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Abstract To clucidate the mechanisms of renal tubular
dilatation in acute tubular necrosis (ATN), morphologi-
cal findings after 60 min ischaemia were studied in rats.
The characteristics of the tubular basement membrane
(BM) were also examined. A morphometric analysis of
cell proliferation, epithelial cellularity and the circum-
ference of damaged tubules was performed. The is-
chaemic injury resulted in widespread necrosis of renal
tubules at day 1, and the BM of damaged tubules ap-
peared thin. The intensity of the immunohistochemical
staining for BM components decreased. The epithelial
cell proliferation was particularly active in the early
phase. Dilatation of the damaged tubules began at day 2,
and the degree of dilatation increased up to day 6. Re-
generative epithelial hyperplasia occurred and abnor-
malities of tubular BM were seen. Epithelial hyperplasia
and dilatation of damaged tubules was most prominent
at day 6 and the tubular BM was thickened by newly
produced BM components. Tubular obstruction was not
seen and tubules returned to normal size by day 28. Epi-
thelial hyperplasia and abnormalities of tubular BM dis-
appeared progressively. Regenerative tubular epithelial
hyperplasia and abnormalities of tubular BM may play
an important role in pathogenesis of tubular dilatation in
ATN, and tubular dilatation is not due to tubular ob-
struction.
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Introduction

It is well known that tubular dilatation is observed duz-
ing acute tubular necrosis (ATN) [30, 34] but this tubu-
lar dilatation has not been investigated. According to
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some reports, dilatation has been ascribed to tubular ob-
struction [12, 27, 29]. The pathogenesis of dilatation of
tubules has been studied in polycystic kidney disease {2,
16, 35] and in many experimental renal cystic models
where the following three factors for tubular dilatation
have been noted: tubular epithelial cell hyperplasia, ab-
normalities of the tubular basement membrane (BM)
and accelerated fluid accumulation within cystic cavities
[2, 16, 35]. Tubular obstruction by hyperplastic epitheli-
al cells protruding into the tubular lumen is also consid-
ered to be one of the causes of tubular dilatation [4, 11,
13]. However, it was recently reported that tubular ob-
struction is not a condition necessary for tubular dilata-
tion [3, 6, 33].

In this study, morphological and physiological find-
ings were analysed in order to clarify the mechanism of
tubular dilatation in ATN, using a well-established rat
model of ATN induced by 60 min of ischaemia.

Materials and methods

Male Wistar rats (Saitama Experimental Animal Supply, Saitama,
Japan) weighing 180-200 g were used during the study. They were
anaesthetized intraperitoneally with sodium pentobarbital (30
mg/kg) at surgical operation or sacrifice.

Under anaesthesia both renal arteries were completely occlud-
ed using Sugita aneurysm clips (Mizuho Ikakogyo, Tokyo, Japan)
for 60 min. The clamps were removed after 60 min and the inci-
sion was closed. Control 1 group was not subjected to the surgical
operation, and control 2 groups were subjected to a sham opera-
tion without clamping of the renal arteries.

The experimental and control 2 animals were killed at 1, 2, 3,
6, 8, 14 and 28 days after ischaemia.

For determination of DNA synthesis, the animals of each
group were injected intraperitoneally with 4 mg per 100 g body
weight bromodeoxyuridine (BrdU; Sigma, St. Louis, Mo., USA),
at 1 h before sacrifice.

Each experimental and control group consisted of three rats.

In renal function studies the urine of all animals was obtained
as 12 h overnight collections from metabolism cages before sacri-
fice. After the volume was measured, the urine was centrifuged
for 5 min at 1500 rpm. Urine osmolarity determinations were per-
formed on the supernatant from centrifuged urine by the auto-
analyser (Osmotic pressure auto and STAT OM-6030, Kyoto
Daiichi Kagaku, Kyoto, Japan). Casts in urinary sediments were
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Fig. 1A-C Renal function parameters in experimental (@), con-
trol 1 (), and control 2 (O) animals during experimental period.
(Cr. creatinine) Values are expressed as meantstandard deviation
(SD). * P<0.05 when compared to control

Fig. 2A, B One day after ischaemic injury. A Extensive necrosis
and occasional nonnecrotic cells with bromodeoxyuridine (BrdU)-
positive nuclei (single arrow) in damaged tubules (immunohisto-
chemistry for BrdU, x600). B The basement membrane (BM) of
damaged tubule is thin and wrinkled (double arrow) compared to
the BM of undamaged tubules (periodic acid-methenamine silver
stain, electron microscopy (EM), xX5600; bar=2 pm)

g

examined by light microscopy. Serum creatinine levels were de-
termined from heart blood obtained at autopsy of each animals of
each group, using the modified Folin-Wu method (SRL, Tokyo,
Japan).

After removal of both kidneys, tissue blocks for light micro-
scopic study were fixed in 20% neutral formalin and embedded in
paraffin. Haematoxylin and eosin, periodic acid-Schiff (PAS), and
periodic acid-methenamine silver (PAM) stains were used for light
microscopy.

In immunohistochemical studies for the detection of laminin
freeze-dried tissue blocks were prepared. Small samples of tissues
were frozen in dry ice-acetone and dried at ~60° C in a vacuum
chamber (TIS-U-DRY, Freeze-dryers Model TFD-3, FTS System)
for 5 days. Paraffin was melted gradually by raising the chamber
temperature up to 60° C and the paraffin-embedded freeze-dried
tissue blocks were cut into sections 2.5 um thick and deparaffini-
zed. The sections were treated with 0.3% hydrogen peroxide in
methanol for 30 min and incubated for 1 h with rabbit anti-mouse
laminin antibody (E-Y Laboratories, San Mateo, Calif., USA) at a
dilution of 1:200 in phosphate-buffered saline (PBS). They were
then incubated with biotinylated anti-rabbit IgG antibody (Dakop-
atts, Denmark) at a dilution of 1:200 in PBS for 1 h. After incubat-
ing in avidin-biotin-peroxidase complex solution (Vector Labora-
tories, Burlingame, Calif., USA) for 1h, the reaction products
were visualized using hydrogen peroxide containing 3,3’-diamino-
benzidine in 0.05 M TRIS buffer, and were finally counterstained
with Meyer’s haematoxylin.

Immunchistochemistry for detection.of BrdU was performed
as previously described [32] using the indirect method with mono-
clonal antibody against BrdU containing nuclease for DNA
(Amersham International, Amersham, UK).

For electron microscopic study, small blocks were fixed in
2.5% glutaraldehyde solution in phosphate buffer (pH 7.4) and
postfixed with 1% osmium tetroxide, dehydrated, and embedded
in Epon 812. Ultrathin sections were stained with urany] acetate
and lead citrate, then examined with a Hitachi H7100 electron mi-
croscope.

Ultrathin sections from the blocks embedded in epoxy resin
were also stained with PAM stain using the modified Jones’ meth-
od [19], then examined with a Hitachi H7100 electron microscope.

In the electron microscopic study for confirmation of heparan
sulfate proteoglycan in tubular BM, the small blocks were reacted
with ruthenium red (RR) using the modified Luft’s method [22].
Ultrathin sections which reacted with RR were processed for
electron microscopy according to routine procedures. Ultrathin
sections subjected to RR reaction were stained with only uranyl
acetate and then examined with a Hitachi H7100 electron micro-
scope.




Fig. 3A-C Immunohistochemistry for laminin in renal tubules. A
One day after ischaemic injury. The intensity of laminin appears to
decrease in the damaged tubules (arrow) compared to that in the
undamaged tubules (asterisk). B Six days after ischaemic injury.
Tubular BM of dilated tubules stained very intensely for laminin
(arrow) as compared to undamaged tubules (asterisk). C Fourteen
days after ischaemic injury. Immunostaining for laminin slowly re-
covered to its original appearance (arrow). A, B, C X700

The numbers of BrdU-positive nuclei in tubular epithelium of
the outer strip of the outer medulla were counted by light micros-
copy at x400 magnification (0.0698 mm?) in the specimens from
control and ischaemic kidneys. More than 60 high-power micro-
scopic fields were examined in each animal. The circumference of
tubule cross-sections was measured by using a Luzex IIIU com-
puted image processor analyser (Nireco, Tokyo, Japan) in PAS-
stained sections from the outer strip of the outer medulla of con-
trol and treated kidneys. The numbers of epithelial nuclei in
the same tubules were also counted. Cross sections of more than
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200 tubules were examined for each animal in each experimental
stage.

These results are expressed as the meantstandard deviation
(SD), and statistical analysis was performed by Student’s #-test.

To elucidate the morphological findings of dilated tubules, 800
PAS-stained serial sections of the kidney on day 6, when tubular
dilatation was at its peak, were prepared. The three-dimensional
reconstruction of the luminal intersurface of dilated tubules from
serial sections was made using an application software TRI (Ratoc
System Engineering, Tokyo, Japan) in a personal computer sys-
tem. The three-dimensional images of dilated tubules were the ex-
amined, focussing on the correlation between tubular dilatation
and tubular obstruction.

Results

There was no oliguric phase in the experimental animals
after ischaemic injury, and the diuretic phase began on
day 2 (Fig. 1A). The diuretic phase continued for a few
days, after which urine volume gradually decreased as the
decreased urinary osmotic pressure recovered (Fig. 1B).
The serum creatinine level increased on day 1 after is-
chaemic injury, and showed a maximum value on day 2
(Fig. 1C). The serum creatinine level then decreased rap-
idly during the diuretic phase, and no significant differ-
ence was observed between the experimental and the
control groups on day 6.

One day after ischaemia, 60 min ischaemia and rep-
erfusin resulted in widespread necrosis of the renal tu-
bules, especially in the straight portion of the proximal
tubules; however, no tubular dilatation was observed
(Fig. 2A). Necrotic cells and their debris were observed
in the tubular lumen. DNA-producing BrdU-positive
cells appeared among the residual epithelial cells in the
damaged zone. Casts were also observed almost through-
out the tubular lumen. By electron microscopy, the BM
of damaged tubules was thin and wrinkled compared to
the BM of undamaged tubules (Fig. 2B). The intensity of
immunohistochemical staining of laminin on the BM of
damaged tubules decreased compared with that on the
tubular BM of the control group (Fig. 3A). Reduced in-
tensity of immunostaining for type IV collagen was also
observed in damaged tubules (figure not shown here).

Two days after the ischaemic injury slight tubular di-
latation was observed in the damaged straight portion of
the proximal tubules (Fig. 4A) wherein the distribution
of regenerating epithelial cells became prominent. A
large number of BrdU-positive cells were observed
among epithelial cells of the damaged tubules. By elec-
tron microscopy, flattened regenerated epithelial cells
with reduced intracellular organelles, brush borders and
basolateral invaginations covered the thin tubular BM
(Fig. 4B).

At three days dilatation of tubules progressed in the
damaged straight portion of the proximal tubules
(Fig. 5A). Regenerated epithelial hyperplasia was seen
with numerous BrdU-positive cells in the damaged tu-
bules. The amount of debris as well as the number of
casts in the tubular lumen decreased rapidly, and the
number of casts in urine increased prominently. By elec-



Fig. 4A, B Two days after ischaemic injury. A Slight dilatation of  for BrdU, x600). B The flattened regenerating epithelial cell cov-
tubules and many regenerating epithelial cells with numerous ers the thin tubular BM (EM, x9300; bar=2 1im)
BrdU-positive nuclei in damaged tubules (immunohistochemistry

Fig. 5A-C Three days after ischaemic injury. A Mild dilatation x2600; bar=5 um). C The portion is indicated by a thick arrow in
and stratified epithelial cells in damaged tubules with many BrdU- B. New BM-like material (arrow) is identified between the exist-
positive epithelial cells (immunohistochemistry for BrdU, x600). ing thin BM (arrowheads) and regenerating epithelial cells
B Stratified regenerating epithelial cells in damaged tubule (EM, (710300; bar=2 um)



Fig. 6A-D Six days after ischaemic injury. A Prominent cystic di-
latation of damaged tubules. The papillary epithelial cluster (ar-
row), as well as circumferential epithelial cells covers the dilated
tubules. Only a few BrdU-positive cells are noted (immunohisto-
chemistry for BrdU, x600). B Hyperplastic regenerating epithelial
cells in damaged tubule (EM, x2400; bar=5 um). C Marked thick-

ening of tubular BM of dilated tubules (RR stain in EM, 5300;
bar=2 um). D The portion is indicated by an arrow in C. The
amount of RR-positive material (arrow) appears to increase, and
the distribution is irregular in the thickened BM (x22500; bar=1
um)

Fig. 7A, B Eight days after ischaemic injury. A The degree of di-
latation of damaged tubules decrease. BrdU-positive epithelial
cells are scarcely observed (immunohistochemistry for BrdU,
x600). B The tubular BM shows a tendency to recover to its ori-

ginal structure. However, thickened BM can still be observed.
Slightly differentiated regenerating epithelial cells cover the BM
(EM, x6700; bar=2 pm)
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Fig. 8A-C Fourteen days after
ischaemic injury. A The dam-
aged tubules normalize to the
original structure with mild
epithelial hyperplasia (immu-
nohistochemistry for BrdU,
%x600). B The RR-positive
material (arrow) distributes
regularly on both surfaces of
lamina densa of BM (RR stain
in EM, x43000; bar=0.5 pm).
C The almost completely
differentiated epithelial cells
cover the BM with almost nor-
mal structure. The previously
existing original BM (arrow),
which appears thin and folded,
is also seen beneath the newly
formed BM (arrowhead)
(x5800; bar=2 pum)

tron microscopy, the number of regenerated epithelial
cells increased, and epithelial cells piled up in the lumen
(Fig. 5B). Formation of a new BM-like material was
observed between the existing thin BM and regenerated
tubular epithelial cells (Fig. 5C).

Six days after ischaemia a large number of damaged
tubules in the outer strip of the outer medulla showed
mild cystic dilatation. The hyperplastic regenerated epi-
thelial cells in damaged tubules were observed with oc-
casional papillary epithelial clusters extending into the
tubular lumen (Fig. 6A,.B). The number of BrdU-posi-
tive tubular epithelial cells rapidly decreased. Casts in
the tubular lumen were scarcely observed. Interstitial
oedema around the damaged tubules was reduced. By
electron microscopy, the initiation of regenerated epithe-
lial cell differentiation was observed (Fig. 6B). The BM
of dilated tubules thickened irregularly (Fig. 6C). The
amount of RR-positive material apparently increased
(Fig. 6D). The distribution of the RR-positive material
was irregular in the thickened BM, however, distribution

was regular on both inner and outer surfaces of the lami-
na densa in the normal BM. The degree of staining of la-
minin of the thickened tubular BM was increased when
compared with the tubular BM of the control kidneys
(Fig. 3B).

At eight days dilatation of the damaged tubules de-
creased rapidly (Fig. 7A). Although the slight tubular
epithelial cell hyperplasia continued, the papillary clus-
ters of hyperplastic epithelial cells protruding into the
tubular lumen were not seen. BrdU-positive tubular epi-
thelial cells were scarcely found, as in control materials.
By electron microscopy, the regenerated cpithelia were
observed as gradually differentiating cells which eventu-
ally develop into brush borders, intracellular organelles
and basolateral invaginations (Fig. 7B). The tubular BM
which thickened on day 6 showed a tendency of recovery
to the normal structure.

Two-to-four weeks after ischaemia tubular epithelial
cells were slightly hyperplastic but the dilated tubules
had almost returned to their original form (Fig. 8A).
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Fig. 9A—-C Morphometry of cell proliferation, epithelial cellular-
ity and the circumference of renal tubules. A The number of
BrdU-labelled tubular epithelial nuclei per 400 magnification
field in experimental (@), control 1 ({J), and control 2 (O) kid-
neys. B The number of epithelial nuclei in the cross sections of
tubule in experimental (@), control 1 ((J), and control 2 (O) kid-
neys. C The cross sections of the circumference of the tubule in
experimental (@), control 1 ({J), and control 2 (O) kidneys. Values
are expressed as meantSD. * P<0.05 when compared to control

Slight interstitial fibrosis was observed around the dam-
aged tubules. By electron microscopy, an almost com-
plete differentiation of regenerated epithelial cells was
observed (Fig. 8C). The tubular BM showed improve-
ment toward its original condition, and the thickened BM
returned to its normal structure. The formation of a new
BM was also observed other than the previously existing
BM. In RR stain, distribution of the RR-positive material
was regular on both surfaces of the lamina densa in a
manner similar to that of the normal BM (Fig. 8B). The
intensity of staining of laminin of the tubular BM gradu-
ally decreased and almost reached the same level as that
of the tubular BM of the control group (Fig. 3C).

Figure 9A shows the number of BrdU-positive nuclei
of tubular epithelial cells per high-power microscopic
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field of control and ischaemic kidneys. A marked in-
crease in the number of BrdU-positive cells was ob-
served at day 1 and maximum values were observed on
day 2 which rapidly decreased and were normal by day
8. Figures 9B and C show the number of epithelial nuclei
and the circumference of tubular cross-sections in con-
trol or ischaemic kidneys. In experimental groups, the
number of lining epithelial cells in tubules decreased sig-
nificantly compared with that of controls at day 1. There-
after, regenerating cells increased dramatically with tu-
bular dilatation. The number of nuclei per tubular cross
section increased significantly compared with that of
controls at day 3, and reached the highest value at day 6.
During the progress of tubular cell hyperplasia, tubular
dilatation developed further. In the later stages, tubules
returned to normal size by day 28. During this recovery
the number of hyperplastic epithelial cells decreased.

A three-dimensional analysis of ten dilated tubules
was conducted using the serial sections obtained on day
6, when tubular dilatation was at its peak. Analysis was
successful for three of ten dilated tubules. No obstruction
was observed at the initial portion of dilatation (Fig. 10),
which confirmed that no relationship exists between tu-
bular dilatation and tubular obstruction.

Discussion

Tubular dilatation is observed during ATN [30, 34], and
it has been reported that the cause of dilatation is tubular
obstruction [12, 27, 29]. However, our study shows that
tubular dilatation in the recovery phase of ATN does not
result from tubular obstruction. Hyperplasia of regenera-
tive tubular epithelial cells and abnormalities of the tubu-
lar BM greatly affect tubular dilatation in ATN, and di-
lated tubules recover as remission of these phenomena
occurs. Tubular cell hyperplasia and abnormalities of tu-
bular BM are known to be significant in the pathogenesis
of polycystic renal disease. We consider that tubular dila-
tation in both renal cystic disease and ATN has a similar
mechanism. However tubular dilatation in ATN is ob-
served during recovery, a very important finding for the
diagnosis and prognosis of ATN.

A burst of proliferation and regenerative epithelial
hyperplasia is observed after the beginning of tubular
dilatation. This development of tubular epithelial cell
hyperplasia progressed until day 6, while tubular dilata-
tion increased. Epithelial hyperplasia and dilatation of
tubules was most prominent at day 6: tubular dilatation
returned to normal as epithelial hyperplasia disappeared.
Tubular regeneration and tubular epithelial cell hyper-
-plasia are thus important in the progress of tubular dila-
tation in ATN. In experimental models of renal cystic
disease, formation of cysts is observed following an in-
crease in the number of tubular epithelial cells. Abnor-
mality in cell proliferation affects cyst formation greatly
[14] and enlargement of the cysts is affected by tubular
epithelial cell hyperplasia [2, 16, 31, 35]. Furthermore,
recent evidence suggests that an increase in the number
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Fig. 10A-F Three-dimensional
images of the dilated tubules.
A A computer-aided recon-
structed image of dilated
tubule, which was stacked
serially from 1 to 160 sections.
B The same image in A at a
rotated angle. C A three-di-
mensional reconstructed image
of the same dilated tubule in
(A), which was stacked serially
from 1 to 64 sections. D The
microscopic picture of section
64. The asterisks in both (C)
and (D) indicate the same
tubules. Many dilated tubular
cross sections from one dilated
tubule are seen (x60). E A
three-dimensional reconstruct-
ed image of the same dilated
tubule in (A), which was
stacked serially from 1 to 152
sections. F The microscopic
picture of section 152. The
asterisks in both (E) and (F)
indicate the same tubules. The
diameter of these cross sections
of the tubule (asterisk) is with-
in normal range, and no ob-
struction is observed at the ini-
tial portion of dilatation (x100)

of cells (cell proliferation) may be a central process in
the formation of renal cysts [17, 18, 26]. During the re-
covery process of tubular dilatation, a decrease in the
number of hyperplastic epithelial cells was observed in
our model: the decrease in the number of hyperplastic
cells is due to the desquamation into the tubular lumen as
well as to apoptosis [32].

Tubular dilatation in ATN has been thought to be due
to the tubular obstruction caused by hyperplastic epithe-
lial cells, cellular debris or casts [12, 27, 29]. It is also
known that one of the mechanisms of cyst formation in
polycystic kidney disease is tubular obstruction by pap-
illary clusters of hyperplastic epithelial cells [4, 11, 13].
Papillary clusters of hyperplastic epithelial cells pro-
truding into the lumen, were observed in our model on
day 6. Tubular obstruction is thought to be one of the
mechanisms affecting the deterioration of renal function
in ATN [25] but our results indicated that renal function
recovered by day 6 when casts in the tubular lumen had

hardly decreased at all. Furthermore, no relationship
was observed between tubular dilatation and tubular ob-
struction by our three-dimensional analysis. Carone et
al. [6] reported that even when intratubular hydrostatic
pressure is within the normal range, tubular dilatation
occurs. Avner et al. [3] indicated that tubular dilatation
occurs upon administration of cis-dichlorodiamineplati-
num into a metanephric organ culture where neither tu-
bular obstruction nor intratubular hydrostatic pressure
elevation takes place, indicating that the cysts can de-
velop without obstruction. Moreover, Tanner et al. [33]
showed that tubules tend to be atropic following com-
plete tubular obstruction. Some authors have found that
the tubular obstruction is not present in association with
cystic changes in experimental and human polycystic
kidney disease [23, 24] and we agree; papillary clusters
of hyperplastic epithelial cells desquamate rapidly into
the tubular lumen [32] and have no effect on tubular ob-
struction. '



The thinning of the BM and reduced intensity of im-
munohistochemical staining of BM components after
tubular necrosis were observed at the damaged tubules
indicating abnormalities of BM after epithelial cell
damage. Tubular dilatation then began and progressed.
In human and the experimental polycystic kidney dis-
ease, a thickened and multilayered BM is observed in
cystic tubules [8, 21, 28] with changes in the intensity
of immunohistochemical staining of BM components
[7, 9]. The changes of protein composition are also ob-
served in the BM of cystic tubules [5]. The mRNA ex-
pression of components of the BM altered during the
development of cystic kidney [10], and the altered BM
protein biosynthesis have both been reported in primary
polycystic kidney cell culture [15]. It has been reported
that the viscoelastic properties of the BM of cystic tu-
bules are not altered [18]. However, it was considered
that abnormalities in the BM strongly affect cyst forma-
tion.

On day 6 in our model, when tubular dilatation was at
its peak, the staining of BM components increased tran-
siently, and a thickened tubular BM was observed. In the
formation of the BM, synthesis of BM components is en-
hanced transiently during development [20]. In the pro-
cess of tubular BM formation during renal development,
newly generated BM-like materials accumulate outside
the BM, leading to the thickening [1]. In our results, the
thickening of the tubular BM and enhancement of the de-
gree of staining for BM components were found tran-
siently during the normalization of the altered BM.

Dilated tubules after ischaemic injury recovered with
normalization of the BM due to the regeneration and dif-
ferentiation of epithelial cells. It has been reported that
normalization of the altered BM is important for recov-
ery of the cysts in the reversible renal cystic models [21,
28]. Our results also indicated that the normalization of
the altered BM affects the recovery of dilated tubules in
ATN.

The present study demonstrated that tubular dilatation
occurs transiently after ischaemic renal damage in the
straight portion of proximal tubules, where the epithelial
cell damage is at its peak, and that the formation and de-
velopment of tubular dilatation are due to regenerated
epithelial hyperplasia and abnormalities of the BM fol-
lowing epithelial cell damage. Tubular obstruction is not
important. Dilated tubules in ATN recover with normal-
ization of the BM due to regeneration and differentiation
of epithelial cells, and with decrease in the number of
hyperplastic epithelial cells.
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