have detected a high prolif-
eration index in the atrophic tubules of human end-stage
kidneys with interstitial fibrosis. Thus, the tubular cells in
damaged kidneys may play a role in the progression of
renal disease. Interactions between damaged and rela-
tively undamaged nephrons has been neglected in stud-
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ies of progression of end-stage renal disease, partly be-
cause of lack of an appropriate animal model.

We now present a model of nonimmunological pro-
gressive renal failure produced by a single injection of
microspheres, in which relatively undamaged nephrons
mingle with severely damaged ones beginning in the
early stage of renal disease. This lesion distribution could
overcome the drawbacks of conventional ablation mod-
els discussed above. In addition, the microembolization
model should be useful in the study of mechanisms of
progression of damage specifically related to distur-
bances of the renal microcirculation, such as arteriolo-
sclerosis.

Methods

Renal failure was induced by arterial injection of micro-
spheres into the remaining kidney of nephrectomized
rats. Male Wistar rats 12 weeks of age were obtained
from SLC (Hamamatsu, Japan) and were allowed free
access to standard laboratory chow and water. Under
anesthesia with sodium pentobarbital (40 mg/kg body
weight, i.p.), the right kidney was removed and micro-
spheres (acryl beads, 20 to 30 mm in diameter; kindly
provided by Dr. Takabayashi, Hamamatsu College, Uni-
versity of Shizuoka) suspended in 0.5 ml of physiological
saline were injected slowly into the aorta through a 27-
gauge needle placed immediately caudal to the ostium of
the left renal artery. During microsphere injection, the
aorta caudal to the site of needle insertion as well as the
anterior mesenteric and celiac arteries were clamped to
ensure flow of microspheres into the left renal artery. After
injection, the inserted needle was removed and the site of
aortic puncture was gently compressed with a ball of
cotton for approximately 2 minutes to stop bleeding.
Blood flow through the left renal artery was maintained
throughout this procedure.

Animals were grouped according to number of in-
jected microspheres: group 1 received saline without
microspheres (control); group 2 received 0.8 mg of mi-
crospheres (approximately 5 3 105 per rat); group 3
received 0.4 mg of microspheres; group 4 received 0.2
mg of microspheres; and group 5 received 0.1 mg of
microspheres.

To evaluate the obstructed vascular volume resulting
from microsphere injection, we measured renal blood
flow before and shortly after injection in five rats in group
2 with an electromagnetic flowmeter (MFV-1200; Nihon
Koden, Tokyo) connected to a flow probe (FJ-007TS, f
0.7 mm; Nihon Koden) placed upon the left renal artery.

Body weight was measured before and 4, 8, and 12
weeks after surgery in all groups. The weight of the left
kidney was determined after the rats were killed. Blood
pressure was measured in conscious animals by the tail
cuff method with a warmed restraining device (PS-300;
Riken Kaihatsu, Tokyo) before and 4, 8, and 12 weeks
after surgery in groups 1 and 2. Urinary excretion of
albumin and serum concentrations of creatinine, albumin,
and total cholesterol were determined at the same inter-
vals for all groups. The animals were kept in metabolic

cages while 24-hour urine specimens were collected.
Urinary albumin was assayed by single radial immuno-
diffusion method using rabbit antiserum to rat albumin.

For planning the histological study, we made a prelim-
inary examination of all groups for 12 weeks with a small
number of animals. We found that the histological
changes in group 2 were representative ones and in
other groups, abnormal histological findings were
scarce, especially in the early stage. Therefore, we fo-
cused our histological study on group 1 and 2. Five or six
rats were killed at 2, 4, 8, and 12 weeks after surgery from
each of groups 1 and 2, and at 12 weeks for groups 3, 4,
and 5. Before killing, rats were anesthetized with pento-
barbital (40 mg/kg body weight, i.p.) and the kidneys
were perfused with 10 ml of cold saline through a 23
gauge needle placed in the abdominal aorta and con-
nected to a bottle of saline placed 110 cm higher. The left
kidney was removed, fixed in 10% buffeted formalin,
embedded in paraffin, sliced into 2-mm-thick sections,
and stained with periodic acid-Schiff (PAS) or Masson’s
trichrome (MT) stain for light microscopic observation.

The point-counting method17 was employed for mor-
phometric evaluation of interstitial fibrosis, tubular base-
ment membrane thickening, dilatation of tubular lumen,
and cast formation. Twenty photographs with a final mag-
nification of 3100 were analyzed from each kidney. In-
terstitial fibrosis was assessed by counting points in the
cortical area stained green by the trichrome stain includ-
ing the tubular basement membrane, except in the area
immediately surrounding large vessels. Thickened base-
ment membranes, which were discerned by their acellu-
lar homogeneous character and circular shape, were
separately counted again. Areas of tubular lumens with
and without casts were measured to assess dilation.
Areas of casts were measured separately. All areas above
were expressed as a percentage of total cortical area.

Another portion of the kidney was fixed in 4% parafor-
maldehyde in phosphate-buffeted saline and sections 4
mm thick were prepared for histochemical staining with a
mouse monoclonal antibody reactive to proliferating-cell
nuclear antigen (PCNA; Oncogene Science, Cambridge,
MA), rabbit polyclonal antibody to cytokeratin (Dako, Ja-
pan), and sheep polyclonal antibody to human Tamm-
Horsfall glycoprotein (THP; Chemicon International Inc.,
Temmecula, CA). Biotin-labeled peanut agglutinin (PNA;
Biomeda, Foster City, CA) was used for detection of T
antigen by the avidin-biotin-horseradish peroxidase
method (Histofine SAB-PO kit; Nitirei, Tokyo).

Data are expressed as means 6 SE. The statistical
significance of differences was determined by analysis of
variance (ANOVA) and either an unpaired or a paired
t-test. A P value of ,0.05 was considered statistically
significant.

Results

After an initial decrease in the first 2 weeks after surgery
(not shown), the body weight of rats in all groups gradu-
ally increased (Table 1). The body weights of surviving
rats in group 2 (receiving 0.8 mg of microspheres) did not
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increase after 8 weeks, possibly because of the onset of
renal failure. The wet weight of the kidney remained vir-
tually identical in groups 1 and 2 through 12 weeks after
surgery, indicating no further increase in hypertrophy by
microembolism in group 2 (Figure 1).

Microsphere injection induced a significant increase in
the blood pressure of rats in group 2 at 12 weeks (Table
2). No significant change in blood pressure was apparent
in control rats. Microsphere injection induced a dose-
dependent increase in urinary excretion of albumin that

was statistically significant by 4 weeks in group 2, by 8
weeks in group 3, and by 12 weeks in group 4 (Figure 2).
No significant change in the extent of albuminuria was
apparent in control rats (group 1) over 12 weeks.

Injection of microspheres induced a biphasic increase
in serum creatinine concentration in groups 2 (Figure 3).
The first phase was apparent 2 weeks after injection. The
second phase was more marked, with the serum creati-
nine concentration reaching 2.13 6 0.46 mg/dL by 12
weeks. The serum concentration of creatinine had in-
creased at 2 weeks in groups 3, 4, and 5 but subse-
quently demonstrated no further significant change over
12 weeks.

A significant decrease in serum albumin concentration
was apparent in groups 2 and 3; the rate and extent of the
decrease was dependent on the number of injected
microspheres (Table 3). The injection of microspheres
also significantly increased the total serum cholesterol
concentration in groups 2 and 3 compared to group 1.
The time courses of the changes in serum concentrations
of albumin and cholesterol were similar to that of the
increase in urinary excretion of albumin (Figure 2 and
Table 3).

Injection of 0.8 mg of microspheres in group 2 resulted
in a rapid decrease in renal blood flow to approximately
19% of the preinjection value (3.46 6 0.18 to 0.66 6 0.15
mL/min); blood flow then gradually increased to 34% of
the preinjection value (1.18 6 0.07 mL/min) by 15 min-
utes and remained stable thereafter.

The most impressive histological abnormalities 2 to 4
weeks after injection of 0.8 mg of microspheres in group
2 were located predominantly in the interstitium (Figure
4A). At this early stage, atrophic tubules and a small
number of dilated tubules were evident, both admixed
with normal tubules. The principal feature of atrophic
tubules was a cuff-like, thickened basement membrane
surrounding the tubular epithelial cells (Figure 4A). This
change was not apparent in dilated tubules. In the later
stage, the kidney showed an increase in interstitial fibro-
sis and development of large dilated tubules with flat-

Table 1. Body Weight (g) of Animals by Group at Various Times after Surgery

Group

Time

0 weeks 4 weeks 8 weeks 12 weeks

1 (control) 271 6 3.6 289 6 5.7 311 6 6.0d 332 6 7.0d

2 (0.8 mg of microspheres) 292 6 3.7e 299 6 4.9d 330 6 6.0d 324 6 12.9d

3 (0.4 mg of microspheres) 287 6 4.1b 313 6 3.6d,e 335 6 10.2b,d 347 6 14.8d

4 (0.2 mg of microspheres) 285 6 4.4 308 6 8.6b,d 340 6 13.3a 366 6 7.6b,c,d

5 (0.1 mg of microspheres) 282 6 5.2 307 6 4.9b,d 345 6 6.0d,e 360 6 3.8b,d

a,b,c: P , 0.05 vs. 0 weeks, group 1, and group 3, respectively.
d,e: P , 0.01 vs. 0 weeks and group 1, respectively.

Figure 1. The right kidney was weighed in group 1 (-D-, control) and group
2 (-F-, 0.8 mg of microspheres) at the indicated times after arterial micro-
sphere injection following contralateral nephrectomy in rats.

Table 2. Systolic Blood Pressure (mm Hg) of Animals in Groups 1 and 2 at Various Times after Surgery

Group

Time

0 weeks 4 weeks 8 weeks 12 weeks

1 (control) 117 6 4.0 115 6 1.5 116 6 2.7 114 6 1.9
2 (0.8 mg of microspheres) 118 6 2.4 127 6 3.8 132 6 4.4 135 6 3.7*

*P , 0.01 vs. 0 weeks and group 1.

Microembolism-Induced Renal Failure 1373
AJP October 1999, Vol. 155, No. 4



tened epithelial cells and proteinaceous casts in their
lumens (Figure 4B).

Injected microspheres were trapped in small arterioles
and in the glomerular capillary lumen near the vascular
pole (Figure 4C). Necrotic areas, however, were detected
in only a small superficial portion of the cortex. The limited
extent of the necrotic lesions in the cortex might have

resulted from the disappearance of established ones
before 4 weeks. More necrosis may have been evident
sooner after the injection. For some glomeruli containing
trapped microspheres, slight ischemic change was ap-
parent in neighboring tufts. In the area without necrotic
lesions, ischemic changes, such as wrinkling of capillary
walls, were detected in a small percentage of glomeruli.

By 8 weeks after microsphere injection, the number of
dilated tubules with relatively flattened epithelial cells had
increased. The thickness of the cuff-like basement mem-
brane of atrophic tubules had increased further, and
some of these tubules were surrounded by infiltrating
mononuclear cells (Figure 4, D and E). Cytoplasmic
vacuoles of glomerular epithelial cells also was conspic-
uous in some glomeruli.

At 12 weeks after injection, an increase in interstitial
fibrosis and development of large dilated tubules and
proteinaceous casts in their lumens were evident (Figure

Figure 2. Urinary albumin excretion after microsphere injection. Groups of
rats were as follows: (-D-) group 1, control, (-F-) group 2, 0.8 mg of
microspheres; (-E-) group 3, 0.4 mg of microspheres; (-■-) group 4, 0.2 mg
of microspheres; (-h-) group 5, 0.1 mg of microspheres. a: P , 0.05 vs. the
value before injection (0 weeks) and groups 1, 3, 4, and 5; b, P , 0.05 vs.
group 3 and P , 0.01 vs. 0 weeks and groups 1, 4, and 5; c, P , 0.01 vs.
groups 1, 4, and 5; d, P , 0.05 vs. 0 weeks and groups 1, 4, and 5; e, P , 0.05
vs. 0 weeks and groups 1 and 5.

Figure 3. Serum creatinine concentration after microsphere injection. Groups
of rats were: (-D-) group 1, control; (-F-) group 2, 0.8 mg of microspheres;
(-E-) group 3, 0.4 mg of microspheres; (-■-) group 4, 0.2 mg of micro-
spheres; (-h-) group 5, 0.1 mg of microspheres. a, b, and f: P , 0.01 vs. the
value before injection (0 weeks) and group 1; c: P , 0.05 vs. group 1,
P , 0.01 vs. 0 weeks; d: P , 0.05 vs. groups 1, 3, 4, and 5, P , 0.01 vs. 0
weeks; e: P , 0.05 vs. 0 weeks; g: P , 0.01 vs. 0 weeks.
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4B). However, almost none of the dilated tubules seen at
8 or 12 weeks were associated with thickening of the
tubular basement membrane (Figure 4E). The vacuoles in
glomeruli had increased in number and extent (Figure
4F), and some glomeruli had developed segmental scle-
rosis. The segmentally sclerotic glomeruli also showed an
increased amount of PAS-positive mesangial matrix, col-
lapsed capillaries, and PAS-positive inclusions in the glo-
merular epithelial cells (Figure 4G). Totally obsolescent
glomeruli were rarely observed.

Morphometric studies confirmed the above impression
of progressive histological damage (Figure 5). Interstitial
fibrosis increased gradually after embolization in group 2.
In contrast, no change in extent of fibrous tissue was
apparent in control rats (group 1) during the experimental
period. Consequently the extent of fibrous tissue in
groups 1 and 2 became statistically significant 12 weeks
after surgery. The difference in tubular basement mem-
brane (TBM) thickening was more conspicuous than that
of total fibrous tissue; as early as 4 weeks, thickening was
evident in group 2. The areas of tubular lumens and casts
occupying the lumen increased gradually, becoming sig-
nificant at 8 weeks after microsphere injection. Although
the morphometric score of tubular lumens does not nec-
essarily mean the dilatation of each tubule, it seems to
reflect the increase in number of large dilated tubules by
light microscopic observation.

Atrophic tubules with basement membrane thickening
did not show PNA or THP staining (Figure 6, A and C). In
contrast, the cytoplasm of dilated tubules were reactive
with either PNA, antibody to THP, or both (Figure 6, B and
D) which suggested that the dilated tubules were distal
tubules.16,18 PNA, which strongly stains the distal tu-
bules, also weakly stains proximal tubular brush border.
However, it is not difficult to distinguish them by their
intracellular distribution and intensity (Figure 6, E and F).
Cytokeratin, which is demonstrable in connecting and
collecting tubules,19 was not immunostained in either
atrophic or dilated tubules (data not shown). Numbers of
PCNA-positive tubular epithelial cells were increased 2
weeks after microsphere injection, especially in the inner
cortex and medulla, but had returned to basal values by
4 weeks (data not shown). During the experimental pe-

riod, PCNA-positive cells were seen frequently in the
atrophic tubules with cuff-like, thickened basement mem-
branes, while only a few positive cells were apparent in
intact or dilated tubules (Figure 6, G and H). In control
rats, numbers of PCNA-positive cells were slightly in-
creased at 2 weeks, but the increase was not statistically
significant.

Discussion

We have described a new model of chronic renal failure
induced by injection of microspheres of 20 to 30 mm in
diameter. These microspheres occluded the preglomeru-
lar arterioles and intraglomerular capillaries near the vas-
cular pole to induce a dose-dependent increase in uri-
nary excretion of albumin and in the serum concentration
of creatinine and total cholesterol with a reciprocal de-
crease in serum albumin. The creatinine concentration
increased in group 2 (0.8 mg of microspheres) 12 weeks
after embolization. Groups other than group 2 generally
did not show significant increases in the creatinine con-
centration during the experimental period, although we
found a significant increase in concentration of creatinine
in group 3 (0.4 mg of microspheres) after 20 weeks
(1.18 6 0.11 mg/dl at 20 weeks and 1.64 6 0.24 mg/dl at
24 weeks; unpublished data). Therefore this model, like
the renal mass-reduction model, suggested that protein-
uria preceded the increase in serum creatinine concen-
tration. Blood pressure was mildly increased in rats in-
jected with large amounts of microspheres.

These experiments are not the first attempt to induce
chronic renal failure by injection of small particles. How-
ever, most reports published so far have focused on
hypertension induced by renal infarction and did not
analyze details of histological findings on progression. In
addition, particles previously used have been larger than
our microspheres or had widely varying sizes; as a con-
sequence, the sizes of arteries affected were different
than in the present study.20–23 Apfelbach and Jensen20

first reported producing renal failure by injection of char-
coal particles into the dog renal artery in 1931. In 1961,
Alexander et al21 performed embolization of intrarenal

Table 3. Serum Concentrations of Albumin (g/dL) and Total Cholesterol (mg/dL) at Various Times after Surgery

Group

Time (weeks)

0 4 8 12

Albumin
1 4.53 6 0.06 4.56 6 0.05 4.61 6 0.03 4.34 6 0.06a

2 4.49 6 0.07 4.29 6 0.08a 4.00 6 0.12f,g 3.81 6 0.15d,e,f,g

3 4.48 6 0.07 4.40 6 0.05 4.31 6 0.06a,g 4.11 6 0.02d,e,f,g

4 4.58 6 0.08 4.36 6 0.08 ND 4.28 6 0.07
5 4.44 6 0.05 4.50 6 0.03 ND 4.30 6 0.10

Total Cholesterol
1 61 6 3 72 6 3a 70 6 1a 74 6 3f

2 63 6 3 95 6 5f,b,i,j 150 6 20f,g 174 6 19c,f,g,h,i,j

3 60 6 3 87 6 4b,d,e,f 90 6 6b,f 117 6 12b,d,e,f

4 59 6 3 66 6 3 ND 75 6 3a

5 64 6 5 70 6 3 ND 81 6 5f

a,b,c,d,e: P , 0.05 vs. 0 weeks, group 1, group 3, group 4, and group 5, respectively.
f,g,h,i,j: P , 0.01 vs. 0 weeks, group 1, group 3, group 4, and group 5, respectively.
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Figure 4. Light micrographs of kidneys 4 to 12 weeks after microsphere injection in group 2 (0.8 mg of microspheres). A: Four weeks after microsphere injection,
a zone of atrophic tubules with surrounding fibrosis is evident between islands of apparently intact proximal tubules (arrow). Periodic acid-Schiff (PAS) stain;
original magnification, 360. Inset: A higher magnified micrograph of the indicated area showed atrophic tubules surrounded by thickened basement membrane.
Original magnification, 3130. B: Twelve weeks after microsphere injection, large dilated tubules with or without cast formation are seen scattered among atrophic
tubules. Masson trichrome stain; original magnification, 360. C: Four weeks after microsphere injection. Transparent round microspheres are observed in the
interstitium (arrowheads) and at the vascular pole of a glomerulus (arrow). The glomerulus containing the microsphere appears essentially normal. PAS stain;
original magnification, 3260. D: Eight weeks after microsphere injection, a cuff-like, thickened basement membrane is more prominent, and infiltration of round
cells is evident around atrophic tubules. Trichrome stain; original magnification, 3130. E: Eight weeks after microsphere injection, large dilated tubules consist
of short, flattened epithelial cells without a thickened basement membrane. Trichrome stain; original magnification, 3130. F: Twelve weeks after microsphere
injection, the thickness of the tubular basement membrane is increased. A glomerulus shows huge empty vacuolar change in glomerular epithelial cells. Trichrome
stain; original magnification, 3130. G: Twelve weeks after microsphere injection, a glomerulus shows segmental glomerular sclerosis with hyalinosis and adhesion
to Bowman’s capsule. Trichrome stain; original magnification, 3220.

1376 Kimura et al
AJP October 1999, Vol. 155, No. 4



arteries (arcuate or interlobular size) with several different
particles to study the effect of embolism on renal paren-
chymal histology, blood pressure, and blood urea level.
The typical resulting lesions, large wedge-shaped in-
farcts, differed from the present ones of small foci of
atrophic tubules scattered among intact tubules. Ko-
letsky and Rivera22 infused plastic microspheres 37 to 74
mm in diameter, slightly larger than ours (20 to 30 mm),
into the left renal arteries. Their studies focused on hy-
pertensive nephrosclerosis, and their animals developed
severe hypertension as early as 1 day after operation that
reached up to 178 mm Hg at 1 week. In contrast, our rats
developed hypertension only gradually; the mean sys-
tolic blood pressure at 12 weeks was only 135 mm Hg.
Solez and Richter23 also described the development of
renal failure and hypertension after injection of Sephadex
beads 20 to 80 mm in diameter into the rat aorta. This
broad size range of emboli obstructed vessels ranging
from arcuate arteries to small arterioles, producing con-
siderable variation in histological change. Furthermore,
these previous studies did not examine either the de-
tailed time course of development of chronic renal failure
or details of histological changes in affected kidneys.

The characteristic histological features of our present
models, especially early findings of a scattered distribu-
tion of damaged and undamaged tubules, contrast
sharply with the renal mass-ablation model where re-
maining tissue is normal at onset of renal damage. Min-
gling of damaged and relatively undamaged tubules is
characteristic of many progressive kidney diseases in
humans and may be important in disease pathogenesis,
given that damaged tubular cells can secrete various
cytokines and growth factors.11,12,24 The nature of these
atrophic tubules is not clearly established, but they did
not express distal tubular markers such as THP or PNA-
adhesive glycoprotein, and some of the cells showed
apparent remnants of a brush border. Therefore, we be-
lieve at least some of these tubules to be proximal tu-
bules. Proof will require detection of antigens specific to
proximal tubular cells in the cells of atrophic tubules. The
lack of staining for PNA or THP of cells in atrophied
tubules does not necessarily mean that they are not distal
tubules. They may no longer express those proteins as
they are atrophic.

Another remarkable histological finding was that many
dilated tubules became conspicuous as late as 8 weeks
after injection. These were stained with either anti-THP
antibody or labeled peanut agglutinin, which suggested
a distal tubular origin.18,19 Tubulointerstitial fibrosis with
tubular atrophy, dilation, and cast formation collectively
has been considered the hallmark of end-stage kidney
disease.25,26 Tubular atrophy, which can lead to tubulo-
interstitial scarring, has been suggested to result from
maladaptive functional changes or increased metabolism
in the hypertrophic (dilated) tubules,26 although this hy-
pothesis is not supported by conclusive evidence. The
tubulointerstitial changes apparent in the present model
included apparently independent development of atro-
phic tubules and large dilated tubules. Atrophic tubules
were associated with a cuff-like, thickened basement
membrane and PCNA-positive cells, whereas the dilated
tubules appeared unrelated to them, with most originat-
ing from the distal tubule. Furthermore, atrophic tubules
were numerous as early as 2 to 4 weeks after injection of
microspheres, at which time only a small number of di-
lated tubules could be seen.

The mechanisms that underlie progressive renal dys-
function in the microsphere model are not clear from our
present results. Development of massive proteinuria pre-
ceded an increase in the serum concentration of creati-
nine, and the amount of albuminuria at 8 weeks was
correlated significantly with serum creatinine concentra-
tion at 12 weeks in groups 2 and 3 (data not shown).
These observations resemble the clinical course of pro-
gressive human kidney diseases where massive protein-
uria is a sign of poor renal functional prognosis.25,26

Marked proteinuria per se may contribute directly to tu-
bulointerstitial damage, as has been suggested for the
renal mass-ablation model.25 Alternatively, proteinuria
might cause progressive deterioration of renal function
through induction of hypercholesterolemia, which was
observed as early as 4 weeks after microsphere injection.
Direct toxicities of proteinuria25 and hyperlipidemia,27,28

both of which have been suggested as possible mecha-

Figure 5. Morphometry of renal tubulointerstitial tissue of groups 1 (control)
and 2 (0.8 mg of microspheres). Interstitial fibrous tissues (A), tubular
basement membrane (B), tubular lumens (C), and casts within tubular
lumens (D) were measured by a point-counting method and expressed as a
percentage of total cortical area. * and **, P , 0.05 and 0.01, respectively. 1
and 11, P , 0.05 and 0.01 compared to group 1, respectively.
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Figure 6. Histochemical staining with anti-THP antibodies (A, B, and E), biotin-labeled PNA (C, D, and F) and anti-PCNA antibodies (G) on kidneys from animals
in group 2. Sections in A, B, and E are cut serially to ones in C, D and F, respectively. A: Atrophic tubular cells showed no staining for THP, 8 weeks after
microsphere injection. Original magnification, 390. B: Some dilated tubules stained for THP, but not all at 12 weeks. Original magnification, 390. C: Atrophic
tubular cells were not stained by PNA. Section cut serially to (A). Original magnification, 390. D: Almost all dilated tubular cells were stained by PNA. Section
cut serially to B. Original magnification, 390. E and F: Serial sections of the deep cortex in the kidney from a rat before microsphere injection (normal control)
were stained with antibodies to THP (E) or biotin-labeled PNA (F) PNA clearly stained many distal tubules (arrows) as well as THP-positive ones. Brush borders
of proximal tubules were only faintly stained. Original magnification, 390. G and H: Twelve weeks after microsphere injection, serial sections were stained with
antibodies to PCNA (G) or Masson-Trichrome stain (H). PCNA-positive cells are evident only in tubules with a cuff-like, thickened basement membrane (*). Large
dilated tubules (ƒ) did not include positive cells. Original magnification, 360.
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nisms for renal damage following partial renal ablation,26

remain to be evaluated in the present model. Other fac-
tors, such as hyperfiltration or glomerular hypertrophy,
also have been suggested to be important in the nonim-
munological progression of renal disease.1,5,29–32 We did
not evaluate the glomerular filtration rate or glomerular
size in the present study. The large epithelial vacuoles
developed as time passed. The similar change of glo-
merular epithelial cells have been reported in adriamycin/
daunomycin nephropathy33 as well as some ablation
models.7 Although it is known that there is a close rela-
tionship between the large epithelial vacuolation and
massive proteinuria due to hyperfiltration, resulting in
glomerular sclerosis, the pathogenesis of vacuoles has
not been elucidated in any case.

Hypertension also has been suggested as a cause of
progressive renal failure in ablation models,3,34,35 and it
occurred in the present model. The extent of hyperten-
sion in rats in group 2, however, was less than that
apparent in rats following a 5/6 nephrectomy. Recently
we found that a low-protein diet effectively prevented
deterioration in renal function induced by microsphere
injection, even though rats developed hypertension as
early as 4 weeks (unpublished data). Thus, we doubt that
hypertension is the main cause for deterioration of renal
function in our model.

In this model, we used uninephrectomy before micro-
sphere injection. If we can induce progressive chronic
renal failure by bilateral microembolization, that model
would be more suitable for the study of the pathogenesis
of human chronic renal diseases. However, we did not
use such a method because we did not think that infusion
of particles from aorta could guarantee the uniform dis-
tribution of particles in both kidneys. In addition, to in-
duce progressive renal failure with two kidneys in our
model, we would have to cause severe histological dam-
age to one kidney, which would make it more difficult to
get uniformly decreased renal function in a group of rats.

In summary, we describe a new model of progressive
nonimmunological renal disease in rats in which atrophic
and dilated tubules mingle with apparently normal tu-
bules as in patients with various progressive renal dis-
eases. We propose that atrophic tubules do not develop
sequentially from dilated tubules and have a different
pathogenesis, most likely interstitial ischemia. The
present model should prove useful for characterizing
pathophysiology and possibly for developing new thera-
pies for progressive renal diseases.
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